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hecho mucha ilusión verme completar esta etapa.
Un agradecimiento muy especial va también a mi novia Mar. Te conocı́
justo cuando menos lo esperaba...a mitad de escribir esta tesis, y te has

convertido en una persona esencial en mi vida. No puedes imaginar
cuán importante ha sido tu apoyo en esta fase de escritura, especialmente dura. Has sabido aguantar todo lo que conlleva, sacrificándote,
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Abstract
This thesis tackles issues of particular interest regarding analysis and design of
passive components at the mm-wave and Terahertz (THz) bands. Innovative
analysis techniques and modeling of complex structures, design procedures, and
practical implementation of advanced passive devices are presented.
The first part of the thesis is dedicated to THz passive components. These days,
THz technology suffers from the lack of suitable waveguiding structures since
both, metals and dielectric, are lossy at THz frequencies. This implies that neither conventional closed metallic structures used at microwave frequencies, nor
dielectric waveguides used in the optical regime, are adequate solutions. Among
a variety of new proposals, the Single Wire Waveguide (SWW) stands out due to
its low attenuation and dispersion. However, this surface waveguide presents difficult excitation and strong radiation on bends. A Dielectric-Coated Single Wire
Waveguide (DCSWW) can be used to alleviate these problems, but advantages
of the SWW are lost and new problems arise.
Until now, literature has not given proper solution to radiation on bends and, on
the other hand, rigorous characterization of these waveguides lacks these days.
This thesis provides, for the first time, a complete modal analysis of both waveguides, appropriated for THz frequencies. This analysis is later applied to solve
the problem of radiation on bends. Several structures and design procedures to
alleviate radiation losses are presented and experimentally validated.
The second part of the thesis is dedicated to mm-wave passive components. These
days, when implementing passive components to operate at such small, millimetric wavelengths, to ensure proper metallic contact and alignment between parts
results challenging. In addition, dielectric absorption becomes significant at mmwave frequencies. Consequently, conventional hollow metallic waveguides and
planar transmission lines present high attenuation so that new topologies are
being considered. Gap Waveguides (GWs), based on a periodic structure introducing an Electromagnetic Bandgap effect, result very suitable since they do not
require metallic contacts and avoid dielectric losses.
However, although GWs have great potential, several issues prevent GW technology from becoming consolidated and universally used. On the one hand, the
topological complexity of GWs difficulties the design process since full-wave simulations are time-costly and there is a lack of appropriate analysis methods and
suitable synthesis procedures. On the other hand, benefits of using GWs instead of conventional structures are required to be more clearly evidenced with
high-performance GW components and proper comparatives with conventional
structures. This thesis introduces several efficient analysis methods, models, and
synthesis techniques that will allow engineers without significant background in
GWs to straightforwardly implement GW devices. In addition, several highperformance narrow-band filters operating at Ka-band and V-band, as well as a
rigorous comparative with rectangular waveguide topology, are presented.
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Resumen
Esta tesis aborda problemas actuales en el análisis y diseño de componentes
pasivos en las bandas de onda milimétrica y Terahercios (THz). Se presentan
nuevas técnicas de análisis y modelado de estructuras complejas, procedimientos
de diseño, e implementacion práctica de dispositivos pasivos avanzados.
La primera parte de la tesis se dedica a componentes pasivos de THz. Actualmente no se disponen de guı́as de onda adecuadas a THz debido a que ambos,
metales y dieléctricos, introducen grandes pérdidas. En consecuencia, no es adecuado escalar las estructuras metálicas cerradas usadas en microondas, ni las
guı́as dieléctricas usadas a frecuencias ópticas. Entre un gran número de recientes
propuestas, la Single Wire Waveguide (SWW) destaca por su baja atenuación y
casi nula dispersión. No obstante, como guı́a superficial, la SWW presenta difı́cil
excitación y radiación en curvas. El uso de un recubrimiento dieléctrico, creando la Dielecric-Coated Single Wire Waveguide (DCSWW), alivia estos inconvenientes, pero las ventajas anteriores se pierden y nuevos problemas aparecen.
Hasta la fecha, no se han encontrado soluciones adecuadas para la radiación en
curvas de la SWW. Además, se echa en falta una caracterización rigurosa de
ambas guı́as. Esta tesis presenta, por primera vez, un análisis modal completo
de SWW y DCSWW, adecuado a la banda de THz. Este análisis es aplicado
posteriormente para evitar el problema de la radiación en curvas. Se presentan
y validan experimentalmente diversas estructuras y procedimientos de diseño.
La segunda parte de la tesis abarca componentes pasivos de ondas milimétricas.
Actualmente, estos componentes sufren una importante degradación de su respuesta debido a que resulta difı́cil asegurar contacto metálico y alineamiento
adecuados para la operación a longitudes de onda tan pequeñas. Además, la absorción dieléctrica incrementa notablemente a estas frecuencias. En consecuencia,
tanto guı́as metálicas huecas como lı́neas de transmisión planares convencionales
presentan gran atenuación, siendo necesario considerar topologı́as alternativas.
Las Gap Waveguides (GWs), basadas en una estructura periódica que introduce
un efecto de Electromagnetic Bandgap, resultan muy adecuadas puesto que no
requieren contacto entre partes metálicas y evitan las pérdidas en dieléctricos.
No obstante, a pesar del potencial de las GWs, varias barreras impiden la consolidación y uso universal de esta tecnologı́a. Por una parte, la compleja topologı́a
de las GWs dificulta el proceso de diseño dado que las simulaciones de onda
completa consumen mucho tiempo y no existen actualmente métodos de análisis
y diseño apropiados. Por otra parte, es necesario evidenciar el beneficio de usar
GWs mediante dispositivos GW de altas prestaciones y comparativas adecuadas
con estructuras convencionales. Esta tesis presenta diversos métodos de análisis
eficientes, modelos, y técnicas de diseño que permitirán la sı́ntesis de dispositivos
GW sin necesidad de un conocimiento profundo de esta tecnologı́a. Asimismo,
se presentan varios filtros de banda estrecha operando en las bandas Ka y V con
altas prestaciones, ası́ como una comparativa rigurosa con la guı́a rectangular.
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Resum
Aquesta tesi aborda problemes actuals en relació a l’anàlisi i disseny de components passius en les bandes d’ona mil·limètrica i Terahercis. Es presenten noves
tècniques d’anàlisi i modelatge d’estructures complexes, procediments de disseny,
i implementació pràctica de dispositius passius avançats.
La primera part de la tesi es focalitza en components passius de THz. Actualment no es disposen de guies d’ona adequades a THz causa que tots dos,
metalls i dielèctrics, introdueixen grans pèrdues. En conseqüència, no és adequat
escalar les estructures metàl·liques tancades usades en microones, ni les guies
dielèctriques usades a freqüències òptiques. Entre un gran nombre de propostes
recents, la Single Wire Waveguide (SWW) destaca per la seua baixa atenuació i
quasi nul·la dispersió. No obstant això, com a guia superficial, la SWW presenta
difı́cil excitació i radiació en corbes. L’ús d’un recobriment dielèctric, creant
la Dielecric-Coated Single Wire Waveguide (DCSWW), alleuja aquests inconvenients, però els avantatges anteriors es perden i nous problemes apareixen.
Fins a la data, no s’han trobat solucions adequades per a la radiació en corbes
de la SWW. A més, es troba a faltar una caracterització rigorosa d’ambdues
guies. Aquesta tesi presenta, per primera vegada, un anàlisi modal complet
de SWW i DCSWW, adequat a la banda de THz. Aquest anàlisi és aplicat
posteriorment per evitar el problema de la radiació en corbes. Es presenten i
validen experimentalment diverses estructures i procediments de disseny.
La segona part de la tesi es centra en components passius d’ones mil·limètriques.
Actualment, aquests components pateixen una important degradació de la seua
resposta a causa de que resulta difı́cil assegurar contacte metàl·lic i alineament
adequats per a l’operació a longituds d’ona tan menudes. A més, l’absorció
dielèctrica incrementa notablement a aquestes freqüències. En conseqüència,
tant guies metàl·liques buides com lı́nies de transmissió planars convencionals
presenten gran atenuació, sent necessari considerar topologies alternatives. Les
Gap Waveguides (GWs), basades en una estructura periòdica que introdueix
un efecte de Electromagnetic Bandgap, resulten molt adequades ja que no requereixen contacte entre parts metàl·liques i eviten les pèrdues en dielèctrics.
No obstant, tot i el potencial de les GWs, diverses barreres impedixen la consolidació i ús universal d’aquesta tecnologia. D’una banda, la complexa topologia
de les GWs dificulta el procés de disseny atés que les simulacions d’ona completa
consumeixen molt de temps i no existeixen actualment mètodes d’anàlisi i disseny apropiats. D’altra banda, és necessari evidenciar el benefici d’utilitzar GWs
mitjançant dispositius GW d’altes prestacions i comparatives adequades amb
estructures convencionals. Aquesta tesi presenta diversos mètodes d’anàlisi eficients, models, i tècniques de disseny que permetran la sı́ntesi de dispositius GW
sense necessitat d’un coneixement profund d’aquesta tecnologia. Aixı́ mateix, es
presenten diversos filtres de banda estreta operant en les bandes Ka i V amb
altes prestacions, aixı́ com una comparativa rigorosa amb la guia rectangular.
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General Introduction
Since Maxwell’s equations were established more than 150 years ago, an impressive
progress has taken place in the science of manipulating the electromagnetic energy.
Step by step, electromagnetic technology has been advancing towards consolidation
and general use for radio waves, microwaves, infrared, optics, ultraviolet X-rays and
γ-rays, which progress hits in each one of the aforementioned portions of the electromagnetic spectrum at the different points of the history. Progress always demands
on research, with continuously appearing issues to address, possible improvements
or new areas to explore. Accordingly to the grade of development of the technology in certain area, research ranges from the very basic research exploring totally
unknown concepts and techniques to the very focused research facing an absolutely
determined improvement issue in order to reach performance excellence in a specific
application of such technology. With some exceptions, the former side has usually
belonged to academia whereas the later side has usually belonged to industry, being
between both edges a continuous graduation.
This thesis has been developed in the bosom of the Electromagnetic Radiation
Group / Grupo de Radiación Electromagnética (GRE) at the Polytechnique University of Valencia / Universidad Politécnica de Valencia (UPV). In our group, it has
always been a premise to contribute with innovative research dealing with rather
unexplored areas and new challenging problems. Due to the group background at
microwave frequencies this innovation has implied a tendency to explore higher bands
in the recent years, entering in the millimeter wave (mm-wave) band. Saturation
of the spectrum and the possibility of using new features provided by smaller wavelengths has put mm-wave band on the transition from adoption to maturity stage
these days. Intense research is being carried out presently in order to complete this
transition in benefit of the society welfare. In this revolution, our group has been
involved from the beginning together with other reference international research
groups in an exciting research line about new waveguiding structures designed ad
hoc for mm-wave frequencies: the so-called Gap Waveguides.
On the other hand, the electromagnetic research community has been witness of
the emergence of a totally new technology: Terahertz (THz) technology. The previously unexplored THz region has entered on the transition from novelty to adoption
stage. It seems that, from a radiofrequency research point of view, the progress has
put mm-wave on the stage that microwaves were some decades ago, and the hunger
of knowledge and technology evolution demands from higher frequencies to explore.
From a more general electromagnetic scope, we are experiencing this days, the filling
of an electromagnetic gap between microwaves and optics that has remained the last
1
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region to be conquered by applied science. Besides of the available bandwidth at
THz frequencies, unique interaction with matter awaits to be universally used. In
this complex scenario, where both, microwave and optic research groups are putting
great effort, our group has taken a significant position with a appreciable dedication,
collaborating in important projects with a large number of research partners.
In this way, in order to keep participating in first line research, one eye has
been put on mm-wave passive components (in the scope of Gap Waveguides) and
the other eye has been put on basic, exploring research in the area of THz passive
components. As corroborative evidence of this activity and the importance given by
governmental organisms to the considered areas, the following four projects, all of
them related with this thesis, have been carried out in the bosom of the GRE:
• Terahertz technology for electromagnetic sensing applications (TERASENSE).
Ref: CSD2008-00068.
• Numerical methods applied to mm-wave and THz technology.
Ref: PAID-06-12/SP20120919.
• mm-wave band antennas for high-speed wireless applications.
Ref: TEC-2010-20841-C04-01.
• mm-wave in LTCC for antenna systems.
Ref: TEC-2013-47360-C3-3-P.
The first one, of remarkable entity, is a large collaboration project with participation of an important number of Spanish research groups. It is exclusively dedicated
to THz basic research. The second one focus on analysis techniques applied to passive structures at both bands, mm-wave and THz. The third and fourth one are, to
a large extent, focused on different aspects of the use of Gap Waveguide technology
to implement passive elements at mm-wave frequencies.
The previously described scenario gave birth 5 years ago to the project of this
thesis, with two essential motivation pillars: 1) to provide significant contribution
to the research community, facing the very new appearing challenges; 2) to contribute to the achievement of the goals described in the aforementioned projects
as a participant member. From what has been described before, it can be easily
understood that, in this case, satisfaction of one of them has automatically implied
satisfaction of the other one. Therefore, this thesis has been motivated in a clear
unique direction by a general challenging objective that has lead to a wide scope
research involving both, mm-wave and THz bands, with the consequent effort that
this implies. Although both research lines are closely related, as it will be observed
at some points of the thesis, it has been found more conceptually suitable and clean
for the reader to split the thesis in two parts. Part I correspond to the analysis
and design of THz components whereas Part II correspond to analysis and design of
mm-wave components. This order has been found suitable since it has actually been
the followed chronological order and, also in this way, the thesis advances from basic
research to more applied one, which is the usual flow. Each one of this parts presents
its own particular motivation, objectives, methodology, chapters describing the research work and results, and conclusions. In this way, two thesis appear merged in
2

one, that pretends to be, accordingly to the previously commented objectives, the
best possible contribution to those necessities found in its origin.
The work that follows this general introduction is not lithe, but it probably has
a rarely found extension and detail in PhD theses. This is motivated by the aim to
provide a didactic work, able to transmit with detail complex information to the new
incoming researcher, willing to work in the treated topics. From my point of view,
this is a suitable procedure in order to ensure efficient continuity in research carried
by different people, hence making all the effort put in the research of this thesis
to be totally useful. Otherwise, some complex information may be easily lost or
misunderstood except for the advanced reader, who always can focus on the details
avoiding collateral information, or directly consult related scientific papers. This
thesis pretends to be a research work of high quality avoiding common errors. To do
so, all the provided information is based on a extensive documentation task; a vast
number external works are cited to facilitate the comprehension and research task to
the reader; mathematical rigorousness has been a major premise; every result, effect
or concept has been deeply studied and justified, treating to avoid unexplained issues
or lacking of information; a large quantity of conceptual information and data from
different sources is merged and classified for the better comprehension; concepts and
results of different sections of the whole thesis have been linked in order to provide a
better global vision of the transmitted information. The work in the next chapters
is, basically, what I would have liked to find/read when I was starting this thesis.
Finally, it must be pointed out that this work has been developed under the
Formación del Profesorado Universitario (FPU) fellowship PhD program AP20104227 of the Education Ministry of the Spanish Government.
Copyright disclaimer
All the figures extracted from previously published works have the corresponding
copyright from the publishing editorial. In all cases, figures and plots are referenced
to the work in which they are originally published.
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THz components
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Chapter 1

Introduction
1.1

Motivation

From the very beginning of the electromagnetic science, human curiosity has always driven pioneer research exploring the electromagnetic spectrum, whereas the
increasing technological demand has led to master the use of electromagnetic waves
of different regions in the known spectrum in benefit of the human society. This
race has steered the electromagnetic technology to an scenario in which it is found
technological consistence, on the one hand, at microwave frequencies and below and,
on the other hand, at optical frequencies and beyond. Nevertheless, a technological
valley is found between both separated sides. In the very bottom of this valley,
the Terahertz (THz) band is found, the last realm to explore and technologically
consolidate in the electromagnetic spectrum.
The recently considered THz offers an electromagnetic radiation with unique
properties, neither similar to those encountered at microwaves frequencies, nor to
those encountered at optical frequencies. Therefore, it is not strange that such
unique interaction with the matter and wavelength size has made arise a variety
of new possible applications. Possible uses have been clearly postulated in areas
such medicine, pharmacology, security, imaging, communications or art and cultural
heritage. The potential is, without doubt, vast.
However, the same unique properties of THz radiation are responsible of the
lack of development of THz technology: neither microwave technology, nor optical
technology can be directly scaled with success. This situation has caused till now
that development of THz technology has remained as a very challenging working
area, in benefit of other areas demanding from more affordable research, e. g., mmwave technology. Nevertheless, the progressive advances at the surrounding areas
of the THz valley have tighten the vise, this causing increasing attention to the
THz band. As a consequence, from a system perspective, impressive technological
advances in receptors, followed by appreciable advances in sources have occurred
these last two decades up to the point that some simple THz systems are being
implemented presently. However, there is one essential element that specially lacks
of appropriate development: the waveguide.
7
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At THz frequencies, metal do not behave as bad as at optical frequencies, however, they are not longer good conductors as it occurs at microwave frequencies.
Therefore, ohmic losses are strongly present in any closed structure formed by metals. Similarly, dielectrics are very lossy at THz frequencies due to the wavelength
size, which is very interactive with certain molecular phenomena. Consequently,
dielectric waveguides, widely used in optics, present noticeably high attenuation at
THz frequencies. Under this situation, a vast variety of modifications of conventional
waveguides and new THz-tailored structures have been proposed. Due to the challenging nature of this problem, none of them has totally imposed as the optimal one,
but each solution presents its own advantages and drawbacks that suggest its use
for a specific purpose demanding such particular features. Nevertheless, taking into
account that a great amount of THz applications are based in spectroscopy it can be
affirmed that, among new waveguiding proposals, plasmonic surface waveguides and,
in particular, wire-type waveguides, result specially interesting since they are allow
transmission of wide band THz signals with very low attenuation and dispersion.
Although wire-type waveguides present interesting properties, they also present
important drawbacks: they are difficult to excite and they experience strong radiation on perturbations or bends. In addition, these waveguides, which were already
considered long time ago, are now recovered from oblivion by means of several works
dealing with them with a rather experimental approach. It is found a lack of proper
mathematical treatment in order to model these waveguides according to THz band
properties. As a consequence, the maximum potential of this structures is not being
exploited. These issues are the main motivation of this part of the thesis, which
pretends, in a first step, to establish the basis for the proper analysis and modeling of such waveguides and, in a second step, to solve the radiation issue taking
advantage of a well-founded theoretical basis. Additionally, the feeling of certain
lack of properly ordered information in the THz waveguide literature and, in a less
extent, in the general THz technology, motivates this part of the thesis to become a
reference document that can be helpful for the incoming researchers in the area of
THz passive components.

1.2

Objectives

A good few objectives are involved in this part of the thesis. Classified by sets, they
describe the later structure of the thesis. These objectives are:
1. Related with the general THz technology and THz waveguides scope:
• To get a general and consistent view of THz technology and
applications. In order to gain knowledge enough to provide arguments,
critics and to take decisions with appropriated criteria is necessary to
obtain a consistent and general view of the environment where the problem is located. In this way, the intention is to provide valuable research
originated from a well neutral position neither conditioned by a more
marked radiofrequency, microwave band approach, nor by a more marked
infrared band or optics approach. The essence of this objective resides in
to be critic and locate with precision the actual existent problems. In this
8
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way, the approach and procedure of the more specific parts of the thesis, related with concrete structures, will be conditioned by well-founded
facts.
• To provide an exhaustive study of the proposed solutions for
THz waveguiding. Since THz technology is still not mature, adequate
solutions, procedures and approaches have not been yet well defined. In
this way, the contextualization of the environment in which the lately
studied structures play their role is not a merely informative process about
the state of the art, but becomes an objective itself with its corresponding
entity in this thesis. Therefore, the treatment of this question must become as deep as required in order to provide solid arguments that justify
the structures chosen to be studied in this thesis.
• To analyze with emphasis the properties of surface and plasmonic waveguides and their recent use in the THz band. As
a direct implication of the previous objective, it becomes necessary to
give special attention to the local environment of the structures under
study in this part of the thesis. Therefore, the review of the proposals
directly related with the wire-type devices, lately analyzed and designed,
must be carried out with an additional degree of depth. Furthermore,
since the phenomena related to this structures are rather unfamiliar in
the environment in which this thesis is developed, they must be identified,
understood and disposed in a clear way to be later properly applied.
2. Related with the analysis of canonical wire-type waveguides:
• To obtain the adequate physical model to characterize metals as
dielectrics in the THz band. Since the analysis of the main structure
considered in this part of the thesis, the Single Wire Waveguide (SWW)
requires considering a metallic conductor as a dielectric in terms of its
macroscopic effect on the electromagnetic fields, it becomes necessary to
study the available models and to chose the most suitable for the later
studies purposes. Since the contribution of this thesis aims to reinforce the
basis of wire-type THz research from the bottom rather than exclusively
improve defined structures or techniques, a dedicated attention to this
apart becomes necessary. In this way, analysis of several available models
must be done, and due to the generality of the question, the conclusions
must be focused to the structures to be analyzed, providing in this way
the best criteria for the choice.
• To provide a deep and rigorous analysis of the SWW. Originated
by the essence of the motivation regarding to this part of the thesis, this
objective becomes one of great importance. In order to cover an appreciated lack of information and to solve some controversial questions found
in the literature, this analysis must be done carefully and with the largest
possible completeness. In this way, the effort must not be directly put
on the isolated problem itself, but several steps must be followed with
calm, thus obtaining the essential information that describes a conceptual bridge from what is known to what is unknown. Consequently, is
9
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important to point out that the objective does not focus on the information (or the what), but also on the way to give it (the how). The main
intention is not merely contribute with new information, but it is desired
this information to be directly available in useful form for the interested
researcher, what is the actual valuable feature of research. Therefore,
to give enough depth and rigor at each step becomes an objective itself,
which if not satisfied jeopardizes the achievement of the general objective
described a this point.
• To study in detail the properties of the SWW fundamental mode
in practical terms. As a natural consequence of the previous objective,
understanding the complete modal spectrum of a waveguiding structure
allows to focus on the main transmission mode with the adequate boundary information. In this way, an important aim of this part of the thesis is
to understand and provide knowledge about the properties of the fundamental mode supported by the SWW under the specific conditions of the
THz band, not only regarding to the frequency, but dimensions, material
properties, etc. Restricted to this particularization, the information given
must cover the largest number of cases possible, thus providing a great
variety of options available to be chosen at the moment that a design becomes necessary. The idea is not to focus exclusively at the requirements
related with the posterior objectives of this part of thesis, but to cover the
general case in such way that the given information result useful beyond
the scope of this thesis.
• To provide a deep and rigorous analysis of the Dielectric-Coated
Single Wire Waveguide (DCSWW). Similarly to the case of the
SWW, the aim of this thesis regarding to this point is to provide necessary information that is lacking nowadays. However, the objective regarding to the DCSWW is approached from other perspective, not as
deep as the case of the SWW, inasmuch as the DCSWW is contemplated
as an auxiliary structure rather than a main one, not only in the scope
of this thesis, but in general. This does not mean a loss of rigor, but the
idea is to extract the necessary information from the SWW and afford
the analysis of a DCSWW from an advanced point, which is the correct
and efficient way to proceed. The intention is to provide the necessary
information to properly afford the posterior designs in the thesis, facing
their corresponding objectives.
• To study in detail the properties of the DCSWW fundamental
mode in practical terms. Similarly to the case of the SWW, knowing
the complete propagation features of DCSWW allows to focus properly
in those of the fundamental mode. In the case of the DCSWW, due to
the larger number of parameters defining it, this objective acquires important entity. Of special importance will be to establish the effect of
the coating, i.e., the cause of the differences between the SWW and the
DCSWW regarding their fundamental mode, and the mechanisms that
allow such differences to happen. The main aim involved in the scope
of this objective is to provide the necessary information to properly use
10
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the DCSWW as an auxiliary design to improve the general performance
of wire-type waveguides based devices. In this way, the present objective becomes indispensable to allow for the procurement of those later
objectives regarding to advanced structures.
3. Related with the radiation problems of the SWW:
• To provide a set of analysis and design tools and well-defined
procedures for the synthesis of wire-type waveguide based components. Once the analysis tools are generated by the achievement of
previous objectives are available, proper design criteria must be provided
to properly apply them. Analysis and design processes must be perfectly
linked and since both are involved in the scope of this thesis, to give
well-founded criteria and procedures to facilitate complex designs is an
objective itself. How to decide the best option in front of challenging
situations from information provided by the analysis tools, or how to
apply commercial solvers to simulate properly wire-type structures, are
questions to be answered in the scope of this objective.
• To determine the best design options to avoid the problem of
radiation on bends affecting the SWW. Directly mapped from the
most relevant motivation of this part of thesis, this objective is an important one to achieve. By using the significant amount of information obtained from the accomplishment of the previous objectives, it is intended
to postulate the requirements to minimize the problem of radiation on
bends that is present in the SWW and nowadays condition its practical
use. As a usual way to proceed in this part of the thesis, generality and
exhaustive research of solution must be kept. In this way, the aim is to
consider as many scenarios as possible for the problem and to give a variety of possible solutions, well-defined, and at the same time facilitating
the foreseeing of their application in problems not directly treated in this
thesis.
• To provide advanced structures with entity to be used for THz
ultra-wide band pulses guided transmission. This objective is, from
the conceptual approach the very final objective related with this part of
the thesis, or, in other words, that one joining all the previous together.
The aim behind this objective is to propose advanced optimized structures
that prove how wire-type structures can be used in a thoughtful way,
minimizing their disadvantages and maximizing their advantages, and
establish them as the most suitable support for guided ultra-wide band
THz pulses, providing a good base of well-argued reasons. The idea is
to contribute with innovative designs overcoming the actual performance.
Such designs should not be fruit of intuition but supported in the facts
thrown by all the analysis work carried out in this part of the thesis.
Again, generality must be kept and the objective must be faced allowing
every kind of possible scenarios related with the problem motivating it.
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4. Related with the experimental validation of the treated concepts:
• To provide experimental evidence of some of the concepts and
observed phenomena treated in the analysis and design chapters. Although the major objective of this part of the thesis is to treat in
depth analysis and design concepts, it is found very suitable to consider
an extra objective regarding the experimental validation to those concepts
arising from the carried out research. Pursuing this objective pretends
to give further veracity to the presented work. The main goal is to check
experimentally the presented analysis tools and design procedures as well
as to identify relevant phenomena. As secondary goal, this pretends to be
done at THz frequencies whenever possible, insomuch as it is the actual
environment where concepts treated in this part of the thesis are thought
to be applied. Additionally, it is pretended to give some useful information about practical aspects regarding THz experiments with wire-type
waveguides.

1.3

Methodology

Any self-respecting work is based on strict methodology as a good practice towards
success. The large amount of information managed in this part of the thesis and the
difference in the nature of it demand from specific methodologies for each type of
task. At the same time, similarly grouped information is better afforded by following
analogous steps, being that the probability of error is diminished and the conceptual
understanding of the problem is facilitated to the reader. This adequate trade-off
between diversity and uniformity or systematic features define the methodology
followed in this thesis.
Specifically, the elaboration of the state of the art, of great importance in this
part of the thesis, would not been possible through the compilation and analysis
of numerous scientific works. In this aspect, nowadays technology alleviates such
as delicate task. Google Scholarr as source to consult has been the main tool to
find the specific papers giving answer or basic information for the posed issues. In
the same way, qualified books available in the resources of the universities in which
this thesis has been realized have been of important aid. Front such vast quantity
of information, a procedure to establish information priorities has been carried out.
The read scientific papers have been structured by their importance related to this
part of the thesis necessities, and the depth and quantity of notes taken from them
has been adapted accordingly. Additionally, when reviewing recent THz waveguiding
structures proposals, some additional analytical calculations have been carried out
when possible, in order to contrast the published information and to gain insight in
it.
In the analysis of wire-type structures, the aim has been to keep well-founded
mathematical and physical bases but not losing the engineering perspective. In this
way, the encountered problems are strictly posed, but at the same time that one
eye is kept on the solution, the other is kept on the application of it. Regarding to
the analysis task, the way to proceed has been to extend as maximum possible the
12
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analytical resolution. This means that the mathematical problem has been solved
on the paper up to the point that numerical tools have been required. In this way
two positive results are obtained. On the one hand, invaluable physical insight
is gained, allowing to deep understanding of the problem. On the other hand, the
numerical problems to be solved, not only are alleviated, but the acquired knowledge
prevent from source of error not foreseen at first view. As a tool in the analytical
procedures, Mathematicar has been of great aid. In this aspect, it cannot be missed
as well the valuable information found in books and specific papers treating the
required mathematical and numerical issues.
As a numerical software tool for this stage, mainly mathematical, MATLABr
(MATrix LABoratory) has been extensively used due to its perfect trade-off between
speed and user interface. Being that the numerical encountered problems were not
critical on the speed at which the algorithms are executed, or how the computer
managed the data, and, furthermore, visual information results of extremely importance, MATLABr results very suitable. In the programming of the algorithms, the
way to proceed has followed a rather prudent tendency. Accuracy and robustness
have been always ensured first. Then, efficiency has been optimized, with good results it must be said, however. This seems to be the best option in front to such
variety of cases, when the aim is to preserve generality.
Regarding to the more complex wire-type structures, it has been mandatory to
draw on general purpose software implementing suitable numerical methods. In
this way, HFSSr (High Frequency Structural Simulator), implementing the Finite
Element Method (FEM), has been systematically used. The use of this general
purpose software has been tested with the developed analytical tools in order to
ensure that the obtained numerical results were actually correct. Optimization of
the structures has been manually supervised, sometimes implementing optimization
algorithms, thus having control on the results in every moment. As well as in the
analysis procedures, in the design task it has been proceed step by step in order to
every design could take advantage of the previous gained knowledge.
Experimental studies have been carried out with proper equipment, adequate for
the employed operation frequency. Since experimental studies are generally more
budget demanding, whenever possible, own facilities and material have been used.
Nevertheless, for some specific experiments, necessary for the completeness of this
part of the thesis, it has been taken advantage external facilities. Both, direct and
frequency scaled experiments have been applied in order to recover the maximum
possible information with the available resources. During the measurement setup
building and data recovering it has been essential to employ the acquired knowledge
from theoretical analysis and simulations. On the one hand, experimental systems
have been better defined and optimized and, on the other hand, results have been
adequately interpreted, avoiding errors introduced by the system, and the desired
conceptual link between theory and practice has been provided.
Finally, figures elaborated in this part of the thesis have been created as follow.
Base figures have been obtained by the employed software, either MATLABr or
HFSSr . Then, when necessary, additional features have been added or edited by
means of Inskaper . This software drawing tool has been also used to create very
13
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specific schematics starting off without any base image. Additionally, PGF/TikZ1
plots have been created from MATLABr data in such cases requiring special detail
or quality on the figure.

1.4

Structure

This part of the thesis is organized as follows:
Chapter 2 reviews the definition of the THz band and carries out a comprehensive study on the state of the art in this band. The review explores, on the
one hand, the THz band applications and, on the other hand, the THz technology
sustaining those applications. Regarding to the THz technology, special emphasis
is made on THz waveguides and, particularly, in surface and plasmonic waveguiding structures proposed for transmission of THz broadband signals, being that the
waveguides analyzed in this thesis and the advanced proposed designs belong to this
family.
Chapter 3 covers all the analytical study of wire-type structures. First, the
theoretical bases of the surface waveguide problem are rigorously established, and
observations of the particularities of this kind of waveguide problem are provided.
Then, properties of metals at THz are reviewed through several physical models,
and a study is carried out to determine the most suitable choices for the posterior
analysis. With all the necessary bases provided, the complete analysis of the SWW
is carried out next, passing through several intermedium steps that start at the analysis of a simple cylindrical dielectric waveguide of real permittivity and end with the
SWW at THz frequencies modeled by means of a complex permittivity, providing
the intermedium steps valuable conceptual information. Special emphasis is put in
the analysis of the SWW fundamental mode features. Finally, the analysis of the
DCSWW is faced. Again, established the complete modal spectrum, the fundamental mode receives special attention in order to extract important information for the
next chapters. Key remarks provided in this chapter are essential for the rest of this
part of the thesis.
Chapter 4 considers the problem of radiation on bends affecting the SWW.
First, the problem is described and the critical points are observed. Then, the issue
regarding the numerical simulation of wire-type curved structures is treated and
suitable procedures to act accurately are established. Then, the extracted concepts
from the analytical study carried out in chapter 3 are applied to provide several solutions depending on the design scenario. The problem of radiation on bends is faced
by means of two solutions: reducing the wire radius (solution A) and controlling
the curvature phase shift (solution B). Once solutions A and B are provided as best
options for the waveguiding curved paths, in order to such designs do not condition
the rest of the waveguiding sections, SWW-DCSWW transitions are proposed. Several scenarios are contemplated, this leading to the three proposed transitions: 1)
tapering the coating; 2) tapering the radius; 3) tapering the radius and the coating.
1 PGF/Tik Z is a tandem of languages for producing vector graphics from a geometric/algebraic
description. PGF (Portable Graphic Format) is a lower-level language, while Tik Z (kein Zeichenprogramm -not a drawing program- in German) is a set of higher-level macros that use PGF.
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Chapter 5 presents experimental results that give additional validation to several concepts and observed phenomena described in previous chapters. Two experimental setups are presented: a first one providing measurements at Ka-band
frequencies and a second one providing measurements at low THz frequencies. Implementation, accuracy and type of results are different in the two experimental
setups, what provides complementary experimental information that give completeness to this part of the thesis, which has a strong theoretical content. Several
wire-type structures, including SWW, DCSWW and SWW with tapered coating, of
different electrical radius are tested.
Chapter 6 closes this part of the thesis, summarizing up the most relevant
information and listing the conclusions derived from the work procedure and the
obtained results in a ordered way. In addition, since there is empty room for further
research, several suitable future work lines are described.
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Chapter 2

State of the art
2.1
2.1.1

The THz band
Definition

The THz band, in its widest and most common definition, is the electromagnetic
spectrum of frequencies going from 0.1 THz to 10 THz (wavelengths comprised between 30 µm and 3mm) [1]-[3], Fig. 2.1. This definition implies, therefore, that the
THz band extends along two decades, including the upper part of the millimeterwave band (30 GHz-300 GHz), the totality of the submillimeter-wave band (300 GHz3 THz), and the lower frequencies of the Far Infrared (FIR). In this way, the THz
band becomes a spectrum portion with entity, filling the existent gap between microwaves and optics, between electronics and photonics, and promises to have its
own domain, technology and applications. However, since the mm-wave band is
nowadays object of several dedicated research, which is successfully developing high
performance technology to be commercially used in the next years, the true challenge in the THz band starts beyond 300 GHz, or more precisely, as points out P.
Siegel [1], beyond the upper operating frequency of the WR-3 waveguide, i. e., 325
GHz. Some authors [4] elevate even more the inferior limit of the THz band, locating
it at 1 THz. Others [5], extend the upper band limit to 30 THz, identifying this
frequency as the starting point of photonics (since CO2 lasers operate around this
frequency). However, beyond 3 THz (or even more if one goes beyond 10 THz) very
few research is found, remaining this part of the band the most unexplored. In this
thesis, the first definition will be used as most of the published work assumes it, and
the reader should understand that in some referenced works the frontier of this band
will be loose due to the strong presence of the well-established microwave and optic
bands. Moreover, the diverse profile of the THz technology researcher, usually having larger background in one of the surrounding bands, either microwave or optics,
makes the nomenclature, procedures and information sources very heterogeneous.
In this sense, one must keep one foot in each of these two domains.
17
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Figure 2.1: Electromagnetic spectrum with the THz band highlighted.

2.1.2

Historical background

Historically (first works can be found as back as at least the 1920s [6]), the THz
frequencies have remained noiseless, being used for very specific or basic research,
until some first technological advances (great improvement of sources and sensors
[1], [2]) have propitiated the revolution experimented in this field along this 21th
century. Spectroscopy down in the Earth, and exploration of the remote universe
require the use of a great part of the electromagnetic spectrum frequencies, including
the THz band. Nonetheless, the THz band plays a key role in these applications,
as will be explained later in this chapter. The importance of the THz role in this
applications has been crucial to arrive up to the actual situation, since the necessity
of manipulating THz waves has motivated the effort of using sophisticated and expensive equipment, and exploring new technological possibilities. All these advances
finally triggered the THz Science expansion at the moment that the possibility of
considering the THz band for commercial purposes was technologically and economically reasonable. Some references can approximate the reader to the past state of
THz research, as a very unexplored region [7]. Also, some complete overview papers
can be found at the middle of the past century [8], [9], the gross of the research
considered therein focused in the lower frequencies of the THz band, treating the
millimeter-wave band, and just grasping the sub-millimeter wave technology.
The first employments of the term terahertz or THz frequencies/band appeared
in the 1970s, to describe the frequency band of operation of point contact diode
detectors [10], the resonant frequency of a water laser [11], or the spectral line
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frequency coverage of a Michelson interferometer [12]. The 1990s are much richer on
dedicated THz band research, focused on universe exploration, plasma diagnostics
or molecular spectroscopy, all of them more deeply treated later. At the start of this
century, some complete overviews appeared with the aim of updating the reader
to the current situation [1]-[3], [4], [5], [13]. However, even those good references
become, nowadays, rapidly obsolete, and the THz researcher must be aware to new
advances in a wide range of journals and conferences. In the next paragraphs a
complete overview of current state of the art in THz applications is carried out to
justify the interest of this thesis. This overview is followed by their counterparts
involving THz sources and sensors, which have technologically made possible those
applications and the actual interest for the THz band. Finally, a deep overview on
THz transmission lines and passive components, the alma mater of this part of the
thesis, and one of the big challenges of THz band, is carried out.

2.1.3

THz band fundamental characteristics

To understand the nature of THz band applications, some aspects should be presented. Firstly, the THz band is very opaque for atmospheric transmission, specially
below 3 THz, Fig. 2.2. Although there is some work still to be done [2], the atmospheric absorption at THz frequencies is better and better determined by the
recent research [14]-[17], showing some transmission windows, but a general highattenuation behavior and a high water vapor continuum absorption spectrum. Thus,
THz frequencies are not suitable for long-distance atmospheric transmission as they
can be microwave frequencies. Secondly, due to the involved wavelengths, the main
interaction of THz radiation with matter includes many spectral characteristics related with fundamental physical processes such as molecular rotational transitions,
vibrational motions of organic compounds, lattice vibrations in solids, intraband
transitions in semiconductors, and energy gaps in superconductors [18]-[20].
Fig. 2.3 shows the main interactions with matter of several spectrum bands,
including the THz band. When the THz band is considered, one has that the
electromagnetic energy is strongly attenuated in the presence of metals (due to the
increase of ohmic losses) and dielectrics (due to the higher dielectric absorption
because of the aforementioned molecular vibration phenomena) [21]. This issue
difficults the guided transmission of THz waves, and a challenging environment is
found when designing a waveguide compared to the surrounding bands, where ohmic
losses are low, and good dielectrics are found (microwaves) [22], or transparent
dielectrics such as the silicon derivatives exist (optics) [23]. Therefore, much of the
considered applications are based in short-range or beyond-the-atmosphere radiated
transmission nowadays [1], and the possibility of improving the performance of these
applications and facilitate new ones through appropriated THz transmission lines is
a very motivating aspect which drives much of the effort carried out in this thesis.
In order to give to the reader a schematic conceptual map about the strengths and
weaknesses of the microwave, terahertz, infrared and X-ray bands, a comparative is
carried out in table 2.1. Basically, THz frequencies provide good resolution whereas
enough penetration is achieved, thus filling a functional gap between microwave
and infrared regions. Of extreme importance is, furthermore, the special spectral
interaction with the matter. Regarding to this point, THz results more functional
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Figure 2.2: Atmospheric transmission along the different electromagnetic spectrum bands.

Figure 2.3: Different bands main interaction of radiation with matter.

than X-rays, which, moreover, unlike the other bands, represent a health risk. In
some cases THz will be more suitable than other bands and replace them whereas
in other cases the additional information will be added on, providing new systems
with enhanced performance [24].

2.2
2.2.1

THz Applications
Spectroscopy

The applications review starts with the spectroscopy-related applications, which
have been the main driving of THz research. Under the spectroscopy term one must
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Strengths
µ-waves

Infrared

X-rays

THz

Weaknesses

Non-hazardous/Non-contact
High sensitive devices
Good penetration
Good resolution (mm)
Non-hazardous/Non-contact
High sensitive devices
Optical-based designs
Highest penetration (m)
Excellent resolution (sub-mm)
High sensitive devices
Non-contact
Good resolution (mm)
Moderate penetration (cm)
Non-hazardous/Non-contact
Frequency information
High sensitive to matter

Low resolution ( cm)
Metals/water block radiation
Low penetration (µm)
Thermal noise affected
Needs cryogenic conditions
Hazardous
Strict maintenance policies
No spectroscopic information
No functional imaging
Low scan rate
Metal/water block radiation

Table 2.1: Strengths and weakness of different bands radiation.

distinguish separately different applications such as remote space sensing, planetary
(planets, asteroids, moons and comets) characterization, Earth atmosphere characterization, and molecular spectroscopy for material characterization.
2.2.1.1

Remote Space Study

The quantity of energy radiated at THz frequencies at the outer space, and the information that can be obtained from it can surprise the non-familiarized reader. Several
examples to illustrate this fact, involving past and new research, are displayed in
the Fig. 2.4. In Fig. 2.4(a), from [25] (a recommended science review), it is shown
the spectral signature of interstellar dust, light and heavy molecules, including for
comparison a 30-K blackbody radiation curve, and the 2.7K cosmic background signature. Apart of the continuum spectrum, clearly centered at the THz band, several
thousand of individual lines from molecular compounds are identified. Nonetheless,
even much more lines are predicted to be solved once actual signal mask levels are
improved. In Fig. 2.4(b) the Spectral Energy Density (SED) of galaxies of different
ages are displayed. A great difference between young (E-galaxy is the youngest) and
old galaxies (Arp220 is the oldest) is appreciated, and from the energy distribution it
is clear that early universe formations have a dominant THz band content. Indeed,
important research is carried out nowadays to clear up the hidden information inside
the old universe using THz frequencies [26], [27].
Fig. 2.4(c), from [27], compares the SED of several old galaxies, including many
spiral and dwarf type galaxies. THz-band spectral information results decisive to
observe star-forming environments in those galaxies. Another interesting challenge
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for actual THz-band remote space spectroscopy is the direct imaging of a black hole
shadow. Promising results have been obtained recently [28]. Closer to the Earth, our
Milky Way galaxy (an old galaxy) can be successfully explored at THz frequencies.
Not in vain, one half of the total luminosity and 98% of the photons emitted since
the Big Bang fall into the THz band [29]. Fig. 2.4(d) shows the spectrum of the
Milky Way. In this graph it can be appreciated the importance of THz frequencies
for thermal dust emission, and how abundant is the ionized carbon (see the spectral
line at λ = 158µm, i.e., f = 1.9 THz).

(a)

(b)

(c)

(d)

Figure 2.4: Several examples of employment of spectroscopy for remote space sensing and characterization: a) Spectral content of an interstellar cloud including includes dust continuum and
molecular rotation line and atomic fine-structure line emissions assuming 30 K temperatures [25];
b) Spectral energy density (SED) of galaxies of different ages (E-galaxy the youngest, Arp220 the
oldest) [1]; c) Spectral energy density of several known old galaxies and adjacent spiral and dwarf
galaxies [27]; d) Spectrum of our galaxy, Milky Way. Half of the total emitted power falls in the
THz region [29].

Continuing with the remote universe exploring, several outer space images are
shown (THz images and their optical counterpart in some cases) in Fig. 2.5. Although they pertain to THz imaging rather than spectroscopy, it seems more appropriated treat them now since their finality is reveal the remote universe formations,
and the reader is able to better assimilate how important are THz in this area. The
key point in those images is that they show, in a very intuitive way, how the THz
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can bring information that is hidden for other bands. In Fig. 2.5(a), the Horsehead
Nebula in Orion is shown in both versions, the usual optical image (left) and the
THz image (right), specifically observed at f = 345 GHz [13]. Whereas the dust
that forms the horse head is dark at optical frequencies and no information of that
zone is obtained, at THz frequencies, the radiation penetrate into the dust, revealing
information about the structures therein.
Similarly, the Fig. 2.5(b) shows the optical and THz images (in this case f = 2.1
THz) of Orion constellation [30]. The information given by THz and optic images is
completely different. Particularly, the Terahertz radiation is attributed to thermal
radiation from interstellar dust heated up by radiation from young stars in active
star-forming regions. Therefore, THz images are shown to be very suitable to explore
the regions with active star-formation. Finally, in 2.5(c) it is shown a image of the
S106 Nebula, result of very recent research involving the first supra-THz heterodyne
array of receivers for Astronomy [31]. The good resolution and contrast obtained is
clearly discovering valuable information to be added to the usual optical images. Of
course, due to the atmospheric absorption, these data must be obtained from satellite
stations or high-altitude observatories, aircrafts or balloon platforms), which have a
certain life-cycle [1]. Perhaps, in a near future, a new generation of space missions
will incorporate the technological advances that are taken place these last years with
giant steps, driving a great advance in this vast THz-related research area.

(a)

(b)

(c)

Figure 2.5: Several THz images of remote space regions: a) Horsehead Nebula, comparison
between optic and THz (f = 345 GHz) images [13]; b) Orion area, comparison between optic and
THz (f = 345 GHz) images [30]; c) S106 Nebula image taken by SOFIA airplane at λ = 158µm,
i.e., f = 1.9 THz (ionized atomic carbon -CII- emission) [31].

Other kind of outer space exploration applications are cited now. The small-body
(planets, asteroids, moons and comets) THz characterization helps to improve our
information about the evolution of the solar system and refine the current models
of the Earths atmosphere. Several missions consisting in surface-based (landers)
or orbital remote sensing observations of gaseous species at the atmospheres of our
neighbor planets, their moons, and comets, are going on or are planned for the next
years [32]-[36]. The small wavelengths of THz band allow to a compact and light
instrumental giving good resolution. Surprising conclusions such those reported
in [37], where it was found a new solar burst spectral component which was only
emitting in the THz range, indicate that many information of our solar system is
surely coming in the next few years thanks to THz technology. Even, as suggested
in [1], it is not unreasonable to expect that the first notice of extraterrestrial life
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(through the discovery of planets with atmospheric suitable conditions -temperature,
pressure, composition, etc.-) take place at THz frequencies.
2.2.1.2

Atmosphere Characterization

Closer to the Earth, in our atmosphere, there is many information waiting to be
discovered at THz frequencies. Of great important are the thermal emission lines
from gases appearing in the Earth stratosphere and upper troposphere, such as water, oxygen, chlorine and nitrogen compounds. These gases directly influence on the
levels of ozone destruction, global warming, total radiation balance and atmospheric
pollution [1]. Several of these elements have their first resonance in the THz region,
mainly at submillimeter waves [38], as can be seen in the Fig. 2.6(a). In this graph,
they are displayed the resonance peaks of the three more abundant elements of the
atmosphere like so other elements that participate in the atmospheric composition.
Again, due to the atmospheric absorption, these measurements are mandatory taken
from outside of our atmosphere through spacial sounders, balloons or aircrafts, and
the lower parts of the atmosphere should be better analyzed with lower frequencies
in the THz band.
An intense research is being done these days to proper characterize the THz propagation in our atmosphere [39]-[42]. On the one hand, calculation of atmospheric
transmission requires line positions, intensities, pressure broadening coefficients, and
pressure shift coefficients. These parameters need to be carefully determined by precise spectroscopy measurements. On the other hand, continuum absorption, which
is defined as the excess of absorption unaccounted by the water vapor resonance
spectrum, causes poor agreement with long path observations when it is not taken
into account. This absorption remains to be perfectly understood and measured
[2], [17]. In Fig. 2.6(b), from [2], it is shown the discrepancy existent between the
well-developed models of microwave (NASA JPL1 catalogue molecular atmospheric
absorption [43] and Liebel model for the continuum [44]), and infrared (HITRAN2
line catalogue [45] and CKD3 continuum model [46]). Advances in this area will permit accurate prediction of atmospheric state and phenomena [47], and will establish
the proper transmission windows and conditions for THz communications [48].
2.2.1.3

Molecular Spectroscopy

Spectroscopy applications review ends with the oldest driver of the THz band usage:
the molecular spectroscopy. This field has a long history [49], [50] studying the
vibrational molecular phenomena, and it is not surprising that a great amount of
interesting commercial applications in a wide range or areas will be based on the
information of materials through THz spectral signatures [1], [2], [5]. The main
advantage of THz spectroscopy to observe molecular phenomena against microwave
spectroscopy (simpler to implement) is the larger strength of emission or absorption
lines for the rotational and vibrational excitations of the lighter molecules. These
1 NASA

Jet Propulsion Laboratory (JPL).
Transmission Molecular Absorption Database (HITRAN).
3 Clough-Kneizys-Davies (CKD).
2 High-Resolution
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(a)

(b)

Figure 2.6: Atmospheric characterization through THz spectroscopy: a) Spectra of several important molecular gases of the upper part of Earths atmosphera [38]; b) Discrepancy between
microwave and infrared wave atmospheric attenuation models at the THz band [2].

lines strength increase as f 2 (or even f 3 ), having their peaks in the submillimeter
range.
The natural strong sensitivity and purity advantage of taking spectral information at THz has motivated and still motivates the development of adequate technology to leverage of this fact. Beyond the basic research of yesteryear based on
Fourier Transform Infrared Spectroscopy (FTIR) [51], many more commercial uses
are coming from the hand of a new powerful tool: the THz Time-Domain Spectroscopy (THz-TDS) [52], [53]. Advantages of THz-TDS against FTIR are [2]: 1)
The waveform of transmitted and/or reflected terahertz waves are obtained. Therefore, the refractive index and absorption coefficient of the sample are calculated from
the phase and amplitude of the waveform. 2) THz-TDS can be applied to investigate
multilayer specimens by using information in the time domain waveforms. 3) Cooling the detector is not strictly mandatory. On the other hand, it is well-known that
FTIR has a noticeable wider bandwidth than THz-TDS, this last usually ranging
from 0.1 to 3 THz. However, this may be change with the recent advances in the
THz air photonics. It is worth to mention that promising ultra-broadband THz-TDS
have been achieved recently [54].
Pharmacology
Among the many interesting applications in this field, we start with the big-market
[55] of pharmacology industry, probably the responsible of most of the private founding for THz science in the next years. Several examples of THz-TDS in pharmacology
industry are shown in Fig. 2.7. Specifically, in Fig. 2.7(a) it is shown the THz pulsed
spectra of binary mixtures of indomethacin4 (IM) amorphous and crystalline (with
different crystallinity percentages) forms [57]. THz frequencies are especially sensitive to the intermolecular vibration modes of long-range that take place when the
compound gets crystalline. Fig. 2.7(b) shows the THz spectra of three commonlyused hydrate forms of lactose, the most widely used excipient in the pharmaceutical
4 Indomethacin is a non-steroidal anti-inflammatory drug (NSAID) commonly used as a prescription medication to reduce fever, pain, stiffness, swelling, and even Alzheimer’s disease [56].
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industry [58]. Finally, Fig. 2.7(c) and Fig. 2.7(d) show, respectively, the THz absorption spectra of anhydrous D-glucose and D-glucose monohydrate, and the evolution of THz absorption spectra of D-glucose monohydrate during the dehydration
process [59]. Pharmaceutical hydrates have been recognized as playing a significant
role in drug formulation. Therefore, studying the kinetics of dehydration or hydration is exceedingly important, and THz frequencies offer the required sensitivity to
accurately supervise these processes.

(a)

(b)

(c)

(d)

Figure 2.7: Several examples of employment of THz-TDS in pharmacology: a) Terahertz pulsed
spectra of binary mixtures of indomethacin (IM)amorphous and crystalline forms (20% intervals,
0 to 100% crystalline form) [57]; b) Terahertz spectra of three commonly-used hydrate forms of
lactose [58]. c) THz absorption spectra of anhydrous D-glucose and D-glucose monohydrate at 25◦
[59]; d) Evolution of THz absorption spectra of D-glucose monohydrate heated at 45◦ during 27
min. (dehydration process) [59].

Medical diagnostic
Other interesting area that will benefit from THz technology is the medical diagnostic. The high absorption of THz energy by water implies high sensitivity to some
diseases processes, and, although the strong absorption by water molecules causes
low body penetration depth, this penetration seems to be enough for several kind of
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diagnostic purposes [60]. The use of THz-TDS has been observed as a powerful tool
in studying teeth diseases [61], [62], skin diagnostics [63], [64], breast cancer diagnostic [65], [66], colon tissue cancers [67], or even ophthalmology [68]. As examples,
Fig. 2.8(a) shows tooth enamel reflectivity in different demineralization conditions
(which indicate the tooth enamel state) in the THz range, and Fig. 2.8(b) shows
spectral signatures of several burnt tissues with a different damage grade.

(a)

(b)

Figure 2.8: Examples of medical application of THz-TDS in medicine: a) Tooth enamel reflectivity in different demineralization conditions [60]; b) THz reflection spectral signatures of averaged
representative superficial partial (10 s), deep partial (15 s) and fullthickness (20 s) porcine scald
burns [64].

Security
Substance cataloging at THz is other attractive possibility with promising application in security purposes [69]. The previously mentioned sensitivity of THz frequencies to molecular phenomena suggest using spectral information as a substance
fingerprint. In a similar way that it has been explained for the pharmacology area,
different spectral responses permit differentiate some substances to others, leading
this to the identification of dangerous substances (explosives, drugs, etc.) from inoffensive ones [69]. Several examples illustrating application of THz-TDS in this
area are shown in Fig. 2.9. Particularly, in Fig. 2.9(a) they can be appreciated
clear differences between the spectrum of the well-known explosives Trinitrotoluene
(TNT) and Pentaerythritol Tetranitrate (PETN) [70]. Distinction of explosive
from inoffensive substances is well illustrated in Fig. 2.9(b), from [71]. The Cyclotrimethylenetrinitramin (RDX) absorption spectrum is clear differentiated from
flour and polyethylene spectrums. In a similar way, visual distinction of different
drugs and agent cuts is not trivial [72], [73]. However, the absorption response at
THz frequencies clearly classifies the studied elements, as shown in Fig. 2.9(c) and
2.9(d).
Based on such interesting results, some more defined applications for security
have been recently suggested. In [74], a systematic mail inspection is proposed.
Whereas other techniques such X-ray give very accurate image detail about hidden
shapes, THz can obtain chemical information, thus having a non-invasive chemical
analysis. Combination of both techniques may result in a powerful tool. Other
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(a)

(b)

(c)

(d)

Figure 2.9: Several examples of employment of THz-TDS in pharmacology: a) THz absorption spectra of the explosives PETN and TNT [70]; b) Terahertz absorption spectra of the RDX
explosive compared with inoffensive substances [71]. c) THz spectral absorption response of the
Methylenedioxymethamphetamine (MDMA) drug, compared with inoffensive compounds [72]; d)
Spectral absorption comparison between different amphetamine derived drugs [73].

nice application is the short range target identification that suggested in [75], and
illustrated in Fig. 2.10. Although nowadays, the managed power levels are not
enough for this purpose, the possibility of implement this system in public areas
seems very attractive for the day of tomorrow. Several efforts are being carried
out these days to create a reliable chemical database with the spectral responses
of the known compounds [2], which is a necessary information to use in the former
applications together with appropriated algorithms [76].

Biology
THz-TDS has been proposed in the biology area to recognize Deoxyribonucleic Acid
(DNA) signatures [77]-[79], (an interesting method to find DNA mutation using
compact genetic sensors based on compact coupled-line filters can be found in [80]);
study protein properties [81], and analyze plant species [82], [83]. Food science may
also take advantage from THz-TDS as reported in [84] and [85].
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Figure 2.10: Illustration of the THz drug/explosive detection system [75].

Heritage preservation and art sciences
Also cultural heritage preservation and art sciences will benefit from THz spectral
information in the next years [86]-[88]. Artistic materials of different colors which
are similar in the visible range, have THz spectral information that allows an easy
distinction between them. Even character recognition through material identification
in medieval manuscripts using THz-TDS has been reported [89].
Temporal information of THz Time Domain Spectroscopy
Before leaving the THz-TDS, a feature of this technique with essential importance
and application should be commented. Apart of the spectral signature in the THz
range, the THz-TDS provides a temporal response full of information. The THz
pulses are reflected and attenuated due to the different layers of the target depending on the thickness and material properties. This information is captured on the
temporal response, and a proper analysis reveals extremely important information
[53]. Non-destructive analysis of coating thicknesses in solid pharmaceutical tablets
[90]-[92], thickness measurement of car paints and supervision of the paint drying
[93], [94], or food inspection [95] are only a few examples of application.
Fig. 2.11 illustrates some particular examples of use of the temporal THz signal.
In Fig. 2.11(a) it is shown the waveform of a pulse reflected on a typical multilayer
car paint, which usually consist on four distinct layers: electrocoat, primer, basecoat
and clearcoat. Conventional methods to measure the thickness of car paint layers
such as magnetic gauges, eddy current measurements and ultrasound testing all require direct contact between the measurement sensor and the painted car surface.
These measurement techniques can only cover a limited sampling points number on a
group of selected cars, hence lack the capability to accurately identify paint defects.
In addition, the mentioned techniques merely measure total thickness of the film
build and are not capable of resolving the multiple paint layers [93]. Fig. 2.11(b)
shows the time domain reflected response of different ibuprofen tablets. The temporal information allows a clear distinction between the two considered cases. This
feature is suggested for identification of defective tablets [91] or illegally-sold imita29
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tion drugs [96]. Finally, Fig. 2.11(c) shows another car painting related example,
in this case focused on supervising the painting process [94]. The THz time-domain
signal shows different signatures depending on the painting process state, and allows a precise determination of the moment when the process is finish. This might
optimize the resources in the expensive car mounting chains.
It is worth to mention that due to the specific material absorption at THz frequencies, the time-domain signal gives particular information as it occurs with the
spectral response. Thus, the reader can imagine that all areas and examples exposed for the spectral signatures can also benefit of the information in the temporal
response if layer characterization is involved.

(a)

(b)

(c)

Figure 2.11: Examples of use of temporal THz pulse information: a) Reflection waveform of fourlayer paintings on a metallic substrate (car painting application). A: clearcoat, B: basecoat, C:
primer, D: electrocoat, E: metallic substrate. [93]; b) Time domain signal reflected by the different
layers of ibuprofen tablets [91]; c) Temporal evolution of a THz pulse-echo signal before and after
painting a metallic car sheet [94].

2.2.2

Plasma Fusion Diagnostic Applications

After the extensive review on spectroscopy-based applications a stop should be made
now in other of the old drivers of THz technology: the plasma fusion diagnostic [1].
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A big amount of work carried out the past century in this area is well reviewed
in [97], and actual state of the art is well described in [98]. In plasma diagnostics
most of the measurements involve determination of the electron density profile as
a function of position and time in the plasma core. These measurements are base
on the Electron Cyclotron Emission (ECE) effect [99], which, although has the first
resonances in the mm-wave, produce THz harmonics with valuable information [1],
[100]. Furthermore, THz waves allow a wider range of penetration in the plasma core,
hence leading a more accurate exploration of it [101]. The plasma fusion diagnostic,
although older and less noisy that other more popular areas such medicine or security
(since they are more directly affecting the common citizen), is, notwithstanding,
plenty of activity these days driven by the technological THz revolution. Several
previously hidden information is being revealed with the recent advances [102], [103].

2.2.3

Imaging Applications

Imaging applications are described now. The so-called T-Ray imaging is other of
the big markets of THz technology [1]-[3], in which private companies are strongly
betting [104]-[105]. When talking about images at THz frequencies, the reader just
has to remember the characteristics THz spectral response of many substances and
materials of interest. At a proper frequency, the absorption between two materials
to be distinguished could be noticeable different, thus producing a image with a
clear contrast, that may not be (and it is most of the cases) not as clear as if it
was taken using other frequencies, such as the visible ones [106]. T-Rays will have
specific performance, being more suitable for determinate applications than other
imaging techniques such as ultrasounds (low cost and safe but not giving chemical
information), X-Rays (low cost, great resolution and penetration depth, but no
chemical information), or Magnetic Resonance Imaging (high sensitivity and deep
penetration, but expensive and with low capability of distinguish thin tissues/layers)
[107].
Some of the potential of THz imaging has been already shown when the outer
space exploring applications were reviewed. A review of imaging applications in
several areas is carried out now, similarly as it was done for spectroscopy. Imaging
at THz frequencies gives very intuitive information that can be complementary to
the spectral signatures. Even more, both source of information can converge in
what is now as THz Time-Domain Spectroscopy Imaging (THz-TDSI) [108], [109], a
promising powerful tool, that will be commented at the end of this imaging dedicated
section.
Therefore, it is worth noting now that THz imaging can be implemented with
short pulses of several picoseconds (which allows, among others, THz-TDSI) or using Continuous Wave (CW). Pulsed THz imaging provide more information whereas
CW allows for a more compact and simple system. Pulsed imaging provide depth,
frequency-domain and time-domain information about the target, which makes it
more desirable in order to obtain a complete target analysis, thus being a more powerful tool to extract final conclusions. However, plots of transmitted and reflected
energy are enough for several imaging applications. Thus, since CW is a fast and
low-cost option, it should be considered in those cases. In this section, results corresponding to both techniques are considered, being, as it can be understood, more
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noteworthy, thus corresponding to the pulsed technique. An interesting description
and comparison of both techniques can be found in [110].

2.2.3.1

Security

Without any doubt, the most popular application in the use of T-ray imaging is the
detection of concealed weapons and explosives. Although transmission is strongly
limited by the atmospheric absorption, several interesting transmission windows can
be found, and short-range imaging below 1 THz is today a reality (although several
hoped technological advances should drive it to the desired performance yet) [1],
[106]. A big amount of research work has been done [111]-[118], including passive
imaging, active imaging, and video; and several patents proposed [119], [120].
To illustrate the THz properties for security imaging, several examples are shown
in Figs. 2.12-2.14. Firstly, in Fig. 2.12(a) it is appreciated the THz imaging potential
to detect hidden plastic explosives. Top left image shows a mock pipe bomb made
of three 1 inch diameter Polyvinyl Chloride (PVC) pipes. This bomb is attached
to the subject torso (top right image), and concealed by cotton jacket (bottom left
image) . Real time imaging at 625 GHz (see bottom right image) is able to show that
some object is intentionally hidden by the subject [116]. Since the THz radiation
is nor hazardous as it is the ionizing X-Ray energy, continuous scanning at public
spaces could provide an important improvement of the security without affecting the
subjects health.
Fig. 2.12(b) shows a THz image of a metal knife and a plastic explosive hidden
inside of a shoe sole (left). A visible image taken after removing the sole is shown
at the right for comparison. A clear evidence of the hidden dangerous objects is
obtained in the THz image, which exhibits good resolution [112].

(a)

(b)

Figure 2.12: T-ray imaging for concealed weapons and explosives 1. a) Real time imaging at
625GHz of a cotton jacket concealing three 1 inch diameter PVC pipes taped to the subject torso
[116]; b) THz imaging (left) of a metal knife and a plastic explosive hidden inside of a shoe sole.
Visible image (right) is taken after remove the sole shoe [112].
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In Fig. 2.13(a) they are shown a passive outdoor 94 GHz imaging of a metal
knife hidden with a newspaper (left), and an active indoor 640 GHz imaging of a toy
gun under a cotton shirt. In the outdoor image, the cold sky leads to a strong target
signature whereas indoor conditions require active imaging to identify the hidden
gun. Even the gun is appreciated, better contrast and image quality are desirable.
Coherent techniques could provide noticeable improvement of the image contrast in
the case of active imaging [113].

(a)

(b)

Figure 2.13: T-ray imaging for concealed weapons and explosives 2. a) Left: Passive outdoor 94
GHz imaging of a metal knife hidden with a newspaper; Right: Active indoor 640 GHz imaging of
a toy gun under a cotton shirt [113]; b) THz active imaging of a hidden gun at 0.35THz (left) and
0.85GHz (right) [118].

Fig. 2.13(b) shows THz images of a hidden gun at 0.35 THz (left) and 0.85 GHz
(right). The image at 0.35 THz shows lower resolution but less obstruction by the
fabrics [118]. The results in that work indicate that current performance suggest
better using lower frequencies in order to achieve the required penetration in the
weaves. However, future technological advances could provide enough power so that
higher frequencies, which lead to a higher resolution, may be successfully used.
Finally, Fig. 2.14 illustrates a computer recreation of the expected THz imaging
quality once the THz technology reaches its maturity. Properly manipulated, THz
waves could provide very good resolution, together with the desired penetration and
health safety.
2.2.3.2

Medicine

Medical imaging is other area where THz are called to be a great contributor. These
days, the evolution of medical imaging is going beyond anatomical and structural
imaging, which are well assessed by the mature X-rays and γ-rays, together with
magnetic resonance techniques. The demand for imaging at the molecular and cellular levels is increasing [121], and THz properties fill well this job [122]. Figs.
2.15-2.16 show several examples of the use of THz images in the medical area. In
Fig. 2.15(a) it is shown the THz image of a human tooth [107]. The tooth internal
structure is clearly revealed at THz frequencies whereas visible images are not able
to penetrate inside, and X-rays can hardly contribute (lack of contrast) to diagnostic
internal damages such as caries.
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Figure 2.14: Computer recreation of the expected THz imaging quality once the THz technology
reaches its maturity.

In Fig. 2.15(b) they are shown images of a diseased skin with infiltrating carcinoma taken in the visible (top) and THz (bottom) ranges. Differences in THz
spectra of healthy and diseased skin lead to appearance of contrast between healthy
skin and sick tissues in parametrical images. Contrast is reported even in cases
where the cancer lies at a small depth under the skin [60].
In a similar way, Fig. 2.16(a) shows the visible and THz images of a mastectomy
specimen from a patient with an invasive lobular carcinoma, circled in red [123].
It can be appreciated how clear is distinguished the ill region at THz frequencies
whereas the visible image does not give obvious evidence. Comparison of the size
and shape of tumor regions in the THz images with the corresponding histology
section gives good correlation. This accuracy is extremely important in order to
identify precisely the borders of the cancerous area.
Finally, Fig. 2.16(b) shows images of a subject arm before and in the moments
after the application of a freezer burn. THz images, at the top row, clearly identifie
the growth of a sub-cutaneous edema whereas the visible images (bottom row) show
no evidence of change in the skin surface [124]. These examples show the good
contrast and accuracy of THz imaging for medical diagnostic. It is worth to mention
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(a)

(b)

Figure 2.15: T-ray imaging for medical applications 1. a) THz imaging of a human tooth revealing
its interior structure and possible injuries [107]; b) Infiltrating carcinoma. Top image correspond to
the photo of in vitro diseased skin and bottom image corresponds to the THz parametrical image
of the cancer [60].

the non-invasive feature of this imaging technique, which furthermore does not imply
secondary effects in the patient, as X-rays do.

(a)

(b)

Figure 2.16: T-ray imaging for medical applications 2. a) Visible and THz images of a mastectomy
specimen from a patient with an invasive lobular carcinoma (circled) [123]; b) A series of THz images
(top images) of a subject arm before and in the moments after the application of a freezer burn,
clearly identifies the growth of a sub-cutaneous edema. Photographs showing no evident change in
the skin surface are shown at bottom [124].

2.2.3.3

Pharmacology

Apart of the multiple possibilities that the THz band offers to the pharmaceutical
industry through spectroscopy, THz pulsed imaging may become a powerful tool
regarding one fundamental aspect in this industry: supervision of tablets manufacturing process. It is well-known that most of the pharmaceutical products are sold
in tablet form. Coats for these tablets are used very often due to many reasons such
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as shelf-life improvement, taste and odor purposes, facility of swallow or assimilation
process control, e.g., disintegration of the tablet only in the small intestine but not
in the stomach. Present coating analyzing methods calculate the amount of applied
coating mass from the flow or spray rate of the coating liquid, thus being indirect
and giving only average information. Through THz imaging intrinsic information,
several valuable 2-D or 3-D information can be recovered [125]. This could give
critical information in order to supervise and improve manufacturing methods.
Figs. 2.17 and 2.18 illustrate some THz imaging results. In Fig. 2.17 it is shown a
6x magnified photography (Fig. 2.17(a)) of a tablet and three THz images based on
different information of the THz pulse (Figs. 2.17(b)-2.17(d)). The coating thickness
map, Fig. 2.17(b), is a valuable information of the achieved coating uniformity in the
different tablet parts. This information may reveal the origin of systematic errors in
the coating process, and avoid defective tablets. Other errors are better appreciated
with peak intensity, Fig. 2.17(c), and interface index information, Fig. 2.17(d). For
example, the coating cracks, indicated with red arrows in the photograph are clearly
observed in the THz images 3 and 4 [92].

(a)

(b)

(c)

(d)

Figure 2.17: T-ray in pharmaceutical industry 1. Pharmaceutical tablet coating defects study.
a) 6x magnified photography (red arrows indicate defects on the coating), b) THz image showing
the coating thickness map, c) THz image showing the peak intensity map, d) THz image showing
the interface index map [92].

Similarly, Fig. 2.18 illustrates how THz imaging penetration features of THz
radiation penetration features are used for non-destructive inspection of a packaged
tablet. Fig. 2.18(a) shows the visible image of the upper side of the packaged
tablet. This tablet has the text ”Rorer” engraved at the upper face and the text
”Maalox PlusTM” at the bottom face. Figs. 2.18(a) and 2.18(b) correspond to
THz images taken from the upper and bottom sides of the tablet, respectively. THz
radiation penetrates the package and provide the appropriated contrast to recover
both engravings. Further technological advances may provide better resolution,
which is low at present, and a finer penetration adjust, in order to achieve a more
accurate inspection [126].
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(a)

(b)

(c)

Figure 2.18: T-ray in pharmaceutical industry 2. Packaged tablet with two engravings: ”Rorer”
at the upper face, and ”Maalox PlusTM” at the bottom face. a) Tablet photography; b) THz
image from the top of the packaged table; c) THz image from the bottom of the packaged table
[126].

2.2.3.4

Biology

Due to the sensitivity of the THz radiation to the target water content, it is previsible
that interesting information may be revealed with THz imaging in the area of biology.
Internal structural information of life species can be obtained, specially in those cases
where the water does not fill a large volume (since in those cases absorption would
be excessive) such as plants leaves. Figs. 2.19-2.21 show some interesting examples
of THz imaging in this area. In Fig. 2.19(a) they can be observed a visible image
(1) of a dried seed pod, together with two THz images (2 and 3), taken at a distance
larger than 25 m from the target. Particularly, the configuration used in 3, which
optimize the capture system, gives good resolution (0.75 mm) [127]. Whereas optic
image gives only an accurate description of the seed pod surface, THz reveals its
internal structure. One can imagine the possibilities of this kind of imaging, which
could lead to supervise in vivo the biological processes that take place in plants.
Due to the involved structures size, the required resolution would be better attained
with THz than present microwaves techniques [128].
Fig. 2.19(b) illustrates the imaging of a buried carrot. Two cases are considered:
buried in sand (top left visible image), and buried in soil (top right visible image),
giving very similar results. Transmission THz imaging has been applied to this
target, buried 5 cm. In the bottom left image, the T-ray imaging result can be
appreciated, whereas the bottom right image shows the final T-ray processed image.
The shape of the carrot is recovered with good accuracy. A success larger than 96%
was recorded in this experiment [129].
Also from the work in [129], the reflective counterpart experiment is shown in
Fig. 2.20. Fig. 2.20(a) is a photo of the used set before being buried. It includes
a sweet potato, a turnip, four rocks and a piece of tree branch. Fig. 2.20(b) is the
THz reflection image. Finally, Fig. 2.20(c) is the processed image with which the
desired information is recovered. Accuracies going from 87% to 93% are recorded in
the identification of the different elements. Potential of this technique will noticeable
benefit the study of root growth and development, which are critial processes for
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(a)

(b)

Figure 2.19: T-ray imaging for biological applications 1. a) Visible (1) and THz images (2 and
3) of a dried seed pod. THz images are taken from a distance larger than 25m. Image 3 uses a
configuration which allows for a better resolution [127]; b) Visible images of a buried carrot (top
left image correspond to a sand buried carrot; top right image correspond to a soil buried carrot)
and the corresponding THz transmission images (bottom left is the THz image of the sand buried
(5cm); bottom right is the THz final processed image) [129].

plant survival and productivity. Nowadays, there is any non-destructive system able
to provide repeatedly high-quality information on roots of field-grown plants.

(a)

(b)

(c)

Figure 2.20: T-ray imaging for biological applications 2. Reflection images for root phenotyping.
a) Photo of the samples (a sweet potato, a turnip, four rocks and a piece of tree branch) before
being buried; b) THz reflection image; c) Final processed image [129].

Finally, images revealing the internal structure of a red pepper (left) and a prawn
(right) are shown in Fig. 2.21. Optical images are also displayed in each case. Due to
the internal composition of these live species THz results much more selective than
X-rays [24]. Furthermore, since THz is more sensitive to these materials, variation
scanning of the imaging frequency could give very different responses, obtaining
thus, further information about the specimen.
2.2.3.5

Industry

The quality of several processes in different industrial areas can be also supervised
and improved with the aid of THz imaging. A huge amount of proposals and demonstrations can be found in the literature, with an increasing number tendency during
the last years due to the technological advances [130]-[139]. Again, particular THz
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Figure 2.21: THz and optical images of a red pepper (left) and a prawn (right) [24].

penetration and resolution reveals information not accessible with other imaging
techniques.
Some of the many reported examples in the literature are shown in Figs. 2.222.27. An example regarding radar industry is illustrated firstly in Fig. 2.22. In
this set of images, it is shown a typical radome, Fig. 2.22(a), and two THz images
which show delamination, Fig. 2.22(b), and water intrusion, Fig. 2.22(c), [134].
Radomes protect the radar against weather conditions. The usual construction
consist in a sandwiching fiberglass and structural foam, thus providing strength
and transparency to microwaves. When an object strikes the radome it could cause
the separation of the fiberglass from the foam, thus implying delamination. The void
caused by the delamination allows the water to get in the radome, thus degrading
the radar beam. Nowadays, inspection of radomes is manual (”tap test”), and, as
can be understood, this is prone to operator and does not provide any way to record
the measurement for comparison at a later date. Much thoroughness can be gained
with THz imaging.

(a)

(b)

(c)

Figure 2.22: T-ray imaging in industry 1. Example of THz imaging suitability for non-destructive
testing of radomes. a) Photography of a typical radome; b) THz scan revealing radome delamination; c) is a THz scan detecting water intrusion in the radome [134].

Fig. 2.23 shows and example of the possibilities of THz imaging in the examination of automobile dashboards. This element usually consists of a pair of opaque
plastic layers which are sandwiched with a 1cm thick foam layer. The left image
consist on a photograph of a portion of an automobile dashboard. The right image correspond to a THz capture of the area enclosed by the dashed rectangle of
the photograph. An air bubble in the foam, which is invisible in the photograph is
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clearly identified in the THz image as a region of enhanced transmission. Observed
horizontal dark lines in the THz image are originated by diffraction of the plastic
cover edges, located at the back side of the sample. This plastic have screws passing
through it which also appear in the THz image as black circles. When manufacturing
dashboards, it is desirable to avoid air voids in the foam since they cause structural
instability. It is worth noting that, although foam is a low-density air-polymer composite (very difficult to distinguish it from the air), since the composite voids are
comparable in size to the THz wavelengths, moderate scattering losses take place.
This is used as amplitude contrast mechanism, which as has been seen, provides
valuable information [124].

Figure 2.23: Visible image of a section of a car dashboard (left) and a THz image (right) corresponding to the area enclosed in the dashed rectangle [124].

A case of extreme importance, quality supervision of space shuttle foam structures, is exposed now in Fig. 2.24. It is shown a THz image which reveals eight
built-in defects which include artificial voids and delamination defects [110]. This
image was taken using CW configuration. It is worth noting that in this work, better results are obtained for this target by using CW in comparison with the pulsed
imaging. The aforementioned importance of the quality in the foam structure of a
space shuttle lies on the sever consequences of small defects in this element. One of
the most notorious disasters of the National Aeronautics and Space Administration
(NASA), the Columbia Space Shuttle destruction, was originated by defects in the
shuttle foam [140], [141].
Other interesting example of industrial application of THz imaging is the inspection of integrated circuits through emission images. Emission images are not truly
a terahertz near-field technique, since the information one obtains is not related to
the spectroscopic properties of the sample in the terahertz range. Instead, it shows
the ability of the sample to generate terahertz radiation, which involves the local
optical absorption coefficient and the ultrafast charge carrier dynamics. A great
potential of these images is that if one measures the emitted THz field as a function
of the position of the illumination spot on the emitting substrate, one can form an
emission image with spatial resolution determined by the optical spot size, not by
the terahertz wavelength [124].
The previous technique is illustrated in Fig. 2.25, where THz emission images are
superimposed to a visible image on a integrated circuit. At the left image the circuit
is undamaged whereas at the right image one electrical line has been broken. The
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Figure 2.24: T-ray imaging in industry 2. Continuous wave (CW) THz image of a section of a
space shuttle foam sample with eight built-in defects. [110]

THz emission changes dramatically, indicating a significant change in the electric
field. The inset shows a magnification of the region where the circuit has been
damaged. A resolution of 3 µm has been reported in that work [138]. Application of
this technique could easily identify circuit faults with a fast non-invasive inspection.

Figure 2.25: T-ray imaging in industry 3. Superimposed THz emission images over visible images
of an integrated circuit. Left image correspond to an undamaged circuit whereas the right image
correspond to same circuit after one of its electrical lines has been broken. The inset illustrates the
damaged area with more detail [138].
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Large THz absorption of dielectrics compared to air and very material dependent
produces a great contrast with enormous potential for the plastic manufacturing
industry, which has, furthermore, experiment a great revolution with the recently
developed 3-D printing techniques. A great market is coming in the next years from
the hand of more and more complicated 3-D plastic structures [142], [143].
In Fig. 2.26 it is well appreciated the THz contrast in transmission images
through a plastic piece with drilled air holes. Whereas at the visible image, Fig.
2.26(a), only information of the surface is recovered, the THz images, Figs. 2.26(b)
and 2.26(c), reveal with detail the internal structure [144]. A coherent imaging
technique was used in that work. The image of Fig. 2.26(b) corresponds to the peak
to peak amplitude response of the temporal pulse, and the image of Fig. 2.26(c) is
the integrated intensity in the bandwidth comprised between 0.2 THz and 0.3 THz.
In the next years, pulsed THz techniques may contribute significantly in this area
by providing accurate 3-D structural information.

(a)

(b)

(c)

Figure 2.26: T-ray imaging in industry 4. Plastic piece with drilled air holes [144]. a) Visible
image; b) Transmission THz image correspond to the peak to peak amplitude of the temporal
response; c) Integrated intensity image in the range 0.2 THz-0:3 THz.

Industrial imaging applications end with an example regarding building industry.
In Fig. 2.27 they are shown different transmission THz images (taken at f = 0.2
THz) of a wood sample in which some water has been injected. The large water
absorption causes a strong attenuation in the area where it is located (blue areas).
A real-time inspection of the evolution of the water distribution is obtained with this
system. Also, it can be appreciated how differences of contrast reveal information
of the internal structure of the wood. Since timbers obtain the highest strength
when they are dry, and free water present inside a timber will accelerate the wood
degradation, this technique for water inspection results of very high interest in the
wood industry. Similar examples regarding other wood damages (such as wormholes or termite), water and cracks in concrete or defects of ceramic tiles, including
transmission and absorption THz images are all treated in [145].
2.2.3.6

Art & Cultural Heritage Imaging

Other surprisingly strong area of THz imaging is the art and cultural heritage conservation science. During the last years a large number of interesting works have
been published. A very complete survey can be found in [86]. THz radiation is being recognized as a very interesting tool for dendrochronology (the science of dating
woode objects [146]). Also, THz penetration in optically opaque materials allows
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Figure 2.27: T-ray imaging in industry 5. CW THz imaging at f = 0.2 of a piece of wood with
thickness of 14.2 mm. The piece is injected with 1.55 g of water into an area of 3.5 cm2 . a) THz
image of the original sample; b) THz image of the sample at the moment of the injection; c) THz
image of the sample moments later when the water is drying out; d) the visible image. In the THz
images, location an concentration of water is appreciated in blue to the high water absorption [145].

THz imaging for efficient subsurface imaging of culturally significant objects. The
resolution, which goes from micrometers to several millimeters seems to be enough
for this kind of purpose.
Other powerful nondestructive forms of radiation for cultural heritage imaging,
such as X-rays, γ-rays, or magnetic resonance imaging present some inconvenient.
On the one hand they are only available through large and complex installations
intrinsically implying financial and logistical barriers. It is well-known that human
health risk complicate the use of these technologies. On the other hand, these
techniques may heat up unbound protons inside the sample or reaction with the
ferromagnetic parts of the sample under study, thus losing in part their non-invasive
feature.
By the above, imaging with the non-ionizing THz radiation results very suitable
to inspect this very delicate, high-value and unique historical targets. In addition,
recent technological advances point to hand-size THz imaging systems [147]. It is
reasonable that cultural heritage preservation sciences are provided in the future
with simple and compact THz cameras to carry out their work. THz imaging has
been demonstrated in mummy inspection [148], papyrus and other old manuscripts
inquiring [109], sealed vessels and pottery interior non-invasive inspection [149], art
painting analysis, including discovery of hidden features [150], proving authenticity
[151], or revealing the employed painting techniques through pulsed imaging [88],
among others. Figs. 2.28-2.32 illustrate a short overview of this THz imaging usage.
In Fig. 2.28 two cases of historical art paintings studied with THz imaging are
reported. Case 1, from [88], regards to the Polittico di Badia painting, dating from
the XIV century. From left to right they are shown the visible image (with a yellow
rectangle marking the studied area), the THz reflection image obtained by pulsed
THz imaging, and the cross section image of part of the area under study, recovered
with the temporal information of the THz pulse.
At the THz image they are clearly distinguished hidden gold leaves beneath the
paint layers, thanks to the high reflectivity of this metal. In a similar way, it is
concluded that the white area of the paint was made with a particular lead white,
43

Chapter 2. State of the art
which has, specifically, the strongest reflection of all the common white pigments.
Since, in this case, pulsed imaging is used, the temporal waveform provides further
information and conclusions about the painting structure. The identified layers
indicate that a new wood panel was inserted to compensate deterioration damage,
and confirm that the artist followed a usual medieval procedure: he spread a gesso5
layer directly on the support to flatter the carved wood base, then the cloth was
placed on the gesso, and finally, another gesso layer was used as a preparation layer
for the painting.
In the case 2, from [153], it is studied an old wood painting with gold leaf and
natural pigment obscured by a 0.5 mm layer of gesso. The visible image is shown at
the top. The analyzed area is marked with a rectangle. A THz image from this area
taken at f = 0.15 is shown below. The visible opaque gesso zone is very transparent
when imaging at THz frequencies. High reflectivity of gold at THz frequencies is
used to determine the previously obscured shapes. In this work, it is pointed out
that the interference between the sample and the end of the micro-probe provides
phase information which can be used to enhance the image contrast, monitor the
surface topological features or determine the complex refractive index of the target.
In addition, pseudo-tomographic measurements can be built by scanning the target
at different focal planes. Once more, THz waves provide a large number of tools to
recover information of interest.

Figure 2.28: THz imaging in art and cultural heritage 1. Study of historical art painting structures. 1) From left to right: visible image of the Polittico di Badia with a mark indicating the area
under study, the THz reflection image of the area under study, and a non-invasive cross section
image recovered by the temporal information of the signal [88]; 2) Old wood painting with gold
leaf and natural pigment obscured by a 0.5 mm layer of gesso. Visible image (top) and THz image
at f = 0.15 THz [153].

In Fig. 2.29, other interesting example regarding art painting is shown now
[150]. In this case, previously processed material spectral information is used, and
the imaging system is able to reveal buried layer information such as a graphite
handmade sketch covered by several layers of painting. In this figure, they are
shown a photograph of the prepared graphite sketch, Fig. 2.29(a), a photograph of
the previous sketch after being painted with four different colors, Fig. 2.29(b), a
THz transmission image obtained with the maximum value of the THz waveform,
5 Gesso is a white paint mixture consisting of a binder mixed with chalk, gypsum, pigment, or
any combination of these [152]. It is used in artwork as a preparation for any number of substrates
such as wood panels, canvas and sculpture as a base for paint and other materials that are applied
over it.
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Fig. 2.29(c), and a 3D THz map of the sample obtained the main pulse time delay
(blue color indicates an increase of the optical pathway), Fig. 2.29(d).
Compared with the previous cases, where gold reflectivity clearly marked the
painting shapes, this case results more challenging. In spite of this fact, the original
sketch is recovered with good accuracy. It is not possible, however, obtain color
information in the THz transmitted image, since similar absorption spectrum is
observed for the different colours.
Again, the pulsed nature of the THz imaging allows to evaluate the variations of
the painting thickness. The temporal information is able to give a little distinction
between colours, but not enough. Signal processing techniques applied to the large
quantity of information obtained in this technique may facilitate this secondary
purpose.
In Fig. 2.30 the study of an ancient Egyptian mummified hand with the use of
THz imaging and comparative with other techniques is illustrated. As aforementioned, this kind of historical rest are very sensitive, and totally non-invasive feature
is difficult to achieve even with the well-established X-rays or magnetic resonance
techniques. They are shown, the mummified hand as seen in the THz experimental
setup, Fig. 2.30(a), the metacarpal bones (II-IV area) visualized with conventional
X-ray Computed Tomography (CT), Fig. 2.30(b), a THz transmission image at
f = 0.16 GHz, Fig. 2.30(c), and a THz pulse delay image with false colors indicating THz optical density of the specimen, Fig. 2.30(d). Although the X-rays
are providing better spatial resolution and allow to a better tissue identification,
the THz transmission image seems suitable to differentiate bone and cartilaginous
structures from surrounding soft tissues. However, in this case, the key advantage
of THz usage is the additional information given by the pulse delay image, which
clearly overcomes X-ray CT results.
Other great example of the suitability of THz images instead of present conventional techniques is shown in Fig. 2.31. The set of images correspond to a work [149]
which aim was confirm the ability of THz radiation to reveal the presence of organic
materials embedded into a sealed piece of pottery. To carry out that objective, a red
clay pottery of heigth 10.4 cm and diameter 11.8 cm coming from Mali was filled
with different materials.
Photographs of the different fillings are shown in the first row. From left to right
the materials are (1) empty, (2) dried flowers, (3) pine bark, (4) hazel wood slice
of 1.1 cm thick and (5) white sand. Below each photograph they are displayed the
X-ray image (b), the THz transmission image at f = 110 GHz (c), and differential
THz imaging (d), which is built by subtracting the empty jar and filled jar THz
images.
The base case, the empty pot, looks similar in both, THz and X-ray imaging.
It exhibits larger absorption in the lower part, caused by the larger thickness in
this region. Regarding to the other images, the X-rays imaging provides a good
resolution, however, it is not determined the object shape and/or nature. Organic
materials remain practically transparent to this radiation. The THz images provide
more precise information about the shape. Particularly, the differential images provide accurate information. In the case of an inorganic material (5), both X-rays and
THz determine the presence of it inside the pot. Notwithstanding, THz seems to
provide better spatial shaping of the content. It is worth to mention that the operat45
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(a)

(b)

(c)

(d)

Figure 2.29: THz imaging in art and cultural heritage 2. Recovering a buried layer of graphite
handmade sketch [150]. a) Photograph of the prepared graphite sketch; b) photograph of the
sketch after being painted with four different colors; c) THz transmission image obtained with the
maximum value of the THz waveform; d) 3D THz map of the sample obtained from the main pulse
time delay (blue color indicates an increase of the optical pathway).

ing frequency is low (f = 110 GHz, which could be labeled as mm-wave rather than
THz), thus implying lower resolution than other possible THz higher frequencies.
Finally, a particularly interesting feature of THz imaging is presented in Fig.
2.32. The two shown images correspond to work [109], which aim was to prove THz
potential in the full non-invasive inspection of ancient text, including the exploration
of different layers/pages through modification the focalization point depth, and usage
of temporal waveform information.
The image in Fig. 2.32(a) correspond to a experiment performed with a 8 mm
separated papyrus layers. Both layers were handwritten using Arabic gum and other
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(a)

(b)

(c)

(d)

Figure 2.30: THz imaging in art and cultural heritage 3. Ancient Egyptian mummified hand
inspection [148]. a) THz experimental set up; b) Metacarpal bones (II-IV area) visualized with
conventional X-ray computed tomography (CT); c) THz transmission image at f = 0.16 GHz; d)
THz pulse delay image with false colors indicating THz optical density of the specimen.

two common pigments used historically. In the top layer it was written ILE whereas
at the bottom layer it was written C2RMF, the two organizations participating
in this project. The used inks present a higher absorption in THz transmission
and higher THz reflectivity than the base papyrus. The second layer is in focus,
therefore, the C2RMF inscription is appreciated through the higher signal reflected.
It is appreciated as well the shadow caused by the first layer ink absorption. The
ink concentration benefits the quantity of reflected signal of the desired layer, but
produces higher absorption when the signal crosses the first layer. The authors report
that they are working in an algorithm able to correct this undesirable shadow.
The image in Fig. 2.32(b) correspond to other experiment, where a layer with
ILE written on was covered by five layers with different inscription and inks. The
target layer was placed at 5 mm beneath the rest of the stack. Pulse information
and proper focalization allow to recognize the desired characters.
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Figure 2.31: THz imaging in art and cultural heritage 4. Inspection of the interior of ancient
pottery [149]. Regarding to the pot content, five cases are studied: (1) empty, (2) dried flowers, (3)
pine bark, (4) hazel wood slice of 1.1 cm thick and (5) white sand. First row (b) show photographs
of the considered cases, second row (b) present X-rays images, third row (c) are f = 0.11THz
transmission images and fourth row are differential THz images created by subtracting the empty
jar THz image to each of the THz images.

In these experiments the separation between papyrus layers is still large, but
further technological improvements may allow this technique operate with distances
between papyrus of less than 1 mm. The reader can imagine the suitability of this
technique to extract the written information without manipulating the layers or
pages of the historic object. Many old manuscripts are nowadays inaccessible to
archaeologist and historians due to the difficulty of opening the fragile specimen,
which could be easily damaged, or due to the recycling of papyrus sheets, sometimes
used in the past to produce book covers.
2.2.3.7

THz Time Domain Spectroscopy Imaging (THz-TDSI)

We conclude the T-ray or THz imaging review with an explicit illustration of THzTDSI, which combine both, THz single frequency properties and spectral sensitivity
of THz band to form set of images. At this point, it has been completely described
with several examples that THz pulsed imaging contains spectral and temporal information, and a large quantity of information is manipulated. The possibility of
order the results as a group of images (which may be built in video form) could
be really helpful for the interpretation of the results, specially in the cases where
the imaging system operator is not completely aware about the system technology.
48

2.2 THz Applications

(a)
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Figure 2.32: THz imaging in art and cultural heritage 5 [109]. Fully non-invasive papyrus and
old manuscript reading with THz reflective imaging. a) Two papyrus with 1.3 cm of separation
between them are analyzed. Focus is pointed to the second layer (C2RMF written); b) A papyrus
layer (ILE written) beneath under 5 other layers (target layer is separated 5 mm from the 5-layer
stack) is read with a proper focus location.

To better expose this possibility, an example related with security against drugs
and explosives, Fig. 2.33, and a example related with pharmacology, Fig. 2.34, are
shown.
The first example illustrates an experiment [72] to non-invasively differentiate
powder forms of MDMA, methamphetamine and aspirine (the first two, the most
employed illegal drugs in Japan, and the third, a pharmacological drug, eventually
used as cutting agent). Fig. 2.33(a) shows a photography of the inspected target
with the three samples. The observed powder inside the small polyethylene bags
contains, from left to right, MDMA, aspirin and methamphetamine. The yellow
mark indicates the imaging area, with size 20x38 mm. It can be observed that one
bag is slightly longer. This fact is intended, and was used to avoid confusion during
the sample manipulation due to the similar appearance between methamphetamine
and aspirin.
Fig. 2.33(b) shows the absorption spectrum of the analyzed compounds in the
considered band. This graph was previously exposed in this chapter as an example
of the spectral sensitivity of THz to differentiate illegal or pharmaceutical drugs. It
is appreciated how, at some frequencies, a pair of substances have similar absorption
(see for example methamphetamine and aspirine at the lowest frequency or around
1.4 THz) and will be hardly distinguishable in an image. However, the same pair of
substances present an absorption clearly different around f = 1.7 THz.
The previous fact can be appreciated in Fig. 2.33(c), where THz images of
the area under test at seven different frequencies are shown. Regarding to the
aforementioned classification of aspirin and methamphetamine, see how the f = 1.39
THz results unclear for that purpose, whereas the f = 1.69 THz image shows a
determinant contrast between both samples.
A data processing algorithm is applied to the set of images taken at different
frequencies and the spectral information. The result is a spacial pattern isolating
each one of the substances (MDMA in yellow, aspirin in blue and methamphetamine
in red), Fig. 2.33(d). As can be observed the grade of isolation for each case is of
great accuracy, showing the capacity of this powerful technique.
The second example is part of the TERASENSE project [154]-[156]. In this
particular experiment, the aim was show the advantages of using spectral imaging
instead of single-frequency imaging for pharmaceutical compound identification and
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(a)

(b)

(c)

(d)

Figure 2.33: THz-TDSI for illegal and pharmaceutical drug identification experiment. a) Photograph of the samples under test. From left to right polyethylene bags filled with MDMA, aspirin
and methamphetamine. Yellow mark indicate the imaging target, 20x38 mm in size; b) Absorption
spectra of the considered substances in the imaging operating band; c) Seven multiespectral images
in the considered frequency range; d) Extracted spatial patters of MDMA (yellow), aspirin (blue)
and methamphetamine (red) [72].

spacial determination. In Fig. 2.34 they are shown the images relatives to the
analysis of a Rohacell (εr = 1.05) cylinder acting as a holder of a cylindrical sample
of Polaramine6 . The Rohacell cylinder is 12 mm diameter and the inner Polaramide
cylinder is 6 mm, and its center is slight displaced in the x coordinate.
Firstly, Fig. 2.34(a) shows the absorption spectrum of the Polaramide. A strong
peak is found at f = 525 GHz. Fig. 2.34(b) shows the same information (the
absorption spectrum of the Polaramide) calculated now by integration of the image
6 Polaramine is the commercial name of Dexchlorpheniramine, an antihistamine with anticholinergic properties used to treat allergic conditions such as hay fever or urticaria. It is the pharmacologically active dextrorotatory isomer of chlorpheniramine [157].
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zone where the Polaramide is placed, for different frequencies. In this graph it is also
displayed the absorption spectrum of Rohacell calculated by the same procedure. An
inset with a photography of the sample under test has been included.
The eight multiespectral images used in the previous calculation are shown in
Fig. 2.34(c). The observed central red circle correspond to the Rohacell cylinder. In
most of the images, Polaramide cannot be distiguished. However, at f = 525 GHz,
the peak of absorption of Polaramide modifies noticeably the received level in the
image. It that image, it can be appreciated the spacial offset in the x direction of
the Polaramide cylinder. The last two images at frequencies f > 600 GHz present a
different colour configuration due to the decrease of the Signal to Noise Ratio (SNR).
This example is another proof of the importance of capture images at different THz
frequencies, only possible with THz-TDSI systems, in order to properly identify the
target composition and its geometry. This example also suggest the possibility of
obtaining the spectral signature substances located at certain positions in a similar
way than that described in Fig. 2.10.

2.2.4

Radar Applications

Radar based applications in the THz regime are also calling to the attention these
days. The use of THz spectrum supplies noticeable different conditions than those
that can be found using microwave frequencies. Available bandwidth, wavelength
and material absorption dispose a rather new scenario in terms of resolution, sensitivity, and kind of target.
With the small THz wavelengths, resolution under 1 mm is available [158]. This
fact suggest the use of THz to illuminate scale models of large objects, thereby
simulating the Radar Cross Section (RCS) of objects that are massive and complex
to manipulate such as planes, tanks, and battleships. The savings in anechoic test
chamber dimensions justify the use of this scale models and more expensive THz
equipment, rather than use the common lower frequencies at which defense radar
systems operate actually. Resolutions up to λ/100 (of these small per se wavelengths)
have been reported [159].
Two interesting examples from [158] and [160] are shown in Figs. 2.35 and
2.36. In [158] a coherent transceiver is used, with the phase stability of the received
signal, sufficient to allow coherent imaging processing. In Fig. 2.35 they are shown
the visible image of the scaled target (a 1:72 scale model of a T-80BV tank made of
plastic and coated with 1200 Ȧ of aluminum) and the f = 2.4 THz azimuth/elevation
imagery of the target, with pixel resolution of 0.4 mm x 0.6 mm. It was found a
reflectivity of 99% for the aluminum in this experiment. The system setup simulates
a Ka-band radar at f = 33 GHz. As can be seen, the wheels, the treads, the main
gun, the machine gun, and the snorkel, and many other small features are easily
distinguished.
Fig. 2.36 shows the schematic diagram of the THz RCS setup together with
the scaled target (10 cm-long 1:150 metal model of aircraft fighter F-16), and the
frequency-averaged-RCS of this target. Clear traces of scattering originated at the
airplane nose, wings tips, fuselage, tail and exhaust pipe, are visible. In this experiment [160], a THz time domain system with freely propagating THz pulses and
sub-picosecond time resolution was used.
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(a)

(b)

(c)

Figure 2.34: Use of THz-TDSI for pharmaceutical compound spatial and spectral identification.
A Rohacell (εr = 1.05) cylinder (12 mm radius) acting as a holder of a cylindrical sample of
Polaramine (6 mm radius and slightly displaced in the x coordinate) is analyzed. a) Absorption
spectrum of Polaramide calculated through THz-TDS; b) Absorption spectrums of Polaramide and
Rohacell calculated through integration of the image zone where the compounds are located in
several THz images. Inset shows the cylindrical holder and sample; c) THz images of the target at
eight differnt frequencies the [156].

Figure 2.35: Scaled simulation of Ka-band radar. Visible (a) and 2.4 THz azimuth/elevation
images (b) of a 1:72 scale model of a T-80BV tank made of plastic and coated with 1200 Ȧ of
aluminium. THz image resolution is 0.4 mm x 0.6 mm. A calibration object (dihedron) is located
to the right of the image [158].

These examples show very accurate results using scaled models of the real targets.
The small size and weight of the used targets implies easy manipulation and allow
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Figure 2.36: THz time domain radar. 1) Schematic diagram of the THz RCS setup and 10 cm-long
1:150-scale metal model of aircraft fighter F-16; Polar (2) and Azimuthal (3) frequency-averaged
RCS [160].

for iterative design and testing procedure, where the test object is manufactured by
a rapid prototyping system such as a computer numerically controlled 3D milling
machine or a 3D printer.
By the above, the intense dedicated research is well justified, being carried out
presently with the aim of optimizing the employed systems to the THz conditions.
In [161], an extensive experimental study of scattering of dielectrics in time domain
is presented, motivated by the actual targets and THz systems nature. In [162],
for example, the influence of Gaussian beam on THz RCS is deeply studied, since
in RCS estimation, usually a plane wave is assumed, whereas in real measurements
at THz frequencies, generally, a Gaussian beam or similar source is adopted. By
using a canonical spherical example, errors less than 0.07 dB are reported with this
approach, which seems necessary for THz radar systems.
Another interesting intrinsic THz radar feature is the capacity of accurate characterization of micro-Doppler effect [163]. Micro-Doppler effect arises from nonuniform linear motion of some parts of the target, for instance, uniformly variable
motion, vibration, rotation, etc. These motions are usual in the rotation of the
rotor blades on helicopters, ballistic missile warheads, or even heartbeat, swing of
arms and legs and other movements of human beings. These motions induce modulation of the signals returned back from the target, and sideband appears beside
the Doppler frequency. Thanks to the smaller wavelengths and higher bandwidth
offered by THz compared to microwaves, this effect can be much better solved at
THz frequencies, thus providing a new degree of target characterization.
Resolution and THz interaction with matter also suggest other kind of targets,
non-metallic, less affordable for microwave bands. The range information can also
be used to construct a 3-D map, which is more naturally interpreted by human
observers. This is another indicator of how the range dimension of submillimeter
imagery might be of great benefit to threat identification with lower probability of
false alarms [116].
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For example, in [164] it is presented an all-THZ fiber-based swept-source imaging
radar operated at room temperature for real-time location of concealed moving live
objects with high stability. Results of this experiment are shown in Fig. 2.37. They
can be observed two sets of images, a) and b), corresponding to two different instants
in which a live mouse was at different locations hidden inside an opaque box. Each
set of images shows, from left to right, the system setup with the schematic of
the mouse location, the radar imaged area corresponded to the fan-shaped region
scanned by the rotating mirror, and photographs showing the actual location of the
mouse.

(a)

(b)

Figure 2.37: Swept-source THz radar images. A live mouse is considered as target, occupying
two different locations inside an opaque box, as shown in a) and b). For each case they are shown,
from left to right, a photography of the system, the radar colormap image, and a photography
showing the actual location of the mouse. The radar imaged area corresponds to the fan-shaped
region scanned by the rotating mirror. The two radar images were acquired with a time difference
of 20 s [164].

The possibility of detecting and tracking living objects is very motivating. In
this experiment, a reflection of 70% was reported for water in the employed range of
frequencies, what causes provides high contrast in the color images. However some
issues must be solved first. In the previously described experiment, acquisitions of
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6.65 s were obtained, whereas the temporal delay between the two images was 20
s. Velocity is crucial in real-time systems, and lot of effort is carried out to solve
this issue. As reported in [165], the lack of heterodyne transceivers arrays due to
cost and complexity of constructing many parallel submillimeter-wave sources and
receivers, is limiting these days the radar time acquisition velocity. In such work,
velocity is doubled by time-delay multiplexing techniques, taking advantage of THz
large available bandwidth. If efficient waveguides are developed next years, much
more will be done or the realization of the required arrays.

2.2.5

Communications Applications

THz communications are reviewed now. Normally, the term THz communications
may be encountered in the literature to reefer effective data rates exceeding 1 Tbit/s
(usually using optical carriers), or communications with a THz carrier wave [166].
This last will be the case treated here, endeavoring to consider carriers beyond 300
GHz, i. e., submillimeter wave band, since millimeter wave band will be particularly
considered in the other part of this thesis.
The THz band offer a large range of of spectrum still unused for communications.
Compared to microwaves, THz communications offer greater bandwidth due to the
higher frequency of the carriers, and the advantage of smaller component size, which
is fundamental for in-movement systems, such as satellites. Furthermore, licenses
beyond 250 GHz are inexistent, thus being the THz band license-free, presently [167].
On the other hand, as mentioned above in this chapter, atmospheric attenuation
strongly limits the affordable distance between transmitter and receiver [40], [168].
It is worth to mention also that THz communications cannot be nowadays intended
for large distance high data rate transmission as optics are presently used. Whereas
at THz frequencies there is a lack of effective guided transmission media, at optical frequencies, silicon based fibers are practically lose-less. Furthermore, optical
carriers offer even larger associate bandwidth.
Basically, due to the aforementioned features, three kind of applications are very
suitable for THz communications: 1) Inter-satellite communications [169]-[171], 2)
Ultra-wide band communications, including short-range indoor communications and
”last mile” line-of-sight communications [168]-[173], and 3) Short-range secure tactical communication, mainly for military [174], [175], but also industrial purposes
[176]. Some works [177] also suggest the possibility of satellite-Earth communications under dry conditions and using robust modulations, which try to preserve SNR
at the expense of using more bandwidth. However, such options seems limited to
very specific conditions.
Inter-satellite communications results fundamental nowadays due to the improvement in the whole system performance [178]. For such way of communication, atmospheric attenuation is not a problem for THz frequencies. Actually, beyond 16
km from the Earth attenuation at THz frequencies is practically null [167]. THz
waves have some advantages over laser techniques due to the wider beam of the
former, which make it easy the pointing between satellites. Furthermore, the information carried by THz frequencies cannot be intercepted by the satellite stations
on earth since the atmosphere results noticeably opaque. Moreover, the reduction
of the system size and weight due to the higher frequency used compared with mi55
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crowaves may have very positive influence in the cost of the satellite launching and
maintaining [179].
Short range indoor ultra-wide band communications and ”last mile” line-of-sight
communications are considerably more claimed than the previous to the increasing
date rates demanded by users. The former refer to an scenario where to devices want
to share large amount of information in short-time, whereas the second scenario
correspond to an alternative to optical wired links to support the huge aggregated
bandwidth of the several channels offered by the service provider. Both cases require
high date rate, hence bandwidth, and require wireless feature.
In many current wireless systems operating at microwave frequencies, data capacity has been able to be improved by increasing the spectral efficiency through
advanced modulation schemes and signal processing technologies, recently developed [168]. However, despite the signal processing advances, the increasing demand
of bandwidth will irredeemably require the increasing of carriers frequency.
Historically, individual, i.e., point-to-point, links have been increasing faster than
wired links. The comfort and versatility of wireless connections is very attractive to
the user, which day after day deal with media containing more information. Actually,
according to Edholm’s law of bandwidth [180], the demand for bandwidth in wireless
short-range communications has doubled every 18 months over the last 25 years. As a
example, in 1984 telemetry was offering less than 1 kb/s whereas in 2009, Local Area
Networks (LANs) were offering more than 100 Mb/s through the 802.11 standard.
Therefore, they are predicted data rates of around 5-10 Gb/s in 5 years. It has been
suggested that THz communications system will replace Wireless LAN systems in
2017-2023 [172]. Also, it is expected that wired and wireless communications data
rates converge about 2030 [167].
It is worth to mention, notwithstanding, that the term THz communications has
sometimes more nature of mm-wave communications when reviewing the literature
[168]-[173], inasmuch the considered frequencies are below the 300 GHz barrier.
Since this thesis review both bands, this clarification is necessary. THz frequencies
will become an extension of the mm-wave band when this last begin to be busy for
the required communication channels and increasing capacity.
Compared to the microwave band, the THz band is offering more bandwidth,
but, on the other hand, more directivity is required. This last feature is inherent
to the less free-space diffraction of waves. Line of sight will be required for THz
systems, which, furthermore, hardly can overcome any obstacle due to the strong
material attenuation.
Compared to Infrared Infrared (IR) waves, THz radiation suffers from less attenuation under certain atmospheric conditions such as fog. Moreover, in the IR
band, time varying fluctuations in the real refractive index of the atmospheric path
leads to undesired peaks and valleys. This imply that THz can provide longer links
compared to wireless IR.
Regarding to ”last mile” line-of-sight communications, THz communications will
provide a huge data throughput easy and fast to deploy to cover certain areas or
events in the cases that wiring is not suitable solution. As it has been indicated
before, is not unreasonable to think that at some point in the future, THz wireless
could be the first option in those cases [173].
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However, it is worth noting that an important effort should be made to characterize the propagation channel. This imply not only characterizing atmospheric
propagation, discussed previously in this section, but also describe properly the
reflection and scattering on building materials in order to recreate and simulate accurately the actual scenario. Some works have been carried out these last years to
afford this issue [181]-[183].
Also, is important to mention that, to sustain this commercial activity, implied
technology not only must be satisfying the sometimes challenging specifications, but
also must be cheap enough and compact. Therefore, all these promising expectations
depend in the success of present research in Silicon-Germanium (SiGe), BiCMOS7
and Indium Phosphide (InP) technologies for planar integrated circuits, amplifiers,
or antenna arrays. To date, most of the THz communications measurements have
used alternative hardware, such as THz time-domain system or microwave mixers.
There is still much work to be done (much more compared to mm-wave frequencies)
[172].
Finally, secure communications, suggested mainly for military purposes (tactical communications), but also for secure transmission of relevant information in
industry/corporation environments, arise from several inherent features of THz communications [172]-[186]. These features are highly directional beams compared to
microwave communications, less scattering than IR (possibility of communicate in
dust and smoke enviroments), limited propagation distance due to atmospheric attenuation, encryption of the beam, large channel bandwidth for spread spectrum
techniques, which enable antijamming [187], low probability of detection systems,
or to hide THz signals in the background noise.
The THz applications section ends here, and after the review, the reader can
appreciate the huge amount of applications that may be possible at THz frequencies.
Most of them are depending on the evolution of THz technology at these days. The
described scenario can slightly vary next years. Other new applications will arise on
the future, as creative ideas coming from the state of the art of THz technology. As
observed through this section, some features that can be an inconvenient for certain
purposes, become an advantage to others. Therefore, to consider the THz spectrum
will, for sure, contribute noticeably to the society wellness.

2.3

THz Technology

The review on the state of the art of THz technology starts with the indisputable
main driver of THz revolution: THz sensors. Great advances in this area have
without doubt been the major trigger of the actual THz technology expansion [34],
[188]-[190]. It continues with the THz sources, a critical element that is still far from
the desired level of performance and that, with the research nowadays, may hopefully
give an important impulse to THz systems. The review ends with the state of the art
in THz waveguides, which are probably the most challenging element to be efficiently
implement at THz frequencies [191], [192] (note that all the aforementioned THz
7 BiCMOS is an developed semiconductor technology that integrates both, Bipolar Junction
Transistor (BJT) and Complementary Metal-Oxide-Semiconductor (CMOS) transistor, semiconductor technologies in a single integrated circuit device [184].
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applications are based on radiated transmission, and guided elements are generally
avoided to the lack of efficient waveguides). This last part of the section will drive
the reader to the understanding of the main aims of this thesis.

2.3.1

THz Sensors

Detection systems are usually subdivided into two groups, heterodyne systems and
direct systems. Heterodyne systems are coherent, i.e., they allow to detect not only
the signal amplitude, but also its phase. Direct systems are non-coherent and they
detect only the signal amplitude. This feature is important from the point of view
of the information available after detection, which directly influences in important
detector parameters such as detector sensitivity and spectral resolution [34], [188][190]. The detectors are used in both detection systems are basically the same,
but in some cases, some of them are not suitable for coherent systems due to their
relatively long response time. For example, this is the case of most uncooled thermal
detectors [188].
Nowadays, there exist a large variety of THz radiation sensors (detectors). Some
of them come from traditional schemes, e.g., all different kind of bolometers 8 , and
others are new propositions based on different principles and materials, which have
appeared recently due to the THz technology demand: optical readout-bimaterial
based infrared Focal Plane Arrays (FPAs) [194]; heterojunction/homojunction interfacial workfunction internal photoemission detectors [195]; quantum dot detectors
[196]-[197]; nanobolometers [198]; cold electron bolometers [199]; plasma wave detection by Field Effect Transistors (FETs) [200]-[201], different kind of antenna detectors [202]; Schottky diodes using semiconducting single-walled nanotubes [203];
carbon nanotube bolometers [204]; room temperature bipolar semiconductor Hot
Electron Bolometers (HEBs) [205].
Since the field is vast, only the most common sensors will be described next.
Then, main characteristics and use of both, heterodyne and direct, detection will be
commented and compared. THz detectors can be classified in two broad categories:
photon detectors and thermal detectors. Characteristics of them and few examples
of each class are described now.
2.3.1.1

Photon detectors

In photon detectors, the radiation is absorbed within the material by interaction with
electron either bound to lattice atoms, to impurity atoms, or with free electrons. The
observed electrical output signal results from the changed electronic energy distribution. They exhibit both good signal-to-noise performance and a very fast response.
However, to achieve this, the photon detectors require cryogenic cooling. This is
necessary to prevent the thermal generation of charge carriers. The thermal transitions compete with the optical ones, making non-cooled devices very noisy. Photoconductive Antennas (PAs) [206]-[208], Schottky-Barrier Diodes (SBD) [203]-[211],
Superconductor-Insulator-Superconductor (SIS) [212]-[213], and the most recently
8 A bolometer is a device for measuring the power of incident electromagnetic radiation via the
heating of a material with a temperature-dependent electrical resistance. It was invented in 1878
by the American astronomer Samuel Pierpont Langley [193].
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proposed, Kinetic Inductor Detectorss (KIDs) [214]-[216], and Quantum Dot (QD)
detectors [217]-[219], all of them shown in Fig. 2.38, are photon detectors.

(a)

(b)

(c)

(d)

Figure 2.38: Several THz photon detectors: a) Photoconductive Antenna. Schematic of operation
from [189]; b) Schottky Barrier Diode (SBD). Electronic microscope Image of a SBD from [220];
c) Superconductor-Insulator-Superconductor (SIS). Schematic from [189] and experimental device
electronic microscope image [221] ; d) Kinetic Inductor Detectors (KID). Electronic microscope
image of a single KID pixel, from [222].

• Photoconductive Antennas (PAs): In a photoconductive antenna, each
pulse of a femtosecond laser producing an optical-pulse train separates into two
path. One reaches the THz emitter, such as a photoconductive antenna, semiconductor wafer or nonlinear crystal, where the optical pulses are transformed
into ultrashort electromagnetic pulses. These pulses propagate in free space,
and are focused onto an ultra-fast detector, such as Low Temperature Grown
(LTG) Gallium Arsenide (GaAs) photoconductive swith or electro-optic crystal. The second part of the pulse is also delivered onto the detector after
passing through a time-delay stage [189].
Fig. 2.38(a) shows a schematic of a photoconductive antenna sensor (detector). It consists of an H-shaped stripline structure deposited on a semiconductor substrate. The electric field of the focused incoming THz radiation
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from femtosecond laser, induces a transient bias voltage across the 1 µm to
5 µm gap between the two arms of this receiving antenna. Thus, when the
laser pulse coincides spatially and temporally with the THz electric field of the
incoming THz radiation, a photocurrent is induced that is proportional to the
incident electric field. By delaying the laser pulse, relative to the THz pulse,
the time-dependence of the current can be measured. Since the laser pulse
is narrow in comparison to the time duration of the THz pulse from a laser
induced semiconductor emitter, the laser acts as a gated sampling signal.
PAs have been one of the main drivers of coherent detection in the past [223],
presenting sensitivities orders of magnitude larger than thermal detectors.
However, PAs are based on highly resistive semiconductors. Thus, impedance
matching is a challenge nowadays [224]. Several topologies including bow-type
[206], horn structure [225], fractal [226], etc, have been proposed these last
years .This kind of detectors are widely used to detect broadband THz radiation in applications such as Time-Domain Spectroscopy (TDS) or imaging.
• Schottky-barrier Diodes (SBDs): This kind of diode offers some advantages over more classical p-n junction photodiodes. Specifically, Schottky barrier photodiodes are easier to manufacture due to their simple metal barrier
deposition process and their lack of high-temperature diffusion processes. Furthermore, since a SBD is a majority carrier device, minority carrier storage
and removal problems do not exist, thus, higher bandwidths can be expected.
SBDs have high speed of response and the thermionic emission process in them
is much more efficient than the diffusion process. This implies that, for a given
built-in voltage, the saturation current in a Schottky diode is several orders
of magnitude higher than in the p-n junction. In Fig. 2.38(b) it is shown a
microscope image of a bridged SBD [220].
SBDs are widely used as detectors in the THz band, either in direct detection,
or as nonlinear element in heterodyne receiver mixers, operating at temperatures ranging from cold 4 K to ambient 300 K [34, 189, 227, 228]. During
the 80s and early 90s cryogenically cooled SBDs were used in mixers preferably. Nowadays they have been widely replaced by SIS or HEB mixers, later
reviewed in this section. During the last decades it has been shown that heterodyne SBD receivers are, in general, worse than cooled HEB receivers and
SIS mixers. However, SBD receivers operation without cooling is an interesting feature very suitable for many of the applications described in this chapter,
mainly those focused to the general public.
• Superconductor-Insulator-Superconductor (SIS): The SIS detector pertain to the class of pair braking photon detectors, based in superconductivity
materials. If the temperature is far below the transition temperature, most
of electrons in them are banded into Cooper pairs [229]. Photons with energies exceeding the binding Cooper pair energies in superconductor can break
these pairs producing quasiparticles (electrons). This process resembles the
interband absorption in semiconductors, with a small energy gap. One of
the advantages of these detectors is that the fundamental noise due to the
random generation and recombination of thermal quasiparticles decreases ex60
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ponentially with temperature. Specifically, the SIS detector is a sandwich of
two superconductors separated by a thin (≈ 20Ȧ) insulating. Fig. 2.38(c)
shows an schematic (bottom) and electronic microscope image (top) of a SIS
detector [221].
Nowadays, the SIS configuration is mainly used as mixer in heterodyne type
THz receivers because of its strong non-linear I-V characteristics, although it
can be used also as direct detection detector. The usual operation temperature
of SIS detectors is below 1 K, typically T < 300 mK [189]. Below f = 0.7 THz
SIS mixers are among the most sensitive and low intrinsic noise structures,
being almost quantum limited. However, it should be noted that beyond this
frequency, intrinsic noise increase noticeably due to the losses increment. Gain
of sensitivity is possible using multielement or matrix arrays. Notwithstanding,
SIS detectors do not present a easy array integration. In spite of this fact, SIS
mixers seem to be best solution for the ground-based radio-astronomy in the
THz band for f < 1 THz. Compared to the previously described Schottky
Barrier Diodes, SIS mixers demand much lower Local Oscillator (LO) power
(µWs instead of mWs) [34].
• Kinetic Inductor Detectors (KIDs): This kind of detector, also known
as Glsmkid was recently developed in the Jet Propulsion Laboratory (JPL) of
the California Institute of Technology (CalTech), in 2003 [214]. This device
operates at cryogenic temperatures, usually below 1K, offering hihg-sensitivity,
which has been shown very suitable for astronomical signal detection purposes.
In a KID, an incident photon hits the surface of a superconductor and it breaks
Cooper pairs (two weakly bound electrons) in the material. The inductance
of the material is inversely proportional to the Cooper pair density, so an
absorbed photon increases the inductance. Combined with a capacitor, the
inductance creates a resonant circuit with a characteristic frequency. This
frequency thus changes with the absorption of photons. If the circuit is excited
by a microwave probe tuned near the resonant frequency, photons will be seen
as changes in the phase and amplitude of the probe signal. These circuits are
very high quality resonators (the Q factor, or center frequency divided by the
width of resonator, is about 18000), so photon energy and arrival time can be
determined to within several percent and in the order of µs, respectively.
Compared to the other photon detectors, KIDs are a more novel concept. It is
worth to mention that KIDs can be easily multiplexed for large arrays. Other
advantages of this kind of detector are high responsitivity and good power
handling. However, although KIDs are much more developed at other bands
such as X-rays, THz KID technology still requires further advances to compete
with more mature technologies [230]-[231].
• Quantum Dot (QD) Detectors: These detectors are the most popular
solution for single-photon counting (other structures such as charge-sensitive
IR photransistors -CSIPs- may also afford this task [217]). In the conventional
photodetectors, see Fig. 2.39(a), one electron is excited by one photon and is at
best carried to the drain of the structure. Under this configuration, the current
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responsivity is bounded by a term which depends on the photon energy, which
is inherently low at THz frequencies compared to higher frequency bands.

(a)

(b)

(c)

(d)

Figure 2.39: Quantum Dot (QD) Detector [217]. a) Conventional photodetector; b) QD photodetector; c) Double Quantum Dot (DQD) photodetector; d) Practical realization of a Double
Quantum Dot (DQD) photodetector.

However, if the scheme of Fig. 2.39(b) is employed instead, a photon is absorbed by an isolated small semiconductor island and an electron tunnels out of
the island, so that the island becomes positive charged (a ”hole”). The excited
electron outside the island is separated from the hole by a potential barrier,
yielding a long-recombination lifetime of the excited electron-hole pair. This
noticeably increases the number of electrons carried from the source to the
drain of the structure per one absorbed photon. Therefore, the responsivity
reaches very high values, giving to this structure an outstanding sensitivity
The most straightforward realization of a QD detector is through a Double
Quantum Dot (DQD), shown in Figs. 2.39(c)-2.39(d) [217].
The single-photon counting, well established in higher frequency bands (X-ray,
Ultraviolet (UV), visible and near infrared) was already postulated as a good
candidate for high sensitivity sensing at the starts of the past decade [1], [196].
Not so far, these predictions are becoming true through the effort in this area
the past decade [217], and new structures, in which detection is carried out
on an electrically driven single chip, point towards THz integrated circuits for
on-chip quantum optical experiments [219]. The THz researcher must keep
one eye on new advances of this technology.
2.3.1.2

Thermal detectors

Thermal detectors base their operation in the change of material temperature due to
the incident radiation. This change of temperature produces some physical property
changes, used to generate an electrical output. Unlike photon detectors, the signal
does not depend on the photonic nature of the incident radiation. Thus, thermal
effects are generally wavelength independent, i.e., the signal depends on the radiated
power (or its rate of change) but not on the spectral content. Since the radiation
can be absorbed in a black surface coating, the spectral response can be very broad.
Here, three thermal detectors are treated: bolometers, pyroelectrics and Golay cells,
all of them shown in the same order in Fig. 2.40. In bolometers, changes are
detected in their electrical resistance, in pyroelectric detectors, the internal electrical
polarization is the sensitive parameter, and in the case of Golay Cells the sensitive
change is an increase of current caused my mechanical movement of mirrors due to
gas expansion. When not cooled, these detectors present in general slow response.
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Brief description and main features of these three kinds of thermal detectors is given
next.

(a)

(b)

(c)

Figure 2.40: Several THz thermal detectors: a) Bolometer; b) Pyroeletric detector; c) Golay Cell.
Images from [189].

• Bolometers: This kind of detector is formed by a resistive element from a
material with a very small thermal capacity and large temperature coefficient
so that the absorbed radiation produces a large change in resistance. The
change in resistance is similar to that of a photoconductor, however, the basic
detection mechanism is different. In the case of a bolometer, incoming radiated power produces heat within the material, which in turn produces the
resistance change. There is not direct photon-electron interaction. At THz
regime, semiconductor and superconductor bolometers are preferred due to
their extremely sensitive low-temperature (specially for these last) [34], [189].
Several conventional semiconductor bolometers based on bismuth or tellurium
have been successfully used for direct THz detection [34], [232]-[233]. Nonwithstanding, THz frequencies demand that, if the bolometer is to be used as
a THz mixer, it has to be fast enough to follow the Intermediate Frequency
(IF), i.e., the overall time constant of the processes involved in the mixing has
to be of the order of tens of ps at maximum. Therefore, high heat conductivity
and small heat capacity are required. These requirements can be fulfilled by
such subsystem as far as electrons in semiconductor or superconductor interact
with the lattice (phonons). Electron heat capacity is many orders lower compared to the lattice one. Here arises the hot electron configuration. Whereas
in the normal bolometer, the crystal lattice absorbs energy and transfers it to
the free carriers via collisions, in hot electron bolometer, the incident radiation power is absorbed directly by free carriers, the crystal lattice temperature
remaining essentially constant. HEBs are fast enough to allow GHz output IF
bandwidths.
HEBs based in semiconductor played an important role as a mixers in the early
sub-mm wave astronomy of the 80s [234]. However, they were overcome by SIS
mixer at the 90s. Nowadays, room-temperature detectors have limited applications outside diagnostic measurements due to sensitivity constrains. It has
been the development of the superconducting HEBs [235] which has keep this
device as a suitable option for high sensitive detection in THz band. Superconducting HEBs are significantly more sensitive than SBDs but somewhat less
sensitive than SIS mixers. A brief comparison between heterodyne receivers
comprising this three kinds is carried later.
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• Pyroeletric Detectors: These detectors are formed by a small capacitor
with two conducting electrodes mounted perpendicularly to the direction of
spontaneous polarization, see Fig. 2.40(b). During incident radiation, the
change in polarization appears as a charge on the capacitor and a current is
generated, the magnitude of which depends on the temperature rise and the
pyroelectrical coefficient of the material. The signal, however, must be chopped
or modulated. The detector sensitivity is limited by either amplifier noise or
by loss-tangent noise.
Pyroelectric detectors can be designed in order to be useful for fast laser pulse
detection, however with proportional decrease in sensitivity [189]. Therefore,
these detectors are used presently for CW detection in imaging applications at
room temperature [236]-[237]. A very recent work [238] concludes that pyroelectric detectors offers lower SNR than microbolometers at high frequencies
in the THz band. Thus, is a candidate to keep an eye on.
• Golay Cells: These detectors consist of a hermetically sealed container filled
with gas (usually xenon for its low thermal conductivity) and arranged, so
that expansion of the gas under heating by a photon signal distorts a flexible
membrane on which a mirror is mounted. The movement of the mirror is used
to deflect a beam of light shining on a photocell and, in this way, produces
a change in the photocell current as the output. In modern Golay Cells, the
photocell is replaced by a solid state photodiode and light emitting diode is
used for illumination. The performance of the Golay cell is only limited by the
temperature noise associated with the thermal exchange between the absorbing
film and the detector gas, consequently the detector can be extremely sensitive.
However, the response time is rather slow, being usual a response of the order
of ms.
Golay Cells are neither compact or fast. However, they offer high sensitivity
for room temperature operation, overcoming pyroeletric detectors [110], and
are easy to implement. Several recent works consider this kind of detector in
their systems [239]-[240]. Continuous wave imaging at room temperature is a
good niche for Golay Cells [241].

2.3.1.3

Heterodyne (Coherent) vs. Direct (Incoherent Detection)

After the short review on THz sensing structures, most relevant characteristics of
these devices are known, and it is easier now afford a brief description and comparative of the two types of detection: heterodyne (coherent) and direct (non-coherent).
In heterodyne systems, a heterodyne circuit design is used to give proper amplification to the signal, since so far, efficient amplifiers lack at THz frequencies. The
detected signals are transferred to much lower frequencies, usually ranging from
fi = 1 GHz to fi = 30 GHz, where low-noise amplifiers do their job, see Fig.
2.41(a). In directs systems, all the detection and amplification process is carried at
the operating frequency, i.e. THz frequencies, Fig. 2.41(b).
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(a)

(b)

Figure 2.41: Simplified schematics of heterodyne and direct detection. a) Heterodyne detection.
b) Direct detection. Ws , WB and Wo are the signal power, background radiation power and local
oscilator power, respectively. fLO and fIF are the local oscilator and intermediate frequencies,
respectively. Schematics based on [189].

Firstly, if one compares THz band with shorter wavelengths, it is found that
photon energies are low, of the order of meV, and the Airy disk9 is rather large,
diameter is about hundred of µm. On the one hand, low photon energies imply that
ambient background thermal noise almost always will dominate naturally emitted
narrow-band signals, requiring cryogenic cooling of the detector elements or integration time consuming radiometric techniques, if not both. On the other hand, a
large Airy disk makes indispensable a mode converter o matched antenna between
the signal and the sensor element, i.e., unlike higher frequencies, such as optics, THz
beams are not ”naturally” focused in the usual, small, required spot [18], [34], [188],
[189].
Additionally, it must be pointed out that the crossover frequency at which an
ideal quantum detector (photon detector) overcomes the sensitivity (power spectral density) of an ideal thermal noise limited detector, such as a room-temperature
Schottky barrier diode, takes places between 1 THz and 10 THz, i.e., THz frequencies. This fact is also the foundation of the advantage of microwave detection systems
over optical detection systems [34].
On the other hand, regarding to lower frequencies, one encounters that THz
band suffers from lack of available electronic components such as lumped resistors,
capacitors, inductors, amplifiers and low-loss transmission media. This has remarkably influenced the historical predominance of heterodyne detectors since, as it has
been detailed in this chapter, THz technology has been driven by high resolution
spectroscopy. This is changing, however, impulsed by a variety of less sensitivity demanding applications. More and more effort is being carried out these days towards
direct detection techniques.
• Heterodyne (coherent): In these systems, the signals with THz frequencies
are down-converted to an IF, located in the microwave regime, and preserving the amplitude and phase. Since amplitude and phase are preserved, it is
possible, after the down-conversion, to process (including the most important
task, amplification) this information through well-established electronic technology. The coherent feature of this detection allows to obtain higher spectral
9 The Airy disk is the best focused spot of light that a perfect lens with a circular aperture can
make, limited by the diffraction of light [242].
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resolution, which is a required characteristic of many applications, such as
spectroscopic studies [25], remote space sensing [31], and some imaging techniques [243].
The crucial element of a heterodyne system is a mixer, the element that carries
out the conversion to the IF. The mixer is responsible of the sensor responsivity
and its conversion loss enhancement decreases the contribution into the noise
heterodyne receiver temperature, and the consequent IF amplifier. Although
signal power losses occur at diplexer and detector, see Fig. 2.41(a), the most
noise of a heterodyne receiver comes from the mixer and its distributing circuits
[189], [244].
To be used in a THz array, the mixer choice is dictated by the available LO
power at these frequencies, the self mixer operating temperature and the required sensitivity. Depending on the availability of suitable LOs, two heterodyne techniques are possible. One uses a tunable LO and a fixed IF amplifier
with filters. The other ones uses a fixed frequency LO in combination with
IF amplifiers and filters to cover the needed frequency range. The first one
is more flexible but tunable continuous wave sources providing enough power
are required, something difficult these days as it will be justified later in this
chapter.
Any nonlinear electronic device can be used as a mixer. However, efficient
conversion and low noise in the THz band can be only achieved with few
types of detectors. Most common choice are devices having strong electric
field quadratic nonlinearity. Some examples are the froward biased SBDs, SIS
tunnel junctions, and semiconductor and superconducting HEBs, previously
described in this section. A comparative of noise temperature as function of the
frequency is presented in Fig. 2.42. Before f = 1.3 THz, SIS mixers lead the
low noise performance close to quantum limit. However, beyond that frequency
one must better think in cooled HEBs. As commented before, the historically
most used SBDs remain presently one step low in performance compared to
the two former ones. This change is, actually, with great probability, the main
driver in THz revolution.
• Direct (non-coherent): These kind of detection is widely used with high performance in spectroscopic applications at the ultraviolet, visible and infrared.
At THz, however, direct detection is suitable whenever the application does
not require ultrahigh spectral resolution. On the other hand, unlike heterodyne detection systems, direct detection systems do not present the problem
of multielement arrays formation conditioned by LO power and fast detector
response (usually required to be below 1 ns due to the IF value) [189].
Direct THz detection systems can use even room temperature detectors with
long response time, of the order of ms, whenever only modest sensitivity is
required. Thermal detectors play a major role in those cases [189]. However,
reasonable performance will usually demand from cooling [34]. Normally, antennas and focusing elements are an indispensable element to couple properly
the power to the small thermal absorbing region.
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Figure 2.42: Comparative of SBD, SIS and HEB detectors acting as mixers for heterodyne THz
reception [228].

For direct THz detection, thermal detectors are preferred at rather low frequencies. The use photon detectors is restricted to higher frequencies. For
thermal direct detection, when fluctuation noise10 (background flux fluctuations) predominates, the minimum detectable signal is limited by the small
but never vanishing ground photon noise. Therefore, performance of these detectors is background noise limited compared to the quantum noise limited of
heterodyne systems.
In general, the threshold power detected by direct detectors will be higher than
heterodyne detectors, mainly due to the stronger noises present by both, the
detector itself, and in circuit elements, such the amplifier, operating at THz
frequencies [189].
Summarizing up, heterodyne detectors offer more spectral resolution whereas
direct detection detectors can operate in a wider spectral range. Direct detectors
are preferable in those applications where spectral resolution does not play a major
role. Finally, large format arrays are hardly built for heterodyne detectors whereas
it is an easy task for direct detectors [246].
Whereas ultrahigh resolution spectroscopy demand from heterodyne systems,
imaging is better afforded with direct systems. Thus, although traditionally heterodyne systems have lead THz technology, it is reasonable to think in an present and
10 Thermal fluctuation noise, also known as phonon noise arises from the random exchange of
energy between a thermal mass and its surrounding environment [245].
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Heterodyne (coherent)

Direct (non-coherent)

• Can detect frequency modulation and
phase modulation.

• More discrimination against background
fluctuation noise.

• IF conversion provides gain. Output signal hard to be overrode.

• Easy to produce large format array.
• Do not require beam coincidence on diameter and Pointing vectors.

• Beam waveforms do not require neither
same radius of curvature nor same transverse spatial mode structure, nor same polarization.

• Conversion gain proportional to WLO /Ws .
Weaker signals detected.

Table 2.2: Comparative between heterodyne (coherent) and direct (non-coherent) detections.

future scenario where commercial applications impulse the use of direct detection
systems. This section finish with the table 2.2 showing the main advantages of each
one, heterodyne and direct, kinds of detection.

2.3.2

THz Sources

It is time now for the THz sources, which together with the sensors conform the
basis of any THz system. It can be said that THz sources have also experimented a
great advance in the last decades, which also contributes to present THz technology
potential. However, although some authors [3] may underline them as the main
driver, the advances in THz sources are not at the same level as those in THz
detectors [1], [13], [189]. Therefore the term of ’THz gap’ become a reality when
talking about sources. Actually, sources imply an inherent larger difficulty grade
than sensors. Several reasons support this fact. One the one hand, electronic solidstate sources based on semiconductors, i.e., oscillators and amplifiers suffer from
high frequency degradation due to parasitic reactances and ohmic losses. On the
other hand, optical style sources, i.e., solid-state laser, should operate at very low
energy levels (of the order of meV) for THz frequencies. These levels are comparable
to that of the lattice phonons (relaxation energy of the crystal) and only proper
cooling can avoid this problem, at the obvious expense of increasing the cost and
complexity of the device. Finally, free electron sources such as tubes suffer from
the inherent scaling problem, that implies higher metallic losses originated by the
employed extremely high fields (electric and magnetic) [1], [189], [247].
Until not so far, during the last 20 years, most successful techniques for generating
terahertz power have come from frequency conversion, either up from microwave
(mm-wave bands) or down from the optical and Infrared regions [1]. Like a valley
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in between two mountains, THz source topic has been attacked from both sides by
researches, usually more specialized in only one of these areas, either microwave or
optics. Furthermore, the attempts to intrinsically generate THz power are much less
efficient than multiplying (microwaves) or mixing (optics) other frequency signals.
Actually, if one display the several source designs according source performance
vs. frequency, one obtains a ’V’ shape, marking a strong valley around 1 THz, see
Fig. 2.43. For example, in the case of multiplier chains (black circles in Fig. 2.43)
any added stage noticeably affects the output power [248], [249]. Also, design a
Quantum Cascade Laser (QCL) [250], for such THz ”large” wavelengths imply a
toll in efficiency [251], see red squares of Fig. 2.43.

Figure 2.43: Performance of THz sources. Black circles correspond to frequency multipliers based
sources, triangles correspond to other electronic sources, empty circles correspond to electronic
sources using cooling systems, and red filled squares correspond to quantum cascade lasers (QCL)
progressing downward from high frequencies [189], [227].

It is worth to mention, that Fig. 2.43 is not showing all the reality, and, of
course one can find high-power THz sources based on free electron devices [1], [247],
[252], such as Backward Wave Oscillators (BWO)11 or Gyrotrons12 that can generate
kW or even MW of THz power. However, it makes any sense to consider these
sources beyond very specific applications allowing for huge source size, weight, power
consume and budget.
11 A backward wave oscillator (BWO), also called carcinotron or backward wave tube, is a vacuum
tube that is used to generate microwaves up to the THz range. It belongs to the traveling-wave
tube family, and is an oscillator with a wide electronic tuning range. An electron gun generates
an electron beam that is interacting with a slow-wave structure. It sustains the oscillations by
propagating a traveling wave backwards against the beam. The generated electromagnetic wave
power has its group velocity directed oppositely to the direction of motion of the electrons [253].
12 A Gyrotron is a high-power linear-beam vacuum tube which generates millimeter-wave electromagnetic waves by the cyclotron resonance of electrons in a strong magnetic field [254].
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Similarly to the case of sensors, one encounter a large variety of proposals in the
literature. With the sources, notwithstanding, the spectrum wides even more due to
the different technologies involved in, coming from both, microwave and optic worlds.
To facilitate the the overview, again, classification in types and subtypes is carried
out know, supported with some pictures and schematics, in order to give a clear
summarized idea of this vast field. Other classifications are possible, however, here,
sources are spitted in two big groups attending to the origins of the technology used:
electronics and optics/photonics. Also, it should be keep in mind that important
features that characterize a sources include if it is CW [255] or pulsed [256], narrowband [257] or wide-band [258], coherent [259] or non-coherent [260], tunable [261]
or rather fixed [262]. Each kind of application will demand from a specific choice
between these features, [110], [166], [172], [247].
2.3.2.1

Electronic Sources

Source designs coming from the microwave regime have lead most of THz space
missions and the early stage THz revolution in the recent past [1], although optical
sources are playing more and more role in the sub-mm range of THz band these
days [263]. Electronic sources include upconverters (multiplication of low frequency
oscillators signal), solid-state devices, including transistor based oscillators and amplifiers, as well as two terminal active devices, and free electron based sources, such
as Backward Oscillators or Gyrotrons. It must be pointed out now again that this
last subtype is reserved to very specific applications, and, between the first two,
multiplying chains has played, with difference, the major role so far these decades.
However, solid-state THz designed structures are gaining ground fast, and it has
been recently postulated a new era driven by them for the next decade [264].
• Multiplication of low frequency oscillators: This technique has been the
most popular technique for producing CW small amounts of power at frequencies between 500 GHz and 1 THz these last to decades [1], [247]. Due
to the available electronic technology, the most reasonable approach nowadays is to multiply up from microwave frequencies, ranging from 20 GHz to 40
GHz. These sources have supported important space missions in which to carry
bulky and high-power consuming lasers, or short-life, heavy and high-power
tube sources was unaffordable. As usual, cooling improves source performance,
however, cooling is not an unavoidable requisite for these sources, which are
usually demanded to operate at room-temperature. This is a remarkable practical advantage of this multipliers chain sources.
As disadvantages to take into account, it must be said that reach THz frequencies from microwave frequencies imply expand several octaves, i.e., multiplication factor of several tens. Although, in theory, high-order multipliers can be
achieved [248], practical implementations give as a conclusion that doublers,
and as much triplers [265] must be used in chain to achieve high multiplication
factors [1], [249].
To achieve high multiplication factor by means of low-order multiplication elements chains implies, inherently, some limitations. On the one hand, each
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(a)

(b)

Figure 2.44: THz multiplier chain sources. a) State of the art from frequency multipliers and
some solid-state two-terminal active devices from 0.1 THz to 1.2 THz at room temperature [264];
b) Practical realizations. 1) Close-up of a 1.9 THz tripler chip. The mesa is less than 15 µm long
and the anodes area is smaller than 1 µm2 ; 2) 1.6 THz doubler placed in a waveguide mount is
shown. The chip is only a few µm thick. The machined feature size of the output waveguide is less
than 50µm; 3) waveguide block where a 1.2 THz multiplier chain chip is packaged. The LO was
driving this source giving 1-2 mW at W-band [266].

multiplication will imply a poor conversion efficiency, thus noticeably diminishing the total multiplication element efficiency. On the other hand, output
power will be also conditioned by the input power, which is limited to the first
stages power handling. Furthermore, multiplier chains critically depend on the
highpass characteristics of the sections of waveguides between different stages
to eliminate unwanted signals from the strong nonlinearities of the Schottky
diodes, and improve stability. The resulting minimum size of waveguide blocks
and the need for complex biasing schemes may exclude multiplier chains from
portable applications such as wireless communications, where compact sources
are needed [166]. Maybe, this kind of applications demand rather from the
solid-state sources, next described [264].
In Fig. 2.44(a), it is shown the state of the art from frequency multipliers and,
for comparison, some solid-state two-terminal active devices from 0.1 THz to
1.2 THz at room temperature [264]. As it can be appreciated, multipliers offer
lower output power when frequency increases. This graph also shows that
chains of multipliers overcome direct high-order multiplications. To reach the
highest considered frequencies, they are practically the only option considered.
The upper bound of 1 mW at 1 THz at room temperature is to be achieved
during the next years.
Traditionally, whisker-contacted GaAs Schottky Diodes have been used for
multiplying purposes, although high-performance planar designs have replace
them these last years [1], [264]. In Fig. 2.44(b)-1 it is shown a close-up of
a 1.9 THz tripper chip from [266]. In this high-frequency THz design, the
mesa is less than 15 µm long and the anodes area is smaller than 1 µm2 . In
Fig. 2.44(b)-2, a 1.6 THz doubler placed in a waveguide mount is shown.
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The chip is only a few µm thick. The machined feature size of the output
waveguide is less than 50 µm. Finally, Fig. 2.44(b)-3 shows a waveguide block
where a 1.2 THz multiplier chain chip is packaged. The LO driving this source
was giving 1-2 mW at the W-band. Output power of more than 100 mW
was obtained for this design. In that work, outstanding powers of 50 mW were
obtained for frequencies as high as 1.8 THz. It is also remarked that those thin
and delicate chips become difficult to handle and require special precautions,
including placement of handling structures on the chip.
• Solid-state devices: At the beginning of this century, solid-state devices
operating beyond the commercial microwave frequencies were rare and expensive cases offered by very few companies, with a performance far of what is
desirable [1]. Multiplier chains were by far the best solution for the early era
of THz applications, although some advances started to appear, including InP
Monolithic Microwave Integrated Circuits (MMIC) power-amplifier chips operating beyond 100 GHz [267], and some attempts to reach the 200 GHz barrier
[268]-[269] (a beginning to reach into actual challenging THz frequencies, i.e.,
sub-mm waves). The very dedicated research has given its fruits these years
and the current state of the art in solid devices justifies a niche for these kind
of sources, which are shortening distances with multiplier chains [264].
Solid-state sources include local-oscillators two terminal active devices and
amplifiers based on transistors. Two terminal active devices are the first solid
state devices ever used in microwave oscillators. These devices generate output
power by providing a Negative Differential Resistance (NDR) at the frequency
of interest, hence compensating, or even overcompensating the inherent losses
in a resonant circuit [270]. Relevant devices of this kind are the Resonanttunneling Diodes (RTDs), Tunnel-injection Transit-Time (TUNNETT) devices, Transferred-Electron Devices (TEDs, also called Gunn devices), Superlattice Electronic Devicess (SLEDs) or IMPact Ionization Avalanche TransitTime (IMPATT) diodes [271].
One of the great advantages of active two-terminal devices is their simpler
device fabrication compared to three-terminal devices. They typically have
vertical layer structures and no fabrication compromises need to be made, a
requirement that could lead to an increase in detrimental contact or series
resistances. Actually, in transistor amplifiers the access resistance generally
affects the frequency limits [264].
As an example, operation of GaAs TUNNETT diodes up to 755 GHz has been
reported [272], with remarkable good results, obtaining 0.33 mW at 0.41 THz
[273]. Furthermore, Gallium Nitride (GaN)-based TUNNETT devices, are
promising when applied at lower frequencies (output powers of more than 160
mW at 200 GHz, and more than 20 mW at 300 GHz from a single device without the use of any power-combining scheme [264]). Since TUNNETT diode is
based in tunneling breakdown instead of avalanche breakdown [274], and delay
of tunneling breakdown is smaller than that for the avalanche breakdown [275],
TUNNETT diodes tend to shown higher operation frequency than IMPATT
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diodes when implementing oscillators. However, output power provided by
TUNNETT diodes is smaller.
In spite of the low power levels, the very small size of oscillators with active
two-terminal devices makes them ideally suited for portable applications, such
as wideband wireless communications. It is worth to mention that design these
sources beyond 300 GHz will demand for Computer Aided Design (CAD) tools
not found in present available electromagnetic simulators, a new area opened
by the THz regime to numerical methods researchers.
Transistors provide desired output power through non-linear characteristics of
semiconductor compounds properly biased. As pointed out in [276], an excellent review of THz transistors, overcoming the high-frequency limitations of
these devices may lead to a strong revolution in THz systems. An outstanding
operation frequency of 0.65 THz has been achieved recently [277]. Actually,
MMICs output powers in the low range of THz band is reaching nowadays 50
mW at 200 GHz [278], and 10 mW [279] beyond the 300 GHz barrier. These
power levels were so far only possible with two terminal active devices such as
IMPATT diodes [271], [264].
In this family of THz power providers they are generally found High Electron
Mobility Transistors (HEMTs), Heterojunction Bipolar Transistors (HBTs),
and CMOS transistors, this last emerging nowadays in the THz band. Although higher power is achieved with GaN, InP leads the gain for high frequencies and seems to be the most reasonable option [276]. From noise perspective,
SiGe-based transistor amplifiers have been shown preferable, reporting, furthermore, high integration capability than other amplifiers. However, their
practical use still pertains rather to mm-wave than THz. Finally, one must
keep an eye in power-combining techniques, known for decades [280]. These
techniques may play an important role for solid-state devices [264], [281], [282].
To overview the above information regarding solid-state devices, Fig. 2.45-1
shows the state of the art of solid state sources comparing several single chip
transistor amplifiers and a variety of two terminal active devices. Roughly, it
can be said that solid state devices output power falls off as f −1 up to 100
GHz, then as f −2 up to 200 GHz, and finally as f −3 beyond 200 GHz [247].
InP HEMT based amplifiers (red circles) achieve the best results for reasonable
frequencies, however higher frequencies have been reached by two terminal active devices, which inherently to its structure offer a better frequency behavior
(for example, the RTDs, have reported operation frequencies beyond 1 THz,
presenting notwithstanding, very low output power [275]).
• Free Electron Sources: This kind of sources take their name from the fact
that they are based on the effect of accelerating electrons which are not bound
to the atom but they move freely through a magnetic structure, reaching very
high velocities [252]-[253]. This mechanism is used to provide high power
sources at frequencies going from microwave to X-rays. Focusing in THz,
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Figure 2.45: Solid-state THz sources. 1) State of the art from frequency multipliers and some
solid-state two-terminal active devices from 0.1 TH to 1.2 THz at room temperature [264]; 2)
Microphotograph of a 0.48 THz Low Noise Amplifier (LNA) in split block housing. The signal
is electromagnetically coupled to the chip by monolithically integrated dipole probes [281]; 3)
Schematic of the layer structure of a Resonant Tunneling Diode (RTD) and micrograph of a 4x4
µm2 device, from [281].

the operation and results of Gyrotrons [254] and BWO [253] (also known as
Carcitron13 ) will be only briefly introduced.
The gyrotron is a type of free electron MASER14 that can produces extremely
high power even at the small wavelengths due to its fast-wave nature, which
allow the gyrotron dimensions be much larger than the operating wavelength.
This behavior differs from other conventional microwave such the aforementioned BWO, which is based on a single-mode resonant cavity and a slow-wave
structure, having thus smaller dimensions [252]-[283].
The high-size characteristic of gyrotrons lead to power levels that reach 1 MW
at lower THz frequencies (170 GHz in [284]). At higher frequencies, they have
been reported also outstanding values: 5 kW at 0.5 THz and 0.5 kW at 1.3
THz in [285]. Recently, they having proposed designs to achieve kW level for
broadband THz emission around 0.335 THz, which results more interesting
than narrow-band radiation for certain type of applications [286].
In Fig. 2.46-1 they are shown the frequency and time domain simulations of
the design proposed in [286] to provide THz power in the band going from
0.33 THz to 0.34 THz, whereas in Fig. 2.46-2 it is shown a photography
of a 0.3 THz gyrotron [285]. As can be noted, a gyrotron is a large device,
requiring laboratory bench-size (when not room-size [34]) and manipulating
very high magnetic fields. Thus, results obvious that gyrotrons left dedicated
to very particular applications, rather related with fundamental research, and
far away from mass market. Two examples are plasma diagnostic [287] and
dynamic nuclear polarization [288], [289].
13 The widely employed term Carcitron is a trade name for tubes manufactured by CSF, nowadays
Thalesr .
14 Microwave Amplification by Stimulated Emission of Radiation.
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The Backward Wave Oscillator (BWO) is based on a electron gun which generates an electron beam that interacts with a slow-wave structure (usually
waveguide involving metal gratings or corrugations). Oscillations appear by
propagating a traveling wave backwards against the beam, thus having generated electromagnetic wave power with group velocity directed oppositely to
the direction of motion of the electrons [253].
Typically, power of tens to hundreds of mW have been reported in the THz
region along the last decade [247]. Actually, an interesting feature of BWO is
that a number of elements can be implemented in an integrated system to cover
altogether a wide frequency range. In Fig. 2.46-3 it is shown the output power
and spectral distribution of 13 BWO devices employed in a CW spectroscopic
system.
More recently, output powers up to 20 W in the 186 GHz-202 GHz range
[290], up to 8.05 W in the frequency range of 363.4-383.8 GHz [291], and
decaying to 150 mW when the frequency is pushed up to 1.2 THz [292], have
been recorded. To achieve such output powers, a BWO require voltages in
the order of kV and a magnetic field reaching 1 T [34]. Thus, despite BWOs
are smaller than Gyrotrons, are still a bulky source, what limits their use for
certain applications.
Fig. 2.46-4 shows a BWO structure, being possible to appreciate its corrugated rectangular waveguide acting in slow-wave mode. Actually, this structure support the TM01 mode [290]. Since the power must be coupled to an
antenna, appear the problem of low coupling efficiency, being reported that
only 1/1000th fraction of the total power couples to the antenna radiating
mode. This fact imposes a significant limitation for BWO [34].
As in the case of Gyrotrons, plasma diagnostic and nuclear fusion are applications where BWO results nowadays interesting as a source [293]. However,
the lower complexity of BWO makes possible their use in applications with a
more commercial role, such imaging [294]. The high output power level makes
BWO attractive to achieve good contrast active images. It must pointed out,
notwithstanding, that progress in the compact solid-state sources may provide
more handling imaging systems with good performance, relegating the bulky
BWOs to a smaller range of applications.
2.3.2.2

Optical Sources

Although electronic sources seem to have led the THz systems in the past decade,
rather operating still far below from 1 THz, the tendency of pushing up operating
frequencies to exploit unique THz characteristics close to and beyond 1 THz, and
the inherent advance of THz optical technology, have provided that optical sources
play today a major role in THz technology [1]-[3], [18], [295].
Actually, commercial-type applications are most commonly driven by optical
down-conversion sources either by photomixing or non-linear rectification through
large second-order susceptibility crystals. Furthermore, THz laser sources have experimented an incredible revolution driven mainly by advances in QCLs, which every
year report more and more outstanding performance in terms of frequency (towards
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Figure 2.46: Free electron based THz sources. 1). 0.33 THz-0.34 THz Gyrotron simulated
(frequency and time domains) output power depending on the applied magnetic field [286]; 2)
Photograph of a 0.3 THz gyrotron [285]; 3) Output power and spectral distribution of BWO
devices employed in a CW spectroscopic system [264]; 4) Photograph of a BWO structure showing
the typical waveguide corrugations used for TM01 mode propagation [290].

lower frequencies), power, temperature of operation and compactness. Even for very
specific high-power-demanding applications one found free electron lasers, which play
the same role as gyrotrons or BWO in this approach angle from higher frequencies.
When revising the prevalent bibliography, a great variety of optic source schemes
can be found, most of them next classified by groups, and briefly described.
• Photomixing: The process of generating THz radiation through one or two
femtosecond (fs) lasers follows the same principle as the photoconductive antennas reviewed in section 2.3.1.1. In the simplest case of using one laser and
pulsed excitation [296], [297], generally a Ti-sapphire laser illuminates a gap between closely spaced electrodes on a photoconductor (e.g., silicion-on-sapphire
or LTG GaAs), generating carriers, which are then accelerated in an applied
electric field, generated by the biased metal structure. The obtained current is
coupled then to an Radio Frequency (RF) antenna. The frequency components
reflect the pulse duration (several hundreds of fs), hence this source provides
THz radiation [1], see Fig. 2.47(a).
However, the described scheme is a simple way to produce pulsed THz radiation which is becoming rather obsolete these days. Instead, pulsed THz
radiation is much more efficiently produced nowadays in similar schemes using the later detailed nonlinear optical rectification, either with crystals or by
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(a)

(b)

(c)

(d)

Figure 2.47: Optical downconversion through photomixing. a) Schematic of the photomixing
scheme [298]; b) Electron microscope image of a metallic (gold) Fabry-Perot cavity GaAs photoconductor [299]; d) Interdigitaled nano-electrode array at the center of photomixer devide. Dimensions
are 8 x 8 µm2 [300]; d) Spiral antenna coupled to electrode array, with a maximum radius of 1.5
mm [300].

plasma generation. In the case of photomixing, continuous-wave terahertz radiation with frequency tunability can be achieved with two single-mode lasers
or output modes of a dual-mode laser, provided the optical lasers are tunable
[225]. In [301], a frequency range going from 0.4 THz to 1.73 THz is covered
with a resolution of 3 MHz, able to discover molecular resonances with high
precision for athmosphere characterization purposes.
In THz photomixing sources, all the incident photons are absorbed within a
few µm due to the large absorption coefficient of the employed semiconductors
[302]. Thus, photomixing is furthermore compact and presents low power consumption, being all its features together ideal for communications [173],[168] or
imaging, in which CW provides higher resolution than pulsed radiation [302].
As a matter of fact, [303] reports a scheme providing 0.8 mW at 1 THz using
optical pumping power of only 150 mW at 1550 nm.
It is worth to mention that the classical simple gap [52], [297], [298], or the
interdigital electrode configuration [300], [304], has developed to more efficient
structures these last years. In [299], the metallic mirror Fabry-Pebrot cavity
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shown in Fig. 2.47(b) reported an increment of the output power regarding
previous works with GaAs photomixers. Other interesting example are the
plasmonic contact electrodes [303] or nano-electrodes [305], this last improving the output power in 2 orders of magnitude when compared with classical
interdigital configuration. Photomixer array schemes are also possible to enhance the output power, specially in the case of coherent combination [302].
Regarding the radiation, it must be noted that although the concept of Large
Area Emitter (LAE), i.e, the photomixer radiating itself without power coupled to an antenna [302] has been shown possible, practically suffers from low
conversion efficiencies compared to those photomixing sources with Antenna
Emitter (AE). Fig. 2.47(c) shows a nano interdigital array biasing scheme,
whereas Fig. 2.47(d) shows the spiral antenna used to radiate the power more
efficiently [300].
In the case of using AE, the bottleneck is the antenna matching bandwidth
which limits the range of tunability. Common solutions have been using typically broadband antennas such as spiral or bowtie, although other new proposals are based on high impedance antennas [225]. A result from TERASENSE
project [156] affording this issue is the proposal of a meander dipole antenna
operating outside of its resonance. Improvement by a factor of 8 regarding to
self-complementary antennas was reported.
• Non-linear optical rectification: This way of producing THz energy is
based on the crystals presenting a large second-order susceptibility (fieldinduced polarization) χ2 . When two15 femtosecond lasers beams cross the
crystal the nonlinear effect causes mixing, producing a time-varying polarization with a frequency-response representative of the pulse length, thus obtaining an emitted THz spectra [1], [307], [308].
Since the involved non-linear process is only moderately strong, large laser
intensities of several hundred W/cm2 are demanded [302]. Furthermore, the
laser beams interact along the crystal, this interaction usually required to be
of the order several hundred of µm or even mm [257], [309]. Therefore, CW
operation is hardly achievable, noting that to ensure phase-matching over this
extremely long interaction length, and an acceptable average power results
rather challenging [302].
Average powers of these kind of sources were of the order of nW and rarely
reaching few µW at the starting of the THz revolution [1]. More recent works
report 100 µW of average power [307], or even 5.3 mW in the case of pumping
power of 15 W [310], where the employed structure avoided the photorefractive
damage of the crystal, an important limitation for efficiency, and thermals
damages due to heat deposition.
Regarding to the previous fact, optical rectification is restricted to pulsed lowpower sources, which may achieve enough peak power levels, however, and that
can be interesting for recovering 3D spatial information in imaging applications
[110], [302]. Although, photomixing scheme usually provides higher average
15 Single

laser schemes can also be found [306].
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power levels, in [257] and [311] is pointed out that photoconductive antennas
are incapable of sustaining the high peak power of strong ps pulses. Furthermore, saturation appears due to their finite capacitance and it is a fact that
photoconductive switching drops rapidly beyond 1 THz due to finite carrier
relaxation times of the substrate materials (≈ 0.5 ps). Surprising ultra-short
intense pulses of 5 MW power are reported in [307].
Several materials (crystals) have been considered as the non-linear element,
including GaAs, GaP, ZnGeP2 , GaSe, ZnTe, LiNbO3 or LiTaO3 , being ZnTe
slightly more popular due to its transparency to THz radiation [312]. An
excellent review comparing the linear, nonlinear optical properties and figures
of merit of such wide range of elements, justified by the pros and cons of
each one, can be found in [311]. More recently, new configurations, based on
periodically poled crystals (see Figs. 2.48(a) and 2.48(b)) have shown to allow
control on the output signal bandwidth [313], producing average power of 1
mW, predicted to be potentially scalable to 100 mW [311].
Optical rectification has been also recently shown to be achieved also via third
order (instead of second order) non linear susceptibility χ3 , which is attractive
because normal air or other common gases can be used as a rectifying medium
[312]. This process was shown to be enhanced by the presence of plasma, that
can be easily generated by one of the incident laser pulses, as shown in Fig.
2.48(c). The great advantage of this new technique of optical rectification is
that the emission takes place in the form of a strongly collimated THz beam
towards forward direction. Very distant targets (kilometers away) may be
reached with this technique according to [312].
Finally, before going into the realm of lasers, Fig. 2.49 groups the pulsed
THz optical downconversion techniques using femtosecond lasers, from left to
right: photomixing (generally inlcuding a photoconductive antenna), optical
rectification, and reflection on semiconductor surface. Except of the last one,
which has lost relevance in the last years due to its lower efficiency, caused
by the high semiconductor THz energy absorption [302], the other two, just
described, present new advances every year, and is hard to predict if one will
impose to the other. At least, in the next few years, the THz researcher must
be aware of advances in both kind of sources.
• Lasers: As solid-state devices are for electronics, THz laser are the THz
optical sources intrinsically producing THz energy. It must be pointed out
that under the term ”laser”, different kinds of THz source are found, and it
must distinguished between types.
The first subgroup is the IR-pumped gas lasers, generally based on grating
tuned CO2 cavities that lase to produce the THz output signal. Power levels
of this lasers range from 1-20 mW, depending on the chosen line, being the
methanol one, at f = 2.522 THz, the strongest one (even 30 mW have been
reported using this line). Operation frequencies range from 0.5 THz to 3 THz,
however, not all lines are covered, and some of the gases required are nowadays
under strict environmental safety polices [1].
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(a)

(b)

(c)

Figure 2.48: Optical downconversion through optical rectification. a) Schematic of the optical
rectification using a periodically poled crystal scheme [313]; b)Top view of Orientation Patterned
(OP) GaAs. Sample length is L = 10mm having Quasi Matched Periods (QMP) of 1.3 mm; c)
Interdigitaled nano-electrode array at the center of photomixer devide. Dimensions are 8 x 8 µm2
[300].

This kind of laser have played a major role in the past, sustaining much astronomical and Earth-based spectroscopy research experiments, [314], [315].
However, although at the beginning of the THz revolution they were still reviewed as essentially the principal kind of THz laser sources [1], and despite
of the fact of their high power levels still attract some specific research [316],
they have been displaced these last years by the advances in direct semiconductors lasers and, especially, by the revolution experimented in the area of
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Figure 2.49: THz pulse generation techniques.

QCLs. These new THz-designed laser sources, described next, fit better for
the emerging THz commercial applications.
The second subgroup, the aforementioned semiconductor lasers, is based on
radiative recombination of electrons and holes due to intersubband transitions.
The system needs to be either electrically or optically pumped in order to
generate more light by stimulated emission than is lost by absorption. Early
THz semiconductor lasers [317] were based in Germanium (Ge), allowing to
very short duty cycle pulsed radiation. The discovery of Beryllium (BE)-doped
Ge [318] allowed to increase the duty cycle to 2.5%. Very bright lines, as narrow
as 1 MHz were reported at that time with Gallium (Ga)-doped Ge.
Before the end of the past century, CW operation of Ge-based lasers was
reported by using the inactive, electric field-free Ge laser material as a heat
sink, and exploring new ohmic contact geometries and a new variety of of semideep acceptors [319]. These techniques allowed to reduce power consumption
and increase conversion efficiency. At that time, THz semiconductor laser were
mostly optically pumped and gain saturation was an important issue [320].
Nowadays, electrical pumping is preferred, since any external laser source is
required [321]. In this case, however, the ideal configuration of an optically
pumped central area surrounded by absorbing regions is lost and the use of
new structures to avoid lateral spreading is recommendable to overcome this
fundamental problem of actual THz semiconductor lasers. A 2D photonic crystal implemented via sole patterning the device top metallization is proposed in
[321], see Fig. 2.50(a). In this work, the high boundary absorption is replaced
by high reflectivity conditions by removing the top n+ contact (red layer),
causing this mode mismatch and, therefore, the desired reflection, see 2.50(b).
An optical microscope image of the device surface is shown in Fig. 2.50(c).
THz semiconductor lasers produce the largest output power among conventional (free electron lasers must be treated apart) THz lasers, generally of
several watts (outstanding 10 W were reported in [322]), although high electric and magnetic fields and some cooling are required for their operation,
being this a strong limitation for practical applications. Another advantage
is that their unique parameters allow for wide continuous spectral tunability
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(a)

(b)

(c)

Figure 2.50: Electrically pumped THz semiconductor laser scheme enhancing output coupling
efficiency via a 2D photonic crystal structure [321]. 1) Schematic cross section of the device. The
laser active region (blue) is sandwiched between two metal Ti/Au contact layers. The top metal is
patterned with the desired photonic-crystal/bandgap structure design; 2) Detailed scheme of the
boundary conditions implementation technique: when the top n+ contact, represented as a red
layer, is left in place between the metal edge and the mesa periphery (top panel), the absorption
is high and the boundary behaves like an absorber. When instead it is removed (bottom panel),
the mode mismatch at the metal edge introduces a high reflectivity, and therefore mirror boundary
conditions; 3) Optical microscope image of the device surface. The wire bonding is applied directly
on the top metallization.

(even from 1 THz to 4 THz was reported [323]), which is a feature lacking
in previously described gas lasers. Compared to the very popular QCLs, described next, for frequencies enough close to 1 THz, semiconductor lasers offer
more compactness (although other authors [324] consider that, for reasonable
power levels, QCLs total system may result smaller in size due to the required
external pumping for Ge-lasers), longer life time and more efficiency [325]. .
The third and most popular device are Quantum Cascade Lasers. QCLs
were firstly reported for the mid-infrared (around 70 THz) in [250], an extensively cited work. THz milestone appeared in 2002 [326], where the first
proposal of this configuration for THz, offering 2 mW at 4.4 THz and 50 K
temperature, triggered an intense race (provided that these structures have
been shown to overcome straightforward technological barriers [324]) to develope higher and higher performance QCLs.
The basic QCL principles are displayed in Figs. 2.51 and 2.52. In classical
semiconductor lasers, the well-known inter-band transition between conduction
and valence bands produces an emitted photon through electron-hole recombination, Fig. 2.51(a). Therefore, the operation is bipolar, having only one
photon emitted per each electron-hole pair annihilated [317].
QCLs are based, however, in intra-band (sometimes called inter-subband) transitions16 . This transition takes places exclusively in the conduction band, being
only electrons used. These electrons change their energy states to emit a photon. The photon emission takes place at the desired frequency due to a proper
band structure engineering, done by properly choosing the structure layers
thickness [326], see Fig. 2.51(b). This emission is produced in an active semi16 A good comparative between quantum cascade structures using intra and interband transitions
can be found in [328].
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(a)

(b)

Figure 2.51: Operational principles of a Quantum Cascade Laser 1. a) Classical inter-band
transition between conduction band and valence band. Electrons and holes recombine to emit a
photon. The operation is, therefore, bipolar, and each photon emitted annihilates an electron-hole
pair; b) QCL typical intra-band (inter-subband) transition, using exclusively conduction band.
Only electrons are used, changing their energy states to emit a photon. The operation is unipolar,
and each electron can emit in principle N photons for N cascade units; c) Typical band diagram
for bound-to-continuum configuration (one of the mostly adopted [324], [327]). The different wells
are separated by a think barrier, so electron tunnel between adjacent wells. Proper photon energy
chosen by bandstructure engineering allows radiation in the desired THz frequency at the active
regions. Cascading several units allow to each electron produce many photons, so that high powers
are possible.

conductor region realized by multiple Quantum Well (QW) heterostructure,
being most popular the use of the GaAs/AlGaAs sandwich [251].
A QCL consist of coupled QWs constructed by nm-thick layers of GaAs sandwiched between potential barriers of Aluminum Gallium Arsenide (AlGaAs).
The quantum cascade consist of a repeating the structure in which each repeat
unit is made up of an injector and an active region, see Fig. 2.52. Since the
wells are separated by a thin barrier, wave functions spread across adjacent
wells, and electrons can tunnel along them. In the active region, a population
inversion exist and electron transitions to a lower energy occurs [329]. N photons are emitted for each electron for a N-units cascade due to the unipolar
characteristic of the emission (electrons are recycled), being this the feature
which allows for high power levels [250]. Images of practical realizations of a
single QCL and a single-chip array of QCLs are shown in Figs. 2.53(a) and
2.53(b), respectively.
Current state of the art in QCL reports output power overcoming the 1 W
threshold at 10 K operation in pulsed mode [263] (decaying to 0.42 mW for 77
K temperature), and certain tunability (4 GHz span around 3 THz, giving 0.7
mW [331]). This last aspect may be solved by arraying several QCL, which can
be done in a single chip [330]. Tunability from 1 THz to 5 THz is reported in
that work. Finally, CW and pulsed operation is possible for QCL, demanding
the former for lower temperatures of operation and providing lower output
powers [332], as it can be expected.
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Figure 2.52: Operational principles of a Quantum Cascade Laser 2. Typical band diagram for
bound-to-continuum configuration (one of the mostly adopted [324], [327]). The different wells are
separated by a think barrier, so electron tunnel between adjacent wells. Proper photon energy
chosen by bandstructure engineering allows radiation in the desired THz frequency at the active
regions. Cascading several units allow to each electron produce many photons, so that high powers
are possible.

(a)

(b)

Figure 2.53: QCL single device and array images [330]. a) Single QCLs images at different
magnifications; b) Single-chip Distributed FeedBack (DFB) QCL.

By the above, QCL is nowadays a very promising candidate for THz power providing in a wide range of applications since competitive output power is deliv84
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ered for relatively small devices with certain cooling. Three main disadvantages
must be afforded in order to a larger acceptation of QCLs. The first and most
important one is the temperature of operation. Reaching room-temperature
operation or at least a temperature high enough for using non-complex cooling
systems seems mandatory for mass use of QCLs. A progression in this aspect
has been observed following the highest temperatures reported in the bibliography these years, exhibiting, however, some kind of progress saturation for
the last period [327]. In that study it is reported how crucial will be the role of
the metallic and plasmonic waveguides that extract the power from the QCL
in the temperature aspect. Other strong point towards the necessity of study
efficient ways of waveguiding THz energy.
The other two aspects are to achieve frequency/beam control and power efficiency. In QCLs based on metal-metal resonators, the active core thickness
is much smaller than the wavelength and a fundamental Transverse ElectroMagnetic (TEM) mode is always present in multiconductor waveguides. This
causes poor extraction efficiency as almost all the power is back-reflected at
the facet and non-directional, diffractive far-fields, incompatible with applications, appear. Interestingly, [327] points again towards microwave regime
solutions, suggesting the use of horn antennas. It seems that microwave techniques may be in the future a necessary tool to drive these optical sources
towards high performance levels. If the aforementioned problems are solved,
QCL may obtain a dominant position among other THz sources.
Before leaving QCLs, a special configuration, recently considered is reported.
A scheme using two mid-IR QCLs is conceived in order to generate THz radiation by Difference-Frequency Generation (DFG) [333]. Mid-IR QCLs have
also experienced a great development these years, being one step forward than
THz QCL technology due to the higher frequencies employed, easier to be
generated. In mid-IR, QCLs can provide high power with high efficiency at
room temperature. The key fact is that these devices shown a large nonlinearity, very suitable for THz DFG. With proper wavelength selection mechanism,
such Distributed Feed-Back (DFB) for dual mid-IR frequency operation, THz
emission is produced by intracavity generation. Therefore, this type of THz
sources inherits the advantage of mid-IR QCL: room temperature operation,
electrical pumping, compact size, as well as the potential for mass production.
In [333] 1.4 mW are achieved at 3.6 THz, which is a good value for room
temperature.
The section of lasers end with the Free Electron Laser (FEL). In a FEL,
a beam of electrons is accelerated to almost the speed of light. Electrons are
bunched with magnetic fields to achieve coherent spontaneous emission [247],
then compressed and coupled to an undulator (sometimes called wiggler), see
Fig. 2.54(a), where the electron bunches are forced to wiggle transversely along
a sinusoidal path about the axis of the undulator.
This free-electron source, a kind of photonics equivalent to the Gyrotron is, by
far, the largest power provide among THz lasers, and, more in general, among
THz sources beyond 1 THz [324]. Furthermore, these devices provide also
the widest tunability among laser sources [336]. The prize of these suitable
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(a)

(b)

Figure 2.54: Free Electron Laser (FEL). a) Schematic view of a compact THz-FEL with detail
of the undulator structure [334]; b) Image of the Free Electron Laser for Infrared eXperiments
(FELIX) [335] at the Institute for Plasma Physics Rijnhuizen, Netherlands.

characteristics, is the enormous complexity and size of such structures. Only
few laboratories in the world can afford the expense of built and maintain
a FEL, which is dedicated for very specific research experiments. In Fig.
2.54(b) it is shown the FEL of the Institute for Plasma Physics Rijnhuizen, in
Netherlands. In the image it can be appreciated the grade of complexity of
the devices.
Short pulses (2 ps at 1 THz) of FELs allow for interesting dynamical measurements of THz systems [324]. Tunable radiation in the region from 120 GHz to
4.8 THz, with an outstanding output peak power ranging from 500 W to kW
for pulses going from 1 µs to 20 µs, has been reported [247]. Nowadays, some
efforts are found in the attempt to create compact FELs. In [247], table top devices are mentioned, and the challenge for micro FELs, able to provide short,
pulsed power for more conventional spectroscopic experiments, is proposed.
The power levels, however, are predicted to stay in the mW level, where other
competitors, already reviewed in this section, may be more suitable. In [334],
it is described a 5 m long, ’compact’, FEL design (schematic of Fig. 2.54(a)),
under construction at this moment. The authors estimate a power from 0.2
MW to 2 MW in the 1 THz-3 THz band, quite good for a device relatively
accessible for more conventional laboratories.
At this point of the section, scene of THz sources is much better observed, and
it is understood that output power is only one of a wide variety of features when
considering a THz source. Temperature of operation, range of frequencies,
tunability, CW or pulsed mode, efficiency, type of pumping, size, complexity,
cost...impose, altogether, a fine source research for a specific application. Thus,
it is possible to left behind now the simple ’V’ trend in output power image of
the THz sources and THz gap, and get a final global comparison through the
graph of Fig. 2.55 [324]. State of the art of most of the sources commented
in this section is represented in this graph, which helps to better assimilate all
read information and get a global picture.
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Figure 2.55: Comparative of THz sources [324].

2.3.3

THz Waveguides

Up to this point, THz applications have motivated the interest of the field. Detectors
and sources state of the art has given an idea of the THz band systems design
challenges. Along the review, at several points it has been found an important fact:
the importance of the actual lack of THz waveguides. Furthermore, the immediate
benefit of having certain kind of high-performance waveguide has been also glimpsed
in some cases. This section will treat the issue of waveguide designing at THz
frequencies through a careful review of the state of the art.
THz waveguides are the most challenging component of a THz system [192], and
prove of that is the huge amount of different proposals, of very different nature, that
have been proposed to the date. Furthermore, for most systems, the question of
which design is more appropriate remains still open nowadays.
As usual, many classifications are possible. Here, four groups are distinguished.
For each group bulk and planar designs are distinguished separately, since the de87
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manded functionality for each kind is quite different. In a similar way that has
been done for the sources, the first two groups contain the designs coming from the
microwave and the optic areas. These are the metallic waveguides and the dielectric
waveguides, respectively. The third group involves structures where the inclusion of
periodic elements plays a major role. The designs in this group have a particular
grade of innovation, being very novel designs. Finally, the last group involves surface
waveguides, a particular kind of waveguide that weakly guides the energy, railing the
waves, it could be said. In this group, designs are not of special novelty, but they
recover old theoretical designs and apply them into practice in a very thoughtful
way. In this order, the review goes from the more known and classic to the newer,
ending with the kind of waveguide which is object of study in this thesis by the
reasons that will arise along this section.
2.3.3.1

Metallic (Microwave) Waveguides and Transmission Lines

The waveguide section starts with which is, actually, the first adopted solution for
THz waveguiding for all kind of devices requiring transmission media. Most of the
early THz sytems incorporated scaled microwave designs, the easiest way to afford
the firstly used THz frequencies [1], [79], [80], [167].
The THz interaction with matter (high metal and dielectric losses) and the challenging small dimensions of THz devices, make the microwave solutions not to be
naturally well-suited. Therefore, the increasing demand of system quality together
with the low cost feature has impulsed three different lines of research and progress.
First, the manufacturing techniques. Advances in the manufacturing process are
the main responsible of reaching the performance that is expected for the design.
Also, manufacturing process entails an important part of the technology cost. Second, the structural topology. The way of how materials are geometrically disposed is
crucial for waveguide performance. Therefore, one finds new proposals introducing
modifications on the conventional designs in order to exploit the geometry to alleviate ohmic losses, dielectric losses and/or dispersion. Third, the materials. Although
with less possible range of improvement due to the inherent physical limitations,
some progress is achieved by finding better and better materials, the building blocks
of the waveguides. For that reason is it also possible see along the bibliography the
appearance of new materials (mainly dielectrics) that get of common use in the new
waveguide designs.
Progress in all three directions is necessary to achieve high-performance waveguides. Next, THz advances in the rectangular waveguide, circular waveguide, coaxial
cable, and planar microwave transmission lines (parallel-plate waveguide, stripline,
microstrip, slotline and coplanar waveguide), reported.
• Rectangular Waveguide (RWG)

First serious attempts to design THz RWGs came around the year 2000 [192],
[337], [338], when several research groups, pioneers in mm-wave, not so technologically mature as these days, started to venture in the sub-mm wave regime,
even properly naming these RWG as THz waveguides. From this starting
point, either due to manufacturing limitations [339], [338], or inherent structure losses and performance [192], it has been quite common to introduce some
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modifications on the usual RWG (structure, dimensions and/or modal operation). It is true, notwithstanding, that in more recent works, [340]-[345],
conventional use of the RWG starts to be seen, at least for lower frequencies,
thanks to the advances in manufacturing processes, being remarkable those
involving SU-8 photoresist micromachining technology [346].
The classical RWG structure and its main design parameters are shown in Fig.
2.56(a). Generally, b is taken as a/2 in order to have optimum loss-bandwidth
relationship [339]. To avoid dielectric losses (which are specially important
at THz frequencies) the RWG is usually air-filled (ε = ε0 ). Finally, metal
conductivity σ results relevant in microwave regime to calculate the losses.
At THz, moreover, other parameters related with the conductivity become
relevant: the penetration (or skin) depth δ = (πf µσ)−1/2 , and the surface
impedance or metal properties as a dielectric [347], [348]. One reason for the
first one is that, although at THz frequencies the penetration depth is lower,
some new manufacturing techniques are based on thin metal layers that may
not reach the penetration depth. The other reason is that wall roughness may
be comparable the penetration depth [337], [349]-[353]. The second one arises
because assumed metal model properties (very high σ or perfect conduction)
may noticeably change due to manufactured surface roughness [354], [342], or
microscopic electromagnetic interaction (Drude model of metals [347]) [355][348].

(a)

(b)

(c)

Figure 2.56: Rectangular Waveguide (RWG) at THz frequencies 1. a) Schematic of a classical
rectangular waveguide, defined by width a, height b and conductor material σ. To reduce losses,
inner dielectric is normally air (ε0 ); b) Schematic of corrugated RWG for slow-wave high power
propagation in a Backward Wave Oscillator [352], [293]; c) E-plane dielectric layer loaded RWG
schematic and prototype detail [357];

By using classical RWG analysis formulas and using standard waveguide dimensions [358], extended to the THz regime, it is found that, even in the
ideal case, having a perfect structure with the conventional cooper conductivity (σ = 5.8 · 107 ), they are found the following theoretical losses: 0.008
dB/mm (0.1 THz), 0.024 dB/mm (0.3 THz), 0.090 dB/mm (1 THz) and 0.970
dB/mm (3 THz). Note that for THz frequencies, due to dimensions and attenuation values, units of dB/mm are commonly used as attenuation instead
of the usual dB/cm or even dB/m. However, along this thesis, dB/m will be
used sometimes for special cases of very low attenuation.
By the above reflection, it seems that RWG is inherently limited to be used in
the lower THz spectrum despite of its desirable characteristic of be a extensively studied structure. In that spectrum, however, it will be hard that other
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technology displace the RWG in the typical applications in which it is used at
microwaves (low-loss filters, horns, BWO, etc.).
Actually, most of the practical systems (mainly in astronomy applications)
providing true THz experimental results until these days, have appeal for the
RWG for waveguiding purposes (being waveguiding, actually, avoided as possible) [1], [5], [31], [168]. Filters, antennas, and twist have been prototyped
showing relatively good results. Also, in a THz BWO, a corrugated RWG, Fig.
2.56(b), is very suitable. At THz frequencies, the high interaction impedance
of the corrugations introduces a compensation of losses higher than for lower
frequencies [352], which is a positive effect.
Similarly, it is very probable that some modified structures, behaving as a
RWG, but tailored to overcome high loss of THz band, such as the E-plane
dielectric layer loaded RWG of [357] (see Fig. 2.56(c)), the H-plane dielectric
layer loaded RWG [359] (named as shielded dielectric multiple slot waveguide)
or the Groove Gap Waveguide (GGW) [360], [361], gain some ground in the
next years.
To better understand the RWG role and practical issues in THz band, main results, observations and conclusions of the last 15 years of research in this topic
are reviewed now. In the pioneer works [337], [338] manufacturing was done
through that time lithographic micromachining, with the important drawback
of having maximum manufacturable heights, being the ratio b = a/2 not satisfied by far. In [337], a 2.54 mm x 0.7 mm gold sputtered RWG exhibited 0.2
dB/mm at 0.1 THz, much more than the expected value, although overcoming
by far previous works. Augmented attenuation was mainly attributed to bad
metal contact due to metal roughness in this H-plane manufactured RWG. In
[338], the height of the waveguide was even more limited, being the dimensions
2.54 mm x 0.1 mm. Losses ranging from 0.2 dB/mm to 5 dB/mm were observed at the W-band (75 GHz to 100 GHz), whilst theoretically expected were
of only 0.05 dB/mm to 0.34 dB/mm. Imperfections in the surface walls of the
waveguide were also pointed in this work as the origin of the additional losses.
They were reported as well difficulties in the measurements due to required
contact with the measure instrument at these high frequencies.
In [192], it was reported a very different and innovative approach. Whereas
in the previous works, RWG very scaled (with limitations) for their use in
the mm-wave, this work talks about an overmoded RWG designed to transmit
wide-band THz signals, which is the required case for most of THz applications.
A 0.250 mm x 0.125 mm (optimized dimensions to achieve optimal trade off
between coupling efficiency and losses) RWG was proposed to transport signals
in the frequency range extending from 0.65 THz to 3.5 THz. This implies a
bandwidth an order of magnitude larger than the conventional WR-3 (0.340
mm x 0.170 mm, operating monomode from 0.220 THz to 0.325 THz ). Up to
35 modes were able to propagate in the proposed waveguide, although proper
coupling and design allowed to excite mainly the fundamental TE01 , and the
TM12 modes. Coupling was done quasi-optical using mirrors and silicon lenses
to focus a Gaussian beam with a maximum efficiency of 98%, a very high value.
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Brass was used as metal due to its good trade off between conductivity and
mechanical robustness. Low losses were affirmed in the paper, however no
consistent numerical data are specifically given. A careful analysis reveals that,
in time-domain, peak to peak amplitude decays at a rate of roughly 1 dB/mm.
Degradation of the measured response due to manufacturing imperfections
(burrs affecting contact between pieces) is mentioned. Low dispersion is also
declared, however it is specifically said that the velocity group varies from c to
c/4 (being c the speed of light in the waveguide medium, in this case air: c0 =
3 · 108 ) along the transmitted band, what is a strong dispersion characteristic,
actually. The time-domain pulse spreads from 0.04 ps to 13 ps, being 6 ps of
the spreading attributed at the optical feeding system. With similar low-loss
premises, in [362], a photomixing generation scheme is implemented via an
overmoded RWG. In this case however, the operating band ranges from 0.2
THz to 0.5 THz, being monomode until 0.347 THz. The source provided 0.53
mW, which is a remarkable output good power.
Continuing with conventional use of RWG, [349] reports good results in surface finish by employing SU-8 photoresist techniques. Manufacturing is done
in E-plane, the total structure being quite bulky to the real waveguide size.
Results for the 3 manufactured RWGs are: D-band (0.11 THz to 0.17 THz)
0.07 dB/mm to 0.10 dB/mm, G-band (0.11 THz to 0.17 THz) 0.14 dB/mm
to 0.22 dB/mm and Y-band (0.22 THz to 0.325 THz) 0.139 dB/mm to 0.20
dB/mm, which improves previous works. It is indicated, however, that Y-band
prototype experiments leakage losses due to the difficulty to ensure perfect
metal contact between the two halves. This observation is really important
because it confirms that even in E-plane manufacture, requirements of contact
are alignment result very challenging at THz frequencies.
Operating frequency is pushed up to 1.19 THz-1.87 THz in [351] by using a
150 µm x 75µm waveguide. Prototypes of microstrip fed RWG with integrated
horn are manufactured via SU-8 photoresist and laser-hardened polymer block.
A comparison between both techniques is shown in Fig. 2.57. The laserhardened polymer block shows significant distortion of the design dimensions,
see Fig. 2.57(a). Except some errors near the backshort, SU-8 exhibits great
performance: ±1µm accuracy. It is affirmed that conventional techniques are
relegated to as much as 0.6 THz and SU-8 process or similar techniques must
be used beyond that threshold.
More recently, the group of Prof. Lancaster has proved feasibility of reasonableperformance RWG in the THz band, up to 0.75 THz, through several works
[341]-[343], [345], [353], [364]. In [353], 0.144 dB/mm average losses are obtained for an Y-band E-plane manufactured design, used to implement a Hplane bend. Presented losses are still far from the 0.025 dB/mm achieved
with conventional micromachining, more expensive, time costing, and difficult
to scale to higher frequencies. They are reported problems related to the air
gaps between manufactured pieces since no convenient way to employ pins and
screws to eliminate this gaps is found, causing additional loss. Simulation of
chokes and Photonic Bandgap (PBG) structures reveal that results can be improved by including these elements, with best results for the former. Similarly,
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(a)

(b)

Figure 2.57: Rectangular Waveguide (RWG) at THz frequencies 2: manufacturing processes. a)
Photomicrograph of the same 1.6 THz waveguide block implemented by laser hardening a polymer
base block. Significant distortion of the block dimensions is observed [351]; b) Scanning Electron
Microscope (SEM) image of a 1.6 THz Computer Numerically Controlled (CNC) [363] machined
waveguide block. Inside corners are rounded for easy of fabrication. It is remarked a section of the
metal next to the backshort that resulted damaged during the machining

the mentioned RWG design is used in [342] to implement a 4th order filter with
a Relative Bandwidth (RBW) of 8% centered at 0.3 THz. Insertion Losses (IL)
of 3.3 dB which implies an equivalent quality factor of only Q = 82 (microwave
RWG filters have Qs in the order of thousands). Response degradation and
frequency shift are justified by manufacturing tolerances in the SU-8 process
of 10 µm to 15µm, quite influential at the small THz wavelengths.
Much better results are obtained in the subsequent works. In [343], RWG losses
go down from previous 0.14 dB/mm to 0.03 dB/mm (single layer SU-8 process)
and 0.05 dB/mm (double layer SU-8 process), really close to the 0.021 dB/mm
of conventional micromachining (experimentally proved with gold plated CNC
machined RWG in the same work), and overcoming any other contemporary
designs. Interesting information about manufacturing technologies is found in
this paper: to the authors experience SU-8 process overcome other common
processes for high frequency RWG manufacturing such as Si Deep Reactive Ion
Etching (DRIE) [365] or LIGA17 . SU-8 is said to provide the best combination
of time consume and accuracy among those three techniques.
In [343], several designs are presented with the WR-3, among them, a 5th order
filter with the same specifications as the previous (RBW of 8% and centered
at 0.3 THz). The equivalent Q is incremented up to near 400 in this design.
A photography of the WR-3 prototype is shown in Fig. 2.58(a). They can be
appreciated the two E-plane split halves containing the waveguides. Contact
is ensured via four screws plus an additional PTFE screw used to push the
micromachined circuit towards. Position and schematic of the employed flange
17 LIGA is a German acronym for Lithographie, Galvanoformung, Abformung (Lithography, Electroplating, and Molding) that describes a fabrication technology used to create high-aspect-ratio
microstructures [350], [366].

92

2.3 THz Technology

(a)

(b)

Figure 2.58: Rectangular Waveguide (RWG) at THz frequencies 3: manufactured prototypes. a)
Photograph of the measurement metal block in [343]. A WR-3 waveguide was split in E-plan, using
four screws to achieve contact between pieces. Additionally, a Polytetrafluoroethylene (PTFE)
screw is used to push the micromachined circuits towards. Position an schematic of choke rings
are indicated; b) Images of the WR-1.5 twist prototype of [340]. Left image shows the entire twist
shim and right image shows the SEM capture of the structure.

(standard UG-387) are also indicated. Precision of SU-8 process is reported
to be of tens of nm for the side wall roughness and under 10 µm for the filter
widths. Therefore, response degradation seems to be again originated by nonperfect assembling of layers, which is more noticeable (0.05 dB/mm against
0.03 dB/mm) for the two-layer designs. In this work, it is again reported how
critical is the join contact for the RWG structure performance even for the
E-plane manufacturing.
Continuing the RWG up-scaling in frequency, the 0.5 THz-0.75 THz band is
reached, covered by the WR-1.5, which is used in [340] to implement 90 degrees waveguide twist (see Fig. 2.58(b)), and in [345], to implement a 3th order
equal bandpass ripple filter with 5% RBW, centered at 0.65 THz. In [340],
mean losses of 0.065 dB/mm are reported for the presented design, which is
a good result for the year of publication. Some mismatch between waveguide
and twist, causing ripples in the measurement, was reported. Also, it is appreciated strong influence of metal roughness, which produces differences between
the S11 and the S22 . It must be pointed out that, in the presented results high
error range is found for the measurements, which indicates that ensuring contact and matching is also critical for the measurement setup. Regarding to this
important problem, some new techniques are being proposed [367], however it
seems that leave the classical RWG scheme and introduce contactless structures, such as Gap Waveguides (GWs), could be much more effective. In other
works, [368] they are developed uncertainty analysis that capture the dominant sources of measurement error: discontinuities caused by changes in the
waveguide dimensions, E-plane, H-plane, and angular displacements, corner
rounding, burrs, etc.
In [340], outstanding 0.043 dB/mm losses are reported for their WR-1.5, and
the proposed filter exhibits a Q-factor over 400. However, small manufacturing
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errors causing cavity dimensions variation up to 20 µm cause an appreciable
response deviation. The achieved metal roughness is under 50 nm, so that
equivalent conductivity falls from theoretical 6.3 · 107 S/m to 3.9 · 107 . This
is, however, a great improvement in the manufacturing techniques in a short
time (in [342] equivalent conductivity was of only 6.5 · 105 S/m, 2 orders of
magnitude less).
Alternatively, in [344], DRIE process is used to explore E-plane and H-plane
split-block designs with WR-3. In that work, a gold layer after DRIE is employed, achieving an equivalent conductivity of 3 · 107 , quite close to the theoretical value for gold (σ = 4.55 · 107 ). Chebyshev filters of 5th order with
RBW of 6% and 10%, centered at 0.55 THz and 0.64 THz, respectively, are
designed and manufactured. Some deviation from original response is found,
caused almost totally by the deviation of 2o of the involved vertical walls, supposed to be of 90o . Apart from this fact, outstanding equivalent Q of 500 is
found for the resonators in the E-plane design. H-plane design suffers more
the imperfect contact between metallic parts and the equivalent Q falls down
to 200.
Finally, thinking in the real THz challenging range (beyond 1 THz), packaging
techniques have been presented [369]. The authors claim that the proposed
scheme may be extended up to 5 THz. The presented prototype operating at
0.385 THz - 0.5 THz exhibits 0.05 dB/mm, which is a not a really outstanding
value compared to the reviewed bibliography. More recently, [370] presented a
TE301 /TE102 dual mode RWG resonant cavities filter manufactured by means
of DRIE process. Involved waveguides showed 0.31 dB/mm-0.83 dB/mm in
the range 0.75 THz-1.1 THz. In [371] frequencies as high as 3 THz are reached
with a multilayer micromachined WR-0.3 (75 µm x 37.5 µm), being the losses
at this frequency 1.3 dB/mm. Although these results are acceptable, the lack
of suitability of the classical RWG for these high frequencies is a fact, because,
apart of the losses increment caused by the dimensions reduction, assumed
bulk conductivy of metals provide an oversimplified model, being real losses
much higher than predicted [355]. Therefore, RWG will not be suitable in
monomode operation for applications involving practical distances of few cm.
In parallel with this conventional designs, mainly driven by the advances in
manufacturing techniques, they have been published some works considering
modifications of the RWG structure to alleviate THz band losses. This is
the case of the E-plane loaded RWG [357], [372]-[373], shown in Fig. 2.56(c).
By disposing several dielectric layers, a 1-D Electromagnetic Bandgap (EBG)
structure is created. As detailed in [357], due to the introduced dielectric layers,
the distribution of the TE03 mode posses a field distribution showing high
concentration in the central air region. This produces a noticeable reduction
of losses respect to the classical RWG case. Position and thickness of the
dielectric layers is optimized to minimize the losses. Very low coupling to
other modes is reported in the case of a bend. By using high permittivity
dielectric layers, the described effect is achieved in large bandwidth.
In [372] it is shown that, although this waveguide concept involves several
dielectric layers (multilayer), not much is gained by going beyond the single
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layer structure, which is the actual design shown in in Fig. 2.56(c). The
current at side walls is reduced a 20 % respect to the conventional RWG,
which theoretically makes the losses at 1 THz to fall from 0.07 dB/mm of the
classical RWG to 0.057 dB/mm. With this waveguide, a H-plane horn array
operating at 1 THz is designed in [373]. The reduction of losses allows to
achieve an antenna efficiency of 91%.
Very recently, they can be also found some works considering the use of
graphene [374], [375]. In [374], a RWG is considered in the cases of a) top
metal wall consisting in a graphene layer and b) top and bottom layers consisting in a graphene layer. Bulk properties of graphene make the analysis
and behaviour understanding of the structure rather complex. By applying
electromagnetic fields, the dispersion curves can be controlled. In that work
it is affirmed that attenuation and propagation constants similar to the conventional RWG are obtained. However, it is not clear the advance of using
graphene. Similar conclusions are obtained in [375]. However, in this work a
more concrete advantage is reported: graphene can be used for amplitude and
phase modulation purposes.
• Circular Waveguide (CWG):
The Circular Waveguide (CWG) consist on a metal pipe, usually filled by air,
Fig. 2.59(a). This waveguide is known to offer slightly lower losses than the
RWG (involving also smaller bandwidth) for its fundamental mode (TE11 ).
Furthermore, its TE01 mode experiments an anomalous losses decrement with
frequency [376]. This last feature results attractive for some designs. Also,
the CWG cylindrical geometry results more suitable than rectangular one for
certain applications. This becomes really true in the THz band since, due
to the involved waveguide dimensions, cylindrical geometry offer more robust
and flexible topology, able to cover applications that the RWG would not.
Contrarily to the RWG, for the CWG is hard to find works considering the
monomode design, since the involved bandwidth would be quite limited.

(a)

(b)

Figure 2.59: Circular Waveguide (CWG) at THz frequencies 1. a) Schematic of a classical circular
waveguide, defined by its radius a, conductor material σ and inner dielectric (conventionally air, ε0 )
; b) Schematic diagram (top) and picture (bottom) of the time-domain experimental setup. The
waveguide can be seen in the center of the picture, whereas the subwavelength aperture near-field
probe is on the right-hand side [377].
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A nice first attempt to overcome inherent high frequency losses of CWG was
that of [378]. The work traslates to the cylindrical geometry the groove concept [379], which mainly consist on a deformation of the waveguide and the
elimination of side walls, to let the mode to spread and to interact less with
the metallic walls, thus reducing the conductor losses. Theoretical analysis
and measurements are provided. The waveguide results attractive due to its
single mode operation, low dispersion and large dimensions and low loss (one
order of magnitude less than a RWG). Power handling applications, such gyrotron implementation are pointed as possible uses. Authors remark that the
waveguide is easy to manufacture and connect and that the bandwidth is relatively broad. However, THz usually required bandwidths are much higher.
This approach is not found in posterior research, leaded by overmoded CWG,
sometimes involving inner coatings.
It was in 1999 when [380] proposed an overmoded CWG to operate in the
0.65 THz - 3.5 THz band, being the employed quasi-optical methods for power
coupling a great novelty at that time. An efficiency of 40% was achieved for this
coupling. The TE11 , TM11 and TE12 were the mainly excited modes by linearly
polarized incoming THz pulses. A stainless steal (σ = 1.32 · 106 S/m) tube of
r = 140 µm provided losses of 0.6 dB/mm at 1 THz. The authors indicate that
this is two orders of magnitude less than THz planar transmission lines used
at that time. Furthermore, losses were shown to go down as the frequency
increases, contrarily to other transmission media. Velocity group ranges from
c/4 to c, which translates in a very large dispersion behavior. Although this
is pointed out by the authors, it is also affirmed that it may be suitable for
surface-specific frequency-dependent abortion measurements and low volume
sample cells for high pressure, long-path spectroscopic measurements of toxic
or reactive gases and liquids.
Similarly, in 2000, [192] considers stainless steel, brass and nickel overmoded
waveguides to cover the range from 0.1 THz to 4 THz. However, multimode
propagation (25 modes able to propagate, 5 of them mainly excited by the
incoming pulses) originates serious problems beyond 1.7 THz. Brass exhibits
half losses than stainless steel. The badly defined shape of the tubes is pointed
as source of additional loss. It is indicated that sub-ps transmission involves
several octaves, which can be only afforded with these large waveguides. The
excess of coupled modes is justified by the linear polarization of the coupler,
which is not fully compatible with the boundary conditions of the circular
waveguide fundamental mode.
Later, in 2004, [381] started a design tendency that ruled CWG designs in the
following years. Based on the authors experience in the mid-IR, where metals
are far from being good conductors, a thin dielectric coating added to the internal waveguide walls is considered in order to reduce the interaction of the
transmitted fields with the metal walls. Actually, the manufacturing method
proposed by the authors consists in coating silica or polymer tubes inner walls
with both metal and dielectric, defining in this way the waveguide by means
of liquid-phase chemistry methods. Copper was preferred for its good conductivity and manipulability. Firstly, non-coated CWG of radius from a = 2
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mm to a = 6 mm were considered. The following losses were obtained: 0.006
dB/mm (1.62 THz), 0.007 dB/mm (1.89 THz) and 0.005 dB/mm (2.53 THz),
one or two orders of magnitude less than those observed in RWG works. Two
important effects were observed. First, losses were not scaling as a−3 due to
multimode effects, but were higher than expected. Second, by adding the coating, the losses increased up to 0.009 dB/mm. The coating, however, prevents
from radiation losses on bends, that arise from mode conversion and from the
non-perfect reflectivity of the thin (700 nm) Cu wall at THz frequencies. In
Fig. 2.59(b) it can be seen an schematic diagram (top) and picture (bottom)
of a time-domain experimental setup using such kind of CWG [377].
The same authors improved their design in [382]. An a = 2.2 mm silver CWG
coated with Polystirene (PS) exhibit in that work 0.001 dB/mm at 2.5 THz.
Inner coating was optimized (best case was thickness t = 8.2 µm). Authors
remarked that as the dielectric coating becomes thicker, TE modes become HE
modes, which field configuration is very adequate to reduce metallic losses.
Dielectric losses also increase for thicker coatings, however. Multimode and
dispersion seem to be still disadvantages of this structure. The same authors
treat more carefully the coating design and monomode excitation in [383].
Below a = 1.6 mm only the fundamental HE11 mode is excited, exhibiting
lower losses than the TE11 mode and even the TE01 mode. Fig. 2.60(a) shows
HE11 mode E-field pattern and and far-field spatial intensity distribution at
f = 2.5 THz for the case of a a = 1.6 mm silver CWG. Coupling efficiencies
of 84% are reported whereas best losses remain in 0.001 dB/mm.

(a)

(b)

Figure 2.60: Circular Waveguide (CWG) at THz frequencies 2. a) HE11 mode E-field lines and
far-field spatial intensity distribution of a a = 1.6 mm radius silver CWG at 2.5 THz. Field image
of top right is the total magnitude, whereas down images correspond to horizontal polarization
(left) and vertical polarization (right) [383]; b) Photograph of the probe implemented in [384],
which consists of a stainless-steel tube acting as a CWG and a hollow copper container hosting the
emitter.
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Other authors [385], [386], used the same concept to implement a very interesting flexible CWGs, with possible uses in remote THz spectroscopy. Manufacturing process and waveguide structure are schematized in Fig. 2.61. It is
highlighted that excitation of the fundamental mode TE11 is preferred instead
the TE01 mode due is compatibility with linear polarized coupling and to avoid
mode conversion on bends. Bend losses as low as 0.5 dB are reported even for
sharp bends. Best result for these designs is 0.0015 dB/mm at 1.67 THz for
an a = 1.5 mm. Authors remarked that the metal thickness (50 nm-100 nm)
may concern problems related with the skin depth. They evaluate CWG for
three cases: 1) no coating; 2) inner coating; 3) outer coating. Best case by far
is the inner coating one, and it is indicated that the effect of coating is very
noticeable for bend losses reduction, even for the outer case. Also, it is mentioned that one limitation of this structure is that thicker Polyethylenes (PEs)
coatings are not possible because its poor solubility in solvent, thus reducing
the described design benefits for the lower THz frequencies.

Figure 2.61: Circular Waveguide (CWG) at THz frequencies 3: fabrication process of polyethylene
(PE)-film-insert hollow CWGs. A Polycarbonate (PC) tube is used as base tubing [386];

Some practical uses of the CWG are found in [384], [387]-[389]. In [387], an
overmoded CWG was part of a vacuum electronic tube source operating at
f = 0.65 THz. DRIE process is reported to overcome Electrical Discharge
Machining (EDM) [390] in this work. In [388], a corrugated CWG supporting
TM modes is visioned as a promising slow-wave structure for high power THz
transmission, specially indicated for plasma characterization. In [389], a very
sensitive waveguide technique was applied to the THz analysis of DNA solutions, requiring the use of a a = 0.59 mm, 0.13 mm thick brass shim. Finally,
in [384] a liquid-nitrogen-cooled compact CW source uses an a = 1.75 mm
cooper CWG, Fig. 2.60(b). The work does not pay much attention to the
waveguide, but conventional CWG overmoded design was chosen, in which the
inner surface was polished in order to achieve acceptable losses (0.055 dB/mm).
The circular waveguide section ends with the necessary answer for a fundamental question regarding the use of CWG at THz frequencies, giving firstly
in the interesting work [348]. On the one hand, metals are very good conductors at microwave frequencies. On the other hand, in IR region metals act
rather as a bad dielectric than a metal [21]. Between these disparate points
there is a transition that takes place along the THz band. In the mentioned
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work, it is afforded the question of until which frequency and under which
conditions microwave surface impedance approximations are still valid in THz
CWGs. The authors consider the metal as a dielectric through the Drude
model [347], having thus a dielectric tube waveguide problem with the dielectric having complex permittivity. Results throw interesting conclusions: for
overmoded CWGs, some error is introduced by the classical mode beyond 1
THz, whilst this limit goes up to 10 THz for monomode designs. In fact, for
high frequencies the fundamental HE11 mode tends to concentrate near the
metal walls, becoming a surface-plasmon mode whereas the TE01 does not
exhibit any change.
Similar general conclusions have been also recently reported in [391]. Actually, this CWG problem is the dual problem of the single metal wire (deeply
analyzed in the next chapter), if one exchanges metal and air. Although different propagation behavior is found, analysis of both waveguides is related.
Results highlight the singularity of THz frequencies, at which metals behave
at half way between good conductors and poor, high permittivity dielectrics.
Therefore, one more time, it is found that particular effort must be done in
develop adequate analysis models that capture THz specific effects, in order
to be able to predict correctly how the designed devices will act in practice.
• Coaxial Cable:
The coaxial transmission line or coaxial cable is a two-conductor waveguide
consisting in an inner metallic wire of radius a, coaxial to a metallic tube of
radius b, having the role of outer conductor, Fig. 2.62(a). A dielectric must
be generally displayed between both conductors to keep the distance between
conductors. It is possible to use air as dielectric in very specific designs [392],
being the structure quite less unpractical than the conventional coaxial cable
in terms of flexibility.

(a)

(b)

(c)

Figure 2.62: Coaxial transmission line at THz frequencies 1. a) Schematic of a classical coaxial
transmission line, defined by its inner conductor radius a, outer conductor radius b, conductor
material σ and inner dielectric characteristics ε. In the case of the coaxial cable dielectric is usually
required for mechanical reasons; b) Enhanced transmission at THz frequencies using rectangular
coaxials [393]. The graph correspond to the measured frequency-dependent amplitude transmissions
of a layer of periodic (solid curve) and random (dash-dotted curve) coaxials with external dimensions
of 100 × 80 µm2 and internal dimensions of 80 × 40 µm2 , together with the hole-only (without inner
conductor) case (dotted curve). Employed period is 160 µm, and applied field is x-polarized;
c) Schematic of the corrugated waveguide employed in [394]. Corrugation dimensions are small
compared to the operating wavelength.
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Thanks to the fact of having two conductors, the coaxial cable supports a fundamental TEM mode with no cutoff and exhibiting theoretically no dispersion
under monomode transmission [376]. As drawbacks, losses are higher than in
single-conductor due to the higher confinement of the field, which dissipates
power by ohmic effect on the metal walls, but also because of the dielectric
absorption. Actually, when low-loss features are demanded in microwaves,
waveguides are clearly preferred than coaxial cable or other TEM transmission lines.
Despite of its high losses, which even accentuate at THz due to the lack of good
dielectrics and the smaller required dimensions, the coaxial cable has been also
considered (in a less extent than the RWG or the CWG) for THz frequencies.
It seems obvious that monomode transmission would require dimensions such
any THz signal would be extremely damped in few millimeters. Thus, overmoded coaxials must be considered at THz frequencies, therefore losing (in
principle) the desired non-dispersive behavior. However, the careful analysis
of the structure and some experimental test have shown that the coaxial cable
may have its own niche among other THz waveguides.
First transmission of frequencies well above 0.1 THz using coaxial cables was
reported in [395], where a 50 Ω, 1.85 mm coaxial, was shown to be able to
transmit pulses between two Coplanar Waveguides (CPWs), thus being very
suitable for chip interconnection. Very high losses were obtained, however.
Also, although is not clearly extracted from the paper, coupling efficiency is
supposed to be quite low by the conclusions of posterior works.
The reference paper in the topic of THz coaxial cables is, without doubts, that
presented by Jeon et al. in 2004 [396]. In that work a 50 Ω coaxial is designed
by using a = 80 µm and b = 330 µm, and Teflon (εr = 2.1, tan δ = 1.5 · 10−3 at
f = 1 THz) as a dielectric. It was the first time that pulses having frequencies
up to 1 THz were launched into a coaxial cable. It was already remarked in this
paper that quasi-optical coupling techniques are not effective for the complex
field patterns of the TEM mode of a coaxial cable. To overcome this problem, an improved method, using photoconductive material having the proper
coaxial shape, was presented. Results showed that monomode transmission
takes place for the proposed design until 0.4 THz. Beyond this frequency some
oscillations and other undesired effects appear in the received signal. Authors
conclude that coaxial cable exhibits similar dispersion to CPW (output signals widened only 1 ps are obtained) together with losses comparable to early
designs of single-conductor THz waveguides. At f = 0.5 THz losses of 0.3
dB/mm were obtained.
It is difficult to find posterior works of the same magnitude and relevance involving coaxial cables in their conventional use. This may be justified by the
first THz proposals of the Single Wire Waveguide (SWW) and the DielectricCoated Single Wire Waveguide (DCSWW), treated later, which were contemporary to the previous work. These waveguides, basically coaxial cables without external conductor, captured much attention because their lower losses.
100

2.3 THz Technology
On the other hand, very recent patents [397] indicate the potential use of the
coaxial cable in interesting practical applications, thus deserving a particular
niche of use for it. In that technical work, Mittleman affirms that coaxial
cables are not very much considered at THz frequencies due to the difficulties
in coupling the radiation into the guide, what is justified because of neither
linearly nor circulary polarizations can be effectively coupled into a coaxial
cable. This has prevent coaxial cable of playing a major role until these days.
As a solution, it is presented a radially symmetric antenna that matches the
mode profile of the TEM fundamental mode (mode-matching optimization
determines the antenna dimensions).
It is worth to mention an interesting fact highlighted in the previous work.
Since only the TEM mode is detectable by the presented configuration, even
if the launched THz waves were propagating under multi-mode regime, this
would not lead to measurable group velocity dispersion. Instead, high propagation losses would take place for that power coupled to high-order modes.
This feature could be very useful for spectroscopy applications.
Finally, some techniques are proposed to achieve an empty (or filled with a
gas transparent to THz frequencies) coaxial, which would be desirable for lowloss condition. However, it must be said that, despite of the fact that very
promising use of coaxial is visioned in this patent technical report, it is not
clear if losses will be low enough for the supposed applications. The presented
transmission media are called to be used to access targets were direct radiation
is not possible. Compared to the SWW, also considered in the work, the coaxial
cable exhibits lower radiation losses but high propagation losses. Thus, its use
maybe limited to short, complex (including sharp bends), waveguiding paths.
It can be also found recently a work studying deeply the THz propagation on
an overmoded coaxial cable [398]. By using the Electro-Optical (EO) experimental set up shown in Fig. 2.63, the authors are able to accurately determine
which modes and how the propagate in a THz coaxial cable. A typical, microwave regime, coaxial cable with a = 0.45 mm and b = 1.5 mm is studied.
It is found that mainly 4 modes propagate: TE11 , TE12 , TM11 and TM12 .
Despite of this fact, β of this modes seems to be similar enough to have low
dispersion behavior. They are not found, however, clear assessments about
propagation losses in this work.
As practical uses of THz coaxial cables, it is interesting that [399] suggests,
through a theoretical study, the possibilities of this transmission line for the
implementation of THz gyrotrons. A large size coaxial cavity supporting the
TE04 mode is analyzed. Numerical calculations and simulation predict that
advantages take place by using a coaxial cable instead of a single-conductor
waveguide. The size of coaxial is larger so that the output power can be
increased. Moreover, authors indicate that is possible have a large interval
between TE modes, thus mode competition is also improved.
It is possible to found less conventional uses of the coaxial transmission line
structure at THz frequencies. For example, in [393] it is proved that square
coaxial structure improves by 8 times compared to the RWG the enhanced
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Figure 2.63: Coaxial transmission line at THz frequencies 2: applications. Schematic of the
balanced electro-optical (EO) holographic imaging system employed in [398]. Remarked inset
shows the existent distance between the waveguide output end and the measurement plane. A
photography an schematic of the employed coaxial cable are shown on the bottom right of the
image.

transmission based in plasmonic effects. In Fig. 2.62(b) they are shown measured frequency-dependent amplitude transmissions of a layer of periodic (solid
curve) and random (dash-dotted curve) coaxials with external dimensions of
100 × 80 µm2 and internal dimensions of 80 × 40 µm2 , together with the holeonly (without inner conductor) case (dotted curve). The employed period is
160 µm, and the applied field is x-polarized. A sharp peak at the desired
frequency f = 0.5 THz is appreciated for the coaxial waveguide case. Furthermore, the array of coaxial transmission lines solves the polarization-dependent
transmission discrepancy, found in the RWG arrays. This may be caused by
the interaction of the plasmonic waves of inner and outer conductor. It is
concluded that its unique resonant characteristics make coaxial structures an
excellent candidate in developing some active and passive THz components.
Other example is the periodically corrugated coaxial waveguide proposed in
[394]. An schematic of this waveguide is shown in Fig. 2.62(c). An analysis
based on mode-matching is carried out, finding that TM modes highly localized can be propagated in this structure with low velocity group. Since metals
have not strong plasmonic behavior at THz frequencies, the corrugations (small
compared to the wavelength) are necessary to this fact. The geometry can be
engineered to satisfy the desired grade of the plasmonic effect. As advantages
front a corrugated wire, a corrugated coaxial cable is shown to have less crosstalk due to its shielded nature, and lower velocity group can be achieved. On
the other hand, there is not clear information about losses, nonetheless, high
field concentration near metals of this shielded, plasmonic waveguide points
towards very high losses. Therefore, this design get relegated to very specific applications requiring short waveguiding paths and demanding particular
effects to be introduced by the waveguide.
• Planar transmission lines:
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Most commonly considered planar waveguides or transmission lines in the microwave regime are the stripline, Fig. 2.64(a), the microstrip, Fig. 2.64(b), the
Slotline (SL), Fig. 2.64(c), and the coplanar waveguide (CPW), Fig. 2.64(d),
[337], [400]. At THz frequencies, however, only microstrip or CPW designs
are found by several reasons. A deep analysis of these four waveguides for the
THz regime can be found in [401]. Although only simulations are reported,
conclusions give a useful general view of advantages and drawbacks of these
waveguides.

(a)

(b)

(c)

(d)

Figure 2.64: Planar waveguides at THz frequencies 1. a) Stripline; b) Microstrip; c) Coplanar
Waveguide (CPW); d) Slotline (SL).

The stripline, which is the earliest transmission line, presents the lowest dispersion, and intermedium losses (theoretically 6 dB/mm at f = 1 THz [401])
compared with the other three. However, it requires strong symmetry and
thereby presents difficulties in the circuit design, incorporation of elements,
and bias circuitry. This becomes a specially undesired feature for the small
THz circuits.
The slot line presents large dispersion radiation losses and high order mode
excitation problems. Thus, broadband transmission is not well supported by
this waveguide. Since two-conductor transmission lines are considered in THz
mostly for non-dispersive broadband signal transmission, the slotline gets out
of the choice.
In the case of microstrip, propagation takes place mainly in the dielectric region between the strip and the ground plane. This implies high confinement
of the field, having, therefore, both, large conductor losses and large dielectric
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absorption. Benzocylobutene (BCB), a low permittivity, relative low-loss dielectric at THz frequencies (εr = 2.42, tan δ = 0.007 [402]), is commonly used
[401], [403], [159], also because of its easy grafting. Despite of the high-loss
feature of the microstrip at THz frequencies, its easy integration and compactness has reserved some uses to it in the recent THz research. Nevertheless,
modifications of the original structure to better adapt it to the THz conditions
has been also common, as with other microwave waveguides.
Back in 1991, a sort of microstrip lines were designed using high permittivity
dielectric instead of metal, treating to avoid the large conductor losses [404],
[405]. In such works, microstrip is called ”unpracticable” at sub-mm frequencies justified by its attenuation, as high as 0.1 dB/mm already at only 0.1
THz in a theoretical context. The proposed design reduces classical microstrip
losses by a factor between 3 and 6 [404], and diminishes the dispersion [405].
Theoretically, losses under 1 dB/mm maybe reached at f = 1 THz. It is not
considered in those papers that, probably, isolation and substrate modes could
be practical problems of that modified structure.
Later in 1997, in [406], thin-film microstrip lines using polymerized cyclotene
were experimentally proved to achieve 1 dB/mm at 0.1 THz despite of the fact
of the substrate high losses (conductor losses still dominating for the design).
It is worth to mention that, in this work, it was highlighted that microstrip
is preferable to CPW because of the its better isolation against the substrate
and its lower radiation losses.
An interesting work showing a successful use of microstrip line and giving
strong reasons for its use can be found in [407]. Despite of previous successful
works using a CPW to implement a HEB receiver, it is preferred the microstrip
line (a common solution for SIS detectors). The microstrip line has a characteristic impedance generally lower, and it can be varied in a wider range, thus
being easier to match the low impedance of a Nb HEB. Also, it was already
proved up to 1 THz in SIS detectors, and whereas analytical models and closed
forms are found for microstrip, CPW often demand from full-wave analysis.
Finally, the microstrip line does not disturb the antenna pattern, as it occurs
when the CPW is used, since the ground plane is interrupted.
More recently, microstrip has been proved to have strong potential for measuring broadband THz absorption of polycrystalline materials or sensing DNA
in biomedical instruments [403], [408]. The experimental setup used in [408] is
shown in Fig. 2.65(a). A lithographically defined microstrip on chip is used to
sense a sample displayed above the strip. A Ti-Au coated strip of 30 µm over
a 6 µm BCB substrate is used, being the total microstrip length of 2.8 mm.
The evanescent fields propagating above the strip penetrate in the sample and
interact with it.
The system is able to cover the 0.1 THz to 0.8 THz band, showing losses of
roughly 6 dB/mm at 0.8 THz. The compactness of the system makes, however,
this high attenuation constant be acceptable for the purpose. A good feature
of the system is that the samples do not require contact with the strip, thus
avoiding a possible deterioration due to repeated experiments.
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(a)

(b)

Figure 2.65: Planar waveguides at THz frequencies 2. a) Experimental setup implemented for
measuring broadband THz absorption of polycrystalline materials using a microstrip line, from
[408]; b) Microscope view of the realized CPW waveguide on BCB substrate, incorporating input
and output transitions [409]. Main geometrical parameters and dimensions are sketched on the
image.

It is worth to mention that the authors indicate that planar Goubau Line
(GL), which is basically a microstrip without ground plane, later reviewed in
the surface THz waveguides section, may be more suitable for more sensitive
interaction with the sample. However, since for the microstrip case radiation
losses limits the bandwidth, planar Goubau Line may suffer from this effect in
a stronger way. Compared to similar experiments using Parallel-Plate Waveguide (PPW), this microstrip based sensor presents 3 times more resolution (2
GHz), but half of bandwidth.
In [403], a sharp reject band of about 25 dB of insertion losses is achieved
at f = 1.44 THz through microstrip designs with Defected Ground Structure
(DGS), i.e., microstrip lines where some modifications are practiced on the
ground conductor [410]. Again, BCB is preferred as dielectric. Thanks to the
DGS, neither stubs nor stepped impedance structures are required. Instead, a
very compact 50 Ω λ/4 microstrip line with hexagonal shape DGS is achieving
the desired reject-band functionality. The sharpness of the rejection band
could allow very sensitive sensing and detection in biomedical instruments.
Although the idea is interesting and it is contrasted with several simulation
software (HFSSr [411], CSTr [412] and ADSr [413]), it would be desirable
some experimental confirmation.
Finally, some attempts are found recently to avoid dielectric losses by using
suspended microstrip lines. For example, in [414] it is described the case of a
microstrip in which only a very thin dielectric layer is paced under the metal
strip, thus having mostly air between strip and ground plane. Simulated losses
are of 0.077 dB/mm at 0.3 THz. The authors propose, furthermore, the use
of a thin coating for the ground plane in order to minimize conductors losses.
However, losses reduce only to 0.073 dB/mm.
The coplanar waveguide presents structurally two main differences regarding
to the microstrip line. First, CPW is a single layer structure, i.e., strip and
ground plane are in the same plane. Second, conductor is split in two parts,
this implying a total of three conductors. The first structural feature drives
to a more equal power distribution between dielectric and air, and a lower
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confinement between strip and ground. Thus, dielectric losses are reduced and
radiation losses are increased. Analysis and experiments of the last decades
bibliography (see for instance [401], [415]-[409]) indicate that the second effect is much more influential at THz frequencies, despite of the high dielectric
absorption. Furthermore, to achieve some confinement CPW requires the distance w (see Fig. 2.64(d)) be quite small. This affects ohmic losses.
The second feature implies the main drawback according published works: the
possibility of excite the slotline mode (SL mode, even mode or asymmetric
mode). This can be solved by maintaining circuit symmetry (complex restriction) or by introducing Air Bridges (AB) [417], [418], what leads to lose the
single-layer easy of manufacture.
By the above, in general, CPW presents higher losses at THz frequencies than
the microstrip line. However, in the still open contest [409] of choosing a
concrete waveguide (even when the desired features are quite concrete) one
founds some works strongly defending and properly justifying the preference of
CPWs. Some relevant or interesting works are reviewed now from an objective
point of view.
CPW research of this century must thanks two great works, [416]-[417], in
which the CPW analysis and experimental test was done in a very rigorous
and detailed form. Obtained conclusions gave a good starting point for more
recent designs. The fact of this works were published indicates the relevant
role of CPW from the beginning of the THz revolution.
The work done in [416] was motivated by the necessity of both, designing a
high-performance THz waveguide and having proper analysis models for it, in
order to afford material characterization in the THz band.
Analytical formulas were obtained fitting full-wave simulations (costly at that
time). In addition, experimental time-domain measurements using sub-ps
pulses provided verification to the derived formulation, and provide a practical test for CPW use in the THz regime. The great agreement between the
new proposed model and experiments indicates a good improvement from the
significant inaccuracy of conventional quasi-static approximations at THz frequencies. Specifically, the predicted growing of attenuation as f 3 is, in reality,
much lower.
The attenuation is leaded by radiative loss, which clearly predominate to power
loss coupled to substrate modes. Regarding to this, the CPW presents one
unusual characteristic. Contrarily to most of dielectric waveguides, in the
CPW, radiation losses increase (with a large rate) with the frequency.
The experimental test was done by means of a 500 µm thick GaAs realized by
standard photolithography, with a 50 nm/350 nm Ti/Au conductor. A 0.6 ps
pulse (0.5 THz bandwidth) was through to propagate up to 5.2 mm. Losses
of 0.6 dB/mm were obtained at 0.5 THz and 2 dB/mm at 1 THz (10 dB/mm
were predicted for the inaccurate quasi-static model). As major drawbacks, one
founds that losses are very frequency dependent, and some pulse broadening
is appreciated in the received signal.
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The work carried out in [417] was also motivated by the procurement of an adequate semiempyrical model and, additionally, tries to give good insight in the
even and odd CPW modes. In this work, a special emphasis was done on the
loss problem and frequency distortion, originated by the high contrast between
dielectric and air. This contrast makes the guided waves radiate some of their
energy into the substrate as a shock wave. A microwave adopted alternative
is to use an additional dielectric over the conductors. At THz frequencies,
however, on the one hand, it would difficult to not create small gaps in the
assembling and, on the other hand, dielectric absorption will increase.
Therefore, the authors proposed an interesting structure. Instead a bulky substrate, under the conductors zone, only a thin (1.4 µm) membrane of composite
dielectric is placed. Effectively, this is like to have a very low permittivity substrate, since most of the power is propagated with very low dispersion in the air
regions. It was found that this configuration not only reduces radiation losses
and dielectric losses, but also conductor losses. Main observed drawback was
the difficulty of achieving enough low impedance. Another disadvantage that
may be intuited is the possible mechanical instability.
Experimental tests were done considering a CPW with conductor width of
s1 = 40 µm and slot width w = 25 µm, considering both, the conventional
CPW and the proposed membrane-based CPW. Whereas for the conventional
CPW mean attenuation was of 2 dB/mm and the original pulse (0.8 ps/0.6
THz bandwidth) was broadened 2.7 ps, the proposed structure exhibits 0.24
dB/mm and negligible dispersion. This is a great improvement. Furthermore,
the membrane-structure was shown to experience less influence from differences
between even and odd modes. Whereas in the conventional CPW group velocity difference between even and odd modes was about 20%, in the proposed
design, this difference was reduced to 5%. Therefore, air bridges to prevent the
even mode may be even unnecessary. However, the authors pointed out that
achieving a 50 Ω line is very geometrically restricting, hence the design lose its
good properties for the required dimensions. This implies that the proposed
structure be only slightly better than the conventional case for this commonly
employed impedance.
Later, in the 2000 waveguide overview of Grischkowsky [415], the CPW case
was considered with the objective of achieving high-speed circuits transmitting sub-ps pulses at least 10 mm. Again, radiation losses appeared as the
major threat, and the authors discard many common dielectrics such as sapphire, fused silica, semi-insulating GaAs or MgO due to absorption reasons.
As alternatives, crystalline quartz, high-density polyethylene or TPXr are
considered.
In order to reduce the radiation losses, approximation of the conductors was
considered. Since this increases ohmic losses, superconductors were considered.
At T = 2.5 K, the used aluminum presented 12 times less resistivity. As a
result, attenuation at 1 THz was 0.7 dB/mm, instead of the 0.9 dB/mm of room
temperature, what is, however, not a great improvement. At f = 0.8 THz,
even mode exhibits 1 dB/mm front the 0.4 dB/mm of the odd-mode. Again
it is seen how important is avoid the former mode. Since the velocity group
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dispersion of the CPW is of opposite sign to that of conventional waveguides
and dielectric fibers, the authors suggested possible interconnecting of them to
achieve non-distorted pulses. However, possible losses due to mode mismatch
and mode coupling fall this into question, since they would imply a too high
price for non-dispersive transmission, maybe attainable by other ways.
More recently, some works have gone again into deep analysis and fruitful
experiments using BCB dielectric [401], [418], [409]. It is highlighted that
planar waveguides characterization that fit the observed experimental results
is hard at THz frequencies. The sources of loss (ohmic, dielectric, radiative
and even mode) are deeply and separately studied. Whereas the two last are
the major contribution, dielectric losses have low contribution. Theoretical
calculations give 3 dB/mm at 0.5 THz and 6 dB/mm at 1 THz when the
CPW chacteristic impedance is forced to be 50 Ω. The presented prototype,
Fig. 2.65(b), achieves a best value of 3.5 dB/mm at 0.5 THz what proves good
agreement between theory and experiments, and shows CPW competitiveness
front the microstrip line.
The authors highlight that the main advantages of the CPW front the microstrip line are the easy connection with Field Effect Transistors (FETs) and
Photoconductive (PC) switches, and that CPW does not require via holes.
Moreover, reduction of radiation losses is proposed by adding a Backside Conductor (BC). This, however, causes some undesired resonances. The resonances
may be eliminated through via holes (complicating the manufacturing). Other
good idea to solve this problem could be add some periodic pattern to the
ground plane to achieve some EBG effect, as occurs with some designs reviewed in the Part II of this thesis.
Finally, a very recent publication [419], reports low-loss filters implemented
with superconducting NbTiN CPW to provide an on-chip filterbank spectrometers. A total of 9 channels are implemented, being the maximum resonator
Q over 800 at 0.35 THz, which is an outstanding value. The mean resonators
quality factor is Q = 550, however, being the minimum value Q = 94, which
indicates that some control about the prototypes quality is still necessary.
Authors incise in that, although the microstrip line has much lower radiation
losses, it has its own challenge with material losses. CPW is considered as a
good alternative to microstrip in large scale THz electronic circuits due the
following advantages: 1) it can be based on metal film deposited on crystalline
dielectric, thus avoiding amorphous lossy dielectric; 2) it is trivial to make a
short to the ground, making it easier to realize quarter-wavelength resonators
(this being less true when ABs are present, however).
Planar waveguides review ends with the Paralel-Plate Waveguide (PPW).
Whereas microstrip and coplanar waveguides represent a direct scaled microwave solution, looking for low dispersion and integration features at the cost
of very high loss, the PPW is rather a rediscovered waveguide with promising
properties for the THz band. The classical PPW consist simply on two metal
plates separated a distance h [376], Fig. 2.66(a). Practical implementation of
this concept may require some mechanical system to keep the distance between
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plates, electrically isolating them. One possible solution, as proposed in [420],
consist on placing two electrical layers or slabs at the sides, in order to left a
propagation channel of width w (see Fig. 2.66(a)).
The PPW structure allows for TEM mode transmission, with the great advantage of avoiding dielectric losses. Furthermore, mode distribution has specially
low interaction with the metal plates compared to other planar waveguides.
Thus, the PPW is intrinsically prepared for low-loss and non-dispersive transmission, therefore capturing the attention of THz technology researchers.

(a)

(b)

Figure 2.66: Parallel-Plate Waveguide (PPW) at THz frequencies 1. a) Schematic of a classical PPW, defined by the distance between plates h, and a practical implementation version, were
dielectric dielectric layers are disposed at the sides for electrical isolation of plates. This second
structure is defined, additionally, by the propagation channel width w. Normally air is preferred as
dielectric between plates for low-loss purposes; b) From up to down: reference pulse and schematic
of the confocal lens system, pulse through a short (12.6 mm) path PPW and schematic of the experimental setup, and pulse through a short (24.4 mm) path PPW and schematic of the experimental
setup [421].

At the starting of this century, Mendis and Grischkowsky [420], [421] proved
theoretical and experimentally the great characteristics of PPW for THz frequencies, considered at the moment for the demand of wideband structures
solving classical waveguides limitations. More specifically, in [420], tow thin
coppers strips together with dielectric slabs at sides were used to create a
w = 15 mm, h = 90 µm PPW. The employed reference transmission signal
was a 0.22 ps pulse with spectral content going from DC to 4 THz (mostly
concentrated between 0.5 THz and 2.5 THz).
The waveguide was shown to operate mostly monomode, with negligible velocity group dispersion. In [421] it was pointed out that, although from 1.5 THz
other modes can propagate, power is hardly coupled to the second mode, the
TM1 , and in case of coupling to the next, the TM2 , high losses of this mode will
make this coupled power vanish. Good correspondence between theory and experiment is obtained in these works. The reported velocity group dispersion is
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under 0.1%. This fact is reflected on the obtained pulses, Fig. 2.66(b). Thus,
the small widening of the received pulse, of 0.39 ps wide, is justified by the experimented frequency-dependent propagation losses. Tb/s transmission with
PPW are visioned by the authors. Mean observed losses are of 0.04 dB/mm,
and are caused not only by the ohmic effect, but also because of the pulse
spreading in the unguided dimensions, which is, clearly, the main limitation of
this waveguide.
Inspired in this good results, the work in [422] proposes a transmitter based on
the PPW. This transmitter requires, however, to fill the propagation channel
with a semiconductor dielectric (GaAs), thus losing the feature of dielectric
air. Employed dimensions are h = 120 µm and w = 10 mm. The authors
obtain good results in transmitting a 0.31 ps pulse (spectra extending up to
3 THz, approximately). However, the use of dielectric implies, on one hand,
that higher order modes are more easily excited for the same PPW dimensions.
On the other hand, the PPW ends its low-loss property compared with other
planar waveguides.
Other promising paper appeared in 2007 [423]. In this work, a dielectric slab
was sawed and, then, the sawed dielectric faces were gold-metalized. As a
result a (h = 270 µm, w = 300 µm) PPW with a propagation length of 40 mm,
was obtained. In this case, the propagation channel has an aspect ratio much
less planar, appearing rather as a square. Propagated energy confinement
is lower, however, the authors showed it has reasonable extension. Actually,
the effective transmission area is about 40 times smaller than for other lowloss, low dispersion waveguides, such as the Single Wire Waveguide. Clear
single-mode transmission was achieved over the range 0.1 THz-1 THz. Results
showed good agreement with calculations, obtaining outstanding losses, going
from 0.01 dB/mm to 0.03 dB/mm in the aforementioned bandwidth.
Later, in 2009, Mendis and Mittleman proposed a totally different approach
for the use of the PPW [424]. In this work, the use of the TE1 was proposed
instead of the fundamental TEM mode (also called TM0 mode). Whereas the
fundamental mode experiences the usual increasing attenuation with frequency,
the TE1 mode, with E-field parallel to the plates, shows the contrary behavior.
Authors indicated that this phenomena is not observed in any other waveguide.
However, it is true that the TE01 mode of CWG has similar behavior, and,
at some frequency range, metallic waveguide modes experience also decreasing
attenuation with frequency.
In that work, the case of h = 0.5 mm was firstly considered, providing 0.005
dB/mm at f = 0.5 THz and 0.002 dB/mm at f = 1 THz, which are very
good figures. However, a noticeable chirp is observed in the received pulse
for this case, mainly originated by the dispersive behavior of the TE1 mode.
The authors solve this problem by increasing the plate separation up to h = 5
mm. Although this overmoded PPW is able to propagate up to 17 modes, the
power was nearly 100% coupled to the desired TE1 mode, thanks mainly to
the good matching between the input Gaussian beam and the sinusoidal field
pattern of the mode.
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Dispersion was reduced to negligible levels for this case. Furthermore, theoretical calculations predict an incredible low-loss feature: 2.6 dB/Km. The
authors were not able to measure such low levels since a large path would be
required. Regarding to this, the problem of pulse broadening in the unguided
dimension arose as an important drawback. It is also proposed in this paper
a possible solution to mitigate the problem: folding the plates at the sides,
generating concave shapes. This is, curiously, very similar to the groove CWG
of [378]. To test this, 2 cm-wide Gaussian beams are launched into a h = 10
mm, 1 m long PPW. Whereas the conventional PPW spatially widens the
pulse up to 20 cm in the transversal direction, the proposed design keeps it
under 3 cm. Despite of the promising results obtained, further work seems necessary to check the expected results, and observe the practical limitations of
the structure. For example, the solution of curving the plates or other similar
perturbations may lead to the excitation of high-order modes.

(a)

(b)

Figure 2.67: Parallel-Plate Waveguide (PPW) at THz frequencies 2: filtering applications a)
SEM images of the employed Photonic Bandgap structures in [425], consisting in metal pillars and
its dual: holes. They were used to implement filtering functions in PPW; b) Experimental setup of
[426] consisting in a quasi-optical system using a fs laser, and geometry (p = 142 µm, w = 58 µm,
d = 84 µm) and photography of the studied groove structure. The number of grooves is 15.

The PPW has been also proved for filtering purposes by introducing some PBG
structures[425], [427]. In [425] the disposal of two types of PBG structures,
pilars and holes (see. Fig. 2.67(a)), in one of the plates is studied. The authors
highlight the suitability of the PPW for the implementation, due to the lack of
spatial dependence of TEM fundamental mode, so that the 3D PBG structures
can be replicated 2D. The manufacturing is done by means of photolithography
and metal deposition, avoiding traditional etching methods, maybe inaccurate
for this design.
The PPW is h = 100 µm, and the cylinders and holes have a height of 70 µm.
These structures offer dual responses, approximately, being the cylinders case
narrow-band pass and the holes narrow-band reject. Cylinders imply higher
losses in the bandpass, and the authors remark that very high losses are found
for larger cylinder heights. Also this type of PBG is more dispersive than the
111

Chapter 2. State of the art
holes one. Experimental response shows contrasts going from 65 dB to 100
dB from pass and rejected bands, whereas total losses are 15 dB for 25 mm,
which means 0.6 dB/mm. Although sharp skirts and good reject is obtained,
it seems that a more compact filtering structure would provide better results
since, in this case, low-loss characteristics of the PPW are lost and one has
large size filter with excess of insertion losses.
In [427], the quasi-optical experimental setup shown in Fig. 2.67(b) is used to
shown the filtering properties of PPWs when some grooves are created in one
of its faces (a schematic and a photography showing the grooves details can
be appreciated also in Fig. 2.67(b)). A total of 15 grooves are displayed, with
deep d = 84 µm, wide w = 58 µm, and periodically spaced in the propagation
direction z with period p = 142 µm. This structure provides some narrow
rejection bands (as it consists in grooves rather than obstacles) with 30 dB
contrast. The results show 3 dB of insertion losses, and the authors give a
good value of equivalent Q for the passbands: 400. It is surprisingly affirmed
that assuming metal as perfect conductor is a good model for THz. Despite of
this approximation, good agreement between simulation and results is found.
One can also find some graphene uses in the PPW. In [427], PPWs with
one or both plates implemented with a graphene structure are studied. In
the analytical study, hybrid modes are found, and the compromise between
losses and confinement become important due the new boundary conditions.
The interest of the structure relies on the high control of the propagation
constant via applied bias fields. Maybe in the future, these structures will be
chip-integrated to provide complex, very specific responses. Communications
applications would strongly benefit from this feature.
The research carried out provides strong reasons to consider the PPW as the
guided media for many applications. The research continue on, and, in these
days, PPW sustain several pioneer experiments using THz-TDS spectroscopy
to characterize materials [428]-[429].
2.3.3.2

Dielectric (Optic) Waveguides

In the optical regime, metals interact with the matter in a very different way than
at lower frequencies. Actually, in the optical regime, a metal is rather a bad dielectric with moderate permittivity, than a conductor [430]. This idea will be better
understood in the next chapter of this thesis. Therefore, at the very high optical frequencies, manipulate the light for low-loss guidance must involve dielectric
waveguides, where no metals are present.
It was first, in 1961, when Snitzer [431] considered the concept of a cylindrical
dielectric waveguide with two layers (core and cladding) having similar permittivity.
Propagation of first modes was numerically analyzed. The fact of very low contrast
between core and cladding permittivity allowed to have the modes more spaced, i.e.,
easier monomode transmission, even for a waveguide being very large in terms of
the wavelength. This was eminently practical at those extremely small wavelengths.
Inspired in the theoretical predictions, in 1966, Kao and Haockham [432] recognized that, if impurities were removed of the dielectric materials, a very low-loss
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media would be achieved. Progressively, silica-derived materials were being built
more and more transparent to optical waves the following years until reaching the
high-performance 0.17 dB/Km of nowadays [21].
At THz frequencies, seems evident that, at least from current dielectrics known,
a similar solution will not be possible. It is true, however, that the presence of metals
is an important source of losses in the usual microwave waveguides, when applied to
THz frequencies. Therefore, research coming from the optical side has been trying
to create low-loss all-dielectric transmission lines these last two decades with the
same or more intensity than microwave research groups.
The limitation of having a lack of transparent THz dielectrics has stimulated the
wit to create more and more complex and sophisticated structures to manipulate
the THz light in an optimum way. A huge number of designs have been proposed,
in such way that some classifications are necessary [433], [434]. A pass closer can be
done to look more in detail the waveguiding mechanisms involved, so that, in this
thesis, some dielectric waveguides are classified attending to their involved photonic
bandgap effects, or impenetrable surface waveguiding, later described.
Therefore, in this section, they are found dielectric waveguide designs trying to
force the guided energy to travel through air regions using different phenomena such
as Total Internal Reflection (TIR) or resonant effects, as it is the case of the so
called Antiresonant Reflecting Optical Waveguides (ARROWs) [435]. The distinction between bulk and planar become specially important here since, for dielectric
waveguides, the volume of non-planar designs is specially large. Furthermore, Porous
Fibers (PFs) are named as an apart class due to its relevance. Dielectric waveguides,
more difficult to analyze than conventional microwave waveguides per se, will be
shown in this section to adopt very challenging geometrical forms. One more time,
it will be appreciated how desirable is to have proper analysis methods, which is a
major objective in this thesis, to proper design, optimize and choose.
• Solid-core Fibers and Tubes:
It was in 2000 when the group of Grischkowsky considered, as a part or their
research in THz waveguides (including, as it has been reviewed RWGs, CWGs
and PPW), the possibility of using a cylindrical sapphire rod (εr = 9.6, tan δ =
1.7 · 10−3 at f = 0.9 THz [21]) in monomode operation [436]. Fig. 2.68(a)
shows the schematic of a classical dielectric cylindrical waveguide. The authors
justify the interest in dielectric waveguides because, in their words, with good
materials, these waveguides may overcome the performance of metallic ones.
As an example, high-resistive silicon (εr = 11.66, tan δ < 4 · 10−4 from f = 1
THz to f = 4 THz [437]) is mentioned. However, propagation of THz waves
in bulk high resistive silicon would imply losses as high as 0.04 dB/mm.
Pulses of 0.6 ps (considered frequency range is 0.8 THz-3.5 THz) were linearly
coupled with high efficiency to the fundamental HE11 mode of the fiber. This
results much more efficient than coupling THz waves to the TE11 mode of
a CWG. Although more modes could propagate, HE11 was clearly dominant
in the excitation. It is questionable, however, the possible coupling in bends
or other perturbations to other modes, very easy to happen in this kind of
waveguides [439].
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(a)

(b)

(c)

Figure 2.68: Dielectric fibers and tubes at THz frequencies 1. a) Basic dielectric cylindrical
waveguide consisting in a rod of radius a; b) Dielectric tube defined by the its inner radius a and
the dielectric thickness t; c) Dielectric tube having small air inner region, proposed in [438], and
E-field magnitude inside the structure.

Thanks to the high contrast between core (high-resistivity silicon) and cladding
(air), sizes are quite electrically smaller than those used in the optical regime.
Three radius were considered: a = 325 µm, a = 250 µm and a = 150 µm.
However, it is known that, the higher the contrast, the larger the frequency
dispersion: lower frequencies experience external region propagation whereas
higher frequencies propagate confined inside the core, which is denser [21],
[440], [441]. This justifies the high velocity group (vg ) dispersion observed:
vg ranges from c/3 to c. Regarding to the losses, 0.3 dB/mm were obtained
at f = 1 THz. Therefore, although efficient coupling was achieved, this first
attempt to use dielectrics for waveguiding purposes seems to be far from THz
requirements.
First step forward was done in 2006 by Chen [442]. In that work, it was considered using subwavelength fibers in order to reduce confinement so that most of
the power propagate in the outer air region, thus reducing the losses caused by
the dielectric core. Polyethilene (εr = 2.3, tan δ = 1.4·10−3 at f = 1 THz [21])
was used to implement the fiber. The low permittivity of polyethilene allowed
also for lower losses and lower dispersion than in [390]. However, the attenuation dependence with the frequency (attenuation dispersion), characteristic
of dielectric waveguides, was still present: 8.6 · 10−4 dB/mm were obtained at
0.31 THz, whereas, at 0.36 THz, the attenuation grow up to 0.026 dB/mm.
The coupling efficiency is also highlighted in this work. An efficiency of 20% is
reported by using off-axis parabolic mirror. Other indicated advantage is that
the employed fibers are commercially available (easy manufacturing). Finally,
since the wave extends well in the air region, sensing properties of this waveguide are remarked. However, the virtual noticeable low-loss is caused by the
very weak guidance of the waveguide. Problems at bends and some frequency
dispersion are predicted for this still improvable design.
More interesting resulted the contemporary proposal of Nagel [438]. The work
was motivated by the recent advances in integrated optics. Some waveguides
concentrating power in low-permittivity media were achieved by considering
small regions of low-permittivity enclosed or surrounded by high-permittivity
regions [443], [444]. In this way, although guidance by TIR implies a slow
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exponential decay in the low permittivity media, since the boundaries where
TIR occur are very close, an enhanced field is obtained. A more mathematical
way to understand this effect is that, for those modes which E-field polarization
~ must
is rather orthogonal to the boundary, since the displacement current D
be continuum, the E-field experiments an enhancement in the low-permittivity
media, close to the boundary. If a low-permittivity media region is trapped
between boundaries, a E-field concentration spot is achieved.
In this work, a dielectric tube, Fig. 2.68(b), was proposed to guide THz waves
mostly in air, but confined. This work considered tubes with a comparable or
smaller than t, then obtaining high confinement in the inner air region due to
the effect explained before. In Fig. 2.68(c) it is shown an schematic of the
tube used in [438] and the E-field magnitude distribution in it. By this, a
great trade-off between losses and confinement is achieved. The authors gave
several reasons to defend that the presented design is preferable than other
options like Bragg or photonic bandgap fibers. These last imply complex
manufacturing due to their geometrical features, and some undesired effects:
losses to variations in the fibers or surface roughness, scattering from multiple
surfaces and deformation of the geometry at bends.
Fused silica (εr = 3.8, tan δ = 0.001 at f = 0.5 THz [445]) was considered as
a dielectric. Although the work did not go very deep into the tube structure
analysis, a good optimization procedure is carried out. It must be highlighted
that proper a and t give quite improvement from rather random values. Thus,
optimization is a must for this structure. The key point is to maxime the field
in the inner air region. Through this, not only dielectric losses are reduced,
but also radiation losses. This is contrary to the previously commented bulk
dielectric rods, for which the main air region is external.
On the other hand, optimization was done for a single frequency (intrinsically,
it is the usual way, rather than averaging for broadband), so that the design
experimented dispersion features. For example, simulation results indicated
that the dielectric tube shows 0.04 dB/mm losses at 0.5 THz, instead of 0.09
dB/mm of a dielectric rod of the same material. However, at 0.3 THz and 0.9
THz, losses of both waveguides are pretty much the same. The improved performance in bends is much clear. The dielectric tube exhibits only additional
0.005 dB/mm losses, two orders of magnitude less than the Single Wire Waveguide (but also propagation losses two orders of magnitude larger), information
given as a justifying example.
Experimentally, the structure exhibited 0.18 dB/mm at 0.5 THz, and it was
appreciated that the dielectric absorption was double than predicted. Therefore, although the idea was good, results are not improving those obtained
with CWGs, a structure that offers equal or greater confinement for bends.
Other interesting work, with more successful results, is described in [446].
With the idea of avoiding metal losses reported in those works considering
CWGs with inner coatings, a similar structure is proposed without metal, and
using low permittivity material. Thus, in the proposed design t < a (see
Fig. 2.68(b)). The authors use commercially available Teflon tubes (εr = 2.1,
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tan δ = 1.5 · 10−3 at f = 0.9 THz [21]) of 3 meters long, with a = 4.5 mm and
t = 0.5 mm.
The design is based on the resonance phenomena caused due to the 2-D dielectric cavity formed by the waveguide, the same phenomena in which ARROW
are based [435], [447]. This phenomena provides confinement (narrow-band, of
course), so that the authors indicate that neither multilayer nor metal coatings
are necessary.
A good feature of the design is that 84% coupling efficiency is obtained. Experimental losses are 0.015 dB/mm at 0.55 THz and as low as 6.84 · 10−4 dB/mm
at the antiresonance of f = 0.4 THz. There is strong dispersion, however.
Multimode operation is caused by the large waveguide size, which is critical
since losses grow as a−4 . It is found also that the bandwidth is proportional
to 1/t, however, decreasing t would imply manufacturing complexity and poor
mechanical robustness.
As in the previous work, many studies with dielectric waveguides were lacking
of studies of the radiation issue on bends. In [448], the sources of losses in
dielectric subwavelength rods are breakdown concluding that losses originated
by surface roughness are negligible and highlighting the relevance of bend
losses. In [449], the bend problem for the same dielectric tube of [446] is
afforded considering different frequencies, polarizations, core diameters and
cladding thicknesses. It is highlighted the importance of properly afford the
bend losses issue. Surprisingly, low bending losses are reported in such work,
despite of the fact that the structure is a dielectric tube with a large air core
and a low permittivity thin cladding. It is found that lower t provides lower
propagation losses and lower radiation on bends but in this case, also weaker
resonant peaks, so the drawback of narrow band for thin cladding is not found
in this work.
The structure is tested in the range 0.32 THz-0.42 THz with a gun oscillator,
obtaining 0.005 dB/mm additional losses for a R = 60 cm bend, which are
comparable with that of the CWGs with thin metal cladding reviewed before.
This losses are independent of whether the polarization is parallel or perpendicular to the plane where the bend takes place. In general, performance of
the waveguide is quite good except of the dispersive attenuation and, probably,
the large size of the waveguide.
More recently, an interesting work considering the deliberate use of a thick,
lossy cladding has been presented [450]. Apparently, this configuration, attenuates the field in the cladding, reducing interferences and damping the resonant
effects present in ARROW-based waveguides. Since most of the power still
propagates in the air region, this dielectric tube preserves the low-loss characteristic. Furthermore, since the cladding is thick, the structure is mechanically
robust and easy to handle.
The proposed fibers are made from Polymethyl Methacrylate (PMMA), which
has low permittivity and large absorption at THz frequencies [451]. Radius is
fixed at a = 4 mm and claddings of t = 1.29 mm, t = 1.97 mm and t = 2.95
mm are considered. When the thickness t is small, the resonant attenuation
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peaks every 0.1 THz are still present. However, they damp considerably for
the largest thickness considered at the expense of only a slight increment of
losses in average (of course, at the anti-resonances the standard dielectric tube
has lower losses).
Experimental results show 0.16 dB/mm at f = 0.5 THz that go down to
0.04 dB/mm at f = 1 THz. It is observed that losses decrease with the
frequency as 1/f . This fact is interesting when this waveguide is compared
with hollow metallic waveguides, which experience strong increasing of losses
with the frequency. Curiously, on bends, losses are quite equalized which is a
good feature. For a curvature radius of r = 30 cm bend, the additional losses
are of 0.017 dB/mm, and they grow up to 0.132 dB/mm if the curvature radius
is reduced to r = 10 cm.
Dispersion characteristics of this waveguide are as well interesting. The proposed structure present a velocity group between 0.98c and c for the considered
bandwidth, just presenting some oscillations caused by the the resonant effects
when the cladding thickness is not enough thick. Surprisingly, by adding water
to the cladding, extremely flat velocity group is found arrond vg = 0.99c.
It is worth to mention that some interesting comparisons with the best considered THz waveguides are carried out in that work. For example, the authors
indicate that excitation efficiency of their structure is superior to that of the
Single Wire Waveguide, and that mode pattern is much more stable than the
Parallel Plate Waveguide one, which suffers from broadening in the unguided
direction. Also, it is indicated that hollow-core dielectric fibers are preferred
to solid or porous core ones since these last have more absorption and are
sensitive to external perturbations and bends. Furthermore, it is pointed out
that PBG hollow-core fibers require from high air filling fraction to increase
the bandwidth. This complicates the manufacturing process. The same can
be said regarding Bragg fibers and the required high permittivity contrast.
Regarding to practical uses, dielectric tubes have been shown effective to transform the multimode and highly diverging beam of a THz QCL into the tube
HE11 , which couple easily to free-space in linear polarization [452]. A Pyrex
(εr = 2.15, 7.8 dB/mm absorption coefficient at f = 0.8 THz [445]) tube
a = 1.8 mm is considered. Similarly to [450], high dielectric absorption is not
a problem, since most of the power is guided in the air core. At f = 3 THz,
losses of only 0.026 dB/mm are obtained. However, no information about
performance in bends is given.
The authors of that work report 35% coupling efficiency and indicate that it
can be increased by proper optimization. The good beam transformation may
be employed in applications where a spatial coherent beam is required. It
is highlighted that, in contrast to metallic waveguides, dielectric waveguides
provide excellent transverse mode control (due to the weaker boundaries).
Specifically, the dielectric tube is incorporated in many optically pumped submm wave molecular gas lasers.
Parallel to the structure engineering, it is still possible to find some works that
try to base the low-loss feature on the advances in materials. Recently, high
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(a)

(b)

Figure 2.69: Dielectric fibers and tubes at THz frequencies 2. a) Basic dielectric cylindrical
waveguide consisting in a rod of radius a; b) Dielectric tube defined by the its inner radius a and
the dielectric thickness t; c) Dielectric tube having small air inner region, proposed in [438], and
E-field magnitude inside the structure.

resistivity silicon and sapphire rectangular (0.61 mm × 0.31 mm) dielectric
rods have been considered for the lowest frequencies of the THz band [453]. In
this work, it is affirmed that with good dielectrics, lower losses than metallic
waveguides, with the additional facility of integrating active devices on the
waveguide surface. Experiments show, however, that this may be only partially
true. Using WR-3 to WR-6 waveguides for the feeding, Fig. 2.69(a), the
dielectric rods are tested in the 0.11 THz-0.33 THz range. Sapphire rods
achieve the best results with 0.25 dB/mm at 0.3 THz, which is still far from
the best performance of metallic waveguides. It seems that, a big step forward
in THz materials is necessary before using this configuration.
Finally, it is commented the very recently proposed helical dielectric waveguide
[454], Fig. 2.69(b). This waveguide is easily manufactured with conventional
3-D printing techniques, so it is low cost. Furthermore, structure is flexible
and may result practical for some applications. The helix is made by means
of a 0.6 mm side square rod. The helix radius is a = 4 mm, whereas pitches
(helical period) of 90 µm and 120 µm are considered.
The employed polymer presents an absorption coefficient of 2.17 dB/mm at
0.2 THz and 19.5 dB/mm at 1 THz, which is quite high. The interesting feature that the helix configuration introduce is the mitigation of the ARROW
resonant effect, in a similar way to lossy cladding tubes. As a counterpart, an
increment of average losses (more increment than in the lossy cladding tubes)
is experienced. Attenuation of 0.8 dB/mm is found at f = 0.2 THz and 0.06
dB/mm for f = 1 THz. Nevertheless, using a better dielectric may reduce
this values, keeping the non-resonant effect, which is provided by the structure
according to the authors. In the paper, a deeper structure analysis is missed,
since it could provide better exploration of this helix dielectric waveguide possibilities.
• Porous Fibers:

Porous Fibers (PFs), proposed less than one decade ago, are one of the most
popular classes of THz waveguides. These structures try to provide confined
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waveguiding, concentrating the power in inner air regions manufactured in a
bulky rod, thus giving to it the porosity feature. Researchers in this topic
defend that this type of waveguides provide the best overall performance for
practical applications. Advantages and drawbacks of PFs are reviewed next,
giving comparison with other structures.
Practically in parallel, the first to proposals of porous fibers are found in
[455], [456] and [457]. In all of them it is found that the main motivation is
to diminish as maximum main problem in dielectric subwavelenght rods and
partially also found in dielectric tubes: bends radiation.
In [455], the arranging of sub-wavelength holes shown in Fig. 2.70(a) is used
to provide true waveguiding, alternative to the barely wave ”railing” of small
dielectric rods and other surface waveguides. The triangular lattice is chosen
since it gives higher porosity than other patterns. Porosity and fiber diameter
and studied to enhance the percentage of power transmitted in the air regions,
see Figs. 2.70(b)-2.70(c) . The authors indicate that the 26% of power transmitted in the inner air region, achieved by the dielectric tube in [438], is not
enough for low-loss feature. As a reference, it is presented a conceptual design
with hole radius of 20 µm and total core radius of 200 µm, achieving 37%
porosity. In Fig. 2.70(c) it is shown how the E-fields tends to concentrate in
the sub-wavelength air holes.

(a)

(b)

(c)

Figure 2.70: Porous Fibers (PFs) at THz frequencies 1: Design proposed in [455] a) Schematic;
b) Transversal E-field magnitude vs. radial distance; c) 2-D cross section E-field magnitude.

In that work it is found that to achieve confinement in the porous core, a minimum radius is necessary. Fibers with larger porosity have a larger minimum
radius. Simulations indicate that PFs are less sensitive to radius variations due
to manufacturing process. Under good confinement conditions, the proposed
PMMA-based PF, achieves 0.8 dB/mm at f = 0.5 THz front of the 6 dB/mm
of a solid fiber. Furthermore, a PF exhibits less attenuation dispersion with
frequency. As drawbacks, manufacturing challenging, which is expected to be
proportional to the porosity, and coupling efficiency, are mentioned.
A similar structure is proposed in [457] together with a Bragg-type hollowcore fiber (a periodic structure based waveguide kind, reviewed later), giving
comparison between both. Teflon (bulky absorption of 0.13 dB/mm according
to the authors) is used as dielectric in the conceptual designs. In the used
hexagonal array, holes are about 0.1λ for the design central frequency (f = 1
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THz) and 9 periods are used to conform the core. A Finite Element Method
(FEM) eigenmode analysis is carried out to study the proposed PF.
It is found that it exist a optimum ratio between hole diameter and period,
d/p, which gives the maximum power concentration in the air holes. On the
one hand, more separation of holes (less porosity) causes higher concentration
in the dielectric medium. On the other hand, less separation of holes (more
porosity) causes filed concentrate in the outer air medium, thus increasing
radiation losses. It is observed that for fibers with conventional porosity (d/p <
0.9), absorption is the dominant loss mechanism. For the same absorption
losses, much less radiation losses are observed compared to sub-wavelength
rods.
Best results are losses under 0.015 dB/mm in the 0.75 THz-1.5 THz band, even
with the presence of bends sharp as R = 3 cm. In comparison, the studied
Bragg fiber achieves better losses (0.005 dB/mm), however in a small bandwidth (0.1 THz) and allowing for less sharp bends (R = 12 cm). Therefore,
according to this work, overall behavior points towards PFs as better solution.

(a)

(b)

Figure 2.71: Porous Fibers (PFs) at THz frequencies 2. a) PF proposed in [456] and detail of
the E-field enhancement in the air core region; b) PF manufactured in [458] from an initial PE and
PMMA (sacrificial) structure.

In [456], a different design, shown in Fig. 2.71(a) is proposed. This works
provides additionally experimental results with good agreement with simulations. Teflon tubes of inner and outer radius a = 1.68 mm and b = 2.08 mm,
respectively, are stacked together to form a structure with a central air core
of 5.5 mm of diameter. Although the structure aspect suggest PBG effects,
simulations using 1 and 3 layers indicate that propagation is that observed in
ARROW structures, having no influence the number of layers. Experiments
confirm this fact. This structure shows β < k0 characteristics, something common to big, empty core structures (similar behaviour is found in [450] and
[454], but not in [438]).
The proposed PF achieves best losses of only 1.6·10−3 dB/mm at 0.77 THz and
coupling efficiency of 50%, which are good figures. However, low-loss behavior
is narrow-band. They are found high-loss peaks caused by resonances of the
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tubes employed. The key point is that, even if a narrow-band application is
required, it will be hard to precisely manufacturing the structure to locate the
noticeably narrow transmission peak. Furthermore, total diameter of these
fibers is about 25 mm, being too bulky for many applications. Therefore, a
deep study of the results indicate that this way to produce PFs may be not
the best.
Further technological advances are reported in [458], work in which PE large
porosity fibers of total radius r = 190 µm, are achieved. An initial preform
having PE with sacrificial PMMA regions is treated to create the fibers shown
in Fig. 2.71(b). Whereas reported bulky PE loss is about 0.8 dB/mm, the
proposed fibers achieve 0.008 dB/mm at f = 0.3 THz, which is 100 times less
than a solid fiber of same radius. The problem in this work is the considered
radius is small, which cause that an important fraction of the power be weakly
guided in the outer air medium. The authors also propose a coupling structure, coupling power (in the transversal direction of propgation) between the
designed PF and a solid-core fiber. This coupler has, however, high attenuation
and propagation dispersion, acting as a low-pass filter.
The same authors of [455] come back with further advances in [459] very
quickly. By exploiting optical fiber fabrication techniques, Atakaramians et
al. state good manufacturing bases for the complex PF geometries. In this
work, it is highlighted that basic stacking methods achieve porosity of 8%-18%,
and subtraction methods such that of [458] reach, in the best case, 45%. Since
this method involves submerging the fiber in solvent to etch away material in
holes and a posterior drying, days and even weeks are necessary.

(a)

(b)

(c)

Figure 2.72: Porous Fibers (PFs) at THz frequencies 3: Cross sections of several rectangular grid
PFs, cleaved with different techniques in [459]. a) Conventional cleaving; b) Cleaving with heated
blades; c) Focused Ion Beam (FIB) cleaving.

The proposed method in the paper is based on an extrusion technique, which
is valid not only for soft glasses but also for polymers. The advances in the
cleaving part are very relevant. In Fig. 2.72, they are show the transverse cuts
of a rectangular grid PF, cleaved with different techniques. By using conventional cleaving blades (Fig. 2.72(a)) important damage is done to the fiber.
Heating the blades, alleviate the damage (Fig. 2.72(b)), however, important
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errors are still present. Finally, noticeably better results are obtained by using the Focused Ion Beam (FIB) [460] techniques (Fig. 2.72(c)). A possible
drawback of this last technique is the process time, close to one day long.
With the proposed method 57% porosity is achieved for a spider-web pattern (67% in the conceptual design) and up to 65% porosity is achieved for the
aforementioned rectangular pattern (71% in the conceptual design). The lower
porosity of manufactured prototypes regarding to the initial designs is caused
by the still slightly present round corners and thickened struts. Fibers of more
than 30 mm are tested experimentally, exhibiting losses under 0.21 dB/mm up
to 0.8 THz, with single-mode operation. Also, a slight birefringence is found at
some frequencies. The authors indicate that advances of manufacturing techniques will result crucial to achieve the theoretically expected good properties
of PFs.
Finally, a very recent design in [461] treats to overcome major drawbacks of
the PFs waveguide family. Whereas previous works report not enough low
loss levels and barely flat dispersion inside a narrow-band, this work affords
low-dispersive and low-loss propagation from 1 THz to 5 THz. To do that,
a structure with two different porous zones is proposed, having the core less
porosity, Fig. 2.73. Used dimensions are: r1 = 117.9 µm, r1 = 171.4 µm,
Λ1 = 350 µm, Λ2 = 380 µm and Dcore = 2.54 mm. Core porosity is 33%.

Figure 2.73: Porous Fibers (PFs) at THz frequencies 4: Design in [461], consisting in a PF of
two regions with different porosity to provide broadband near zero dispersion characteristics.

The considered material is TOPASr , a Cyclic-Olefin Copolymer (COC) [462]
with relatively low THz absorption: 0.16 dB/mm. Over all the considered
band (1 THz-5 THz) losses are under 0.03 dB/mm, and dispersion is about
0.4 ps/THz/cm, an acceptable pulse broadening rate for propagation lengths
of several cms. The design exhibits very interesting results, however it lacks
experimental evidence through prototypes. Although current techniques are
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reliable, the structure complexity may imply a challenging manufacturing process and, probably, lower performance than theoretically predicted.
• Planar Dielectric Waveguides:

Planar dielectric waveguides have received much less attention than dielectric
fibers. Whereas bulky dielectric fibers are motivated by low-loss transmission
of THz waves along guided paths of certain practical lengths, that can be
of several cm, planar waveguides are intended to realize compact, integrated
inter-chip or even intra-chip interconnections. Therefore, higher values of loss
are tolerated for this transmissions lines. This have implied that common
planar lines, such CPW or microstrip line, have been the usual choice to implement some acceptable performance applications, despite their obvious lack
of suitability for THz frequencies (attenuation of several dB/mm). Displace
microwave conventional planar lines, has been hard, to the moment, for their
dielectric counterparts. However, one eye must be keep in the advances coming from integrated optics. Revolution will come next years for the planar
interconnections, always more challenging. Here, it is primarily mentioned the
first look into these waveguides for THz transmission purposes, then they are
reviewed some interesting attempts one decade ago, and finally, the very recent proposals, that may open the door to changes for planar technology, are
commented.

It is not surprising that the first proposal came from the group of Grischkowsky
in the year 2000 [463]. In that work, plastic ribbons of High-Density Polyethylene (HDPE) were proposed for confined THz waveguiding. Two ribbons of 2
mm wide 10 mm (20 mm) long, and 150 µm (120 µm) were manufactured and
tested. A thickness variation (roughness) of less than λ/105 is reported, so
that it can be affirmed that roughness is not contributing to radiation losses
[464].
Excellent quasi-optical coupling was achieved, and simulation and experiments
showed good agreement. Quite flat losses are obtained between 0.5 THz and
1 THz, with 0.2 dB/mm and at the band edges and 0.3 dB/mm at 0.75 THz,
something unusual since linear or even stronger grow could be expected [21].
In the considered band (0.1 THz to 3.5 THz) the waveguide is dispersive, as
is common for solid, large enough dielectric waveguides. However, the fundamental mode is guided with strong confinement between 1 THz and 3.5 THz,
so the velocity group at these frequencies is quite stable around 0.65 c.
Although this attenuation is good for a planar waveguide the authors suggest
further reduction by decreasing the ribbon thickness, in such way that the
energy propagate in the outer air region. This is the foundation of the surface
waveguiding with high-permittivity substrates, reviewed later.
A quite interesting proposal is found in [438]. Together with the small air-core
tube, previously commented, the authors propose a dielectric Slot Rectangular Waveguide (SRW), as the planar version of this kind of waveguides, that
enhance the field in a enclosed or partially enclosed small air region. The
schematic and the field distribution in this waveguide can be appreciated in
Fig. 2.74(a). It is observed a high field confinement in the air region. In fact,
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up to 56% of the transmitted power is transmitted in this central region, much
more than the 26% achieved with the tube proposed in the same work.
The high energy concentration is possible thanks to the E-field polarization,
totally orthogonal to the dielectric walls, which is not the case for the fundamental HE11 mode in the tube. Furthermore, in the case of the of the
SRW, higher permittivity is considered, being, actually, the commented effect
√
proportional to εr .
Optimization of the structure is quite important and peaks of performance are
observed when proper size and geometrical parameter ratios are chosen. For
example, it is convenient to have small gaps (g < 50 µm). Simulations give
losses below 0.01 dB/mm from 0.5 THz to 1 THz. However, some dispersion is
found, caused by the high contrast between the dielectric and the air. Another
powerful feature of this structure is the low radiation on bends (4 · 10−4 dB/o ),
four times less than the tube. Furthermore, the high power confinement provides enough isolation to implement arrays of adjacent SRW with negligible
crosstalk.

(a)

(b)

Figure 2.74: Planar dielectric waveguides at THz frequencies 1 a) Schematic and simulated E-field
magnitude in the high resistivity silicon (εr = 11.7) Slot Rectangular Waveguide (SRW) proposed
in [438]; b) Some planar structures considered in [465] for waveguiding high THz frequencies. Left
waveguide is a suspended rib-channel consisting of a silicon membrane clad below and above by
air. Right waveguide is an ARROW hollow-core rectangular channel with the clad consisting in
alternative layers of SiGe and Si.

Other work to take into account is that of [465]. Although this review of new
planar waveguides proposals, based on silicon and germanium derivatives, is
rather focused to the FIR region, frequencies in the range 1 THz-10 THz are
considered as a part of the study in many cases. The structures shown in Fig.
2.74(b) are proposed in the paper. The left waveguide in Fig. 2.74(b) is based
on a suspended rib-channel consisting of a silicon membrane clad below and
above by air. The employed crystal silicon exhibits 0.3 dB/mm for f > 1 THz
whilst the reported waveguide loss is below 0.1 dB/mm.
The right waveguide in Fig. 2.74(b) is an ARROW hollow-core rectangular
channel with the clad consisting in alternative layers of SiGe and Si. This
waveguide achieves losses under 0.165 dB/mm beyond 3 THz, something unthinkable for the CPW or the microstrip line. However, some spikes are found
due to material absorption resonances. The interest in the work of [465] relies
in the good information about optical techniques and material advances, that
may be really useful when the frequency is pushed up to high THz frequen124
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cies and the bottleneck of some conventional microwave structures becomes so
tight.
Finally, the structure recently proposed in [466], Fig. 2.75 is commented.
The authors employ recent advances in Silion-On-Glass (SOG) technology to
provide a serious alternative to common planar transmission lines, and even
suggesting the proposed structure as an alternative to the RWG, of problematic
manufacturing according to them.

(a)

(b)

Figure 2.75: Planar dielectric waveguides at THz frequencies 2: Silicon-on-Glass (SOG) dielectric
waveguide proposed in [466]. a) Original design cross section and proposed modification with an
air region under the main waveguide channel; b) 3D-view schematic of the complete structure.

A high resistivity silicon ribbon is placed over a Pyrex substrate of εr = 4.4,
as con be observed in the left image of Fig. 2.75(a). Since the absorption of
Pyrex raises quite high beyond 0.2 THz, and much more beyond 0.5 THz, an air
channel is etched below the silicon region, thus allowing an air region providing
almost null absorption (see right image of Fig. 2.75(a)). To enable mechanical
stability, the complete structure is based on additional supporting blocks and
beams placed at the sides, lying on the Pyrex substrate, Fig. 2.75(b).
The simulations in that work show that most of the power is guided inside
the silicon region, however, some concentration is observed in the air channel. Losses go from 0.1 dB/mm (0.3 THz) to 0.007 dB/mm (0.5 THz). A
well-finished prototype is manufactured through current photolithography and
DRIE techniques, having W = 310 µm, H = 100 µm and b = 3 mm. From 0.44
THz to 0.5 THz, obtained losses are between 0.02 dB/mm and 0.1 dB/mm,
and some disagreement is observed between simulations and experiment.
A good feature of the design is that it relies in current manufacturing lowcost techniques. However, despite the acceptable attenuation, the dispersive
behavior and the narrow-band considered put into question the application of
this compact structure in spectroscopic sensing chips.
In general, planar dielectric waveguides must be taken into account for future
compact interconnections. The proposal in [438], if practically implementable
may provide very interesting low-loss, high confinement and component integration characteristics. Large work in improving dispersion characteristics of
dielectric waveguide proposes must be still done, however, to overcome the
quasi-TEM properties of conventional planar lines.
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2.3.3.3

Periodic and Electromagnetic Bandgap Structures

The first serious study of electromagnetic wave propagation in periodic structures
was done in 1953 by Brillouin [467]. In particular, the analogy found between uni or
multi-dimensionally periodic structures and real crystals resulted in a very fruitful
and thoughtful geometry engineering to have control over the light, providing the
well-known Photonic Bandgap (PBG) effect, also called Electromagnetic Bandgap
(EBG) [468], [469]. The field in periodic structures is vast, with a huge work driven
first by the photonic crystals used in optics, opening later the door to a huge new
class of microwave and optics EBG components, and revolutionized more recently
by the metamaterial world [21].
At THz frequencies, the interest of periodic structures arises from the fact that,
properly engineered, these structures can provide a desired behavior or performance,
not achievable but simpler geometries of plane, bulky materials. More specifically,
the THz electromagnetic energy can be forced to propagate confined in low-loss
air regions by a boundary that, furthermore, does not cause high losses, either by
reducing currents in metals or the concentration of the field inside the dielectrics
present. The proposed THz waveguides mainly motivated by this have been left to
this section.
The first kind of PBG waveguides to be reviewed are the PBG dielectric fibers,
which are strongly related with porous fibers (up to the point that sometimes the separation line becomes blurry), but their propagation mechanism are different. Then
some more innovative metallo-dielectric structures, very unique of THz frequencies
are commented. Planar designs are also briefly overviewed.
• Photonic Bandgap Fibers:

The driven idea of PBG fibers is the same as porous fibers: maximize the
propagation in confined air-core region. However, whereas porous fibers use
subwavelength holes to provide field enhancement via TIR effect, in the PBG
fibers, a periodic dielectric structure forms the cladding, creating an EBG
condition in such way that, for certain bandwidth, waves can not escape from
the core, since propagation is not allowed in the cladding for such frequencies.

For example, in [470] a hollow-core plastic Bragg18 fiber with cobweb shape,
Fig. 2.76(a), is proposed. The authors choose this particular shape due to
its better performance compared to classical Bragg fibers or more modern
ring-structured Bragg fibers. HDPE (εr = 2.3) is chosen as dielectric, and
radius from r = 8 mm to r = 15 mm are considered, thus having multimode
operation.
Simulated losses are below 8.5 · 10−4 dB/mm in the wide band going from 0.1
THz to 4.3 THz. However, this promising results gets under question when
some practical implementation issues are considered in the paper. The authors
recognize that avoiding water in the dielectric material and prevent moisture
at the manipulation and storage may result crucial to keep this loss level.
Furthermore, material purity, non-uniformity of the fiber and absorption of
18 Bragg fibers are 1-D periodic structure based fibers, consisting in alternative superposition of
concentric cylindrical layers of high and low permittivity dielectrics [471].
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(a)

(b)

Figure 2.76: Photonic Bandgap (PBG) Fibers at THz frequencies 1: a) Schematic of the hollowcore cobweb Bragg Fiber used in [470]. Three designs with inner radius rA = 8 mm, rB = 10 mm
and rC = 15 mm are used; b) Manufactured Topasr PBG fiber and simulated field in the air core
[472].

supporting strips are factors that will contribute to loss and are not taken into
account in the simulation. Behavior at bends is not detailed, although multimode excitation is one foreseen problem. Thus, it is already observed through
this first work that the theoretically well-suited PBG fibers have important
drawbacks in practice.
In [472], a proposal with experimental results can be found. In 2.76(b), it
can be seen the manufactured prototype and the simulated E-field magnitude
in the air core. In this case, the periodic structure follows an hexagonal 2D
pattern, and the core size is noticeable reduced. Two designs are proposed:
Large Core Area (LCA) with rcore = 280 µm and Small Core Area (SCA) with
rcore = 140 µm. However, the SCA design appears to be excessively lossy and
dispersive. Single-mode is achieved, but it is very restricted to size, frequency
and porosity (period to hole diameter ratio p/dhole ).
TOPASr is found, one more time, as used polymer. In the paper, bulk losses
of 0.05 dB/mm and 0.5 dB/mm at 1.5 THz are indicated. The proposed
design achieves 0.04 dB/mm in average in the 0.2 THz-0.8 THz band, but the
attenuation is quite variable in the mentioned range and the measurement error
uncertainly is considerable. They are highlighted the high confinement and
the possibility of mass-production. However, in this case, with experimental
results, much less outstanding losses are appreciated for the considered PBG
fiber.
Another Bragg fiber work, in this case with experimental implementation, is
found in [473]. Two Bragg fiber types are considered, see Fig. 2.77. The
first one alternates PTFE 127 µm films with air layers. In practice, this is
done by placing powder over the polymer film (see Fig. 2.77). The second
one alternates PE films with Titanium Oxide (TiO) doped PE films (the bulk
losses of the TiO doped PE are 1 dB/mm at 1 THz and 4 dB/mm at 2 THz).
Measured inner diameter for both designs is of approximately 6 mm, thus being
multimode fibers.
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Figure 2.77: Photonic Bandgap (PBG) Fibers at THz frequencies 2: Bragg fibers of [458]. From
left to right: manufacturing process, cross section schematic and manufactured prototype of a
hollow-core Bragg fibers. The top row correspond to an air-polymer (PTFE) Bragg fiber and the
bottom row to a PE-TiO doped PE Bragg Fiber.

Due to the effects of powder, and the final spiral-shape obtained, the first design behaves worse. The obtained experimental attenuation for the second one
is under 0.16 dB/mm from 0.1 THz to 2 THz, being under 0.08 dB/mm in
most of the band. It is worth to appreciate the detailed theoretical analysis
found in this work, which could provide very optimized designs if manufacturing techniques achieve the challenging required grade of precision. By the
moment, the metallic CWG presents much better results with similar geometry
and flexibility.
In order to reduce the dispersion, an octogonal pattern TOPASr PBG fiber
has been also recently proposed [474]. Numerical results using FEM provide
losses of 0.04 dB/mm at f = 1 THz, exhibiting linear grow with frequency,
and dispersion less than 0.18 ps/THz/cm in the range 1 THz-1.8 THz. The
core diameter is shown to have poor influence on the performance, however,
obtained porosity results very influential. Thus, fabrication errors may imply
losses higher than predicted.
Other interesting new geometry with similar intentions is the rotated porous
core with hexagonal patter PBG fiber proposed in [475], Fig. 2.78. Singlemode propagation is one of the main objectives of the design in the paper
(core diameter is keep below 380 µm for this objective), being highlight the
poor broadband properties of other alternatives, such as Bragg fibers. The
authors indicate that, thanks to the proposed core rotation, which provides
concealing more area with air holes, a reduction of losses and dispersion is
achieved, thus overcoming results of similar PBG fibers.
The best design achieves (in simulation) 0.05 dB/mm at 1 THz. It must
be pointed, notwithstanding, that losses increase to 0.14 dB/mm when the
frequency moves to 1.3 THz. Again, porosity ratio has strong influence on
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Figure 2.78: Photonic Bandgap (PBG) Fibers at THz frequencies 2: Hexagonal/rotatedhexagonal porous core PBG fiber of [475]. Schematic and E-field magnitude.

losses. Regarding to dispersion, stable 1 ps/THz/cm is found between 0.5
THz and 1.1 THz, which is acceptable, but not excellent. Bend losses below
0.006 dB/mm are reported for bends of R = 3 cm. These losses increase to 0.08
dB/mm when R = 1 cm, and are also very sensitive to the porosity obtained,
thus the performance relying againg in a precise manufacturing process.
The presented work is complete in general, however, experimental results that
may convince the THz waveguide community lack in this and other similar papers. In general, PBG fibers offer a solution that can be, in theory, interesting
under certain conditions. The geometrical complexity of the structures and the
many dielectrics available, allow to design several kind of waveguides at the
prize, it must be said, of a very complex analysis [476]. However, the intrinsic
manufacturing complexity and the vast amount of additional losses sources in
this waveguides, make unprovable a major role of them in THz waveguiding
the next years.
• EBG metallo-dielectric structures:

Until now, most of the commented designs are conceptual inspired in microwave or optic waveguides, having slight modifications in order to be better
adapted to challenging THz waveguiding environment. In this section, two
structures are reviewed which, although they are inspired in some conventional geometry, they arise from a careful synthesis process involving metals
and dielectrics proper disposition to provide a specifically tailored THz waveguide. These are two examples of how innovating the geometry can affect the
performance when is almost nothing to do to improve employed materials.

The first metallo-dielectric EBG structure is that proposed by Llombart in
[191], Fig. 2.79(a). This novel design can be viewed as a result of two approaches. On the one hand, one can think in a Bragg fiber [471]. Since Bragg
fibers require many layers and have an electrically large core, high contrast
between layers is inflicted by using fused quartz (εr = 4.6, tan δ = 8 · 10−4
at f = 1 THz [21]) and air (εr ≈ 1). Furthermore, an outer metallic coated
is placed, thus preventing any radiation. By this approach, the structure requires only 2-4 dielectric layers (simulations on the paper work with only 2),
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and the central air-core is about 4λ0 diameter, which means dcore = 1.63 mm,
an acceptable size for flexibility and handling in practical applications.

(a)

(b)

(c)

Figure 2.79: Metallo-dielectric EBG structures at THz frequencies 1: Cylindrical EBG waveguide
proposed in [191], consisting in concentric two layers of fused-quartz separated by air and outer
coated by metal. a)3D schematic; b) Conceptual view as a radial transmission line for design
purposes; c) E-field magnitude on a R = 4 mm bend.

On the other hand, thinking first in the outer metallic coat, a metallic CWG
comes to mind. It may be say that, whereas in [381]-[386] a simple inner
dielectric coating is placed, in the EBG CWG, a much more sophisticated
design is carried out taking into account the waveguide properties as a radial
transmission line, see the central image of Fig. 2.79(b). Each air spacing
is a quarter-wavelength step impedance transformer that provides a null of
the E-field at the start of each period. Actually, the outer metal coating is
placed in a radial point of very low impedance, thus barely affecting the guided
mode. With these two approaches one can understand previous words about
the novelty of the design, which seems to merge them.
One controversial aspect of the design is that it uses the low-loss TE01 mode
which is degenerated with the EH11 in this complex, hybrid-mode structure.
Therefore, after a first stage of design using transmission line theory, nonlinear optimization is applied to full-wave simulations in order to minimize
both, ohmic and dielectric losses, and maximize the difference between the
propagation constant of both degenerated modes in order to reduce coupling
between them.
The proposed design achieves losses of 0.006 dB/mm at f = 0.6 THz, that
decrease with the frequency, getting close to 0.001 dB/mm at f = 0.9 THz.
This behavior is opposite to the classical CWG, which losses are displayed in
the work for comparison, exhibiting larger values and a linear increment with
the frequency. The structure presents also great performance at bends, with
less than 1 dB losses in the band from 0.63 THz to 0.87 THz when the bend
radius is of only R = 4 mm.
The E-field magnitude distribution in such bend is shown for f = 0.75 THz
in the right image of Fig. 2.79(c). In this image it can be appreciated the
large confinement of this structure that prevent radiation losses. However,
the E-field patter irregularities also shows some mode coupling, even for this
frequency, at which the design has been optimized. This coupling reaches -9
dB at some frequencies.
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Although the idea es innovative and the waveguide is carefully designed, there
are some practical aspects to consider. Intrinsically, this waveguide is narrowband due to the implied resonant conditions of the EBG, aspect that can be
also viewed from the transmission line approach. Also, although the authors
suggest feeding coupling using serpentine quasi-optical mode converters, from
the rest of the literature it can be deduced that excite with high efficiency an
azimuthal polarized E-field with such a complex magnitude distribution will
be complex.
Other important issue regards to the multimode feature of the waveguide. The
dispersion diagram in the paper suggest that there are more modes apart of
the EH11 that are above cutoff, although they are not shown. A cylindrical
cable is susceptible of many perturbations including bending and torsion, that
can deform the structure and cause strong mode coupling although the design try to minimize it. Finally, practical manufacturing of the structure may
require dielectric bridges to keep the distance between the concentric dielectric layers or similar solutions previously seen in the PBG fibers. This will
introduce additional losses, may cause resonant effects, and since the design
is very sensitive to this distance between dielectric layers, from conclusions in
the previous PBGs review, deterioration is expected.
To overcome the previous problems and exploit EBG possibilities in the THz,
a similar solution, considering rectangular geometry is presented by Sánchez in
[477]-[481]. The structure consists on the E-loaded RWG of [357], [372]-[373],
where top and bottom metallic walls have been substituted by a woodpile
[482] structure, Fig. 2.80(a). This EBG RWG is not introducing a small
modification to slightly reduce losses of the RWG as in [477]-[481], but tries to
control the mode propagation in an omnidirectional way, as it is done in [191].

(a)

(b)

(c)

(d)

Figure 2.80: Metallo-dielectric EBG structures at THz frequencies 2: Rectangular EBG waveguide proposed in [477], consisting in a RWG with side walls loaded by E-plane dielectric layers
(1D EBG) [357], [372]-[373], and top and bottom walls substituted by a woodpile structure (3D
EBG) [482]. a) 3D schematic; b) Unit cell of the woodpile structure; c) Cross section; d) E-field
magnitude.

The rectangular geometry, however, implies some additional difficulties [477].
For the top and bottom walls, the E-field is not parallel as for the side walls,
and one has grazing incidence. Therefore, the 1D EGB used for the sides is
not valid for them. In this case, a 3D EBG that forbids propagation in any
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direction, is required. The woodpile structure [482] (the unit cell is shown in
Fig. 2.80(b)) is chosen due to its success in implementing EBG waveguides, and
its reported unique properties in the mm-wave band regime [483]. Compared to
other 3D periodic EBG structures, the woodpile provides better performance,
robustness and manufacturing simplicity.
On the other hand, the rectangular geometry is much more suitable for component design than the circular one. Furthermore, rectangular geometries suffer
less from perturbations caused by bends and torsions, at the lack of having a
less mechanical flexibility. The possibilities of the EBG RWG to implement
THz components are well shown in [481], where efficient bends, H-plane dividers and H-plane horns and horn arrays are demonstrated.
To have more concrete figures, in [478], a woodpile structure having its bandgap
centered at f0 = 0.95 THz, with bandwidth 0.17 THz (17,9 %), is designed
by choosing woodpile parameters w = 35 µm, h = 40 µm and s = 140 µm.
The waveguide is designed to strictly operate single-mode, thus being the air
channel dimensions of 245 µm × 120 µm, see Figs. 2.80(c)-2.80(d). The
simulated losses of the structure are 0.04 dB/mm at 0.95 THz, whereas the
classical RWG presents losses of 0.09 dB/mm, and the RWG including only
1D EBG at the sides presents losses of 0.07 dB/mm. A 90 degrees bend is
presented in this work, however, since the woodpile pattern is not modified for
the bend, some leakage is produced.
Better results are obtained in [479] and [480], with a small, further optimization
of the structure dimensions. Losses of 0.03 dB/mm are obtained at 0.95 THz
(66% less than the classical RWG) and 0.2 dB/mm when the design is scaled
to operate at f = 4 THz. This means 80% less losses than a RWG. Those
works show, furthermore, that the same design using only woodpile and not
1D EBG at the lateral sides exhibits 0.043 dB/mm at 0.95 THz, and that using
all woodpile boundary (no metal, as proposed in [483]) produces a waveguide
with 0.068 dB/mm, which is, surprisingly, more than 2 times the losses of the
proposed design. Moreover, it is highlighted that having a simple 1D EBG
structure at sides facilitates H-plane bending and component design in this
dimension, since the woodpile requires a careful design when the path is not
longer straight.
To end this section, the possibilities of the EBG RWG for component design
are commented. In [481] they are designed a power divider, a horn antenna and
the final horn antenna array, implemented all of them in the H-plane. In this
paper, a 90 degree bend with excellent confinement and low-loss is presented.
Unlike in [478], the woodpile structure is modified, being adapted to the bend
so that undesired EBG modes coupling is under -20 dB level, see Figs. 2.81(a)2.81(c). The designed horns have a directivity of D = 12 and efficiency close
to 99%, whereas the total array, Fig. 2.82(a), presents an efficiency of 95%,
which is very high for THz frequencies. A prototype scaled for the X-band is
shown in Fig. 2.82(c). Lateral metallic walls are added later by covering all
the design with copper film.
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(a)

(b)

(c)

Figure 2.81: Metallo-dielectric EBG structures at THz frequencies 3: 90 degrees bend implemented with the rectangular EBG waveguide [481]. a) 3D view; b) top view; c) E-field magnitude.

(a)

(b)

(c)

Figure 2.82: Metallo-dielectric EBG structures at THz frequencies 4. a) Top view schematic of
H-plane horn array implemented with the rectangular EBG waveguide [481]; b) E-field magnitude;
c) Scaled prototype for the X-band.

• EBG planar waveguides: The use of EBG structures has been also conceived to provide high performance planar designs, more suitable for applications requiring compactness, a feature that the previous bulky designs do not
provide.
In [484], it is considered the possibility of arraying metal cylinders in a square
lattice to create a 2D EBG structure. Then, by removing one or two rows, a
propagation channel is created, see Fig. 2.83(a). Conceptually, the presented
structure involves a 2D scenario, i.e., the structure is assumed infinite in the
cylinders axial direction. However, any way to provide confinement in this direction is enough to obtain an implementable waveguide. The authors suggest
using metal plates, thus having a PPW with boundary conditions at the lateral sides provided by the EBG. Waveguide heights from 25 µm to 100 µm are
suggested depending the desired grade of compactness, and good agreement
with 2D simulations is found.
By using cylinders of radius r = 10 µm, separated p = 50 µm, a bandgap
is created for frequencies beyond 3.7 THz. Single mode operation is achieved
between 1.2 THz and 3.7 THz when only one row is removed (waveguide width
of a = 80 µm) and from 1 THz to 2 THz when two rows are removed (waveguide
width of a = 130 µm). The typical trade off between bandwidth and losses is
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(a)

(b)

(c)

Figure 2.83: Planar EBG structures at THz frequencies. a) Optimized bend implemented with a
EBG waveguide based on a lateral 2D EBG made of metallic cylinders, proposed in [484]. Cylinder
radius is r = 10 mum and standard period is p = 50 mum. The E-field magnitude at f = 4.1 THz is
also shown; b) EBG waveguide proposed in [485], consisting in a silicon slab where dielectric holes
are practiced in triangular lattice to form a 2D EBG structures. The hole radius is r = 90 mum,
the period is a = 300 µ and the slab thickness is h = 200 µm. In the image they are shown details
of the feeding with WR-3, schematic of the triangular periodic lattice and involved parameters and
photographs of the top and side of the structure; c) 60 degree bend implemented with the EBG
silicon waveguide of [485] and E-field magnitude in it.

found also in this waveguide. However the planar nature of the design suggest
the narrow waveguide as more appropriate since the slight reduction in losses
of the wide channel waveguide not justifies the noticeable reduction of the
operation band.
Simulations use the Drude model for the metal cylinders, which ensures high
accuracy for the calculated losses. However, top and metal plates are considered ideal. Under this conditions, losses of approximately 1.1 dB/mm are
obtained at f = 3 THz for any of the considered heights. Given the high
frequency, it is a good performance. Furthermore, the structure provides high
confinement and low bend losses, as it can be appreciated in Fig. 2.83(a).
Several 90 degrees sharp bends are studied including the null radius case and
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some mitered examples. Best results are obtained for a sharp bend with small
but not null radius, having 98% transmission (less than 0.01 dB losses) without
any dip for the whole 1.2 THz-3.7 THz band.
Still not experimentally proved, the design looks interesting. They lack some
assessments about possible manufacturing process options, and it seems that
the conditions in the vertical direction may still be improved. When not ideal,
ohmic losses will appear at the top and bottom walls, and some structure to
diminish this losses may be necessary in order to keep the losses at the level
that make this waveguide an interesting planar candidate.
The other reviewed proposal [485], although in lower frequencies, gives convincing evidence of its possibilities through practical results. A high resistivity
silicon slab of h = 200 µm is perforated to obtain a triangular lattice of holes
(radius r = 90 µm, period a = 300 µm). In such way, a 2D EBG is created
except in the drawn paths with no holes, where the waves are guided, see Fig.
2.83(b). In the vertical dimensions, guidance is provided by the TIR effect in
the silicon-air top and bottom interfaces.
One possible drawback of the proposal is its narrow-band character and low
frequency considered. The considered band ranges from 0.32 THz to 0.33 THz.
However, some good features are appreciated. The experimental prototype
losses in this band are under 0.01 dB/mm, being the minimum losses of 0.004
dB/mm. This is 2 or 3 orders of magnitude less than common planar waveguide
designs, and the best record for similar planar EBG structures. Furthermore,
easy coupling from a WR-3 (see Fig. 2.83(b)) is demonstrated through a
tapered connection with adiabatic change, providing less than 0.2 dB insertion
losses.
Furthermore, the structure provides high confinement, as it is shown in Fig.
2.83(c), where a 60 degrees bend and the E-field magnitude distribution in it
can be appreciated. It must be highlighted that in this work, transmission
along 50 cm including 28 bends like the previous one is carried out with only
12 dB losses. An 1.5 Gbps THz link is created by using such path, providing
uncompressed high quality video error-free transmission. Therefore, although
the structure is inherently narrow-band, its suitability for communications
applications is well demonstrated. Accurate optic band manufacturing technology is employed, therefore the authors point to material unexpected losses
to find the origin of some disagreement between simulations and experiment.
From what has been reviewed in this section, considering a somehow air-filled
channel could enhance the good transmission properties of this line.
2.3.3.4

Surface and Plasmonic Waveguides

The waveguide section ends with surface and plasmonic waveguides. Both kinds
of waveguides are basically to specifications of the same phenomena: impenetrable
surface waveguiding [21]. More generally, surface waveguides include also dielectric
waveguides, or, actually, any open waveguide. However, when talking about impenetrable surface waveguides, one refers to those structures which rather rail the
transmitted power, i.e., the wave is weakly guided, just attached to the waveguide
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surface, with most of the power located in the outer air region surrounding the
surface.
The term plasmonic comes from the optical regime, defining the strong field
concentration near metal surfaces for the very high frequencies [486]. Actually, impenetrable surface waveguiding requires from high contrast between media, usually
provided by high permittivity dielectrics, and, in the optical regime, a metal acts
as a high permittivity, very lossy dielectric [21]. At THz frequencies, metals are
not as bad conductor as in optics, however, they can be modeled as extremely high
permittivity, lossy dielectrics [21], [348], [356].
This results very interesting if one notes that surface waveguiding is not possible
on perfect conductors (or at least results unpractical in very good conductors, as
metals are in the microwave regime) [487]-[490]. Therefore, at THz frequencies,
metal surface waveguiding implies low penetration in the metal, but still enough to
achieve a practical (moderately large) field extension, thus providing low attenuated,
low dispersive waveguiding with a adequate propagation area dimensions.
This kind of waveguiding, is, actually, the oldest considered [487]. However, it
resulted unpractical in the microwave regime due to the extremely large field extension [490]. On the other hand, it is very lossy at optic frequencies [430](plasmonics
are used recently, mostly to provide high field enhancement for sensing or causing
non-linear effects [486], but not for low-loss transmission). At THz frequencies, it
provides unique characteristics that have call the attention of many researchers.
Here, proposed cylindrical structures based on simple wires and their planar
counterparts are reviewed. The scientific activity has been intense, justified by the
promising performance of such structures. As the whole review of the THz science
justifies the interest of investigate THz waveguides, this section will justify, why in
this part of the thesis, strong effort has been put, first, on carrying out a rigorous
analysis of wire-type surface waveguides, and second, on proving proper designs
exploiting their best characteristics. These are the two major found lacks when the
published bibliography is reviewed.
• Wire-type waveguides:

The wire-type waveguides proposals are schematized in Fig. 2.84. In Fig.
2.84(a) it is shown the Single Wire Waveguide (SWW) or Sommerfeld Line
(SL) [487], consisting in a bare metal wire of radius a. If a dielectric coating of
thickness t is added for field confinement purposes, one obtains the DielectricCoated Single Wire Waveguide (DCSWW) or Goubau Line (GL) [490], Fig.
2.84(b). Additionally, an air gap can be left between the wire and the coating
to enhance confinement and reduce losses, Fig. 2.84(b), thus obtaining the
Modified Dielectric-Coated Single Wire Waveguide (MDCSWW) or Modified
Goubau Line (MGL) [491]. Finally, by arranging two wires of radius a and
separation between them d, it is formed the Two Wire Waveguide (TWW),
Fig. 2.84(d).
The big trigger of wire-type waveguides came in 2004 when Wang and Mittleman reported experimentally outstanding low-loss and low-dispersion in [492]
by using a simple metal wire (SWW). Pulses with spectral content from 0.1
THz to 0.5 THz were shown to propagate up to 24 cm with negligible dispersion and average attenuation of only 0.002 dB/mm along an a = 0.45 mm
136

2.3 THz Technology

(a)

(b)

(c)

(d)

Figure 2.84: Wire-type surface waveguides at THz frequencies 1. a) Single Wire Waveguide
(SWW) or Sommerfeld Line (SL) described by its radius a; b) Dielectric-Coated Single Wire
Waveguide (DCSWW) or Goubau Line (GL) consisting in a SWW coated with a dielectric with
thickness t and permittivity εr ; c) Modified Dielectric-Coated Single Wire Waveguide (MDCSWW)
or Modified Goubau Line (MGL), where an air gap of thickness g is left between the wire surface
and the coating; d) Two Wire Waveguide (TWW), consisting in two wires of radius a separated a
distance d.

SWW. The employed excitation scheme is shown in Fig. 2.85(a). An auxiliary
wire was used to couple the incident beam. The received pulses and spectra
are shown in Fig. 2.85(b). The low attenuation and dispersion is clearly appreciated. A practical example of THz endoscope using coupled SWW was
also demonstrated in this work.
The impact of the work was very high, being it, actually, the most cited publication on THz waveguides by far. Nevertheless, some important issues to
address remained. The excitation efficiency was very low. Actually, the SWW
has a difficult excitation, inherent to its fundamental mode radial polarization (note that linear polarized beams are commonly used for coupling THz
energy), the low confinement of the field and its exponential amplitude decay
from the wire surface. Furthermore, the work was eminently practical, with
little theoretical base. One controversial point was the decreasing attenuation
with frequency which, after posterior assessments seemed to be caused by the
excitation scheme, thus discarding it could be a feature of the SWW.
Therefore, a huge number of researchers came with improved experimental setups, some investigations on the propagation characteristics of this waveguide,
and studies on the effect of adding a dielectric coating on the wire (DCSWW).
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The work, resumed next, after a brief historical review of the wire-type waveguides, is still very experimental, and although much research has been done,
some aspects are still to be addressed.

(a)

(b)

(d)

(c)

(e)

Figure 2.85: Wire-type surface waveguides at THz frequencies 2: excitation schemes and results.
a) Excitation quasi-optical scheme used in [492] to excite the SWW by using a perpendicular wire
to couple the energy; b) Received pulses and spectra after 4 cm and 24 cm propagation [492]; c)
Milled grooves practiced on a SWW surface to enhance the excitation efficiency [493]; d) Horn
launcher used to excite a DCSWW by opening with a taper the outer conductor of a coaxial [490],
[494]; Photoconductive antenna with coaxial shape and 3D radiation pattern [495]. The shape of
the antenna provides efficient excitation of the SWW fundamental mode by creating a similar mode
pattern.

The SWW was not a novel structure in 2004, but the oldest waveguide proposed. In the early of the 20th century, Sommerfeld studied the propagation of
surface cylindrical waves on metal wires [487], [488], whereas Zenneck did the
same for plane waves on metal plates [496]. Later, Stratton [489] put it in a
formal way and gave further appreciations. Stratton described how a principal
wave (mode TM01 ) with E-field mostly radial to the wire posses very low attenuation and dispersion whereas high-order modes are extremely damped since
they travel confined inside the bulk metal of the wire. The lack of the required
mathematical tools made impossible a proper analysis, and some concepts and
affirmations are unclear, unfortunately.
Later, at the middle of 20th Goubau [490], [497], [498], [499] rescued the Sommerfeld idea for frequencies of several GHz, at that time named as kMcycles/s.
Goubau found that, still at these high frequencies, the extension of the field
guided by the SWW was of non-practical size, even close to 0.1 THz, for the
considered wire sizes. Furthermore, the problem was of complex analysis for
the available numerical tools, since waveguiding can only occur if finite conductivity is considered, being a singular problem otherwise. His proposal was to
add a coating to form the waveguide that inherited his name, mentioning that
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the same result could be obtained by modifying the metal surface (roughness,
groves, etc.). The fact of adding a coating (or modifying the surface) allows
the problem to be solved without the necessity of having a finite conductivity, thus being easier to most deeply the propagation characteristics through
a more affordable analysis, which was still made with several approximations
at that time.
He found that a SWW of a = 1 mm may present an attenuation of only
0.05 dB/m at f = 10 GHz, being, however, the field extension very large (a
transversal cylindrical area of 10 cm radius only encompassed 75% of total
guided power along the surface of the wire) [490]. Adding the coating allowed
more practical values and possible excitation of the fundamental mode. The
most popular scheme for excitation was a horn launcher based on a coaxial
cable which outer conductor was opened with a taper to adapt the mode of a
DCSWW (which can actually be roughly regarded as a coaxial cable with the
outer conductor at the infinity) [490], [497],[499]. An schematic of this kind
of excitation is shown in Fig. 2.85(d). The excitation using a dipole as that
used by Wang and Mittleman [492] was also considered at that time [498].
In that work, the possibility of using two wires as a low loss, high frequency
transmission line, is also found for the first time.
A decade later, King came [500] with a new analysis with less approximations.
In this work, it is highlighted that the coating increases the attenuation in one
order of magnitude, however, the field extension is reduced in more than one
order of magnitude. A good conclusion of the mathematical calculations on this
work was that the propagation depends on the term f 3 /σ which means that a
bad conductor SWW behave as a good conductor SWW at higher frequencies,
thus being possible reduce the extension of the field by using lower conductivity
metals. The SWW was also shown to support high power levels.
However, the enough low loss feature of hollow metallic waveguides, the good
and more practical characteristics of coaxial cable, and later, planar transmission lines, sentenced wire-type waveguides to be just a curiosity without
tangible practical uses. They can be found just some works in the 70s. Chiba
[501] studied radiation losses on bends of DCSWW, which is indeed, a major
problem of these open structures. An interesting point studied in this work
are the antenna properties of a bent DCSWW.
Despite of the fact the DCSWW propagation characteristics were not totally
clear, the more complex modified DCSWW was deeply analyzed in [502]. In
such rigorous work, it was theoretically proved that the MDCSWW provides
more confinement, lower losses (up to 7 times less), and low dispersion than
the DCSWW. However, keeping the gap between the wire and the coating
was very unpractical for real experiments at that time, and no further use was
reported up to these days. With less detail, in [503], the cutoff wave numbers of
a DCSWW, which are frequency and geometrically dependent, were reported.
Curiously, it is found that the HE11 is a fundamental mode of the DCSWW,
however, it is not appreciated the true low-loss TM01 fundamental mode (both
are, actually, degenerated).
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From that point until nowadays, uses of the DCSWW are hardly found (and
less for the SWW). A patent was presented in 1995 [504], describing how some
perturbations can be added over a DCSWW to create a leaky wave antenna
for security purposes (detection of intruders). At the starting of this century,
Alonso [505] published an interesting work on the excitation of a DCSWW by
means of an improved tapered coaxial which outer conductor becomes a horn.
In the proposed design, unlike in [490], [497], [499], the DCSWW is smartly
tapered to a small radius (a = 10 µm). This causes field confinement and
avoids mode matching losses when the horn ends. It was also observed that,
for the high THz frequencies, the taper has an optimum length, since long, soft
tapering would imply high propagation losses in an small radius DCSWW.
In our days, after [492], several works afford the excitation scheme [493], [506][508]. In [506], unlike direct generation an launching, pulses are optoelectronic
generated with a specialized photoconductive antenna transmitter chip similar
to that shown in Fig. 2.85(e). The SWW is tapered close to the transmitter to
enhance the efficiency. At the reception, a gap PC antenna is placed over the
wire. Experimentally, it is observed that a SWW with a = 260 µm presents
similar E-field distribution (and lower lossses) than a coaxial cable with same
inner conductor radius and an outer conductor of 9 mm, however, such a
coaxial would be multimode beyond 0.02 THz which is not the case of a SWW.
It is also studied the effect of curvatures. By approximating the SWW ends
(thus curving the wire), the signal attenuation is analyzed, founding a rapid
drop of several dBs for such small considered curves.
In [493] milled groves are practiced over the wire SWW surface (see Fig.
2.85(c)), allowing field enhancement in such area, and thus, better coupling
through direct launching schemes. The incidence is normal to the grooved
wire. Nevertheless, it is observed that each groove produces one oscillation
on the transmitted pulse, causing pulse distortion. Thus, a single groove may
provide broadband signals, but multiple grooves reduces noticeably the bandwidth. On the other hand, adjusting the groove distribution and shape allows
to manipulate the central frequency and the bandwidth, what can be very
useful.
In [507], a PC antenna similar to that of [506] is employed. However, the
reception is done by means of a probe placed few µm from the wire surface.
This avoids alignment errors and provides more flexibility and accuracy for loss
calculations, since power at several positions can be systematically obtained.
Actually, this is the main objective of this work, in order to clear up the strange
attenuation dispersion obtained in [492]. Smaller wires, and the use of coatings
are considered. By this, relative errors in measurements are alleviated, since
losses are higher for small or coated wires. Good agreement between theoretical
models, HFSSr simulations and experiments are found for a small a = 25 µm
SWW with and without a t = 10 µm Polyurethane (εr = 2.1, tan δ = 0.001)
coating. Experimentally, a SWW with a = 25 µm exhibits less than 0.02
dB/mm in the range 0.02 THz-0.4 THz, one order of magnitude more than a
a = 450 µm. Dispersion is also higher for the considered radius, but still in
very low levels.
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A further improvement (mainly experienced by the lower frequencies of a
broadband pulse) is found in [508], by forcing the SWW tip to touch the
inner conductor of the PC antenna. In this work, an interesting practical use
of the SWW is found: it is carried out a spectroscopy analysis of 1 mg lactose
powder dispersed on the top the SWW. A clear absorption peak at f = 0.53
THz is observed. It is highlighted that this scheme is much more efficient than
free-wave, radiating spectroscopy, which large beam require from excessively
large samples, not always available. Furthermore, other transmission lines are
to lossy or dispersive so that the propagation path is limited, therefore the interaction region. This inhibits investigation of weakly absorbing materials or
the use of long thin films. A clear unique niche of application of wire structures
is foreshadowed.
The group of Mittleman continues their work in [509] and [495]. In [509],
they are obtained, basically, the same conclusions as [492], but curves are
studied. It is found that 90o degree bends of curvature radius ranging from
R = 20 cm to R = 90 cm cause additional losses ranging from 0.14 dB/mm to
0.08 dB/mm, having an increase of attenuation increasing exponentially with
R−1 . The authors point to the difference of paths between inner and outer
way around the curve, which distorts the axialsymmetric fundamental mode.
Excitation efficiency with the same scheme of [492] is quantified in 1%.
In [495], a deep study on the excitation of the SWW is carried out with simulations and some experiments. Conclusions establish that a proper excitation
of the SWW is a challenging problem. On the one hand direct launching and
coupling through an auxiliary wire produces as maximum 0.42% according to
simulations. On the other hand, a PC coaxial antenna allows for a 56% efficiency. However, this is only the coupling efficiency from the antenna to the
SWW. Actually, the PC has itself low efficiency, therefore the improvement
is not as high as expected when regarding coupling efficiency figures. A main
controversial point of the work is that simulations are carried out using PEC
conditions for the SWW surface. Therefore, the software is considering very
high conductivities, probably calculating less confined field distribution and
propagation losses than those expected in reality.
An interesting work on controlling the field distribution on the SWW by using
subwavelength grooves and varying the radius is found in [510]. Simulations
predict that adiabatic changes allow for large and precise control over the
field extent. The authors indicate that the structure is low-loss, however, the
high field confinement suggest the contrary, at least, for reasonable distances
of propagation. Nevertheless, such modifications on the SWW could be very
interesting for excitation, sensing, and preventing radiation on bends. A simulation showing the E-field along the proposed tapered, grooved SWW, can be
observed in Fig. 2.86(a).
Step by step, some attempts to optimize the use of the SWW have come by
understanding better the propagation features of this waveguide. Wang and
Mittleman observe experimentally in [512] the stronger waveguiding (appreciated on the larger difference between the propagation constant from that of
a plane wave) of a SWW of a = 18 µm. In [513] a conical SWW is used to
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(a)

(b)

Figure 2.86: Wire-type surface waveguides at THz frequencies 3: grooved and conical wires a)
Conical SWW with subwavelength grooves proposed in [510] to provide larger confinement and field
enhancement for sensing purposes; b) From left to right, E-field distribution in a conical DCSWW,
a conical SWW and a conventional DCSWW. Best confinement is observed for a conical SWW
[511].

enhance the excitation. A SWW of diameter d = 2a = 500 µm is tapered to
a tip of 30 µm of diameter. The received power is 4.5 times than that with a
conventional SWW.
Similarly, in [514] a SWW of diameter d = 2a = 500 µm is tapered to a tip
of 20 µm of diameter, obtaining that the E-field is confined in a radius one
order of magnitude less than for the conventional thick SWW and two orders
of magnitude less than free space. Specifically, near the tip, the Full Width at
Half Maximum (FWHM) of the E-field is located at r = 30 µm.
In [515], a careful characterization of the conical SWW problem is done. Again,
it is observed that reducing the radius has an strong effect, not previously
reported in optics. This may be justified by the larger impenetrability of
the metal surface. Therefore, unlike dielectric wires, metal wires do not lose
waveguiding properties when they become subwavelength. The authors found
that propagation in a conical SWW is very sensitive to the metal conductivity,
suggesting a possible application of this waveguide for temperature sensing
purposes.
Deep and interesting results also the work in [511], affording with detail the
problem of a transition from a coaxial to a DCSWW or a SWW. Conical
version of these two waveguides and the propagation on them are simulated.
The most interesting point is that, contrarily that could be though, a conical
SWW provides more field confinement than a DCSWW, see Fig. 2.86(b).
It seems that, for the considered coating permittivity and thickness, there is
an effect of surface waveguiding in the dielectric-air interface. Therefore, a
concentration of E-field takes place in the outer air region surrounding the
dielectric. In the conical SWW the field is concentrated around the metal tip,
in a more compact area.
The case of extremely small metallic nanowires (a ranging from 100 nm to 1
µm) has been also considered [516]. According to the authors this small radius, cause interaction of the fundamental mode with the bulk modes traveling
confined inside the metal since, for example, the penetration depth of copper
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is of δCu = 51 nm at f = 1 THz. Involved equations are solved with approximations regarding the small radius employed, and for very small wires it is
found a singular behavior of the attenuation, that decreases with frequency,
contrary to the usual case. However, the calculated attenuation values are very
small (less than 0.0008 dB/mm), thus falling the results into question, which,
furthermore, have not been endorsed by posterior works.
Additional conclusions on coupling and bends are reported by the group of
Wang and Mittleman in [517]. It is interesting that a gap between two axial
aligned wires has almost no return losses when the radius is large enough
(a = 875 nm), due to the similarity between the propagation on a SWW and
the free space. A mirror is shown to be a good solution instead bends for
two unaligned SWWs. However, this solution may be quite unpractical. It is
also studied the total attenuation on bends depending on the curvature radius.
A maximum occurs since very large R implying soft bends reduces radiation
losses but also implies high propagation losses. Unfortunately, the best result
is a loss of 7.5 dB, which is quite high for the frequency range considered (up
to 0.4 THz).
A new excitation scheme has been recently presented in [518]. A double dielectric slab waveguide is used to provide accurate mode-matching in the coupling
area. The thickness and separation of the slabs are optimized to provide the
best field exponential decay likening the SWW field profile. Polarization is
linear, however. The coupling is simulated to be 38% at 1 THz, what is a
good figure taking into account that any PC antenna is used, and the power
is quasi-optically coupled to the double slab with good efficiency. A possible
problem of this proposal is that the mode matching (and therefore, the efficiency) is very sensitive to the electrical thickness of the slabs. This implies
that the design is narrow-band and somehow sensitive to the slab manufacturing tolerances, which may misspend the good broadband characteristic of the
SWW, one of its strongest features.
Works mainly focused in the DCSWW (in a main role sense, and not as complementary case of a set of experiments with the SWW) are much less prominent,
since this structure is neither low-loss (as the desired levels) nor low dispersive,
and still is an open waveguide. In [519], which is contemporary to the first
work of Wang and Mittleman, theoretical analysis and simulations are carried
out for the fundamental mode of the DCSWW estimulated by the results of
[505].
At this work some interesting assessments are done. It is found how high permittivity coatings increase the ohmic losses due to the larger confinement, and
that there is a compromise with t regarding radiation losses one the one hand,
and propagation losses and bandwidth on the other. Also, it is appreciated for
the first time that smaller wires provide less radiation losses on bends. With
a small radius (a = 50 µm) and a thin coating (a = 10 µm) of εr = 2, good
compromise between propagation losses (αp = 0.08 dB/mm at 1 THz) and radiation losses (αr = 0.008 dB/mm at 1 THz) is found. The propagation losses
are, however, in the level of a RWG, therefore losing sense the chose of this
DCSWW for practical medium distance guided paths. The coaxial transition
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to the DCSWW is studied, founding that return losses, of 3 dB when direct
connection between waveguides is applied, can be improved to 15 dB with a
L = 6 mm taper.
Although some properties of DCSWW are clarified, the study is not deep
enough to clearly quantify the influences of the design parameters of the DCSWW. Furthermore, the important question of high-order modes, which are
more evident in the DCSWW due to the presence of the coating, continues to
remain untreated.
Continuing with the DCSWW work, in [520], it is found an equivalent between a DCSWW with a SWW with subwavelength grooves. The theoretical
analysis of the grooves obtains an equivalent coating with given thickness and
permittivity, that produces the same propagation, see Fig. 2.87. The authors,
probably comparing with the optical regime, consider that the structure is low
loss due to the metals good behavior at THz. However, due to the high plasmonic field concentration at the grooves, again noticeable larger losses than
the dielectric case are expected. Moreover, the equivalent narrow-band due
to the resonant nature of the grooves effect. Despite of this facts, this kind
of structure and analysis may have its application, allowing filtering features
over wire structures. In addition, a fine control on the energy coupling process
may be achieved if the grooves are manufactured with enough precision.

(a)

(b)

Figure 2.87: Wire-type surface waveguides at THz frequencies 4: grooves and coating equivalent
in [520] a) Lateral view of the proposed SWW with subwavelength grooves and field distribution;
b) Equivalent DCSWW with same field extension and propagation constant. The equivalent is
inherently narrow-band, and expected propagation losses are higher in the grooved SWW due to
the high ohmic losses caused by the field concentration in the vicinity of the grooves.

A curious work is found in [521], where a DCSWW with a metamaterial dielectric is analyzed and the propagation behavior is compared with the classical
DCSWW. The phenomena involved are quite singular, thus being, at this moment, hard to visualize future applications. It is worth to mention that, despite
of the complex theoretical work carried out, high-order modes lack in the anal144
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ysis, founding one more time a study concentrated uniquely in the fundamental
TM01 mode.
In [522], a quite rigorous analysis is applied to the modified DCSWW operating at THz. In this work, the Drude model for metals is applied, thus
providing a more accurate characterization for the high, THz frequencies. In
the paper it is highlighted that common simulations with a commercial solver
such HFSSr may provide some errors since the common skin depth model is
applied. However, looking into detail, it is found that the error is quite small.
By considering copper wires and dielectric Teflon, they are shown the theoretical benefits of having the air gap provided by the modified DCSWW. With
a radius of a = 100 µm and a coating of thickness t = 80 µm, the DCSWW
has an attenuation of 0.1 dB/mm at f = 0.7 THz, which is reduced to 0.06
dB/mm if a gap of g = 20 µm is left between conductor and coating. This
gap enhances, furthermore, the confinement in the inner air region, thus preventing radiation, in a similar way that a dielectric tube does. Actually, TIR
effect occurs in the inner dielectric face and in the outer dielectric face. Larger
gaps provide even lower losses: with g = 60 µm, 0.01 dB/mm are obtained
at f = 0.7 THz. However, although the waveguide concept is interesting,
its practical implementation is of great complexity: additional supporting elements would be necessary as was the case of [191]. Furthermore, high-order
modes, not considered, may considerable affect this kind of structure, imposing
limitation on the gap and coating thicknesses in a structure dispersive per se.
As a practical application of single wire structures, the very recent work in
[523] is given as an example. The experimental setup scheme is shown in Fig.
2.88(a). A copper wire of radius a = 100 µm is coated with a t = 442 µm
layer of PMMA, and a t = 10 µm layer of Polyvinylidene Fluoride (PVDF), a
natural thermoelectric semi-crystalline dielectric having a frequency-dependent
permittivity at THz frequencies. This cable is shown to be very sensitive to
characterize liquids in the THz band. In Fig. 2.88(b) they can be appreciated
the strong attenuation peaks (imaginary part of the effective refractive index).
On the one hand, the attenuation at the peaking frequencies, caused by the
analyte liquid, is much larger than the air case (green curve). On the other
hand, the peak frequency is very dependent on the refractive index of the liquid
(in this example a difference less than 1% is clearly recognized by an enough
large frequency displacement).
Along the commented proposals with the SWW and DCSWW, several experiments, different coupling schemes, and solutions to reduce radiation loss
problems in bends and perturbations have been proposed, rather as patches,
in a try and error improving system. Some interesting practical uses have been
also demonstrated. However, although in some works, such as [510], [516] or
[511], some theoretical self work supports the posterior simulations and/ or
experiments, most of the literature relies and the work did more than 50 years
ago by Goubau and King, which at the same time reference back Stratton and
Sommerfeld.
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(a)

(b)

Figure 2.88: Wire-type surface waveguides at THz frequencies 5: DCSWW for sensing liquids
[523] a) Schematic of the proposed experimental setup and cross section of the sensor; b) Imaginary
part of the dispersion curves related with losses for liquids with refractive index of n = 1.33 and
n = 1.34. The green curve corresponds to the case with no liquid. The observed strong peaks and
the resolution in frequency for the small variation of the refractive index (less than 1%) proves the
are indicators of the high sensitivity of the device.

The fundamental surface mode of SWW and DCSWW is, up to some level,
well-known, and some characteristics are exploited. There is found even some
work dealing with the propagation characteristics of this mode. In [524], it is
developed an explicit formula for the SWW complex propagation constant, in
order to avoid a routine including a zero-finding task. However, the use of the
formula reaches the complexity of the original problem, which is analytic, and
errors up to 5% are found.
Despite the possible utility of the proposed formulas, issues common to all the
other publications are found. First, the high-order modes are not considered
neither in the SWW nor in the DCSWW. It is not clear the nature of these
modes and the possible negative influence to the fundamental low loss TM01
mode. Secondly, the depth of the theoretical studies on the fundamental mode
propagation in single wire structures has not a depth proportional to the relevance that the structure has acquired in the THz waveguing scenario. Third,
the possibility of jointly exploiting the benefits of each one of the commented
structures through its proper interconnection and optimization has not been
considered at all. Only the proposals regarding conical wires exploit some features. However, since the problem is not deeply studied, it could be expected
that some improvement is possible through proper optimization. This are the
issues that call to be solved in this thesis, becoming thus, part of its objectives.
Although at this point, the text has driven the reader to the motivational
origin of this part of the thesis, it would not be fair leave apart some recent
surface/plasmonic waveguide proposals. This section ends with the Two Wire
Waveguide, which arose as a possible solution for SWW radiation problems.
Nevertheless, the popularity of the TWW is not comparable to that obtained
by the SWW.
The first proposal came in 2009, again by the group of Mittleman [525]. In this
work, the TWW obtains similar results than the SWW in simulation, however,
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the measurements show higher losses: two wires of a = 150 µm separated
d = 0.5 cm exhibited about 0.015 dB/mm in the 0.1 THz-0.5 THz range.
The authors conclude that the TWW may be used to transport signals up
to 0.2 THz with low bending losses (approximately 4 dB for a 90o bend with
curvature radius R = 8.6 cm). Therefore, the conclusions do not state any
relevant improvement from the SWW general behavior.
Much more deep is the work provided by Pahlevaninezhad [526], [527] one
year later. First, in [526], a rigorous analysis of the structure is done for
the fundamental mode: since the structure has more than one conductor,
the thoughtful Conformal Mapping can be applied [528], i.e., a complicated
geometry is mapped to a simpler one through a complex analytic function.
Numerically, the complex function imposes no problem, and afterward, the
solution is transformed to the original geometry.
The only attributable problem to this approach is that consider the wires as
perfect conductors, thus introducing an error hard to quantify. On the other
hand, a theoretical analysis assuming the metal as a complex dielectric would
be excessively complex. Considering wires of a = 200 µm, separated d = 1
mm, ohmic losses of 0.01 dB/mm at f = 1 THz are estimated by perturbative
theory [376]. Reducing the separation d increases the losses exponentially, and
some loss reduction can be achieved with larger wires, however not improvement is found beyond a = 300 µm, which is, actually, the wavelength size at
the frequency of operation. However, a possible problem that the value of
this distance between wires d conditions the higher TE and TM modes, not
considered in the analysis.
In [527], excitation of the TWW is afforded. It is shown that focusing the
excitation beam in a bounded area, mainly focused between the wires can
provide high efficiency coupling, up to 70%. However, this efficiency is very
sensitive to the wire separation d. Therefore, it is expected that it noticeably
aggravates in practice.
Apart of its inherent disadvantages, the TWW has a difficult practical implementation: it requires some mechanical structure to hold the two wires and let
them be equally separated along the waveguiding path. This problem is well
addressed in [529]. Two different dielectric porous supports are considered,
and comparison with the original TWW is provided. The analyzed structures
and the field distribution in them are shown in Fig. 2.89.
As can be observed, the structures are designed to allow the field travel mostly
in the inner air region, confined and partly isolated from exterior, and giving
good mechanical consistence to the wires. As it can be foreseen, losses are
higher in the proposed structures, which add dielectric losses. However, the
deep analysis carried out in the paper indicates that the proposed design has
a better performance than porous fibers, highlighting the lower propagation
and attenuation dispersion.
The authors affirm that the TWW has 5 times lower losses at bends than a
common SWW, and their study on the coupling efficiency concludes that is
possible to achieve good efficiency in a relatively wide range of frequencies
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(f)

Figure 2.89: Wire-type surface waveguides at THz frequencies 6: Two-wire waveguide (TWW)
a) Basic TWW immersed in a outer air region b) Practical implementation 1 proposed in [529],
consisting in a tube enclosing the wires with a central air region for low loss propagation; c)
Practical implementation 2 proposed in [529] consisting in a porous fiber supporting the wires with
several air holes, to avoid dielectric losses as possible; d)-f) E-field magnitude distribution of the
fundamental mode for the structures above.

with a proper design. However, except some valleys at very low frequencies,
losses are not competitive for the proposed design, which furthermore shows
to propagate several high-order modes. Furthermore, the presence of the dielectric causes field pattern variations when the frequencies increase, with the
mode tending to be concentrated inside the dielectric. Although the structure
with more holes alleviates this effect, in general, it could be said that the proposed structure is closer to a porous fiber in propagation characteristics than a
TWW. It should be pointed out, however, that further improvements may be
possible using more complex structures involving dielectric or metallo-dielectric
EBGs. This could be a nice line to research in.
With more experimental character, [530] has recently tested the TWW structure to transmit broadband pulses. The experimental setup consist on two
wires of radius a = 125 µm, separated a distance d = 300 µm. The 20 cm long
TWW is hold at both ends with a dielectric slab. They are obtained losses of
0.075 dB/mm at f = 1 THz, which is a good figure for the proven broadband
transmission (0.1 THz to 4 THz).
More recently, as occurs with many waveguides, the TWW has been also proposed to interact with graphene samples. In this case the considered separation
is only d = 24 µm, thus being the desired effects, different from the aforementioned works. With such small separation, losses would result prohibitive.
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2.3.3.5

Planar Surface and Plasmonic Waveguides

As with the other kinds of waveguides, a planar version of the proposals is
always found. Planar impenetrable surface waveguides came firstly with a
plastic ribbon made of high-permitivity alumina (εr = 9.9, tan δ = 2.6 · 10−3
[21]) ribbon proposed in 2005 by Yeh [531], see Fig. 2.90(a) . In such a
nice and complete work, surface waveguiding advantages, solution to possibles
drawbacks, and comparison with other structures is well a addressed.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.90: Planar surface waveguides at THz frequencies 1: high permittivity dielectric ribbon.
a) 3D schematic b) Cross section E-field magnitude distribution; c) E-field magnitude on a 90
degrees bend d)-f) Same as a)-c) for a low-permittivity coated dielectric ribbon. The confinement
noticeably increases when the low permittivity coating is added to the ribbon.

By using a high permittivity dielectric, the surface waveguiding is more impenetrable, thus allowing strong field concentration in the outer air region,
close to the dielectric interface. The effect is not as strong as with metal-air
interfaces, but allowed to provide simulated losses a hundred times lower than
other metallic and dielectric structures. Actually, simulations in the paper
showed, at f = 1 THz, losses of several dBs/mm for the microstrip line, of
0.1 dB/mm for the RWG, 0.02 dB/mm for the dielectric rod (propagation
predominantly inside the dielectric region), but only 5 · 10−4 dB/mm for the
proposed dielectric ribbon.
Furthermore, high power handling capability and easy active component integration should be affordable for this waveguide, since no metallic parts are
involved. The authors suggested that the structure may be the base of ultra high-speed electronic THz circuits, and solve the problem of the bulky,
fixed path, hardly scalable, and sometimes lossy, quasi-optical systems avoiding waveguides at that time.
The extreme low losses are achieved by using a ribbon with width w = 0.625λ
and height h = 0.0625λ, clearly subwavelength. The drawback of this configuration is that the field extent in the outer air region is huge and both, the
attenuation dispersion and propagation dispersion, are noticeably high. As a
consequence, excitation, radiation losses on bends, and signal distortion are
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important issues. As an example, Fig. 2.90(c) shows the E-field magnitude on
a bend. As the ribbon starts curve its path, practically all the power is radiated, as it is only weakly attached to the surface. Furthermore, the concept
of impedance gets loose for this kind of waveguides, thus being not possible
apply the well-developed transmission line design theory and techniques.
Nevertheless, it must appreciated the thoughtful solutions proposed in this
work. Firstly, the field extension and radiation on bends is afforded by using
a low permittivity, relatively low-loss dielectric coating, see Fig. 2.90(d). A
Teflon coating of thickness t = λ/4 is applied over the ribbon, causing that the
power distribution roughly became (ribbon: 5%, Teflon: 85%, air: 10%). In
such configuration, the energy is confined transversely in a much more compact
area, see Fig. 2.90(e). This solves completely the radiation loss problem in
bends. As can be appreciated in Fig. 2.90(f), when the coating is present,
practically all the power reaches the end of the curve. Simulations indicate
that only 0.2 dB would be lost in such bend.
The prize of the larger confinement is an increment of the losses in two orders of
magnitude, originated by the absorption in the Teflon coating. This losses may
be even larger in practice due to the optimistic model employed for the Teflon,
and possible manufacturing issues. In this way, the waveguide is not longer lowloss. However, a very interesting solution is proposed: use the coating when
it is strictly necessary. To achieve that, transitions between the bare ribbon
and the coated ribbon are proposed. Three cases are studied: no transition,
direct and inverted. The first, is rather a discontinuity, however, only 0.5 dB
losses are reported for such a rough solution. Probably, this occurs for a single
frequency, and is narrow-band. The authors suggest this configuration for
filtering purposes, actually. The direct transition is a linear taper consisting
in a coating that adiabatically gets thicker from the top surface of the ribbon.
The loss is 0.3 dB in this case. Finally the inverted linear tapper consist on
the vertical flip of the previous: a linear tapper growing downwards from the
final top surface of the coating. This is the best case (0.2 dB losses), however,
it looks unpractical regarding manufacturing and robustness.
The coated ribbon results also useful in the excitation process. When this
coating is present, a good matching can be achieved between a microstrip line
and the coated ribbon by matching the microstip dielectric with the coating.
Both, polarization and field distribution are very similar so that only 0.24
dB are lost by missmatch. This would be no longer possible if an uncoated
ribbon was used, since any way to achieve good matching is possible: field
concentration in the ribbon is very low, and field extension in the air is very
large. Furthermore, the microstip substrate is of different permittivity, lower
than the ribbon, larger than the air. In addition, the possibility of exciting
the coated and the bare ribbon with a RWG is suggested, by means of proper
tapers. It should be pointed out that the scheme is very different for each case,
coated and uncoated.
The work lacks from experimental results and a more specific description of
a practical use of the proposed designs. However, the main ideas are of great
importance, which justifies the space dedicated to it. Through the proposed
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solutions it has been show how, with two designs, one showing great features
for straight, long path propagation, and the other for excitation and propagation in curves, it possible to create high performance waveguide structures
inheriting only the good characteristics. Unfortunately, continuation of the
described work is not found, probably caused by the issues regarding the practical implementation of this waveguide, which, one must not forget, is very
frequent-dependent due to its dielectric nature. Nevertheless, the ideas in this
work has been seed on some designs proposed in the next chapter. The possibility of combining the properties of the SWW and the DCSWW through
proper interconnection is a promising solution that has not been well exploited
to date.
The more recent works commented now in this section are much more practical,
but the results are not as flamboyant. Features of planar surface and plasmonic
waveguides are not clearly overcoming the previous planar designs. In any case,
some unique features are still found do to its particular nature.
In [532] a planar version version of the Goubau Line is proposed, i.e., a metal
plate covered by a dielectric coating. The main work is focused in the design
of transition between a CPW and the proposed transmission line by means of
Vivaldi horn taper. The designed transition imposes 1.85 dB of insertion losses.
A possible problem of the transition may be the lack of good mode matching
between the waveguides, due tho polarization reasons. The planar GL itself
exhibits losses as high as 0.4 dB/mm at only 0.2 THz in the experimental
results, what questions the interest in this line in detriment of the conventional
planar lines. Sharp 90 degrees bends are afforded with estimated losses of 5 dB,
however, dielectric losses are not taken into account. In general, it seems that
the design, confining the power inside the dielectric, does not exploit the good
features of surface waveguides. The same authors propose in [533] a similar
design using two cascade linear tapers in the transition, see Fig. 2.91(a). In
this work the transition losses are reduced to 1.25 dB, and the propagation
losses are shown to be 2 dB/mm at f = 0.22 THz, better but still very high.
In [534], the Zenneck surface wave [496], i.e., a surface wave propagating on
a metal sheet (the planar version of a SWW) is studied. In the past, this
waveguide has generated much discussion, since proving its existent is very
challenging. Whereas in the cylindrical geometry, the curvature causes certain confinement that can be even controlled and made larger though small
wires, in the planar case the extension is extremely unpractical, and its almost
impossible to distinguish it from a plane wave. The authors afford the issue
using aluminum (actually a not good conductor in the THz band), to design
a metallic ribbon of 10 cm wide and 51 µm thick. The faces are smooth but
not polished.
The excitation is made by means of a PPW, with the sheet attached to its
bottom plate, a good way to provide good polarization matching. At f = 0.4
THz, the attenuation is 0.018 dB/mm, 900 times larger than predicted in
theory, even using the Drude model. Probably some lateral spreading may be
contributing to the losses. The authors point out that the Zenneck wave is
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(a)

(b)

(c)

(d)

Figure 2.91: Planar surface waveguides at THz frequencies 2: practical implementations a)
Photography of the top view of the device designed in [533] for the excitation of a planar GL and
test the properties of this line at THz frequencies. It consists on a transition from a CPW to a
planar GL, made by a cascade of two linear tapers; b)

difficult to establish since it is still of unpractical extent at THz frequencies.
This will be better understood in the next chapter.
With similar intentions, in [535], it is proposed to add a thin coating to a
metallic sheet in order to provide enough confinement for the Zenneck wave,
in such way that simulations and experimental results agree, thus proving the
existence of this mode and exhibiting design control over it. With a coating
as thin as λ/50, the field collapses up to 200 times. In the experimental test,
a polyethilene coating of t = 12.5 µm is displayed over an aluminum sheet of
10 cm wide per 100 µm thick. The excitation is done by means of a PPW,
adiabatically open until 1.2 mm, however, it is pointed out that, if a very good
match was required, the waveguide end should be opened until 15 cm, which
is an exaggerated distance for a practical implementation.
The experimental results are quite good since, at f = 1 THz, propagation losses
are of 0.017 dB/mm, which split in 0.013 dB/mm losses caused by the metal
and 0.004 dB/mm caused by the dielectric. The figure is quite competitive
for a planar design. Regarding confinement, 65% of the field is concentrated
under 1.5 mm from the sheet surface from 0.5 THz to 1.5 THz. The figure
is good if one compares it with a SWW, however, when talking about planar
waveguides, it may imply losing the planar feature. The transmission line is
also low dispersive since the velocity group varies between 0.93c and 0.99c.
However, the authors indicate that there are some other leaky modes which
appear sometimes in both, numerical simulations and experiments. This issue
is not treated deep but it seems could be a hidden threat for the performance
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of this waveguide. Finally, it is highlighted that grooves may be practiced
to the sheet instead of using dielectric, however this solution is narrow-band
whereas the dielectric coating offer broadband features. Sensing applications
are foreseen for the proposed design, which is, at least, one to take into account.
The planar surface review end with two examples of application. In [536],
a microfluidic sensor is designed by means of a plasmonic transmission line
containing a stub through the liquid flows, see Fig. 2.91(b). Although the
designed transmission line adopts a form similar to a PPW, the plasmonic
effects of high field enhancement near the metal faces predominate due to the
proximity of them. Actually, the main channel height is only 20 µm, and the
stub is only 20 µm wide, and 30 µm deep, from which 20 µm correspond to
the dielectric and 10 µm to the fluid under test. The Drude model is used
together with transmission line theory, showing, at least in simulation, that
the proposed structure is very suitable for identifying the signatures of samples
in liquid, as for example cancer cells.
The second example regards to the work in [537], where a new design of a metalmetal plasmonic waveguide, including a special configuration of dielectric layers
(see Figs. 2.91(c) and 2.91(d)) is incorporated in a QCL to improve the far-field
emission. This planar design is only 125µm wide, and the vertical separation
between the metal layers is about 15 µm. Again, BCB appears as a suitable
dielectric exhibiting acceptable absorption. A 15 µm layer of this substrate
is displayed under the bottom plate, which is only 300 nm thick, thus being
some field leakage through it. The frequency of operation is f = 2.9 THz. The
authors highlight the powerful possibilities of combine metals and dielectrics
in what they call hybrid plasmonic waveguides, which make a wide range of
structural designs to be possible.
To close this deep review of THz waveguides, and given that many information and details have been provided, a schematic comparative among all the
waveguides reviewed in this chapter is presented in table 2.3. In the table,
waveguides are classified by groups, which are separated by a triple line, in
the same way as it has been done in this chapter: Metallic (microwave); Dielectric (optic); Periodic/EBG; Surface/Plasmonic. For each group, bulk and
planar subgroup designs are distinguished, separated by a double line. For
each waveguide, the best reported performance according to the state of the
art, if enough representative of the class, has been considered. The parameters
taken into account have been: propagation losses (α); dispersion of propagation losses (α(f )); dispersion (β(f )); single mode operation (SM); confinement
(Cnf.); Manufacturing difficulty (Mfr.); and difficulty of use (Use). The scale
used is: 5:=very good; 4:=good; 3:=fair; 2:=poor; 1:=very poor. To keep
homogeneity, higher values mean better behavior referring to any parameter,
i.e., for each parameter 5 is the closest to the ideal desired behavior. Although
the results are displayed in a qualitative way for the easy of comprehension,
most of them are based in careful quantitative comparison.
The table results quite helpful to synthesize information. In a compact form,
this list summarizes the most relevant information regarding THz waveguides:
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– Metallic waveguides hardly offer good propagation losses (specially bad
for planar cases) unless they operate under multimode regime, which complicate their use in practical environments. Manufacturing is challenging,
but alleviated if the waveguide is overmoded. On the other hand, their
attenuation is quite stable with the frequency, dispersion is acceptable,
confinement is excellent and their use straightforward. The PPW waveguide is an exception providing a very good overall behavior except of the
confinement problems due to the lateral spread of the guided waves.
– Dielectric waveguides are generally lossy unless high percentage of the
power is transmitted through an (several) air region(s). The soft boundary conditions in these waveguides (compared to a metallic one) cause
that dispersion in both, attenuation and propagation constant, to be
specially high, and rather poor confinement. However, some topological configuration can improve some one of these features. Manufacturing
process follows quite standard criteria and is straightforward except for
complicated geometries. Their use presents medium difficulty.
– Periodic and EBG structures present low propagation losses and good
confinement in general, but dispersion in both, attenuation and propagation constant, is appreciable due to multimode behavior except in the
topology is forced to single mode operation. The structures are quite versatile and the information in the table might be showing only part of their
possibilities. In must be highlighted that manufacturing difficulty may
range from simple to very complex depending on the particular topology,
which also conditions the difficulty of use, rather complex in general.
– Surface waveguides are able to achieve at the same time low loss, nondispersive behavior (including this single mode operation) and easy manufacturing. However, this performance is at the cost of very poor confinement and consequent difficulty of use, the largest among all waveguides.
Dielectric or other mechanisms can be used to alleviate this problems at
an appreciable increment of either losses or dispersion, or both.
From the above it can be said that metallic waveguides represent what is
standard, but limited and does not contribute with specially good features for
THz; dielectric waveguides can be topologically engineered to perform well, but
narrow-band; periodic/EBG structures offer a high versatility and may cover
special niches of use; and surface waveguides are a very potential solution which
exhibits at the same time, outstanding features and prohibitive disadvantages.
The state of the art of this part of the thesis, focused on the THz ends here.
The detailed review has allow to understand the minor and key details that
make this region different from both, microwave and optics. Step by step, the
shape of the problem to be afforded has become more defined. At this point, it
has been seen that THz applications rely many times on the use of broadband
THz pulses. Therefore, for these cases, a low-loss, non-dispersive waveguide is
necessary. From what has been reviewed and recently empathized in the THz
waveguides comparative, the SWW results very suitable for such demanded
features, being, furthermore, a simple structure. However, it has been found
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that excitation and radiation on bends are problems to be solve mandatorily
for its practical use.
The DCSWW can be seen as the dual waveguide regarding these features,
since it may enhance the excitation efficiency and reduce the bend losses.
However, this waveguide in neither low-loss nor low-dispersive. In order to
develop designs with each one of these two waveguides, or combine them when
necessary to take advantage of the good features of each one, propagation
characteristics of both structures must be known, and this implies a rigorous
analysis. A lack of such a proper analysis is found along in the reviewed
work, so this thesis aims to contribute to THz technology in this aspect. In
the next chapter, a rigorous analysis of both structures will be presented,
whilst a further chapter will introduce some proposals of combined use of
them. Regarding to the previous table, this part of the thesis contributes,
on the one hand, to give specific information to each performance parameter
depending on the waveguide parameters and frequency of operation, studying
deep the structures, and, on the other hand, to improve those features clearly
limiting the enormous potential of these waveguides.
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Waveguide

Image

α

α(f )

β(f )

SM

Cnf.

Mfr.

Use

RWG

3

4

3

5

5

1

5

CWG (Overmoded)

5

4

3

1

5

3

4

Coaxial

2

4

5

5

5

1

5

Microstrip

1

3

4

4

4

2

4

CPW

2

3

4

4

3

2

4

PPW (TEM)

4

5

5

5

3

5

4

PPW (TE1 )

5

5

3

1

3

5

3

Solid fiber

2

2

1

4

2

5

3

Dielectric tube

3

1

1

1

3

4

3

Porous fiber

4

1

4

5

3

3

3

Dielectric slot

4

2

1

4

4

5

4

PBG fiber

4

1

2

4

3

2

3

CWG metal-diel

5

2

3

1

5

1

2

RWG EBG-woodpile

4

2

5

4

5

4

4

Planar EBG

4

2

5

4

5

4

4

SWW

5

5

5

5

1

5

2

DCSWW

3

2

2

2

3

4

3

TWW

4

5

5

2

3

4

4

Dielectric ribbon

5

1

1

5

1

5

2

Planar GL

4

5

4

2

2

5

2

Table 2.3: Comparative of THz waveguides. The parameters taken into account for the comparative are: propagation losses (α); dispersion of propagation losses (α(f )); dispersion (β(f );
single mode operation (SM); confinement (Cnf.); Manufacturing dificulty (Mfr.); and difficulty of
use (Use). Scale: 5:=very good; 4:=good; 3:=fair; 2:=poor; 1:=very poor; To keep homogeneity,
higher values mean better behavior referring to any parameter.
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Wire-type Waveguides
3.1

Surface Waveguide Theory:

Surface waveguides are open waveguides that exhibit a waveguiding phenomena that
could be described by the particular characteristic of that waves are railed over the
surface rather than guided (in the sense of closed waveguides, in which all the energy
is strongly guided along the desired path, travelling very confined in the interior of
the waveguide). The variety of possible surfaces that provide this kind of mechanism (low permittivity dielectrics, high permittivity dielectrics, metals, metamaterials, etc.) cause a large variety in the grade that surface waveguiding is provided,
ranging from the soft, sometimes called penetrable surface waveguiding, offered by
low permittivity dielectrics, to the strong, sometimes called impenetrable surface
waveguiding, offered by metal surfaces. This last case is also usually named as plasmonic waveguiding. In the penetrable surface case, depending on the electrical size
of the waveguide, the waves are guided mainly in the external medium (electrically
smaller waveguides) or confined in the internal medium (electrically larger waveguides), and the transition between both states is soft. In the case of impenetrable
surfaces, the waves are guided more clearly attached to the surface, in the external
medium, with very low penetration into the internal medium. In any case, these
waveguides present a particular kind of electromagnetic problem, with its specific
boundary conditions, solutions, propagation characteristics, etc. In this section, the
main features of the surface waveguide theory are reviewed to provide the necessary
theoretical foundation for the later treated analysis problems.

3.1.1

Imperfect Dielectrics

Dielectrics are mandatorily present in surface waveguide problems, since some boundary must be an open boundary, i.e, a change between two dielectric mediums, either
because both of them are dielectrics or one1 of them is a metal modeled as a dielectric. Since the mathematical modelling of metals will have in the section 3.2 a
deeper review, now, only the dielectric materials formalisms are afforded.
1 It is possible consider the interface between two metals modeled as dielectrics, however it lacks
of interest in the scope of this thesis.
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Dielectrics are characterized by its dielectric permittivity ε, being usual the emε
ployment of the relative permittivity εr = , which allows to compare them with
ε0
the vacuum media (ε = ε0 , εr = 1). Losses at dielectrics occur by several reasons:
material conductivity, relaxation phenomena, molecular resonances and molecular
structure of the material [21]. Mathematically, these losses are introduced in the
Maxwell equations via adding an imaginary term in the permittivity, so it becomes
complex number with this form:
ε = ε0 − jε00

(3.1)

The imaginary part the permittivity is always negative, otherwise gain would be
obtained instead loss, what violates the energy conservation principle. In this way,
the previous expression is chosen, having ε00 real and positive. The ratio between
imaginary and real parts is known as loss tangent, with the following expression:
tan δ =

ε00
ε0

(3.2)

and therefore,
ε = ε0 (1 − j tan δ)

(3.3)

At the microwave and millimeter-wave bands, it is considered that the main loss
contribution is that coming from the finite conductivity of the dielectric material,
σ, which is small but not null (as it is in the ideal case). Therefore, the imaginary
σ
part of the dielectric permittivity is assumed to be ε00 = , and, according to (3.1)
ω
and (3.3), one has that
tan δ =

σ
ωε0

(3.4)

and

σ 
(3.5)
ε = ε0 1 − j 0
ωε
From the previous expressions, it may be understood that the dielectric losses
decrease with the frequency, however, the power dissipated in a lossy dielectric region
is
ZZZ
ωε00
~ 2 dV
PLd =
|E|
(3.6)
2
v
where V is the volume of the lossy dielectric. In the previous expression it can
be appreciated that the term ω compensates that appearing in the denominator of
(3.5). In fact, it is generaally found that both parameters ε0 and ε00 are relatively
stable with the frequency inside a certain band. This means that common dielectric
materials experience an increase of its absorption, that compensates the predicted
decrement of the losses term ε00 with the frequency.
Indeed, as the decades are expanded from microwaves to the THz band, the model
of dielectrics, obtained experimentally, generally implies a higher tan δ. Since losses
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inside a dielectric medium grow with the frequency according to (3.6), in the cases
studied in this thesis, an increment of frequency will always produces a noticeable
increment of dielectric losses, given by both terms in (3.6), ω and ε00 . This is the
mathematical point of view of the high losses experienced at THz frequencies.

3.1.2

Boundary Conditions

In this section the possible boundary conditions that can appear in a surface waveguide problem are formally treated. These are boundary conditions regarding the
interface between two mediums, and the radiation condition, necessary by the open
nature of the structure, [21], [538].
3.1.2.1

Boundary at the interface between two mediums

In the problems treated in this thesis the following two cases appear:
1. Both mediums are dielectrics.
2. The medium 1 is a perfect conductor and the medium 2 is a dielectric.
A third condition may be considered, regarding to the case of having one dielectric
medium and an imperfect metal medium, applying the particular surface impedance
of the medium under question [21]. However, this a simplification of the case 1, when
one of the dielectrics is really an imperfect conductor modeled with its equivalent
complex permittivity. Therefore, only the two enumerated cases will be described.
With the first one, they can be afforded all the boundary conditions involved in
the analysis of the SWW and in all the simpler cases considered before (dielectric
cylinders with εr of a variety of kinds), as well as the boundary existent between the
dielectric and the air external medium that is found in the DCSWW. The second
case, appears exclusively in the treatment of the metallic cylinder present in the
DCSWW, and its use will facilitate in a great extent the analysis of this structure,
more complex geometrically.
1. Both mediums are dielectrics.
~ D,
~ H
~ yB
~
To understand the boundary conditions to which the quantities E,
are subjected for the first case, three scenarios are analyzed.
• Scenario A
The scenario A is represented in Fig. 3.1. Two rectangular parallel surfaces
have been located, being each one a specular image from the other one. The
upper rectangle is in the medium 1, whereas the lower rectangle is in the
medium 2. The sides of each rectangle are ∆s1 and ∆s2 . The vectors x̂, ŷ and
ẑ are the three unitary vectors in the x, y and z directions, respectively. P is
the plane that separates both mediums.
Maxwell equations are:
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Figure 3.1: Geometry of scenario A. This scenario shows the relationship between the tangential
components of the electric field with the normal component of the magnetic flux, as well as the
relationship between the tangential components of the magnetic field with the normal component
of the electric displacement vector when a transition between two dielectric mediums occur. The
rectangular area ∆S1 is parallel to the rectangular area ∆S2 . The sides of each rectangle are ∆s1
and ∆s2 , and the separation between them is ∆l. P is the interface between medium 1 and medium
2.

~ t)
∂ B(r,
∂t
~
~ t) = J(r,
~ t) + ∂ D(r, t)
∇ × H(r,
∂t
~ t) = 0
∇ · B(r,
~ t) = ρ(r, t)
∇ · D(r,
~ t)
∇ × E(r,

=

−

(3.7)
(3.8)
(3.9)
(3.10)

Integrating (3.7) on the rectangular area ∆S1 of region 1:
Z
∆S1

~ 1 ) · n̂1 dS = −
(∇ × E

∂
∂t

Z
∆S1

~ 1 · n̂1 dS
B


(3.11)

whereas that the same equation is integarted on the rectangular area ∆S2 of
region 2:
Z
∆S2

~ 2 ) · n̂2 dS = −
(∇ × E

∂
∂t

Z
∆S2

~ 2 · n̂2 dS
B


(3.12)

Applying now the Stokes Theorem to (3.11) and (3.12), and adding the result,
it is obtained:
Z
c1

~ 1 ·ŝ1 ds1 +
E

 Z

Z

∂
∂
~
~
~
E2 ·ŝ2 ds2 = −
B1 · n̂1 dS +
B2 · n̂2 dS
∂t
∂t
c2
∆S1
∆S2
(3.13)

Z
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where c1 and c2 are, respectively, the curves that enclose the areas ∆S1 and
~ has a constant
∆S2 . In rectangular coordinates, if ∆s1 → 0 and ∆s2 → 0, E
value at each side. Now, if the separation between both rectangular surfaces
tends to 0, it is obtained
(E1x − E2x )2∆x + (E1y − E2y )2∆y = −

∂
(B1z − B2z )∆x∆y
∂t

(3.14)

where the following assignments have taken place:

∆s1 = ∆x

(3.15)

∆s2 = ∆y

(3.16)

ŝ1 = x̂

(3.17)

ŝ2 = ŷ

(3.18)

n̂1 = −n̂2 = n̂ = ẑ

(3.19)

~ and B
~ indicates the corresponding field comwith the subindex of vectors E
ponent and the medium.
In a similar way, following the relation (3.8) for the tangential components of
~ and the normal component of D
~ on the surface P :
H

(H1x − H2x )2∆x + (H1y − H2y )2∆y
∂
= (D1z − D2z )∆x∆y + (J1z − J2z )∆x∆y
∂t

(3.20)

The expressions (3.14) and (3.20) collect the conclusions from this first scenario and their implications will be treated after the description of the other
two scenarios.
• Scenario B
Consider now a rectangular path c like it is described in Fig. 3.2, crossing the
interface between two dielectric media, P . The two sides ∆s of this rectangle
are parallel to P and the separation between them (or the short side of this
rectangle) is ∆l, being the rectangle area ∆S. The unity vector n̂0 is normal
to the described rectangle, and the vectors ~s1 and ~s2 are parallel to the surface
P , and orthogonal to n̂0 and n̂, with n̂ the unity vector orthogonal to the
surface P . In addition, ~s1 = −~s2 , ŝ1 = n̂0 × n̂, and ŝ2 = −n̂0 × n̂. Integrating
(3.7) over the rectangular area,
~ · n̂0 dS = − ∂
(∇ × E)
∂t
∆S

Z
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Z
∆S

~ · n̂0 dS
B


(3.21)
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Figure 3.2: Geometry of the scenario B, showing the continuity of the tangential electric and
magnetic fields across a surface P , between two dielectric mediums.

and by the Stokes Theorem:
~ · ŝ ds = − ∂
E
∂t
c1

Z

Z
∆S

~ · n̂0 dS
B


(3.22)

If in this last expressions it is considered a very small rectangle, such that
~ has a constant value at each side of the surface,
∆s → 0 y ∆l → 0, then E
therefore




~ 1 + ŝ2 · E
~ 2 ∆s + A
ŝ1 · E

~
∂B
· n̂0 ∆s
∂t
~
∂B
−
· n̂0 ∆s∆l
∂t

= −
=

(3.23)

where A is the contribution of the rectangle small sides. Taking the limit
∆s → 0 y ∆l → 0, it is found that



~ 1 − n̂0 × n̂ · E
~ 2 = − lim
n̂0 × n̂ · E

∆l→0

~
∂B
· n̂0 ∆l
∂t

!
(3.24)

that can be expressed as
h
i
~1 − E
~ 2 ) = lim
n̂0 · n̂ × (E

∆l→0

~
∂B
n̂0 ·
∂t

!
∆l

(3.25)

Since in (3.23) A → 0 when ∆l → 0, it is finally obtained that.
~1 − E
~ 2) = 0
n̂ × (E

(3.26)

Applying an analogous procedure for the equation (3.8) it is concluded that
~1 − H
~ 2 ) = J~s
n̂ × (H

(3.27)

where J~s is the surface current density at the boundary surface. It has been
shown that the tangential components of the electric and magnetic fields must
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be continuous across the dielectric boundary. That these boundary conditions
on the tangential components of the electric and magnetic fields at the boundary of two dissimilar dielectric media are necessary and sufficient boundary
condition will be shown later.
• Scenario C

Figure 3.3: Geometry of the scenario C. By means of this scenario they are shown the continuity
of the normal components of the magnetic flux and the displacement vector across a surface P
separating two dielectric mediums.

This scenario consist in a small cylinder, with height ∆l, and having its top
and bottom faces an area ∆a. The cylinder is crossing a interface S between
the medium 1 and the medium 2, as it is shown in Fig. 3.3. The vectors n̂1
y n̂2 are normal to the cylinder top and bottom faces, hence normal to the
surface S. The volume of the cylinder is ∆V . If the equation (3.9) is integrated
over that close volume, it is found that
Z
∆V

~ dV = 0
∇·B

(3.28)

and by applying the Divergence Theorem
Z
∆Ac

~ · n̂ dS = 0
B

(3.29)

where the integration area ∆Ac represents the total area of the considered
cylinder. If such cylinder is made very small, by doing ∆a → 0 y ∆l → 0,
~ will have a constant value for each of the implied surfaces. Therefore,
then B
proceeding with (3.29) it is found that
~ 1 + n̂2 · B
~ 2 )∆a + A = 0
(n̂1 · B

(3.30)

where A is the contribution of the lateral face of the cylinder to the integral.
Since n̂2 = −n̂1 = −n̂, in the limit, (3.30) becomes
163

Chapter 3. Wire-type Waveguides

~1 − B
~ 2 ) · n̂ = 0
(B

(3.31)

The same treatment of (3.10) gives
~1 −D
~ 2 ) · n̂ = ρs
(D

(3.32)

where ρs is the surface charge density at the interface between the two mediums. These equations indicate that, across the interface between two different
~ must be continuous, and the normal
mediums, the normal component of B
~
component of D must be discontinuous due to the surface charge density.
That these conditions are necessary, but not sufficient is shown next.
Along the discussion carried out with the scenarios A, B and C, the following six boundary conditions have been obtained for an interface between two
dielectric media:
(E1x − E2x )2∆x + (E1y − E2y )2∆y = −

∂
(B1z − B2z )∆x∆y
∂t

(H1x − H2x )2∆x + (H1y − H2y )2∆y
∂
= (D1z − D2z )∆x∆y + (J1z − J2z )∆x∆y
∂t

(3.33)

(3.34)

~1 − E
~ 2) = 0
n̂ × (E

(3.35)

~1 − H
~ 2 ) = J~s
n̂ × (H

(3.36)

~1 − B
~ 2 ) · n̂ = 0
(B

(3.37)

~1 −D
~ 2 ) · n̂ = ρs
(D

(3.38)

Let consider the expressions (3.33) and (3.34), for a problem with harmonic
variation, described by a pulsation ω = 2πf . In this case, the temporal derivatives ∂/∂t may be replaced by jω, adopting the problem in this way complex
phasorial expressions independent of the time for the fields. Under such situation, (3.33) and (3.34) become
(E1x − E2x )2∆x + (E1y − E2y )2∆y = −jω(B1z − B2z )∆x∆y
and
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(H1x − H2x )2∆x + (H1y − H2y )2∆y

= jω(D1z − D2z )∆x∆y + (J1z − J2z )∆x∆y

(3.40)

These equations, must be satisfied at the interface between both dielectric
mediums. The equation (3.39) shows that if the boundary condition (3.35),
of continuity of the tangential electric field is satisfied, i.e., E1x = E2x y
E1y = E2y , then the left term vanishes. Since ω 6= 0 and ∆x∆y 6= 0, it
is mandatory that B1z = B2z , hence being satisfied the boundary condition
~ given by (3.37). However, the fact that the
on the normal component of B,
~ (B1z = B2z ), given by
boundary condition on the normal component of B
(3.31), is satisfied, only means that:
(E1x − E2x )2∆x + (E1y − E2y )2∆y = 0

(3.41)

so it is not possible to conclude that (3.35) is satisfied, since (3.41) implies
that the sum of the terms (E1x − E2x )2∆x and (E1y − E2y )2∆y must be null,
but each term needs not to be null.
With an analogous procedure for equation (3.40) it is concluded that, if the
boundary condition of the magnetic field tangential components, given by
(3.36), is satisfied, then the boundary condition on the normal component
~ given by (3.38), is automatically satisfied. However, the reciprocal is not
of D,
true.
Therefore, in order to satisfy the boundary conditions on a interface between
two dielectric mediums it is necessary that the boundary conditions on the
tangential components of the electromagnetic fields are satisfied. This is, the
tangential electric field must be continuous, and the magnetic field must be
continuous except in the case that surface currents appear in such interface,
an special case that not appears in the problems under study in this thesis. In
this way, the necessary and sufficient boundary conditions for the case 1 are
proven.
~ D,
~ H
~ and
It must be pointed out that any constitutive relationship between E,
~
B, through µ and ε has been used. Therefore, the enunciated principles are
valid for mediums of isotropic or anisotropic nature, dispersive or not dispersive, in movement or stationary, linear or non-linear, and for any complex value
of µ and ε. Therefore, the conclusions are lawfully applicable to an interface
between a metal modeled as a dielectric, and a dielectric, which is one of the
case of interest in this thesis.
2. The medium 1 is a perfect conductor and the medium 2 is a dielectric.
Maxwell equations state that electromagnetic fields cannot exist inside a perfect
conductor, named here as medium or region 1. The potential on a perfect electric
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conductor is a constant, therefore, no tangential electric field can exist on the surface
of that perfect conductor, whilst, by the Ampere’s Law, given by (3.8), the tangential
magnetic field must be equal to the surface current density and must be in a direction
normal to that surface current. All the electric field lines must terminate normally
on the perfectly conducting surface. Hence, the boundary conditions are:
n̂ × E~1
~1
n̂ × H

n̂ · B~1
~1
n̂ · D

=

(3.42)

=

0
J~s

=

0

(3.44)

=

ρs

(3.45)

(3.43)

where Js is the total electric surface current density, which consists of the induced
surface current density due to an incident electromagnetic field in medium 1 and any
other existing impressed currents due to presence of sources, and ρs is the surface
charge density.
3.1.2.2

Radiation condition

The field associated to a finite distribution of sources, or the field scattered from
obstacles must satisfy some conditions at infinity, which are related to the finiteness
of the energy radiated by the sources or scattered by obstacles, as well as the assurance that the field at infinity represents an outgoing wave. This is, the radiation
condition requires that:
1. For a finite three-dimensional (3D) the field intensities must vanish at infinity
~ and (r2 |H|)
~ are bounded when r → ∞, where r is the 3D
such that (r2 |E|)
radial distance from the origin.
2. For a finite two-dimensional (2D), the field intensities must vanish at infinity
~ and (r|H|)
~ are bounded when r → ∞, where r is the distance
such that (r|E|)
2D radial distance from the origin.
~ yH
~ must behave as an outgoing
3. The electromagnetic wave represented by E
divergent traveling wave at great distances from the source.
The finiteness of the energy radiated by the source is assured by the condition 1
for a 3D source, and by the condition 2 for a 2D source. For a time-periodic field in
a homogeneous medium the 3D radiation condition at infinity takes the form [21]:
"
~ −
lim r H

r→∞



ε0
µ0

#

1/2

(r̂ × E)
~
lim rE

r→∞

=

0

(3.46)

= C

(3.47)

where r is the radial distance from an arbitrary origin in the neighborhood of
the sources, r̂ is a unit vector directed from the origin in the radial direction, and
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C is a constant. In the cases studied in this thesis, which involve cylindrical surface
waveguides, i. e., a 2D electromagnetic problem in an infinite region, the 2D radiation conditions will result determinant in order to choose the appropriate solution
in the external infinite medium.

3.1.3

Debye potentials and scalar wave equation

If Maxwell equations are manipulated in the context of a problem of harmonic variation, free of sources, by using the constitutive parameters µ y ε, they are easily
found the well-known vectorial wave equations for the electric and magnetic fields:
~
~
∇ × ∇ × E(r)
− ω 2 µεE(r)
2
~
~
∇ × ∇ × H(r)
− ω µεH(r)

=

0

(3.48)

=

0

(3.49)

These equations imply a quite high complexity in their resolution due to their
vectorial nature. In the case of closed metallic waveguides, involving only an inner
finite medium, TE and TM modes are totally determined by their unique not null
axial component of the field, magnetic for the TE modes, electric for the TM modes.
In the case of two2 conductor waveguides, the TEM mode appears, and the procedure
is even simpler, since both the axial components, electric and magnetic, are null, and
it is possible to proceed by using Laplace equation from a potential V , that satisfies
~ Even very complex geometries can be easily solved in this case by the
∇t V = E.
use of conformal mapping [528].
In this section, it is pretended to give a formal approach to this procedure in
the general case of having the all 6 components from the electromagnetic field not
null. This will be done for the most general case of arbitrary curvilinear coordinates, considering all type of possible modes. From this point, particularizations
and simplifications will be introduced later in this thesis when to the problems to
be afforded require treatment. In order to do this, the Debye potentials [539], Ψ(r)
y Φ(r), are introduced now:
E(r)
H(r)

= ∇ × (âΨ(r)) − (j/ωε)∇ × ∇ × (âΦ(r))

= ∇ × (âΦ(r)) − (j/ωµ)∇ × ∇ × (âΨ(r))

(3.50)
(3.51)

where â is the unity vector in the direction of the position vector ~r. For example,
in spherical coordinates â = r̂, in cylindrical coordinates â = ẑ, the axial vector,
and in rectangular coordinates â = x̂, â = ŷ or â = ẑ, depending on which choice
is more suitable for the problem to be solved. Since the divergence of a curl is null,
~ = 0, if the divergence operator is applied to (3.50) and (3.51), it is
∇ · (∇ × A)
~ = 0 and ∇ · H
~ = 0. This means that the representation of E
~
found that ∇ · E
~ by the Debye potentials satisfy the divergence equations for the electric and
and H
magnetic field. The two scalar functions Ψ(r) and Φ(r) satisfy a pair differential
equations of second order, obtained by substituing (3.50) and (3.51) in the vectorial
2 In general they will appear N −1 TEM modes if the waveguide structure present N independent
conductors [376].
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wave equations (3.48) and (3.49), respectively. Therefore, for a homogenous and
isotropic medium, Ψ(r) y Φ(r) satisfy the Helmholz scalar equation:
(∇2 + k 2 )Ψ(r) = 0
2

2

(∇ + k )Φ(r) = 0

(3.52)
(3.53)

with k 2 = ω 2 µε. This means that the use of the Debye potentials reduce the
two vectorial wave equations, given by (3.48) and (3.49), to two escalar equations
given by (3.52) and (3.53). Since the solution of the Helmholtz scalar equation
is known for a large variety of cases, it is possible to found for all of them the
solution to the vectorial wave equation through (3.50) and (3.51). Furthermore, since
the vectorial wave equations for homogeneous and isotropic mediums are linear, by
means of the superposition theorem, it is possible to obtain the complete solution of
the electromagnetic fields from (3.50) and (3.51). This means that these equations
represent the complete electromagnetic solution in a simple medium by means of the
Debye potentials Ψ(r) and Φ(r).
From a historical point of view, it is possible to identify the vector âΦ(r)) as
the electrical Hertz vector, and the âΨ(r)) vector as the magnetic Hertz vector,
where â is the constant unitary vector in both cases [21]. When â is taken as the
unitary vector in the direction ẑ, then, the Hertz vectors are ẑΦ(r) and ẑΨ(r) for
the electric and magnetic type, respectively. According to (3.50) and (3.51), all the
electromagnetic field components can be known from the axial Hertz vectors, ẑΦ(r)
y ẑΨ(r). Therefore, it is only necessary to obtain Φ(r) and Ψ(r) from the scalar
wave equations, (3.52) and (3.53), in order to obtain all the field components.
As commented before, the linearity of the electromagnetic fields in a simple
medium allows the use of the superposition theorem in order to obtain the complete
electromagnetic fields from knowing only some of their components. Hence, depending on the nature of the known components of the field, it is possible to distinguish
between several basic kinds of waves:
• Transversal Electromagnetic (TEM) Waves. This kind of wave has not longitudinal components, neither electric nor magnetic. Ez and Hz are null if ẑ is
the propagation direction. This meas that Φ(r) = 0 and Ψ(r) = 0.
• Transversal Magnetic (TM) waves. This kind of waves has longitudinal electric
field component, but has not longitudinal magnetic field component. Hz is null
if ẑ is the propagation direction. Therefore, Ψ(r) = 0.
• Transversal Electric (TE) waves. This kind of waves has longitudinal magnetic
field component, but has not longitudinal electric field component. Ez is null
if ẑ is the propagation direction. Therefore, Φ(r) = 0.
• Hybrid waves (HE or EH). This kind of wave has all the components of electric
and magnetic fields. These waves are a linear superposition of TE and TM
waves, therefore Φ(r) 6= 0 and Ψ(r) 6= 0. Generally, it is adopted the HE
notation when Hz predominates over Ez (TE wave predominates), and EH in
the contrary case, [376], [540]. However, this notation is ambiguous in some
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problems or contexts [541]. In the cases treated in this thesis, it will be shown
that some remarks are required regarding to this issue.
The possibility of separating the totally of the fields in partial fields and particular types of waves that satisfy the wave equation, allows to obtain a direct way
to use the scalar wave equation for the components of the field in the problem of
waveguided propagation with harmonic conditions, by means of the Maxwell equations, and without the necessity of using direct the Debye potentials or the Hertz
vectors. When the guided modes propagate along a perfect path, totally straight in
the axial direction, it can be assumed that each field of the electromagnetic wave
can be represented by the form f (u, v)e−jβz+jωt , where ẑ has been chosen as the
propagation direction, β is the propagation constant, and u, v are generalized orthogonal coordinates in the plane transversal to the propagation direction. In the
following steps, the factor ej(ωt−βz) will be omitted since it appears in all the field
components. Maxwell equations for a harmonic field variation in a isotropic and
homogenous medium (µ, ε) free of sources are, by components [21]:


1 ∂Ez
+ jβh2 Ev + jωµHu
h2 ∂v


1
∂Ez
+ jωµHv
−jβh1 Eu −
h1
∂u


1
∂h1 Eu
∂h2 Ev
−
+ jωµHz
h1 h2
∂u
∂v


1 ∂Hz
+ jβh2 Hv − jωεEu
h2 ∂v


1
∂Hz
+ jωεEv
−jβh1 Hu −
h1
∂u


1
∂h2 Hv
∂h1 Hu
−
− jωεEz
h1 h2
∂u
∂v

=

0

(3.54)

=

0

(3.55)

=

0

(3.56)

=

0

(3.57)

=

0

(3.58)

=

0

(3.59)

where h1 and h2 are the curvilinear coefficients of the coordinate system employed. If (3.55) and (3.57) are combined, and solved for Eu and Hv in terms of
∂Ez /∂u and ∂Hz /∂v, they are obtained the expressions (3.60) and (3.63). On the
other hand, by combining (3.54) and (3.58) and solving Ev and Hu in terms of
∂Ez /∂v and ∂Hz /∂u the expressions (3.61) and (3.62) are found. These results are
shown below:
Eu

=

Ev

=

Hu

=

Hv

=



jωµ ∂Hz
1 jβ ∂Ez
−
p2 h1 ∂u
h2 ∂v


1
jβ ∂Ez
jωµ ∂Hz
−
+
p2
h2 ∂v
h1 ∂u


1 jωε ∂Ez
jβ ∂Hz
−
p2 h2 ∂v
h1 ∂u


1
jωε ∂Ez
jβ ∂Hz
−
−
p2
h1 ∂u
h2 ∂v
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where p2 = ω 2 µε − β 2 . If now (3.60) and (3.61) are substituted in (3.56), it is
found that




∂ h2 ∂
∂ h1 ∂
1
+
+ p2 Ez = 0
(3.64)
h1 h2 ∂u h1 ∂u ∂v h2 ∂v

and substituing (3.62) and (3.63) in (3.59)


1
h1 h2



∂ h1 ∂
∂ h2 ∂
+
∂u h1 ∂u ∂v h2 ∂v




+ p 2 Hz = 0

(3.65)

which are the scalar wave equations for Ez and Hz . Using vectorial notation, it
is possible to write (3.64) and (3.65) in the following way:
" #
Ez
2
2
[∇t + p ]
=0
(3.66)
Hz
where the Laplacian operator ∇2t in curvilinear coordinates is given by


1
∂ h1 ∂
∂ h2 ∂
∇2t =
+
h1 h2 ∂u h1 ∂u ∂v h2 ∂v

(3.67)

According to (3.60)-(3.63), all the transversal components of the field, Eu , Ev , Hu
and Hv , of a wave propagating in a simple medium (µ, ε) following a perfect straight
path in the propagation direction ẑ, can be obtained from the axial/longitudinal
fields (Ez , Hz ). These fields are governed by (3.64) y (3.65), according to the previous
steps.
Debye potentials, Φ(r) and Ψ(r), are recovered now. The relationship between
Hertz vector and Debye potentials has been already treated in this section, but it still
lacks to ascertain if there is a direct correspondence between the axial components of
the field (Ez , Hz ) and the Debye potentials (Φ(r), Ψ(r)). From the field expressions
derived from the Debye potentials (3.48) and (3.49), it is possible to obtain, for
â = ẑ, the following expressions:
jp2
Φ(u, v)
ωε
jp2
Hz (u, v) =
Ψ(u, v)
ωµ

Ez (u, v) = −

(3.68)
(3.69)

where they have been used the scalar wave equations for the Debye potentials
(3.52) and (3.53). It is proven, therefore, the correspondence one to one between the
Debye potentials and the longitudinal fields of the wave. Since the notation Eu,v,z
and Hu,v,z is much more evident, it is the notation found usually in the bibliography,
and it will be also the case of this thesis.
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To keep the formalism and completeness, the following issue is addressed. From
the previous statements, TM or E (Transversal Magnetic) modes, concern Ez = 0,
TE or H (Transversal Electric) modes, concern Hz = 0, HE and EH (hybrid modes)
imply both, Ez 6= 0 and Hz 6= 0, and finally, TEM (Transversal Electromagnetic)
modes concern Ez = Hz = 0. For this last case, a different procedure is required.
From (3.60)-(3.65), when Ez and Hz are both null, the only non trivial solution for
√
the transversal field components occurs when p2 = 0, this implying that β = ω µε.
This is the origin of the well-know fact that, for TEM modes, the propagation
constant is equal to the wavenumber in the media that they propagate: β = kd =
√
ω µε. By replacing Ez = 0 and Hz = 0 in (3.54)-(3.59) it is obtained that
r
ε
Hu = −
Ev
µ
r
ε
Hv = −
Eu
µ
∂h2 Ev
∂h1 Eu
−
=0
∂u
∂v
∂h2 Hv
∂h1 Hu
−
=0
∂u
∂v

(3.70)
(3.71)
(3.72)
(3.73)

Consider now the following relation:
~ = ∇t V = 1 ∂V û + 1 ∂V v̂
E
h1 ∂u
h2 ∂v

(3.74)

where V is a scalar function, ∇t is the transversal gradient operator, and û y
v̂ are the unitary vectors in the transversal coordinates. If now (3.70), (3.72) and
(3.74) are applied to (3.72),




∂ h2 ∂V
∂ h1 ∂V
~
E=
+
=0
(3.75)
∂u h1 ∂u
∂v h2 ∂v
or, in a more compact form:
∇2t V = 0

(3.76)

which is the Laplace wave equation.
For the rest of the cases, which are the cases to appear in this part of the thesis,
it is possible to reduce the partial derivatives equation, either (3.64) or (3.65), to
an ordinary differential equation through the well-known technique of separation of
variables [376]:
" #
Ez
= U (u)V (v)
(3.77)
Hz
Where U (u) and V (v) are functions of only one variable, satisfying the ordinary
differential equations of second order. The use of this technique is possible for
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four coordinate systems with longitudinal coordinate z: Rectangular (or Cartesian)
coordinates, Circular Cylindrical coordinates, Elliptical Cylindrical coordinates, and
Parabolic Cylindrical coordinates. The solution for such differential equations in
the mentioned coordinate systems are well-known, and can be easily found in the
bibliography [21], [542]. In this part of the thesis, due to the cylindrical nature
of the wire-type structures, the Circular Cylindrical coordinates will be employed.
Particularities of the solution for these will be extensively detailed along this chapter
when the corresponding waveguides are analyzed.
The longitudinal components expansion to obtain the rest of the electromagnetic
field components has been addressed and formalized along this section and it has
been shown to be a very helpful simplification in the resolution of electromagnetic
waveguiding problems. Several types of modes have been reviewed, with the most
general case corresponding the hybrid modes, each one being a superposition of
a TE mode and a TM mode. The choice of the differential equation solutions in
each region, or the type of the modes considered will depend on the boundary
conditions, including the radiation condition, of the problem under analysis. In
some simple cases it will be possible to split the solution in TE and TM modes
separately, however, in other cases this will be not possible, and the more general
case of hybrid modes will be necessary. Nevertheless, even in such general case,
physical insight will be obtained by looking in detail to their transversal and axial
components. At that moment, the breakdown carried out in this section will recover
all its sense.

3.1.4

Formal treatment of a surface waveguide problem

Along the previous sections, the basic principles regarding the resolution of the
field equations, and how particular boundary conditions must be applied over the
obtained solution, have been established. Moreover, this task has been carried out
trying to give the most appropriated approach for a surface waveguiding problem.
In this section, it will be schematized, in a simple and brief way, the considerations
and the steps to follow in the resolution procedure of a surface waveguiding problem.
These are the steps that will be followed in the subsequent sections, where a more
particular emphasis on the physical meaning of the wave equation solutions will
be given, highlighting the main differences respect to the case of closed metallic
waveguides, probably more handy to the reader. The four considerations that must
be taken into account in a surface waveguiding problem are:
1. For the guided modes that are propagated along a perfect straight path in the
direction ẑ, all the field components are able to be represented in the following
form:
f (u, v)e−jβz ejωt

(3.78)

where u and v are the transversal coordinates, β the propagation constant,
and ω the angular frequency of the wave.
172

3.1 Surface Waveguide Theory:
2. The solution of the longitudinal fields (Ez , Hz ) must satisfy the scalar wave
equation
" #
Ez
2
2
2
[∇t + (ω µε − β )]
=0
(3.79)
Hz
where ∇t is the transversal gradient operator, defined in (3.74), and (µ, ε)
are the constitutive parameters of the medium. It is noted that the previous
equation must be modified when the mediums are inhomogeneous, anisotropic
or nonlinear, which is not the case of the problems studied in this part of the
thesis.
3. The obtained electromagnetic fields as solution of a certain structure must
satisfy the appropriated boundary conditions, which are the following:
~ and H
~ must be continuous across the
• The tangential componentes of E
interface between two dielectric medium.
~ must vanish on the surface of a perfect
• The tangential components of E
conductor.
• The radiation condition must be satisfied at the infinity.
When the boundary conditions are imposed to the possible solutions for the
electromagnetic fields of a certain problem, it is arrived to an equation, generally transcendental in f and β for the guided modes. For a given frequency
f , such equation will have a finite number a roots for β. Directly associated
to the obtained eigenvalues (the values of β that satisfy the equation) are the
eigenfunctions, which are the functions describing the fields. Under the usual
procedure, assuming the ideal case of perfect conductors and lossless dielectric
mediums, these roots result to be real3 . Once solutions are found, the perturbation method is applied as a second step in order to find the losses caused
by the real materials forming the waveguide. In the perturbation method, the
losses features of either imperfect metals or dielectric materials are applied to
the problem considering the fields solution of the ideal problem [376].
Contrarily, if the real problem is afforded directly, either by mathematical
requirements or by desired accuracy, a complex propagation constant γ =
α + jβ must be considered, i.e., the obtained dispersion equation, relating
in this case f and γ, will have, in general, complex solutions for γ given a
frequency of operation. When γ differs noticeably from β it can be understood
that the corresponding eigenfunctions, the fields, will also differ. Thus, if the
real case with losses is very different from the ideal lossless case, the second
option to solve a problem must be considered.
It must be pointed out that the completeness of the solution of the problem
is not totally given by the guided modes found as the finite set of solutions
of the dispersion equation. The radiation condition must be included, and in
a more general solution of the equation, i. e., without restricting the values
of β and γ to the particular mode behavior (guided in the sense of dielectric
3 Some

very exceptional cases may appear, but are beyond the scope of this thesis [543]
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waveguides), modes that are radiated but not guided are found for this kind
of waveguides. This case is very different from the observed solutions in an
ideal closed metallic waveguide, where the modes propagate (β real) or are
evanescent (β pure imaginary). The case of complex γ involves even more
conceptual difficulties regarding the nature of the solutions [430]. As a part of
the objectives of this thesis, this issue will be particularly afforded over more
concrete geometries, since without exemplification it results difficult to give
the required insight.
4. In general, the transversal electromagnetic fields inside an open structure satisfy certain orthogonality condition, that can be expressed as follows [21], [339]:
~ t (u, v, z) = CEtradiated (u, v, z) +
E

X

guided
~ tp
Ap E
(u, v)e−βp z

(3.80)

p

where the subscript t means transversal, C is the amplitude coefficient of the
radiated wave, the index p represents the index of the finite summation of the
surface modes that propagate at a given frequency, Ap is the amplitude of the
guided mode p, and βp is the propagation constant of the mode p. It can be
proved that, at any plane z, the following relation holds:
Z
Z

∞

−∞

∞

~ tp · E
~ ∗ )h1 h2 dudv = 0
(E
tq

p 6= q

(3.81)

∗
~ tp × H
~ tq
(E
) · ẑh1 h2 dudv = 0

p 6= q

(3.82)

−∞

where p and q can both be either a guided or a radiated mode, thus having
all possible combinations. This means that (3.81) are (3.82) valid for any
two modes, regardless of the nature of each one, either guided or radiative.
This equations are the so called orthogonality relations for surface waves [21].
By means of these expressions in a surface waveguiding problem, any field
distribution in a given plane z can be expressed as a linear combination of the
orthogonal wave functions of the modes (eigenfunctions). The coefficients C
or Ap can be obtained by means of the orthogonality relations (3.81) y (3.82).
The presence of such orthogonality relations also implies that the power of
each guided mode and the power of each radiative mode are additive and
independent. This kind of relationships are well-known for closed metallic
waveguides, used in the well-established modal techniques, applied in such
structures with very successful results [544]. With the described approach, it
is pretended to give a link or a parallelism between both kinds of problems.
Although modal techniques have been recently considered for open problems
[545]-[547], there is still much work to do in order to clear up the particular
features of these modal techniques when the involved regions are not finite. In
this way, the careful modal study of surface waveguide may give the necessary
foundation required to apply the rigorous and powerful modal techniques. This
is another research niche foreseen in this thesis.
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3.1.5

The impedance concept

The particular case of TEM solutions in a waveguiding structure allows for the
conventional analysis through circuit theory, by means of voltages and currents
calculated by integration of the electromagnetic fields in the structure, through
the three typical formulations: Voltage-Current (VI), Voltage-Power (VP) or
Current-Power (IP) [376]. The noticeable simplicity that circuit theory offers in
the design process, and the powerful methods developed under the foundations
of this theory, makes very suitable to find a transmission line equivalent for a
given waveguiding structure. This has been the case of the usual two conductor
lines either bulky, e.g., the coaxial line, or planar, e.g., the microstrip line.
This procedure gives as a result that a transmission line model for a certain
waveguiding structure is defined by its characteristic impedance Zc and its
propagation constant β, both depending on waveguide geometrical parameters
and involved dielectrics. Characterization of transmission lines themselves, or
any more general N -port network by means of the usual impedance matrix Z
(or admittance matrix Y = Z −1 ), the scattering matrix S or the transmission
matrix A, rely on Zc and β of the involved transmission lines.
When the waveguide does not support TEM modes, but at least one axial field
component is required (TE or TM modes), the previous concept of impedance
becomes ambiguous and rather useless, since the integrals required to obtain
either, voltages or currents, become dependent on the integration path. Therefore, the characteristic impedance Zc is not uniquely defined anymore. It is
possible, however, to extend the concept of impedance to a more loose one by
defining the wave impedance Zw of a mode as the ratio between the transversal electric and magnetic fields. In closed single conductor metallic waveguides
the expressions are the following:
(T E)

(T E)
Zw
=

and

Et

(T E)
Ht

=

ωµ0
β (T E)

(3.83)

=

β (T M )
ωε0

(3.84)

(T M )

(T M )
Zw
=

Et

(T E)

Ht

where β (T E) and β (T M ) are the propagation constants of TE and TM modes,
respectively. Note that Zw is dispersive with the frequency. It can not be in
other way to capture the dispersive nature of the TE and TM modes. It must
be highlighted that the wave impedance, introduced to extend the concept of
impedance to TE and TM modes, does not provide relevant information for
TEM modes. This occurs because for them, the expression results too simple,
independent of the geometrical parameters of the waveguide, and relying only
on the electric and magnetic properties of the homogeneous4 medium between
the conductors:
4 Note that TEM modes can exist only in homogeneous mediums. Cases such as the microstrip
or the CPW imply quasi-TEM modes, for which the conclusions extracted for TEM modes are
almost, but not totally true.
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Zc(T EM ) =

r

µ
ε

(3.85)

Note that the above expression would be the same for a plane wave traveling
in an infinite medium characterized by the couple (µ, ε).
Now, the concept of impedance is posed for hybrid modes. The fact that the
two axial components of the field are not null has a critical implication on the
transversal components of the field through (3.60)-(3.63). Note that in this
case, the transversal components of the fields have two terms, each one coming
from an axial component, therefore the quotient defining the wave impedance
is not longer independent of the transversal coordinates:

Eu
Hv

=


jβ ∂Ez
jωµ ∂Hz
−
−
h ∂u
h2 ∂v
 1

jβ ∂Hz
jωε ∂Ez
−
h1 ∂u
h2 ∂v

(3.86)


Ev
Hu

=


jβ ∂Ez
jωµ ∂Hz
−
−
h ∂v
h1 ∂u
 2

jωε ∂Ez
jβ ∂Hz
−
h2 ∂v
h1 ∂u

(3.87)

The dependence of the above expressions on the transversal coordinates (u, v)
is obvious. It is clear that, for the hybrid modes, the transversal fields adopt its
more complex form and, accordingly, the wave impedance concept is a rather
complex to handle with. Nevertheless, the wave impedance concept becomes
also difficult to handle even for TE or TM in surface waveguides. Unlike closed
metallic waveguides, having one unique region and constant field patterns, e.
g., sinusoidal patterns in the RWG, dielectric waveguides involve more than
one region, and a different boundary condition (continuity of tangential EM
fields instead of nullity of tangential E-field). The result is a field distribution between mediums that depends on the frequency, and an impedance that
is not constant in each of the regions. Thus, it is not possible to obtain an
unidimensional transmission line equivalent. Furthermore, the presence of discontinuities, or not homogeneous zones or curvatures, produces radiated waves
that take the power away from the waveguide, and that cannot be taken into
account with a simple transmission line model. In the best case, what can be
done is to obtain an approximate value of the wave impedance by using an
averaged mean that take into account the distribution of power in the waveguide, i. e., averaging each region according the percentage of power in it. This
rough approach may be useful in a first step of the design, and it is widely used.
As an example, a very similar approach is systematically used to estimate the
attenuation in dielectric waveguides, as it has been obseved in the review of
the state of the art [436], [438], [442], [448], [450], [454].
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In the case of impenetrable surface waveguides, such as the SWW, it is true
that for the fundamental quasi-TEM mode, it could be assumed that
(T EM0 )
Zw ≈ Zw
=

r

µ0
= 120π,
ε0

(3.88)

however, this impedance will remain quite constant even for important changes
on the field pattern, and this will be also the case of any attempt of using the
concept of characteristic impedance. It seems that the best option for surface
waveguides, which involve more than one region, one of them infinite (or at
least very large so it can be assumed infinite in practice), and that support
hybrid modes, is to take a step of generalization forward, and keep the fields
patterns in mind along any circuit design. Probably, complex models based
on transmission lines may be developed, however, these models would be very
structure dependent, and, at the end, they would rely on the complexity of the
field patterns, which would be carried in a direct or indirect way along all the
design process.

3.1.6

The dispersion diagram

The dispersion diagram of a waveguide is a fundamental tool on its analysis process. In it, the frequency dependence of the propagation constant for the possible
solutions (modes) is represented. Directly, from the dispersion diagram, they can
be obtained ∂β/∂ω (group velocity vg ) and ∂ 2 β/∂ω 2 , which are indicators of how a
pulse containing certain frequency spectra may be broadened and distorted when is
propagated along the waveguide. Also, the phase velocity ω/β is directly obtained.
Let now to take a reflection on the nature of the propagation constant β in a
simple dielectric waveguide, consisting in two regions of different permittivity. For
a guided mode, it is clear that β is the same in both regions. Therefore, intuitively
it must have a value in between the propagation constant of a plane wave in the
medium 1, k1 , and the propagation constant of the medium 2, k2 . Assume now that
the medium 1 is denser, i. e., εr1 > εr2 , therefore k1 > k2 . In the proposed scenario,
it is known that a dielectric region can confine the waves to act as a waveguide
in as much it is denser than the surrounding dielectric. The larger the contrast
between both media, and the electrical size of the dielectric region, the larger the
confinement, hence the waveguiding properties. Therefore, for dielectric waveguides
k2 < β < k1 , and it could be roughly said that β depends on the power distribution
between the two mediums. When the mode start to propagate (the waveguide has
low waveguiding properties) almost all power travels in the low permittivity region,
therefore β ≈ k2 . As the dielectric region 1 gains waveguiding properties, since it
becomes electrically larger when the frequency increases, the mode becomes trapped
inside it, so it could be said that it practically ”sees” only this region, thus occurring
β ≈ k1 . In the particular case of impenetrable surface waveguides, the former state
(β ≈ k2 ) remains longer, in the best cases, almost independent of the frequency, e.
g., the SWW. The grade of impenetrability will depend on the boundary conditions
offered by the interface between the two media, and the mode pattern, i. e. how
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the polarization and magnitude of electric and magnetic fields interact with the
boundary.
The previous description of the dispersion properties of a dielectric waveguide
is very approximated, and the reader can understand that the variety of possible
cases involved with this kind of waveguides require specific comments for each one.
However, the main features have been mentioned, and the differences between the
conventional, more deeply studied closed metallic waveguides can be understood. To
give a first impression, the dispersion diagram of a conventional dielectric waveguide,
and some its typical features are displayed in Fig. 3.4. In the diagram they are
shown the fundamental mode and the first three high-order modes. The modes
start to propagate with β = k2 , since for values β < k2 the mode becomes leaky or
radiative. All the modes tend asymptotically to β = k1 as the frequency increases.
It is quite usual to found that the fundamental mode has not theoretical cutoff,
but experiment a practical cutoff, from which effective waveguiding occurs. Note
that although solution exist, it can be in a form similar to a plane wave in the
external medium. The third higher order mode experiences Impenetrable Surface
Waveguiding (ISW) in a certain bandwith. This is appreciated in the fact that
it propagates but β remains close to k2 . The shape of the curve indicates this
characteristic effect, not present on the others (the fundamental mode may also
experience this effect, but it is obscured but the feature commented before, so that
it is difficult to figure out in the graph which effect predominates.).

0

0

Figure 3.4: Typical dispersion diagram of a dielectric waveguide. In the diagram they are shown
the fundamental mode and the first three high order modes. The modes start to propagate with
β = k2 . For values β < k2 the mode becomes leaky or radiative. All the modes tend asymptotically
to β = k1 as the frequency increases. The fundamental mode has not theoretical cutoff, but
experiment a practical, from which effective waveguiding occurs. The third higher order mode
experiences Impenetrable Surface Waveguiding (ISW) in a certain bandwidth. This is appreciated
in the fact that it propagates but β remains close to k2 , indicating that most of the power travels
in the external medium.
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Let the external medium to have εr2 = 1 for clarity purposes. Note that β > k0 .
This is contrary to single-conductor closed metallic waveguides, in which the modes
start to propagate with β = 0 and asymptotically tend to β = k0 . In fact, the region
of the dispersion diagram were these kind of modes would exhibit their curves is
the orange region of the dispersion diagram shown in 3.4, in which the dielectric
waveguide modes are radiative. Note also that vp = ω/β, and observing the diagram
c
< vp < c, with c the speed of light in the vacuum. Therefore,
it is found that √
εr1
the phase velocity will be always lower than the speed of light. Since this is the
contrary behavior to the conventional waveguides such as RWG or CWG, the modes
propagating in dielectric waveguides are usually called slow-wave modes. Of course,
the group velocity, given by
vg =

∂ω
∂β

(3.89)

c
< vg < c. The group
ε r1
velocity decreases with the frequency, since the region 1 is denser. Finally, it must
be mentioned that, since the curve of β takes place between two asymptotic limits
(β = k2 and β = k1 , the two straight lines that delimit the propagation area), it
is quite usual to represent β/k0 instead of β, to have horizontal limits, and better
appreciate the variations of β. This will be one of the main forms to represent
dispersion diagrams in this thesis.
Particularities of the dispersion diagram under certain situations and for certain
modes will be better understood by treating particular examples, what will be do
later in this chapter. For the moment, the reader has now a preliminary image of
the main features of this kind of waveguides, and it can be now understood that
the usual techniques used with closed waveguides must be reviewed for this different
kind of waveguides. Also, it is easily foreseen that interconnection of both kinds of
waveguides requires a careful design process since propagation in each one is of very
different nature.
is also lower than c and it has the same bounds: √

3.1.7

Efficient excitation and curves

So far, the main theoretical aspects of dielectric, and, in particular, surface waveguides have been reviewed: the boundary conditions, the types of solutions, the
impedance concept issue, and the general dispersion diagram. Taking advantage of
the obtained conclusions, some practical aspects are briefly commented now. These
aspects are the efficient excitation of surface waveguides and the effect of curves on
these waveguides. In general, the following three conditions must be satisfied to
provide efficient power coupling into o from a waveguide:
1. Impedance matching. The impedance of the incident wave (or mode) must
be as close as possible to the impedance of the guided mode that is desired to
be excited or transmitted in order to provide good matching. Losses caused by
Fresnel reflections due to longitudinal separations or transversal misalignment
follow in this category [21]. Gradual transitions between different impedances
is a well-known technique to alleviate the mismatching.
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2. Field pattern correspondence. The field pattern of the incident wave (or
mode) must be as close as possible to the guided mode that is desired to be
excited or transmitted in order to provide matching. In the conventional sense,
polarization and maximums and minimums of the magnitude pattern conform
the total information to take into account to prevent mismatch losses, caused
by differences between field patterns. In the case of surface waveguides, at
the region where fields extent to infinity, by means of the radiation condition,
an exponential decay of the fields from the surface takes place. Since very
different ratios of exponential decrement of magnitude may occur (the field
distribution ranges from confined states to expanded states), this feature must
be taken into account. This means, it appears an additional feature to look
at, which is how fields ruled by the same eigenfunction (giving exponential
decay) distribute. When the incident wave pattern matches with any high
order mode, coupling of power to it or them occurs. This is an undesired effect
to prevent.
3. Propagation constant (phase velocity) correspondence. The phase velocity of the incident wave (or mode) must be as close as possible to the guided
mode that is desired to be excited or transmitted. This kind of correspondence becomes special important in those cases considering excitation of open
waveguides by means of transversal coupling instead of longitudinal coupling.
As it can be understood, the possible coupling between two open waveguiding
structures, close to each other, has a large dependence on the similitude of the
phase evolution. This procedure has been widely used with planar structures
such as the microstrip line [376], [339], [22].
When dealing with surface waveguides, the complexity of the impedance concept
causes that the condition on the impedance rely directly on the field condition. In
fact, this condition will be the most important of the three in this thesis, since,
although in some cases differences on the propagation constant may be found, e. g.,
coating or uncoating the waveguide, most of the time, achieve a good matching in
β will not be the main issue. On the other hand, matching field patterns is complicated in these waveguides because, as mentioned before, not only polarization and
proper magnitude distribution is required in the usual way (matching maximums
and minimums of the field over a particular fixed region), but matching the magnitude distribution between the regions forming the waveguide, and matching the
exponential decay in the outer media must be also achieved. Since these parameters
are, generally, very frequency dependent (specially the exponential decay), one can
figure out how challenging may become the efficient excitation of surface waveguides.
In relation with the previous issue are the curvatures or perturbations. It is
known that curvatures or bends can cause mode coupling in closed structures. However, in the case of surface waveguides the effect is larger and less controllable, since
the fields are not confined, but with large extensions, hence the patterns are more
deformed by the curve. Moreover, the use of elements to prevent the radiations is
less obvious and more difficult, again due to the extension of fields.
These two brief reflections give a clear conclusion: to properly excite a surface
waveguide, and to prevent losses in curves caused by mode conversion (that can be
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radiative), a configuration that provide a confinement comparable to closed waveguides is required. This can be afforded by modification of the waveguide structure,
sometimes requiring an auxiliary dielectric waveguide. Furthermore, both, original
and modified structures, must be similar, and proper transitions between them must
be provided. A good example, already reviewed in the state of the art, is the ribbon
proposed in [531]. In that case, for excitation and curves the coating is applied, thus
having an open waveguide with confinement features. The coating is removed when
is not necessary to have a low-loss, low dispersive surface waveguide for straight
paths.
From a contrary approach, one can take the positive part the characteristic features of surface waveguides. As these waveguides act rather as antennas when they
are curved, by the reciprocity theorem, it would be in principle possible to couple
power to them with the same efficiency as it is lost. It is true that, to carry out
this procedure, not only the radiation characteristics of a curve must be carefully
studied, but also a system to replicate the radiation pattern in the inverse direction
must be designed. Nevertheless, it is an option rather unexplored, and that may
play its role in the race to improve the nowadays poor excitation techniques.
It is a fact that despite the great effort and the quality work published, the surface
waveguide theory and the propagation characteristics of these kind of waveguides are
less known than for other more usual waveguides. Since the structures are complex,
there are as well more unexplored possibilities, and although many issues are found,
the possibility of discovering an efficient solution to the main intrinsic problems is a
very motivating one, since, at THz, it is clear that surface waveguides have much to
say.

3.2
3.2.1

Metal properties in the THz band
Classical skin-depth model and relaxation-effect model
(Drude Model)

In the previous section, the main characteristics of the mathematical modeling of a
dielectric, and the corresponding implied boundary conditions have been reviewed,
since this kind of material appears in one way or another in the wire-type waveguides
studied in this thesis. Also, a metal acting as a perfect conductor has been reviewed
from the boundary conditions point of view. Now, metals as not perfect conductors
are modeled considering that they act macroscopically as a dielectric with very
particular characteristics. This issue requires special detail because, on the one
hand, it will be an essential mathematical tool for the analysis of the SWW, and,
on the other hand, it shows a reality in the THz band: to consider metals as perfect
conductors is not a banal decision when solving a electromagnetic problem.
At microwaves, to solve the fields in most of the electromagnetic problems, metals
are assumed to be perfect electric conductors, i.e., their conductivity σ is assumed
to be infinite. In this way, the problem is simplified due to the simple boundary
condition that a perfect conductor imposes: the inner volume is not longer region of
the problem (fields are null inside), and the tangential electric field at the external
faces vanishes. Once fields are solved, calculation of losses requires to consider the
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real material that is present in the problem, i.e., assume the finite value of σ that the
employed metal has. The perturbative theory allows to consider the fields of the ideal
case (obtained in an easier way) and calculate the interaction with this finite value
of σ. This first step towards considering non-ideal metals is known as skin-effect
model, which describes how, at enough high frequencies, the current density in a
bulk conductor tends to to concentrate near the surface (and not equally distributed
as occurs for DC, i.e, f = 0 Hz). This model involves the well-known parameter of
skin depth:
δ=√

1
πf µσ

(3.90)

where f is the frequency of operation and µ the magnetic permeability of the
conductor media. Good conductors and high frequencies imply the skin depth to be
small, however the effect of this parameters in the losses is contrary. This can be
better observed considering the the surface resistance, the parameter which directly
determine ohmic losses caused by finite conductivity:
r
πf µ
δ
Rs =
=
(3.91)
2σ
σ
The larger Rs , the larger the ohmic losses. More specifically, the following expression gives the ohmic losses per unit length by perturbative theory on a conductor
surface:
I
Rs
PLc =
|J~s |2 dl
(3.92)
2 C
where J~s is the current of the conductor surface, and C is a curve along the path
described by a transversal cut of metallic region. Since ohmic losses are proportional to Rs , high frequencies and low conductivity increase the losses caused by an
imperfect metal. In this model, by applying Maxwell equations, the metal can be
regarded as a dielectric whenever the following permittivity is considered:


σ
εm = ε0 1 +
(3.93)
jωε0
This consideration allows to see a metallic material as a dielectric. Note that
ωε0 is equal to the unity at f ≈ 18 GHz, and for good conductors σ is beyond
106 S/m. This means, that, at the microwave regime, this model implies a relative
permittivity with a very large negative imaginary part, and a positive real part that
is negligible in magnitude compared to the imaginary part. Therefore, the following
simplification is always assumed
σ
(3.94)
ω
In this way, the electromagnetic problem under study can be solved in a more
exact way, considering the real fields (in the approximated skin-effect model) inside
the metal, now modeled as a dielectric through (3.94). In fact, it is the same that
assuming a finite σ and solving Maxwells equations, however, it is seen in a easier way
εm ≈ −j
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when one thinks in a dielectric media. This treatment is rarely found in microwave
electromagnetic problems, since the perturbative method gives enough accuracy.
On the other hand, in the infrared regime, interaction of metals with the electromagnetic waves becomes more complex, and the previously described model is
not longer valid. In a further step, the metal is treated as a free electron gas and
the conductivity is not longer a constant, but it is ruled by the following definition5
[21], [347]:
σ=

fp2 ε0
ωp2 ε0
= 2π
jω + ωτ
jf + fτ

(3.95)

where fp is the plasma frequency of the metal (following its description as a free
electron gas), and fτ is the collision frequency of the electrons, sometimes called
as the inverse of the electrons lifetime. Therefore, by substitution of this new σ in
(3.93) it is obtained6
!
fp2
εm = ε0 1 − 2
(3.96)
f − jf fτ
what implies, for the real and imaginary parts of the permittivity, that:

ε0m
ε00m

=
=

fp2
1− 2
f + fτ2

ε0
−ε0

!

fτ fp2
f (f 2 + fτ2 )

(3.97)
!
(3.98)

This is the relaxation-effect model or Drude Model, which is commonly used in
the infrared region, but it has been also shown to be valid for frequencies in the THz
range [347]. The Drude model can be refined to take into account other effects, e.
g., the fact that the electrons are bounded, however, this is only useful for the high
frequencies of the IR region and the optical region [348]. Therefore, the expression
of (3.96) will be assumed as the most exact choice to characterize a metal in this
thesis. It should be mentioned that, in the Drude model, the relative permittivity
of a metal (εrm ) has also a large negative imaginary part. However, in it appears a
negative real part, smaller in magnitude, but comparable with the imaginary part.
Also, the imaginary part is smaller in magnitude than predicted by the skin-effect
model. These are the main differences between both models.
Since at microwaves the skin-effect model is used, whereas at IR the Drude
model is used, the question about the characterization of metals at THz arises.
The problem is that the Drude model complicates the analysis of electromagnetic
problems (sometimes in a very appreciable way [348]), however, it is clear that at
5 In the research area of modeling metals at IR and optic frequencies is very usual to work with
ω in cm−1 units, however, to keep a nomenclature more consistent with that of radiofrequency
engineering, all the expressions have been left as a function of frequency in THz.
6 In the literature the expression for a metal permittivity by means of the Drude model is usually
found in terms of ω instead of f . However, in this thesis the use of f is preferred since it gives
more direct information for engineering purposes.
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some point in the THz band, for certain electromagnetic problems, the skin-depth
effect model will be too rough. The question has not unique and simple answer, as
can be observed reviewing the bibliography.
Generally, most of designs involving metallic materials are simulated with the
simple skin-depth effect model, widely used by commercial solvers. This has a simple
reason: there are not simple and direct ways to do it in a more accurate way, and the
simulation techniques employed in the microwave regime drag the researcher with
an obvious inertia. However, a small group of researches is providing evidences that
the Drude model is both, necessary and sufficient, [348], [355], [356], [391], [548].
Nevertheless, those works have not achieved yet the necessary impact to impulse an
appreciable change in the analysis techniques.
Planar metallic surfaces are affected, [549], but when dealing with them, it seems
that the issue is not critical [534], [535]. However, in curved surfaces, the change
in the result is noticeable. For instance, in [348], the mode patterns of a CWG
change dramatically from their typical shape to a surface plasmonic pattern, with
the fields totally concentrated near the metallic surface, forming a thin ring shape,
thus leaving empty the rest of the region. In that work, it is observed that, for
monomode CWG, this occurs beyond f = 10 THz, however, for the widely used
THz overmoded CWGs, the frontier goes down to f = 1 THz.
Even if the review is done more specifically fore wire-type waveguides, the treatment of metals offer a variety of employed solutions. In some works, the wire surface is assumed as a perfect conductor7 [495], [513]. This is acceptable when the
dielectric is present, but it will be shown to have important consequences for bare
wires, since in this last case, the conductivity (or the metal equivalent permittivity) totally determines the solution of the problem. Other works like [507] use the
classical formulation of the analytical SWW problem employed by Goubau an King
[490], [497], [500], obtaining good correspondence between analytical calculations,
commercial solver simulations and measurements. However, it is true that the considered frequencies are still low (f < 0.4 THz) and that, at THz, manufacturing and
measurement errors are still obscuring the validation of analysis/simulation tools.
Finally, one found some works were the Drude model is used to solve the SWW
fundamental mode dispersion properties and fields [512], [524].
It must be noted that for the case of a SWW, the characterization of a metal
as a dielectric is not an option of accuracy, but is mandatory in order to have a
non-singular electromagnetic problem, able to be solved. Although Stratton [489]
talks about the case of infinite conductivity SWW, but barely giving details, King
and Goubau [490], [497], [500] showed clearly that the problem becomes singular as
σ → ∞ (the guided mode becomes a plane wave in an infinite air medium, and in
the limit, radiation condition is violated). The fact of using the simpler skin-effect
model or the more exact Drude model has some implications in the fundamental
mode, since more exact models are required if either bad metals or small wires are
used [512]. It is true that, under certain conditions, it may be unnecessary to use
the Drude model. Nevertheless, from an analytical point of view, the employment
of Drude model causes a great difference, because the nature of the complex value of
the permittivity will determine the nature of the general solutions of the problem, i.
7 The

commercial solver takes a finite, very large value.
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Metal
Aluminum
Cobalt
Copper
Gold
Iron
Lead
Molybdenum
Nickel
Palladium
Platinum
Silver
Titanium
Tungsten

Symbol
Al
Co
Cu
Au
Fe
Nb
Mo
Ni
Pd
Pt
Ag
Ti
W

10−6 σDC (S/m)
38
17
58
41
10
47
18.7
14.3
9.5
9.3
63
2.4
18

fp (THz)
3570
960
1788
2184
990
1782
1806
1182
1320
1245
2181
609
1551

fτ (THz)
19.8
8.9
2.2
6.45
4.41
48.9
12.3
10.6
3.7
16.7
4.4
11.5
14.6

10−4 εr (f = 1THz)
−3.24 − 64.2j
−1.16 − 10.3j
−54.9 − 121j
−1.12 − 72.2j
−4.79 − 21.1j
−0.13 − 6.49j
−2.12 − 13.1j
−1.24 − 13j
−1.17 − 43j
−0.55 − 9.23j
−24 − 104j
−0.28 − 3.21j
−1.12 − 16.4j

Table 3.1: DC conductivity and Drude Model at THz for several common metals.

e., the high order modes, which are extremely necessary to properly characterize a
structure. Since the main aim of this part of the thesis is give a rigorous analysis of
wire-type structures and clarify some unresolved issues present in the current state
of the art regarding these structures, not only the most exact model must be used
for the SWW, but also conclusions about the differences between the solutions with
one model and the other must be given.

3.2.2

Comparison and examples

Propagation characteristics on a SWW will be strongly determined by the nature
of the equivalent permittivity of the metal. In fact, to solve analytically a dielectric
cylinder of complex permittivity requires a careful study on the effect of the real
and imaginary parts of the permittivity. Therefore, now the typical values of relative
permittivity that common metals can adopt in the THz regime, εrm , will be reviewed.
First, Table 3.1 shows the DC conductivity σDC , the plasma frequency fp , the
electron collision frequency fτ , and the permittivity at f = 1 THz for 12 well-known
metals. Roughly, the plasma frequency represents the frequency at which the metal
behaves macroscopically like a near-zero permittivity material, an interesting feature
that is pursued with metamaterials [550]-[552]. As can be observed in the table, for
bulk metals this occurs in the optical regime. The electron collision frequency is
in the order of THz, but larger than usual operating frequencies of the band. All
this causes that, at THz frequencies, the metal have both, real and imaginary parts,
large in magnitude and negative. For example, at f = 1 THz, it is observed that
the imaginary part magnitude for the reviewed metals is on the order of 105 , and
the real part is approximately one order of magnitude smaller.
Second, to better understand the differences between the conventional skin-depth
model and the Drude model, and the physical implications of Drude model, several
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graphs are displayed in Fig. 3.5. The range of frequencies considered is 0.1 THz-100
THz, extending the upper limit into the mid IR, in order to give a better figure of
the effects. The metals considered are Silver and Aluminum, a very good conductor
and a moderate-good conductor below THz, respectively.
In Figs. 3.5(a) and 3.5(b), it is shown the magnitude (notice that all the considered parameters are negative) of real and imaginary parts of the equivalent permittivity of these metals for both, skin-depth effect and Drude models. Note that the
conventionally assumed approximation of the skin-depth model has only imaginary
part, according to (3.94). As can be observed in these graphs, the skin-depth effect
model gives good accuracy for the imaginary part up to some frequency in the THz
band, frequency from which the Drude model curve does not follow a lineal law
anymore and starts to diverge to smaller values in magnitude. One has that, at the
starting of the THz band (high frequencies of the microwave band), both curves are
equal, then the difference must be taken into account for accuracy in the THz regime,
and finally, in the IR, the calculated imaginary part with the conventional skin-depth
effect model is several orders of magnitude larger (in the magnitude sense) than the
accurate one provided by the Drude model. Let comment now the real part of the
permittivity. According to the Drude model, at the microwave regime, the real part
of the permittivity remains small compared to the imaginary part, so neglecting it
may be assumed, however, when the frequency goes high in the THz band, both
curves converges, and from a certain frequency, the real part becomes even larger in
magnitude than the imaginary part. This effect of the increasing contribution of the
real part, totally avoided in the skin-depth effect model, has an important influence
in the sense that, the propagation characteristics propitiated by a certain metallic
structure, given in the last term by Maxwell equations, will be of different nature
than those predicted by the skin-depth effect model.
To better view the ratios of interest, in Fig. 3.5(c) it is represented the quotient between the imaginary parts of the skin-effect model and the Drude model,
Im{εrskin }/ Im{εrDrude }, and in Fig. 3.5(d) it is represented the quotient between
the imaginary and real parts of the permittivity provided by the Drude Model,
(Im{εrDrude }/ Re{εrDrude }). In Fig. 3.5(c), it is appreciated how fast takes places
the difference between both models as the frequency increase. In the case of Silver,
the top frequency for the skin-depth model regarding this part of the permittivity
may be establish at f = 1 THz. From that point, the difference between both models
increase exponentially. In Fig. 3.5(d) the contribution of the real part is perfectly
determined. In this case, the progression is softer with the frequency, even so, notice
that both axis are logarithmic. From this graph it is obvious that at THz, the real
part cannot be neglected.
Something that results surprising at the first view in Figs. 3.5(a) and 3.5(b) is
the better behavior of the simple skin-effect model in the Aluminum, which is, in
principle, a worse conductor than Silver. It is appreciated that the for the Aluminum
case, Fig. 3.5(b), the divergence between both models appears later, and the real
part in the Drude model remains relative small compared to the imaginary part until
the frequency reach larger values. However, if the values of the table 3.1 are reviewed
for both metals, one founds that for Aluminum fp = 3570 THz and fτ = 19.8 THz,
whereas for Silver fp = 2181 THz and fτ = 4.4 THz. By inspection of (3.96)-(3.98),
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Figure 3.5: Study of dielectric properties of metals at THz frequencies (range extended to 100
THz to observe better the effects). a) Comparative between the relative permittivities provided
by the skin-effect model (only imaginary part) and the Drude model for Silver; b) Same as a) for
Aluminum; c) Quotient between the imaginary parts of the skin-effect model and the Drude model,
(Im{εrskin }/ Im{εrDrude }), for Silver and Aluminum; d) Quotient between the imaginary and real
parts of the permittivity provided by the Drude Model, (Im{εrDrude }/ Re{εrDrude }), for Silver
and Aluminum.

the value of fp indicates8 the frequency at which the real part of the permittivity,
blue curve in Figs. 3.5(a) and 3.5(b), reaches the zero value, while the imaginary
part, green curve in the previous plots, reaches ε00rm = fτ /fp , which is a small value.
This means that fp acts as an anchor in the model, imposing where plasma conditions
take place. On the other hand, whenever fp >> fτ , which is always the case, the
value of fτ is a good indicator of the frequency at which real and imaginary parts of
the Drude model permittivity become equal, see the expressions (3.96)-(3.98) and
Fig. 3.5(d). Since |ε00rm | is upper bounded by 1 − (fp2 − fτ2 )2 when f → 0 and ε0rm
does not since |ε0rm | continues growing as f decreases, converging to the skin-effect
8 According

satisfies fε0r =0

to (3.97), the exact frequency at which ε0rm = 0 is fε0r =0 =
m
≈ fp .
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model, fτ is a clear indicator of the frequency from which |ε00rm | folds down, and
appreciable differences between both models occur. Therefore, a larger value of fτ
implies that the skin-effect model holds until higher frequencies and the real part
can be assumed negligible, whereas the position of fp helps to understand how fast
both models diverge. A lower fp implies higher rate of divergence
From these observations it is obvious that, at THz, according to the empirical
data [347], the microscopic effects are playing a major role in Silver than Aluminum,
exhibiting this last better properties. According to (3.93), a perfect conductor implies εr = −j∞. Therefore, the larger the magnitude of the imaginary part, and
the smaller the magnitude of the real part, the better is the conductor under study.
The comparison between both metals made here does not indicate that Aluminum
is better conductor than Silver at THz, since this last presents a larger imaginary
part. However, is not as easy as microwaves to predict which conductor will offer
better results, since now the real part issue appears.
The complexity of the model, affecting both, material properties and solution
of the problem, does not allow to known, a priori, which is the better conductor.
Nevertheless, what is true is that, with high probability, usual commercial solvers will
predict solutions or behaviors far from reality as the skin-effect model becomes poor
with the increasing frequency. This fact, together with other sources of error, e.g.
manufacturing, measurements, implies a loss of control on the design process. This
explains the usual disagreement between simulations and experiments found on most
of the THz bibliography. It is easy to understand now that, even simple problems,
already solved at the microwave regime must be reviewed at THz frequencies due
to the new intervening materials properties, not treated before (see for instance the
case of metallic waveguides [356], [348]). It must be noted also that Aluminum is the
most suitable metal to be characterized by the skin-depth model without excessive
error due to its high values of fp and fτ . However, most of the metals in the table 3.1
exhibit values of fp and fτ that really question the applicability of the skin-effect
model at THz frequencies in those cases in which the metal modeling is critical
(RWG, CWG, SWW, etc.). See for instance the copper features: at f = 1 THz,
the real part, neglected by the skin-depth effect model is almost one half of the
imaginary part. An effort becomes necessary in both, developing adequate analysis
tools and getting physical insight into the obtained numerical solutions.
By the previous study it is found that the SWW at THz will be the problem
of a dielectric cylinder waveguide with complex permittivity with large, negative,
real and imaginary parts. The dielectric cylinder is a well-known structure for the
case of being embedded in an infinite external medium with similar permittivity
of the inner region or core, both small and real, since this is the case of the very
popular optical fiber [553]. However, as an open waveguide, and even the cylindrical
geometry provides the simplest analytical case (rectangular open 2D waveguides
are not analytical [21]), the complexity of the solutions of the dielectric cylinder
is larger than for usual metallic waveguides, and even the simple case of having
high permittivity has not been extensively reviewed, at least compared with the
low permittivity case. In the problem under study in this thesis, regarding the
analysis of the SWW, not only the permittivity will be extremely high in absolute
value, but complex, and having a negative real part, which differs with the case of
lossy cylinders. Therefore, to really understand the problem from its roots, getting
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insight in the effects caused by the material (permittivity) and the electrical size
of the structure it seems necessary to follow several steps. It is proposed then, to
review the following problems, each one with its particular grade of detail, required
to obtain the desired information and allowing to link each step to next one:
1. Dielectric cylinder waveguide with high, real εr .
2. Dielectric cylinder waveguide with complex εr (positive real part).
3. Dielectric cylinder waveguide with negative εr .
4. Dielectric cylinder waveguide with complex εr (same complex phase as metals
in THz, but with simple, manageable values).
5. Dielectric cylinder waveguide with complex εr of metals at THz (SWW).
The first item is the ideal case of a lossless dielectric cylinder, just making a
larger incise in the magnitude of the permittivity. The second case involves the
direct analysis of a real cylinder, including the dielectric losses. The third case
implies a real εr , but negative, and it has its practical applications in modeling
metals in the optical regime, where the real part is negative and larger than the
imaginary part [554], see Fig. 3.5(d). In this case, the implications of the negative
sign in the real part of εr will be obtained. The fourth step is considered to avoid the
less manageable permittivity values obtained for metals at THz, that may obscure
the nature of the effects of having a permittivity belonging to the third quadrant
of the complex plane. Small and simple numbers will be considered. Finally, the
SWW will be afforded with a big amount of information in form of conclusions of
previous cases. Note also that, for the analysis of the DCSWW, although perfect
conductor will be assumed for this case, the results of the first and second cases will
be of utility regarding to the effect of the dielectric. Fortunately, for this waveguide,
the presence of the dielectric alleviates the model used for the conductor [490], [497],
[500], [522], which will be easily treated as a perfect conductor. The tremendous
complexity of a complete modal analysis of a Drude Model based DCSWW, and
the small benefit of it (the complete modal information, including modes confined
in the metal, are obtained with the analysis of a Drude model based SWW, and the
behavior of the DCSWW is estimated to be very similar) make sense to opt for this
simplified choice.

3.3
3.3.1

Dielectric cylinder with real εr
Modal analysis

The electromagnetic problem of solving the propagation of waveguided modes in
a uniform solid core dielectric circular cylinder, Fig. 3.6(a), can be described as
follows. Two regions are distinguished when the cross section of the waveguide is
observed, Fig. 3.6(b). Circular cylindrical coordinates (r, θ, φ), named simply as
cylindrical coordinates in the following, are used. Formally:
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• Region 1: r ≤ a
• Region 2: r ≥ a
The region 1 is formed by a finite volume dielectric with permittivity εr1 , and,
since any magnetic property will be considered, the wavenumber in this media is
described by:
k1 = ω

p
√
µ0ε0 εr1 = k0 εr1

(3.99)

where k0 is the wavenumber in the free space. The region 2 is formed by an
infinite volume of dielectric with permittivity εr2 , surrounding the dielectric region
1. It must be pointed out that, generally, εr2 = 1, since, except some specific
examples given in this section for didactic purposes, the medium of region 2 will be
air. However, to keep for the moment a general formulation, the only restriction for
the medium 2 will be εr2 < εr1 , although it will be assumed εr2 = 1 unless it is
specified. In its more general case, the wavenumber in region 2 is:
k2 = ω

p
√
µ0ε0 εr2 = k0 εr2

(a)

(3.100)

(b)

Figure 3.6: Dielectric Cylinder Waveguide. a) 3D view; b) Problem description.

Let consider now the parameters describing the behavior of the fields in each
region by being the argument of the cylindrical functions solution of the problem.
In the hollow metallic waveguides, which are described by a unique inner region, this
parameter is usually called cutoff wavenumber, since it indicates the wavenumber
(and by extension the frequency) from which a particular mode starts to propagate. For single-conductor closed waveguides, the cutoff wavenumber is a constant
(therefore the cutoff frequencies and the modal field patterns) as it is provided by
the strong Perfect Electric Conductor (PEC) condition of the boundary. This is
not the case for a dielectric rod since the boundary condition of continuity of the
tangential fields provides that the wavenumber will depend on the frequency. Thus,
wavenumbers on the two considered regions will be better called transversal propagation constants. In addition, since k2 ≤ β ≤ k1 (provided that εr2 < εr1 ) it makes
sense (to keep working with real numbers for the moment) to define them as follows:
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βr21 = k12 − β 2

αr22

2

=β −

(3.101)

k22

(3.102)

Note that, in the external medium, the definition of αr2 implies a sign change.
Now, applying the Maxwell equations, and expressing the Helmholtz equations for
electric and magnetic fields, particularized for cylindrical coordinates one has:


 
∂ 1 ∂
1 ∂ ∂
2
r
+
+ p Ez
r ∂r ∂r ∂φ r ∂φ
 


1 ∂ ∂
∂ 1 ∂
2
r
+
+ p Hz
r ∂r ∂r ∂φ r ∂φ

=

0

(3.103)

=

0

(3.104)

where p = βr1 in the region 1, and p = αr2 in the region 2. The term ej(ωt−βz)
has been suppressed since is common to all the components of the field. Therefore,
solution for the axial electric and magnetic field in the region 1 will be given by the
standard Bessel functions, whereas for the region 2, the modified Bessel functions
are the solution instead [542], due to the change of sign in (3.102). The rest of the
six electromagnetic field components are described by:

Er

=

Eφ

=

Hr

=

Hφ

=



jωµ ∂Hz
∂Ez
1
−
jβ
p2
∂r
r ∂φ


jβ ∂Ez
∂Hz
1
−
+
jωµ
p2
r ∂φ
∂r


1 jωε ∂Ez
∂Hz
−
jβ
p2
r ∂φ
∂r


jβ ∂Hz
∂Ez
1
−
−jωε
p2
∂r
r ∂φ

(3.105)
(3.106)
(3.107)
(3.108)

with the corresponding substitution of p for each region. In general, the six
components of the field are necessary to fulfill the boundary condition of the problems. These solutions (modes), are therefore hybrid, having both axial components
Ez and Hz . The predominance of one or other will indicate the dominant character of the mode (Transversal Electric -TE/H- or Transveral Magnetic -TM/E-)
[553]. These hybrid modes will be named as HEnm and EHnm , where the index n
is associated with the azimuthal coordinate φ, and the index m is associated with
the radial coordinate. In the case of the index n, the complete set comprise both,
positive and negative numbers. However, it only influences the term ejnφ , solution
of the azimuthal variable. Therefore, it will be assumed n ≥ 0, and one must take
into account that each n > 0, implies two degenerated modes with a different origen
of phase, something usual in cylindrical waveguides, [21], [376]. The eigenfunctions
that describe the field of the modes are, therefore:
HEnm and EHnm modes:
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Region 1, r ≤ a:
Ez1

= A Jn (βr1 r)ejnφ

(3.109)

Hz1

jnφ

(3.110)

E r1
Eφ1
Hr1
Hφ1

= B Jn (βr1 r)e


−jβ
jωµ0 n
0
=
β
A
J
(β
r)
+
B
J
(β
r)
ejnφ
r1
n r1
n r1
βr21
βr


−jβ jn
ωµ0
0
=
A
J
(β
r)
−
B
J
(β
r)
ejnφ
n r1
n r1
βr21
r
β


jωε1 n
−jβ
0
A Jn (βr1 r) ejnφ
βr1 B Jn (βr1 r) −
=
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−jβ jn
ωε1
0
=
B Jn (βr1 r) +
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r
β

(3.111)
(3.112)
(3.113)
(3.114)

Region 2, r ≥ a:
Ez2

= C Kn (αr2 r)ejnφ

(3.115)

Hz2

jnφ

(3.116)
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jβ jn
ωε2
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D Kn (αr2 r) +
C Kn (αr2 r) ejnφ
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β

(3.117)
(3.118)
(3.119)
(3.120)

where Jn (x) is the Bessel function of first kind, Kn (x) is the modified Bessel function of second kind, respectively, and the primes over J0n and K0n indicate derivation
with respect to their arguments, βr1 r and αr2 r, respectively. Note that the Bessel
function of second kind Yn (x) cannot be considered for the region 1 since it is singular at the origin, and the modified Bessel function of second kind In (x) cannot
be considered for the outer region since it describes and exponential grow, thus not
satisfying the radiation condition of region 2. (A, B, C, D) are arbitrary constants.
Now, applying the following boundary conditions, which describe the continuity of
the tangential fields:
Ez1 (a, φ)

=

Ez2 (a, φ)

(3.121)

Hz1 (a, φ)

=

Hz2 (a, φ)

(3.122)

Eφ1 (a, φ)

=

Eφ2 (a, φ)

(3.123)

Hφ1 (a, φ)

=

Hφ2 (a, φ),

(3.124)

it is found that
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A


A

A Jn (βr1 a) − C Kn (αr2 a) = 0

(3.125)

B Jn (βr1 a) − D Kn (αr2 a) = 0

(3.126)
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n
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αr22 a

(3.127)

(3.128)

Note at this point the necessity of the six components of the field unless n = 0.
If the mode was TM, B = D = 0, and this would make (3.127) to be incompatible
with (3.125). In a dual way, if the mode was TE, A = C = 0, and this would make
(3.128) to be incompatible with (3.126). Also, notice that this has its origin on the
more complex nature of the continuity boundary condition respect to the simpler
one imposed by perfect conductors in metallic, single-conductor, closed waveguides.
These four equations (3.125)-(3.128) describe a homogeneous linear system on the
unknowns (A, B, C, D) that can be expressed in its matrix form as:


m11



 0




m31


m41

0

m13

m22

0

m32

m33

m42

m43

   
A
0
   
   
   
m24  B  0
   
  =  
   
   
m34   C  0
   
   
0

m44

where
193

D

0

(3.129)

Chapter 3. Wire-type Waveguides

m11

=

Jn (βr1 a)

(3.130)

m13

= − Kn (αr2 a)

(3.131)

= − Kn (αr2 b)
jn
=
Jn (βr1 a)
βr21 a
ωµ0 0
J (βr a)
= −
βr 1 β n 1
jn
Kn (αr2 a)
=
αr22 a
ωµ0 0
K (αr a)
= −
αr2 β n 2
ωε1 0
=
J (βr a)
β r1 β n 1
jn
=
Jn (βr1 a)
βr21 a
ωε2 0
=
K (αr a)
αr2 β n 2
jn
=
Kn (αr2 a)
αr22 a

(3.133)

m22
m24
m31
m32
m33
m34
m41
m42
m43
m44

=

Jn (βr1 a)

(3.132)
(3.134)
(3.135)
(3.136)
(3.137)
(3.138)
(3.139)
(3.140)
(3.141)

Due to its homogenous nature, the system in (3.129) provide non trivial solutions
only in the case its determinant vanish. Therefore, given the waveguide parameters
and the operation frequency, only certain discrete values of the propagation constant
β allow for non-zero (A, B, C, D). The expression for the determinant of the matrix
in (3.129) is
2

2

ε r1
ε r2
ε r1
J0 (βr a)
K0 (αr a)
J0 (βr a) K0n (αr2 a)
· n2 1 +
· n2 2 +
· n 1
2
2
2
(βr1 a) Jn (βr1 a) (αr2 a) Kn (αr2 a) βr1 αr2 a Jn (βr1 a) Kn (αr2 a)
 2 
2
ε r2
1
J0n (βr1 a) K0n (αr2 a)
1
β
2
+
·
−
n
·
+
= 0 (3.142)
βr1 αr2 a2 Jn (βr1 a) Kn (αr2 a)
k0
(βr1 a)2
(αr2 a)2
which is a transcendental equation, i.e., any closed form must be obtained for β
as a function of the waveguide parameters and the frequency, but must be solved
numerically for each case. It must be mentioned that in some of the involved terms,
they have been multiplied both numerator and denominator by the factor a in order
to leave the expressions as a function of the parameters βr1 a and αr2 a, which gives
more physical insight and results helpful in the numerical resolution of the problem.
Once (3.142) is solved and a certain eigenvalue β of a particular mode is obtained,
since the system is not full-rank, A is left as a parameter9 and the ratios B/A, C/A
9 The value that A takes for a certain mode will depend on the excitation. The real interest
resides in the ratios B/A, C/A and D/A since they describe the relation between components of a
determinate mode.
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and D/A can be solved. This ratios are of physical importance since they govern
the mode field pattern. Particularly, B/A is of great importance, since it relates the
electric and magnetic axial field components. The expressions for these constants
are:

B
A
C
A
D
A

=
=
=



−1
1
J0n (βr1 a)
jβn
1
K0n (αr2 a)
+
(3.143)
+
ωµ0 (βr1 a)2
(αr2 a)2
(βr1 a) Jn (βr1 a) (αr2 a) Kn (αr2 a)
Jn (βr1 a)
(3.144)
Kn (αr2 a)
Jn (βr1 a) B
(3.145)
Kn (αr2 a) A
(3.146)

Therefore, by (3.142), the dispersion diagram of the dielectric cylinder waveguide
can be obtained. In addition, by (3.143)-(3.145), the field pattern of each mode can
be solved. Thus, at this point, the first stage of a waveguide analysis could be already
carried out. However, several reasons justify few more algebraic manipulations and
some particularization to distinguish the nature of the involved modes, classified in
four groups: HE, EH, TM and TE.
Firstly, the waveguide under analysis is simple in such way that analyzing the
involved equations more carefully gives very interesting physical insight, that otherwise would be obscured by the equations complexity, caused by having more complex
waveguide parameters, either geometrical or constitutive. Since the later studied
structures in this thesis are more complex, some conclusions extracted thanks to
this simpler effort now will be applied then, as when a room gets darker a candle
that one brings gives light. Secondly, it results much more convenient for numerical
calculations in every of the considered cases in this thesis. This occurs not only because of the reduced complexity of some particular cases, but also because in order
cases helps to avoid numerical errors and issues on the programming of the involved
algorithms, something that becomes challenging when complex variables enter in
scene. Finally, the fundamental mode of the SWW and the main fundamental mode
of the DCSWW are of TM nature, thus being interesting to look carefully in the
particular characteristics of this kind of mode.
Firstly, separation of HE and EH modes is carried out. The equation (3.142) is a
quadratic equation (some algebraic manipulations are necessary to directly observe
J0n (βr1 a)
this fact) on the term10
, thus, solved for this term it gives
(βr1 a) J0n (βr1 a)


εr1 + εr2
K0n (αr2 a)
J0n (βr1 a)
=
−
±R
(3.147)
βr1 a J0n (βr1 a)
2εr1
αr2 a K0n (αr2 a)
with R given by
10 It

may be postulated as quadratic on the term

however, less convenient in practice)
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(αr2 a) K0n (αr2 a)
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"
R=

ε r1 − ε r2
2εr1

2 

K0n (αr2 a)
αr2 a K0n (αr2 a)

2

n2
+
εr1



β
k0

2 

1
1
+
(βr1 a)2
(αr2 a)2

2 #1/2
(3.148)

Now, by using the derivative relations of Bessel functions

J0n (x)
J0n (x)

−Jn+1 (x) +

=

n
Jn (x)
x

(3.149)

n
Jn−1 (x) − Jn (x)
x

=

(3.150)
(3.151)

one has, for the positive sign, the equation for EH modes:

Jn+1 (βr1 a)
=
(βr1 a) J0n (βr1 a)



εr1 + εr2
2εr1



K0n (αr2 a)
+
(αr2 a) K0n (αr2 a)



n
(αr2 )2


−R ,

(3.152)

and for the negative sign, the equation for HE modes:

Jn−1 (βr1 a)
=−
(βr1 a) J0n (βr1 a)



ε r1 + ε r2
2εr1



K0n (αr2 a)
+
(αr2 a) K0n (αr2 a)



n
(αr2 )2


−R ,

(3.153)

In this way the set of solutions of (3.142) has been separated in two independent
sets, given now by (3.152) and (3.153).
∂
= 0)
Let now consider the particular case of n = 0, the axialsymmetric (
∂φ
modes. Whereas in the general case of n 6= 0 the boundary conditions described
by (3.125)-(3.128) require from the six components of the electromagnetic field to
not vanish, when n = 0 some terms in the expressions become null, thus being
possible a TM or TE solution satisfying these boundary conditions. Therefore, for
the axialsymmetric modes, the 4 x 4 matrix of (3.130) decouples in two 2 x 2 independent matrix. The process is better understood following the same previous steps:
TM0m modes:
Region 1, r ≤ a:
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Ez1

=

Hz1

=

A J0 (βr1 r)

(3.154)
(3.155)

Eφ1

0
jβ
A J1 (βr1 r)
=
β r1
= 0

Hr1

=

(3.158)

Hφ1

=

Er1

0
jωε1
A J1 (βr1 r)
β r1

(3.156)
(3.157)
(3.159)

Region 2, r ≥ a:
Ez2

= C K0 (αr2 r)

(3.160)

Hz2

=

(3.161)

0

Eφ1 2

jβ
= −
C K1 (αr2 r)
αr2
= 0

(3.163)

Hr1 2

=

(3.164)

E r2

Hφ2

0

jωε2
= −
C K1 (αr2 r)
αr2

(3.162)

(3.165)

note in the signs that, for this particular case, since n is defined, derivatives are
already applied and incorporated, i.e., J00 (x) = − J1 (x) and K00 (x) = − K1 (x). In
this case, the boundary conditions are specified over Ez and Hφ :

A J0 (βr1 a) = C K0 (αr2 a)
ε1
ε2
A J1 (βr1 a) = −
C K1 (αr2 a),
β r1
αr2
expressed in matrix form:

J0 (βr1 a)


 ε1
J1 (βr1 a)
β r1

   
A
0
   
  =  

K1 (αr2 a) C
0

− K1 (αr2 a)
ε2
αr2

(3.166)
(3.167)

(3.168)

which determinant, after some algebraic manipulations, gives the following transcendental dispersion equation for the TM0m modes:
K1 (αr2 a)
εr
J1 (βr1 a)
+ 1
=0
(αr2 a) K0 (αr2 a) εr2 (βr1 a) J0 (βr1 a)
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which results much simpler than (3.142). Once solved, the fields are determined
C
from the value of , obtained from (3.166) as
A
J0 (βr1 a)
C
=
(3.170)
A
K0 (αr2 a)
In a similar way,
TE0m modes:
Region 1, r ≤ a:
Ez1

=

Hz1

= B J0 (βr1 r)

(3.172)

E r1

=

(3.173)

Eφ1
Hr1
Hφ1

0

(3.171)

0

jωµ0
B J1 (βr1 r)
= −
β r1
jβ
B J1 (βr1 r)
=
β r1
= 0

(3.174)
(3.175)
(3.176)

Region 2, r ≥ a:
Ez2

=

Hz2

= D K0 (αr2 r)

(3.178)

Er2

=

(3.179)

Eφ2
Hr2
Hφ1 2

0

(3.177)

0
jωµ0
D K1 (αr2 r)
=
αr2
jβ
D K1 (αr2 r)
= −
αr2
= 0

(3.180)
(3.181)
(3.182)

with boundary conditions equations



B J0 (βr1 a)

=

1
B J1 (βr1 a)
β r1

=

J0 (βr1 a)



 1
J1 (βr1 a)
β r1

D K0 (αr2 a)
1
−
D K1 (αr2 a),
αr2

   
B
0
   
  =  

1
K1 (αr2 a)
D
0
α r2

(3.183)
(3.184)

− K1 (αr2 a)
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which determinant, after some algebraic manipulations, gives the following transcendental dispersion equation for the TE0m modes:
J1 (βr1 a)
K1 (αr2 a)
+
=0
(αr2 a) K0 (αr2 a) (βr1 a) J0 (βr1 a)0

(3.186)

C
Once solved, the relationship of the constants B and D is the same as it was
A
for TM0m modes:
J0 (βr1 a)
D
=
B
K0 (αr2 a)

(3.187)

The dispersion equation of TE0m modes is very similar to that of TM0m modes,
however, the small difference between them results to be a key point. Note that,
εr
whereas in the dispersion equation for TM0m modes the factor 1 (dielectric conε r2
trast between media) multiplies the second term, this factor does not appear in the
dispersion equation for TE0m modes. Thus, it can be foreseen that, for the cases
were εr1 ≈ εr2 , TM0m and TE0m will propagate very similar, e.g, optical fibers [553].
However, for the cases were εr1 >> εr2 , which is the case of interest for the posterior
analysis, the difference will be accentuated. Note also that this difference does not
regards exclusively to the propagation constant, but will be directly translated to
the field components, something that can be easily understood taking into account
the expressions for the transversal propagation constant of each region, (3.101) and
(3.102), and looking to the fields expression for the considered modes.
Regarding to this question, let recover now the dispersion equations for HEnm
and EHnm modes, (3.153) and (3.152). If we let n to be 0 in those equations, firstly,
R becomes


εr1 − εr2
K0n (αr2 a)
R=
(3.188)
2εr1
αr2 a K0n (αr2 a)
and now is easy to realize that HEnm modes dispersion equation becomes that
of TM0m modes, and that EHnm modes dispersion equation becomes that of TE0m
modes. Thus, at this point, it is observed that (TM0m /HEnm ) modes are related,
and share some characteristics. The same occur for (TE0m /EHnm ) modes. In fact,
with some inspection in (3.153) and (3.152) it is found that εr1 /εr2 has much more
influence in (3.153), the equation for HEnm modes.
From the previous statements, one could say that the nomenclature may result
contradictory, since it seems that, for example, HE makes more sense to design
H predominant modes, i.e., TE modes. This question is quite controversial, and
although hybrid modes have been treated since quite far, some recent works affording
the nomenclature issue can still be found [541]. What occurs is that HE modes
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evolve to TE (or H modes) when the cylindrical dielectric rod problem evolves to the
cylindrical waveguide problem. However, the previous analysis has given evidence
that, at least, while dealing with the cylindrical dielectric rod, HE modes have more
TM modes features than TE modes features. Despite of this fact, the presented
nomenclature will be maintained to keep consistence with the classical studies of the
problem [553], something that is also found in works dealing with the SWW [430].
At this point, given the radius of the waveguide a, the frequency of operation f ,
and the permittivity εr , a complete dispersion analysis could be already afforded.
However, for this simple, canonical case, all this three parameters can be synthesized
into a unique one which posses all the information regarding the waveguiding process.
It is defined as normalized frequency V :
V =

2πa p
εr1 − εr2 = (βr1 a)2 + (αr2 a)2
λ0

(3.189)

the last equality easily obtained from (3.101) and (3.102). This parameter results
very useful to get physical insight since it indicates the electrical size of the waveguide
respect to the external medium, which is the capacity of the waveguide to confine
the energy and to have waveguiding features.
When some mode starts to propagate, the propagation constant of this mode is
β = k2 . Progressively, as the frequency (or the radius) increases, the propagation
constant grows towards the asymptotic limit of β = k1 , the propagation constant
in the dielectric medium, as has been pointed out in the section 3.1. Therefore,
when β = k2 , by (3.102) αr2 = 0, i. e., the transversal field attenuation is null and
the mode is a plane wave in the external medium. According to (3.189), in this
situation, V = βr1 a. In any other case, it is also obvious that V < βr1 a. Therefore,
the condition 0 ≤ βr1 a ≤ V will be always satisfied, and V establishes in this way
the propagation properties of the mode. As a matter of fact, this parameter allows
to have a constant cutoff frequency, since, at it will be seen, for most of the modes,
there is a constant value of V from which they start to propagate in the surface
waveguide sense. This is the reason why this parameter is commonly used in the
analysis of optical fibers [553]. It can be now easily understood how optical fibers
can operate in single mode in spite to be electrically large: inner and outer region
have very similar permittivity, therefore εr1 − εr2 is very small so the value of V
remains small for large a according to (3.189).
In Fig. 3.7 the dispersion diagrams for several cases of the permittivity are
displayed, including the first 12 modes that propagate. Note that, as is usual in
dielectric waveguides, the normalized propagation constant β/k0 is displayed instead
√
of β. In this way, the dispersion diagram encompasses the range εr2 < β/k0 <
√
εr1 , being here εr2 = 1 for most of the cases, as indicated before. Horizontal
√
√
dashed lines are displayed at β/k0 = εr2 and β/k0 = εr1 , the lower and upper
limits of β/k0 , respectively.
The first case, Fig. 3.7(a), correspond to the typical case of an optical fiber. Exceptionally, in this case, the outer medium is a dielectric different from air, adopting
usual values used in practice [553]: εr1 ≈ εr2 = 2 (numerically: εr1 = 2.001 and
εr1 = 2). In the graph, it can be appreciated that there is a clear modal degeneration by groups. This is the origin of the well-know Linearly Polarized (LP) [553]
modes LPnm : LP01 (2xHE11 ), LP11 (2xHE21 , TM01 , TE01 ), LP21 (2xEH11 , 2xHE31 ),
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LP02 (2xHE12 ), LP31 (2xEH21 , 2xHE41 ), LP12 (2xHE22 , TM02 , TE02 ), where the factor 2x arises due to the aforementioned degeneration in the index n when this is not
0.
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Figure 3.7: Dispersion diagram of a cylindrical dielectric waveguide. a) εr ≈ εr2 . This is
the typical case of an optical fiber, with inner and outer region having similar permittivity (low
permittivity dielectrics); b) εr = 2.5; c) εr = 11; d) εr = 100; e) Mode legend. For conceptual
clarity, the same curve color is used for all modes of the same type (TM0m , TE0m , HEnm , EHnm )
no matter the index n. Markers are added to distinguish the index m.

As the contrast between the inner and outer regions increases (for the following
cases εr2 = 1), the curves start to forsake the degeneracy, being this effect proportional to the contrast. See the cases of low permittivity, εr1 = 2.5 (for example,
polymers), in Fig. 3.7(b), and high permittivity, εr = 11 (for example, crystallines),
in Fig. 3.7(c). Additionally, the extreme case of εr1 = 100 has been added to give
better understanding of the observable effects, Fig. 3.7(d). The curves of every
mode variate as the permittivity increases, but this is much more evident for certain
modes. These modes are the TM0m modes and the HEnm modes. In fact, for the
general HEnm modes there is even a change of the value of V from they start to
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propagate. In the case of TM0m this change does not take place, but it is observed
how the mode, when starts to propagate, still remains having β close to k2 (k0 in the
curves) for a certain range, the typical surface waveguiding behavior. There is also
a similar singular case. Mathematically, the HE11 mode always offer a solution for
the dispersion equation, i. e., the mode has no cutoff frequency, Vc = 0. However,
β ≈ k0 until some frequency V where β starts to raise and the mode is guided in a
practical sense. For this singular case, a larger contrast causes an increment in the
virtual cutoff, from which a real change in the propagation takes place.
Since for the different considered contrasts the range of variation of β is not the
same, to compare the considered cases for a particular mode still implies some effort.
Therefore, it is proposed now use the following parameter
β
√
− ε r2
k0
bn = √
√ ,
ε r1 − ε r2

(3.190)

that can be understood as a further normalization of the propagation constant in
such way that, independently of the permittivity of the cylinder, it will be satisfied
bn ∈ [0, 1]. Specifically, when the mode starts to propagate it occurs that β = k2
and bn = 0, and, when the frequency (or the radius) grows, in the limit, the mode
satisfies β = k1 and bn = 1. Let examine now the propagation properties of the
first mode of each kind with this new parameter. In the Fig. 3.8, the renormalized
propagation constant bn is displayed for the TM01 , HE11 , TE01 and EH11 modes.
The case of εr1 /εr2 → ∞ is added to better appreciate the effect.
It is observed how the TM01 and HE11 mode experience a sharpening of the
curve slope, which physically means an abrupt change between propagating mostly
in the air region to propagate inside the dielectric medium. More specifically, the
HE11 experience an increase of its virtual cutoff normalized frequency. In the case
of the TM01 mode, there is not change in the cutoff frequency, which remains in
Vc = 2.405, however, it is now clearly observed that the mode remains near cutoff
conditions for a certain range of V . This is very evident for the case εr1 /εr2 → ∞. As
the graphic shows, the TM01 mode starts to propagate but experiencing β ≈ k0 up
to near V = 3.8. In fact, this last value of V may be said to be its practical cutoff, in
a similar way that is said for the HE11 case, but observed with detail, a clear surface
waveguiding effect takes place. Mathematically, this situation translates in that, a
solution is found for (3.169) for V ≥ 2.405, but the large value of εr1 influences in
the smoothness of the function, making it stepper, so that changes in V do not affect
up to some point, but after it, the solution rapidly changes with V . Numerically,
the algorithms should be robust against this especially singular situation. On the
other hand, for the TE01 and EH11 modes, not only there is not change in the
cutoff normalized frequency, but the evolution of the propagation constant to the
confinement state is done much softer.
The reason for this relies in the E-field polarization. For those modes with
radial dominant polarization, the waveguiding becomes of the type impenetrable
surface. This is caused by the boundary condition on the continuity of the current
~ (3.38):
displacement vector D
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Figure 3.8: Proposed renormalized propagation constant bn for the first mode of each type and
several cases of contrast. a) TM01 ; b) HE11 ; c) TE01 ; d) EH11 .

~ 1 (a, φ) = −n̂0 · D
~ 2 (a, φ)
n̂1 · D
→

→

ε1 Er1 (a, φ) = ε0 Er2 (a, φ)

→

Er2 (a, φ)
= εr
Er1 (a, φ)

(3.191)

By the above equation, the discontinuity that experience the radial component
of the E-field is directly proportional to the dielectric contrast between the inner and
outer region. This means that it appears a field enhancement in the outer region,
just close to the boundary, since from that surface the field decay exponentially.
The previous fact is directly observable in the axialsymmetric modes, TM01 and
TE01 in as much as the former has a clearly dominant radial polarization (Ez is
always several orders of mangnitude smaller than Er ), and the second has only
azimuthal E-field component. To better visualize what occurs when the dielectric
contrast increases, in Fig. 3.9 it is represented the E-field magnitude for these two
modes at a normalized frequency of V = 3.5, a frequency of transition at which β
adopts an intermedium value in its range. The first column of images correspond for
to the TM01 , whereas the second column correspond to the TE01 mode. From up to
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down, a) and b) are the case of εr1 ≈ εr2 = 2, typical of optical fibers, in c) and d)
the inner region permittivity is εr1 = 2.5, and, finally, in e) and f) the permittivity
is εr1 = 11.
The difference is clear. When there is almost no dielectric contrast, the mode
patterns are very similar. It is true that a slight concentration of the field surrounding the dielectric rod takes place for the TM01 mode, but the effect is almost
negligible. When there is a moderate jump of permittivity, Fig. 3.9(c), it is appreciated that the peak of the field takes place in the outer medium close to the
boundary, and they are found both, surface waveguiding and confined waveguiding.
At this point, the mode is in the transition between both states. For this low permittivity, of εr1 = 2.5, the transition is smooth with V . See also how no change is
appreciated for the TE01 mode. If the contrast is increased, Fig. 3.9(e), then the
surface waveguiding is clearly appreciated for the TM01 mode. For cases such this,
when the mode starts to propagate, it is propagated attached to the surface, with
most of the power traveling in the external air medium. The inner region is almost
empty of electromagnetic energy. When the frequency increases, the mode finally
becomes confined, in an abrupt transition, and the mode pattern seems to that of
Fig. 3.9(a). The key point is that, the larger the permittivity, the more impenetrable remains the dielectric surface, so the TM01 mode remains as a surface mode
despite of increasing the frequency of operation. At some point, this effect collapses
and the mode is abruptly trapped inside the dielectric region, becoming a confined
εr
one. See for instance the slope of the 1 → ∞ curve of Fig. 3.8(a). It is worth
ε r2
to mention that the value of propagation constant β or any of its renormalization is
just an estimation of the state of the field patterns and, for example, bn = 0.5 does
not mean that the field patterns are at the middle of their limit states at bn = 0 and
bn = 1.
In the case of the hybrid modes, it is not as direct to observe the dominant
polarization regarding to the field expressions since all components of the field are
present in the both cases, HE11 and EH11 . Although the propagation constant
curves give some intuition about the radial polarization predominance in HE11 , and
the azimuthal polarization predominance in EH11 , representation of the vectorial
transversal E-field gives a more intuitive view for each case.
In Figs. 3.10 and 3.11 they are represented the E-field transversal polarization
and magnitude for the HE11 and EH11 modes. For the HE11 mode, V = 2.4 is
chosen, whilst for the EH11 mode, V = 5 is chosen, i. e., an intermedium frequency
regarding each mode dispersion curve, see Figs. 3.8(b) and 3.8(d). The considered
contrasts are the same as in the axialsymmetric modes case. As can be observed,
now, the effect is more complex. In these cases, apart of the modification of the
magnitude pattern, that occur for both, HE11 and EH11 , there is a modification in
the polarization.
Starting with the HE11 mode, it is observed that, for the very small contrast of
typical optical fibers, the mode is linearly polarized, and the field is concentrated in
the very central core of the rod, far from the boundary, and not as a ring like in the
TM01 and TE01 cases. As it can be appreciated, the mode pattern is axialsymmetric
due to the equilibrium between radial and azimuthal polarizations that provides the
204

3.3 Dielectric cylinder with real εr

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.9: E-field magntide of the TM01 and TE01 modes at V=3.5 for different dielectric
contrasts between inner and outer mediums. The first column correspond to the TM01 mode and
second row to the TE01 mode. a) and b) εr1 ≈ εr2 = 2; c) and d) εr1 = 2.5; e) and f) εr1 = 11.

linear polarization. This equilibrium is caused by the very similar contribution of
the coupled TE11 and TM11 modes that form the HE11 mode.
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When the contrast increases, inside the region 1, the polarization remains quite
invariant, and the axialsymmetry is maintained. However, near the inner surface,
and even more surrounding the outer surface, the change is appreciated. In Figs.
3.10(e) and 3.10(f), that correspond to εr1 = 11, this is very evident. What occurs is
that only the radial component experiments enhancement at the exterior part of the
boundary. In this way, the equilibrium between radial and azimuthal polarization
is broken, and the polarization is not linear any more. The azimuthal variation,
of order n = 1, is very evident in the E-field magnitude pattern. The mode is
predominantly surface waveguided, but still a part of the energy remains in the
core. It is noted one appreciation. The E-field lines in the outer medium seem to be
the continuation of a TE11 lines of a CWG. This can be explained as follows. For
the fields outside, the cylinder surface is view as a low impedance (as for the fields
inside as an high impedance [540]). Therefore, inside the mode pattern looks like
that of a CWG with perfect magnetic walls, and outside, the mode pattern looks as
a direct continuation of a metallic CWG.
In the case of the EH11 mode, for very low contrast, Figs. 3.11(a) and 3.11(b),
the mode is concentrated in the core, but following an axialsymmetric ring pattern,
similar of that of the TE01 and TM01 modes, but leaving even more empty area in
the central core. At the top and bottom, radial polarization predominates, whereas,
azimuthal polarization dominates at the sides. There is an equilibrium, but in
this case contributes in an opposite way as the HE11 mode, thus having a curly
polarization, close to, but not exactly circular. When the contrast increase, and
the equilibrium is broken (see for instance Figs. 3.11(e) and 3.11(f), εr1 = 11), the
EH11 mode presents enhancement of the azimuthal contribution (in fact, getting
the detrimental part of the HE11 mode), and a detriment in the radial contribution
(which goes to the HE11 mode). Therefore, the axialsymmetry provided by similar
contributions of the coupled TE11 and TM11 modes is broken, and the azimuthal
variation of order n = 1 is appreciated. In this case, the change is better appreciated
in the inner region. As Eφ dominates in the EH11 mode for a reasonable value of εr1 ,
the mode is propagated confined, and does not adopt surface waveguiding features.

3.3.2

Power analysis and attenuation

The power transmission and the attenuation features of the cylindrical dielectric rod
are addressed now. This involves the calculation of the total transmitted power of
each region by integration of the Poynting vector, which gives the power distribution
of a certain mode in the waveguide. Then, if the losses of the dielectric, ideal until
the moment, are considered, the power absorbed by the dielectric can be calculated
by the pertubative method [376], i. e., assuming that the field patterns are those of
the ideal case. By this, the attenuation11 of the waveguide is finally obtained.
The total mean power transmitted by the waveguide is given by
1
PT = Re
2

ZZ
S


∗
~
~
(E × H ) · ẑ dS ,

(3.192)

11 Note that in this case, the dielectric losses in the region 1 are the unique possible contribution
of losses.
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Figure 3.10: E-field lines and magnitude of the HE11 mode at V=2.4 for several cases of dielectric
contrast between inner and outer medium. a) and b) εr1 ≈ εr2 = 2; c) and d) εr1 = 2.5; e) and f)
εr1 = 11.
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Figure 3.11: E-field lines and magnitude of the EH11 mode at V=5 for several cases of dielectric
contrast between inner and outer medium. a) and b) εr1 ≈ εr2 = 2; c) and d) εr1 = 2.5; e) and f)
εr1 = 11.
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where S is the transversal surface of the waveguide, in this case, extending to the
infinity, i. e., the whole R2 . It is possible to particularize the integration for each
region, thus obtaining the fraction of power traveling in each one of the regions. In
the geometry under study:

P1
P2

=
=

1
Re
2

Z

1
Re
2

Z

0

0

2πZ a
0

(Er1 Hφ∗1 − Hr∗1 Eφ1 )rdrdφ

2πZ ∞
a



(Er2 Hφ∗2 − Hr∗2 Eφ2 )rdrdφ

(3.193)

(3.194)

and
PT = P1 + P2

(3.195)

where P1 and P2 are the power transmitted in regions 1 and 2, respectively. If
the propagation constant has been found, by applying the field expressions of the
particular mode under study, just the integration in (3.193) and (3.194) remains.
Except some further analytic simplifications for the axialsymmetric modes (n = 0),
the integrals must be carried out numerically. However, since the involved functions
are sufficiently smooth, by appropriate quadratures the computational time is negligible. More specifically, the typical Gauss-Legendre quadrature is used for the region
1, and the Gauss-Laguerre quadrature, suitable for functions exhibiting exponential
decays in an infinite integration domain, is chosen for region 2 [528]. Less than 20
nodes are used for each integral. Since the integration in the azimuthal component
is trivial, the true problem remains only in the radial component. Therefore, the
integrals are simple, and the computational cost is very small.
The information in P1 and P2 results relevant since it exactly describes how power
is distributed for a guided mode. It is possible to define the following parameter:
η=

P1
P1
=
PT
P1 + P2

∈ [0, 1]

(3.196)

which gives the fraction of total power being transmitted in the inner dielectric
region. This parameter gives a more precise information than the propagation constant β about attenuation and confinement. In order to see how β, or more clearly,
the proposed normalization bn , can give only a first approximated idea of the power
distribution, better given by the core fraction power η, in Fig. 3.12 these last two
parameters are compared for a high permittivity dielectric case, εr1 = 11.
It can be observed that the fraction of power in the core is larger than expected
when β is considered. See for instance that, at V = 2.2, the HE11 mode presents
bn = 0.3, however η = 0.8. This accentuated difference occurs in the transition
from weakly to confined waveguiding, which is more clear for radial dominant Efield polarization modes (TM0m , HEnm ) and is caused by the TIR effect. This issue
is later briefly described.
Another fact that throws Fig. 3.12(b) is that azimuthal-dominant E-field polarization modes (TE0m , EHnm ) have already some fraction of power traveling in the
dielectric when they start to propagate. Physically this means that these modes
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Figure 3.12: Normalized propagation constant bn and fraction power guided in the region 1 η, for
the first 12 modes of a high permittivity cylinder, εr1 = 11. a) bn vs.V ; b) ηvsV ; c) Mode legend.

does not experience surface waveguiding. Also the slope is softer for this modes,
and they can be easily tracked. However, the radial dominant E-field polarization
modes (TM0m , HEnm ) experience an abrupt change between surface and confined
guidance. This is very evident for the HEnm modes with large n, the curve is almost
vertical in the transition.
There are some strange features in some curves related with the higher HEnm
modes. They seem to start already confined and do not increase the confinement
monotonically, as expected, in what could be understood as a numerical error. However, a deep analysis of the problem reveals a complex phenomena that occurs. It is
mathematically proven that high permittivity dielectric can break the orthogonality between the set of modes [543]. It comes out that, at very specific frequencies,
there is power coupling between HEnm and EHnm modes even any perturbation is
present in the waveguide. They become complex modes. In the cases of interest
in this thesis that motivate the study of the dielectric cylindrical waveguide, this
phenomena, characteristic of high permittivity loseless dielectrics, has not been appreciated. The interested reader can check some works related with the complex
phenomena generated by the presence of dielectrics in waveguides [555]-[556], which
are the analytical prize to pay for a more complex boundary when it is compared
with a perfect electric or magnetic conductor.
To better appreciate the effect of the contrast in the power distribution, in Fig.
3.13(a), the parameter η is compared for the fundamental mode HE11 considering
four cases of contrast, εr1 ≈ εr2 = 2 (optical fibers), εr1 = 2.5 (low permittivity),
εr1 = 11 (high permittivity) and εr1 = 40 (extreme permittivity case), which give a
complete vision of this effect. The graphs reflect well the general surface dielectric
waveguide reality. When high permittivities are used, surfaces modes (as it is the
HE11 mode) remain surface guided, but then, when they collapse into the waveguide,
the confinement is larger than for lower permittivities. Therefore, the strong change
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of medium at the boundary provides both, impenetrability of the surface regarding
the modes traveling outside, and more confinement via TIR for the modes traveling
inside. Therefore, a high dielectric constant creates larger differences between the
mode patterns, regarding their state of propagation. This isolation effect may have
its own utility when perturbations occur, including the excitation process. Again,
the effect of complex modes is observed for the extreme case of εr1 = 40.
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Figure 3.13: Comparison between fraction power in region 1 η and normalized attenuation constant R for several cases of permittivity: εr1 ≈ εr2 = 2, εr1 = 2.5, εr1 = 11 and εr1 = 40. a) η(V );
b) R(V ).

It is the moment now to afford the issue of the attenuation in the waveguide,
in this case provided exclusively by the dielectric medium of region 1. Considering
now that this dielectric is not longer ideal and the permittivity has an imaginary
term of negative sign of magnitude ε001 , one has that the total power absorbed by the
dielectric in a volume V is given by
ZZZ
ωε001
~ 2 dV
PLd =
|E|
(3.197)
2
v
or, more specifically, considering the power absorbed per unit length in the region
ε00
of interest, and the usual parameter indicating the losses of dielectrics, tan δ = 0 :
ε
Z Z

ωε1 tan δ a 2π
PLd =
|Er1 |2 + |Eφ1 |2 + |Ez1 |2 r dφ dr
(3.198)
2
0
0
The inclusion of losses in the ideal problem implies that the axial variation of
fields not longer is described by e−jβ , but e−jγ , with γ = α + jβ, including now the
term α indicated the losses in Nepers per unit length. As a consequence, the power
falls as e−2α , this ruled by the dielectric absorption, hence:
dPT
= −PLd = −2αPT
dz

=⇒

α=

PLd
2PT

(3.199)

which allows to calculate α. From the expression in (3.198), it can be deduced
that α has lineal dependence with the frequency for a fixed field distribution, and it
is directly proportional to ε1 and tan δ. At THz frequencies, this implies high losses
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since tan δ is not compensating the inherent increase of losses with frequency, but
this parameter is even larger at THz frequencies. Also, it is directly observed that
one consequence of using high permittivity dielectrics is an increase of losses with
respect to a lower permittivity case with the same tan δ.
As it has been done renormalizing the propagation constant, up to use bn , it is
usual when dealing with dielectric waveguides, the employment of a parameter that
describes waveguide attenuation independently from the previous variables. The
normalized attenuation R is described similar12 as in [21]:
R=

α(Np/m)λ0
√
π tan δ εr1

(3.200)

In this way, it is obtained valuable information related with how the losses change
as the E-field experiences a change in the distribution, therefore being able to capture
some effects that previous parameters, bn and η do not give. At first view, one may
think that at least η gives a quite good estimation of the dielectric losses, just by
multiplying this factor to the bulk losses of the considered dielectric. In fact, this is
a very common applied calculation [436], [438], [442], [448], [450], [454]. Note that
R = 1 means that the considered mode experiences the same attenuation as a plane
wave in an infinite dielectric medium of the region 1 material and this value may
be firstly understood as an upper limit for R. However, in the transition between
weak and confined guidance this is not longer true for enough large contrast between
mediums, and some curious effect takes place.
In Fig. 3.13(b), the normalized attenuation constant R for the fundamental
mode HE11 is shown, considering the same cases of permittivity of Fig. 3.13(a)
so both parameters can be compared. For low permittivities, both parameters,
η and R, increase monotonically with V , as expected. They have practically the
same values, indeed. However, when the dielectric constant increases, it is found
an overattenuation region for which R > 1, i. e., the losses are higher than the
losses of a plane wave propagating inside an infinite medium constituted by the
dielectric material. More specifically, looking into 3.13(b), a peak is observed, then
R decreases monotonically to the unity value. The larger the permittivity, the higher
this peak, and the more abrupt the change between the negligible losses of a mode
guided mainly in the outer medium, and the overattenuated behaviour.
This behavior is observed for every mode, not only for those with surface waveguiding features. However, these last experience the described effect with larger
intensity due to their more abrupt changes between surface and confined guidance.
Something that is common for every curve of Fig. 3.13(b) is that all of them converge
to R = 1. This is what is expected since when the cylinder becomes infinitely large
(in terms of the wavelength), the situation is the same of a plane wave traveling in
an infinite medium filled with the region 1 material, and β = k1 .
Looking with detail this effect, the following explanation is found. Assume now
a dielectric cylinder surrounded by air. By taking into account (3.101) and that
k0 < βp< k1 , it is deduced
that, when the propagation starts (β = k0 ) one has
√
βr1 = k12 − k02 = k0 εr1 − 1, and as V increases, one has that, asymptotically,
√
−1/2
12 In [21] ε
εr1 , however, the former option causes R ∈ [0, εr1 ], which
r1 appears instead of
seems less desirable than R ∈ [0, 1], this last providing a uniform domain, independent of εr .
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β → k1 , hence βr1 → 0 (more exactly, βr1 tends asymtotically to a constant value
and β continues growing with the frequency so that βr1 becomes relatively very small
to β). This implies that, when the mode starts to propagate, βr1 >> β, what makes
the propagation to be very transversal.
To better illustrate what this physically implies, in Fig. 3.14(a) it is displayed
the visual representation of the trigonometric relationship between β (solid blue)
and βr1 (dashed red), according to (3.101). Note that the larger the permittivity
of the region 1, the larger k1 , and by extension the larger the circumference, hence
providing larger differences between β and βr1 .
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Figure 3.14: Analysis of the overattenuation effect R > 1 in high permittivity dielectrics. Calculations are made for the fundamental mode HE11 considering εr1 = 11. a) Visual representation of
the trigonometric relationship by (3.101) between β (solid blue) and βr1 (dashed red), governed by
k1 . b) Visual representation of the propagation considering trace of rays for several angles of incidence. Lower angles occur when the mode starts to propagate, implying an effective longer traveled
path by the mode; c) Influence of this effect in the main waveguide propagation parameters in the
case of εr1 = 11.

In a first approximation, by ray theory, the angle of incidence against the waveguide dielectric walls of the waves conforming the mode is θ = arcsin(k1 /β), therefore,
the real traveled distance per unit length will be approximately k1 /β (in fact, regarding the case of the HE11 mode, there is some contribution of the TE11 mode
implying the rays to have certain helical features [553]). To appreciate the influence
of the value of β respect k1 in this effect, an schematic of the described ray propagation is displayed in Fig. 3.14(b). Several cases of propagation are displayed in the
image. Low angle of incidence (red dashed lines) occur when (β ≈ k0 << k1 ), i. e.,
when the mode starts to propagate in a high permittivity dielectric. Note that for
this case, the effective path traveled by the waves is indeed much longer than the
real path of waveguiding, indicated by the advanced length in the axial direction.
When the frequency increases, β increases towards k1 , and the angle of incidence
increases up to the point that the rays are axial. At this point the effective length is
the same as the real length, and all the wave is confined. This gives R = 1. However,
when the angle of incidence is very low, it is possible that, although the mode has a
distribution power such that the mode is not completely confined, the factor k1 /β
provide an effective length enough large, in such way that the rays become even
more attenuated that in the total confinement case, thus giving R > 1. The peak
is very clear for a surface mode propagating in a high permittivity dielectric by
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two reasons. First, the factor k1 /β can reach very high values. Second, the mode
becomes suddenly confined in terms of power distribution. At this point, there is a
disagreement between bn and η, having thus the maximum loss combination: large
effective path given by k1 /β, and high attenuation per unit length traveled by the
rays, given by the larger confinement in the dielectric medium (parameter η).
Associated to this effect, the axial component of the fields also experiences an
increment of its relative contribution to the mode pattern, i.e., the modes become
further away from the TEM features, experienced up to some extent for enough large
contrast. This can be easily observed by thinking in the the ray trace description.
The effects described result important in the sense that they must be taken into
account in the excitation process, to avoid or enhance possible perturbations and
mode coupling, properly designing the waveguide for certain functionality, etc.
A graph that resumes the consequences of this effect of enhanced transversal
propagation on the main characteristics of a guided mode is shown in Fig. 3.14(c).
The chosen permittivity is εr1 = 11. In this graph they are displayed the quantities
k0 /β (note that it is the inverse of the usual β/k0 ), η, R, and the normalized group
velocity vg /c. Note that all this quantities, a priori, should be comprised between
0 and 1. Neither the propagation constant nor the power distribution reveal the
effect for the considered contrast. However, the normalized group velocity and,
even in a more accentuated way, the normalized attenuation, shown an anomalous
behavior. The effect in both, the velocity at which the energy is transmitted, and
its attenuation, may be regarded as an undesired effect or contrarily as a powerful
tool to implement certain responses.
Since the cylindrical dielectric waveguide electromagnetic problem has been almost only considered to analyze and design the optical fiber problem, the case of
larger contrast remains much less understood (some efforts have been done for the
well-known high Q dielectric resonators [540]). As observed, the effects caused at
the interface between both regions are not obvious, and understanding them requires
some reflections. For instance, to the author knowledge, the overattenuation effect
has not been clearly studied in the literature. The conclusions given here about how
the modes behave attending to their field components, and the effect of the contrast,
help to understand the propagation characteristics of complex εr dielectrics, and by
extension, the complex case of a SWW. Otherwise, observed phenomena could be
attributed to the wrong cause. In addition, these conclusions allow to better understand the dispersion diagram of the DCSWW and to develop proper designs with
it. Furthermore, the overattenuation effects observed here, are directly implied in
any interface involving a change on a dielectric medium, with more or less strength.
To do it with the cylindrical dielectric waveguide is crucial, since it is the simplest
two-dimensional dielectric waveguide (bring back that an infinite dielectric Ribbon
is only a 1D waveguide concept, very simple, whereas the rectangular dielectric
waveguide has not analytical solution [21], [557], [558]).
Along this section is has been observed that the problem of a dielectric cylinder
gives results that strongly depend on dielectric permittivity (considering external
medium air). Notice that the situation at the boundary covers cases ranging from
almost no discontinuity of dielectric properties to abrupt changes of media. Hence,
the casuistic is large, much more than that of a simple PEC boundary condition
offered by usual hollow metallic waveguides. Since the basics for the analysis of this
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kind of waveguide have been already established, the step to contemplate not β, i.
e., solving the real problem, but γ = α + jβ, i. e., the complex problem involving
the search of eigenvalues in the complex plane, is ready to be afforded.

3.4

Dielectric cylinder with complex εr

Once the simplest case of having a dielectric cylinder waveguide with real, positive
permittivity (ideal dielectrics) has been analyzed and the main characteristics of this
waveguide have been understood, is the moment to analyze the cases 2-4 mentioned
in the section 3.2: lossy dielectrics (εr in the first quadrant of the complex plane),
εr real and negative, and εr in the third quadrant of the complex plane. The case
of the SWW analysis is left for the next section. For this task, the considered
problem will be now that described in Fig. 3.15. The region 2 will be air for all
the considered cases and, since now the only permittivity of relevance is that of the
region 1, the subscript 1 referring to it will be obviated. This will follow along all
the next formulation, clarifying the expressions.

(a)

(b)

Figure 3.15: Dielectric Cylinder Waveguide with complex permittivity. a) 3D view; b) Problem
description.

3.4.1

Modal analysis equations

In the analysis carried out in the previous section two clearly separated stages were
distinguished. First, the dielectric was ideal, εr was considered real and the propagation constant β, unknown of the problem, was found. It was a real variable problem.
Second, the losses were added considering εr = ε0r − jε00r , so that the propagation
constant became γ = α + jβ (and the longitudinal field variation is ruled then by
e−γz ), α accounting the losses per unit length, and β having the same role and the
value(s) calculated in the first stage. The value(s) of α were calculated using the
field expressions obtained in the stage 1 and the provided value of ε00r .
In this section, the procedure will be done all in one. Indeed, this is the exact way
to solve a lossy dielectric problem. Now, from the first moment, it will be assumed
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that γ = α + jβ, being this the unique unknown of the problem, since the rest
of required elements for the waveguide analysis (dispersion diagram, fields, power
distribution, and attenuation) can be extracted from γ. Therefore, the problem
becomes now of complex variable. This is the prize of the obtained accuracy. Note
that, in this case, the calculated fields and the calculated attenuation will be the
exact one, since Maxwell equations are solved directly assuming γ = α + jβ, and
any perturbation method is applied. For lossy dielectrics, this means that, even for
extremely large losses (ε00r ↑↑), the calculations will be exact, something that cannot
be affirmed for the perturbation method.
Next the problem will be formulated. The expressions are very similar to those
of the real permittivity dielectric waveguide, however, it seems appropriated to have
them explicitly written in order consult them when it is necessary, and be able to
take some insight as the results are commented. Previously γ = jβ, so β = γ/j =
−jγ. Basically this is the main change in the formulation. Now, in the region 1,
√
k = k1 = k0 εr , and in the region 2, k = k0 . Therefore, the transversal propagation
constant become:
βr21 = k12 + γ 2
αr22

2

= −γ −

k02

(3.201)
(3.202)

Note that βr1 and αr2 are now complex. This mean that the argument of the
implied functions, the ordinary Bessel function of first kind Jn (x) in the region 1, and
the modified Bessel function of second kind Kn (x) in the region 2, will be complex,
hence the behavior of the fields will be neither purely oscillatory in the region 1 nor
purely exponential (decaying) in the region 2. In fact, the following relationships of
Bessel function may clarify this issue:

Jn (jx)

=

Kn (jx)

=

j n In (x)
j nπ (2)
Hn (x)
2

(3.203)
(3.204)

Therefore, in the region 1, the contribution of the imaginary part of βr1 will
be an exponential grow from the origin (whatever be the sign, since In (x) is an
even function). This can be seen as an exponential decay from the boundary to
the origin: a surface wave or plasmonic behavior. In the region 2, the imaginary
part of αr2 will cause phase variation on the field pattern, caused by the outgoing
(2)
wave behavior of Hn (x): leaky wave mode behavior. Therefore, some oscillatory
behavior can occur in the outer region (apart of the necessary exponential decay in
order to achieve the radiation condition). It is pointed out that now, the change of
sign in (3.202), responsible of having the modified (instead of the ordinary) Bessel
differential equation in the region 2, is not longer motivated by keep working with
real numbers, since now the complex nature of γ forces the problem to be intrinsically
complex. However, keeping the notation of (3.201) and (3.202) is very useful to gain
physical insight since in this way, the imaginary part of βr1 and αr2 will indicate
the anomalous behavior respect to the real εr case. Note that, independently of the
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employed functions the solution for the fields will be, obviously, the same, but the
transversal propagation constant would be different if different functions are used, in
order to be consistent with this fact. Assessments about the magnitude and phase
of the appearing complex quantities will be very important along the results of this
section in order to extract conclusions about the propagation characteristics of the
waveguides under study.
If the differential equations (3.103) and (3.104) are solved for this new problem,
and the transversal field components are accordingly calculated from the longitudinal ones, the following results are obtained.
HEnm and EHnm modes:
Region 1, r ≤ a:
=

A Jn (βr1 r)ejnφ

(3.205)

Hz1

=

jnφ

(3.206)

Er1

=

Eφ1

=

Hr1

=

Hφ1

=

Ez1

B Jn (βr1 r)e


ωµ0 n
−γ
0
B
J
(β
r)
ejnφ
β
A
J
(β
r)
−
n r1
r1
n r1
βr21
γr


−γ jn
jωµ0
0
A
J
(β
r)
−
B
J
(β
r)
ejnφ
n r1
n r1
βr21 r
γ


−γ
ωεn
0
βr1 B Jn (βr1 r) +
A Jn (βr1 r) ejnφ
βr21
γr


−γ jn
jωε
0
B Jn (βr1 r) +
A Jn (βr1 r) ejnφ
βr21 r
γ

(3.207)
(3.208)
(3.209)
(3.210)

Region 2, r ≥ a:
Ez2

= C Kn (αr2 r)ejnφ

(3.211)

Hz2

jnφ

(3.212)

Er2
Eφ2
Hr2
Hφ2

= D Kn (αr2 r)e


γ
ωµ0 n
0
=
αr2 C Kn (αr2 r) −
D Kn (αr2 r) ejnφ
αr22
γr


jωµ0
γ jn
0
C Kn (αr2 r) −
D Kn (αr2 r) ejnφ
=
αr22 r
γ


γ
ωε0 n
0
=
α
D
K
(α
r)
+
C
K
(α
r)
ejnφ
r2
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n
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n
αr22
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γ jn
jωε0
0
=
D
K
(α
r)
+
C
K
(α
r)
ejnφ
n
r2
r2
n
αr22 r
γ

(3.213)
(3.214)
(3.215)
(3.216)

With the same procedure as with the dielectric cylinder of real εr , the boundary
condition of continuity of the tangential fields is applied, and the following system
is obtained
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m11



 0




m31


m41

0

m13

m22

0

m32

m33

m42

m43

   
0
A
   
   
   
m24  B  0
   
  =  
   
   
m34   C  0
   
   
0

m44

D

(3.217)

0

where

m11

=

Jn (βr1 a)

(3.218)

m13

=

(3.219)

m22

=

− Kn (αr2 a)

Jn (βr1 a)

(3.220)

m24

=

(3.221)

m31

=

m32

=

m33

=

m34

=

m41

=

m42

=

m43

=

m44

=

− Kn (αr2 b)
jn
Jn (βr1 a)
βr21 a
jωµ0 0
−
J (βr a)
β r1 γ n 1
jn
Kn (αr2 a)
αr22 a
jωµ0 0
K (αr a)
−
αr2 γ n 2
jωε 0
J (βr a)
βr 1 γ n 1
jn
Jn (βr1 a)
βr21 a
jωε0 0
K (αr a)
αr2 γ n 2
jn
Kn (αr2 a)
αr22 a

(3.222)
(3.223)
(3.224)
(3.225)
(3.226)
(3.227)
(3.228)
(3.229)

The determinant of the previous homogenous system gives finally the following
complex transcendental dispersion equation:
2

2

εr
J0 (βr a)
1
K0 (αr a)
εr
J0 (βr a) K0n (αr2 a)
· n2 1 +
· n2 2 +
· n 1
2
2
2
(βr1 a) Jn (βr1 a) (αr2 a) Kn (αr2 a) βr1 αr2 a Jn (βr1 a) Kn (αr2 a)
 2 
2
1
J0n (βr1 a) K0n (αr2 a)
γ
1
1
2
+
·
+n
+
·
= 0 (3.230)
βr1 αr2 a2 Jn (βr1 a) Kn (αr2 a)
k0
(βr1 a)2
(αr2 a)2
The ratios relating (A, B, C, D) are now
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B
A
C
A
D
A

=
=
=



−1
1
J0n (βr1 a)
γn
1
K0n (αr2 a)
+
(3.231)
+
ωµ0 (βr1 a)2
(αr2 a)2
(βr1 a) Jn (βr1 a) (αr2 a) Kn (αr2 a)
Jn (βr1 a)
(3.232)
Kn (αr2 a)
Jn (βr1 a) B
(3.233)
Kn (αr2 a) A

and, finally, the split of (3.230) in the separated sets of HE and EH modes gives
that the transcendental dispersion equation for EH modes is:
Jn+1 (βr1 a)
=
(βr1 a) J0n (βr1 a)



εr + 1
2εr



K0n (αr2 a)
+
(αr2 a) K0n (αr2 a)



n
(αr2 )2


−R ,

(3.234)

and for for HE modes:
Jn−1 (βr1 a)
=−
(βr1 a) J0n (βr1 a)



εr + 1
2εr1



K0n (αr2 a)
+
(αr2 a) K0n (αr2 a)



n
(αr2 )2


−R ,

(3.235)

with
"
R=

εr − 1
2εr

2 

K0n (αr2 a)
(αr2 a) K0n (αr2 a)

2

n2
−
εr



γ
k0

2 

1
1
+
2
(βr1 a)
(αr2 a)2

2 #1/2
(3.236)

Continuing now with the axialsymmetric modes (n = 0), the following expressions are found.
TM0m modes:
Region 1, r ≤ a:
Ez1

= A J0 (βr1 r)

(3.237)

Hz1

=

(3.238)

0

Eφ1

γ
=
A J1 (βr1 r)
β r1
= 0

Hr1

=

Hφ1

=

E r1

0
jωε
A J1 (βr1 r)
β r1
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Region 2, r ≥ a:

Ez2

= C K0 (αr2 r)

(3.243)

Hz2

=

(3.244)

0

Eφ2

γ
= −
C K1 (αr2 r)
α r2
= 0

(3.246)

Hr2

=

(3.247)

Hφ2

jωε0
= −
C K1 (αr2 r)
αr2

E r2

0

(3.245)

(3.248)

The boundary conditions of continuity on the tangential components of the field
give the system


J0 (βr1 a)



 ε
J1 (βr1 a)
β r1

   
A
0
   
  =  

K1 (αr2 a) C
0

− K1 (αr2 a)
ε0
αr2

(3.249)

which determinant gives the following transcendental dispersion equation for the
TM0m modes:

K1 (αr2 a)
J1 (βr1 a)
+ εr
=0
(αr2 a) K0 (αr2 a)
(βr1 a) J0 (βr1 a)

(3.250)

The constants A and C are related by
J0 (βr1 a)
C
=
A
K0 (αr2 a)
In a similar way,
TE0m modes:
Region 1, r ≤ a:
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Ez1

=

0

(3.252)

Hz1

= B J0 (βr1 r)

(3.253)

E r1

=

(3.254)

Eφ1

= −

0

jωµ0
B J1 (βr1 r)
β r1
γ
=
B J1 (βr1 r)
β r1
= 0

(3.257)

Ez2

=

(3.258)

Hz2

= D K0 (αr2 r)

(3.259)

Er1

=

(3.260)

Hr1
Hφ1

(3.255)
(3.256)

Region 2, r ≥ a:

Eφ2
Hr2
Hφ2

0

0
jωµ0
=
D K1 (αr2 r)
αr2
γ
D K1 (αr2 r)
= −
αr2
= 0

(3.261)
(3.262)
(3.263)

with boundary conditions equations
B J0 (βr1 a) =
1
B J1 (βr1 a) =
β r1

D K0 (αr2 a)
1
D K1 (αr2 a),
−
αr2

(3.264)
(3.265)

and associated sytem


J0 (βr1 a)



 1
J1 (βr1 a)
β r1

   
B
0
   
  =  

1
K1 (αr2 a)
D
0
α r2
− K1 (αr2 a)

(3.266)

which determinant, after some algebraic manipulations, gives the following transcendental dispersion equation for the TE0m modes:
K1 (αr2 a)
J1 (βr1 a)
+
=0
(αr2 a) K0 (αr2 a) (βr1 a) J0 (βr1 a)0
Finally, the constants D and B are related by
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J0 (βr1 a)
D
=
B
K0 (αr2 a)

(3.268)

The set of equations detailed above give all the necessary tools to proceed with
the modal analysis and the attenuation analysis. The power distribution features
of the waveguide must be calculated using (3.193), (3.194) and (3.196). However,
since the following studied cases are only suitable intermedium steps with didactic
intention, to better understand the complex modal spectrum of the SWW, tracking
the solutions from the rather familiar concepts of the classical dielectric cylindrical
waveguide as it evolves to the SWW, in the following sections, only the issues dealing
with the solutions of the transcendental equations (modes) and they behavior in
terms of propagation and attenuation will be afforded.

3.4.2

Solutions for εr real positive in the complex plane γ =
α + jβ

As a prelude, let first briefly consider that εr is real, but now as a particular and
simple case of a complex εr . Previously, only a portion of the axis γ = jβ of the
complex γ = α + jβ was observed. Specifically, to find propagating modes, the usual
range k0 ≤ β ≤ k1 was considered. Now, it makes sense to observe the whole first
quadrant of the γ plane to get a more general perspective (note that a negative α
would imply amplified modes violating the energy principle, and a negative β is just
the symmetric solution considering propagation in the −ẑ direction, except some
anomalous cases involving complex and backward modes [555]-[556], not considered
for the moment). To deal with simple values and clarify the text, the normalized
quantities (by dividing by the factor k0 ) will be considered. They will noted as
γN = αN + jβN , βr1 N and αr2 N .
The case εr = 4 is considered as the base case, which give also simple values.
For instance, it is known from the previous section that as the electrical size of the
cylinder grows (either by increasing a or f ) the normalized propagation constant
√
γN = jβN → εr , giving in this simple case γN → 2. In Figs. 3.16 and 3.17, it is
represented G = 1/|F (γN )|, for the cases of F described by (3.230) (HEM modes),
(3.234) (EH modes), (3.235) (HE modes), (3.250) (TM modes), and (3.267) (TE
modes). The radius of the cylinder is set to a = 3λ in order to allow propagation
to many modes. Notice that not only the domain is complex, but the determinant,
F (γN ), has also its image in the complex space. Therefore, both, real and imaginary
parts of F (γN ) must vanish, a couple of conditions that can be merged in one: nullity
of the absolute |F (γN )|. The choice of representing 1/|F (γN | instead of |F (γN )| is
due to the larger contrast of a pole compared with a zero. Other options such
logarithmic representation are as well suitable.
In the plots, the solutions of the transcendental equation for each case are appreciated as bright points, being dark red in their cuspid, sometimes too small and
sharp to be appreciated. The TM0m and TE0m modes, Figs. 3.16(a) and 3.16(b),
respectively, exhibit a quite handle transcendental function in the complex plane of
√
γN . They are observed the guided modes in the range 1 < βN < εr = 2, with the
√
tendency of getting accumulated in the limit, i. e., βN = εr = 2. Note that these
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Figure 3.16: Colormap representation of 1/|F (γ/k0 )| with F described by (3.230) (HEM modes),
(3.250) (TM modes), and (3.267) (TE modes), for the case of εr = 4 and a = 3λ0 . a) TM0m
modes; b) TE0m modes; c) HEM modes (HE1m and EH1m modes together); d) HEM detail in
[−0.1, 0.1] × [1.7, 2.1].

2D plot are, actually, the complex version of a vertical cut in the real plots of Fig.
3.7.
However, now, they are also observed some solutions that do not satisfy the
waveguiding conditions in the sense of surface waveguides, as established in section
3.1. There are two types of non-propagating modes. On the one hand, they are
observed modes that satisfy αN = 0 and βN < 1. These are leaky wave modes,
with their angle of radiation given by arcsin(βN ). On the other hand, there is a
set of evanescent modes having certain value of αN , but βN = 0. These modes
are exponentially damped out with any kind of propagation, neither guided nor
radiative. All the modes start as evanescent, and as the electrical size of the cylinder
increases they become less and less damped until the moment they become leaky,
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starting from a radiation very transversal (βN ≈ 0) and progressing to a more razing
one (βN ≈ 1). Then, they are propagated by the waveguide, and, at the end, they
√
tend asymptotically to βN = εr = 2.
By the above, the cutoff issue must be pointed now again. In the real variable
problem, it is clear that αr2 = 0 provides the condition, and modes below cutoff
exhibit purely imaginary αr2 : transversal outgoing waves. Notice that when the
waves are not exponentially attenuated from the surface of the waveguide, they are
not attached, guided any more. When αr2 becomes complex, this is translated in the
following condition [430]: Re(αr2 ) = 0, since it is the real part of αr2 which provides
the transversal attenuation. However, in this case, the complex nature of αr2 may
give also some additional transversal propagation features through Im(αr2 ), similar
to those provided by Re(βr1 ) in the region 1. Now, accordingly to (3.202) they are
found to cases when Re(αr2 ) = 0 is satisfied:
1. α = 0 and β ≤ k0 . If α = 0 (3.202) turns into (3.102), which gives the cutoff
condition β = k0 . Therefore, the modes lying in the semiaxis given by γ = jβ,
with β ≤ k0 will be at cutoff. These are the radiative modes.
2. β = 0. If β = 0, then γ 2 = α2 and (3.202) gives pure positive imaginary αr2 .
This is a deeper cutoff, the same that occurs for closed metallic waveguides.
By the above, they are more deeply understood the propagation characteristics
of a dielectric waveguide, and, in particular, those of a surface waveguide. Note
that there is a true cutoff given by β = 0, which corresponds to that found for
closed metallic waveguides. However, when the mode starts to propagate in the
sense of the longitudinal direction, it is still not attached to the waveguide, and
propagates in a radiative purport. This changes when β reaches k0 , and, since for
β > k0 the structure acts as a waveguide, this is usually assumed as the cutoff
of interest. Nonetheless, it can foreseen how important can be to take into account
these reactive and radiative energy of the modes below this cutoff in order to estimate
local effects. To apply modal methods to this kind of waveguides, this information
must be known. It is very interesting to observe how the complex consideration of
the propagation constant provides good physical insight even still the ideal case is
assumed. Nevertheless, this makes sense thanks to the fact that, at this point of the
thesis, the previous analysis considering a real variable problem is well understood.
In Fig. 3.16(c) the case for n = 1, involving the hybrid modes (HE1m and EH1m
altogether) is represented. In this case the G(γN ) function has a more cumbersome
aspect, exhibiting an exponential grow as αN and βN assume large values, this
making difficult the visualization the peaks corresponding to some solutions. Since
(3.230) is used to express F (γ), both, HE1m and EH1m solutions appear in the
plot. This is better appreciated in the detailed plot of Fig. 3.16(d), in which a
zoom of the zone [−0.1, 0.1] × [1.7, 2.1] is provided. The HE and EH modes appear
as nearby couples. However, the following particularity occurs. The mode HE11
appears isolated, as it is the fundamental mode of the waveguide, with no cutoff.
This mode is followed by the couples (HEnm+1 ,EHnm ). This phenomena is well
appreciated in the simpler real plot of Fig. 3.7(b), for example, if a vertical cut is
taken at some frequency V .
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These two sets of HE1m and EH1m modes can be splitted by using (3.235) and
(3.234), respectively. The result is shown in Fig. 3.17(a) for the HE1m modes, and
in Fig. 3.17(b) for the EH1m modes. With this procedure is easier to isolate the
roots of the transcendental equation. Furthermore, G(γN ) takes a more suitable
aspect, giving more resolution to the peaks. On the other hand, due to the presence
of the root given by R in (3.235) and (3.234), some branch cuts appear (see the
−1
discontinuities with a shape similar
√ to the function f (x) = x ), due to the wellknown discontinuity of f (z) = z in the negative real semiaxis of the complex
plane [542]. This is not affecting the propagating solutions, but hinders the finding
of radiative and evanescent solutions. This is specially true for the HE1m modes,
see Fig. 3.17(a). Since (3.235) takes the negative sign of R, the phase jump leave
the solutions of G(γ) in the improper Riemann
√ sheet. Nevertheless, it is always
possible to define other phase origin for f (z) = z in order to move the branch cut
and observe the function in the correct Riemann sheet, as a mantle is removed to
observe the content of a paint.
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Figure 3.17: Split of 1/F (γ/k0 ) for the hybrid modes with n = 1 given by (3.234) (EH modes)
and (3.235) (HE modes), for the case of εr = 4 and a = 3λ0 . a) HE1m modes; b) EH1m modes.

Despite of the branch cut issues, the previous plots are a good example of the
utility of manipulating the initial dispersion equation given (3.230) to obtain particularized equations for each kind of modes. When working with complex variable this become of great importance. Note that the root-finding problem turns
2-dimensional, thus having a wider case of possible features adopted by the function
under study, and a larger number of possible points, which makes more difficult and
slow the process. In this environment, the robustness of the algorithm gets threaten
by roots that come very proximal to each other, something that is true in practice
even advanced methods are used, unless some physical insight is gained previously
in the problem. Imagine how difficult may become to distinguish between solutions
√
when they get accumulated close to γN = εr . The problem of complex root finding
is an old and well documented one [528], [559]-[561], still in progress [562]-[563], and
quite usual in some electromagnetic problems [564]-[566].
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3.4.2.1

The root-finding problem in the complex plane described by γ

For the root-finding problem, one thoughtful possibility is to use such family of procedures described in [560]-[561], where poles of a function are located by doing a
curvilinear integral on the γN complex plane such that it encloses the poles. Advantages of these procedures are the systematically inspection of the complex domain of
G(γ) and the suitability of some quadrature methods (see for instance the extraordinary efficiency of trapezoids quadrature in the complex plane [564]). However, when
many roots are involved in an exploring area (and this will be the case when they
accumulate), since a prudent, enough large area must be considered inasmuch as the
distribution the poles is not known a priori, the method present some issues. On the
one hand, the integration path may pass close or go through a pole, this involving
numerical errors. On the other hand, the large set of found solutions must be check
one by one with additional information (analyze its αN , βN , fields, etc.) in order
to distinguish them. The tracking of a particular mode when any of the waveguide
parameters is varied may be, hence, cumbersome.
By these aforementioned issues, in this work is has been found more suitable
other procedure, relying one more time in the physical insight or a priori information available from the problem. On the one hand, the problematic case of having
proximal couples of (HEnm+1 ,EHnm ) is avoided by splitting the equation with the
use of (3.235) and (3.234). The appearing branch cut issue is a delicate one, but
totally straightforward or even avoidable if particular information of the problem is
used. On the other hand, the isolation of roots in accumulation zones is done by the
following argumentation. Note that, for a given n, the different modes with index m
appear due to the oscillations provided by the oscillatory13 character of Jn (βr1 r) in
the region 1. As the waveguide enlarges in terms of the wavelength, more oscillations
can take place, appearing modes of higher index m. Since the roots of Jn (βr1 r) are
known, it is possible to consider windows that isolate only one solution. Mathematically, there is a mapping from γ to βr1 through 3.202 that makes the small distance
(in relative terms for γ) between roots, to become well distinguished in βr1 , thanks
to the subtraction of k1 . Since bounds on βr1 can be set to isolate a single root
by knowing Jn (βr1 r) roots, the complexity of the problem is noticeably reduced.
In summary, since Jn (βr1 r) is quasi-periodic, and each quasi-period provides one14
solution, a simple procedure is restrict the research area to that quasi-period containing the desired solution. This becomes specially important when large quantities
are involved, which will be the case of a SWW operating in the THz regime.
Finally, isolated the root, a good starting point is achieved, and Muller’s method
[528] is very suitable in terms of efficiency. In practice, the best option has been
found by using combination of Muller method together with tracking the solution
along the parameter which is varied with small enough steps from a known point.
√
For instance, the asymptotic tendency γN → j εr , together with the root isolation
procedure described before is a good performance option. For electrically large
13 When β
r1 and αr2 are complex, both Jn (βr1 r) and Kn (αr2 ) provide a mixed nature, oscillatory
and exponential, character. However, for small imaginary parts of the propagation constant (and
this is the case for βr1 of the considered modes), the main oscillatory features are associated to
Jn (βr1 r).
14 If the expression (3.230) for HEM modes is used, they will appear a couple of solutions,
(HEnm+1 ,EHnm ).
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√
enough cylinders, the root is found to be close to γN = j εr , therefore, it can be
track for decreasing electrical length, even in those cases where the followed path
is quite complex, as it will be shown next. In front of cases where the robustness
of Muller method can be in risk, the algorithm is endorsed by inspection of the
function through sampling of the predicted success zone by the tracking procedure.
It is worth to mention that errors in the tracking process result critical inasmuch
as when the solution jumps to a incorrect one the rest of points of the parametric
analysis will give wrong solutions.
The final synthesized algorithm is efficient and robust. Between 50 and 100 frequency points per second are analyzed with no error for a large variety of cases. The
larger the order n the larger the time employed, mainly by the involved numerical
evaluation of Bessel functions, which is more costly for larger orders of the function.
The set of procedures and algorithms previously described is a good example of why
it is worth to examine the analytical problem carefully. The a priori information
not only provides the proper conclusions, but it is essential for a correct numerical
resolution.

3.4.3

Solutions for lossy dielectrics: εr in the 4th quadrant of
the complex plane γ = α + jβ

Once the practical issues in the modes root finding have been commented, it is
considered now the true problem where the previous formulation and procedures
make sense. Now, εr = ε0r − jε00r , with both, ε0r > 0 a ε00r > 0, thus εr laying in the
fourth quadrant of the complex plane described by γ = α + jβ. Accordingly to what
was established in section 3.1.1, this is the case of a lossy. The initial point is given
by εr = 4 and then losses are added. Therefore, the following cases are afforded:
1. εr = 4
2. εr = 4 − 0.2j
3. εr = 4 − j
4. εr = 4 − 2j
In the lossy cases, the imaginary part ε00r has been considered of the order of
the real part ε0r (usual15 dielectrics have lower ε00r ) to better appreciate the effect
of the losses. In Fig. 3.18, it is shown the colormap representation of G(γ) for the
considered cases of permittivity in the case of TM0m modes (the following study
has been made for every kind of mode, but explanation will be giving using results
for TM0m modes; at the end of the study clarifications for HEnm , EHnm and TE0m
will be given). First of all, in these plots, for εr non real, they are appreciated some
discontinuities at the axis. This effect, rather related with mathematical aspect of
the problem than the physical one, is briefly commented now as an important issue
of the practical implementation.
15 Those employed as low-loss dielectrics. However common materials may reach loss levels such
that ε0r and ε00
r are of the same order.
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Figure 3.18: Colormap representation of G(γ/k0 ) for TM0m modes of a lossy dielectric cylinder
of a = 3λ0 . a) εr = 4; b) εr = 4 − j0.2; c) εr = 4 − j; d) εr = 4 − 2j.

Specifically, these discontinuities are branch cuts that are present in the whole
real axis αN , and in the imaginary axis βN in the range [−1, 1]. These branch cuts
have their origin in the square root involved in αr2 , defined in (3.202). The argument
of the root defining αr2 becomes real and negative when β = 0 or when α = 0 and
β < k0 . This conditions are the same as the cutoff conditions, which makes sense,
since an argument real and negative in the root defining αr2 implies αr2 to be purely
imaginary. Note that any branch cut associated to the root of βr1 is found on the
graphs, however it is obvious that (3.201) causes a branch cut when the square root
is applied to find βr1 . Forcing the argument of the square root defining βr1 to be real
2
2
and negative implies ε0r + αN
− βN
< 0 and βN = ε00r /(2αN ) to be simultaneously
satisfied, what gives a branch cut curve in the first16 quadrant of the complex plane.
16 and

in the third quadrant by symmetry, however this is not a region of interest for the problem.
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However, Jn (z) is even when n is even, and odd when n is odd. Since f (z) = z is
trivially odd, the phase jump of π over the branch cut given by the square root of
βr1 is always compensated in the second term of (3.250).
Conversely, Kn (z) has much less symmetries, and it can be only said that, over
the curves defined by the branch cuts of αr2 , its real part is even and its imaginary
part is odd, therefore acting as a conjugation over its argument. Properties of
division in the complex plane makes that the total effect of K1 (αr2 a)/ K0 (αr2 a) is
the same. Furthermore, since the term (αr2 a) is purely imaginary over the branch
cuts, and it only has a change of sign when crossing them, the total effect of the
first term in (3.250) is exactly the same described: acts as a conjugation when the
branch cuts of αr2 are crossed. Note now that the absolute value of z and z is the
same, and that |z + p| = |z + p| its true if and only if p is real. Since the quotient
of the second term in (3.250) is real over the branch cuts of αr2 , when εr is real,
the second term in (3.250) is real. Therefore, when the absolute value is taken over
F (γN ), any discontinuity is appreciated although it is present in F (γN ). This is the
reason why, for the real εr case, any discontinuity is found for G(γN ). The same
behavior is observed for all kind of modes, being the argumentation exactly the same
as the just described one.
Continuing with the physical effects of losses, as can be observed in the images,
the increment of losses complicates the propagation phenomena in the dielectric
cylindrical waveguide. When the case is non ideal, it is not longer possible to classify
the modes as purely evanescent, radiative, or propagative. The perfect L shape
path followed by the modes as the waveguide electrical size increases (in decreasing
direction in the γN = αN axis towards the origin, and then, continuing along the
γN = jβN axis) is deformed by the losses, turning into a more curved one. The
larger the losses, the softer turns the path.
For relative small imaginary part, εr = 4 − 0.2j, it is still possible to loosely classify the modes as more propagative, more radiative or more evanescent. However,
when ε00r increases, the nature of each mode is a mixed one, which certain characteristics, only valuables when the particular (γ, βr1 , αr2 ) are known. The possible
behaviors are much more in those cases. When the electrical size a/λ0 grows, the
√
modes still tend to accumulate at γN = j εr . However, note that this value is not
longer purely imaginary, but has a real term accounting for the losses. It is actually
the complex propagation constant of a plane wave in a complex εr infinity medium.
The limiting values of γN for the considered cases are listed in the first row of
table 3.2. Note the large losses due to the high values of tan δ considered, since
the values of the table show the normalized propagation constant γN . This is, the
attenuation in Np per wavelength is obtained as 2παN , or what is the same, in dB
per wavelength by multiplying the values of αN in the table by a factor close to 55.
Apart of the first commented phenomena of in the graphs of Fig. 3.2, there is
a second one that even attracts more the attention. No matter the increment of ε00r
there is found a solution close to the semiaxis γN = jβN , more specifically, close to
βN = 1. This means, that there is a mode that, even for very lossy cylinders, is
propagated with a propagation constant very similar to a plane wave, and with low
attenuation. In fact, the losses for this mode are, at least, one order of magnitude
less than for the rest. A careful numerical study of the problem reveals that this
anomalous solution is always close to the propagation constant of a planar surface
229

Chapter 3. Wire-type Waveguides
εr = 4

εr = 4 − 0.2j

εr = 4 − j

εr = 4 − 2j

2j

0.05+2j

0.248+2.015j

0.496+2.059j

0.89j

0.005+0.895j

0.021+0.9j

0.038+0.91j

βr1 N (βN = 1.5)

1.33

1.336

1.363

1.489-0.001j

αr2 N (βN = 1.5)

1.11

1.121-0.094j

1.151-0.43j

1.213-0.823j

βr1 N (γN s )

1.781

1.79-0.054j

1.806-0.27j

1.856-0.52j

αr2 N (γN s )

-0.44j

0.009-0.44j

0.044-0.44j

0.082-0.423j

Parameter/Expression
√
γN b = j εr
γN s = j

r

εr
εr + 1

Table 3.2: Complex values of the normalized propagation constants, longitudinal (γN ), transversal
in region 1 (βr1 N ), and transversal in region 2 (αr2 N ), for several cases of interest, and different
permittivities. γN b is the normalized propagation constant of a plane wave in an infinite bulky
dielectric material of εr and it is the limit for bulk modes as a/λ0 increases, and γN s is the
normalized propagation constant of a planar surface (or plasmonic) mode traveling attached to an
interface between a dielectric region with εr and an air region.

mode (usually called surface plasmon [21], [348], [430], [512], [554], [567]-[571]) in
the interface between two dielectric mediums, one of them having complex εr . The
expression for this parameter is, for the normalized case:
γN s

γs
=
=j
k0

r

εr
εr + 1

(3.269)

In the limit a/λ → ∞, γN tends to reach this asymptotic value inasmuch as
when the radius of the cylindrical rod becomes large in terms of the wavelength, the
curvature of it becomes locally null, as the propagation took place along a planar
interface. However, the features associated to this mode are more complicated than
they can be thought in a fist view. This solution is not independent of the rest of the
set for a given n, as in principle it could be understood, at least in Figs. 3.18(c) and
3.18(d), where this mode is very isolated, exhibiting a pair (αN , βN ) very different
from the others.
The actual propagation behavior of modes is as follows. For the first modes
(explanation given in terms of the normalized propagation constants used in the
plots), γN starts with very large αN and small βN , so that, in this situation, they
are rapidly damped out. With such small values of βN , the energy is rather reactive.
Progressively, as a/λ0 increases, there is an increase on βN and a decrement on
αN , hence the mode propagates with less and less losses. However, the curve is
not exactly the same obtained if one links the points observed in the plots of, for
example, Figs. 3.18(c) and 3.18(d). In fact, the path followed by the modes tends
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towards the cutoff condition given by αN = 0. The modes reach the line and are at
cutoff for a range of a/λ0 . After this situation of cutoff, from a larger a/λ0 , they
start propagating again from the same cutoff condition (αN = 0), but with larger
βN . They stay in the condition of plasmonic mode, with a propagation constant
close to that given by (3.269), and, finally, with the continued increasing of a/λ0 ,
they left this condition to become confined modes.
As the order m of the mode increases, the previously described path shows a less
exaggerated zig-zag shape. For example, the mode reaches the (αN = 0, βN < 1)
cutoff segment in a larger βN and remains at cutoff a smaller range of a/λ0 . For
some value of m, what occurs is that the mode approaching the plasmonic zone of
the γN plane just get close to the last mode in that zone, that remains there. The
√
incoming mode, just pass close and continues its path to γN b = j εr . This means,
from some value m the plasmonic solution remains there, and does not continue
to become a confined one. The incoming modes pass further away as m continue
increasing, up to some point, for large enough a/λ0 , they follow a soft curved path
without any zigzag, similar to that one that would be obtained if the points (apart
of the plasmonic solution) of Figs. 3.18(c) and 3.18(d) were linked.
The process is rather a complicated to understand one. In order to clarify it, some
auxiliary plots are displayed in Figs. 3.19 and 3.20. In Figs. 3.19(a) and 3.19(b) it
is represented G(γN ) (TM0m modes) for εr = 4 − 0.5j and εr = 4 − j, respectively,
when a = 1.5λ0 . The previous particular permittivities are chosen since they offer
good visualization of the effect under study. In both plots, it can be observed that
the TM06 mode is in the plasmonic zone (considering m = 6, counting the solutions
in decreasing βN ). TM0m modes with lower m are on their way to the limit of bulk
√
modes γN b = j εr . TM0m modes with larger m are on their way to get less and less
damped and reach the plasmonic zone. A tracking of the actual TM06 mode in both
cases, shown in Fig. 3.20(a) for εr = 4 − 0.5j, and in Fig. 3.20(a) for εr = 4 − 0.5j,
reveals the aforementioned behavior followed by the modes. In those plots, the limit
√
γN b = j εr , and the limit γN s given by (3.269), are marked with a blue and a red
square, respectively.
Note how for the εr = 4 − 0.5j case, as a/λ increases, the TM06 progress towards
the plasmonic zone, reaching the cutoff αN = 0. Then, it starts to propagate
√
again, starting on the plasmonic zone and progressing towards γN b = j εr . For the
considered case, the cutoff state is a very short one, i.e, the range a/λ0 in which
the mode does not exist is quite narrow. In the analyzed curve, the overattenuation
effect described in the section 3.3.2 is also appreciated: note that αN is larger at
√
some points than in the limit γN b = j εr . The explanation is exactly the same as
that given for the lossless case. The curve corresponding to the case εr = 4 − 1j, in
Fig. 3.20(a), is totally different. In this case, the mode just progress monotonically
√
towards lower αN and larger βN , until reaching γN b = j εr . This curve correspond
to the mode located at the point (αN = 0.75, βN = 0.5) in Fig. 3.19(a), which is
√
actually the sixth mode following the path to γN b = j εr .
Therefore, the question of what is the order m of the surface plasmonic mode
arises. What exactly happens is the following. When, from some order m, the plasmonic solution remains there and is not substituted by the following mode, there
is still some interaction. The first mode that does not clearly stay as a plasmonic
mode, passes, however, quite close to the plasmonic mode. When this occurs, the
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Figure 3.19: Mode path evolution in the complex plane of γN as a/λ0 increases. a) and b) show
G(γN ) for a = 1.5λ0 . a) εr = 4 − 0.5j; b) εr = 4 − j. The TM06 mode is in the plasmonic zone in
those plots. c) and d) are the paths that follow the TM06 in the γN plane as a/λ0 increases. c)
εr = 4 − 0.5j; d) εr = 4 − j.

plasmonic solution slightly moves from the proximity of the red square point approximating the incoming mode (slightly losing the surface plasmonic features). Both
modes interact. The field patter of the plasmonic mode becomes similar of that of
the incoming mode that passes close to it. As m increases, the modes pass further
away, so that the interaction becomes weaker, and this effect is less appreciated.
The plasmonic mode field pattern adopts in the region 1 the number of oscillations
m of the nearest mode passing close to it. However, as the interaction is lower,
the character of the field becomes exponential rather than oscillatory, so that these
oscillations are less appreciated.
See in Figs. 3.20(a) and 3.20(b) for instance the E-field magnitude mode patterns
of the plasmonic modes shown in Figs. 3.19(a) and 3.19(b), respectively. In both
cases, m = 6 oscillations occur in the radial coordinate. However, in Fig. 3.19(b),
corresponding to εr = 4 − j, they are much less evident, since and exponential decay
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Figure 3.20: E-field magnitude of the plasmonic mode obtained from G(γN ) for a radius of
a = 1.5λ0 . a) εr = 4 − 0.5j; b) εr = 4 − j.

from r = a to the center of the cylinder predominates. The larger the losses, the
more purely plasmonic become the mode in such zone. This is well appreciated
in the column corresponding to βr1 N (γN s ) in the table 3.2. It is bethought that
the imaginary part of βr1 N causes the exponential decay in the region 1, typical of
surface plasmons, and this contribution is larger as the losses increase.
It is obvious that the larger the losses, the set of modes apart from the surface
plasmonic one, from now named as the set of bulk17 modes, follows a path passing
further away from the plasmonic zone. Actually, as losses increase, the index m
from which there is no substitution of the plasmonic mode by the incoming one,
decreases. With, for example, εr = 4 − 8j, the first mode is the only one that reach
the plasmonic zone, and then it stays there. The rest of modes follow a monotone
√
(αN decreasing, βN increasing) path towards γN b = j εr that passes quite far from
the plasmonic zone.
The complexity of the observed phenomena, regarding the propagation features
of an infinite set of bulk modes plus a plasmonic surface mode, both interrelated,
has required a detailed explanation, that concludes in the following. Introducing the
losses to the problem causes that non pure features are found any more. Therefore:
1. The modes are not exactly classified as: a) Evanescent (βN = 0); b) Radiative
(αN = 0, βN ≤ 1); c) Propagative (αN = 0, βN ≥ 1). They have more or less
features of each kind along its path on the γN complex plane as a/λ increases.
The larger the losses the blurrier becomes the frontier between the three diffent
kinds.
2. There is a plasmonic zone (γN close to j), however, there is neither a purely
plasmonic state that every mode experience, nor a total isolated plasmonic
surface mode independent of the bulk modes, but occurs a continuous transition between these two behaviors. This transition can take any intermediate
17 Bulk is a term commonly used to name those modes that are not experiment surface plasmonic
behaviour, and travel more confined in the bulky dielectric inner medium.
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features (a great variety of cases), as the losses are varied. In a lossless dielectric cylinder waveguide every mode experience plasmonic features for a
range of a/λ0 . If, contrarily, the dielectric is quite lossy, only the first mode
(TM01 ) reaches the plasmonic zone and stays there as an almost independent
mode from the rest of modes, of bulky character. For intermedium losses,
some modes experience a transient plasmonic feature, other with intermedium
m pass close and get influenced with some plasmonic features, and, finally,
others with large m pass far away from the plasmonic zone with almost no
influence.
It is crucial to point out now that, the observed plasmonic behavior is only
experienced by TM0m and HEnm modes. For the TE0m and EHnm modes the
path followed is just that corresponding to a soft monotonically increasing in βN
and decreasing in αN . For such cases, all of them are always bulk modes. This is
the same as observed in the lossless dielectric cylindrical waveguide, but along the
previous study the general view of the effect has been obtained, with a deep physical
insight. Now the surface mode behaviour is totally understood. Note that the surface
plasmononic limit γN s , for lossy real dielectrics (εr in the fourth quadrant of the
complex plane), implies βN < 1. This means that, over the plasmonic zone, the
surface mode is rather a leaky mode, radiative. This is, it has both, a field pattern
with density of power predominantly in region 2, and radiative character described
by its propagation constant, which results to be less than that of a plane wave,
therefore radiating with a real angle θ = arcsin(βN ). Therefore, what was observed
in the lossless dielectric case, was the tail of the surface state of the mode, which was
√
already in the beginning of its way towards the total confinement at γN b = j εr .
The larger the dielectric contrast, the more difficult for the modes to escape from the
plasmonic or surface features zone, this caused by the lower smoothness of F (γN )
for larger values of εr . Thus, larger contrasts allowed then to observe clearly the
surface features in the propagating zone in as much the mode remained for a range
of a/λ0 in a segment of βN that was propagative (βN ≥ 1) but enough close to βN s
to still preserve surface waveguiding features.
Before leaving this section, the rest of observable features from the data in table
3.2 are briefly commented. In the second row, the values of γN in the surface plasmon
limit (γN s ) are studied. It is appreciated an increment of the propagation losses as
the dielectric losses increase. However, this increment in propagation losses is lower
than that predicted by the increment in the dielectric losses. For example, comparing
εr = 4 − 1j and εr = 4 − 2j, in the first row (γN b ), the losses are multiplied by a
factor 2, which is, indeed, the factor that describes the increment of losses between
the two dielectric cases. However, in the second row (γN s ), the factor is lower than 2.
Now, looking the 5th and 6th rows, showing the transversal normalized propagation
constants βr1 N and αr2 N when γN = γN s , the following qualitative description
is obtained. The main change in βr1 N has already been commented: as losses
increase, the imaginary part becomes large, indicating an exponential decay from
the interface r = a to the inner region. The mode becomes confined near the surface
in region 1. Regarding to αr2 N , the main feature is the increase of its real part,
which describes how fast the fields decay exponentially from the interface r = a to
the infinity. Therefore, losses upgrade the surface waveguiding features of the mode
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that lies in the surface plasmonic zone, becoming the power concentrated near the
interface between the two mediums, at both sides. Note also that the imaginary
part of αr2 N is larger than the real part, a fact that comes from the radiative
character of the mode. To obtain the quantitative results, the integrals in (3.193)
and (3.194) should be calculated. However, for qualitative conclusions is enough
just to observe aforementioned issues. The final conclusion is that losses enhance
noticeably the confinement near the interface, and the surface mode experience an
increment of losses slightly lower than that predicted by the increment of the losses
in the dielectric.
Regarding to the bulk modes, the rows 3th and 4th show how are the normalized
transversal propagation constants, βr1 N and αr2 N , when the mode is, approximately,
on its half way to the limit γN b . They have been calculated for the situation when
the mode exhibits γN = αN + 1.5j, i. e., βN = 1.5. The most relevant feature to
comment resides in βr1 N , which is practically real. This means that bulk modes
behave in the region 1 very similar to the lossless case. The character in this region
is purely oscillatory. At the same time, there is an increment of the confinement
of the power in the outer region, given by the increment of the real part of αr2 N .
The imaginary part of αr2 N experience a noticeable increment in relative terms,
denoting oscillatory character in region 2, which can be interpreted as a radiative
feature. However, in this case, the real part of αr2 N imposes a strong damping factor
en the radial direction, so the oscillatory effect is practically canceled. Therefore,
for this kind of propagation, losses contribute also for a larger confinement of the
mode. However, for bulk modes, the increment of confinement is less obvious and
takes place only in the region 2.
To the author knowledge, this rigorous study of the propagation characteristics
of a lossy dielectric cylinder is not found in the literature. The conclusions extracted
here about how the wide range of cases possibles for tan δ cause a large variety of
modal characteristics has not been reported. Although the analysis is left here because it forms part of a didactic process and numerical tool for the analysis of the
SWW, the results obtained here might open the other to an interesting research line.
Although dielectris used in microwave waveguides and transmission lines have lower
ε00r than considered here (two or three orders of magnitude less), common materials
have losses comparable to the dielectric materials treated here. The area of dielectric characterization [572]-[574] usually deal with high losses, and the cases involving
cylindrical structures may benefit in accuracy from the particularities of the lossy
dielectric cylindrical waveguide observed here. In the same way, extensions to include dielectric elements of well-known modal analysis techniques such as described
in [575] and [576], or improvement of actual numerical analysis techniques in dielectric waveguides [577]-[578], must rely on the conclusions obtained in the simplest
structures, such is a bulk cylinder.

3.4.4

Solutions for εr real and negative

The third case to be analyzed is the first that comprises a permittivity that cannot be found in the nature for dielectric materials. A real and negative εr will be
considered. This artificial situation of having a virtual negative εr is well-known
our days due to popular topic of metamaterials, which has opened the possibilities
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of design by providing chart designed constitutive parameters (µ, ε) [579]. Nevertheless, the possibility of having a negative εr in the microwave range comes from
creating periodic microstructures (with a period smaller than the operating wavelength) that allowed to push down in frequency an effect that is typical for metals
in the optical regime [580]-[581]. As commented in section 3.2, the Drude model
shows clearly through (3.96) that metals in the optical regime are modelled with
a complex permittivity, located in the third quadrant of the complex plane, and
with a predominant negative real part, something that may be better appreciated
by observing the values in the table 3.1, or observing the curves tendency in Fig.
3.5.
In fact, the proposal of analyzing a dielectric cylindrical waveguide with negative
real εr came before of the metamaterials revolution. In 1994, Prade [554], carried
out a rigorous analysis of this case as an approximation of a metal equivalent permittivity, neglecting the imaginary part. In this way, the analysis is much simpler since,
with some considerations, it can be done by solving a real variable problem, similar
to that of a lossless dielectric. It could be say that it is the case in which losses
of the metal are neglected. Strong points of the analysis in [554] are the thoughtful disposal of some expressions, the use of auxiliary parameters that give physical
insight, and a proper mathematical treatment. Here, some of the conclusions of
that work will be taken, and the analysis will be expanded by taking advantage of
using the complex γN formulation, which indeed has been already shown to provide
additional physical insight. The addition information revealed here, will naturally
follow an easy incorporation of the imaginary part of εr in the following sections.
Respecting the simplicity carried out in previous sections, the manageable value
of εr = −4 is considered. Lets see the aspect of G(γN ) for the different types
of solutions. First, in Figs. 3.21(a) and 3.21(b) they are shown the colormaps of
G(γN ) for the TM and TE modes, respectively, for a cylinder of radius a = λ0 ,
chosen to provide a good example for modal properties explanation. The aspect of
the function for each case is totally different. In the case of TM modes it is observed
an isolated solution on the imaginary axis, hence lossless. This solution is a surface
mode which lies in what before has been named as plasmonic zone. However, note
that now βN > 1 so this mode is propagative instead of radiative, what was the case
for positive real part of εr . This is easy to understand if one follows the propagation
constant expression of a surface plasmonic mode traveling on a planar interface
(3.269). Since now εr is negative, in the denominator of the square root, the 0 + 10
coming for the permittivity of the air is reducing the magnitude of the denominator,
hence the quotient becoming larger than the unity. This fact is the most relevant of
the analysis, since it says that, for a negative εr , the surface plasmonic solution is
propagative, so it becomes a solution with more relevance in terms of waveguiding.
The lossless character of this solution results obvious from the lack of losses term in
εr .
Additionally, it is found a set of bulky TM0m modes close to, but not lying in
the real axis. There is found a duplicity with symmetry in the real axis for each
solution. This is nothing more that the duplicity of the mathematical problem,
which is another apart of the symmetry of the problem in the z direction. Since any
branch cut appear on the real axis due to the real nature of εr by the arguments
given in the previous section, solution of both Riemann sheets are appreciated. This
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Figure 3.21: Colormap representation of G(γ/k0 ) of a virtual dielectric cylinder of permittivity
εr = −4 and radius a = λ0 . a) TM modes; b) TE modes.

strange mathematical situation come from the anomalous solutions obtained, which
exhibit complex propagation constant despite of the fact that the problem is losses
by εr . It makes sense to take positive β in order to follow attenuation direction.
The posterior section confirm that the negative β solutions disappear as losses are
introduced.
√
The limit of bulk modes is given now by γN b = j εr = 2, where the negative
sign of the square root has been taken since the lossless case is the limiting case
ε00r → 0, the limit approaching from negative values, hence from that corresponding
side of the branch cut discontinuity. Therefore, as a/λ0 increases, bulk modes tend
to a purely evanescent situation, which is, actually, how a plane wave behaves in
a negative εr infinite medium18 . If a/λ0 decreases, every bulk mode experience an
increase of αN , and a slight increase of βN , this last meaning that the imaginary part
of γN is necessary to the mode exist. The increase of βN is evident from the limit
to the right of the plot, however, it asymptotically tends to βN = 0.04, therefore
bounded. In must be highlighted that, for negative εr , the two kind of modes are
independent, since any bulk mode reach the plasmonic zone, where the surface mode
always is found. Therefore, it makes sense to call from now the surface mode as TM0
mode, and the rest of bulk modes as TM0m . Particularities of this situation and the
corresponding argumentation will be later given.
Regarding the TE modes case, the most important fact is that any surface mode
solution is found. Note that solutions are given by red points (indicating a pole of
G(γN )), and the point observed in Fig. 3.21(b) is a zero of G(γN ) (singularity in the
determinant F (γN ), present in every case. Therefore, as in the previous cases, no
surface modes or features are observed for TE modes. In this problem, the previous
fact can be mathematically argued in an obvious way. Following [554], it results
18 Consider a plane wave at optical frequencies propagating inside an infinite metallic medium.
It is very intuitive to think that the propagation will be evanescent.
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interesting, in order to convert the problem in a real one (if this is desired), to
observe that k12 = k02 εr , is now negative. Therefore, to make βr1 real, one must
define it as:
(βr−1 )2 = β 2 − k12

(3.270)

or what is the same, inverting the sign in (3.101) in the same way as it is done
in (3.102). With this change, both transversal propagation constants remain real,
and the modified Bessel functions must be used also in region 1. Since the region 1
contains the origin, where Kn (x) is singular, and does not extent to infinity, where
In (x) is singular, it is determined that In (x) functions must be used in region 1 if
negative εr is considered. From the formulation followed along the complex εr case,
this is the same as letting βr1 to be defined as in (3.201), and due to the negative
nature of k1 , obtain purely imaginary values for βr1 if γ is purely imaginary, as it is
the case of the surface mode. In such described case the imaginary character of βr1
infers the In (x) behavior to the Jn (x) functions, thus having the usual surface mode
situation.
It is noted now that, under this situation, the two terms in the dispersion equation
of TE modes (3.266) are positive and present similar exponential behavior. Since
both terms are of the same sign and monotones (any oscillation is present), there
is no possible solution. However, for TM modes, the presence of a negative εr in
(3.249) allows to have a solution, since one of the terms changes its sign an the
function crosses zero once. In [554], this is proved mathematically. The uniqueness
of the TM mode solution is not proved, however. Nevertheless, it seems obvious
that any additional solution can be considered in the γ = jβ axis since both terms
in (3.249) are monotones due to the fact that any oscillatory character is present.
Since in [554] only purely imaginary propagation constants are considered, bulk
modes are totally missed. Note that if γN is considered in the real axis or its vicinity
(γN ≈ αN ), βr1 become predominantly real (or βr−1 predominantly imaginary) in as
√
much as αN is larger than εr . Therefore, oscillatory behavior of in the second term
of (3.266) and (3.249) is found and an infinity number of TM0m and TE0m solutions
are recovered. In the case of TE0m modes, the bulk solutions are also different than
those for TM0m modes. They are found on the real axis (purely evanescent), and less
defined, being that G(γN ) does not show a clear peak. Mathematically speaking,
there is not solution. However, the problem is in the limit of this solution appear,
just requiring a small, but not null imaginary part in εr . Physically speaking, and
even more in engineering terms, they must be considered as solution since they will
actually be whenever a small loss is considered. A similar situation was observed,
with less clarity, in the case of a εr = 4 dielectric cylinder, see Fig. 3.18(a). Some
of the radiative and evanescent solution are not well defined peaks. However, it is
observed, that a small loss, moving them from the axis, allow to observe clear modes,
see Fig. 3.18(b).
The modes with higher number n of azimuthal variation (the hybrid HEM modes)
exhibit similar behavior, with a slightly more complex G(γN ) function. In Fig.
3.22(a) G(γN ) is represented for n = 1 modes, without any separation in HE or EH
modes. A surface mode and a set bulk modes are appreciated, however, representing
them in the same plot makes difficult to clearly observe them due to the bad contrast
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provided by the properties of G(γN ) in the considered domain. A detail of the surface
mode is given in Fig. 3.22(b). It is clearly appreciated how this solution lies in the
imaginary axis of γN , with βN close to 1.2, clearly propagative. Separation of the
dispersion equation for hybrid modes in HE and EH modes, or a deep analysis of this
solution, indicates it is the HE1 , where the radial index m is removed by the same
reasons as before: only one solution is found and there are not radial variations.
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Figure 3.22: Colormap representation of G(γ/k0 ) of a virtual dielectric cylinder of permittivity
εr = −4 and radius a = λ0 . a) All HEM modes for n = 1; b) Detail of the HE1 surface mode; c)
Detail of the HE1m bulk modes; d) Detail of the EH1m bulk modes.

Regarding to the bulk modes, details of G(γN ) in this zone are given in Fig.
3.22(c) for HE1m modes, and in Fig. 3.22(d) for EH1m modes. The branch cuts
of the term R described in (3.236) are clearly observed. In the case of HE1m , the
same behavior as for TM0m modes is observed: they have non-zero βN and only the
positive βN must be considered. In a similar way, a parallelism is observed between
EH1m modes and TE0m modes: the solutions lie in the real axis, and are not well
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defined. Note how, for bulk modes, HE1m solutions totally mask EH1m solutions in
Fig. 3.22(a) due to the lack of definition of these last. This effect can be appreciated
also in Fig. 3.22(d), where the strength of the HE1m solutions is observed beyond
the branch cut. When no separation is made, the skirts of the HE1m peaks mask
the EH1m weaker peaks.
In the waveguide under study it seems obvious that the modes of interest are
the surface modes, which provides unattenuated waveguiding. From the previous
argumentation it is clear that for each index n a surface mode appears. In the case
of the TM0 mode it is obvious that the dominant polarization is the radial one,
since the field is purely radial. However, the hybrid modes HEn also exhibit a clear
dominance of the radial polarization, being Er1 more than 2 orders of magnitude
larger than Eφ1 . It can be perfectly said that those hybrids modes are quasi-TM
modes. This is the usual surface plasmon mode features, which has polarization
orthogonal to the interface between the two regions, and exponential decay at both
sides of such interface. In Fig. 3.23 the E-field magnitude mode pattern for the first
4 surface modes (TM0 , HE1 , HE2 and HE3 ) is shown. To appreciate the strong field
decay from the interface, the considered scale is logarithmic, ranging from -100 dB
to 0 dB. For the considered radius, a = λ0 , the same radial behavior is observed
in every mode, i.e., how fields depend on r through βr1 and αr2 . Thus, only the
azimuthal variations determine the mode. This, however, will be shown to change
when the radius is diminished. The curvature of the structure allows to a different
interaction when n is not null, a phenomena that has been object of discussion in
several works dealing with optical plasmons [430], [554], [567]-[569]. A fact to be
also observed in the previous plots is the large damping of the fields towards the
inner region, much more evident than the damping towards the outer region.
To better understand the propagation nature of these surface modes, a/λ is
parametrized between 0 and 2, and βN is obtained for the first 5 surface modes
(TM0 , HE1 , HE2 , HE3 and HE4 ). In Fig. 3.24, the dispersion diagrams for the cases
of εr = −4, Fig. 3.24(a), and εr = −2, Fig. 3.24(b), are shown for these modes. In
both plots the main observed fact is that the TM0 mode presents a singular behavior
when a/λ0 is decreased. Instead of experiencing a decrement of βN until the mode
become radiative, βN grows exponentially towards infinity. Actually, the problem is
singular as a/λ0 tends to 0. Since for n = 0 there is no azimuthal phase variation,
the fields in the inner region become enhanced when the radius is decreased, causing
a larger confinement of the surface mode, something that cannot occur for n 6= 0.
When a/λ0 becomes very large, every mode tends towards the limit of a propagation constant equal to that of a surface plasmon on a planar interface given in
(3.269), being that the local curvature experienced by the mode is very large. This
limit is shown in the plots with a horizontal dashed black line. As can be observed
this limit is more evident (in the propagative sense of differing from a plane wave
in the outer medium βN = 1) when the absolute value of the permittivity is lower
(case εr = −2).
The propagation phenomena are also more exaggerated for εr = −2, as can be
observed comparing both plots of Fig. 3.24. Apart of the singularity of the TM0
mode, which due to this fact has virtually no cutoff, a particular behavior is observed
for the HE1 mode, and with less intensity as n increase: when a/λ0 decreases, before
going to the cutoff condition given by bn = 1 (the modes become radiative), there is
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Figure 3.23: E-field magnitude mode pattern in logarithmic scale with 100 dB range for the first
surface modes of a dielectric cylinder of permittivity εr = −4 and a = λ0 . a) TM0 ; a) HE1 ; a)
HE2 ; a) HE3 .

an unusual grow of bn that reaches its maximum value and then decreases towards the
cutoff. Every mode experience this behavior, however, the peak in βN becomes less
evident as the order n increases. This can be affirmed since every curve overcomes
the limit given by βN s , thus having a local maximum for some a/λ0 .
The HE1 continues having not cutoff, mathematically, however it is again found
a virtual cutoff at which the mode becomes essentially a plane wave in the outer
medium. The rest of HEn have a quite evident cutoff, and it is clearly appreciated
that the cutoff between modes is equally spaced. Note also that the case of εr = −2
results electrically larger than the case of εr = −4, since smaller radius are required
for propagation. This is contrary to what would occur for positive values of the
permittivity. Actually, what is obtained is that the closer εr to -1, the larger the
effective electrical size of the waveguide.
The singular behavior of the TM0 can be argued as follows. When a/λ0 becomes
small, the second term in (3.250) becomes very large, however, a large enough β
241

Chapter 3. Wire-type Waveguides
2

2
TM0
HE1
HE2
HE3
HE4

1.8

TM0
HE1
HE2
HE3
HE4

1.8

1.6

β/k0

β/k0

1.6

1.4

1.4

1.2

1.2

1

0

0.5

1

1.5

2

1

0

0.5

1

a/λ0

1.5

2

a/λ0

(a)

(b)

Figure 3.24: Dispersion diagram of the first 5 surface modes (TM0 , HE1 , HE2 , HE3 and HE4 )
of dielectric cylinder of negative permittivity. The horizontal dashed line marks the propagation
constant of a surface plasmonic mode in a planar interface βN s . a) εr = −4; b) εr = −2.

in the term γ allows to continue satisfying the equation. This also happens when
n 6= 0, nonetheless, the additional terms in (3.235) predominate with contrary effect.
Thus, the higher order surface modes tend to follow the singular behavior of the TM0
mode, but the effect of the additional terms becomes strong and send them to the
cutoff condition when the electrical size of the waveguide is decreased.
Note that surface modes exist in any case of εr , but the particular value of εr ,
real and negative in this case, disposes special features for them. Specifically, it
is observed that surface modes are propagative, hence of interest for waveguiding
purposes, and, furthermore, independent from the bulk modes. Additionally, the
negative value of εr disposes that now the fundamental mode of the waveguide
is the TM0 mode, with a singular behavior. The HE1 still is, mathematically, a
fundamental mode, but its role belongs to the high-order modes set. The behavior
observed in this case is very close to that of SWW in the optical regime. It has been
already observed an interesting independence between bulk and surface modes, and
that there is possible to operate under monomode conditions if a/λ0 is reduced.
Small wires allow to clearly distinguish the TM0 mode propagation from the rest of
the modes, the surface modes, which become radiative, and the bulk modes, which
become even more damped out.

3.4.5

Solutions for metals: εr in the 3th quadrant of the complex plane γ = α + jβ

The last case of permittivity before dealing with the complex values of εr characterizing the SWW at THz frequencies is afforded now. So far, it has been observed
that the values of ε0r and ε00r create a modal spectrum with particular characteristics. Propagation characteristics of the obtained solutions are not obvious and step
by step they have been established some common features that allow to map more
complex cases to easier ones. For instance, it is clear that surface and bulk modes
exist, and its location and path followed in the complex plane described by γN is
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Permittivity εr
-3-4j
-30-40j
-300-400j

Surface modes limit γN s
0.095+1.0531j
0.0081+1.0060i
0.0008+1.0006j

Bulk modes limit γN b
2+j
6.3246+3.1623j
20+10j

Table 3.3: Limit values of γN when a/λ0 → ∞ for surface modes (γN s ) and bulk modes (γN b )
for the considered permittivity of εr = −3 − 4j. The limits for 10εr and 100εr are also displayed
in the table in order to show the effect of increasing |εr |.

very conditioned by the limiting values of a surface plasmon propagating on a planar
interface (γN s ) and a plane wave propagating in a bulky, infinite dielectric medium
(γN b ), respectively. For instance, when ε0r > 0 both zones interact and a particular
mode may have bulk or surface features depending on the value of a/λ0 , whereas
if ε0r < 0 it has been shown that both zones and the solutions in them (modes) are
independent.
In this section, the chosen permittivity is εr = −3 − 4j. This complex number is
located in the third quadrant of the complex plane, which is the quadrant in where
equivalent dielectric permittivities of metals through the Drude model are located
(see (3.96)). In fact, this permittivity could be perfectly associated to a metal in
the optical regime. For example, εr = −34.5 − 8.5j is the equivalent permittivity
for aluminum at f = 614.75 THz [430]. In the case treated here, εr has a phase
similar to that of metals at THz, being as a scaled permittivity. The limiting values
of γN , βr1 N , and αr2 N result very manageable for this permittivity, reasonably small
in magnitude. In the first row of table 3.3 they are shown (γN s ) and (γN b ) for the
considered case. Note that εr has been chosen in such way γN b is very simple, and
γN s differs enough from a plane wave propagating in the free space.
In order to identify the numerical issue as the permittivity becomes large in
magnitude, the cases 10εr and 100εr has been also incorporated to the table. For
larger permittivities it is clear that γN s tends to be a plane wave, and γN b increases
√
proportionally to εr . These effects are clearly understood through the expressions
of γN s and γN b . It seems obvious that at THz frequencies, where metals have even
larger ε0r and ε00r the figures will become less pleasant to deal with. Therefore, it
is preferable to describe the propagation in a SWW for simpler values, and then
extrapolate the conclusions to THz. In fact, in this section the actual propagation
characteristics of a SWW will be perfect understood and only the numerical values
will change in the next section, where the SWW is analyzed at THz frequencies.
Firstly, in Fig. 3.25 it is shown the colormap representation of G(γN ) for the TM
and TE modes of the considered dielectric cylinder, when a = λ0 . In both cases,
as occurred with real dielectrics, the inclusion of losses induce the modes to have
a mixed nature, going away from the axis. However, for the negative ε0r case, the
influence is not as noticeable. For example, in the case of TM modes, Fig. 3.25(a),
the surface mode TM0 still remains independent of the set of bulk modes TM0m .
These bulk modes continue experiencing a large damping compared to the lossless
case, since αN > 2, but now they have larger βN . It is worth to insist in that these
√
modes converge to γN = j εr , now γN b = 2 + j, and they approach this point from
larger αN and lower βN (particular anomalous effects will be commented later).
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Therefore, εr has total influence on this point and the propagation characteristics.
For the considered case of permittivity, βN remains below 1 (leaky modes), but since
the image of γN b as a function with domain εr , it is practically no restricted (as it
occurs for γN s ). Thus, it is pointed out that almost any mode feature can be achieved
if it is possible to engineer εr . It must be comment, however, that unless εr has a
clearly predominant positive ε0r (case of real dielectrics with low losses), αN will
be large in γN b . Therefore, although some propagation features can be understood
considering the values of βN , bulk modes are predominantly evanescent due to their
large αN , and the are damped out very fast.
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Figure 3.25: Colormap representation of G(γN ) for a virtual dielectric cylinder of permittivity
εr = −3 − 4j and radius a = λ0 . a) TM modes; b) TE modes.

Regarding the surface TM0 mode, in this case, it does not lie any more on the
imaginary jβN axis, but has some losses due to the imaginary part of εr . Nevertheless, the losses of this mode are much lower than those of bulk modes, and the
propagation is quite close to that of an unattenuated plane wave in the external air
medium. For waveguiding purposes this is, indeed, the unique solution that makes
sense to consider.
In the case of TE modes, it is not found any surface solution. The bulk TE0m
modes are, for this lossy case, more clearly defined. However, it can be appreciated
that, for the same values of αN , they have lower βN than the bulk TM0m modes.
Note that the blue points correspond to the zeros of G(γN ) caused by the oscillatory
nature of Jn (x) over the path described by them. This curve corresponds to the
2
2
conditions ε0r + αN
− βN
> 0 and βN = ε00r /(2αN ), which makes βr1 real and
positive. Therefore, for TM0m modes, βr1 is real, and the character in the inner
region is purely oscillatory, but TE0m modes have a βr1 with imaginary part, having
some exponential decay. This effect has it origin in the polarization of the modes.
Since TM0m modes have radial polarization, they are strongly influenced by the
boundary at r = a, and, in as much bulk modes travel rather confined in the region
1, TM0m modes experience more strongly transversal resonances that cause this pure
oscillatory behavior in the radial direction.
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Figs. 3.26(a) and 3.26(b) show G(γN ) for HE and EH modes, respectively, in the
case of n = 1. The similarities of G(γN ) between HE and TM modes, and between
EH and TE modes are evident, and the same assessments can be established for
the hybrid mode case. Inspection of the fields confirm what is apparent in the
previous figures: HEnm modes have a clear radial dominant polarization whereas
EHnm modes have a clear azimuthal dominant polarization.
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Figure 3.26: Colormap representation of G(γN ) for a virtual dielectric cylinder of permittivity
εr = −3 − 4j and radius a = λ0 . a) HE modes; b) EH modes.

Additionally, Fig. 3.27 shows G(γN ) for all HEM modes with n = 1, but extending the range of αN , in order to appreciate an interesting effect. As the modal
numer associated to the radial index m increases, the EHnm modes tend to the
cutoff condition given by βN = 0, i. e., they become purely evanescent. Therefore,
there is a finite number of EHnm bulky modes. Conversely, HEnm modes never
reach the cutoff condition. From the plot, it seems that they approach the cutoff
condition asymptotically, but detailed examination of complex dispersion diagram
reveals anomalous features in βN that will be particularly examined later. However,
even βN does not decrease monotonically (this anomalous effect not observable in
the plot of Fig. 3.27), αN does, giving the main feature to the propagation, which
is a rather evanescent one. Basically, all bulk modes consist in reactive energy, and
their influence on the electromagnetic problem under question will depend on how
local are the calculations.
Now, the complex propagation constant of the two sets of modes, surface and
bulk, is analyzed as a function of the electrical size of the waveguide a/λ0 . First of
all, the attenuation and propagation constants of the first 5 surface modes (TM0 ,
HE1 , HE2 , HE3 and HE4 ) are represented as a function of a/λ0 in Figs. 3.28(a) and
3.28(c), vertically aligned for better analysis of the data. As can be observed, in
both graphs, the surface modes converge, for large a/λ0 to the values specified by
γN s . When decreasing a/λ0 , in the same way as in the losses case, the TM0 mode
behaves in a singular way, exhibiting larger values of both, αN and βN , and having
no cutoff.
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Figure 3.27: Detail of of G(γN ) for all HEM (n = 1) modes considering a wider range of αN .
Dielectric permittivity is εr = −3 − 4j and the radius a = λ0 . Upper set of modes correspond to
the bulk HEnm , whereas lower set of modes correspond to the bulk EHnm . Tendency to cutoff is
observed for EHnm modes as the radial index m increases.

Regarding to the higher order modes, they exhibit, for this complex εr case, a
more sophisticated behavior than in the losses case. They do not converge to the
singular point given by γN = j following the imaginary axis, but they describe a
path in the complex plane with non-zero αN . In fact, it is appreciated that, for
n 6= 0 surface modes, the cutoff condition is given by αN = 0. As it has been for
the previous permittivities, the case HE1 is singular, having no theoretical cutoff,
but still a practical one, also in the condition αN = 0. For small a/λ0 , this mode
becomes a plane wave in the outer medium, but having n = 1 azimuthal variation.
This is a crucial information since this mode is the most susceptible to couple the
fundamental mode of interest, the TM0 . An additional feature observed in the
HE1 mode is that, decreasing in a/λ0 , before reaching the plane wave status, it
becomes slightly radiative, something that was not observed in [430], were the case
εr = −34.5 − 8.5j was considered.
The rest of high order modes behave all of them similarly. As they approach the
cutoff in decreasing a/λ0 , they cross the βN = 1 line towards a radiative behavior.
The larger the order n, the lower the value of βN at cutoff. It is worth to mention
that an enough small radius not only makes each curve diverge from each other,
but can cause all19 higher modes disappear. Therefore, these results suggest the
necessary condition to provide monomode transmission and, in any case, to minimize
the undesired effects of high order modes: reduce the radius a.
The complex dispersion diagram, composed by the attenuation diagram and the
dispersion diagram is merged in Fig. 3.28(b) to show the path that the aforementioned modes follow in the complex plane described by γN , thus having the information of Figs. 3.28(a) and 3.28(c) all in one plot. In this plot it is clearly observed
19 Considering

that the HE1 mode has a practical cutoff
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Figure 3.28: Complex dispersion diagram of the first 5 surface modes (TM0 , HE1 , HE2 , HE3 and
HE4 ) propagating in a dielectric cylindrical waveguide of permittivity εr = −3−4j. a) Attenuation
diagram: αN vs. a/λ0 ; b) Dispersion diagram: βN vs. a/λ0 .

the divergence of the modes from the limiting point γN = γN s , and the anomalous
behavior of the TM0 mode. In this plot it is easier to observe that, indeed, all modes
experience the singular behavior of the TM0 mode when a/λ0 decreases. However,
the azimuthal phase changes in n 6= 0 modes cancel the effect of proximity of the
interfaces, that it is understood to be negligible for large n.
The fundamental mode TM0 follows a path covering much more range of αN
and βN than the higher order modes. The propagation features of this mode have
been calculated and represented in Fig. 3.28(d), where αN and βN of the TM0
are shown for a wide range of a/λ0 . The inflexion point of both curves take place
between a/λ0 = 0.01 and a/λ0 = 0.01. Looking the graph towards lower values
of a/λ0 , in the aforementioned range, it is observed how αN and βN start to grow
exponentially, a behavior that continues with decreasing a/λ0 . It is noted, however,
that αN experience a larger grow, almost reaching βN . A careful study of both
curves reveals that, except in the transition moment, the quotient αN /βN remains
constant, being 0.9 in the exponential grow zone, and 0.1 in the constant zone,
approximately. This effect seems to be originated by the not direct influence of
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the propagation constant on the power distribution, something that was already
observed in a lossless, real dielectric cylinder of section 3.3. This means, β and η do
not match exactly, hence βN and αN (which depend on η) do not. It is worth noting
that, although very high values of both, αN and βN , are reached, the TM0 still keeps
its surface plasmonic mode features, i. e., exponential decay of fields towards inner
and outer region. However, a small radius causes the local effects of the boundary
to be very close to each other, enhancing the field in the inner region, and causing
a larger confinement at both sides of the interface. This means that the exponential
decay towards inner and outer region become more similar.
From the propagation characteristics of the fundamental mode, and regarding
to those of the higher order modes, it can be concluded that is convenient to chose
a electrically small radius to cause difference in γN between the fundamental and
the higher order modes (and in this way reduce coupling, according of what was
reviewed in section 3.1.7). However, a very small radius implies losses that may
be too large. Nevertheless, most of the main interesting effects of the propagation
occur in the range from a/λ0 = 0.01 to a/λ0 = 0.01. In this range, high order modes
vanish, and the TM0 mode still preserve low-loss and low dispersion characteristics.
Therefore, it is concluded that, there is range of radius (frequencies) in which the
SWW can perform in an optimal way in terms of monomode operation.
The modal analysis is completed, finally, with the propagation characteristics of
bulk modes. Although, in principle, the effect of bulk modes if of secondary order,
less relevant than the higher order surface modes, it result necessary to know and
have control over its propagation characteristics in order to keep away undesired
effects. Furthermore, they become relevant during excitation or discontinuities, and
any modal method should consider them. Its contribution has been shown to be
relevant in the simpler planar case [570]. The case of TM0m bulk modes is of
particular importance, since these modes have exactly the same polarization and
azimuthal pattern than the fundamental surface mode TM0 .
In Fig. 3.29, they are given the complex propagation characteristics of the first
bulk modes that propagate confined inside an dielectric cylinder with εr = −3 − 4j.
First, Figs. 3.29(a) and 3.29(c) show the attenuation and propagation constant,
respectively, as a function of a/λ0 . The attenuation constant shows an exponential growth when a/λ0 decreases. The curves of azimuthal dominant E-field modes,
TE0m and EHnm , stop when these modes reach the real axis (βN = 0, pure evanescent modes) for some value of αN , something that was already predicted by analyzing
G(γN ) in Fig. 3.27. On the other hand, the curves of βN show an anomalous behavior not easy to be foreseen by a simple inspection of G(γN ). It is observed that
TE0m and EHnm modes rapidly approach the cutoff condition given by βN = 0 as
a/λ0 is decreased. Conversely, for TM0m and HEnm modes, although βN experience
a decrement tendency for decreasing a/λ0 (looking the curves from the limit βN b ),
there is an inflexion point, from which βN starts grow and diverges for small a/λ0 .
The larger the general order (n, m) of the mode, the deeper the valley in βN , which
reaches lower values in its minimum.
When bulk modes were treated in [430] for εr = −34.5−8.5j, this phenomena was
only observed for the TM01 , justifying it by some parallelism between this singularity
and that observed for the TM0 surface mode. However, a careful inspection of
that case reveals that what actually occurs is that the rest of the curves reach
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Figure 3.29: Complex dispersion diagrams of the first bulk modes propagating on dielectric
cylindrical waveguide of permittivity εr = −3 − 4j. Attenuation diagram: αN vs. a/λ0 ; b)
Dispersion diagram: βN vs. a/λ0 . c) Complex dispersion diagram: path followed by the considered
bulk modes in the complex plane described by γN . d) Detail of the path bifurcation between
(TM0m , HEnm ) modes and (TE0m , EHnm ) modes in the complex plane described by γN .

βN = 0 before the inflexion occur, thus being understood a simple cutoff to happen.
However, if the solution is tracked across the branch cut of the real axis it is obtained
that it comes again to values of γN in the first quadrant, i.e, the inflexion point takes
place for negative βN . Therefore, it seems possible that the structure under study
is able to support backward modes for certain order (n, m) and permittivity εr .
As before, representing a parametric plot of (αN , βN ), see Fig. 3.29(b) helps to
figure out the propagation features of the studied modes by giving an alternative,
integral view of γN . The TE0m and EHnm modes follow a direct linear path to cutoff
and the covered range of this path is quite bounded in the γN plane. A zoom of the
area where those paths take place is shown in Fig. 3.29(d). From those plots it is also
observed that the TM0m and HEnm not only diverge suddenly after certain range
of a/λ0 showing a tendency of reaching the cutoff, but the followed path by them is
quite different to that of TE0m and EHnm modes even for very large a/λ0 , when the
curves are close to their limit γN = γN b . For higher order modes, the slope of the
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curves is lower, indicating that the growth in αN becomes more important than the
growth of βN compared to lower order modes. However, from the numeration in the
plots axis, it can be understood that in any case the growth is clearly predominant
in αN .
Recovering now the zone comprised between a/λ0 = 0.01 and a/λ0 = 0.01, it is
again observed that the main changes in the propagation characteristics occur also
in this zone for bulk modes. This waveguide electrical size range seems to be the
critical for the considered permittivity. In the case of bulk TM0m and HEnm modes,
when a/λ0 reaches those small values, due to their dominant radial E-field and the
fact that they travel mostly in the inner region, they are comprised by the boundary.
Since the mode tends to preserve its oscillatory behavior in the inner region, when
the boundary comprises this region, the real part of βr1 N is forced to grow, causing
γN to grow in the same way, mainly in its αN component. Actually, βr1 N and γN
become very similar, what through ray theory translates in 45o degrees transversal
incidence of the rays, hence having the modes similar Er1 and Ez1 .
The main characteristics of a εr = −3 − 4j have been reviewed in a study
that perfectly cover the behavior of the SWW in the optical regime, giving some
additional information and correcting the answer to some unclear issues regarding
to previous works [430]. The main obtained result resides on the observed range
of a/λ0 where propagation features of all modes experience a change in a more
or less extent. Engineering the electrical size of the waveguide provides through
this fact the possibility of avoiding undesired degeneration or similarities in γN ,
in order to avoid coupling. It is possible to choose a/λ0 such any surface mode
apart of the fundamental exist, and still obtaining good loss and dispersion features.
Furthermore, it has been proven that this makes γN of bulk modes to get even
further away of the γN zone of the fundamental mode, which is specially important
for the bulk TM0m modes, which exhibit the same azimuthal pattern and radial
polarization as the fundamental mode.

3.5

Single Wire Waveguide (SWW)

One of the most important objectives of this thesis is afforded now. The Single Wire
Waveguide (SWW) is analyzed in this section. Its modal spectrum consisting in bulk
and surface modes is determined, and particularities of the singular fundamental
mode, the surface mode TM0 , are determined in the THz range. The information
treated next is the essential analytical base support that it requires a structure
which has been treated with such intensity in the last decade for its use in the THz
band, as reviewed in section 2.3.3.4. Furthermore, the controversial question of its
modal spectrum, practically untreated, will be clearly solved, closing a discussion
that comes for more than one century, originated by Sommerfeld [488] and popularly
established by Stratton [489], works which have been the reference for the analytical
base of this structure to date.
The description of the problem follows Fig. 3.30. The waveguide under study is
a metallic cylinder surrounded by an infinite air region. The interior of the cylinder
forms the region 1 whereas the outer air region is named region 2. The mathematical analysis of the problem uses the Drude Model of section 3.2, specifically through
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equation (3.96), to convert the problem in that reviewed in last sections, with the
only particularity of having a complex permittivity that, now, is frequency dependent. The formulation is essentially the same presented in section 3.4, so it will not
be repeated here, but the aforementioned dispersion in εr must be kept in mind.

(a)

(b)

Figure 3.30: Single Wire Waveguide (SWW) as a metallic cylinder modeled with a complex
permittivity εm (f ), given by the Drude Model. a) 3D view; b) Problem description.

In fact, the complexity of the propagation characteristics of a dielectric cylindrical waveguide modes, specially for those case of εr belonging to the third quadrant
of the complex plane, i.e., εr of metals, has been partially alleviated in the last sections. In this way, this section has been avoided to be excessively dense conceptually
and the ideas desired to be transmitted to be masked by the numbers complexity,
what is caused by the extreme situation at THz frequencies, to close to the limit
in many cases and, therefore, blurring the important ideas. Note also that, the additional complexity added in this section regarding to the last one, where a simple
permittivity of the third quadrant was considered (εr = −3 − 4j), is, on the one
hand, numerical, by the large values of ε0r and ε00r for metals at THz frequencies. On
the other hand, these values are frequency dependent. This last implies that the
parameter describing the electrical size of the waveguide, a/λ0 , splits its meaning in
radius a and λ0 or, in other words, radius a and frequency f . If the radius is varied,
the same situation as in previous section will take place, with the particularity of
ε0r and ε00r being large values. However, if the frequency f is varied the permittivity
will change with this parameter, thus having a new situation. Therefore, the SWW
dependence on its geometrical parameter a/λ0 must be mandatorily analyzed separately for radius and frequency. Since it is more common to have a fixed radius
(or a set of them to consider) and regard a frequency spectrum of operation, an eye
must be put on the new phenomena appearing in this section through the frequency
parametrization.
In order to quantify the problem of the numerical complexity and establish the
analytical environment to deal with, the table 3.4 collects the equivalent permittivity
values for gold (fp = 2184 THz, fτ = 6.45 THz) and aluminum (fp = 3570 THz,
fτ = 19.8 THz), split in real and imaginary parts, ε0r and ε0r , for the lowest frequency
(f = 0.1 THz), the central frequency in logarithmic terms (f = 1 THz), and the
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highest frequency (f = 10 THz) of the THz range. Additionally, the limiting values
of the propagation constant for surface modes (γN s = αN s + jβN s ) and bulk modes
(γN b = αN b +jβN b ) are also displayed, given information of how the modal solutions
will be distributed in the complex plane defined by the normalized propagation
constant γN . The conclusions to be extracted from this table are pretty much the
same for both metals. The large value of |εr | causes that γN s ≈ j (since the quotient
inside the square root describing γN s is very close to the unity), the normalized
propagation constant of a plane wave in the region 2. Note that βN s is described as
βN s = 1 + x · 10−p , p ∈ N+ , since its value is to close to the unity that the usual
decimal representation results unpractical. Therefore, it will make sense along this
section to consider most of the time the following normalization:

βN N =

β
−1
k0


(3.271)

and, since αN is very small, requiring also from exponential notation, in this
section it will be important to pay attention to the magnitude of the exponents
involved in quantifying how small is the distance to the point (0, 1) in the complex
plane described by γN of the surface mode solutions. From the table, it is appreciated
that αN s scales with f , whereas (βN s − 1) does with f 2 . However, it seems evident
that a large a/λ0 will imply, for any frequency, practically the situation of a plane
2
− 1, and γN ≈ j, it can be understood that, for such
wave. Since αr22 N = −γN
situation, αr2 ≈ 0, hence the extension of the fields will be huge.
Regarding to the bulk modes, the large values of both ε0r and ε00r , send γN b very
far from both, real and imaginary axis. Particularly, the very large values of αN b
suggest a propagation that can be considered practically evanescent, inasmuch as this
value multiplied by a factor close to 55 gives the attenuation in dB per wavelength
in free space. Note that the attenuation of a bulk mode will be, at least, that of the
limit, accordingly to what was observed in last section. This fortunately extreme
location in the γN complex plane of bulk modes, endorses the independence with
surface modes, and the difficulty of coupling between both sets.
A feature that can be also commented regarding the values of γN b is that this
parameter present similar real and imaginary parts, which is specially true for lower
frequencies. Note that, for low frequencies, the Drude model infer a small value in
magnitude to ε0r , therefore the phase of εr being close to π/2, hence its positive sign
root having a phase close to π/4: equal real and imaginary part. In fact, if the
simpler skin model is considered, as some works do in the literature, εr would be
purely imaginary and this situation would be obtained. Note how for high frequencies
the situation provided by the Drude model differs in an evident way for this simpler
skin-depth effect model case, hence different results must be expected.

3.5.1

Modal Spectrum

The modal spectrum study starts with the study of the aspect of G(γN ). Now, the
distance between the location of the bulk mode zone and the surface mode zone in
the complex plane γN implies the inspection of G(γN ) to be necessarily separated.
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Gold
Frequency
ε0r
ε00r
αN s
βN s
αN b
βN b

Frequency
ε0r
ε00r
αN s
βN s
αN b
βN b

0.1 THz

1 THz

10 THz

−1.15 · 105
−7.39 · 106
6.76 · 10−8
1 + 1.05 · 10−9
1937
1908

−1.12 · 105
−7.22 · 105
6.76 · 10−7
1 + 1.04 · 10−7
649.3
556.3

−3.37 · 104
−2.17 · 104
6.76 · 10−6
1 + 1.04 · 10−5
192.1
56.57

Aluminum
0.1 THz
1 THz
4

−3.25 · 10
−6.44 · 106
7.77 · 10−8
1 + 3.92 · 10−10
1798
1789

10 THz
4

−3.24 · 10
−6.42 · 105
7.77 · 10−7
1 + 3.92 · 10−8
649.3
581.1

−2.59 · 104
−5.13 · 104
7.77 · 10−6
1 + 3.92 · 10−6
204.5
125.61

Table 3.4: Complex permittivity εr modeled with Drude Model and associated limiting
normalized propagation constant values for surface modes (γN s =αN s +jβN s ) and bulk modes
(γN b =αN b +jβN b ) for gold (fp = 2184 THz, fτ = 6.45 THz) and aluminum (fp = 3570 THz,
fτ = 19.8 THz).
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3.5.1.1

Surface modes

The analysis of the surface mode zone of G(γN ), which is of more interest, is done
first. In Fig. 3.31(a), it is plotted the colormap representation of G(γN ) of TM
modes restricted to the surface mode zone (TM0 mode), for a gold SWW of radius
a = λ0 /40 at f = 1 THz (a = 7.5 µm). Such a small radius allows, as in the case
of bulk modes, the singular surface mode to be enough differentiated of a plane
wave in propagation terms, and to be, relatively easy, to be observed. Note that,
nevertheless, since the γN = j is a singular point in G(γN ) (as it causes a pole in
F (γN )), now, the surface solution and this singular point are very close, what is a
numerically issue to take into account. A thoughtful decision, which is very practical
in terms of visual representation of the solution area, is to do a logarithmic mapping
of the neighborhood of the singular point γN = j, in order to be able to inspection
the function as close as desired to this singularity. To do that, αN and the recently
defined βN N , both small around this point, are represented20 . The result of this
mapping, is shown in Fig. 3.31(b) in the area [−5, −2] × [−5, −2]. The solution is,
in this case, much more visually evident.
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Figure 3.31: Colormap representation of G(γN ) of TM modes restricted to the surface mode zone
(TM0 mode) for a gold SWW of radius. a) Linear domain; b) Logarithmic domain representation
of the neighborhood of γN = j, the point (0,1).

The use of this tool takes all its sense when the solution is close to its limiting
value γN s , which will be always particularly true for HEn modes. See for instance
Fig. 3.32(a), where G(γN ) is represented for a large gold SWW of radius a = 103 λ0
at f = 1 THz (a = 30 cm), in the area of the TM0 mode solution. By consulting the
table 3.4 it is clearly observed how γN ≈ γN s , adopting numbers not very suitable
for linear domain representation.
20 Note that logarithmic functions only admit positive arguments, therefore, for leaky solutions
βN < 1, hence βN N < 0, it is not possible to provide a mapping unless absolute value is taken
over βN N . However, this last option breaks the injectivity of the mapping, causing positive and
negative βN N areas to be mapped over the same zone, a fact to take into account.
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log(β/k0 -1)

log(β/k0 -1)

The case of the higher order surface modes is even more delicate. See for instance
Fig. 3.32(b), which offer the same representation as just commented, but for the
case of n = 1 (mode HE1 ). In this case, the solution is a peak located between a
hill and a valley which are, indeed, very close to each other, causing the root finding
and tracking to be numerically difficult. This different and singular shape of G(γN )
is, actually, what makes higher order modes to disappear when a/λ0 diminishes.
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Figure 3.32: Colormap logarithmic representation of G(γN ) in the neighborhood of γN = j for
a large gold SWW of radius a = 103 λ0 at f = 1 THz (a = 30 cm), causing the solution to be
γN ≈ γN s . a) TM0 mode; b) HE1 mode.

The propagation characteristics of the first 5 surface modes (TM0 , HE1 , HE2 ,
HE3 and HE4 ) is studied now as a function of a/λ0 . In this first approach, the
frequency is fixed at f = 1 THz, and the radius a is varied. The graphs are displayed
using the usual form (with a/λ0 as abscissa variable), but now they are directly
related to real values is as much as λ0 = 300 µm. Results are shown in Fig. 3.33,
organized as usual. The attenuation and dispersion diagrams are displayed vertically
aligned in Figs. 3.33(a) and 3.33(c), respectively, and this information is merged,
in Fig. 3.33(b) for the same domain range of αN and βN N . Two things must be
noted: now, βN N is used instead of βN , and the axis involving either αN or βN N
are multiplied by a factor 106 . Despite of this fact, the shape of the curves is very
similar to that observed in the last section.
It must be noted, however, that the cutoff values of a/λ0 for the higher order
modes are different now. In the SWW operating at THz frequencies, the electrical
size of the waveguide has to be larger in order to this modes appear. Specifically,
the first higher order mode, HE1 does not propagate for a < 30λ0 , which for the
analyzed case means a < 9 mm, a rather large radius. In addition, despite that
higher order modes describe some path in the complex plane defined by γN , these
modes are, whatever the radius is, practically a plane wave when they are above the
cutoff condition.
Although the fundamental TM0 mode propagation can become also very close to
that of a plane wave for large a, its singular behavior allows to have also an enough
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Figure 3.33: Complex dispersion diagram of the first 5 surface modes (TM0 , HE1 , HE2 , HE3
and HE4 ) propagating on a gold SWW, with operating frequency f = 1 THz, as a function of the
electrical size of the wire a/λ0 . a) Attenuation diagram: αN vs. a/λ0 ; b) Complex dispersion
diagram: γN vs. a/λ0 c) Dispersion diagram: βN vs. a/λ0 ; d) αN and βN for the fundamental
TM0 mode.

different situation if a small radius is chosen. See for instance Fig. 3.33(d), where
αN and βN N are displayed for this mode, considering a wide range of a/λ0 . Note
that the axis for these parameters is not multiplied now, and the employed scale is
logarithmic due to their considerable range of variation. Due to the large values of ε0r
and ε00r , the surface is quite impenetrable and it can be said that the propagation still
keep some characteristics of a plane wave even for small radius, however, specially the
losses term become considerable, as the TM0 mode can experience a not negligible
attenuation. For example, a SWW with a = 0.1λ0 = 30 µm would cause αN =
1.5 · 10−4 , which means 0.027 dB/mm, a low loss, but to be considered. In the graph
it is observed that reduction of the radius affect more βN N , which in the limit γN s
is lower αN , converging both curves when a/λ0 decreases. Nevertheless, this has
not relevance on the propagation constant, since βN ≈ 1 in any case. Therefore,
in practical terms, the variation of the radius has only influence on the losses in
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as much the SWW will remain dispersionless due to the small variation of βN in
absolute terms, even in the case the losses become important.
The previous results prove that the undesired surface high order modes may be
kept away if practical radius are used (it is not conceived the use of a SWW of several
mm radius in THz applications). Nevertheless, it cannot be easily affirmed they will
not take part as an issue in SWW designs. Note that the previous analysis is done
for perfectly smooth metallic surfaces properties, whilst any roughness on the wire
surface will decrease its conductivity, which means lower ε0r and ε00r . For qualitative
assessments, it is licit to consider the affirmation given in [500], which establish that,
if the term f 3 /σ remains constant, the behavior of a SWW does, something that is
roughly true. This means that the real conductivity of the metal forming the SWW
is a very influential parameter on the propagation characteristics of this waveguide,
as a change of one order of magnitude in this parameter is equivalent to move three
decades in frequency.
In order to assess the possible effects of reduction of ε0r and ε00r , it is considered
now the same problem, but the frequency is increased to the top frequency in the
THz band: f = 10 THz. The εr is reduced in this way one order of magnitude.
The results for this analysis are shown in Fig. 3.34 in the same disposition as it was
done in the previously commented Fig. 3.33. Note that the axis associated to αN
and βN N are now multiplied by a factor 105 , one order of magnitude less than for
the case of f = 1 THz. Notice also that the abscissas axis in the left column plots,
Fig. 3.34(a) and Fig. 3.34(c) is moved as well one decade down. Therefore, when
comparing 3.34(a) with 3.33(a), it is found that now, the cutoff of the HE1 is lower,
since this mode requires for f = 10 THz, a/λ > 3 to propagate, exactly 10 times
less than for the previous case. Since the wavelength is also one order of magnitude
lower, this means that a radius of a = 90 µm is required, which is not, indeed, a
large radius. Therefore, the decrement of ε0r and ε00r has caused the surface become
more penetrable, so that the cutoff of high order modes, and specially that of the
HE1 , has become smaller. Since it is possible that imperfections on the SWW have
similar effect of decreasing the impenetrability of the surface (decreasing ε0r and ε00r )
as that presented here by increasing f , attention must be paid in the strategies to
minimize possible undesired coupling of this high order modes.
The influence of reducing ε0r and ε00r is observed to be more evident for βN N than
for αN (see the more pronounced slopes in Fig. 3.34(b), or the predominance of
βN in Fig. 3.34(d)), something in agreement with the observed change of γN s with
the frequency in the table 3.4. However, the small difference that this cause on the
magnitude of βN , indicates that attention must be paid only on αN . Compared to
the case of f = 1 THz, the attenuation parameter αN is exactly 10 times larger
for f = 10 THz when the radius is very large, and a slightly smaller factor if
the radius is small, indicating that smaller radius are slightly less affected by the
inherent increment of losses with the frequency. This fact is a positive feature,
since it is a compensatory factor: losses increase due to the use of smaller radius
(sometimes necessary to avoid high order modes and to confine the TM0 power in a
practical transmission area), but the attenuation dispersion (the dependence of the
attenuation with the frequency) becomes smaller.
The analysis considering the surface modal spectrum ends with the most complicated case: frequency variation. The analysis is done over a gold SWW with fixed
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Figure 3.34: Complex dispersion diagram of the first 5 surface modes (TM0 , HE1 , HE2 , HE3
and HE4 ) propagating on a gold SWW, with operating frequency f = 10 THz, as a function of
the electrical size of the wire a/λ0 . a) Attenuation diagram: αN vs. a/λ0 ; b) Complex dispersion
diagram: γN vs. a/λ0 c) Dispersion diagram: βN vs. a/λ0 ; d) αN and βN for the fundamental
TM0 mode.

radius a = 100 µm, which implies a = λ0 /3 at f = 1 THz, to give a reference. Now,
as the frequency varies a/λ0 changes proportionally, however same conclusions as
with the previous analysis are not longer valid in as much as the permittivity also
varies, so both, the structure electrical size and the structure material properties,
change at the same time. To better appreciate the frequency dispersion effects the
frequency range has been expanded one decade more from each limit of the THz
band, being the analyzed spectrum that comprised between 0.01 THz and 100 THz.
Results of this analysis are shown in Fig. 3.35, where, as habitual, αN and βN N
are vertically aligned in the left column, Figs. 3.35(a) and 3.35(c). The axis are
multiplied now by 104 . The change of the curves regarding to the previous studies
is quite evident, becoming a bit more difficult to be interpreted, specially for the
fundamental mode. The higher order modes exhibit propagation beyond f = 10
THz, which means the THz range is free of high order modes for the considered
perfectly smooth gold wire. The propagation characteristics of these modes are very
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close to those of a plane wave in the considered range, but the attenuation is to be
considered in the highest frequency limit. The first high order mode, the HE1 , goes
slower to cutoff as frequency decreases due to its singular characteristic, whereas the
rest of the modes do faster. From the observed behavior it is concluded that the
decrement on f has more influence on the impenetrability of the surface, which grows
by growing ε0r and ε00r , than on the electrical size a/λ0 (which actually increases when
f decreases), causing the first effect dominate, and sending the modes to cutoff. This
is in concordance with aforementioned affirmation of [500], regarding the influence
of conductivity, three times superior to that of the electrical size of the wire.
4

2
TM0
HE1
HE2
HE3
HE4

1.8
1.6

2
104 · (β/k0 -1)

104 · α/k0

1.4

TM0
HE1
HE2
HE3
HE4

3

1.2
1
0.8

1

0

0.6
0.4

−1

0.2
0
0.01

0.1

1

10

−2

100

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

104 · α/k0

f(THz)

(a)

(b)
100

4

TM0

3

10−1
α(dB/mm)

104 · (β/k0 -1)

2

1

10−2

0
−1
−2
0.01

TM0
HE1
HE2
HE3
HE4

10−3

0.1

1

10

100

10−4
0.01

0.1

1

10

100

f(THz)

f(THz)

(c)

(d)

Figure 3.35: Complex dispersion diagram of the first 5 surface modes (TM0 , HE1 , HE2 , HE3 and
HE4 ) propagating on a gold SWW of a = 100 µm as a function of the frequency in the range going
from 0.01 THz to 100 THz. a) Attenuation diagram: αN vs. a/λ0 ; b) Complex dispersion diagram:
γN vs. a/λ0 c) Dispersion diagram: βN vs. a/λ0 ; d) Attenuation constant of the fundamental
mode TM0 in dB/mm.

The fundamental mode characteristics are treated now. It calls into attention
that neither αN nor βN N are monotone, exhibiting a local minimum in some frequency of the band, which is not the same for each parameter. The explanation
is as follows. If the frequency is low, the wire is electrically small as the operation
wavelength is large. From the previous analysis on the radius, it is concluded that
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small radius cause γN to be far from its limiting value for the fundamental mode,
i. e., αN and βN N are larger. As the frequency is pushed up, γN follows its way
towards γN s since the wire becomes electrically larger, and αN and βN N decrease.
However, as the frequency increases, αN s and βN s in γN s also do (see table 3.4).
Therefore, although γN goes towards γN s as the frequency increase, this point moves
so that, from some frequency, αN s and βN s start to grow, inverting the the usual
tendency with a/λ0 . Since βN N suffers more the reduction in ε0r and ε0r with the
increasing frequency, the inflexion point occurs before.
The previous plots are merged in Fig. 3.35(b), where αN and βN N are represented in the same range as a parametric plot, with the frequency as parameter. It is
observed that the minimum geometrical distance to γN = j occurs in an intermedium
point of the curve, hence at some frequency inside the band.
The shape of αN (f ) may wrongly suggest that losses decay with the frequency,
which would be desirable for some applications. However, the final losses, in dB/mm
or any similar unit are obtained by denormalizing αN , which imply a multiplication
by k0 at some point, hence multiplying by f . Nevertheless, the particular behavior
caused by the dispersion of εr of a metallic SWW, compensates the linear factor
of this multiplication, so that the growth of the real losses in a SWW is lower
than linear, hence being a waveguide, not only exhibiting almost zero dispersion,
but with small attenuation dispersion, one recurrent problem when dealing with
THz waveguides, accordingly to the state of the art. It worth to mention that, for
instance, dielectric waveguides will exhibit always an attenuation dispersion larger
than linear in as much the permittivity is constant with the frequency, the dielectric
losses scale linearly with frequency, and the mode distribution tends to increase
the fraction of power exposed to dielectric losses as the frequency increases. The
analysis of the dielectric cylinder shows clearly this fact, which is unavoidable in any
dielectric structure, as observed repeatedly in the state of the art review.
By the above it has been rigorously proved that the SWW fundamental mode
has, inherently to its structure, good propagation and attenuation dispersion characteristics. Apart of that, low values for the attenuation constant are obtained. In
Fig. 3.35(d), the attenuation in dB/mm of the fundamental mode is shown. As
can be observed, the losses are less than 0.05 dB/mm for the whole THz band, and
less than 0.01 dB/mm for the first decade, [0.1THz-1THz]. Designs exhibiting even
lower losses by increasing the radius will be shown to be possible in next section.
3.5.1.2

Bulk modes

The bulk mode zone is studied, completing in this way the SWW propagation characteristics study. In Fig. 3.37, it is shown the colormap representation of G(γN ) of
all HEM modes with n = 1 in the bulk mode zone of the complex plane γN for a
gold SWW of radius a = λ0 /40 at f = 1 THz (a = 7.5 µm). It can be observed how
the hybrid bulk modes (both, HEnm and EHnm ) converge to γN b forming a quite
dense line. In fact, a very small radius has been chosen in order to appreciated those
modes, since, otherwise, the proximity of the points would describe an almost continuous spectrum of modes. Thinking in the large value of |εr |, it could be roughly
said that the cylinder is becomes electrically enlarged due to the small value of the
wavelength in the metallic medium.
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Figure 3.36: Complex dispersion diagrams of the first bulk modes propagating on propagating
in a gold SWW, with operating frequency f = 1 THz, as a function of the electrical size of the
wire a/λ0 . a) Attenuation diagram: αN vs. a/λ0 ; b) Complex dispersion diagram: γN vs. a/λ0
c) Dispersion diagram: βN vs. a/λ0 .

As the radial index m of the solution increase, the points goes towards large αN
and βN , thus becoming (even more) evanescent modes. Note that the large distance
to the real axis of γN s causes now that HEnm and EHnm modes follow a similar
path, being almost degenerated by couples (HE1m+1 ,EH1m ). Again, the first bulk
mode, the HE11 , as usual for this geometry, is singular and has no cutoff. Both
sets of modes can be distinguished if a zoom is done. In Fig. 3.37(b) a detail of the
bottom right corner of Fig. 3.37 is plotted. Note how, as observed in the last section,
HEnm modes lie in the curve implying βr1 N to be positive and real, whereas EHnm
modes below it, now only slightly. Despite of the relative proximity of the solutions,
caused by the large value of k1 , inferred by εr , in absolute terms, the difference is
enough to provide different characteristics to each set of modes. Close to the limit
point γN b , both modes have similar composition of Er1 and Eφ1 , however HEnm
modes have a rather linear polarization, and EHnm exhibit a curly one, exactly the
same behavior of a simple real εr dielectric cylinder. When they are closer to the
real axis (a/λ0 enough small for the particular mode under question), for HEnm
modes, the polarization turns practically radial, whereas for EHnm modes it turns
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practically azimuthal. As has been observed along this thesis for this structure in all
its versions, TM0m bulk modes follow similar path to that of HEnm , and the same
can be said regarding TE0m and EHnm modes.
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Figure 3.37: Colormap representation of G(γN ) for HEM modes with n = 1 in the bulk mode
zone of the complex plane γN for a gold SWW of radius a = λ0 /40 at f = 1 THz (a = 7.5 µm).
a) Set of propagating HE1m and EH1m forming a dense spectrum; b) Zoom of the bottom right
corner, showing pairs of (HE1m+1 ,EH1m ) modes, almost degenerated. HE1m+1 are those lying in
the curve described by βr1 N ∈ R, and EH1m those lying slightly below this curve.

The dispersion diagram of bulk modes is afforded, analyzing the propagation
properties of the first modes of each kind (TM0m , TE0m , HEnm and EHnm ) for a
gold SWW operating at f = 1 THz, as a function of a/λ0 . The normalized attenuation constant αN is shown in Fig. 3.36(a), and the usual normalized propagation
constant, βN , is displayed in Fig. 3.36(c), being both parameters, parametrically
plotted in Fig. 3.36(b) using the same ranges.
Note first that, for bulk modes, the αN axis is multiplied by a factor less than
the unity in this case, 10−4 . For αN , the observed behavior is the same than that
obtained with simple εr case treated in the previous section, εr = −3 − 4j. As a/λ0
decreases, αN grows exponentially. As indicated at the start of this section, αN has
a large lower bound for gold at f = 1 THz: αN b ≤ 649.3. Therefore the values of
the attenuation are as large that bulk modes are immediately damped out inside the
inner metallic region of a SWW, which is easily understood in as much the metal is
supposed to act rather as a good conductor.
In the case of βN , TE0m and EHnm modes behave in the same wave as for
εr = −3 − 4j, exhibiting a clear cutoff tendency towards βN = 0 when a/λ0 is
decreased. However, TM0m and HEnm modes do not show for a SWW at THz
frequencies the anomalous inflexion tendency in βN causing a local minimum and a
growing behavior as a/λ0 becomes small, at least in the considered range21 . TM0m
and HEnm approach the cutoff condition in a much more soft way, exhibiting a shape
21 This behavior still exist, however very small radius should be considered to it become manifested. This is, as a/λ0 increases, βN becomes negative and the curve continues under βN = 0
until the inflexion point is reached, thus βN reaching positive values again for very small a/λ0
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in βN similar to that of a conventional lossless dielectric cylinder. In fact, Fig. 3.36(c)
resembles to some extent the dispersion diagram of a dielectric cylinder, when it is
very lossy, and αN decreases monotonically with the increase of a/λ0 (see again Fig.
3.18(d) or Fig. 3.19(d) for instance).
The difference between the path followed in the complex plane defined by γN
between TE0m /EHnm modes and TM0m /HEnm modes is well illustrated in Fig.
3.36(b). However, it must be said that, compared with the εr = −3 − 4j case, both
sets of modes are quite more degenerated when they approach the limit γN b , see Fig.
3.36(d). The general idea that the previous plots give is that there is a parallelism
on the described paths with the case of a real lossy dielectric with high permittivity
and very large losses (see Fig. 3.18(d) for instance). Bulk modes experience the
metallic material in this way.
3.5.1.3

Conclusions and important remarks

The previous results indicate that large independence will take place between the
fundamental surface mode TM0 and the bulk modes, and undesired coupling will
not take place easily due to the very different propagation constant γ, differing in
both, α and β, for each kind of mode. Observe also that, whereas for εr = −3 − 4j
relevant changes in γN occurred between a/λ0 = 0.01 and a/λ0 = 0.1 for both, bulk
and surface modes, in the analyzed case of a gold SWW at f = 1 THz there is a
strong difference: for bulk modes the relevant changes in γN take place between
a/λ0 = 10−4 and a/λ0 = 10−3 , whereas for surface modes this happens between
a/λ0 = 50 and a/λ0 = 500. Due to the larger electrical density of the inner region at
THz, bulk modes require to be comprised inside a much smaller area of propagation
to experience change in their propagation features. Although this effect could be
thought to be directly translated to surface modes, due to the very singular limit γN s ,
they are much more sensitive to the rapprochement of the boundaries. Therefore,
both kind of modes do not experience any more the same effects with the change of
waveguide geometry, a proof of their larger independence.
Furthermore, a fact that helps to avoid coupling is that power distribution is
complementary between the fundamental mode and the undesired bulk modes: the
TM0 is concentrated in the outer medium attached to the wire surface, and bulk
modes are confined in the inner region, sometimes having even larger concentration
in the very center of the cylinder.
Nevertheless, for some bulk modes, such as the TM0m modes, the polarization
will be very similar than that of TM0 . This fact translates in practice in that
illuminating the face of a cut SWW during excitation must be avoided, i.e., incident
field must be forced to be shaped with a ring pattern, having almost no field density
in the circle described by the metallic wire.
This section involving the study of the complete modal spectrum of a SWW
ends giving answer to a question that has been very controversial, and which must
be solved these days due to the relevance of the SWW. Physically, the SWW becomes
an interesting waveguiding structure in as much its fundamental surface mode (TM0 )
is in the propagative region, exhibiting, furthermore, an anomalous behavior that
allow it to be far enough from the conditions of a plane wave, becoming a practical
support for THz energy. Mathematically, this has its origin in the fact the the
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Parameter
αN s (Drude)
αN s (Skin-depth)
βN N s (Drude)
βN N s (Skin-depth)

f = 0.1 THz
6.76 · 10−8
6.78 · 10−8
1.05 · 10−9
-6.88 · 10−15

Frequency
f = 1 THz
6.76 · 10−7
6.78 · 10−7
1.07 · 10−7
-6.9 · 10−13

f = 10 THz
6.76 · 10−6
6.78 · 10−6
1.04 · 10−5
-6.9 · 10−11

Table 3.5: Comparison between Drude model and skin-depth model limiting normalized propagation constant values for surface modes (γN s =αN s +jβN s ) for gold (fp = 2184 THz, fτ = 6.45
THz / σDC = 4.1 · 107 ).

real part of εr is negative, as was essentially shown in section 3.4.4. Note now the
following. If εr would be described by the classical skin depth effect model, it would
be εr = −jσ/(ωε0 ), thus having zero real part. In such case, in the expression
(3.269) describing γN s , it is clear that |εr + 1| > |εr |, and by this |γN s | < 1, this
last inequality implying that both αN < 1 and βN < 1. Therefore, since βN < 1,
the classical skin depth effect model implies that the SWW structure has its surface
plasmonic modes limit in the radiative region.
The limiting values for γN s = αN s + jβN s (in the following βN N s = βN s − 1 is
used for clarity purposes) have been calculated for both models in the case of the
metallic material being gold, and they are displayed in table 3.5 to compare them.
The first two rows compare αN s , which does not present any significant change.
The second two rows, comparing βN N s show the critical difference. Whereas the
Drude model implies βN N s being small, but positive (propagating mode), the skindepth effect model has an almost negligible value of βN N s , but negative (radiating
mode). It can be said that in both, skin-depth effect model and Drude model γN s
is extremely close to γN = j (γN of a plane wave in the external air medium),
however, being rigorous in mathematical terms, in the skin-depth effect model this
limit is approached from the radiative zone, whereas in the Drude model this limit
is approached from the propagative zone.
It was seen in Fig. 3.33(a) that higher order modes describe some path, achieving
a pair (αN , βN N ) with maximum modulus, which is the point γN with more entity
waveguiding features (differing from a plane wave). Since, for the skin-depth model,
the limiting point γN s has radiative features, although part of the path described
by (αN , βN N ) enters in the propagating zone due to the typical behavior of the
parametric (αN , βN N ) curve, most of the path is contained in the radiative zone.
Since even when βN N > 1 during the HEn mode path in the complex γN plane,
(αN , βN N ) ≈ (0, 1), which is a singular point, it is numerically challenging to capture
these high order HEn modes (see the aspect of G(γN ) in the previously commented
Fig. 3.32(b) as a good prove of this fact). This becomes specially true if one thinks
in the computational resources at the time of Sommerfeld or Stratton, when [488]
or [489] were published.
In the most relevant works [488], [489], [490], [500], that conform the base that
has been referenced by any other paper dealing with the SWW, what is affirmed is
that there is one fundamental low-loss mode with β ≈ k0 , named as TM01 , and that
for n 6= 0 all modes are damped out rapidly, therefore do not play a significant role.
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It is pointed out that discontinuities can cause loss via coupling to this lossy modes
or by radiation [500]. These affirmations are true, but do not make evidence of the
actual modal spectrum. In fact, firstly, it could be understood that the fundamental
mode is of the same nature of bulk modes, which are considered possible only in
the case n 6= 0 or if they are TE0m . Note that, actually, the most relevant (if it
could be under very specific situations) bulk mode is the TM01 . In this sense, it
becomes necessary to establish a proper nomenclature and distinction of the TM0
solution, which is the only one possible in the surface zone (there is not any additional surface solution requiring the use of the index m). Secondly, higher order
modes surface modes, which are the true threat of undesired coupling, are totally
missed. Note that, fortunately, large radius are required to these high order modes
to have appreciable entity when considering a Drude modeled SWW, but ideal in
terms of surface smoothness. However, it has been show than reduction of εr by
increasing the frequency disposes these modes more suitable to disturb. Since the
metal conductivity has an influence 3 times larger than the frequency, it is expected
that unavoidable imperfections on the wire surface, make HEn modes to become
relevant, so strategies to prevent them are really necessary.
Thus, an important question has been solved providing rigorous analysis, and by
means of the facts established in this section, results in recent experiments can be
explained clearly. For example, it can be understood why ring shaped radial incident
E-field excitation over small radius SWW like that presented in [506] works better
than the initial proposed by Wang and Mittleman in [492]. In the former work,
the excitation is tailored for the fundamental mode and, at the same time, prevents
the coupling to high-order modes. Also, it can be explained why in [492] anomalous attenuation decaying with the frequency was obtained: at higher frequencies
the surface is less impenetrable, hence the fundamental TM0 interacts more with
it, being more confined, thus reaching more transmitted power the reception area.
Similar affirmations can be done for any structure based on the SWW, regarding
excitation, curves, coupling between two SWW (vertical or horizontal), etc.
The key point is that the complete study presented here is the necessary tool
to provide accurate optimization of the structure under design according to the operating band, geometrical constrains of the problem, etc. In this way, the SWW
design tools, based on the knowledge about the structure, approach more the desired level, that of the well-known structures such as the RWG, CWG or microstrip
line, to mention a few of them. Therefore, design strategies can be applied under
quantitative bases, and not longer under roughly qualitative evidences, something
that has been happening up to date. This is mandatory in order to properly design
more advanced structures such as couplers, filters, antennas, etc. In addition, the
application of the powerful modal methods is suggested in order to provide very
accurate analysis tools for such more complicated structures.
Other important research gateway opened by the rigorous analysis of the SWW is
the characterization of similar structures involving the metals modeled as dielectrics
through appropriate models, such the Drude model one. Note that the SWW is the
simplest open structure of this kind. Understood the principles of the SWW, more
complex structures can be afforded. Examples of direct evidence are different cross
area structures, e.g., a rectangular metallic wire, or multilayer cylindrical structures
(as these examples were the next step when the dielectric cylinder was solved [21]). In
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a similar way, commercial tools should incorporate in their algorithms, strategies to
proper characterize the complex effects caused by complex values of εr in dielectrics,
that can be either metals at high frequencies, as afforded here, or metamaterials,
also of great interest. In this way, errors that have been evidenced in [355], [354],
[348], or [391], would be avoided. This last suggested work line is mandatory in
order that THz devices can be properly designed with the same efficiency level as in
the microwave or optical bands.

3.5.2

Fundamental Mode

The rather general perspective adopted to give a rigorous and complete analysis
is left now to quantify better the fundamental TM0 mode properties, inasmuch as
this mode will be the transmission support in the SWW structure. In this section
attention will be focused in the attenuation, power distribution, and dispersion of
the TM0 mode, from a more practical perspective than that provided by the study of
the normalized propagation constant γN . Parametrization to cover a wide spectrum
of possible situations is done as follows. Regarding the operation frequency, the
whole THz band 0.1 THz ≤ f ≤ 10 THz is considered. Seven radius a ranging from
12 µm to 1000 µm (specifically: 12 µm, 25 µm, 50 µm, 125 µm, 250 µm, 500 µm and
1000 µm) are contemplated, covering in such a way a great variety of possibilities.
Finally two possible metals are considered: gold (fp = 2184 THz, fτ = 6.45 THz /
σDC = 4.1 · 107 S/m), and nickel (fp = 1182 THz, fτ = 10.6 THz / σDC = 1.45 · 107
S/m).
3.5.2.1

Attenuation

The losses of the waveguide are extracted from αN through denormalization. Usually
it would be interesting to consider them in dB/mm, since most of the published work
consider this unit, and THz devices are expected to size few millimeters. Since the
units of α = αN k0 are Np/m,
α(dB/mm) = 10−3 αN k0 10 log(e2 ) = 8.686 · 10−3 k0 αN

(3.272)

where log is the base 10 logarithm.
First, α(dB/mm) as a function of frequency is shown in Fig. 3.38 for the several
radius aforementioned. It is appreciated that attenuation dispersion is quite low.
In fact, losses expand as much two decades in the whole THz band (see the case of
largest radius, a = 1000 µm), being possible them to range bounded in an interval
expanding only a bit more than one decade (see the case of smallest radius, a =
12 µm). Larger radius present lower losses and the product aα is quite constant. See
for instance that a = 12 µm and a = 1000 µm differ two orders of magnitude, and
the associated losses also do.
The larger attenuation dispersion of larger radius is caused by the lower impenetrability of the metallic surface at high frequencies, which become more evident
when the losses are low. However, the difference in attenuation dispersion observed
for different a is much less significant than the difference in losses. In this point it
must mentioned that, as proved in last section, attenuation dispersion is less than
linear until the impenetrability collapses and there is a larger growth. However,
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since in the range in which α grows less than linear with f , the growth is almost
linear, it is not clearly appreciated in the graphs.
Regarding the material, it can be said that results for both metals, gold and
nickel, give similar conclusions, however, the best quality of gold as a conductor
implies lower losses, and a slightly lower attenuation dispersion caused by the more
stable impenetrability.
Considering gold as metal, it could be said that radius larger than a = 125 µm
offer competitive attenuation at THz frequencies since they imply losses below
0.01 dB/mm up to f = 1 THz. In order to obtain a similar attenuation level at
f = 10 THz, the radius should be multiplied by a factor 10, the same as the frequency. The SWW acts in this way contrarily to dielectric structures, that should
be scaled in the usual (electrical size of the waveguide) since losses increase with the
size in dielectric waveguides, as the mode becomes confined in the lossy dielectric
core (or regions22 ).
On the other hand, compared with metallic hollow waveguides such as the RWG
or the CWG, one found that in such cases an increase of size also reduce the losses.
However, those structures are very sensitive to this size increment in multimode
propagation terms, whereas in the SWW the propagation of high order modes is not
as easy, and the possibility of coupling to them is less probable being that the mode
patterns in the SWW do not match with the same grade than for closed structures.
To have an infinite region of propagation is helpful in this way. Similar affirmations
can be done to any other closed or semi-closed structure involving metals as main
element of confinement (PPW, stripline, microstrip line, CPW, etc.). Regarding
to periodic structures, these are very frequency dependent in geometrical terms, so
there is almost not margin to engineer in their size.
By the above, the SWW presents a particular behavior different from the generic
behaviors of other kind of waveguide types. In attenuation terms, the choice of the
metal seems to be not very relevant, as it is the choice of the radius. This will be
extended directly to the distribution of power, in as much this parameter is very
related with the attenuation. For ideal, smooth surface wires, high order modes
are not a real threat, engineering the radius can be afforded with a wide variety of
possibilities. In practical realizations, prevention to multimode operation may be
afforded with simple solutions that will be given along the next chapters.
Another way to see the previous results is to display the losses as a function of the
radius, for several frequencies. This is done in Fig. 3.39. In this graph, the curves
behavior similar to f (a) = a−1 show clearly that this is, roughly, the dependence of
the losses with the radius, as commented before. Comparing the curves, it is found
that higher frequencies exhibit lower attenuation dispersion, what is normal in as
much as the range of radius considered is not implying a wide variety of situations.
For example, f = 10 THz experience as small most of the considered radius. In
general, there is an important increment of losses if a < 100 µm.
22 Complex structures as tubes, multilayer fibers, or ARROW structures may present a non
monotone increase of losses with frequency due to resonances, however, the general tendency as
the frequency increase is that the dielectric regions gain confinement capacity due to their larger
electrical size, hence increasing the dielectric absorption losses of the structure.
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Figure 3.38: Attenuation in dB/mm of the fundamental mode TM0 vs. frequency in the THz
range for several values of the radius a. a) Gold; b) Nickel.
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Figure 3.39: Attenuation in dB/mm of the fundamental mode TM0 vs. the radius a for several
frequencies in the THz range. a) Gold; b) Nickel.

3.5.2.2

Power distribution

In the SWW, always related to the attenuation, it must be considered the power
distribution. Since the external air region, where the propagation takes places, is
infinite, very different power distributions can be found. In fact, the direct relationship between α and αr2 , this last directly determining the extension of the fields,
implies that the smaller the losses, the larger the area required to transmit certain
fraction of power. Therefore, although it is possible to choose a radius enough large
to force the losses to be under certain limit, the extension of the transmitted wave
may be rather unpractical, making no sense to consider such design.
A usual way to quantify the power distribution or power extension is that proposed by Goubau [490] and King [500], which consist in determine the required
area (cylindrical area determined by its radius r) to transmit certain fraction or
percentage of the total power. Note that, mathematically, whatever the radius a
of the SWW is, all the external infinite medium is required to transmit strictly all
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the power. Therefore, depending on the application or the situation, a significant
amount of power is establish, e.g., 80%, and the finite area related to the transmission of this power fraction is considered as the practical area of transmission.
Since the total transmitted power is
1
PT = Re
2

ZZ
S

~ ×H
~ ∗ ) · ẑ dS
(E


(3.273)

where S encompass both regions, i. e., the total R2 . Cylindrical coordinates
allow for an easy particularization of the previous equation in order to calculate the
total power transmitted through a transversal area from certain radius r to infinity
(a circular ring with inner radius r and infinite outer radius):
∞

 Z
PT (r) = Re π
r

rEr Hφ∗


dr

(3.274)

Taking into account that it makes sense to consider r only in the case r > a, and
substituting in the previous expression the fields of the fundamental TM0 mode (see
the expressions (3.243)-(3.248)):
γk02
PT (r) = Re πCC
ωµ0 αr2 αr∗2


∗

∞

Z
r

r K1 (αr2 r) K∗1 (αr2 r) dr


,

(3.275)

integral which results to be analytical (see [542]), obtaining that

γk02
PT (r) = − Re πCC ∗
·
ωµ0 αr2 αr∗2 [αr22 − (αr∗2 )2 ]


αr∗2 r K1 (αr2 r) K∗0 (αr2 r) − αr2 r K∗1 (αr2 r) K0 (αr2 r)
(3.276)
The last closed form expression gives the total power transmitted on a transversal
area from certain radius r to infinity. Particularly, PT (a) describes the total power
transmitted in the region 2, i. e., P2 = PT (a). This last implies that the total power
transmitted in a circular ring with inner radius a and outer radius r is given by
PT (a)-PT (r). Due to the large impenetrability of metals at THz frequencies, the
total power that the fundamental mode transmit inside the metallic region is very
small. Therefore, it makes sense to neglect this power, and consider that all the
power is transmitted in the external region, thus keeping valuable simplicity with
almost not loss of accuracy. Under the described assumption, it is possible to say
that the percentage of the total transmitted power by the fundamental mode in a
circular ring with inner radius a and outer radius r is:


PT (r)
PT (a) − PT (r)
= 100 · 1 −
p(%) = 100 ·
PT (a)
PT (a)
where the quotient PT (r)/PT (a), accordingly to (3.276), is:
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PT (r)
= Re
PT (a)



[αr∗2 r K1 (αr2 r) K∗0 (αr2 r) − αr2 r K∗1 (αr2 r) K0 (αr2 r)]
[αr∗2 a K1 (αr2 a) K∗0 (αr2 a) − αr2 a K∗1 (αr2 a) K0 (αr2 a)]


(3.278)

expression that after some algebraic manipulations becomes more compact:


PT (r)
αr2 r K1 (αr2 r) K∗0 (αr2 r)
= Im
(3.279)
PT (a)
αr2 a K∗1 (αr2 a) K0 (αr2 a)
Therefore, (3.277) is a closed form function describing p(%) as a function of the
radius r. Although the inverse cannot be obtained, i. e., isolating r to get a function
describing r as a function of p(%), (3.279) is very simple so that numerical routines
such as described in [528] result very fast to obtain the required radius given a
percentage p(%) of total transmitted power, which is usually the required data for
desing purposes. In this way (100 − p)% is assumed to be lost, and an effective area
to do that is the restriction of the design.
The practical study presented here considers a significant percentage of p(%) =
80%, and the area required to transmit it is defined by finding the associated r80% .
The analysis considers exactly the same cases as the previously afforded attenuation
analysis. Firstly, in Fig. 3.40, the radial extension of 80% of the total transmitted
power of the fundamental mode TM0 is presented as a function of frequency for
the several radius considered. As it is expected taking into account the curves of
α(f ), it is found that the highest the frequency the larger the confinement (lower
r80% ), caused by the larger interaction with the metallic surface (hence larger losses).
However, the variation of r80% with the frequency is more bounded than that of α.
In fact, the radial extension only varies one order of magnitude in the THz band.
Regarding to the effect of the radius it is found again proportionality, but with
less influence compared with the attenuation. For instance, r80% decreases only
one order of magnitude when the radius is diminished by two orders of magnitude.
It must be noted that r describes the distance to the origin, not from the SWW
surface. This means that, if the extension from the surface would be considered, in
each curve of Fig. 3.40 the corresponding radius should be substracted. This would
give even less variation, inasmuch as the curves exhibiting larger r80% are those
having also larger radius. However, it makes sense to consider r from the origin,
since in practical realizations the constrain will be usually found in the total area
including the wire (think for example in a SWW probe introduced in a human body
through a limited area orifice for scanning purposes).
Again a = 125 µm could be mentioned as a good reference point between what
is acceptable and what is excessive in general terms (this assessment will obviously
depend always on the final application). This radius offer an extension of approximately r80% = 2 mm at f = 1 THz. However, when talking about the extension on
fields, are the larger radius those under question since they may present excessive
area of transmission. Therefore, it easy to foreseen the major drawback constrain in
the SWW structure: the existent trade off between attenuation and radial extension.
This constrain may compared with the well-known trade off between attenuation and
bandwidth in closed waveguides.
Although the attenuation dispersion is larger than the extension dispersion, qualitatively the former is more accepted (probably because its recurrent appearance in
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Figure 3.40: Radial extension of 80% of the total transmitted power of the fundamental mode
TM0 vs. frequency in the THz range for several values of the radius a. a) Gold; b) Nickel.

dielectric structures). When regarding to the use of a SWW operating in a wide
spectrum, the differences in power distribution between the maximum and minimum
frequencies suggest a challenging problem to be addressed. Think for instance in the
excitation or reception. However, a positive fact is that those frequencies more confined, are as well the more attenuated. This means, that whereas higher frequencies
will be more damped during the waveguiding path, they are easily to be recovered
or excited. Therefore, in a natural manner, the features of the SWW compensate
both dispersions, given a more stable behavior inherently.
In addition to previous fact, it is possible to make all frequencies to collapse into
a small area if the radius is chosen small enough. This is well appreciated in the
plots of Fig. 3.41. The value of r80% dramatically drops when a is diminished to
small values. Of course, this imply noticeably high losses, but such small radius
may be used only for certain purposes like excitation or reception, and by means
of properly designed transitions, to allow the use a more convenient low-loss SWW
during the rest of the waveguiding path.
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Figure 3.41: Radial extension of 80% of the total transmitted power of the fundamental mode
TM0 vs. the radius a for several frequencies in the THz range. a) Gold; b) Nickel.
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The power distribution and the aspect of field pattern can be better understood
through 1D and 2D plots of the E-field magnitude of the fundamental mode TM0
in the vecinity of the wire surface. It must be mentioned that this mode behave
as a quasi-TEM mode, exhibiting an E-field that is almost in its totally radial, i.e.,
~ ≈ Er . Fig. 3.42 displays the E-field magnitude in logarithmic representation with
E
15 dB range for a SWW of a = 450 µm, assuming gold as metal (left column) and
nickel (right column). First row, Figs. 3.42(a) and 3.42(b) correspond to f = 0.1
THz, whereas second row, Figs. 3.42(c) and 3.42(d) correspond to f = 10 THz.
It is appreciated how at low frequencies the fields are more expanded and there is
negligible influence of the material (both metals offer very impenetrable surfaces at
low frequencies). However, at high frequencies fields collapse in a very small area, an
effect that become very evident for worse metals (compare gold and nickel through
Figs. 3.42(c) and 3.42(d)). Specifically, in the case of nickel at f = 10 THz, Fig.
3.42(d), the field patter is a very thin ring. Employing this area for sensing purposes
may be very effective. In this way, making the surface penetrable, and this can
be achieved not only by employing a worse metallic material but also reducing the
surface smoothness, grooving it or adding a dielectric coating [490], [500], [21], very
sensitive SWW probes may be built. The results of tapered periodically corrugated
wires in [510] is a good prove of this fact.
Figs. 3.43(a) and 3.43(b) show the same information in 1D by disposing the
E-field magnitude as a function of the radius r. In the left image, Fig. 3.43(a), the
case f = 0.1 THz is represented. Curves of both metals overlap in this case; the field
pattern is the same. Contrarily, in the case of f = 10 THz, Fig. 3.43(b), there is a
clear difference between both materials. The worse conducting properties of Nickel
imply the field to collapse on the vicinity of the wire surface. Note how this situation
may be advantageous in such cases in which the mode is required to be excited by
small area annular shaped source. Regarding Fig. 3.43(b), think for example in a
annular photoconductive antenna extending from the wire surface to 1 mm beyond
it. The E-field tail not interacting with the device would be noticeably higher in
the gold SWW case. However, it must be also noted that good conductors present
a more stable pattern with frequency, thus enabling a better broadband response.
As it has been already observed in this section by means of Figs. 3.40 and
3.41, reduction of the extension is much easily afforded by reducing the radius than
choosing a worse conductor (unless a very bad conductor is chosen or a quite rough
surface is provided). Accordingly, the same field analysis is presented now for an
a = 20 µm radius SWW in Figs. 3.44 and 3.45. The observation area in the plots is
the same as in the case of a = 450 µm. However, in the 2D plot the dynamic range
has been extended to 45 dB in order to have better visualization for this case, which
exhibits larger power confinement.
As before, any difference between gold and nickel is found for f = 0.1 THz, see
Figs. 3.44(a) and 3.44(b), whereas at f = 10 THz the lower impenetrability of nickel
makes evidence when looking the 2D plots of Figs. 3.44(c) and 3.44(d). However,
thinking in absolute area terms, i. e., regarding that both designs, a = 450 µm and
a = 20 µm, are considered for the same application or functionality, specified over
the same area, the difference is quite evident. Note that if the radius a is big, there
is an appreciable empty area with no fields corresponding to the SWW body. In
this way, the power distribution patter presents a clear ring shape. Contrarily, small
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Figure 3.42: E-field magnitude pattern of the fundamental mode TM0 in logarithmic scale with
15 dB range in an a = 450µ m SWW a) Gold, f = 0.1 THz; b) Nickel, f = 0.1 THz; c) Gold,
f = 10 THz; d) Nickel, f = 10 THz
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Figure 3.43: E-field magnitude pattern of the fundamental mode TM0 in the radial coordinate r
in an a = 450µ m SWW a) f = 0.1 THz; b) f = 10 THz.
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Figure 3.44: E-field magnitude pattern of the fundamental mode TM0 in logarithmic scale with
45 dB range in an a = 450µ m SWW a) Gold, f = 0.1 THz; b) Nickel, f = 0.1 THz; c) Gold,
f = 10 THz; d) Nickel, f = 10 THz

radius imply a power distribution with a negligible inner area of null transmission.
Again, if one or other is a more suitable choice ultimately depends on the required
functionality demanded by the application.
Additionally, note how, for the small radius case (a = 20 µm), when looking at
the considered operation area, the difference between gold and nickel wires is not
as pronounced than in the f = 10 THz case. Even more, note how the difference
between f = 0.1 THz and f = 10 THz cases is quite smaller than for larger radius.
This results quite evident to the eyesight by observing the E-field patter displayed
as function of the radial distance in Figs. 3.45(a) and 3.45(b). For instance, in
these graphs it may be intuitively postulated that an area extending only r = 0.5
mm maybe enough to consider a good fraction of power for any frequency, with any
metal in the whole THz band.
3.5.2.3

Dispersion

The dispersive properties of the SWW are finally quantified now. Although it seems
clear from the analysis in section 3.5 that the small values of βN N imply almost zero
dispersion (observe that a waveguide with zero dispersion shows βN N = 0 constant
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Figure 3.45: E-field magnitude pattern of the fundamental mode TM0 in the radial coordinate r
in an a = 450µ m SWW a) f = 0.1 THz; b) f = 10 THz.

with the frequency), it becomes necessary to make evidence of this fact through
practical values of SWW realizations. Therefore, in this dispersion analysis, the
normalized group velocity (vg /c0 ) in a gold and a nickel SWW are characterized in
the THz for the several radius a considered.
Results of this calculation are shown in Fig. 3.46. By observing the graphs, it
results obvious that all the frequencies in the wide considered band travel practically
with the same velocity, the light velocity in the external medium. In this way, as
mentioned before, the fundamental mode resembles in both, field components and
propagation constant, to a TEM mode. Although a detailed analysis gives that worse
conductors are more dispersive (nickel presents a variation less than 0.07% front the
variation of gold, less than 0.04%), in practical terms the dispersion is negligible in
both cases. In fact, dispersion is not a problem to consider in the SWW structure,
being this a very strong point of it inasmuch as many THz applications demand
from ultra-wide band transmission. Consider for instance spectroscopy in any of the
areas described in the state of the art chapter.
Once the attenuation, power distribution and dispersion of the fundamental TM0
mode of the SWW have been well characterized in the THz band, the possible role
of this waveguide is more clearly established. Notice that the whole THz band has
been considered as the operation band and, despite of this fact, reasonable figures
have been obtained for the considered parameters/characteristics. The structure
shows almost zero dispersion regarding the propagation constant or group velocity.
Moreover, frequency dependence of the attenuation and the power distribution are
quite acceptable, with the additional advantage of that the possible negative effects
of each one of these last compensate: higher frequencies suffer more propagation
losses but are better confined, thus being better excited, or prevented from possible
radiation (think in bends for example).
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Figure 3.46: Normalized group velocity vg /c0 of the fundamental mode TM0 vs. frequency in
the THz range for several values of the radius a. a) Gold; b) Nickel.

3.5.2.4

Conclusions and important remarks

It has been shown that engineering the radius over common values ranging from
a = 12 µm to a = 1000 µm gives lot of control on the attenuation and power distribution. Low losses are achievable, and very reasonable extensions as well for this
open structure. All this argumentation provides firmly that the SWW is a very
suitable structure for transmission of THz wide band pulses, which are the base for
many spectroscopic based applications. Although structures with very low losses
are found in the literature, they are very dispersive and narrow-band. It can be
affirmed that the SWW is the most complete structure in terms of attenuation and
dispersion.
However, the previous facts do not imply that the SWW is the panacea of THz
waveguiding. Nevertheless, the open character of the structure, and the lack of
bounds in the transmission region imply important practical drawbacks that can
condition its use unless they are carefully treated. Excitation of the waveguide and
reception of the incoming power is an easy one to be foreseen. This possible problem has been qualitatively considered in this section, and seems quite affordable
by proper radius engineering and adequate transitions. For example, a small radius SWW implies a field pattern quite affordable to be matched with nowadays
technology.
The case of bends may be less obvious. How a curvature affects transmitted
waves that travel just attached to the surface, and quantifying the effect of the
surface impenetrability on the radiation losses seems less direct. Furthermore, it
seems intuitive to think that a sharp bend will cause noticeable losses even in the
cases that the field collapse around the SWW since any bound or element is present
to avoid it to escape from the confinement zone.
Although the SWW is not such a structure to design complex waveguiding path
like those of microstrip circuits, for example, it is clear that guiding the energy
along some curved paths is a feature that is mandatorily required for a waveguiding
structure in most of applications. Therefore, this is a problem to be afforded. To
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use worse metals, to increase the surface roughness, or to perturb it via grooves or
similar elements, makes the field to be more confined, collapsing near the SWW
surface. However, still any element is present to prevent radiation of the escaping
surface waves when the waveguide is perturbed by bending it. In this way, the use
of a dielectric coating seems a more reasonable option being that the TIR effect will
prevent radiation of such power traveling inside the dielectric medium. Furthermore,
a dielectric offers functionality in a wider band than elements such as grooves, very
electrical-size dependent.
The aforementioned solution is the so-called Dielectric-Coated Single Wire Waveguide (DCSWW) or Goubau line (GL), already reviewed in the state of the art chapter. It must be mentioned that, although the consideration of this structure may
share some motivation with the original proposals of Goubau [490] and King [500],
there are clear differences. In those works, the main problem was the field extension, totally unpractical for the very low, microwave frequencies considered. Since
the possibility of manufacturing a very small radius was not considered, probably
because it made no sense technologically, a dielectric coating was proposed as a good
solution to provide guided power transmission bounded in a reasonable area.
Here, the main reason to consider the dielectric is the TIR effect introduced
by it to prevent radiation. In addition, dielectric losses are much more relevant at
THz frequencies than they are at microwave frequencies. Therefore, the confinement
inside the dielectric will be paid with high dielectric absorption, something specially
true for the very high frequencies of the THz band. Thus, proper optimized designs
intended to maximize the advantages and minimize the possible negative effects of
the dielectric coating become necessary. This justifies a detailed analysis of the
DCSWW structure, the last base block for the designs lately proposed in this thesis.

3.6

Dielectric-Coated Single Wire Waveguide (DCSWW)

The structure treated in this section, the Dielectric-Coated Single Wire Waveguide
(DCSWW), is shown in 3D view in Fig. 3.47(a). The problem description is presented in Fig. 3.47(b). Although, physically, three regions can be appreciated in
such schematic (metal, dielectric and air23 ), the mathematical problem is reduced
to two regions (dielectric and air) in as much the metal is assumed to be a PEC, i.e.,
all fields vanish inside. The conductor radius is a, whereas the dielectric thickness is
t. This means that the dielectric-air interface is located at r = a + t, or alternatively
r = b, see Fig. 3.47(b). Any of these two expressions will be used indistinctly.
Formally:
• Region 1: a ≤ r ≤ b
• Region 2: r ≥ b
23 The most general case consider for region 2 any dielectric, different from that of region 1, thus
not necessarily air (εr2 = 1), and the general formulation allowing this case will be presented in this
section. However, in all the posterior designs, and usually in the works presented in the literature,
region 2 is conformed by air.
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The region 1 is formed by a finite volume of dielectric with relative permittivity
εr1 , which is considered lossless in a first stage (lossess will be considered later
√
through the perturbative method). In this medium, the wavenumber is k1 = k0 εr1 .
The region 2 is formed by an infinite volume of dielectric with relative permittivity
√
εr2 in the general case (εr2 = 1 along this thesis). Therefore, k2 = k0 εr2 , although
it must be kept in mind that, unless it is specified, k2 = k0 . Note by this definition
that the problem presents the same aspect than the dielectric cylinder problem of
section 3.3, with the only difference of having an empty region which is not longer
part of the problem. Therefore, procedures, conclusions and phenomena of the
dielectric cylinder with real εr analysis must be kept in mind in this section, as they
will make the new appearing concepts and results to be more easily understood.

(a)

(b)

Figure 3.47: Dielectric-Coated Single Wire Waveguide (DCSWW). a) 3D view; b) Problem
description.

3.6.0.5

Justification of the waveguide model

At this point one question must be treated. In section 3.2 it was shown that metals
at THz show a behavior that is better predicted by the Drude model than the
simple skin-effect model. Therefore, it can be understood that going further in the
simplification of the problem and assuming a metal to be a perfect conductor may be
rather presumptuous. In fact, in the case of the SWW it has been observed a strong
influence of metal properties on the modal spectrum and propagation characteristics
of the fundamental mode. Actually, if the metal is assumed to be perfect conductor,
the problem cannot be solved as it becomes mathematically singular [500] (from a
physical point of view, note that the wire surface would be totally impenetrable, and
any wave could be guided attached to the surface).
There are, however, many reasons that make licit the decision of assuming the
metal as a perfect conductor in the case of the DCSWW. The first and most important reason is that accuracy is guaranteed. Note that in the case of a SWW
the guidance phenomena is totally described by the contrast between the metallic
medium and the external air medium, together with the SWW size. As it has been
check, changes in the metallic material cause changes in the propagation features.
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However, when the dielectric is added, the dielectric region has itself waveguiding
capacity, and the characteristics of the metal become an influence of second order,
lawfully to be neglected with enough accuracy for the final proposal of the analysis.
Of course, ohmic losses will depend on the metal conductivity, however, the field
pattern and the propagation constant not as much. Note that in the DCSWW
the field will drastically collapse due to the presence of the dielectric, which is a
perturbation of the surface stronger than the finite conductivity of the metallic
medium. Additionally, note that DCSWW is rather classifiable as a conventional
dielectric waveguide, thus presenting k2 ≤ β ≤ k1 , the particular value of β in this
range determined by the electrical size of the dielectric medium. A support for
these facts is found in [522], where losses of the fundamental mode of the DCSWW
are calculated through the perturbative method after the fields being calculated
assuming the metallic wire as a PEC. Furthermore, differences between the Drude
Model and the skin-depth effect model are found to be small for the DCSWW in
that work.
Justified that the accuracy is good enough, the second reason is the avoided
complexity. The problem, as displayed now, is a conventional real εr dielectric
problem with some additional geometrical complexity (observe that compared to the
dielectric cylinder, in the DCSWW a wider variety of geometries can be obtained in
as much two parameters, a and b, define the structure) and some physical complexity
(the presence of the metal influence the field in such way that special features not
common in pure dielectric waveguides are found in the DCSWW). If the metal was
regarded as a complex dielectric medium, not only the aforementioned additional
complexity will be added, but even more: the problem would become one of complex
variable over a three region waveguide. Note that this implies 2 interfaces where the
boundary conditions must be satisfy, what produces 8 equations. The determinant
of such system is not, for sure, an easy function to deal with. Since the previous
sections have shown how complex can become a modal spectrum when complex εr
is involved, it is easy to figure out the required detail in the analysis of a DCSWW
under these conditions, specially if one takes into account the larger casuistic to be
considered, provided by the larger number of involved parameters: (εrm , εr1 , a, b)
front (εrm , a). The possible additional insight of this approach does not justify such
effort in the scope of this thesis, although it is left as an interesting future line.
Related to the last affirmations, comes the third reason. In this thesis, the
analysis of the DCSWW is not an objective itself as it is the SWW analysis due to
its major relevance as a THz waveguiding structure, but the DCSWW is considered
as an alternative possibility under some situations, being the objective in these cases
to find solution to some inherent problems of the SWW. As the results in the next
chapter confirm, the analysis of the simple PEC wire DCSWW that will be provided
next, is enough detailed and rigorous for the involved objectives. Nevertheless, to
the author knowledge, a similar modal analysis with the same level of detail is not
found in the literature, even for this simplified DCSWW case.

3.6.1

Modal analysis equations

Afforded the question of the lawfully of considering the metal as a PEC, the analysis
of the problem described in Fig. 3.47(b) is treated now. To keep the section formu279
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lation self-contained, the real variable transversal propagation constants describing
the fields variation are recovered again:
βr21 = k12 − β 2

αr22

2

=β −

(3.280)

k22

(3.281)

As usual in cylindrical problems involving more than one region and the boundary condition of continuity, in the general case, the all six components of the field
will be required to satisfy those boundary conditions, being the modes of hybrid
nature. By applying the expressions (3.103)-(3.104), eigenfunctions solving the involved differential equations are found, describing the axial components Ez and Hz ,
and by applying (3.105)-(3.108), the rest of the field components are obtained. This
process leads to:
HEnm and EHnm modes:
Region 1, a ≤ r ≤ b:
Ez1 (r, φ)
Hz1 (r, φ)

=

[A1 Jn (βr1 r) + A2 Yn (βr1 r)] ejnφ

(3.282)

=

jnφ
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[B1 Jn (βr1 r) + B2 Yn (βr1 r)] e
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Region 2, r ≥ b:
Ez2

= C Kn (αr2 r)ejnφ

(3.288)
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(3.289)
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where the notation is the same followed along this chapter, and the only novelty
in the previous expressions is the appearance of the Bessel function of second kind
(sometimes called Neumann or Weber function) Yn (x), and its derivative Yn0 (x).
Note that the origin (where Yn (x) is singular) is not part of the problem under
analysis and this function must be considered for the region 1. The similarity with
the dielectric cylinder problem expressions is obvious. For the region 2 there is not
any change, whereas in the region 1, where it appeared A Jn (βr1 r), now appears
[A1 Jn (βr1 r) + A2 Yn (βr1 r)] (and the same can be affirmed for the terms involving
B and/or the derivative of Bessel function of first kind J0n (βr1 r)). Now, the boundary
condition equations are six, two caused by the PEC boundary condition at r = a
(nullity of tangential electric fields), and four caused by the continuity boundary
condition at the interface between dielectric media located at r = b (continuity of
all tangential fields):
1. Tangential electric fields must vanish on the PEC surface:

Ez1 (a, φ) = 0

(3.295)

Eφ1 (a, φ) = 0

(3.296)

2. Tangential electric and magnetic fields must be continuous along an interface
between the two dielectric media:

Ez1 (b, φ)

=

Ez2 (b, φ)

(3.297)

Eφ1 (b, φ)

=

Eφ2 (b, φ)

(3.298)

Hz1 (b, φ)

=

Hz2 (b, φ)

(3.299)

Hφ1 (b, φ)

=

Hφ2 (b, φ)

(3.300)
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In principle, these equations dispose the necessary system to determine the eigenvalues β and the six unknowns of the problem (A1 , A2 , B1 , B2 , C, D) by the usual
procedure. However, since the equations associated to the PEC condition at r = a
are simple, it is possible to obtain some unknowns as a function of the others. First,
from (3.282) and (3.295) it is found that
[A1 Jn (βr1 r) + A2 Yn (βr1 r)] ejnφ = 0

(3.301)

what implies
A2 = −A1

Jn (βr1 a
Yn (βr1 a)

(3.302)

Now, taking into account (3.301), from (3.285) and (3.296), it is trivially obtained
that
B2 = −B1

J0n (βr1 a
Yn0 (βr1 a)

(3.303)

With these algebraic manipulations, the unknowns of the problem are now four
(A1 , B1 , C, D). Under these conditions, the second set of boundary conditions
(3.297)-(3.300) are applied over the tangential fields giving


Jn (βr1 a)
A1 Jn (βr1 b) −
Yn (βr1 b) − C Kn (αr2 b)
Yn (βr1 a)


J0n (βr1 a)
Yn (βr1 b) − D Kn (αr2 b)
B1 Jn (βr1 b) − 0
Yn (βr1 a)

A1

A1

=

0

(3.304)

=

0

(3.305)



βn
Jn (βr1 a)
J
(β
b)
−
Y
(β
b)
+
n r1
n r1
βr21 b
Yn (βr1 a)


jωµ0 0
J0 (βr a)
+ B1
Jn (βr1 b) − n0 1 Yn0 (βr1 b) +
β r1
Yn (βr1 a)
βn
jωµ0 0
Kn (αr2 b) = 0
+ C 2 Kn (αr2 b) + D
αr2 b
αr2



(−jωε1 ) 0
Jn (βr1 a) 0
Yn (βr1 b) +
Jn (βr1 b) −
β r1
Yn (βr1 a)


J0 (βr a)
βn
+ B1 2
Jn (βr1 b) − n0 1 Yn (βr1 b) +
β r1 b
Yn (βr1 a)
jωε2 0
βn
+C
Kn (αr2 b) + D 2 Kn (αr2 b) = 0
αr2 b
αr2 b

(3.306)

(3.307)

which describe the final linear system of the problem under study. As usual, the
system is expressed in matrix form giving
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m11



 0




m31


m41

0

m13

m22

0

m32

m33

m42

m43

 
0
   
   
   
m24  B1  0
   
  =  
   
   
m34   C  0
   
   
0

m44



A1



D

(3.308)

0

where

Jn (βr1 b) −

Jn (βr1 a)
Yn (βr1 b)
Yn (βr1 a)

m11

=

m13

= − Kn (αr2 b)

(3.310)

m22

=

(3.311)

m24

=

m31

=

m32

=

m33

=

m34

=

m41

=

m42

=

m43

=

m44

=

J0 (βr a)
Jn (βr1 b) − n0 1 Yn (βr1 b)
Yn (βr1 a)
− Kn (αr2 b)


βn
Jn (βr1 a)
Jn (βr1 b) −
Yn (βr1 b)
βr21 b
Yn (βr1 a)


jωµ0 0
J0n (βr1 a) 0
Jn (βr1 b) − 0
Y (βr b)
β r1
Yn (βr1 a) n 1
βn
Kn (αr2 b)
αr22 b
jωµ0 0
Kn (αr2 b)
αr2


Jn (βr1 a) 0
−jωε1 0
Jn (βr1 b) −
Yn (βr1 b)
β r1
Yn (βr1 a)


0
Jn (βr1 a)
βn
J
(β
b)
−
Y
(β
b)
n r1
n r1
βr21 b
Yn0 (βr1 a)
jωε2 0
−
K (αr b)
α r2 b n 2
βn
Kn (αr2 b)
αr22 b

(3.309)

(3.312)
(3.313)
(3.314)
(3.315)
(3.316)
(3.317)
(3.318)
(3.319)
(3.320)

The determinant of (3.308) provides the transcendental equation necessary to
determine the propagation constant β of the modes of the DCSWW. Since the
expressions may be cumbersome to deal with, the following definitions are proposed:
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Jn (βr1 a)
Yn (βr1 b)
Yn (βr1 a)
J0 (βr a)
G = Jn (βr1 b) − n0 1 Yn (βr1 b)
Yn (βr1 a)
Jn (βr1 a) 0
Y (βr b)
M = J0n (βr1 b) −
Yn (βr1 a) n 1
J0 (βr a)
N = J0n (βr1 b) − n0 1 Yn0 (βr1 b)
Yn (βr1 a)
F

=

Jn (βr1 b) −

(3.321)
(3.322)
(3.323)
(3.324)

By using the above expressions, the matrix M of the described system adopts a
more compact expression:


F





0



M =
 βn
 2 F
 β r1 b



 −jωε1
M
βr 1

− Kn (αr2 b)

0
G

0

jωµ0
N
β r1

βn
Kn (αr2 b)
αr22 b

βn
G
βr21 b

−

jωε2 0
K (αr b)
αr2 b n 2

0






− Kn (αr2 b) 




jωµ0 0

Kn (αr2 b)

αr2




βn
K
(α
b)
n
r2
αr22 b

(3.325)

The determinant of this matrix, expanded by columns is:
 
2 

2
2 i
βn
w2 µ0 ε2
0
|M | = F G
Kn (αr2 b) −
Kn (αr2 b)
αr22 b
αr22
2

 2

βn
ω µ0 ε2
0
N Kn (αr2 b) −
G Kn (αr2 b)
− Kn (αr2 b)
βr1 αr2
βr1 αr2 b


2

βn
w2 µ0 ε1
− Kn (αr2 b) − G
F Kn (αr2 b) −
M K0n (αr2 b)
βr1 αr2 b
βr1 αr2
2


w2 µ0 ε1
βn
FG −
MN
(3.326)
− Kn (αr2 b)
βr21 b
βr21
Equating this expression to zero and doing some algebraic manipulations, following the same criteria to order the terms as with the dielectric cylindrical waveguide:
2

MN
ε r2
K0 (αr b)
ε r1
M K0n (αr2 b)
ε r1
·
+
· n2 2 +
·
2
2
2
(βr1 b)
FG
(αr2 b) Kn (αr2 b) βr1 αr2 b
F Kn (αr2 b)
 2 
2
0
ε r2
N Kn (αr2 b)
β
1
1
2
+
·
−n
·
+
=0
βr1 αr2 b2 G Kn (αr2 b)
k0
(βr1 b)2
(αr2 b)2
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The previous procedure results interesting in as much it gives good parallelism
between the DCSWW and the basic dielectric cylindrical waveguide, a tool that
can be used to gain physical insight through the mathematical expressions. Observe
that, if the second term in each equation of (3.321)-(3.324) is not considered, (3.325)
and (3.327) become the matrix of the system provided by the boundary conditions
and the transcendental equation of the dielectric cylinder problem.
Once (3.327) is solved and the corresponding eigenvalue β is determined, as
usual, A1 is left as a parameter of the previous non full-rank system, and the ratios
B1 /A1 , C/A1 and D/A can be solved to determine the fields, or eigenfunctions, of
the problem. The expressions for these ratios are:

B1
A1
C
A
D
A

=
=
=



−1
1
1
N
K0n (αr2 b)
jβn F
+
+
(3.328)
ωµ0 G (βr1 b)2
(αr2 b)2
(βr1 b)G (αr2 b) Kn (αr2 b)
F
(3.329)
Kn (αr2 b)
G
B1
(3.330)
Kn (αr2 b) A1
(3.331)

Note that together with these expressions, the other to unknowns, A2 and B2
must be recovered with (3.302) and (3.303). At this point, it would be desirable
to split (3.327) in two equations describing HEnm and EHnm modes separately,
which will be shown to have very different properties. Unfortunately, the presence
of the PEC boundary condition breaks the symmetry present in the equations of
the region 1, and the only that can be said no about (3.327) is that is quadratic
K0n (αr2 b)
in
. Unfortunately, developing (3.327) in this way does not split
(αr2 b) K0n (αr2 b)
the solutions according to their dominant axial component, as it occurs for simpler
problem of a dielectric cylinder.
In this case, several alternative options are available for such suitable classification. Note that n is fixed for solving (3.327), and several solutions with different m
appear (let still keep m as usual, indicating the number of radial oscillations), the
number of them depending on the dielectric thickness t in as much this parameter
determines how many transversal oscillations are possible24 . Since it is obvious that
modes with larger number m will require larger thickness t to appear, the modes
will appear sorted as pairs with same m, and the only issue to classify them will be
discover which is the HEnm mode (or the EHnm mode) of the couple. The HEnm
will be shown to be the first to appear always by their nature and the physic of the
structure. Therefore, the classification is trivial. Additionally, inspection of their
axial components through (3.328) when the modes are far from cutoff is also a very
determinant tool (although less fast than previous, which is direct), since HEnm
24 Notice that these modes are not related with the bulk modes propagating evanescent inside
the metal, but are provided by the presence of the dielectric coating. In fact, the simplification
of assuming PEC imply that bulk modes inside the conductor are totally missed. However, it is
reasonable to think they are similar to those of the SWW.
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modes will be shown to be quasi-TM, whereas EHnm modes will be shown to be
quasi-TE.
Contrarily, it is still possible in the case n = 0, as usual with cylindrical structures, to analyze separately TM0m and TE0m modes. Following the same steps as
for hybrid modes:
TM0m modes:
Region 1, a ≤ r ≤ b:
Ez1

=

Hz1

=

A1 J0 (βr1 r) + A2 Y0 (βr1 r)

(3.332)

(3.334)

Eφ1

0


jβ
A1 J1 (βr1 r) + A2 Y1 (βr1 r)
=
β r1
= 0

Hr1

=

(3.336)

Hφ1

=

Er1

0


jωε1
A1 J1 (βr1 r) + A2 Y1 (βr1 r)
β r1

(3.333)

(3.335)

(3.337)

Region 2, r ≥ b:
Ez2

= C K0 (αr2 r)

(3.338)

Hz2

=

(3.339)

0

Eφ1 2

jβ
= −
C K1 (αr2 r)
αr2
= 0

(3.341)

Hr1 2

=

(3.342)

E r2

Hφ2

0

jωε2
C K1 (αr2 r)
= −
αr2

(3.340)

(3.343)

For the above fields configuration, the boundary conditions become:
1. Tangential electric fields must vanish on the PEC surface:
Ez1 (a, φ) = 0

(3.344)

2. Tangential electric and magnetic fields must be continuous along an interface
between the two dielectric media:

Ez1 (b, φ)

= Ez2 (b, φ)

(3.345)

Hφ1 (b, φ)

= Hφ2 (b, φ)

(3.346)
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Solving first (3.344) it is obtained
A2 = −A1

J0 (βr1 a)
Y0 (βr1 a)

(3.347)

Now, using this last expression together with (3.345) and (3.346) it is found that

A1



1
J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b) − C K0 (αr2 b) = 0
Y0 (βr1 a)

(3.348)

and

A1



1
ε1
J1 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y1 (βr1 b)
βr1 Y0 (βr1 a)
ε2
+C
K1 (αr2 b) = 0
α r2

(3.349)

which are the two equations that describes the matrix system of the problem,
which can be written in the usual way as


1
 Y0 (βr1 a) J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b)





 ε1
1
J1 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y1 (βr1 b)
βr1 Y0 (βr1 a)




− K0 (αr2 b)     
0
A
  1  
  =  

 C
ε2
0
K1 (αr2 b)
αr2
(3.350)
The transcendental equation is now obtained by equating the determinant of the
previous system to zero:
ε2 K1 (αr2 b)
αr2 Y0 (βr1 a)





J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b)


ε1 K0 (αr2 b)
J1 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y1 (βr1 b) = 0
+
βr1 Y0 (βr1 a)

(3.351)

which properly manipulated gives the more compact expression
εr1 J1 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y1 (βr1 b) βr1 K1 (αr2 b)
+
=0
εr2 J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b) αr2 K0 (αr2 b)

(3.352)

which is quite simpler than the general transcendental equation (3.327). The two
unknown constants are related in this case as


1
C
=
J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b)
A1
Y0 (βr1 a) K0 (αr2 b)
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expression that together with (3.347) determines totally the fields associated to
the solution β.
Similarly:
TE0m modes:
Region 1, a ≤ r ≤ b:
Ez1

=

0

(3.354)

Hz1

=

B1 J0 (βr1 r) + B2 Y0 (βr1 r)

(3.355)

Er1

=

0

(3.356)

Eφ1
Hr1
Hφ1



jωµ0
B1 J1 (βr1 r) + B2 Y1 (βr1 r)
= −
β r1


jβ
=
B1 J0 (βr1 r) + B2 Y0 (βr1 r)
βr 1
= 0

(3.357)
(3.358)
(3.359)

Region 2, r ≥ b:
Ez2

=

Hz2

= D K0 (αr2 r)

(3.361)

Er2

=

(3.362)

Eφ2
Hr2
Hφ1 2

0

(3.360)

0
jωµ0
=
D K1 (αr2 r)
αr2
jβ
= −
D K1 (αr2 r)
αr2
= 0

(3.363)
(3.364)
(3.365)

For the above fields configuration, the boundary conditions become:
1. Tangential electric fields must vanish on the PEC surface:
Eφ1 (a, φ) = 0

(3.366)

2. Tangential electric and magnetic fields must be continuous along an interface
between the two dielectric media:

Hz1 (b, φ)

= Hz2 (b, φ)

(3.367)

Eφ1 (b, φ)

= Eφ2 (b, φ)

(3.368)
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Solving first (3.366) it is obtained
B2 = −B1

J1 (βr1 a)
Y1 (βr1 a)

(3.369)

If this last expression is used together with (3.367) and (3.368) it is obtained
that

B1



1
J0 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y0 (βr1 b) − D K0 (αr2 b) = 0
Y1 (βr1 a)

(3.370)

and


1
1
B1
J1 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y1 (βr1 b)
βr1 Y1 (βr1 a)
1
K1 (αr2 b) = 0
+D
α r2

(3.371)

these last two equation describing the matrix system


1
J
(β
b)
Y
(β
a)
−
J
(β
a)
Y
(β
b)
0
r
1
r
1
r
0
r
1
1
1
1
 Y1 (βr1 a)





 1
1
J1 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y1 (βr1 b)
βr1 Y1 (βr1 a)



− K0 (αr2 b)     
B
0
  1  
  =  

 D
1
0
K1 (αr2 b)
αr2
(3.372)
Now, by equating the determinant of such system to zero, the transcendental
equation is obtained as
J1 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y1 (βr1 b) βr1 K1 (αr2 b)
+
=0
J0 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y0 (βr1 b) αr2 K0 (αr2 b)

(3.373)

Finally, once β is solved in the previous equation, the relationship between B1
and D1 is calculated now by the following expression:


D
1
=
J0 (βr1 b) Y1 (βr1 a) − J1 (βr1 a) Y0 (βr1 b)
B1
Y1 (βr1 a) K0 (αr2 b)

(3.374)

By looking the transcendental equations of TM0m and TE0m modes, (3.352)
and (3.373), it is found that for the DCSWW they not only differ on the dielectric
contrast factor εr1 /εr2 , but the quotient associated to the region 1 (first term in the
equations) presents different form. This fact will cause larger difference between the
propagation features of TM0m and TE0m modes than in the dielectric cylinder, since
now, even for small dielectric contrasts, propagation of these modes will be clearly
differentiated. This difference is caused by the presence of the PEC wire surface.
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3.6.2

Modal spectrum

Considering the presented formulation, the modal spectrum can be calculated straightforward. Since now the transcendental equation is a function of real variable β,
attention will be directly displayed on the dispersion diagram. In addition, being
that the effects of the permittivity in dielectric waveguiding structures have been
already observed through the analysis of the simple dielectric cylinder, in this first
section considering not only the fundamental mode, but the whole modal spectrum,
the coating permittivity will be fixed to εr1 = 2.5, a typical value in the range of
polymers. Since from this point, the external infinite medium will be assumed to
be air, εr2 = 1, when referring to the coating, it will directly used εr , with any
subscript. By fixing the permittivity, attention will be focused in the rather novel
aspect of this structure regarding to what has been treated in this thesis so far: its
geometrical configuration. In this sense, during this generalized modal analysis, the
parameter proposed in [503] will be helpful. The aspect ratio of the DCSWW is
defined as
b
(3.375)
a
Observe that the domain of R is [0, 1] and, according to its definition, the SWW
structure corresponds to the case R = 1, whereas the dielectric rod corresponds to
the case R = 0. Therefore, the DCSWW lies somehow in between of these two
previously analyzed waveguides. Since the problem is able to be classified as a
dielectric waveguide problem, to keep the generality, the normalized frequency V is
recovered
R=

2πb √
εr − 1 = (βr1 b)2 + (αr2 b)2
(3.376)
λ0
Note however that, in this usual definition, the normalized frequency V may be
not as general as desired since for the same b a great variety of cases are obtained
by varying R along its domain. Although for comparison of the dispersion diagrams
of different cases of R the use of V is interesting since they must be equally compared, in order to gain insight in the mathematical problem and alleviate numerical
calculations it has been found that the following normalization results more suitable:
V =

V
(3.377)
1−R
being that (1 − R) is, actually, the fraction of dielectric over a radial segment
of length b. For calculations, it has proceeded with V 0 , but the final results are
represented as a function of V as it gives the idea of the total electrical size of the
waveguide, ruled by b. The dispersion diagram of the first modes of the DCSWW are
represented for several cases of R in Fig. 3.48. As usual, the normalized propagation
constantβN = β/k0 is represented. Schematics of the DCSWW for such cases of R
are included in Fig. 3.48(f) to better figure out the real aspect of the waveguide.
The modes that are represented are the following:
V0 =

• For n = 0 (TM0m and TE0m ), the first two radial variations for each kind of
mode: TM01 and TM02 (black curves), TE01 and TE02 (green curves).
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• For n > 0 (HEnm and EHnm ), only the first radial variation is represented for
each kind of mode up to n = 4: HE11 , HE21 , HE31 and HE41 (blue curves),
EH11 , EH21 , EH31 , EH41 (red curves).
Due to the strong change in the propagation features when R varies and the singular modal spectrum observed for some cases, there are many high order modes that
should appear on some of the graphs, which are not displayed for clarity purposes.
The location of the curves will be easily intuited along the following explanation.
The DCSWW present, theoretically, two fundamental modes, the TM01 and the
HE11 . However, for this last, it is observed a practical cutoff. This is very evident
when R is small, see for instance the case R = 0.1 in Fig. 3.48(a). This situation
keeps similarity with the SWW problem, where the HE1 mode is always found as
a solution if the singular point γN = j is considered in the domain, however the
TM0 is the real fundamental mode with practical waveguiding features. Therefore,
for the DCSWW, the TM01 will be considered as the main fundamental mode, and
the practical cutoff of HE11 will be fully considered, i. e., the HE11 will be assumed
to have a cutoff. Notice how the TM0 mode of the SWW and TM01 mode of the
DCSWW are the same mode (if t → 0), however, in the case of the DCSWW will
be necessary to use the radial index m in as much the dielectric coating allows
the apparition of modes with different number of radial oscillations and not only a
unique mode, with simple exponential decay, as occurs with the SWW.
The aspect of Figs. 3.48(a)-3.48(d) is noticeable different. If R → 1 (very thin
coating compared with the conductor, i.e., close to SWW situation), the modes
tend to degenerate by groups, see Fig. 3.48(d) corresponding to R = 0.95. These
groups are formed regarding their radial index m as follows. First, they appear, for
m = 1, the TM01 mode and all25 the HEn1 modes (see the conglomerate of blue
curves). The second group still correspond m = 1, but in this case is formed by the
TE01 mode and all the EHn1 modes (see the conglomerate of red curves). Again the
relationships TM-HE and TE-EH are found. The third group is formed by the TM02
(see black dashed line) and all HEn2 modes (not represented), and the fourth group
is formed by the TE02 (see green dashed line) and all EHn2 modes (not represented).
As m increase groups are appearing with the same configuration.
If the V abscissas axis is observed in the aforementioned Fig. 3.48(d) it is found
that, except for the first group, the cutoff of the groups becomes quite high. This
means that the superior groups are forced to disappear when the coating becomes
very thin. Furthermore, for the first group, although the modes are degenerated for
V large enough (when they become confined inside the dielectric), close to cutoff,
different values of cutoff normalized frequency Vc are found for the different modes.
The larger n the larger Vc . The reason to these values Vc to be very close in the graph
is just the expansion of the V axis to represent all the groups, however a zoom of
the zone under question will reveal significant different in relative terms of V . This
mean that, except of the fundamental TM01 mode, all the HEn1 modes are forced
to disappear, although with much less intensity than those of the superior groups.
Therefore, a parallelism is found with the SWW, inasmuch as, in a first step, only
25 The term all would make sense only in the limiting case R → 1. In the case of R close to but
not equal to 1, it is understood that a large number of HEnm propagate before the first mode of
the next group.
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Figure 3.48: Dispersion diagram of a DCSWW with coating permittivity εr = 2.5. a) R = 0.1;
b) R = 0.5; c) R = 0.8; d) R = 0.95; e) Mode legend; f) DCSWW cross section for the different
considered values of R.

the first radial variation m = 1 of TM and HE modes remain propagating when the
coating is made thin. In fact, the modes of the first group are the DCSWW version
of the surface modes in the SWW, and by this, special attention over these modes
must be paid. However, any exact direct matching between the two structures in
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the limit can be rigorously done (in mathematical terms) in as much the DCSWW
problem becomes singular if t → 0. To do that, the DCSWW must be analyzed
assuming the conductor as a dielectric. Observation of the phenomena occurring
when t → 0 through that more complicated model is left as an interesting future
work line.
The conclusion obtained by the study of results in Fig. 3.48(d) is that for R
close to the unity, when the coating is thin compared with the wire, all mode cases
of azimuthal variation will appear before any mode with larger number of radial
oscillations appear, and for the same m, all TM0m and HEnm modes will appear
before any TE0m or EHnm mode. In this sense, a thin coating allow the propagation of those modes of high-order groups, whenever enough large V is considered.
However, those of the first group, which are the really dominant ones are exactly the
modes that survive when the coating is removed, at least, if enough radius a allow
for that, inasmuch as they are the surface modes of a SWW.
Following the contrary tendency, i. e., if R → 0 (thick coating compared with
the conductor) the curves of modes of different group become to intertwine, and
the previously observed degeneration is broken, see Fig. 3.48(a), corresponding to
R = 0.1. Whereas in the previous case the index m of radial variations was the
element of mode sorting, when R → 0, the index n of azimuthal variations becomes
much more relevant for sorting purposes. Note that with m = 1, from the first group,
apart of the fundamental mode, only the singular (no theoretical cutoff) HE11 mode
appear before that the TE01 modes, which was the first mode of the second group
in the case R = 0.95. The rest of HEn1 modes require in this case larger V . The
particular interest of a DCSWW with small R is observed to be the clear difference
in propagation terms between the TM01 mode and the HE11 mode, otherwise more
degenerated.
Note that the HE11 mode is a clear candidate to couple to the TM01 mode if
the waveguide is perturbed (which is the case of bends), not only because it is the
first high order mode, but also due to its similar polarization, which will be shown
in this section to be practically radial in its totality, i. e., the HE11 is a quasi-TM
mode. Therefore, the strategy to follow in order to minimize the described coupling,
if there is found risk to it occur, is to reduce R. Since given a design, V will be first
fixed, hence b, this will be done by reducing the radius a.
A particular feature that call into attention in Fig. 3.48(a) is that the TM01
mode starts to propagate with β strictly larger than k0 . Inspection of the fields in
such case indicate that this mode always exist, and even V is small, there is a certain
concentration of electric field around the wire. Note also that when R → 0 is not
possible to found a good parallelism between the DCSWW and the dielectric cylinder. For instance the TM01 is the fundamental mode and its propagation constant
differs noticeably from the TE01 , whereas in a dielectric cylinder these two modes
are quite degenerated. This is caused by the presence of the PEC condition, which
always takes place, even for infinitesimal values of a, having strong influence in the
fields polarization, hence in the propagation. In mathematical terms, it could be
said that the DCSWW problem has not its limit in the dielectric cylinder problem
as R → 0, contrarily with the case of R → 1, that seems to be more evident. In
other words, when R = 0 the DCSWW is a dielectric cylinder, however, the limit
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R → 0 does not converge to that situation inasmuch as an infinitesimal value of a is
enough to provide the PEC condition and appreciably influence the solution.
The E-field patterns of the most relevant modes in the previous analysis are
reviewed now. As it can be understood there is a clear correspondence between
their polarization and field distribution and the observed propagation phenomena.
For the representation, the case of R = 0.5 is chosen as it provides good visualization
areas for each region and, at the same time, gives an intermedium situation between
the aforementioned extreme cases, see Fig. 3.48(b).
First, in Fig. 3.49, the polarization (first row) and magnitude (second row) of the
fundamental TM01 mode, and the TE01 mode are shown. In this case, due to the
simpler expressions of the field, is trivially obtained that the TM01 exhibit pure radial
polarization whereas the the TE01 mode exhibit pure azimuthal polarization. The
presence of the conductor has a critical effect on the fields distribution26 , see Figs.
3.49(c) and 3.49(d). Whereas the TM01 has its maximum E-field on the conductor
surface and decay as r increases, the TE01 E-field vanishes on the conductor and
present its maximum concentration for r approximately in the middle between a and
b, i. e., confined in the dielectric medium as it was the only waveguiding element of
the structure. This clearly explains the larger effect experienced by the TE01 mode
when the coating becomes thin compared to the conductor, compared with the TM01 .
Actually, when this occur, the waveguiding support for the TE01 disappears.
For the high-order modes, inspection of the polarization results necessary. In
Fig. 3.50 E-field polarization for the most relevant high order modes of each type in
the previous dispersion study is presented. It can be appreciated how the presence
of the PEC wire breaks the hybrid nature of the modes, having large purity of radial
polarization in the case of HEnm modes (see Figs. 3.50(a) and 3.50(c), corresponding
to the HE11 and HE21 modes, respectively), and having large purity of azimuthal
polarization in the case of EHnm modes (see Figs. 3.50(b) and 3.50(d), corresponding
to the EH11 and EH21 modes, respectively). From these plots it seems obvious that
HEnm modes present quasi-TM features and EHnm modes present quasi-TE features.
Accordingly to the observed polarization, E-field magnitude mode patterns of
previous modes present the distribution shown in Fig. 3.50: HE11 and HE21 modes
have E-field concentrated near the wire surface whereas EH11 and EH21 modes have
E-field vanishing on the wire surface and the field concentrated in the very center of
the dielectric region. The same conclusions as for TM01 and TE01 apply here. It is
clear that EHn1 modes are much more forced to cutoff if the coating is made thinner
than HEn1 modes. Furthermore, it is pointed out that the larger m imply a larger
number of radial oscillations, being that the effect of the coating is even larger than
the described for m = 1 modes.
The aforementioned fact that HEnm modes and EHnm modes are quasi-TM and
quasi-TE, respectively, is susceptible to be validated and quantified by analysis of the
ratio between the axial components. As suggested in [553], the following parameter
gives the proper tool of analysis for this purpose
26 In the E-field vectorial plots, E-field of each region is normalized separately for visualization
purposes, therefore fields in the external region may appear amplified. Magnitude plots represent
the actual E-field magnitude distribution.
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Figure 3.49: Transversal E-field polarization and magnitude of the fundamental TM01 mode, a)
and c), and the TE01 mode, b) and d). The coating permittivity is εr = 2.5 and the aspect ratio
is R = 0.5.

ξi =

µi |Hzi |2
εi |Ezi |2

(3.378)

With that expression, for each medium (i = 1 or i = 2), ξi will adopt values above
1 if the mode is predominantly TE and below 1 if the mode is predominantly TM.
Pure TE modes would provide ξi = ∞ whereas pure TM modes would provide ξi = 0.
Therefore, the use of a logarithmic scale seems the best option of representation for
this parameter. Analysis of several hybrid modes is shown in Fig. 3.52 for the cases of
R = 0.5 and R = 0.95. When the modes are far from cutoff it is appreciated how HE
modes have clear TM predominance whilst EH modes have clear TE predominance,
being that the numerator and the denominator in (3.378) differ in several orders of
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Figure 3.50: Transversal E-field polarization of the first hybrids modes of each type. a) HE11 ; b)
EH11 ; c) HE21 ; d) EH21 .

magnitude. Notice that for conventional optical fibers, ξi is very close to unity for
any considered case [553]. It is also observed that this effect is enhanced when R
is close to its upper bound (R = 1), as the PEC condition gains relevance. This
dependence with R is more obvious for HE modes. It is interesting to find that
EH modes are predominantly TM when they start to propagate, then becoming
quasi-TE as the coating becomes electrically larger. This situation is provided by a
t electrically small that forces the fields of these modes to be very close to the wire,
hence being influenced by it.
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(a)

(b)

(c)

(d)

Figure 3.51: Transversal E-field magnitude of the first hybrids modes of each type. a) HE11 ; b)
EH11 ; c) HE21 ; d) EH21 .

3.6.2.1

Monomode conditions

By the above modal spectrum analysis, seems obvious that neither TE0m modes nor
EHnm are suitable to couple to the fundamental mode in any case, and they lack
of interest in these terms. Regarding to the E-field radial polarized modes, there
are to cases two consider. Firstly, it is clear that the group formed by all HEn1
is suitable to couple the TM01 under certain conditions. The case of HE11 is very
obvious. It could be proposed certain design, with R close enough to 1, allowing
multimode transmission. The rather degeneration of the modes of the first group
in such case may suggest transmission with almost no dispersion. Nevertheless, it
must be pointed that n range in the whole N set, hence it would be always possible
to find modes with β similar enough to be coupled, and different enough to cause
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dispersion. Moreover, the DCSWW is though as a remedy for the inherent problems
of the SWW, hence the coating is though to be present when necessary and removed
when not, something that will be better understood when the losses and dispersion
of this waveguide are quantified in the next section. If HEn1 modes are excited, they
will become radiative (or propagative with impractical extension for their reception)
surface modes when the coating is retired, according to section 3.5. Thus, monomode
operation is a feature to keep.
Alternatively, it might be possible to keep the axial symmetry during the perturbation with some element or configuration during the use of the DCSWW, thus
preventing the coupling to HEn1 modes. In such case, the mode to look at would
be the TM02 mode, sharing polarization and azimuthal distribution with the fundamental mode. This is a more relaxed condition in as much as avoiding the HE11
requires to force the design to more critical parameters than those required to avoid
the TM02 mode, which propagation ultimately depends on whether the coating is
electrically large enough or not, leaving more freedom for the radius a. These two
criteria will be kept in mind when bends are designed with the DCSWW structure
in the next chapter.

3.6.3

Power analysis and attenuation

At this point, the knowledge about the modal spectrum of the DCSWW is deep
enough for the purposes in this thesis, and it results interesting to carry out a
deeper study of the fundamental TM01 mode. Since the analysis has been done over
a lossless structure in the classical way, both, power distribution and attenuation
analysis require from a further analysis of the obtained fields in the previous section,
and, in the case of the attenuation, applying the perturbative method.
First, the total power transmitted in the waveguide is:
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PT =

1
Re
2

ZZ
S

~ ×H
~ ∗ ) · ẑ dS
(E


(3.379)

where S is the transversal surface through which the guided waves are transmitted. In the case of the DCSSW this surface is defined as the hole R2 except of
the circular area defined by the PEC wire, i.e., a circle centered in the origen, with
radius a. The total transmitted power can be split as usual in the two regions of
this dielectric waveguide:
PT = P1 + P0

P1
P2

=
=

1
Re
2

(Z

1
Re
2

Z

2πZ b

0

0

a

(3.380)

)
Er1 Hφ∗1 rdrdφ

2πZ ∞
b

(3.381)

Er0 Hφ∗0 rdrdφ


(3.382)

Some analytic work can be done with the above integrals, specially for the simpler
case of the fundamental TM01 mode. However, some terms require from numerical
integration methods. Being that the only integral to be solve is that for the variable
r (on the variable φ it is trivial), the usual Gauss quadratures work extremely fast
inasmuch as the fields are smooth functions. Gauss-Legendre is suitable for the finite
region 1, whereas Gauss-Laguerre fits well for infinite region 2, where fields decay
exponentially (see [528] for details of these methods).
It is recovered now the parameter summing up the distribution of power in a
numerical quantity:
η=

P1
P1
=
PT
P1 + P2

(3.383)

which is the fraction of power, sometimes expressed as percentage, that is propagated in the region 1. In the case of the DCSWW this quantity is specially important
in as much it gives a very good estimation of the power that will not be lost in a
bend or similar in as much as it is confined in the interior of the dielectric, being
prevented from radiation by the TIR effect.
Finally, it is also possible to consider for the DCSSW, the radius rp(%) that define
the transversal circumference through certain amount of power p is transmitted.
Defining the following function
1
PT (r) = Re
2

Z
0

2πZ ∞
r

Er0 Hφ∗0 rdrdφ


(3.384)

it is possible to obtain the percentage of power transmitted through a circumference centered at the origin and with radius r as


PT (r)
PT (a) − PT (r)
p(%) = 100 ·
= 100 · 1 −
(3.385)
P (a)
PT (a)
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As explained for the SWW, fixed a desired reference p(%), the corresponding
r = rp(%) can be obtained by fast numerical routines (remember that r cannot be
isolated from (3.385)), specially for the fundamental mode since (3.384) is analytical
for this mode.
In the case of the DCSWW r = rp(%) is less relevant, inasmuch as it is usual
that an important amount of power is confined in r < b, given by the more relevant
parameter η, and the significant area of transmission is noticeably reduced compared
to the SWW. In this way, some times r will be specified as the additional radius
required to receive a percentage of power, usually demanded to be larger than in the
SWW case, e. g., 95% of the total transmitted power.
Known the total transmitted power PT it is straightforward to obtain the losses
by the perturbative theory. Note however that, for the DCSWW, the procedure
is applied to both, conductor and dielectric, which when considering real materials
will introduce ohmic and dielectric absorption lossess, respectively. These losses are
defined as:
αc =

PLc
2PT

αd =

PLd
2PT

(3.386)

where, for the DCSWW geometry,
PLc =

Rs
2

2π

Z

|J~s |2 a dφ

0

(3.387)

and
PLd =

ω1 tan δ
2

Z bZ
a

0

2π

~ 2 r dφ dr
|E|

(3.388)

beign the total losses in this way α = αc + αd

3.6.4

Fundamental mode

Properties of the fundamental mode are studied now. Attenuation and dispersion
will be important features to check since the SWW shows good performance in these
terms, hence it must be quantified how these features are worsened when the coating
is present. The percentage of power in the dielectric medium η(%) results relevant
being that it is an important indicator of the percentage of power that will not be
radiated on a bend. Finally, the radial extension power r = rp(%) provides important
information for excitation and reception purposes.
First of all, since many parameters define the DCSWW, some assessments will
be done regarding the conductor radius a and the dielectric thickness t. Then, special attention will be put in t, which is the parameter that origins more casuistic in
the propagation features, and some assessment about the influence of the dielectric
characteristics, permittivity and loss tangent, will be given. Later, in the next chapter, the dependence of DCSWW properties with a will be recovered when necessary,
over a more particular scenario.
In Fig. 3.53 the total attenuation α of a DCSWW is presented for different
coatings: t = 1 µm, Fig. 3.53(a), t = 5 µm, Fig. 3.53(b), t = 10 µm, Fig. 3.53(c),
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and t = 20 µm, Fig. 3.53(d). Dielectric characteristics are chosen to be (εr = 2.5,
tan δ = 0.003), which are usual values for polymers at THz frequencies [21], [437],
[582]-[583], and copper is chosen as material for the wire (σ = 5, 81 · 107 S/m). In
each graph, the same range of radius a studied in the section 3.5.2 is again considered
in order to assess the influence of a in the losses of a DCSWW.
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Figure 3.53: Total attenuation α in dB/mm, considering a dielectric coating with characteristics
(εr = 2.5, tan δ = 0.003), and several radius for the conductor (a = 12 µm, a = 25 µm, a = 50 µm,
a = 125 µm, a = 250 µm, a = 500 µm, a = 1000 µm,). Copper (σ = 5, 81 · 107 S/m) is chosen as the
metal for the conductor. a) t = 1 µm; b) t = 5 µm; c) t = 10 µm; d) t = 20 µm;

As the aforementioned plots show, the electrical size of t is very determinant in
the lossess. Note how for those frequencies that imply t to be large enough to the
coating provide confinement for the fundamental mode, the losses are noticeably
large (beyond the 1 dB/mm barrier). In this configuration, the DCSWW acts as
a dielectric waveguide providing full confinement, with the additional handicap of
introducing ohmic losses due to the presence of the metallic wire. Under this configuration, the radius of the conductor a has not any influence in the losses in as much
the dielectric itself has a strong waveguiding capacity.
Looking now to the opposite case, when the coating is too thin to confine the
energy (see for instance the case t = 1 µm in Fig. 3.53(a)), the radius a results
determinant, as it was the case in the SWW. Attenuation values spread as wide as
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one decade and a half in such situation as the radius varies. Note that under such
configuration, the waveguiding properties rely mostly on the wire properties, acting
the DCSWW in a similar way to the SWW (as it should be expected). Nevertheless,
note that, in the present analysis, the conductor material affects directly to αc , but
not to the field pattern, which relies directly on a and and the electrical size of
t. Therefore, a plays an important role exclusively when t is small. A role that,
however, could be used for interesting engineering purposes in such case.
3.6.4.1

Effect of the coating

For the moment a will remain fixed, recovering its influence when necessary and a
deep study in t will be carried now. This study motivated the work published in
[441] in the scope of this thesis. The analysis is focused in the band ranging from
0.5 THz to 1 THz, the first interval of real challenging frequencies in the THz band,
which supposes a rather broad relative bandwidth: RBW = 66.67%. The highest
frequency, f = 1 THz is taken as main reference. A copper (σ = 5, 81 · 107 S/m) wire
of a = 200 µm is chosen, lying in between of the usual considered radius (20 µm to
450 µm [492], [506], [507], [511]). Two permittivities are considered: εr = 2 (low,
e.g., polymer dielectrics) and εr = 10 (high, e.g., crystalline dielectrics). In each
case tan δ = 0.001 is assumed as the loss indicator, which implies rather high quality
dielectrics [21], [437], [582]-[583]. As interesting available information for posterior
comparison purposes, Fig. 3.54 shows the SWW properties in the considered band
for the study, analyzing several radius. As can be observed, the chosen radius,
a = 200 µm, offers an interesting trade off between losses (under 0.005 dB/mm in the
whole band), and radial extension (95% of power confined in a 1cm circumference).

(a)

(b)

Figure 3.54: Attenuation and confinement properties of the SWW in the operation band of the
study [0.5 THz-1 THz], considering several radius (a = 50 µm, a = 200 µm, a = 500 µm,). a)
Attenuation in dB/mm; b) Required radius to transmit 95% of the total power, r = r95% .

First of all, the range of t to be considered is put under question, in order to
be coherent with the monomode operation requirements. In this first approach,
the less restrictive condition will be considered, i. e., to avoid the propagation of
the first axialsymmetric high order mode with radial propagation: the TM02 . The
transversal E-field polarization of this mode is shown in Fig. 3.55(a). Note that,
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under similar power distribution conditions, the only difference regarding to the
fundamental mode is the null of E-field at some radius a ≤ b, forming a ring area
inside the dielectric with null E-field. To calculate the aforementioned restriction
over the DCSWW parameters, it is possible to set β = k0 in (3.352) to obtain the
cutoff condition of TM0m modes:
J0 (βr1 b) Y0 (βr1 a) − J0 (βr1 a) Y0 (βr1 b)

(3.389)

The results of analyzing the previous expression as a function of a and t are shown
in Fig. 3.55(b). In this plot, it is provided the maximum value of t, called tmax ,
for monomode operation in the whole operating band (regarding to the propagation
of the TM02 mode) as a function of a for the two permittivities of the present
study, εr = 2 and εr = 10. Observe how, actually, a has not any influence on the
propagation of this high order mode except when it is very small, case in which has
a small, but not relevant influence. Therefore, it is found that t rules totally the
propagation of the TM02 mode, and analyzing the limiting values for the considered
permittivities, tεr =2 = 150 µm and tεr =10 = 50 µm, it is found that tmax can be very
well estimated as:
λ0
tmax = √
2 εr − 1

(3.390)

which coincides with that limit of the infinite planar version of the DCSWW, i.
e., except for very small radius, the TM0m modes do not experience the curvature
introduced by the cylindrical geometry. Note also how tmax depends on the electrical
size of the coating regarding the dielectric contrast between region 1 and region 2,
a classical characteristic of dielectric waveguides.

(a)

(b)

Figure 3.55: TM02 mode. a) E-field transversal polarization; b) Maximum applicable coating t as
a function of a in order to avoid the propagation of the TM02 mode for the two cases of permittivity
considered in the study, εr = 2 and εr = 10.

Once the limiting values for t have been set, the study on the effect of the coating
starts with the power confinement. The parameter η(%) indicating the percentage
of power in the dielectric region 1 is shown for several equally spaced frequencies in
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the considered band in Figs. 3.56(a) and 3.56(b) for the cases of εr = 2 and εr = 10,
respectively. It is well observed how for the frequency that establishes the limit of
t, i.e., f = 1 THz, ranging t in its domain allows to see exactly the full confinement
cycle evolution, from 0% to almost 100%.
As observed in section 3.3, higher permittivities imply a more abrupt transition
being that the electrical size of the coating grows faster with its real physical size
growth. Since the electrical size of the coating is obviously different for the different
frequencies of the band, when t is in its intermedium values, there is found some
dispersion in as much as highest frequencies are rather confined and lowest frequencies have still most part of the total power being transmitted in the external air
medium. Since the curves of the εr = 10 case are more abrupt, this effect becomes
very evident on them. Regarding to this case, see in Fig. 3.56(b) how between
t = 25 µm and t = 45 µm the difference in confinement between the limiting frequencies of the band is very large. Therefore, although higher permittivities provide
larger confinement with thinner coatings, they also imply a strong confinement dispersion if intermedium values of t are used. This, translated to a curvature would
cause strong attenuation dispersion in as much lower frequencies would radiate much
more than higher frequencies. Moreover, even in the case that t is used very close to
its limiting value, a lower permittivity exhibits less confinement dispersion. By this
argumentation, seems that low permittivities are more suitable in general regarding
the confinement features. It is true, however, high permittivity coatings are thinner (interesting feature only whether there is size limitation), and the TIR effect is
stronger.

(a)

(b)

Figure 3.56: Percentage of transmitted power inside the dielectric coating, η(%) as a function of
the coating thickness t. a) εr = 2; b) εr = 10.

Continuing with the power distribution features, the radial extension is studied
now. In Fig. 3.57 it is displayed the required distance from the dielectric coating
external interface, located at r = b, to include 95% of the total transmitted power
as a function of the coating thickness t for the same equally spaced frequencies of
the operating band as before. In Fig. 3.57(a), which correspond to the case εr = 2,
an inset has been included for clarify the definition of the aforementioned distance
r. By this definition, r indicates how much additional radial distance beyond the
DCSWW transversal cut is necessary to afford certain amount of power, which is
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an appreciable information for excitation or reception purposes. Note that a very
significant amount, 95% has been considered in this study.
Figs. 3.57(a) and 3.57(b) are very similar, indicating that, regarding the radial
extension, the dielectric permittivity is not a very influential parameter. Moreover
very assumable values are achieved even for not very high t. Specifically, the additional extension is less than r = 0.5 mm for the whole band for intermedium values
of t in both permittivity cases. This means that, whenever a reasonable coating
is present, the transmitted power collapses in a very compact area, what can be
affirmed as a good advantage of the DCSWW.

(a)

(b)

Figure 3.57: Radial extension from the dielectric coating interface r = b, necessary to include
95% of the total transmitted power as a function of the coating thickness t. a) εr = 2; b) εr = 10.

Attenuation features are afforded next. In this case, the frequency is fixed to
f = 1 THz, the maximum of the band, and the different contribution of loss, ohmic
and dielectric are analyzed separately in order to understand the origin of the observed total attenuation. Assessments regarding how a broadband signal would be
attenuated will be easily understood from what has been reviewed up to now and
the information of the graphs. In Fig. 3.58, the total attenuation α in dB/mm is
decomposed in the contributions from the imperfect conductor, αc , and the imperfect dielectric, αd , and it shown as a function of t for the two considered cases of
permittivity.
In this case, the differences between both graphs are very evident. First, regarding the total attenuation level (black curves), it could be roughly said that the case
of εr = 10, Fig. 3.58(b), present losses one order of magnitude larger than the case
of εr = 2, Fig. 3.58(a). Interestingly, this is mainly caused by the ohmic losses
contribution, which results to be the major contribution to total losses in the case
of εr = 10. Note that, since the thickness t is lower in this case, the electromagnetic
fields are comprised in a smaller volume, hence the currents being more intense on
the conductor surface. Furthermore, there is a pronounced peak for intermedium
values of t in the considered monomode range for this permittivity. The reason for
this peak is based in the same phenomena. Note that, for such intermedium values,
t is enough large to cause the fundamental mode to be rather confined inside the
dielectric (see Fig. 3.56). Since a considerable amount of power is confined in even
a smaller volume, the surface currents become even more intense on the conductor.
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(a)

(b)

Figure 3.58: Attenuation vs. coating thickness t at f = 1 THz. The total attenuation ((black
solid line) is broken down in its ohmic (αc , green dashed line) and dielectric absorption (αd , red
dashed line) contributions. a) εr = 2; b) εr = 10.

Observe that this peak in αc is also appreciated in the εr = 2 case, Fig. 3.58(a).
However, since the coating is thicker and η is less sensitive to t, the peak is much
less pronounced.
Second, dielectric losses are analyzed. As usual, since tan δ is the same for both
cases, dielectric losses are proportional to the permittivity in the same sense at it was
observed when the dielectric cylinder was analyzed. Particularly, from the definition
(3.200) of the normalized attenuation constant in R, it could be roughly said that
√
the losses scale as εr . Therefore, contrarily of what could be intuitively though at
a fist view, the use of a high permittivity is not as disadvantageous because of the
scaling of dielectric losses but it is due the necessary use of lower thickness t causing
the ohmic losses to soar. Notice that even the undesired overattenuation peak in
the dielectric losses, described in section 3.3, is present, it is practically negligible
to the very undesired peak in ohmic losses. It can be also said that, comparing the
DCSWW with a conventional dielectric waveguide with no metallic elements, losses
are higher in the DCSWW case due to the ohmic loss contribution. This difference
is perfectly described by the difference between the black (α) and red curves (αd ),
which is quite large for reasonable, intermedium to large, values of t.
By the above, it can be affirmed that its large attenuation is an important drawback of DCSWW, and seems clear that the coating must be used only when necessary
(bends, excitation, etc.), this suggesting the use of transitions between the SWW
and DCSWW. Even in such cases, note that the losses caused by high permittivity
dielectric DCSWW may be prohibitive depending of how long the required DCSWW
path is. The low permittivity case, keeps on much more acceptable levels (under 0.2
dB/mm, see Fig. 3.58(a)). It must be also mentioned that tan δ = 0.001 is a rather
optimistic presumption that depend on the manufacturing process of the dielectric
coating, and that is not extreme to think in that this factor may be easily doubled or
even tripled in some real implementations, hence αd , since it is directly proportional
to tan δ. In such case, dielectric losses would be predominant and the total losses
may reach more challenging levels.
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Finally, dispersion of the DCSWW is studied. Unlike the SWW, where the
metallic wire imposes an very impenetrable surface, hence obtaining η ≈ 0 and
β ≈ k0 , in the DCSWW, the conventional dielectric used for the coating results
penetrable as long as the thickness t is electrically large enough, hence exhibiting
the usual condition for the propagation constant of dielectric waveguides confined
modes: k0 ≤ β ≤ k1 . In Fig. 3.59, it is shown the normalized group velocity (vg /c0 )
as a function of the frequency in the operation band, for several values of t, equally
spaced in the range [0, tmax ] for the two considered permittivities.

(a)

(b)

Figure 3.59: Normalized group velocity vgn = vg /c0 vs. frequency in the considered band [0.5
THz-1THz] for several equally spaced values of t in the range [0, tmax ]. a) εr = 2; b) εr = 10.

Since the normalized group velocity of a plane wave in a dielectric medium is
√
vgn = 1/ εr (whereas vgn = 1 for a plane wave in the external air medium), some
variation in vgn is experienced by the change in power distribution (vgn is, roughly,
inversely proportional to η). Therefore, the following situation occurs. If t is small,
almost not confinement is produced for all frequencies and vgn ≈ 1. Contrarily, if
√
t → tmax , all frequencies become quite confined and vgn ≈ 1/ εr . However, in
between these cases, for intermedium values of t, highest frequencies are confined
but lowest not, as was observed in Fig. 3.56. In such case, vg ranges between is
√
extreme values, 1/ εr and 1, causing dispersion. By this reason, when comparing
Figs. 3.59(a) and 3.59(b), for this last (εr = 10) it is found that the range of values
that vgn takes is very wide, thus indicating that high permittivity coatings with
intermediate values cause a strong dispersion in the DCSWW.
If low attenuation is a good SWW feature to preserve, the almost zero dispersion
is even more, inasmuch as it is the more genuine characteristic of the SWW, and
what mainly justifies the large interest in this structure. Therefore, it is considerably
important on practical implementation to check how much dispersion can support
an ultra broadband THz pulse and try minimize it when the coating is present.
According to Figs. 3.59(a) and 3.59(b), by using t ≈ tmax , the dispersion problem
virtually disappear, no matter the dielectric permittivity. Since t ≈ tmax provides
also better results in attenuation and the best confinement situation (maximum
confinement and lowest confinement dispersion), the previous study indicate that, if
the monomode condition can be guaranteed by avoiding the high order mode TM02 ,
t must be maximized up to the limiting value that provides propagation of this mode,
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i.e., the described tmax in Fig. 3.55. Furthermore, using t = tmax causes the radial
extension to be minimum, collapsing almost the power in the area described by the
waveguide transversal cut, which is a positive feature.
Regarding to the permittivity, the attenuation features clearly demand, in general, for the use of low permittivity dielectrics, since the more compact and with
strong TIR effect high permittivity coatings impose losses that will be prohibitive
for most of the designs (as usual, the final solution will depend on the design requirements, e. g., if a very compact design requiring a very short transmission path
with the coating present is demanded, high εr may provide a good solution.). With
second order, power confinement is less dispersive for lower permittivity coatings.
Finally, if t is taken as maximum, εr is influence-less, but if it is not the case, low
εr also provides better solution for the DCSWW general performance.
To end this section, 2D plots of the E-field magnitude in the cross sectional
area of the main transmission zone of the DCSWW, together with 1D plots of the
field components of the fundamental TM01 mode as a function as function of the
radial coordinate r, are provided for several t in Figs. 3.60-3.66 with the purpose of
giving a very intuitive vision of the physics related with the aforementioned effects,
thus helping to consolidate the recently given concepts. Following the previous
conclusions, εr = 2 is chosen for this study, and t is varied from t = 0 µm (SWW) to
t = 150 µm (DCSWW with t = tmax ) with steps of t = 25 µm, allowing to observe
the evolution of the fields in the structure as t increases. The maximum operation of
the band, f = 1 THz, is the chosen frequency for the computation of the fields, and,
as before, a = 200 µm. The 2D plots of the E-field magnitude are in logarithmic
scale with 60 dB range. In the 1D plots of the EM field components, the fields are
normalized to the maximum component. However, due to the usual large difference
between electric and magnetic fields, (Ez , Er ) and Hφ are normalized separately.
This means that the magnitudes of Ez and Er can be compared in the plots, however
Hφ is, actually, several orders of magnitude smaller than these components. In these
plots, the conductor zone is displayed with gray color whereas the dielectric coating
zone is highlighted with yellow color.
The plots corresponding to t = 0 µm, Fig. 3.60, are calculated with the analysis
tools corresponding to the SWW case being that this case is singular for the DCSWW problem. By comparing Figs. 3.60 and 3.61 it is clearly appreciated that the
merely fact of having a coating, even it is rather small, is critical in the collapsing
of the fields. From that point, each step of increasing t gives a smaller confinement
contribution.
An special attention must be focused to the case t = 50 µm, Fig. 3.62. This
intermedium thickness causes, at f = 1 THz, the fundamental mode to be equally
distributed between region 1 and region 2 (η(%) = 50%, see Fig. 3.56(a)), and origins
the ohmic peak losses in Fig. 3.58(a). Inspection of the fields indicate that there is
actually equally distribution between both regions. Specifying on the components, it
is found that Er suffers a jump on the interface at r = b, indicating that the coating
is acting as well as a surface waveguide. In this way, both interfaces r = a and r = b
present similar behavior. Regarding to Ez , it is found that it is maximum for this
thickness. In fact, if t is small or large, the mode is quasi-TEM, however, for this
intermedium case, Ez peaks, indicating the more transversal incidence of the rays, an
effect explained in Fig. 3.14 of section 3.3. If the permittivity was higher, this effect
308

3.6 Dielectric-Coated Single Wire Waveguide (DCSWW)
would be more noticeably, being the origin of the overattenuation peak of αd , which
is observed in the case εr = 10. Finally, Hφ experience its maximum confinement
for this case of t. Note that a very significant part of this component is contained in
only t = 50 µm. This is the origin of the attenuation peak in αc , inasmuch as surface
currents are directly described by Hφ (a), being this value, relatively maximum for
this case due to the normalized distribution in r. Contrarily, the dielectric losses
increase monotonically as the fraction of total E-field inside the dielectric increase
with each step of t.

(a)

(b)

Figure 3.60: Case t = 0 µm. a) E-field magnitude; b) EM Field components vs. r.

(a)

(b)

Figure 3.61: Case t = 25 µm. a) E-field magnitude; b) EM Field components vs. r.

With the previous results and plots the effect of the coating when it is placed
over a SWW to form a DCSWW is well understood. At this point, it is desirable
to go closer to the objective of solving the bend issue in the SWW structure by
checking more exactly the performance of both wire-type structure when they are
curved, and how the coating influences in that case. Therefore, the features of the
analyzed SWW and DCSWW when they are bent are the object of study of the
next chapter.
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(a)

(b)

Figure 3.62: Case t = 50 µm. a) E-field magnitude; b) EM Field components vs. r.

(a)

(b)

Figure 3.63: Case t = 75 µm. a) E-field magnitude; b) EM Field components vs. r.

(a)

(b)

Figure 3.64: Case t = 100 µm. a) E-field magnitude; b) EM Field components vs. r.
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(a)

(b)

Figure 3.65: Case t = 125 µm. a) E-field magnitude; b) EM Field components vs. r.

(a)

(b)

Figure 3.66: Case t = 150 µm. a) E-field magnitude; b) EM Field components vs. r.
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Chapter 4

Radiation Problems and
Proposed Solutions
Open waveguides present the inherent problem of exhibiting certain radiation of the
electromagnetic waves which are desired to be guided when the waveguide is bent
by requirements of the path. This effect occurs even in open waveguides providing
a rather strong guidance with metallic and dielectric elements. For instance, this
is the case of the coplanar waveguide (CPW) and the slotline (SL) [416]-[418], or,
with less relevance, even the microstrip line [404], [409]. In a similar way, dielectric
waveguides must consider this source of loss, even in the case they act confining the
energy and guiding it by means of the TIR effect [21], [438], [448]-[449]. However,
in both cases, radiation losses are not the main problem to look at when a design
must be done.
When talking about surface waveguides, the radiation loss problem reach a superior level. This is specially true when the surface waveguiding is forced to be over
an impenetrable surface: high permittivity dielectrics surfaces [531], or with more
evidence, metallic surfaces, as is the case of the SWW. The propagating waves in a
SWW are totally unbounded, hence any perturbation easily causes the guided waves
to be radiated and not to follow the path described by the waveguide. To illustrate
this fact, Fig. 4.1 shows the power distribution of the fundamental TM0 mode in a
SWW, and the E-field magnitude on a 90 degrees bend implemented with a typical
SWW. Since for this waveguide there are not any element that force the waves to
keep guided when the path changes abruptly, practically all the energy escapes from
the waveguide in form of radiated waves. This means that, even a simple, unique
bend, may cause extremely large losses in a SWW. In this way, it can be understood how severe is this problem inasmuch as a waveguiding structure is normally
supposed to cover paths with some change of direction.
Therefore, the same impenetrable surface waveguiding nature of the SWW, which
provides outstanding low losses and dispersion, is the responsible of the important
drawback of strong radiation on bends. In this chapter, this problem will be afforded,
trying to minimize it, in as much it is one of the key points conditioning the universal
using of wire-type structures for the guiding of THz broadband signals. The analysis
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(a)

(b)

Figure 4.1: Problem of radiation on bends with the SWW. a) Fundamental TM0 mode power
distribution. b) Usual E-field magnitude on a 90 degree bend implemented with a SWW.

carried out in the previous section will give the answer about the physical origin of
the radiation in these structures, and will suggest the proposed solutions by proper
design of SWW and DCSWW structures, and optimized combination of them. Next,
the general problem of a SWW and DCSWW curved paths is briefly described
through its main parameters. Then, the two proposed solutions for bends in the
scope of this thesis are postulated: a) Reduction of the wire radius [439], [584]; b)
control of the curvature phase shift [585], [584]. Finally, being that the bend design
should not condition the rest of the waveguiding sections, appropriate transitions
are proposed for such cases in which the bend design noticeably differs from the
straight path sections design [586]-[588].

4.1

Problem Description

The electromagnetic problem of a bend or curved path in SWW and DCSWW is
illustrated in Figs. 4.2(a) and 4.2(b), respectively. Apart of the usual parameters
describing the waveguide, the bend is mainly described in terms of its angle θ, which
indicates the change of direction, and its radius of curvature Rc , which indicates
how sharp or abrupt is made this change of direction.
Along the following sections, the behavior of the SWW and the DCSWW on
bends will be studied and optimized. The problem will be mainly focus from the
waveguide parameters perspective, but this will not be always the case, and in some
solutions the approach will come from the curve parameters θ and Rc . Generally,
θ = 90 degrees bends will be considered insomuch as they suppose both, a common
demand, and a quite challenging case. Regarding to the curvature radius Rc , it
will be commonly chosen to have reasonable compact bends. Notice that the larger
Rc , the softer the curve, but also the larger the curved path, which is the part of
the structure in between of the dashed lines that describe θ in Figs. 4.2(a) and
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(a)

(b)

Figure 4.2: Bend problem description with general angle θ and radius of curvature Rc for wiretype waveguides. a) SWW; b) DCSWW.

4.2(b). Very large Rc may relax the perturbation imposed by the bend, causing
less radiation, but also dispose a larger path to be covered by the waves. Since, at
the bend, the waves must be more attached/confined to the waveguide, this may
cause the increment in propagation losses to be as high that the solution may be
counterproductive [517].
The general idea of this chapter is to exploit the fact that SWW and DCSWW
have advantages and disadvantages that are complementary, i. e., whereas the SWW
is low-loss and low dispersive but presents high radiation on curves, the DCSWW
exhibit questionable loss and dispersion, prohibitive in some cases, but is more prepared for bends. Although, the specific solutions proposed in this thesis will appear
step by step in the following, to give a first approach, the general underlying concept is illustrated in Fig. 4.3. The idea is to provide a specific solution on the bend,
such as shown in Fig. 4.3(b), trying in this way that the design demanded by the
bend do not excessively condition the design on the straight path. Keeping this
image in mind will result helpful to understand every step of the overall process as
is presented next.

4.2
4.2.1

Solution A: Reduction of the wire radius
Strict monomode condition

In section 3.6.4.1, monomode condition was ensured in its weaker form, i.e, regarding
only for first axialsymmetric mode with radial √
polarization, the TM02 . This allowed
to consider coatings as thick as tmax ≈ λ0 /2 εr − 1, and complete a quite wide
study in such parameter. In that study, it was found that low permittivity coatings
with the maximum thickness, t = tmax , were the best option. However, a bend
is quite prone to break the axialsymmetry of the fundamental mode due to the
different length of the interior and exterior paths of the curvature (see the curved
region in Figs. 4.2(a) and 4.2(b)). In this way, the propagation of any mode with
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(a)

(b)

Figure 4.3: Schematic of the conceptual idea of optimal combination of SWW and DCSWW
structures by using the coating (DCSWW) only when necessary, and using proper transitions to
interconnect both wire-type waveguides. a) Conventional bend with SWW; b) Optimized bend
using the coating only during the curved path to reduce the radiation.

similar polarization to the TM01 should be considered, and strategies to prevent or
minimize the excitation of such undesired modes must be studied.
In the study carried out next, it will be considered again the band ranging from
0.5 THz to 1 THz, focusing the main interest when the frequency is particularized
to the maximum frequency, f = 1 THz. Attending to the low permittivity criteria,
TPXr (εr = 2.1, tan δ = 0.001 at f = 1 THz [21]) is chosen as dielectric. Copper
(σ = 5.81 · 107 S/m) is chosen as conductor.
First, in Fig. 4.4(a) it is shown the percentage of power η(%) inside the dielectric
medium as a function of the coating thickness t for the first propagating modes
of a DCSWW with a = 100 µm. The parameter η(%) gives a good estimation
of the matching between the mode patterns in terms of power distribution, hence
estimating the probability of coupling by this factor. It is observed how, for this
moderate radius, in between the curves of the TM01 and TM02 modes, this last
starting at tmax = 142 µm, there are many other modes appearing. Green and red
curves correspond to TE and HE nature modes, which polarization is orthogonal
to that of the fundamental mode, thus providing very low polarization matching
for coupling. However, they are observed the first three HEn1 modes, which due
to their radial polarization are very suitable to couple when they have η(%) values
close to that of the fundamental mode. Particularly, the HE11 mode practically
degenerates with the fundamental mode, and the HE21 mode is very suitable to
couple for intermedium values of t in the considered range. In the case in which
coupling to these modes occurred during the bend, some frequency dispersion would
be experienced by the different β of the HE21 mode. Furthermore, when the coating
was removed, all the power being transmitted by both, the HE11 mode and the
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HE21 mode, would be lost in as much they convert to the HE1 mode and the HE2
mode of the SWW. The same can be extended to the HE31 in the case that suitable
conditions for its coupling are provided, i. e., choosing large enough t.

(a)

(b)

(c)

(d)

(e)

Figure 4.4: Percentage of power inside the dielectric coating η(%) vs. coating thickness t for
the first modes in a DCSWW operating at f = 1 THz. Conductor is copper (σ = 5.81 · 107 S/m)
and dielectric is TPXr (εr = 2.1, tan δ = 0.001). a) a = 100 µm; b) a = 20 µm; c) a = 5 µm; d)
a = 1 µm; e) Mode legend.

In order to prevent this situation, the strategy of reducing the ratio aspect
R = a/b, proposed in section 3.6.2 will be used. As indicated there, the adequate
way to proceed is reducing a while b is kept fixed, since, otherwise, the problem is
scaled in frequency. Following this premise, several DCSWW with smaller radius
than previous are studied. In Figs. 4.4(b)-4.4(d) it is shown the same information
as before (η vs. t), but for smaller radius, of a = 20 µm, a = 5 µm and a = 1 µm,
respectively. The effect on HE and EH modes of this action is noticeably. As the
radius decrease, they require much more coating thickness t to become confined.
Note also how the axialsymmetric modes, TE01 and TM02 , experience only a small
change in their curves, since these modes are practically only influenced by the coat317
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ing thickness. The most important effect is that the degeneracy between TM01 and
HE11 modes is broken. Not only the HE11 requires larger values of t to be confined,
but the fundamental mode shows an anomalous behavior, becoming confined with
lower values of t than with the case of larger radius.
Despite of the fact that TM01 and HE11 modes broken its degeneracy, choosing
a t enough small to force the HE11 to its virtual cutoff (see vertical solid pink lines
in Figs. 4.4(b)-4.4(d)) may cause the η(%) of the fundamental mode to be not large
enough, hence having not the desired confinement to prevent radiation via TIR
effect. By this, it seems more reasonable to establish as a monomode criteria that
η < 10% for the HE11 (see vertical dashed pink lines in Figs. 4.4(b)-4.4(d)), together
with the imposition of the fundamental being quite more confined. In this way, η of
both modes will differ enough to cause low coupling efficiency. Therefore, from the
results in Figs. 4.4(b)-4.4(d), it seems that a = 5 µm offers a suitable choice, being
that a = 20 µm does not offer enough large difference between η of TM01 and HE11
modes at the criteria point, and a = 1 µm, apart of its inherent high attenuation
losses, may result very challenging for the manufacturing process. If a = 5 µm, the
thickness satisfying η < 10% for the HE11 mode is t = 40 µm
The previous information can be approached from other point of view that can
provide good insight to understand the concepts. In Fig. 4.5, the percentage of
power in the dielectric medium η(%) for TM01 , HE11 and HE21 modes is displayed
this time as a function of the radius a, showing each plot the results for a particular t.
The effect of reducing a is the divergence of the TM01 mode and HE11 mode curves,
which is much better quantified in these plots. However, to cause enough difference
between both curves without requiring very small radius, the thickness must be kept
small enough. See how the situation for t = 75 µm and t = 100 µm, Figs. 4.5(c) and
4.5(c), is not suitable since η of the HE11 mode cannot be diminished as desired by
decreasing a in the considered range, and even the HE21 mode is suitable to couple
for some of the radius in the considered range.
On the other hand, in the case of t = 25 µm, Fig. 4.5(a), the confinement of the
HE11 mode can be made small, however, the confinement of the fundamental TM01
mode does not reach the desired enough large values. Finally, the case t = 50 µm,
Fig. 4.5(b), provides a good difference between the TM01 mode and HE11 mode
curves. Probably, a slight smaller η for the HE11 mode would be desirable if the
criteria is η < 10% for this mode, thus concluding that interesting values of t are
comprised in between of t = 25 µm and t = 50 µm. The previous choice (a = 5 µm,
t = 40 µm) is in agreement with this.
In order to endorse the decision of choosing (a = 5 µm, t = 40 µm), the propagation characteristics of a DCSWW with these dimensions are compared to those
of the cases corresponding to a = 20 µm and a = 1 µm, choosing in each case, the
thickness that satisfies the η < 10% criteria for the HE11 mode. First, in Fig. 4.6(a),
the attenuation in dB/mm is shown in the operating band [0.5 THz-1 THz] for the
aforementioned cases.As can be observed, with a = 5 µm, losses keep under acceptable levels. However, in the case of a very small radius, a = 1 µm, losses raise to
such level that the solution for the bend may be counterproductive, becoming the
propagation losses more important than the radiation losses.
Second, in Fig. 4.6(b), the normalized velocity group is shown for the three
considered DCSWW designs. In all of them the dispersion is quite acceptable thanks
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Figure 4.5: Percentage of power inside the dielectric coating η(%) vs. conductor radius a for the
fundamental mode (TM01 ), the first higher order mode (HE11 ) and, in some cases, the second higher
order mode (HE21 ) of a DCSWW operating at f = 1 THz. Conductor is copper (σ = 5.81·107 S/m)
and dielectric is TPXr (εr = 2.1, tan δ = 0.001). a) t = 25 µm; b) t = 50 µm; c) t = 75 µm; b)
t = 100 µm.

to the low permittivity choice. Particularly, the a = 5 µm case shows a variation
under 10% between the minimum and maximum frequencies velocity group.
From these graphs, (a = 5 µm, t = 40 µm) seems a reasonable choice. Moreover, due to the exponential grow of losses as a decreases, and the foreseeable
manufacturing complexity, DCSWW designs with radius between a = 5 µm and
a = 20 µm are preferred. As a data of interest, successful experiments with small
radius SWW/DCSWW (a = 10 µm to a = 30 µm) [507], [513], [514], and manufacturing of DCSWW with conductor radius ranging from a = 0.4 µm to a = 15 µm
and coating thickness ranging t from t = 2 µm to t = 15 µm have been reported in
the last years [589].

4.2.2

Numerical simulations and validation of the models

Analytical resolution of a curved SWW or DCSWW may be very complex and
any further change of the electromagnetic problem, such as inclusion of transitions
would imply the model to be not valid anymore. Therefore, to solve the electromagnetic problem of propagation on bends in wire-type structures, numerical resolution
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(a)

(b)

Figure 4.6: Propagation characteristics of a DCSWW with conductor copper (σ = 5.81 · 107 S/m)
and dielectric is TPXr (εr = 2.1, tan δ = 0.001), for several small radius (a = 20 µm, a = 5 µm
and a = 1 µm) in the considered operation band [0.5 THz-1 THz]. a) Attenuation in dB/mm; b)
Normalized velocity group.

through conventional commercial solvers is preferred. In this case, HFSSr [411],
which implements the Finite Element Method (FEM) [590], has been chosen.
Whereas in closed structures the use of the FEM technique is obvious, as the
space to grid is finite, in the case of open structures the problem must be treated
more carefully since the infinite space involved in the problem must be truncated to
a finite one and appropriate boundary conditions must be used. The base simulation
model for the SWW and DCSWW structures is shown in Fig. 4.7(a). This model
consist in a finite length section of waveguide in the axial direction (matched at both
ports), and truncated transversely in the external air medium at r = R. Radiation
boundary conditions are displayed at the boundary described by r = R. According
to this base model, and the problem description of Fig. 4.2, the model of a bend
has been developed as shown in Fig. 4.7(b).

(a)

(b)

HFSSr

Figure 4.7:
model for wire-type structures. External medium is truncated at r = R. a)
Straight path; b) Bend.

The choice of the external medium truncating radius R results critical inasmuch
as it must be large enough to not cause errors by disregarding not negligible fields,
but small enough to enable the simulation to be afforded with a reasonable com320
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putation time. Note that the total volume increase with R3 and that, the larger
R, the larger the required straight paths of waveguide in the model of the bend, so
that the model elements do not intersect causing errors in the solver. Therefore, a
study to properly choose a correct value of R results to be a mandatory step. To do
that, the worse situation is considered. As concluded in previous chapter, in SWW
and DCSWW structures, the larger extension of fields take place for larger radius.
In this study, the maximum radius to be considered will be a = 100 µm, hence it is
chosen for the R test. This test will consist in comparison of the simulation results
using the model of Fig. 4.7(a) and the analytical models of previous chapter.
In Fig. 4.8(a) calculations of the propagation constant of the fundamental TM01
mode of a DCSWW, obtained with the analytical model (solid lines) and simulations
(empty circles), are compared as a function1 of the truncation radius R for several
cases of thickness t. It is clearly observed that simulation results rapidly converge to
those predicted by the analytical model as R increases. Similarly, the attenuation
constant provided by both models is compared in Fig. 4.8(b). In this case, differences
are more appreciable when R is not large enough. This is very evident for the case
of using a thin coating (see the t = 5 µm curve, in blue), caused by the fact that
the effective transversal area of transmission is larger in such situation. Actually,
since the truncation of the transversal area implies some power to not be taken into
account, losses are consequently predicted larger in this case. However, reasonable
values of R give very good agreement between numerical simulations and analytical
results. A suitable choice seems to be R = 0.5 mm, which has been tested also as a
truncation radius that allows for not long simulations.

(a)

(b)

HFSSr

Figure 4.8: Test of the
model to determine an adequate value of R to give accurate
simulations. Propagation and attenuation constants are calculated by simulation as a function of R
for a DCSWW a = 100 µm, considering several coating thickness values t, and compared with those
provided by the analytical models developed in chapter 3. Conductor copper (σ = 5.81 · 107 S/m)
and dielectric is TPXr (εr = 2.1, tan δ = 0.001). a) β(rad/m) vs. R(mm); b) α(dB/mm) vs.
R(mm).

Before applying the chosen truncation radius R to the resolution of problems
including propagation on bends, it is firstly tested by comparing, for some cases
1 The only curves to which refer R are those corresponding to numerical simulation, hence
analytical results are horizontal curves showing the exact value.
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of interest, the dispersion diagram of a DCSWW provided by simulations using
this value of R with its counterpart provided by the analytical model developed
in the previous chapter. Results of this analysis are shown in Fig. 4.9, where the
propagation constant of the first modes of a DCSWW is shown as a function of the
coating thickness t for the cases of a = 5 µm, Fig. 4.9(a), and a = 20 µm, Fig.
4.9(b). There is an observable good agreement between simulations and analytical
model results, specially for the fundamental mode, thus confirming that the chosen
R provides the desired accuracy. Observe that, since coupling to high-order modes
is a recurrent phenomena to observe in this study, the model must be tested not only
with the fundamental mode, but must provide reliable information about high-order
modes.

(a)

(b)

Figure 4.9: Test of the HFSSr model with the chosen value R = 0.5 mm. The simulated
normalized propagation constant β/k0 of the first modes of a DCSWW is displayed as a function of
the coating thickness t and compared with the calculations through the analytical models developed
in chapter 3. a) a = 20 µm; b) a = 5 µm.

Determined the model, the propagation on a SWW 90◦ bend is firstly analyzed.
The chosen frequency is the maximum of the considered band (f = 1 THz). Two
radius are considered: a = 100 µm as a large radius case, and a = 5 µm, as a small
radius case. The curvature radius is set to Rc = 0.2 mm, which imply a rather
compact bend. In the first row of images in Fig. 4.10 it is represented the E-field in
the structure, displayed in logarithmic scale. In the case of a = 100 µm, Fig. 4.10(a),
the negative effect of the bend results evident since the amount of power reaching
the output port after the bend is negligible. It is observed how the propagating
waves, which are guided just attached to the surface, do not follow the change of
direction, and continue in the direction they were following, being radiated away
from the waveguide.
The effect that a simple reduction of radius has, with even no coating, see the
case of a = 5 µm in Fig. 4.10(a), is very interesting. As pointed out in section 3.5.2,
the reduction of the radius makes the fundamental TM0 mode to interact more
with the guiding surface, causing more losses and larger compactness of the effective
transmission area. Here, this larger interaction is proved to result interesting in
order to keep the propagating surface waves guided by the SWW and not to show
an extremely large radiation as the large radius case. There are still some radiation
322

4.2 Solution A: Reduction of the wire radius
losses, that can be qualitatively appreciated by the decrement of E-field intensity at
the output port, but, visually, the waveguide is able in this case to force the guided
waves to follow a non-straight path as sharp as it is the proposed bend.

(a)

(b)

(c)

(d)

Figure 4.10: E-field magnitude in logarithmic scale in a 90 degree bend implemented with a bare
SWW (first row) and with a DCSWW having a coating of t = 40 µm (second row). The curvature
radius is Rc = 200 µm. a) SWW, a = 100 µm; b) SWW, a = 5 µm.; c) DCSWW, a = 100 µm and
t = 40 µm; d) DCSWW, a = 5 µm and t = 40 µm.

The same bend with an added TPXr coating is considered now. Specifically, a
coating thickness of t = 40 µm is chosen in as much this thickness provide the strict
monomode condition for the case of a = 5 µm. In the case of a = 100 µm this coating
(and even a much thinner one) allows some high-order modes to propagate. However,
the TM02 is not in that set of modes. In this way, weak and strict monomode
conditions proposed in 3.6 are tested to check their validity or necessity for this
particular problem.
Results of the simulation are shown in the second row of images of Fig. 4.10.
The coating helps to prevent radiation in both cases. In the case of a = 100 µm
the difference is very noticeable, Fig. 4.10(c). Despite of this fact, for this large
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radius case, the aspect of the E-field magnitude suggests some undesired effects. On
the one hand, there is still some power radiated as the fundamental mode is less
confined inside the dielectric than in the case of a small radius (see 4.10(d)). On
the other hand, despite a noticeable amount of power reaches the output port, the
asymmetry on the field pattern indicates high coupling to the HE11 mode or even
higher order HEn1 modes. Since coupling occurs, the problem of lack of confinement
of the fundamental mode cannot successfully solved, being that increasing t would
even enhance the undesired coupling. Contrarily, for a = 5 µm, Fig. 4.10(d), the
E-field indicates an improvement respect to the SWW in the desired way.
The previous plots help to visualize the radiation problem on bends and the effect
of reducing the wire radius or adding the dielectric coating in a very intuitive way.
However, to more specifically quantify the improvement achieved by the previous
actions it is more suitable to represent the power that reach the output port of the
bend. It is very important in this case to distinguish the mode that transmits that
power, being that the power that is not transmitted by the fundamental TM01 is,
generally, power to be lost.
In Fig. 4.11, the S21 parameter of the analyzed two-port bend structure of Fig.
4.7(b), de-embedeed so that only the curved path losses are obtained, is represented
as a function of the coating thickness t for the two considered radius in this study:
a = 100 µm, Fig. 4.11(a), and a = 5 µm, Fig. 4.11(b). Observe how for the
a = 100 µm case, the amount of power coupled to the HE11 is considerably high.
Even for small values of t, the power transmitted by the HE11 mode is even larger
than that transmitted by the fundamental TM01 mode, and, although more power
reach the output as t increases, this additional power is carried by the HE11 mode
so that if the coating was lately removed, this power would be lost. What occurs
for this large radius case is that the difference in length between the internal and
external paths on the curved section is large enough to produce an appreciable phase
shift in the TM01 mode pattern, exciting the HE11 mode. Specifically, the difference
between inner and outer path is given by:
∆L =
=

(Rc + 2a)θ − Rc θ
2aθ

(4.1)
(4.2)

where θ is in radians. Taking into account that for a = 100 µm, ∆L = 200 µm,
and that λ0 = 300 µm (λg slightly smaller), it is understood that the phase shift,
rather close to π radians than to 2π radians, causes a phase shift in the TM01 mode
pattern very suitable for the undesired coupling to the HE11 mode.
Contrarily, in the case of a = 5 µm, Fig. 4.11(b), the coupling to the HE11
mode results to be small unless t reach quite large values. The power received in
the TM01 mode is close to -2dB respect to the input power, being appreciated how
it diminishes as the HE11 mode starts to couple more. Note that the maximum
received power in the TM01 mode occurs for t = 40 µm approximately, indicating
that the study of the modal spectrum in terms of the power confinement parameter
η is a very powerful design tool when the coupling to high-order modes is a problem
to give treatment, being that, with the established criteria, any further optimization
has been necessary.
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Figure 4.11: Study of the coupled power to the first higher order mode (HE11 ) in a 90 degree
bent DCSWW: S21 (dB) vs. coating thickness t for the fundamental TM01 mode and the HE11
mode. a) a = 100 µm; b) a = 5 µm.

4.2.2.1

Conclusions and important remarks

By the study carried out in this question, important conclusions are obtained. First,
the truncation radius R is a parameter to check, and it must be properly chosen to
provide good enough accuracy and low computation time. Good accuracy in the
numerical simulation of SWW and DCSWW open structures has been proven to be
possible. Second, and with more relevance, it is the fact that the radius a has much
more influence than the thickness t in minimizing the negative effects of a bend in
wire-type structures. It has been shown that the origin of this fact relies on the
large coupling to higher order modes when the radius is large. A proper study of the
modal spectrum of the DCSWW in terms of the power distribution has been shown
to be a powerful design tool, which allows to minimize the coupling to undesired
high-order modes. In the case of bends, it has been shown that the strict monomode
condition of having at least η < 10% for the HE11 mode is the right condition in as
much HEn1 modes are very suitable to couple in bends due to the phase shift caused
by the different lengths of the interior and exterior bend paths in the mode pattern.
In this sense it is pointed out that other perturbations or situations suitable of mode
coupling, such as the excitation process, may allow for a weaker condition, such that
provided by the TM02 mode, as long as this phase shift effect does not occur.
In this section, a 90◦ bend exhibiting only 2 dB losses at f = 1 THz has been
achieved by choosing a DCSWW with (a = 5 µm, t = 40 µm). In this bend, the losses
are only slight dependent on t, what gives additional manufacturing flexibility. This
losses are noticeably smaller than those obtained with the usual large radius SWW
and DCSWW, normally beyond 15 dB. However, straight path losses of such design
are prohibitively large (0.5 dB/mm) for reasonable practical distances. Therefore,
it is clear that the success of this solution relies on the possibility of applying it
exclusively on the curved path, and this relies on the use of transitions. Several
scenarios appear depending on the constrains in the manufacturing process (cost,
complexity, etc.) and on the practical application (robustness of the waveguide,
required dimensions, etc.). It may be possible a) to modify both, radius a and
coating thickness t; b) to modify only the coating thickness t (as the case of a SWW
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is provided and the coating is added by some chemical process [507]); c) the most
limiting case of being constrained to some strict requirements in both parameters.
This last challenging case is treated in the next section named as solution B for the
bend radiation problem, and the former two will be afforded later when transitions
are considered.

4.3

Solution B: Control of the curvature phase shift

The results in previous sections indicate that, if the restrictions on the SWW or DCSWW parameters do not allow to choose an small radius a, then, even optimization
is done over the coating thickness t, high order modes will be very prone to couple
in bends with reasonable angle θ. However, if any other option is possible, it worth
to explore what can be done with such critical limitations. The answer resides in
using the same mechanism that favors the radiation in a thoughtful way.
The main loss mechanism in a bend takes place by the different phase shift that
the fundamental mode experience in its axialsymmetric mode pattern due to the
different lengths of the internal and external paths of a curve. This mechanism is
illustrated through several images in Fig. 4.12. The schematic of a general DCSWW
bend of angle θ and radius of curvature Rc is illustrated in Fig. 4.12(a). In this
schematic the internal and external paths2 of the curve are highlighted in blue and
red, respectively. As pointed out in equations (4.1) and (4.2), the internal path has
a length of L1 = Rc θ, whereas the external path has a length of L2 = (Rc + 2a)θ,
hence existing a difference between both paths of ∆L = L2 − L1 = 2aθ. Note that
this difference is totally independent of the curvature radius Rc , but it is only a
function of the angle θ and the wire radius a.
This difference of length ∆L causes a phase shift, which is given by ψ = β∆L.
Therefore, it is relevant to know how large is this length in terms of the guided
wavelenght, i.e., the size of ∆L/λg . This parameter offers an approximate idea (since
r = a is taken as the reference radial distance at which both paths are described) of
how critical is the phase change. The worse case corresponds to ∆L/λg = 0.5 + k,
k ∈ N, causing internal and external paths to provide opposite phase at their end,
whilst the best case correspond to ∆L/λg = k, implying that the internal and
external paths not to cause any phase shift. By observing the mode patterns of the
fundamental TM01 and the first high-order mode with radial polarization, the HE11
(see Figs. 4.12(c) and 4.12(d)), it is easy to understand that, when the worse case
occur, the situation is very suitable for causing the energy lost by the TM01 mode
to be coupled to the HE11 mode in order to satisfy the boundary conditions.
The parameter ∆L/λg is represented as a function of the curvature angle θ for
several cases of radius and thickness in Fig. 4.12(b). In that plot it is appreciated
how for small radius, ∆L is too small so that ∆L/λg describes a situation that worsen
monotonically as θ increase being that ∆L/λg starts from 0 and never reaches 0.5.
However, if the radius is enough large, ∆L/λg reach 0.5 first and then continues to
1 as the angle increases, this indicating that an anomalous behavior may be found
since larger θ may cause a more appropiated phase shift, suggesting lower losses. In
2 The distance r = a is taken as reference. This simplification is like affirming that all the mode
is located at r = a.
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the case a = 100 µm, a unique cycle takes place, whereas a = 200 µm provides two
cycles being that the minimum phase shift is reached two times: ∆L/λg = 1 and
∆L/λg = 2. In this graph it is also appreciated how the presence of the coating
reduces the size of the guided wavelength λg , therefore, it is important to calculate
which is exactly the propagation constant of a particular DCSWW design (a, t,
εr ) in order to provide a good estimation of the phase shift. Regarding to this
question, it is worth to mention that, the model illustrated 4.12(a) simplifies all the
mode pattern to be located at r = a, i.e, x = ±a, and ∆L is calculated from this
assumption. However, the mode is indeed, distributed. Therefore, the more confined
the mode, the more exact the proposed model. This suggest that the phase shift
effect will be much more complex to be characterize in a SWW, and the presented
model may be a rough approximation in some cases.

(a)

(b)

(c)

(d)

Figure 4.12: Description of the phase shift problem in bent wire-type waveguides. a) General
bend schematic showing the internal (blue) and external (red) paths; b) Difference in length between internal and external paths relative to the guided wavelength ∆L/λg c) TM01 mode E-field
magnitude mode pattern; d) HE11 mode E-field magnitude mode pattern.

To prove the existence of the aforementioned effect, the power received at the
output port of a bend is displayed as a function of the curvature angle θ in Fig. 4.13.
In the plots, they have been considered two small radius (a = 5 µm and a = 20 µm),
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and a large radius (a = 100 µm). For each radius case, three coating cases are
considered: no coating (t = 0 µm), t = 25 µm and t = 50 µm. As in the previous
study, the curvature radius is Rc = 200 µm, the operating single frequency is f = 1
THz, the chosen conductor is copper (σ = 5.81 · 107 S/m) and the dielectric is TPXr
(εr = 2.1, tan δ = 0.001). The received contribution of the fundamental mode is
shown in Fig. 4.13(a) whereas the received contribution of the HE11 mode is shown
in Fig. 4.13(b).
Looking first at the received power of the fundamental mode in Fig. 4.13(a), it
is observed a situation that corresponds well from what was predicted through the
analysis of ∆L/λg in Fig. 4.12(b). For small radius, the received power decreases
monotonically with θ, and the slope of the curves depends mainly on the size of a.
However, the case of a = 100 µm exhibits an anomalous behavior, exhibiting a local
minimum and a local maximum that confirms the existence of a minimum and a
maximum phase shift when the angle θ is varied along the considered range. Note
that Fig. 4.12(b) predicts the local minimum at θ = 40◦ and the local maximum at
θ = 70◦ , what proves the accuracy of the proposed model.
In Fig. 4.13(a), it can also be observed that even a small coating produces a
good improvement if θ is large enough. However, increasing t towards large values
produces no further gain. This holds even for the large radius case (a = 100 µm). In
this case, the use of some coating results crucial since, for a bare SWW, losses for a
reasonable angle θ > 45◦ have its minimum value in 19 dB, whereas if a t = 50 µm
this value is reduced to 8 dB, which is pretty good level for such a large radius
(remind that in previous section losses for a DCSWW with a = 100 µm were over
15 dB, no matter the coating used). It is worth to point that, in this approach, the
coating is not as restricted as in the previous section since the design is not limited
by the monomode strict condition, but the coupling is minimized via engineering
the curvature parameters.
Finally, Fig. 4.13(b) confirms that, as was expected, the power that is lost by
the fundamental mode due to the asymmetry caused by the phase shift goes mainly
to the first non-axialsymmetric mode, the HE11 mode. As can be observed, there
is a good agreement between the local minimum of the TM01 mode curve and the
local maximum of the HE11 mode and vice versa.
The same analysis is done in Fig. 4.14 but in this case only large radius are
considered (a = 100 µm in first row, a = 200 µm in second row), and only one
radius is displayed in each plot for clarity purposes. An additional value of thickness
(t = 75 µm) has been also added. In the case of a = 100 µm, it is observed that the
model fits well for the DCSWW and with slightly less agreement for the SWW case
(t = 0 µm), this originated by the aforementioned approximation issue of the model.
From the plots, it can be also extracted that continue increasing t beyond t = 50 µm
does not give additional improvement.
From the plots, it is extracted that the improvement with t decays exponentially:
when the coating is small, increasing it causes a great improvement, however, when
t reach some level any positive influence is found by increasing it. In this sense, it
results rather surprising that using t = 25 µm, which implies only η = 25% for the
fundamental mode according to Fig. 4.4(a), losses are very similar to those obtained
with t = 75 µm, which implies η = 85%. The justification of this effect relies again
in the mode coupling. The power that is lost by the TM01 due to the perturbation
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(a)

(b)

Figure 4.13: Received power at the output port, S21 (dB) vs. curvature angle θ, for several cases
cases of a and t in wire-type waveguides. a) Fundamental TM01 mode; b) HE11 mode.

of the mode pattern during the bend, goes to suitable modes to coupling accordingly
to this perturbation (HEn1 modes). When t is small, these modes are still radiative,
whereas when t is large some of them propagate similarly to the fundamental mode.
Therefore, although by increasing t, the fundamental mode power distribution shows
a more confined pattern, high-order modes also do, therefore being as well or even
more suitable to couple than when t is small. The main difference between both
situations is that, for large t, the power is not lost by radiation but is guided by
high-order propagating modes apart of the HE11 , which are not displayed in the
plots. In other words, although larger t implies lower radiation losses via TIR effect,
the additional power reaching the output of the bend results to be coupled to highorder modes, hence being useless power unless any mechanism to couple it back to
the TM01 mode is provided.
Regarding to the a = 200 µm case, Figs. 4.14(c) and 4.14(d), two cycles and
a half can be observed on the plots, i. e., three local minimums and two local
maximums in the fundamental mode curves, Fig. 4.14(c). Several differences can
be appreciated regarding to the previous case. First, the SWW curve becomes more
chaotic, something that can be appreciated in both, Figs. 4.14(c) and 4.14(d). This
is caused by the less compact effective transmission area as a is larger, causing the
model to be a worse approximation. In this sense, less improvement is achieved with
this approach. Note that, in the case that no coating could be used on large radius
wires, this approach would result interesting to gain some dBs. As shown these
figures, the benefit is reasonable for a = 100 µm but less interesting for a = 200 µm.
Second, the curve for t = 75 µm turns more chaotic in the fundamental mode
plot, however it does not on the HE11 mode plot. What occurs in this case is that
such a thick coating, together with a large radius is prone to coupling an important
amount of power to the HE21 , not depicted. In this way, the HE11 mode continues
receiving power as the model describes, but additional losses are experienced by
the fundamental mode due to other sources of coupling, which become relevant.
Even the curve for t = 75 µm exhibits a more complex behavior, it shows a peak
with level S21 = −7.5 dB for an angle as large as θ = 60◦ . The only problem is
that this peak is less predictable with the proposed model. Nevertheless, comparing
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(a)

(b)

(c)

(d)

Figure 4.14: Received power at the output port, S21 (dB) vs. curvature angle θ, for large radius
(a = 100 µm in first row, a = 200 µm in second row) and different t in wire-type waveguides. a)
a = 100 µm, TM01 mode; b) a = 100 µm, HE11 mode; c) a = 200 µm, TM01 mode; d) a = 200 µm,
HE11 mode.

to a bare SWW, the reduction of losses by using a coating and this procedure is
very important. Note that by proceeding as described, a conventional a = 200 µm
may be used with any transition reducing the radius, which is a very flexible case
regarding the manufacturing process. The ideal solution for such situation would be
the employment of a transition on the coating, similar to that described in the next
section. It is noted, however, that the loss level obtained with the design procedure
just described suggests to implement only or one of two bends, being prohibitively
lossy to include more in the final device.
To end this section, a design is realized based on the observed phenomena. Taking
as a restriction that the bend must be of θ = 90◦ , and taking f = 1 THz as the
operating frequency, it is found that, for intermedium values of coating thickness,
a = 70 µm offers the optimum solution, providing a maximum in the received power
of the TM01 mode. With this radius, two cases of coating thickness, t = 50 µm
and t = 75 µm are studied in the frequency band ranging from 0.7 THz to 1.3 THz
(RBW = 60%). Note that, for the presented procedure, study of the frequency
response results particularly necessary being that ∆L/λg depends directly on β,
hence inherently having some frequency dependence.
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In Fig. 4.15, there is represented the received power by each mode, TM01 and
HE11 , and the sum of both, at the output port of the bend. In both cases, t = 50 µm,
Fig. 4.15(a), and t = 75 µm, Fig. 4.15(b), it is observed how, although total received
power remains quite constant along the operation band, as frequency moves from
the central frequency, the design becomes detuned and more power is coupled from
the TM01 mode to the HE11 mode. In the case of t = 75 µm (see Fig. 4.15(b)) this
is more pronounced for the highest frequencies of the band, indicating that a thicker
coating is facilitating the coupling to the HE11 mode. Therefore, t = 50 µm or
even thinner coatings seem more adequate. Nevertheless, for the case of t = 50 µm,
minimum losses of only 6.5 dB and a -3 dB bandwidth of 0.5 THz are obtained, what
means a RBW of 50%, i. e., a clear wide-band response. This fact is very important
since it proves that the described solution is in concordance with the main feature
of the SWW, its broadband good behavior. Therefore, although the restriction of
having an inferior limit for the radius a, or even requiring certain minimum value
for t can be quite challenging to the bend performance, the proposed solution has
been shown to alleviate quite well the problem.

(a)

(b)

Figure 4.15: Frequency response in the operating band [0.7 THz-1.3 THz] of the proposed optimal
90◦ bend of a = 70 µm. a) t = 50 µm; b) t = 75 µm.

To end this section, and in order to compare the solution presented in this section
(solution B) and that of the previous section (solution A), the frequency response in
the same band of some designs based on the solution A are presented in Fig. 4.16.
The case of a radius a = 5 µm is plotted in Figs. 4.16(a) and 4.16(b), which show,
respectively, the cases corresponding to t = 30 µm and t = 50 µm. As expected, the
frequency response of the reduced radius solution is noticeably better than that of
the phase shift adjustment solution. For such a small radius, even in the case that
t is chosen above its optimum, that was t = 40 µm, the additional loss by coupling
only implies the highest frequencies to loss 1 dB more than the lowest ones (see Fig.
4.16(b), corresponding to t = 50 µm). If the radius is chosen to be t = 30 µm, the
frequency response is practically plane and close to S21 = −2 dB. This indicates that,
since the response is quite stable with t, in order to provide the best performance
also for larger frequencies, a slight smaller t than the optimum calculated for the
central frequency (t = 40 µm) seems more adequate.
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Nevertheless, if the radius is small but no as much as desired, the situation
worsen. In Figs. 4.16(c) and 4.16(d), the cases of (a = 20 µm, t = 20 µm) and
(a = 20 µm, t = 30 µm) are represented, respectively. In both cases the received
power of the fundamental mode ranges approximately between S21 = −5 dB (lowest
frequency) and S21 = −8 dB (largest frequency). This means that, although in this
case the variation is monotone, the received power oscillate in similar values to those
of the solution B in Fig. 4.15(a). Therefore, although the response of solution A is
better, for the case of a = 20 µm the difference is not as noticeable. Note that, in
the case of solution A, reaching values as small as a = 5 µm is necessary to prevent
loss by coupling. In Fig. 4.16(d), it can be appreciated how, even for the case of
rather small radius as it is a = 20 µm, the coating becomes very limited being that
increasing it only causes more coupling to the HE11 mode, or even higher order
modes.

(a)

(b)

(c)

(d)

Figure 4.16: Frequency response in the operating band [0.7 THz-1.3 THz] of a small radius design
as those presented in section 4.2; a) a = 5 µm, t = 30 µm; b) a = 5 µm, t = 50 µm; a) a = 20 µm,
t = 20 µm; a) a = 20 µm, t = 30 µm;

The conclusion extracted from the study of solutions A (reducing the wire radius) and B (control of the curvature phase shift) is that solution A shows more
performance. However, this is only true in a large extent whenever the radius a
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can be made very small. The solution B, which may be intuited at first view as a
narrow-band one to avoid, shows surprisingly good response, and it may make sense
for practical low-cost designs requiring more manufacturing flexibility.

4.4

SWW-DCSWW transitions

In the previous section, by means of the criteria A and B, DCSWW optimal designs
performing with minimum losses at bends have been achieved. The obtained waveguides, however, provide a performance in terms of propagation losses and frequency
dispersion that is far from that of a large radius bare SWW, which is, actually,
the outstanding performance that has drawn attention to this waveguide for guided
transmission of THz energy. Therefore, if no further action is done, and the bend
design conditions the full circuit design, the overall performance will worsen considerably. This is specially true for the solution A, that uses a DCSWW with very high
propagation losses. In such case, it is even possible that not to adopt any solution
for the bend may be actually better if the previous and posterior straight paths are
very long.
To make these affirmations more quantifiable, in Fig. 4.17 propagation losses in
dB/mm of a DCSWW are displayed as a function of the radius in the range that it
has been considered along these sections, for several values of the coating thickness
t, including the case of a bare SWW (t = 0 µm), at f = 1 THz. To highlight some
figures, it is noted that a SWW with a = 200 µm presents an attenuation less than
0.005 dB/mm, whereas if a = 5 µm, this value raises up to 0.116 dB/mm. Observe
also that a large radius DCSWW with even a small coating (a = 200 µm, t = 25 µm)
reaches 0.075 dB/mm.

Figure 4.17: Attenuation in dB/mm vs. a for a SWW (t = 0 µm) and a DCSWW (t = 25 µm,
t = 50 µm, t = 75 µm and t = 100 µm.

In this sense, it becomes mandatory to look for an optimal strategy, using a low
propagation losses design on straight paths, and a different design on bends, such as
proposed before, presenting minimum radiation losses. This can be only possible if
adequate low-loss transitions are designed. To provide adequate transition designs,
establishing adequate design procedures, is the aim of this section. From what has
been reviewed so far, a large radius SWW is very suitable for straight paths, whereas
a small radius DCSWW, with t small enough to avoid the coupling to high-order
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modes, is the best option for the curved trajectories. This kind of transition implies
a reduction of the radius, together with the addition of a dielectric coating and vice
versa in the return to the original SWW. Actually, it is the optimal solution.
However, although experimental tapers with the SWW have been reported [508],
[513], [514], may be possible that the restrictions in the manufacturing process, or
even in the application, make this impossible. Therefore, since this is a general study,
as in the case of the previous section, several solutions are given in such way that,
given certain design restrictions, several suitable options are available. In this way,
first, the case of modifying only the coating thickness is considered. This option has
a easier manufacturing process in as much chemical creation and manipulation of
the dielectric material is more flexible than in the case of metals, and the literature
is plenty of experimental demonstrations [507], [591], [592]. Then, the full transition
allowing variation of both, radius a and coating thickness t, is presented.

4.4.1

Tapered coating

In this case, any change is made in the radius a, which will be the same for the
whole path, straight and curved paths included. For those curved paths, adding
the coating is considered. Therefore, in this sense, the radius chosen for the bend
conditions somehow the straight path or vice versa. If the priority is given to the
bend, solution A will be taken, and the radius a will be rather small. If the priority
is given to the straight paths performance, solution B must be taken and the radius
will be moderate. Note that the solution B with very large radius may results
too inefficient for the purpose. In this section, it will be assumed the first case,
choosing the optimal design for the bend according to the solution A, and all the
results will be given for such case. Nevertheless, it is pointed out that if the choice
was the solution B, the procedure and the conclusions would be analogous and, in
the following design steps, where some small particularities could be appreciated,
remarks will be given.
The proposed design is shown first in a straight path in Fig. 4.18(a). It consist
in two transitions, one from SWW to DCSWW and other from DCSWW to SWW.
Accordingly to section 4.2, the radius is chosen to be a = 5 µm, whereas the coating
for the DCSWW, i.e., the maximum value of the coating is chosen to be t = 30 µm.
In this last parameter, it is pointed out that t = 30 µm is preferred to t = 40 µm
since both present very similar performance, but a smaller value guarantees a good
extension of the performance to higher frequencies, which will be useful when the
design is tested for some operation band centered at f = 1 THz.
Apart of the SWW and DCSWW waveguide parameters, the unique parameter
that define the transition is ltran , which describes the length of the path section in
which the coating is added progressively from t = 0 µm to t = 30 µm. The increment
of the coating thickness is linear, which is the simplest case, regarding in this way to
a easier manufacturing process. In order to that the transition presents low losses,
ltran must be optimized to provide good matching between the modal patterns and
propagation constants of the SWW and DCSWW at both sides of each transition.
To do that, the same structure that Fig. 4.18(a) is simulated inasmuch it is less
complex that a full bend including the transitions.
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Results of the optimization of ltran are shown in Fig. 4.18(b). In this plot, they
are shown the total losses of the two transitions (SWW and DCSWW straight path
losses are subtracted using analytical results) as a function of ltran . If no transition
was place, losses as high as 6 dB would take place. As expected, increasing ltran
allows for a better matching between waveguides, reducing the losses. However, a
minimum of 1.12 dB losses is found at ltran = 0.68 mm. Beyond that minimum,
losses increase as ltran increases. This meas that, at that point, the transition is
soft enough, and there is not much gain by making it longer, but propagation losses
continue increasing. In that case, the overall amount of losses is higher when the
transition is longer. This is another prove for the fact that, when dealing with
wire-type structures, or in general THz waveguides operating in confined configuration, propagation losses are critical. Therefore, unlike typical microwave transitions,
which are mainly limited by space, size or weight restrictions, in these designs, it is
usually found an optimal length such that beyond it, propagation losses become a
large contribution.
Nevertheless, total losses of 1.12 dB/mm are a very good figure, since this roughly
means 0.5 dB per transition. It is worth to mention that, apart of this minimum,
the design is quite stable, presenting losses under 1.5 dB in the range 0.55 mm-0.85
mm. This indicates that the behavior of the structure is not highly sensitive to
variations in the length of the transition around the optimal solution, which is a
positive feature in case of fabrication. Since the guided wavelength of the SWW
and DCSWW forming the design are, respectively, λg (SW W ) ≈ λ0 = 300 µm and
λg (DCSW W ) = 280 µm, it could be roughly said that good matching of this kind
of transitions is produced when ltran is about 2 wavelengths.

(a)

(b)

Figure 4.18: Proposed SWW-DCSWW and DCSWW-SWW transitions varying only the coating
thickness t, tested over a straight path. a) Schematic; b) Losses vs. ltran .

The effect of the transition and the phenomena in the simulated design are well
visualized in Fig. 4.19, where the electric field on the structure has been represented
in logarithmic scale of 20 dB range for two cases of ltran . In Fig. 4.19(a) is is
plotted the case ltran = 0.2 mm, which according to Fig. 4.18(b) implies total losses
of 5.1 dB. In this plot it can be observed how, in the input transition, the difference
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between the mode patterns of SWW and DCSWW, provided by the differences in
power distribution, causes a power reflection backwards inasmuch as the transition is
not soft enough to match that difference. Observe also how, at the output transition,
the perturbation caused by such abrupt change on the coating thickness leads to the
coupling to some high-order modes, which are radiative on the SWW.
At this point it is worth to mention that transitions optimized for the solution
B will present in general a larger ltran by two reasons. On the one had, due to
the larger radius, the mode pattern difference between the SWW and the DCSWW
will be larger. On the other hand, the propagation losses will be lower. Thus, it is
reasonable to think that the inflexion point at which the propagation losses become
more relevant that the gain in matching will occur for larger ltran .

(a)

(b)

Figure 4.19: E-field magnitude in logarithmic scale with 20 dB range in the straigh path with
transitions. a) ltran = 0.2 mm (unmatched); b) ltran = 0.68 mm (optimal).

Adversely, in Fig. 4.19(b), where the optimal transition case is shown (ltran =
0.68 mm), it is possible to observe that the fundamental mode pattern is preserved
and there is no coupling to high-order modes. Any radiation is appreciable on the
fields at such scale. It is also clearly observed how the presence of the dielectric
coating makes the fundamental mode to be mostly confined inside it, this producing
a reduction of the extension of the power in the transverse direction.
Once the optimal design for the transitions has been found, an optimal bend
implementing them is designed. The 3D view of the proposed structure is shown in
Fig. 4.20(a), and its lateral 2D view, including the main structure parameters, is
shown in Fig. 4.20(b). As in the previous studied bends, Rc = 0.2 mm, therefore
lbend = Rc (π/2) = 0.31 mm. The total length of the structure, L = 2 · lwire + 2 ·
ltran + lbend , is forced to be 2 mm in order to facilitate the later comparison with the
SWW and DCSWW bends, already simulated in the previous section. Accordingly,
lwire = 0.165 mm.
To visualize how the proposed design including coating transitions reduces the
radiation on bends, the E-field at f = 1 THz on a 90◦ bend is displayed in logarithmic
scale of 20 dB range for both cases: a bare SWW bend, Fig. 4.21(a), and the
aforementioned bend with transitions and a DCSWW curved section, Fig. 4.21(b).
In the case of a bare SWW, in spite of the fact that the radius is small enough to
produce some attachment of the guided waves (some guiding features are observed),
the radiation is still evident as appreciable waves continue the input direction path,
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(a)

(b)

Figure 4.20: Final bend including the transitions and the optimal coating at the curved path. a)
3D view; b) Lateral view and parameters.

not following the waveguide. Note how the intensity at the output port is visually
lower than the intensity at the input port.
Conversely, in the proposed design, it is firstly observed the effect of confinement
experienced by the guided waves due to the added coating. Observe how the area
inside which the field is concentrated is noticeably lower in this case. Under this
conditions, the waves follow well the curved path and the larger intensity at the
output port regarding to the SWW case is quite evident.

(a)

(b)

Figure 4.21: E-field in a bend. Logarithmic scale with 20 dB range a) SWW; b) Proposed design
with transitions.

Specifically, the described bend with the proposed design presents 3.25 dB of
total losses, only 0.3 dB more than the same curve with a DCSWW. This means
that the cost of using the coating exclusively on the bend is extremely low compared
to the obtained benefit, being that the attenuation of a SWW is much lower than
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Design

90 ◦ bend losses
Straight path losses

SWW

DCSWW

Transitions

7.1 dB
0.116 dB/mm

2.95 dB
0.43 dB/mm

3.25 dB
0.116 dB/mm

Table 4.1: Comparison of losses of the studied designs.

that of a DCSWW. To give direct comparison between the three cases that are
considered (SWW, DCSWW and proposed design), in table 4.1 they are displayed
the straight path losses and the losses for the considered bend for all of them. 3D
schematics are added for clarity purposes. Note that, with the proposed design, at
the cost of 0.3 dB, they are saved more than 3 dB/cm due to the reduction of the
propagation losses. Also, if the proposed design is compared with the SWW case,
close to 4 dB are saved each time that a curve appears, whereas both designs imply
the same losses along straight paths.
It results important to note that the transitions are as a important as if the
design was conditioned by the bend, i.e., the case of having the coating present in
the whole waveguiding path, the overall performance would be nefarious. This is
well illustrated in Fig. 4.22(a) where losses of a path including a 90◦ bend in the
middle are calculated as a function of the total length of the path, L, for the three
considered cases. Realize that in that plot, the straight lines appearing have an
initial offset equal to the losses of the bend, and a slope ruled by the propagation
losses. In this way, the DCSWW case reach very fast high values, being even more
reasonable not to use any coating and afford the bend with a bare SWW if L > 2
cm, which is a rather small distance. Of course, this becomes less and less true if
more bends are present. However, since transitions are shown to be realizable, a
great improvement is possible in such a challenging case including several bends and
reasonable straight paths.
So far, the typical case of a 90◦ bend has been considered along this section.
However, other angles may be required in certain applications, hence it results of
interest to check how the previous conclusions adapt to such cases. Following this
premise, Fig. 4.22(b) shows the losses of a bend having a total length of 2 mm, as
a function of its angle θ for the three considered designs. When the curvature angle
is very low, radiation losses on the bend are negligible. Since the total distance is
short, propagation losses are small and the reflection losses of the transition become
noticeable. This makes the proposed design to behave slightly worse than the SWW
and the DCSWW designs. As the angle of curvature increases, the design with
transitions rapidly overcomes the SWW, which experiment a remarkable worsening.
However, it is important to mention that, when the gain of using transitions is small
(see for example the case of θ = 30◦ , with only 1.5 dB of improvement), it might be
preferable to use the SWW inasmuch as the structure is simpler and the increment
of complexity may not compensate the benefit.
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(a)

(b)

Figure 4.22: Performance comparison between the SWW, the DCSWW and the proposed using
both by means of transitions. a) Total losses of a path with a 90◦ bend in the middle as a function
of its total length L; b) Bend losses as a function of the bend angle θ.

In the aforementioned plot, it is also observed that losses of the proposed design
remain only slightly higher than those of the DCSWW bend in the whole range.
Angles included between θ = 30◦ and θ = 50◦ experiment and additional attenuation. This is probably caused by the combined effect of the transitions and the
bend, which produces a slightly worse matching in these cases. Nevertheless, this
additional attenuation remains lower than 0.5 dB in the whole range of θ, hence it
is concluded that the behavior of the proposed structure and that of the DCSWW
bend is quite similar at any angle.
The proposed structure has shown to cause a large improvement compared to
the designs having not coating transitions at the operation frequency, f = 1 THz.
Therefore, at this point, it results interesting to evaluate the frequency response of
such transition. In the frequency analysis carried next, the band [0.5 THz-1.5 THz]
is considered, which means a relative bandwidth of 100%, hardly to be covered by
usual waveguiding structures. To analyze the distortion introduced by the structure,
two points must be studied. The first one is the frequency dependence of losses or
attenuation dispersion. The second one is the velocity group dispersion or group
delay dispersion, which is directly related to the broadening of a temporal broadband
pulse.
In a first stage, the propagation characteristics of the SWW and DCSWW conforming the proposed design, are evaluated in Fig. 4.23 in order to gain some physical
insight, helpful to understand the origin of the posterior results. In Fig. 4.23(a),
the attenuation of both waveguides is displayed. In the case of the DCSWW, losses
are broken down in the contributions corresponding to the ohmic losses caused by
the conductor (αc , marked with circles) and the absorption losses caused by the
dielectric (αd , marked with crosses).
In that plot, it is observed that the curve of the SWW is quite flat, even so, the
large considered bandwidth causes the losses of the highest frequency to be twice
those of the lowest frequency. It cannot be said that this SWW has a low-loss
performance, but losses remain on acceptable levels for such a ultra-wide band. The
case of the DCSWW shows a quite worse shape. As was already appreciated in
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section 3.6.4.1, ohmic losses contribute to a large degree in the total loss level. This
contribution is not only worsening the attenuation level, but also the attenuation
dispersion, since, for the DCSWW, the difference in attenuation level between the
limits of the band is much more evident than in the SWW case. The increment
of the surface resistance of the conductor with the frequency, and the increase of
confinement with the frequency join together to produce such undesirable situation.
Therefore, apart of the prohibitive losses of the considered small radius DCSWW, its
attenuation dispersion suggest strong distortion of the THz pulsed signals, a great
additional reason to consider transitions.

(a)

(b)

Figure 4.23: Propagation characteristics of the SWW and DCSWW forming the proposed design
with transitions in the operation band [0.5 THz-1.5 THz]. a) Attenuation in dB/mm. In the case
of the DCSWW α is breakdown in the contribution of the conductor losses αc and the dielectric
losses αd ; b) Dispersion characteristics: normalized propagation constant β/k0 and normalized
group velocity vg /c0 .

In Fig. 4.23(b), the same waveguides are evaluated in terms of their normalized
propagation constant (β/k0 , in the left ordinates axis) and the normalized group
velocity (vg /c0 , in the right ordinates axis), which determine the usually called frequency dispersion by indicating how a pulse is broadened. The response of the SWW
is totally frequency invariant, indicating that any distortion from this kind may be
expected for that waveguide. The DCSWW present some dispersion, however, this
problem is of a minor order compared to the attenuation one. Nevertheless, it is
interesting to observe that the use of transitions restrict the dispersion effects to the
curved path section (and slightly in the transitions, when the coating is progressively
added). Therefore, being that those sections are short, small differences in the group
delay are expected along the operating band.
The presented bend design is tested now on the [0.5 THz-1 THz]. Fig. 4.24(a)
shows the losses of the designed 2 mm-long bend including the transitions as a function of the frequency in the mentioned band. Marks are simulated results while the
line is a linear regression of them, which provides a correlation coefficient close to 1.
As can be observed, high frequencies present more losses than lower ones. This is not
only caused by the larger propagation losses of the DCSWW at higher frequencies,
just reviewed, but also because the transitions work worse. Mainly, there is more
coupling to high order modes, which radiate after the the coating is retired. More340
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over, though the transitions are electrically larger for higher frequencies, the mode
patterns of the fundamental mode on the SWW and the DCSWW differ more due
to the greater confinement of the mode inside the dielectric. This slightly increase
the reflection losses. Even so, all the total attenuation dispersion caused by all this
effects joining together is a difference of only 3 dB between the minimum and the
maximum frequency of the band, which is a quite good results if one remembers
that fmax = 3fmin .

(a)

(b)

Figure 4.24: Losses frequency dispersion of the proposed transitions in the operation band [0.5
THz-1.5 THz]. a) Losses of the transition vs. frequency. Crosses are simulated frequency points
whereas the solid line is the linear regression of those points; b) Total losses of a path with a 90◦
bend in the middle, implemented with the proposed design, as a function of its total length L for
the limiting and central frequencies of the operation band.

Similarly as it was done in Fig. 4.22(a) for the three designs, the total losses of a
path with a 90◦ bend in the middle as a function of the path length L are represented
in Fig. 4.24(b) for the proposed design, but considering now the limiting (f = 0.5
THz and f = 1.5 THz) and central (f = 1 THz) frequencies of the band. For short
paths (L → 0), the attenuation dispersion is mainly given by the different loss in the
bend, just described in Fig. 4.24(a), which are quite affordable. Nevertheless, as L
increases the attenuation dispersion of the bare SWW in the straight paths causes
the curves to diverge progressively. If L is very large, losses may reach high, critical
for some applications.
However, despite of the rather large final absolute levels of attenuation distortion,
it must be pointed out that they are mainly caused by the SWW natural attenuation
dispersion, which, from what was observed in the state of the art chapter and the
wire-type structures analysis chapter, is much lower than that of dielectric waveguides or usual microwave waveguides. Therefore, affording such length paths for
transmission of ultra-wide band THz pulses would be rather a challenging task for
other waveguiding structures. It is true, notwithstanding, that reduce the attenuation level during the straight paths would dispose the performance in a superior
level. This configuration demand for the use of a larger radius SWW in straight
waveguiding sections, and will be achieved in the next section.
Additionally, in Figs. 4.25(a) and 4.25(b) the E-field in logarithmic scale of 20
dB range is represented in the proposed bend structure for f = 0.5 THz and f = 1.5
THz, respectively. In those plots they are well visualized the causes of the larger
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(a)

(b)

Figure 4.25: E-field in a bend for the limiting frequencies of the operation band. Logarithmic
scale with 20 dB range a) f = 0.5 THz; b) f = 1.5 THz.

losses of higher frequencies in the proposed design. Note that, higher frequencies
become more confined when the coating is added, what prevents from radiation
losses. Nevertheless, the mismatch at the transitions is evident from the reflected and
radiated waves observed in the plot. Furthermore, note that at the curved path, the
waves are noticeably more damped than in the case of lower frequencies. Therefore,
although in principle it could be though that high frequencies will exhibit lower losses
due to the larger confinement and lower radiation losses, the other contributions of
loss result very determinant and cause the response observed in Fig. 4.24(a).
The group delay response of the structure is studied in Fig. 4.26(a). As before,
simulation points are represented with marks, and the solid line is a linear regression
fitting well with them. The time delay is expressed respect to the central frequency.
It is observable that the higher frequencies of the band travel slower than the lower
ones, what is caused by the larger confinement in the dielectric for higher frequencies,
so that they experience lower group velocity. Nevertheless, note that the maximum
difference between components is only of 0.8 ps, therefore, the proposed structure
itself is not a very dispersive one.
Now, in Fig. 4.26(b) it is represented the total group delay caused by a path
of length L with a 90◦ bend in the middle, as a function of L, for the limiting
frequencies of the band, f = 0.5 THz and f = 1.5 THz. In this case, the situation is
quite different to the losses case of Fig. 4.24(a). Note that, not only the group delay
does not become larger, but it diminishes. This is due to the singular behavior of the
SWW fundamental mode, which group velocity is slightly (remember that the SWW
is very low dispersive) higher for higher frequencies. This clearly differes from the
typical response of a dielectric waveguide, which dispersion would make the curves
to diverge noticeably. Since the SWW is very low dispersive, the compensation is
not very large, but the point is that the group delay dispersion only goes to better
levels as the path increases, thus keeping the low dispersion characteristic.
From the previous results, it seems evident that the proposed design for curved
paths is inherently well prepared in terms of group delay frequency dispersion. The
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(a)

(b)

Figure 4.26: Frequency dispersion of the proposed transition in the operating band [0.5 THz-1.5
THz], in terms of the group delay (GD) respect to the central frequency f = 1 THz. a) GD vs.
f ; b) Total GD experience by the minimum a maximum frequencies of the band along path with
a 90◦ bend in the middle, implemented with the proposed design, as a function of its total path
length L.

attenuation dispersion is not as good by far. Nevertheless, the possible distortion
introduced would be less than for other kind of waveguiding structures. Moreover,
it should be mentioned that recovering the attenuation distortion may be easier
with proper amplifiers than to compress pulses, what require from more complex
structures [593], [594]. In this sense, it is a positive result to found that the proposed solution preserves the main desirable characteristic of wire-type structures of
providing good support for wide-band THz pulse transmission.

4.4.2

Tapered wire and coating

In this section the optimal situation is afforded finally. Up to now, bend losses
caused by radiation have been shown to be easily mitigated in wire-type structures
by means of a proper bend design: a DCSWW following either the solution A of
section 4.2 or the solution B of section 4.3. In addition, transitions allowing the use of
the coating exclusively on the curved section have been presented, exhibiting pretty
good results. However, despite of the gain in using transitions for the coating, the
demanded design for the bend still conditioned the radius size. This is particularly
true for the solution A, which is, at the same time, the best option for bends.
Therefore, although quite good results were obtained, the possibility of engineering
the radius in an optimal way, i. e., allowing large a SWW for straight waveguiding
sections, would raise the SWW performance to a superior level.
To appreciate the above fact, let put the scenario of this section on the view.
The optimal bend demands for a SWW with a = 5 µm, which is small. In Fig.
4.27(a), losses in dB/mm of a SWW are displayed as a function of the radius. Note
that the a = 5 µm point causes 0.116 dB/mm. If moderate to large radius are
considered (a = 100 µm will be the choice in this section, but even larger radius may
be afforded) the attenuation reduces drastically. Not in vain, a = 100 µm implies
only 0.008 dB/mm. Since the radiation on bends of an a = 100 µm SWW (see Fig.
4.27(b)) is extremely large (22 dB of radiation losses), the benefit of such transitions
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Wire radius

90 ◦ bend losses
Straight path losses

a = 5 µm

a = 100 µm

7.1 dB
0.116 dB/mm

22 dB
0.008 dB/mm

Table 4.2: Duality of propagation and radiation losses in the SWW for the cases of a small and
a large radius.

really worth to engineer the design to incorporate them. The table 4.2 summarizes
well the duality existent between the propagation losses and bend losses due to
radiation. The possibility of combining the best of each design strongly motivates
the consideration of transitions to adapt different radius wire-type structures.

(a)

(b)

Figure 4.27: Dilemma of large radius SWW. a) Attenuation in dB/mm of a SWW as a function
of its radius a. The cases of small (a = 5 µm) and large (a = 100 µm) radius are highlighted in
the graph; b) E-field in logarithmic scale of 20 dB on a 90◦ bend implemented with a SWW of
a = 100 µm, showing strong radiation (losses of 22 dB).

The proposed designs incorporating the aforementioned transitions are shown in
Figs. 4.28(a) and 4.28(b). Again, to keep generality and consider a great variety of
cases, apart of the full transition tapering conductor radius and dielectric coating
(that of Fig. 4.28(b)), the possibility of a transition using no coating, and just
tapering the conductor radius, see Fig. 4.28(a), is as well considered. This is done
not only to cover the possible case of having a manufacturing process that, for some
reason, may become alleviated if the coating is avoided, but also because, in this
way, the improvement gained with the transitions its breakdown in the separated
contributions of tapering the wire and tapering the coating, hence getting additional
interesting physical insight.
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The input waveguide is a SWW with radius a = 100 µm. In the first design,
which provide tapering of the conductor radius but does not include coating, Fig.
4.28(a), the waveguide at the bend is a SWW with radius a = 5 µm. The reduction
of the radius is done by means of a linear tapper of length lt . The transition at the
bend output is analogous, but in the reverse direction. In the case that includes the
dielectric coating, Fig. 4.28(b), the waveguide at the bend is a DCSWW with radius
a = 5 µm and coating thickness t = 30 µm, i.e, b = 35 µm. The procedure with
the conductor is exactly the same. Regarding to the dielectric coating, the proposed
procedure consist in adding some coating of thickness t from the point that a becomes
smaller than the final external radius of the DCSWW b = a + t. This means that,
assuming ẑ as propagation direction, the dielectric coating is present from z such
that a(z) < 35 µm. The coating at each point is such that a(z) + t(z) = 35 µm.
Therefore, when the bend approaches, the radius is reduced, and, from the point
that it becomes smaller than the total radius of the final DCSWW, some coating is
added so that the minimum total radius appreciable is b = a + t = 35 µm, see Fig.
4.28(b).
To visualize the actual effect of the transition on the guided waves, in Figs.
4.28(c) and 4.28(d) it is represented the E-field in logarithmic scale of 20 dB range,
in a 90◦ bend implemented with the radius transition without coating and the radius
transition with coating, respectively. The transition length for this simulation has
been chosen to be lt = 1.6 mm (lately proved as an optimal one). If one compares
these plots with that of Fig. 4.27(b), the difference is notorious, and it must be
highlighted that the input and output waveguides are the same for all three cases:
an a = 100 µm SWW.
In field plots corresponding to the two proposed transitions, it is appreciated how
the reduction of the radius causes confinement of the fields, transmitted in a more
compact area. In the case of using coating, Fig. 4.28(d), the field is clearly more
confined in the curved path, and note how there is found more field intensity at the
end of that curved path. In this plot, radiation is appreciable around the curve,
even with more evidence than in the case without coating. However, this is caused
by the additional reflections that the presence of the coating is producing. As more
power reaches the end of the curve, this posterior radiations seems to be causing
that visual enhancement. Nevertheless, note that intensity of the E-field at the very
output of the structure is larger for the case including coating, indicating that this
structure performs better. In fact, for the structure without coating S21 = −9.5 dB,
whilst for the structure with coating S21 = −5.5 dB.
The optimization of the transition length lt for both structures is shown in Fig.
4.29(a). In the case of the transition with coating (blue solid curve), minimum losses
of 5.5 dB are found for an optimal length of lt = 1.6 mm. From that value, increasing the lt do not produce any appreciable gain but propagation losses cause the
performance to worsen. This optimal length is quite larger (more than twice) than
in the coating transition of the previous section. In the present case, the difference
between the modal patterns is considerably larger. Observe for instance that with no
transition losses as high as 16 dB would take place, and that there is an important
gain in the range lt ∈[0 mm-0.6 mm] (see the slope of the curve), this indicating
how the increasing the lt produces a remarkable effect in the matching. Moreover,
in this case, the transition section starts to produce considerable propagation losses
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(a)

(b)

(c)

(d)

Figure 4.28: Proposed transitions, tapering the conductor radius a. 2D schematics with the main
transition parameters are shown in the first row images. a) Without coating; b) With coating; Efield in logarithmic scale of 20 dB on a 90◦ bend. c) Without coating; d) With coating.

only when the radius reach small values, thus most of the transition section does
not produce significant propagation losses. This also causes the inflexion point to
be much less evident. Actually, the minimum is very smoothly marked. In fact, if
transition size would be a problem, lt = 0.6 mm performs quite well, exhibiting only
additional losses of 1.5 dB regarding to the optimum design.
In the case without coating the last effect is much more evident. In this case,
although as lt becomes large the gain in matching becomes smaller and smaller, the
curve rather saturates to a limit than exhibiting a minimum. In fact, this minimum
occurs for very large lt , outside of the visualized range, and it is very smooth. This is
because, in this case, the additional propagation losses caused by larger lt are even
smaller. Note also that this case is lower bounded below by the 7.1 dB imposed
by the losses of the curved path itself. Therefore, 9.5 dB is a pretty good value
in as much roughly 2.5 dB are lost to gain later more than 1 dB/cm in the actual
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propagating straight paths (see table 4.2). Therefore, if possible, introducing the
transition is an action to take without doubt.

(a)

(b)

Figure 4.29: Optimization of transitions and final results. a) Total losses on a 90◦ bend of the
proposed bend designs including transitions as a function of the transition length lt ; b) Comparative between conventional SWW and DCSWW designs and all designs proposed in this section
(transition in coating, transition in radius, and transition in both, radius and coating). Total losses
in a path of length L including a 90◦ bend, as a function of L.

To conclude this chapter, a general view of the improvement introduced by the
proposals of this thesis, all the bend designs considered along the chapter (fixed
SWW, fixed DCSWW, varying only t, varying only a, and varying both a and t at
the same time) are compared in Fig. 4.29(b). As usual, the way to do it has been
calculating the total losses of a waveguiding path with a 90◦ bend in the middle, as
a function of the total length of the path, L. The offset of the straight lines is given
by the bend losses of each design, and the slope is given by the propagation losses
of the straight path waveguide in each design.
It results evident that the use of transitions varying the radius causes the performance to be in a superior level. The possibility of using a large radius SWW causes
the total loss curves to be practically horizontal. Note that, indeed, the attenuation
of SWW with a = 100 µm is, considering now large distances, α = 8 dB/m, which is
a very low value. The case of the full transition varying both, radius and coating is
specially interesting. Observe that the losses of this design are only 2.25 dB higher
than those of the coating transition of fixed a = 5 µm of the previous section. This
small additional loss gives an appreciable gain over a structure (the fixed a = 5 µm
transition) which already exhibits a good performance compared with the conventional designs. Note also that even the case of a transition varying only the radius
results rapidly advantageous as the total length of the path increases, despite of the
bend losses are close to 10 dB. The only problem foreseen for such transition is that,
in case of having additional bends, total losses may reach high levels
A summarized comparison of losses between the three proposed designs in this
chapter is shown in table. 4.3. The low propagation losses of the transitions varying
the conductor radius are highlighted to give evidence that the gain in this feature is
more important than the worsening in bend losses. In fact, note that the environ347
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Design

90 ◦ bend losses
Straight path losses

Coating

Radius

Radius & Coating

3.25 dB
0.116 dB/mm

9.5 dB
0.008 dB/mm

5.5 dB
0.008 dB/mm

Table 4.3: Comparison of losses between three proposed transition designs.

ments in which wire-type are though to operate do not contemplate a large number
of bends, as much two or three. Consider for instance the case of scanning some inner
tissues of the human body in order to get its spectral response (examples similar to
those exposed in [60]-[68]). It could be foreseen wire-type structures prepared to be
bent in such sections implementing the proposed designs3 , and it seems apparently
enough to provide two and as maximum three changes of direction if the access to
the tissue is well provided. In this way, a good figure to keep in mind is that with
the best design provided in this thesis, a 1 meter long wire-type cable including 3
bends would allow to obtain only 24.5 dB of total losses. This quantity is easily
recoverable at reception and even gives margin for the additional losses caused by
the real, non-ideal situation (manufacturing imperfections, non-perfect use by the
operator, challenging environment, etc.).
Therefore, it is concluded that, although the idea of using impenetrable surface
waveguides is sometimes criticized arguing a difficult practical implementation due
to problems related with the excitation efficiency and the radiation losses in bends,
or similar perturbations, a proper study of the problem drives to good performance
solutions quite successfully. Moreover, the work carried out in this part of the thesis may be regarded as a first approach. More complex modifications, or further
thoughtful solutions might come in the next years by proper dedicated research. In
this way, it seems possible that this kind of surface waveguides could become for
broadband THz pulses waveguiding what hollow metallic waveguides have been for
low-loss microwave waveguiding, or the silica derivatives fibers for low-loss long distance optical signals transmission. Several possibilities have been given, considering
as many as possible scenarios of design, where some restriction may appear regarding the nature of the application. Certain amount of work is still to be done, but at
least, it is clear that good engineering on wire-type designs provides a powerful tool
in the THz technology environment.

3 The idea is a wire-type structure with some sections prepared to be bent. In those sections the
designs proposed in this chapter would take place.
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Chapter 3 has provided rigorous analysis tools for wire-type structures as well as
interesting remarks and conclusions, result of a deep study of such structures that
have been successfully applied in Chapter 4 to design optimized bends and transitions. In this way, important information regarding wire-type structures behavior
and some interesting solutions for practical designs concerning bends have been exposed in detail with the aim of giving a useful, complete text for the THz waveguide
researcher. This conforms the main set of objectives in this part of the thesis and
it has completeness itself. Nevertheless, experimental validation is always recommendable as an additional substantiation for the treated concepts. In the case of
wire-type structures at THz, the required prototypes and experimental setups are
rather complex and/or expensive in general (see [492], [506] or [514] for instance).
However, in the scope of this part of the thesis, experimental results are required
just to give evidence in a real environment of some of the observed effects in the
previous chapters, without the intention of designing very sophisticated prototypes
satisfying certain specifications. Therefore, in this chapter, the objective of given
experimental proof to the reviewed theoretical concepts and synthesis procedures is
straightforwardly pursued with affordable experimental setups, in concordance with
available manufacturing and testing resources.
The work carried out in this chapter consists of two parts. In a first approach,
experimental results are obtained at mm-wave frequencies, particularly, in the Kaband. In this way, possible manufacturing tolerances effects is alleviated, insomuch
the wavelength is one or two orders of magnitude larger than at THz frequencies. In
addition, assemblage, excitation, and measurement process, are quite simpler than
at THz frequencies. For instance, excitation schemes such as that presented in [497]
make sense. In this way, facilities of our research group, prepared for microwave
frequencies, are used right away. In a second approach, an experimental setup
prepared to work at actual THz frequencies is assembled taking advantage of some
facilities in the Polytechnique University of Catalunya / Universitat Politècnica de
Catalunya (UPV).
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5.1

Ka-band prototypes results

The first experimental study is carried out in the [38 GHz-47 GHz] band, being
f = 45 GHz the reference frequency. The aim of the experiments is to evidence the
differences between SWW and DCSWW in terms of propagation losses in straight
and curved paths. The most relevant objective is to give proof of that a SWW incorporating a coating exclusively in the curved path noticeably improves the behavior
of a standard SWW, being much better solution than using coating along all the
path, i. e., to use a DCSWW. In this way, a simplified version of the first transition
of chapter 4 (tapered coating) is experimentally implemented. First, some previous
considerations are given, including some simulated results related with the posterior experiments so that an estimation of the experimental results to be obtained
is provided. Then, experimental evaluation of the excitation and the behavior of
wire-type structures in straight propagation sections is performed. Later, a first
configuration to evaluate the performance of such waveguides in curved propagation
sections is presented. In this configuration the bend is created by means of two fasting elements. After this, a second configuration using only one fasting element, more
suitable, is presented. Differences between SWW, SWW with coating exclusively on
curved sections, and DCSWW are experimentally evidenced.

5.1.1

Previous considerations

Excitation of wire-type waveguides is based on the coaxial cable excitation proposed
by Goubau [497]. Conceptually, the way to excite a DCSWW with good efficiency
by using a coaxial cable, Fig. 5.1(a), consists in a progressive opening of its outer
conductor, creating a horn, i. e., tapering the external conductor radius, see Fig.
5.1(b). From this point, power can be transferred to a SWW by just removing the
dielectric coating with a taper, see Fig. 5.1(c). From the conclusions of previous
chapters, it seems clear that removing the coating outside of the horn area is better
than inside of it. Note that, when the coating is removed, field spreads laterally,
what could enhance losses due to the interaction with the horn if the transition takes
places inside of it. In addition, a larger mismatch would appear at the discontinuity
observed at the horn aperture. Note that when the coating is present it acts as a
guiding/confining element so that the effect of the external coaxial conductor on the
fundamental mode is weaker than for a non-coated wire. If the coating is retired
with the external conductor present, it is formed a large area coaxial, that has a
worse matching with free space.
The employed coaxial cable in the experiments is a UT-085 from Microcoaxr
[595] with a Silver Plated Copper (SPC) inner conductor of radius of a = 255 µm and
and an outer copper conductor of radius of b = 838 µm. In both cases conductivity
is assumed to be σ = 5.8 · 107 S/m. The dielectric is Teflon (εr = 2.04, tan δ = 2 · 104
for f < 100 GHz [21]). This provides that the first high-order mode propagates at
fc1 = 61 GHz, outside of the operation band. The input and output horns have a
maximum aperture of radius b0 = 10 mm, and a total length of L = 30 mm, what
implies an aperture angle of φ = 19.5◦ . The described system has been simulated
with HFSSr [411] for several lengths of the in-middle waveguide, considering SSW
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(a)

(b)

(c)

Figure 5.1: Schematics of wire-type waveguides excitation at mm-wave frequencies by means of a
coaxial cable. a) Initial coaxial cable; b) Excitation of a DCSWW: the outer conductor of a coaxial
cable is opened with a taper to create a horn providing good matching; c) Excitation of a SWW:
after the excitation of the DCSWW, the dielectric coating is removed with a taper.

and DCSWW. The behavior of a simple coaxial cable without any taper has been
also studied for comparison.
Simulation results at f = 45 GHz are shown in Fig. 5.2(a), where received
power is displayed as a function of the waveguiding section length. In the plot,
simulated results are represented with solid lines. Note that simulations have been
carried out only up to L = 0.95 m since otherwise the volume to discretize leads to
unaffordable simulations. By the same reason, the external air region surrounding
DCSWW and SWW has been truncated to R = 20 mm. This has no influence in
the DCSWW case, however, in the SWW case, part of the transmitted power is
neglected. Theoretical calculations indicate that the considered volume takes into
account at least 80% of the transmitted power. In this way, some trade-off between
accuracy and amount of results/data has been necessary in the SSW case. Fig.
5.2(b), where the E-field magnitude in an axial plane is represented, qualitatively
shows the effect of the aforementioned truncation on the SWW. Whereas in the
DCSWW case the considered air volume surrounding the waveguide seems large
enough, for the SWW it is clear that part of the involved fields is missed.
0
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Coaxial
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Figure 5.2: Simulation results at f = 45 GHz with the three considered structures: coaxial,
DCSWW and SWW. a) Estimation of waveguide attenuation α(dB/m): S21 (dB) vs. length. Solid
lines are simulated data whereas dashed lines are extrapolated linear regressions of the simulated
data; b) E-field magnitude in the simulation domain.
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The truncation effect added to the transitions mismatch (transitions have not
been optimized since in the experimental setup they are build manually) cause certain ripple on the results for the SWW. Dashed lines are a linear regression of the
obtained data, which are extrapolated up to L = 3m to inference what occurs as the
propagation length increase. Notice how, from certain length, propagation losses become more relevant than mismatch and transition losses. This regression is specially
recommendable to process SWW data, which are affected by the aforementioned
undesired effects. The slope of such regression lines are an estimation of the propagation losses of each waveguide. The estimated losses are displayed in Table 5.1 for
clarity. Note how, even though the employed frequency is low (taking the THz band
as reference), the DCSWW already introduces an important improvement regarding
to the coaxial cable. Theoretical calculations indicate an attenuation of α = 2.36
dB/m (αc = 1.86 dB/m and αd = 0.5 dB/m), hence the estimation through simulations shows good agreement. The SWW presents close to 40% lower propagation
losses than the DCSWW, which is an important difference, but not as evident as
at THz frequencies. Note that the percentage of power inside the dielectric in the
DCSWW is η = 48% and the dielectric is quite good in terms of losses. Theoretical
calculations predict losses of α = 1.21 dB/m for the SWW, slightly lower than those
obtained by the presented simulation due to the truncation of the surrounding air
medium. Note that despite of the undesired ripple, the regression line gives a reliable
enough estimation of SWW propagation losses for the purposes of the study.
Waveguide
Estimated α (dB/m)

Coaxial
5.28

DCSWW
2.50

SWW
1.56

Table 5.1: Estimated attenuation through simulation results at f = 45 GHz.

Previous results indicate that for reasonable lengths, wire-type structures become more convenient than the classical coaxial cable in terms of losses. The SWW
becomes more convenient than the DCSWW from L = 2.4 m. This length scaled
to f = 1 THz means only L = 10.8 cm, and it must be noted that direct scaling is
not a totally fair comparison since ohmic and dielectric losses in a DCSWW would
worsen much more than those of a SWW as the frequency increases. In order to
take advantage of the lower propagation losses of SWW in straight paths, a SWW
prototype with coating exclusively placed on the bend will be considered. The previous simulation results are kept as a reference for the next presented experimental
results.

5.1.2

Measurements of straight path losses

The initial experimental setup is conceived to measure straight path losses of the
different waveguides under study as well as to quantify the effect of the horn, i.
e., the improvement caused by the better matching provided by a tapering of the
outer conductor radius instead of a direct transition from coaxial to DCSWW. The
complete experimental setup is shown in Fig. 5.3(a). The system is formed by
transmitter and receiver coaxial horns, the wire-type waveguide under study and
the mechanical alignment system. The coaxial employed to create a DCSWW and
a SWW is shown in Fig. 5.3(b). In Fig. 5.3(c) it can be appreciated how this
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coaxial cable is inserted in the horn structure to implement in practice the previously
commented transition from coaxial to DCSWW. Fig. 5.3(d) shows how the DCSWW
arises from one of the two employed horns. Finally, Figs. 5.4(a) and 5.4(b) show the
excitation schemes for SWW and DCSWW, respectively. In Fig. 5.4(b) it can be
appreciated how, for the case of a SWW, the dielectric is removed few centimeters
after the horn aperture by means of a manually created transition.

(a)

(b)

(c)

(d)

Figure 5.3: Wire-type waveguides experimental setup. a) Complete system including transmitter
and receiver coaxial horns, wire-type waveguide under study and mechanical alignment system; b)
Employed coaxial cable; c) Coaxial inserted in the horn structure with progressively aperture of its
outer conductor in order to excite a DCSWW; d) Detail of a DCSWW arising from the horn.

Experimental results with the described system are shown in Fig. 5.5. A straight
path of L = 1.8 m has been considered for the evaluated waveguides. First, the
effect of the horn is determined. Fig. 5.5(a) shows the received power vs. frequency
for SWW and DCSWW considering the cases of direct transition from coaxial and
employment of the horn of Figs. 5.4(a) and 5.4(b). Solid lines are measurement
points whereas dashed lines are linear regressions of the data. It can be appreciated
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(a)

(b)

Figure 5.4: Practical excitation of wire-type waveguide. a) DCSWW; b) SWW.

how the horns cause a total improvement of approximately 4 dB in the received
power, what means 2 dB per horn transition. Therefore, horns are a quite necessary
in the system.
Fig. 5.5(b) compares the received power vs. frequency for SWW and DCSWW
employing horns, and the original coaxial cable. Again, solid lines are measurement
points whereas dashed lines are linear regressions. These measurements are compared with the simulations of Fig. 5.2(a) in Table 5.2. There is reasonable good
agreement between simulations and measurements given that several effects are not
contemplated in the simulation model. The most evident one are the losses introduced by the transitions from DCSWW to SWW, which, since are created manually,
perform worse than what was estimated in the simulation. The excessive DCSWWSWW transition losses together with the relatively short waveguiding path cause
the DCSWW to introduce less total losses than the SWW. By comparing simulated
and measured results of SWW and DCSWW it could be affirmed that proper manufactured DCSWW-SWW transitions may improve the received power close to 2 dB.
In the case of the coaxial cable, received power is slightly larger than predicted by
simulations. This is probably caused by the larger conductivity of the SPC of the
inner conductor which has been modeled in simulations as copper.
Waveguide
Simulated
Measured

Coaxial
-10.4 dB
-9.6 dB

DCSWW
-5 dB
-5.7 dB

SWW
-5.6 dB
-8.2 dB

Table 5.2: Comparison between simulation and experimental results regarding the received power
after a straight path of L = 1.8 m. In the case of SWW and DCSWW horns are employed in the
excitation.

By the above, it can be affirmed that the first set of experimental measurements provide reasonable results according to simulations. The sources of the slight
disagreement with simulations have been clearly identified taking into account the
gained knowledge from results of previous chapters. Therefore, the measurement
system has been successfully tested to be reliable for more complex setups, including curves, which are presented in the following sections. Regarding the results,
it seems clear that, given the reasonable agreement between simulations and mea354
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Figure 5.5: Measurement of straight path losses. Photographs of the experimental excitation
scheme using horns for the matching with the input coaxial cable: a) DCSWW; b) SWW. Results
for a path length of L = 1.8 m: c) Received power S21 (dB) vs. frequency of a SWW and a
DCSWW with and without matching horn. Dashed lines are a linear regression of the measured
points; d) Comparison of Losses vs. frequency of wire-type waveguides using matching horn and
the initial coaxial cable. Dashed lines are a linear regression of the measured points.

surements, predictions of Fig. 5.2(a) would be satisfied in practice if enough large
wires were used. Nevertheless, it must be highlighted that proper SWW-DCSWW
transitions are essential in order reduce the length from which the SWW is more
convenient than the DCSWW.

5.1.3

First curved path measurements

The first experimental setup employed to evaluate the performance of SWW and
DCSWW on curves is shown in Fig. 5.6(a). In the image it can be appreciated
how, in the system, the two alignment arms where transmitter and receiver are
positioned are attached to a metallic disc which acts as an angular positioner that
adjusts the curvature angle. At the end of each alignment arm a fasting element
made of Rohacellr is placed so that a curve is created with the wire-type waveguide
under test being fixed at the two edges of such curve, see Fig. 5.6(b). Detail of one
of the Rohacellr fasting elements is shown in Fig. 5.6(c). This is a simple way to
have precise control of the curvature angle, that implies a moderate-large curvature
radius.
Results obtained with the previous experimental setup for SWW and DCSWW
are shown in Figs. 5.7(a) and 5.7(b). The plots show the received power in the operation band for several curvature angles. A detail of the employed angle positioner
indicating the different analyzed angles is shown in Fig. 5.7(c). In Fig. 5.7(a) it can
be appreciated how the received power with the SWW rapidly drops as the curvature
angle θ increases. A 90◦ angle is causes radiation losses of approximately 13 dB.
Separation between curves corresponding to the different analyzed angles indicate
that, roughly, radiation losses increase a rate of 1 dB/10◦ . The larger difference
between the straight path line and the curve corresponding to θ = 30◦ indicates
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(a)

(b)

(c)

Figure 5.6: First experimental setup for measurement of bend losses in wire-type structures. a)
Top view of the complete system including transmitter and receiver coaxial horns, waveguide under
study, alignment arms, fastening elements for the bend, and angle positioner piece; b) Detail of the
bend where the two fasting elements can be appreciated; c) Detail of one of the fasting elements.

that the mere fact of introducing some curvature causes a strong perturbation. This
perturbation is enhanced with a lower rate when the curvature angle is increased
from an existing initial, non-zero angle. This fact was already described by the simulation results of Fig. 4.22(b), when advantages of using coating transitions were
evaluated. Contrarily, in the DCSWW case the received power remains totally unaffected by the curvature angle, see Fig. 5.7(b). Fig. 5.7(d) displays the received
power vs. curvature angle for f = 45 GHz, so that comparison between different
curvature angles can be carried more easily. The previously commented effects are
quite evident in the plot.
From this first set of experimental results evaluating losses in curved wire-type
structures, it seems clear that using some dielectric coating to prevent radiation
losses is extremely necessary. The received power after the waveguiding section has
been much larger by using a DCSWW. However, it must be affirmed that, below
THz frequencies, the DCSWW has still acceptable propagation losses. Similar results
would be obtained at THz frequencies only for very short propagation paths including
a bend (for L < 1 cm according to results of previous chapter). Other aspect that can
surprise from previous results is that the curvature angle has not any effect on the
DCSWW, i. e., a total independence with the curvature angle is observed. Note that
even though the radius is quite small (a = λ0 /25, equivalent to a = 12 µm at f = 1
THz), at least slight differences between curves should be expected according to
results of previous chapter, see 4.13(a) for instance. This fact seems to be originated
by the way in how the bend is created. Since the wire is fasted at the edges of
the curve, some tension is created so that the bend is somehow chamfered. Strictly
speaking, this structure rather implies two bends of lower curvature angle than a
single one of the desired curvature angle. Under such situation, differences between
the studied curvature angles are alleviated insomuch as all are formed by two soft
angles, which do almost not perturb the DCSWW fundamental mode. Regarding
to these commentaries, it must be observed that the fact that the radius is quite
small does not prevent radiation in the SWW as it could be expected. Note that, at
the operating frequencies, the impenetrability of the metallic surface is quite higher
than at THz frequencies, what causes a more expanded profile of the fundamental
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Figure 5.7: Losses of wire-type waveguide in bends obtained with the first experimental setup.
The employed SWW and DCSWW have a length of L = 1.8 m. a) SWW: S21 (dB) vs. frequency
for several angles of curvature; b) DCSWW: S21 (dB) vs. frequency for several angles of curvature.
c) Angle positioner; d) S21 (dB) vs. curvature angle θ at f = 45 GHz.

mode in the external medium, hence a mode pattern more affected by the curvature.
In other words, the lower penetration of the metal compensates attachment effects
caused by the small radius of the wire.

5.1.4

Second curved path measurements

A second, improved measured setup is proposed in order to exactly characterize the
losses of a single bend with the usual topology. To do so, fabric yarn is used to tense
the wire-type waveguide under study, creating a sharp bend, as it can be observed in
Figs. 5.8(a) and 5.8(b). Particularly, in Fig. 5.8(b) it can be observed how the curve
takes the desired topological shape with this configuration. The curvature angle is
controlled by an angle measurement instrument and the position of the transmitter
and receiver at the alignment arms.
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(a)

(b)

Figure 5.8: Second experimental setup for measurement of bend losses in wire-type structures. a)
Complete system including transmitter and receiver coaxial horns, waveguide under study, alignment arms, fabric yarn as tensor to create the bend, and angle positioner piece; b) Detail of the
fabric yarn tensing the wire-type waveguide to create a bend.

Experimental results with this configuration are shown in Figs. 5.9(a) and 5.9(b).
A detail of how the different analyzed angles are obtained with the system is shown
in Fig. 5.9(c). The aspect of the plot corresponding to the SWW, Fig. 5.7(a),
is quite similar to that obtained with the first experimental setup. Again, a rate
of 1 dB/10◦ is obtained regarding the separation of the curves corresponding to
different curvature angles. However, it is found that losses caused by the bend are
slightly lower, and the differences between the curves corresponding to θ = 0◦ and
θ = 30◦ are slightly smaller. It seems that, since small curvatures already affect the
SWW, having two curves of angle θ/2 instead of only one of angle θ causes larger
additional losses. Differences between both configurations are even more appreciated
by observing DCSWW results in Fig. 5.9(b). For this configuration some difference
between curves is noticed. The inset in the plot highlights such difference. Note
how, actually, main differences are observed beyond θ = 60◦ . Received power vs.
curvature angle θ is displayed in Fig. 5.9(d) for f = 45 GHz. Note in this plot
how the DCSWW experiences a slight fading as the angle increases. As commented
before, the decrement is not linear, something already observed in Fig. 4.13(a)
for moderate-large radius (a = 20 µm or larger). Although the phase shift follows
a linear law with the curvature angle, since the fundamental mode pattern is not
exactly concentrated at r = a (it is exponentially distributed towards larger r), the
phase shift does not infer a linear perturbation on the pattern, hence radiation does
not follow a linear law. The effect is enhanced by the lower prevalence of TIR effect
for more pronounced angles.
At this point, it has been experimentally observed that using dielectric coating
on bends is essential. On the other hand, evaluation of simulation and experimental
results also predicts advantage of using SWW instead of DCSWW for straight paths
of moderate length (so that losses from the excitation transitions are compensated).
Therefore, it is the moment to test the performance of a SWW using dielectric
coating exclusively in the curved paths. To do so transitions emulating the coating
tapering proposed in section 4.4.1 are employed. Actually, these transitions are
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Figure 5.9: Experimental results of wire-type waveguide losses in bends for the second experimental setup. a) SWW: S21 (dB) vs. frequency for several angles of curvature; b) DCSWW: S21
(dB) vs. frequency for several angles of curvature. c) Angle positioner; d) Losses vs. curvature
angle θ.

manually created in the same way as the DCSWW-SWW transitions used to excite
the SWW after the horn structure. The aspect of the manufactured Single Wire
Waveguide with Coating on Bend (SWW-CoB) can be appreciated in Fig. 5.10.
Fig. 5.10(a) shows the SWW-CoB in the system. As it can be observed, the second
proposed configuration to create bends, using a tensor fabric yarn, is used since a
single bend with the desired curvature angle is obtained. Fig. 5.10(b) shows a detail
of the curved section, where it is clearly appreciated that the coating is exclusively
placed on the bend.
In Fig. 5.11, experimental results with a conventional SWW, Fig. 5.11(a), are
compared with the proposed SWW-CoB, Fig. 5.11(b). The difference between both
cases is quite evident. There is a noticeably reduction of losses, driven by the lower
radiation losses, which are of only of 3 dB for a 90◦ in a SWW-CoB. On the other
hand, total losses in a SWW-CoB are increased by the contribution of the two
additional SWW-DCSWW transitions, which approximately introduce a total of
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(a)

(b)

Figure 5.10: SWW prototype with coating exclusively placed on the curved section. a) Prototype
in the measurement system; b) Detail of the curved section with the coating and the fabric yarn
acting as a tensor element.

1.3-1.8 dB additional losses. In the case of a SWW-CoB, since coating is present on
the bend, the effect of the curvature angle is strongly reduced. However, comparing
Fig. 5.11(b) with Fig. 5.9(b) (DCSWW case), it is found that the effect of the
curvature angle is more evident in the case of a SWW-CoB. This is probably caused
due to the fact that smaller curvature angles allow to recover residual part of the
radiation caused by the first transition. This is, since input and output SWWs are
more aligned, part of the power radiated at the initial transition is coupled again at
the output of the bend. However, since this coupling is residual, differences between
SWW-CoB and DCSWW are quite small.
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Figure 5.11: Comparison of the measured results of the SWW prototype with and without coating
in the curved section. a) SWW: S21 (dB) vs. frequency for several curvature angles; b) SWW-CoB:
S21 (dB) vs. frequency for several curvature angles.

Fig. 5.12(a) shows the received power after the section of L = 1.8 m with a
bend in the middle as a function of the curvature angle of the bend for the three
considered cases: SWW, SWW-CoB, and DCSWW. Note how, if any curvature is
360

5.1 Ka-band prototypes results
present, the SWW-CoB is penalized with the transition losses. However, it presents
a dependence with the curvature angle very similar to that of a DCSWW. Main
observable difference between these DCSWW and SWW-CoB cases in this plot takes
place between θ = 0◦ and θ = 30◦ (see the slope difference between both curves),
what is caused due to the aforementioned residual coupling, which is quite evident
if input and output SWWs are aligned (θ = 0◦ ). The plot clearly shows a great
advantage in using coating on the bend from using a conventional SWW. Note also
that the level of the SWW-CoB curve is affected by four SWW-DCSWW transitions
that have been roughly manufactured. Improvement of such transitions performance
would lead to a gain of 2-3 dB.

0

0

-5

-4
S21 (dB)

S21 (dB)

-10

-15

-6

-8

-20
SWW
SWW (CoB)
DCSWW

-25

-30

SWW
SWW (CoB)
DCSWW

-2

0

-10

30

60

90

120

-12

0

0.5

1

1.5

2

2.5

Length (m)

Angle θ (degrees)

(a)

(b)

Figure 5.12: Comparison of the measured results of the three manufactured wire-type waveguide
prototypes: SWW, SWW-CoB, and DCSWW. a) S21 (dB) vs. curvature angle θ; b) Estimation of
the attenuation α (dB/m): S21 (dB) for straight paths of L = 0.5 m, L = 1.2 m, and L = 1.8 m.

In order to have an estimation of propagation losses in straight path sections,
several lengths have been considered for the three evaluated wire-type waveguides.
Besides the already evaluated L = 1.8 m, waveguiding section lengths of L = 0.5 m
and L = 1.2 m have been manufactured and experimentally tested at f = 45 GHz.
Fig. 5.12(b) shows the received power as a function of the waveguiding section length
for the three cases: SWW, SWW-CoB and DCSWW. Marks indicate the measurement results, which are united by solid lines. Dashed lines are linear regressions of
the measurement points. The slope of this curves is an estimation of the straight
path losses of the waveguides. Results of this estimation are shown in Table 5.3,
where analytical and simulated results are added for comparison. It is found good
agreement between analytical calculations, simulations and measurements, specially
in the case of the DCSWW. Measured attenuation in the SWW case is slightly
larger than expected (note that simulated value is already larger than real due to
truncation effects). This is probably caused by the larger sensitivity of SWW to
imperfections and the surrounding environment. Straight path losses of SWW and
SWW-CoB are very similar as it is expected. The difference between the curves corresponding to these waveguides is exclusively caused by the losses introduced by the
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two SWW-DCSWW transitions located in the middle of the section. Measurements
indicate that these transitions are adding approximately 1.5 dB losses.
Waveguide
Analytical α (dB/m)
Simulated α (dB/m)
Measured α (dB/m)

SWW
1.21
1.56
1.79

SWW-CoB
1.74

DCSWW
2.36
2.50
2.76

Table 5.3: Comparison of the estimated attenuation through analytical calculation, simulations,
and measured results.

Extrapolation of curves indicate that removing the coating in straight path sections is advantageous for moderate propagation lengths. Due to transitions losses,
the length from which the SWW overcomes the DCSWW is beyond the maximum
length considered in the plot. However, results show experimental evidence of the
convenience of using a SWW. At THz, the distances are considerably shorter, and
the attenuation (slope) corresponding to a DCSWW more pronounced. Since a
SWW with coating exclusively on the bend has experimentally shown both, low
radiation losses and low propagation losses, it can be postulated as the optimum
solution. In this way, experiments in this section have demonstrated that concepts
presented in previous chapters hold in practice. Therefore, it can be affirmed that
better optimized structures, manufacturing processes and measurement setups may
drive to practice more advanced structures such a SWW incorporating transitions
of radius and coating. Results in this section satisfactorily achieve the objective of
giving experimental evidence the conclusions obtained in previous chapters.

5.2

THz prototypes results

The second experimental study is carried out with a THz measurement setup, whose
nature clearly differs from the previous one operating at mm-wave frequencies. Although the employed THz source provides power up to f = 0.8 THz, close to this
maximum frequency, the generated power is close to the noise level of the system.
Actually, the spectrum provided by the source exhibits noticeably higher power
levels at lower frequencies. Since the aim of the experiments of this section is to
evaluate the performance of wire-type waveguides in straight path and bends at the
THz regime, it is necessary to have a large enough margin from the noise level in
order to properly recover the received signal in those cases in which propagation and
radiation losses are high. By this reason, f = 0.2 THz has been chosen as the reference frequency. Since the employed wire-type waveguides are the same as previous
section, their radius will be electrically larger in the next experiments. Therefore,
this section will give evidence of the observed effects in chapter 4 for large radius
wires, not observable in the mm-wave experiments. In addition, this section will
lead to appreciate practical differences between conventional radiofrequency setups
and THz setups dealing with wire-type waveguides.
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5.2.1

Measurement setup

The employed setup to carry out measurements of losses of wire-type waveguides at
THz frequencies is shown in Fig. 5.13. In order to generate the input THz signal
two tunable diode lasers DL 100 from Toptica Photonics AG [596] are employed,
Fig. 5.13(a). Each one of these laser provides output power at a certain optical
frequency that can be adjusted by temperature. A THz carrier signal is generated
by photomixing from the two input optical signals as the difference (fT Hz = f1 − f2 )
at a 2 x 2 fiber splitter from Toptica Photonics AG, Fig. 5.13(b). The complete
system can be appreciated in Fig. 5.13(c). The THz carriers arrive to transmitter
and receiver through the blue cables observable in the image. In both, transmitter
and receiver, the THz signal is modulated in amplitude with a RF signal coming
from the black coaxial cable. The final THz modulated signal is launched (received)
to (from) free space by means of horns with an incorporated dielectric lens, located
at the transmitter (receiver). Fig. 5.13(d) shows a zoom of one of the two horns
with an incorporated dielectric lens.

(a)

(b)

(c)

(d)

Figure 5.13: Experimental setup to carry out measurements of losses of wire-type waveguides
at THz frequencies. a) Two tunable diode lasers DL 100 from Toptica Photonics AG; b) 2 x
2 fiber splitter from Toptica Photonics AG. A THz carrier signal is generated by photomixing
from the two input optical signals generated by the lasers; c) Complete system. The THz carriers
arrive to transmitter and receiver through the blue cables. In both, transmitter and receiver, the
THz signal is amplitude modulated with a RF signal coming from the black coaxial cable. The
final THz modulated signal is launched (received) to (from) free space by means of horn with an
incorporated dielectric lens, located at the transmitter (receiver); d) Detail of one of the two horns
with an incorporated dielectric lens.
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5.2.2

Excitation system

As mentioned before, the same coaxial cable UT-085 from Microcoaxr [595] with
inner conductor of radius of a = 255 µm and an outer conductor radius of b =
838 µm is employed to create SWW and DCSWW structures. This implies that
excitation by means of tapering the outer conductor radius is not possible, since
this cable is not prepared to operate at THz frequencies. Whereas at Ka-band
frequencies, the coaxial cable was the direct output transmission line from the source,
at THz frequencies, the optically generated THz power would be hardly coupled to
it. In addition, at f = 0.2 THz, the employed coaxial cable is clearly overmoded.
Therefore, alternative schemes must be considered. For this work, the excitation
scheme employed in [492] has been applied for simplicity. Whereas it is not the most
efficient one (see alternatives such as those proposed in [506] or [507] for instance), it
does not require additional high-precision elements, the assembly is straightforward,
and the performance is good enough for the purpose of the experiments, which does
not pretend to be too deep or accurate but to give certain experimental evidence of
some effects described in previous chapters.
The employed excitation scheme works as follows (see [492] for details). The
transmitter launches to free space a signal that is partially coupled to the corresponding wire-type structure (thanks to their open nature). Due to its intrinsic
radiative nature, this excitation system presents low efficiency and important part
of the radiated power by the transmitter does not couple to the wire-type waveguide to be excited. This schemes clearly differs from that employed at the Ka-band
system, where excitation is done by means of a waveguiding element (coaxial cable) so that small residual radiation is present only on transitions when they are
present. Therefore, in the THz excitation scheme it results crucial to avoid line of
sight between of transmitter and receiver, i. e., that power from the transmitter
couple directly to the receiver. If this occur, larger received power than the real one
delivered by the waveguide under test would be observed.
In order to avoid the previous source of error, a mandatory test is the following
one. As it shows Fig. 5.14(a), the system is disposed without any wire-type waveguide between transmitter and receiver, i. e., free space transmission. Then, the
angle between transmitter and receiver is varied (see color lines of Fig. 5.14(a)) up
to the received power is of the order of the noise level. Results of the experiment are
shown in Fig. 5.14(b). The plot shows the received power at the different samples
of the measurement system. Solid lines are the real obtained data whereas dashed
lines are the cumulative mean up to the corresponding sample number, which allows
suppression of random noise. In this kind of plots, the most reliable data is the
cumulative mean at the last sampling point. It is observed how, actually, a quite
large amount of power is recovered at the receiver if there is direct line of sight or
small angle offset (cases θ = 0◦ and θ = 10◦ ). Power rapidly drops as the angle
increases, however, it is not up to θ = 45◦ , when it is reached the desired uncoupling
between transmitter and receiver. Note how the curve corresponding to θ = 45◦ is
clearly affected by noise oscillations since the received power is at the noise level.
These results lead to the use of this angle offset in the later experiments.
The main drawback of the employed excitation scheme is its low efficiency, since
there is a great mismatch between the fundamental mode of the wire-type waveguide
364

5.2 THz prototypes results
0
-5
-10

S21 (dB)

-15
-20
-25
-30
-35
-40

0

10

20

30

40

50

60

70

θ
θ
θ
θ
θ

= 0◦
= 10◦
= 20◦
= 30◦
= 45◦

80

90

100

Sample

(a)

(b)

Figure 5.14: Evaluation of the received free-space radiation generated by the system itself (no
waveguide). a) Top view of the system with the receiver in line of sight with the transmitter; b)
Received power vs. measurement sample number θ of the transmitter radiating direction respect
to the line of sight of the receiver. Solid lines link the sampled points whereas dashed lines are the
cumulative mean of such sampled points.

under question and the incoming plane wave with oblique incidence. As suggested
in [492], a perpendicular auxiliary wire is placed close to wire-type waveguide to
be excited in order to enhance efficiency. Fig. 5.15(a) shows a schematic of such
excitation scheme, with the yellow wire as the main waveguide and the purple wire
as the auxiliary excitation element. It results important to locate the auxiliary wire
at an optimum position in order to maximize the coupling enhancement effect. The
distance s between main and auxiliary wires, see Fig. 5.15(b), must be adjusted
properly.

(a)

(b)

Figure 5.15: Schematics of the employed excitation method based on the scheme presented in
[492]. An auxiliary SWW (purple wire) is placed perpendicularly to the wire-type waveguide under
test (yellow wire) to enhance power coupling from the incoming radiation from the transmitter. a)
3D view; b) Side view.

According to the above, several simulations have been carried out, considering
different values of the separation s between wires. Results are shown in Fig. 5.16,
where it is represented the E-field magnitude at the plane that is transversal to the
auxiliary wire and contains a diameter of the main wire. The incoming radiation
from the transmitter has an angle of incidence of θ = 45◦ . Results reveal that small
values of s provide more efficient coupling, a fact clearly appreciable by observing
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the symmetric surface waves at the output of the main wire, corresponding to the
fundamental mode. Plots also suggest that, despite of the improvement introduced
by the auxiliary wire, important amount of power is still lost, either scattered by the
auxiliary wire or being not coupled, continuing with its incidence direction. Since
auxiliary and main wires must never touch, s = 0.5 mm has been chosen as a small
enough distance with affordable implementation.

(a)

(b)

(c)

(d)

Figure 5.16: Simulated E-field magnitude in the excitation system composed by a SWW and
an auxiliary SWW for several cases of separation s between both SWWs. The incoming radiation
from the transmitter has an angle of incidence of θ = 45◦ . a) s = 0.5 mm; b) s = 1 mm; c) s = 1.5
mm; d) s = 2 mm;

Images of the practical implementation of the previously described excitation
system are shown in Fig. 5.17 for the case of exciting a SWW. In all the experiments
in this section, the auxiliary wire-type waveguide is a SWW. Fig. 5.17(a) shows a
detail of the excitation scheme, where main and auxiliary SWWs are appreciated.
In the image, it can be also observed the transmitter, tilted θ = 45◦ regarding to
the main SWW, and pointing to the intersection of both SWWs. The main SWW
lies horizontally over a Rohacellr block whereas the coupling SWW is vertically
inserted in another Rohacellr block. The properties of Rohacellr are close enough
to free space [597] so that the introduced extra losses are residual. Fig. 5.17(b)
shows the excitation scheme view from the plane orthogonal to the line of sight of
the receiver. Fig. 5.17(c) shows the top view of the excitation scheme. The coupling
area is marked with a circle, where it can be appreciated that main and auxiliary
SWWs are close but not touching. Incidence angle and focusing of the transmitter
are also well appreciated in the image. Finally, Fig. 5.17(d) shows an alternative
configuration with improved robustness, in which an additional Rohacellr block is
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placed over the SWW under test to sandwich it, hence avoiding possible movements.
Note that the systems is quite sensitive to SWW movements, which can make vary
the distance s or to produce misalignment with the receiver. It must be mentioned
that for signal reception the SWW is directly aligned with the receiver horn since
this is more efficient than the coupling scheme employed to excite the SWW under
test. However, direct coupling cannot be used at both horns since, in such case,
free-space radiation may lead to wrong measurements, as it is clearly deduced from
the study of Fig. 5.14.

(a)

(b)

(c)

(d)

Figure 5.17: Photographs of the excitation system implemented in the measurement setup. a)
Detail of the SWW under test and the coupling SWW. The SWW under test lies horizontally over
a Rohacellr block whereas the coupling SWW is vertically inserted in another Rohacellr block;
b) View from the plane orthogonal to the line of sight of the receiver; c) Top view, where it can
be appreciated the transmitter, rotated θ = 45◦ degrees. The coupling area where the two SWWs
interact with the incoming radiation and excitation of the SWW occurs is marked with a circle;
d) Alternative system with improved robustness: an additional Rohacellr block is placed over the
SWW under test to sandwich it, hence avoiding possible movements.

Once the excitation scheme has been defined, it has been considered interesting
to test the effect of the different elements of the system on the final received power.
Fig. 5.18(a) shows the experimental setup with transmitter and receiver as fixed
elements, marked in blue, and the main and auxiliary SWWs as additional elements,
marked in red. The test considers four configurations: nothing (neither main SWW
nor auxiliary SWW), only coupling SWW (no main SWW), only main SWW (no
coupling SWW), and the complete system with both SWWs. Results are shown in
Fig. 5.18(b). As expected, without any element, only noise arrives the receiver. If
367

Chapter 5. Experimental results
the coupling SWW is disposed, a slightly larger amount of power reaches the receiver
thanks to the scattered radiation. Surprisingly, a very similar received power, only
slightly larger, is received if the main SWW is present but not the coupling SWW.
This means that, without auxiliary SWW, coupling results extremely inefficient.
The main SWW results almost invisible for the incident wave in this case. Finally,
if both, main and coupling SWWs, are used, the received power results noticeably
enhanced. Almost 10 dB are gained by disposing the auxiliary SWW in the system.
These results give experimental evidence of how important results this auxiliary
element for this type of configuration.
-25

-27.5
Complete system
NO coupling SWW
NO SWW
Nothing

S21 (dB)

-30

-32.5

-35

-37.5

-40

0

10

20

30

40

50

60

70

80

90

100

Sample

(a)

(b)

Figure 5.18: Excitation system performance test. a) Excitation system and involved elements;
b) Comparison between the received power when the system is complete and several cases in which
one or more elements are missing.

5.2.3

SWW measurements

Once the system has been presented and several aspects have been reviewed and
evaluated, actual measurements involving wire-type waveguides are presented next.
First, a SWW of radius a = 255 µm is measured in the system. Fig. 5.19(a)
shows the SWW under test in the configuration used to measure curved path losses.
Fig. 5.19(b) shows a top view of the waveguiding path with a bend, where the
curvature can be clearly appreciated, being it sketched in the image. Note how, in
this setup, holding the desired curvature for the SWW under test does not require
extra auxiliary elements as in the mm-wave case since, due to the employed shorter
distances, the semi-rigid property of the whole wire is better preserved, and the
section under test results more easily tractable.
First, attenuation of the SWW under test is derived by measuring losses introduced by two SWW of different lengths: L = 12 cm and L = 15 cm. Fig. 5.20
shows the received power samples after the signal is propagated along the SWW
for each one of the two cases. Again, solid lines are the measured value for each
sample whereas dashed lines represent the cumulative mean. Therefore, the attenuation constant can be estimated by observing the difference between the cumulative
mean of both cases at the last sample. This calculation provides a measured value
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(a)

(b)

Figure 5.19: Measurement system for the evaluation of straight and curved path losses of a
SWW. a) 3D view the system with a curved SWW under test; b) Top view with the curvature
angle sketched.

of α = 0.003 dB/mm. On the other hand, theoretical calculations with the developed analytical models predict an attenuation of α = 0.004 dB/mm. Although both
values are quite similar, generally, larger attenuation is expected in experimental
results since there are several undesired effects that often appear in practice which
are not taken into account by theoretical models.
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Figure 5.20: Samples of the received power for two identical SWWs of different length. Solid
lines link the sampled points whereas dashed lines are the cumulative mean. The attenuation of
the considered SWW can be estimated by calculating the difference on the cumulative mean at the
last sampling point between the two considered cases.

The low measured attenuation value is partially originated by the influence of
some error in the first samples, for which higher received power is obtained with the
L = 15 cm SWW than with the L = 12 cm SWW, what makes no sense. By avoiding
the first 30 samples, where this error seems to concentrate, a value of α = 0.009
dB/mm is obtained. Even though this value differs more the theoretical one, it
seems to be more representative of the real experienced attenuation. Nevertheless,
note that the attenuation of the SWW under test is excessively small to be properly
measured with the employed setup, better prepared to evaluate larger differences in
losses, as those occurring in curves. In order to obtain more accurate results, larger
propagation distances are required. However, results experimentally evidence that
the SWW presents very low attenuation.
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Now, performance at curves of the SWW under test is evaluated. To do so, losses
of a L = 15 cm SWW with a bend in the middle of the waveguiding path are measured for several curvature angles θ. Measurement results are shown in Fig. 5.21(a),
where the received power is displayed as a function of the measurement sample. Additionally, Fig. 5.21(b) shows the cumulative mean at the last sampling point (mean
received power) as a function of the curvature angle so that differences between cases
can be more easily extracted. As it can be appreciated, even a small curvature angle
such as θ = 10◦ , causes large losses (12 dB approximately). An additional increase of
curvature up to θ = 22.5◦ causes, in principle, extra 6 dB loss, what would indicate
that radiation losses increase, but at a lower rate than for lower angles. However,
for this last case, the received power is quite low, what means that the actual value
may have fallen under the noise level. Assuming this, it is very probable that the
curve would have continue decreasing at a similar rate (if not more), what would be
more in concordance with results of previous chapter. The previous argumentation
is reinforced by the fact that for θ = 45◦ similar received power is obtained. This
suggests that the noise level of the measurement is approximately located at -43 dB,
where both curves saturate. As it was expected from previous chapter conclusions,
since the SWW radius is not small, the waveguide is strongly affected by radiation
losses at bends.
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Figure 5.21: Evaluation of losses in a curved SWW of total length of L = 15 cm. a) Samples of
the received power for several cases of the curvature angle θ. Solid lines link the sampled points
whereas dashed lines are the cumulative mean; b) Mean received power vs. curvature angle θ.

5.2.4

DCSWW measurements

The same evaluation is performed for a DCSWW now. Figs. 5.22(a) and 5.22(b)
show the measurement system for the evaluation of straight and curved path losses
with a DCSWW under test. As it can be appreciated, the same excitation scheme
using an auxiliary SWW to enhance coupling efficiency is employed.
As before, first, the attenuation of the waveguide is estimated. To do so, losses
introduced by two straight DCSWW sections of lengths L = 11.5 cm and L = 15
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(a)

(b)

Figure 5.22: Measurement system for the evaluation of straight and curved path losses of a
DCSWW. a) Lateral view; b) Top view.

cm have been measured. Fig. 5.23 shows the received power in each sampling (solid
lines) as well as the cumulative mean (dashed lines), for the different considered
waveguiding lengths. By using the measured mean received power, attenuation is
estimated to be α = 0.106 dB/mm. Note that for the DCSWW, since the attenuation is larger, noise influence is less relevant, and more reliable results can be
obtained. Theoretical calculations give α = 0.071 dB/m if tan δ = 0.002 is assumed
for Teflon at f = 0.2 THz, what indicates reasonable agreement between theoretical
and experimental results. At THz frequencies, the employed DCSWW presents noticeably greater confinement inside of the dielectric coating than when the operating
frequency was in the Ka-band (η = 96% front η = 48%). This implies, on the one
hand, enhanced difference in attenuation between SWW and DCSWW (even more
accentuated by the higher operation frequency) and, on the other hand, larger influence of the waveguide material parameters (σ and tan δ) on the propagation losses.
Probably, these parameters are taken into account in the theoretical model better
than they are in reality, what may be causing the theoretically predicted value α
to be lower than the measured one. For instance, the measured attenuation value
is recovered if tan δ = 3.5 · 10−3 is used instead. Despite the limited accuracy of
the measured system, it has been clearly observed that the a SWW presents much
lower attenuation than a DCSWW for moderate-large radius (in the presented experiments a ≈ λ/6, e. g, what occurs at f = 1 THz with a = 50 µm should be
expected).
Performance of the DCSWW under test when bends are present is described now.
Losses of a L = 15 cm DCSWW section incorporating a bend have been measured
for several values of the curvature angle θ. Fig. 5.24(a) shows the sampled received
power (solid lines) and the corresponding cumulative mean (dashed lines), whereas
Fig. 5.24(b) shows the mean received power as a function of the curvature angle.
It is observed that, in a similar way than it occurs with the studied SWW, even
small curves cause an important radiation. With θ = 10◦ , there is an increment of
at least 10 dB losses respect to the straight line case (note that the received power
it is probably falling under the noise level).
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Figure 5.24: Evaluation of losses in a curved DCSWW of total length of L = 15 cm. a) Samples
of the received power for several cases of the curvature angle θ. Solid lines link the sampled points
whereas dashed lines are the cumulative mean; b) Mean received power vs. curvature angle θ.

However, an important difference is appreciated now. Whereas for θ = 22.5◦ the
received power seems to be lower than the noise level (hence both points, θ = 10◦
and θ = 22.5◦ saturate at the lowest limit), an increment of received power is
appreciated for a larger curvature angle, see the case of θ = 45◦ . Since a large radius
DCSWW is used, important phase shifts perturbing the mode pattern take place.
Furthermore, note that the coating is quite thick (t = 583 µm), this involving a more
expanded mode pattern. This implies that every point of the mode front experiences
an increment of length between internal and external path that is between ∆L = 2aθ
and ∆L = 2bθ, which can be quite larger than ∆L = 2aθ. Note also that, since
the mode pattern is not concentrated radially, the phase shift modeling presented
in previous chapter does not hold any more. A more complex distributed phase
shift occurs. Nevertheless, the use of this model together with power distribution
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information of the mode allows to explain quite well the observed phenomena. What
actually occurs is that for θ = 45◦ the increment of length is close enough to λg
in average so that a smaller phase shift (hence mode pattern perturbation) takes
place than when θ is smaller. Therefore, despite of the fact that the curve is more
pronounced, more power is received since less coupling to the first high-order mode
(HE11 ) occurs. Indeed, less than 7 dB are lost when θ = 45◦ , which is a quite good
result. Therefore, experimental results confirm predictions of section 4.3, where
control of the curvature phase shift was presented as solution B to radiation problems
of wire-type waveguides on bends.
Although the previous THz experiments are quite limited in terms of received
power, hence demanding from improved excitation schemes and/or equipment, they
complete the objective of giving basic experimental evidence at THz frequencies of
some of the concepts deeply treated in previous chapters. First, it has been observed
how the SWW acts as a waveguide when radiated power is coupled to it. Second,
it has been checked that a SWW presents much lower attenuation than a DCSWW.
Third, the phenomenon of no monotonically increment of losses with the curvature
angle, caused by the perturbation on the mode pattern due to the different lengths
experienced by inner and outer waveguiding paths of a curve, has been appreciated
on the results. The presented preliminary THz setup lefts great margin of improvement for future experiments. In the same way, accurately manufactured prototypes
having optimized dimensions are as well demanded. This premises conform the future work lines regarding the work presented in this chapter. If carried out properly,
most of the conclusions predicted in this part of the thesis could be experimentally
checked, and outstanding results at THz frequencies could be achieved, gaining the
attention of the research community.
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Chapter 6

Conclusions and future Work
The conclusions extracted along this part of the thesis are compiled in this chapter
for clarity and general view purposes. Possible future work lines, directly foreseen,
either from encountered issues through the developed work or the conclusions, are
as well proposed.

6.1

Conclusions

All the imposed objectives in the scope of this part of the thesis have been tackled
and worked deeply until they have been accomplished with the expected grade of
success. During the followed procedure, several concepts and remarks with special
importance have appeared. From the perspective obtained at this point of the
thesis, these elements are able to generate well-founded conclusions that are given
next classified by chapters.
In Chapter 2, the state of the art involving the THz band technology and
applications was deeply studied. From this comprehensive work it can be affirmed
that:
• The THz band has a great potential and a unique transversality that can be
hardly found in other bands of the electromagnetic spectrum. Whereas the
technology of microwave and optic bands found its main application in the
communications area (of course, other areas benefit from them, but with less
extent), the THz frequencies have been shown to be provide unique characteristics, very suitable for a large variety of areas such as astronomy, chemistry,
biology, medicine, pharmacology, industrial processes, communications, security, art, or even cultural heritage. There is still a large amount of work to be
done, and this task will demand from new professional profiles, more transversal, in order to exploit all the potentiality of this part of the spectrum. In
this sense, all the amount of information produced in the last two decades
must be rapidly incorporated to the formation programs of the new generation
professionals. New structures, mathematical models, manufacturing processes,
materials and strategies to follow will continuing being proposed in the next
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years. The activity in this area is and will be intense. Those researchers entering in the THz world must be aware of such constant change in this topic.
• The THz technology has suffered an important advance from the starting of
this century. The technology is still not mature at this point, but is not as
well a rare area involving only a few researchers. Actually, the THz technology
is in its way to become consolidated and widely used. THz sensors have lead
the experienced progress, and, according to the recent research, it seems they
will continue advancing fast and driving the THz technology headway. Sources
are more limited physically, but tailored structures such as Quantum Cascade
Lasers, and the parallel research in new materials, promise an optimistic future.
• The exhaustive analysis of waveguiding structures is starting to give its fruits,
and some designs begin to foreground over others, defining a more suitable
design environment. The large variety of possible waveguiding scenarios, provided by the large amount of possible THz applications, suggests the necessity
of a chart of waveguides with different characteristics, each one performing the
best for the corresponding scenario. Despite of the appreciable advances, at
this stage, it is still necessary much work ahead in characterization, optimization and manufacturing techniques. Regarding to passive components, a great
variety of THz antennas designs are found in the literature thanks to that it is
a quite direct component to engineer, notwithstanding, still much work must
be done to reach the performance obtained at microwave frequencies. Other
structures such couplers, filters, etc., more depending on waveguide structure
remain much less treated since the advances in waveguides have still not reach
the desired consolidation level. This is an important area to promote inside
the THz technology in the next years.
• Metallic waveguides coming from the microwave regime dominate the scenario
up to 1 THz. New manufacturing techniques have recently alleviated the problem of manufacturing complexity due to the small required dimensions. If the
production cost of this methods is diminished to affordable levels, these family
of waveguides will have their role at THz frequencies. Nevertheless, bulk designs are inherently limited in bandwidth and in less extent, in losses, whereas
planar designs are very lossy. Therefore, some innovative designs including
modifications on the original structures must come in order to provide the
desired performance. Overmoded hollow waveguides are an example of such
strategy.
• Dielectric waveguides must be used in a different way than in the optical
regime: the design must maximize the fraction of power transmitted in the air
regions of the waveguide. The best option is to provide internal air regions,
thus having low propagation losses and, at the same time, low radiation losses.
Some results in the literature are startling. However, careful reading of those
papers outcrops important disadvantages. These waveguides are inherently associated to strong attenuation and propagation dispersion and are, generally,
very narrow-band. Some designs are quite complex, and the manufacturing
techniques are still far from the required accuracy to afford the proposed designs. Nevertheless, the development of new materials and the rapid progress
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in 3D printers may dispose are more suitable scenario in few years. In such
case, if a good work is carried out in developing analysis and optimization
tools for those geometrically complex structures, they may play a role in THz
waveguiding for narrow-band applications.
• Periodic structures offer an innovative and alternative approach that allows to
be tailored for THz frequencies. In these structures, the geometry alleviates in
a thoughtful way the dependence of the performance on the employed materials
that conform the waveguide. Nevertheless, the nature of these waveguides
cause them to be inherently narrow-band. With such restriction, they are an
option to take into account.
• Surface and plasmonic waveguides are a old theoretical solution that results
innovative in practical terms, inasmuch as it is a THz were they have been
seriously considered as a waveguiding support for practical purposes. Their
special features involving a weak waveguiding (rather railing the waves than
guiding them) disposes a challenging scenario in order to provide practical designs of important complexity. On the other hand, their simultaneously provided low-loss and low dispersion (in propagation and attenuation), specially
in the case of metallic (plasmonic) surfaces, are unique. Furthermore, these
structures have simple geometries, and their optimization possibilities remain
rather unexplored, hence having some improvement margin. They are called to
dominate ultra-wide band scenarios or those involving the highest frequencies
of the THz band. Their special propagation features, differing from the other
kind of waveguides, demand from the careful study of the phenomena involved
in them and the development of new software packages as a necessary design
tools.
• Among other surface waveguides, wire-type structures (SWW and DCSWW)
have catch most of the attention. The results in the literature are promising
and have driven to a significant activity in this area of research. However, most
of the published work is very practical, and sometimes lack of proper theoretical
foundations. The proposed structures are not optimized, causing that great
part of the potential of these waveguides is still to be discovered. There is a
lack of modern theory basis in the literature that this thesis aims to cover to
some extent, and that may provide the necessary basis for reliable design tools,
indispensable to carry out high-performance designs. With this amends and a
proper dedicated research on manufacturing techniques, wire-type structures
may be implementing soon advanced designs with unique performance, able
to make reality applications that are unthinkable today.
In Chapter 3 the complete modal analysis of the SWW and DCSWW was
carried out. To do that, the theoretical bases of a surface waveguide problem were
first established, and the properties of metals were reviewed under the scope of the
THz band. In the analysis carried out, the fundamental mode of each waveguide
received special attention. The obtained conclusions are the following:
• Surface waveguiding share some characteristics with conventional waveguiding
at microwaves, however, important differences are as well found. Those differ377
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ences impose that a particular treatment of Maxwell equations and involved
boundary conditions must be given when a surface waveguiding problem is
posed. Nevertheless, it must be taken advantage of the similitude with conventional waveguiding since every found parallelism is a bridge allowing the
use of the well-established, powerful theory and techniques developed for conventional microwave waveguides in the last decades.
• The characterization of metals as dielectrics is well afforded at microwaves with
the simple skin-effect model. Conversely, the infrared region demands mandatorily from the use of the Drude model, more sophisticated. In between, at
THz frequencies, both models show discrepancies that may be or not relevant
depending on the context in which the model is applied. For instance, in this
thesis both cases appear. The SWW is very sensitive to the metal properties, hence the Drude Model is mandatory. Conversely, in the DCSWW the
presence of the dielectric allows for simpler models for the metallic conductor.
Since the variety of structures in which metals are involved is huge, this question must be always formulated. The key point underlying the differences of
both models resides in the real part of the permittivity, which is not present
in the skin-effect model. It has been also found that the Drude Model dispose
a new scenario in which the concept of good or bad conductor becomes more
diffuse. The specific empirical model of each metal must be revised being that
a different outlook than that of the microwave regime, regarding the compared
characteristics between materials, takes place. From the scope of this thesis
it is found that there is certain lack of information, hence new studies characterizing metals at THz in a more dedicated way would be advisable. This
task encompasses the characterization of metals over different geometries (not
to restrict the study to bulky pieces of material) and the development of specific models for THz frequencies based on experimental results focused in this
band. This information must be incorporated on commercial solvers, nowadays providing results that may fall into question. At this moment, widely
used simulation tools may be using excessively simple models, depending on
the case, and providing results with certain grade of error. This issue is of
extreme importance being that high reliability on the available analysis tools
is a mandatory fact to provide designs meeting the expectations in practice.
• The dielectric cylinder with real εr , despite of being the simplest open waveguiding problem of two dimensions, provides a great variety of cases depending on εr . This is originated on the boundary, that unlike the Perfect Electric/Magnetic Conductor conditions provides a variety of cases depending on
the contrast between the two mediums defining the interface. Large εr origins complex phenomena and less habitual situations that must be reviewed.
The observed phenomena are suitable to be observed in any structure involving dielectric-dielectric interfaces. It is worth to highlight that a large contrast between dielectric media origins segregation between modes: in terms of
the E-field polarization, (TM/HE) are totally/predominantly radial whereas
(TE/EH) are totally/predominantly azimuthal. Those modes with predominant radial polarization are more affected by the surface and they exhibit a
surface wave mode behavior for certain range of frequencies.
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• The consideration of the lossless cylindrical dielectric waveguide problem under
the assumption of a complex propagation constant γ reveals that, for open
waveguides, they must be considered two cutoff conditions. First, when they
are satisfied simultaneously α = 0 and β < k0 , the mode is not guided any
more by the waveguide, but it becomes radiative (leaky). Second, when β = 0,
there is not any kind of propagation (neither guided, nor radiative), but the
mode becomes evanescent. The gained information by considering γ instead
of β suggest this procedure as a very interesting one to properly apply modal
methods to open waveguides.
• When complex permittivities are considered to account for losses, the imaginary part of εr = ε0r − jε00r causes that the obtained modes have not a pure
character any more. This means, they cannot classified as purely evanescent,
purely radiative or purely propagative. Regarding to the case of εr pertaining
the 4th quadrant of the complex plane (lossy cylinders), it has been found that
a small ε00r still allows for a loose classification, however, large ε00r dispose that
the nature of each mode is a very mixed one that depends on the exact location
of the solution γ in the complex plane. The presence of losses allow to better
observe a relevant fact: there is always a surface mode and a set of bulk modes,
however, the surface mode only exists for radial dominant E-field polarization
modes (TM/HE). The surface mode is in the vicinity of the solution for the
equivalent planar interface (surface mode zone), whose location depends on
εr . This mode presents a field pattern concentrated on the external side of the
interface and exhibits exponential decay in the outer region. The surface mode
is radiative in this case (εr in the 4th quadrant), hence not contemplated by
the usual analysis found in the literature. The surface mode zone and the bulk
mode zone are connected and a complex propagation phenomena occur: there
is not an independent surface mode but the surface mode is a transitory state
that a particular mode may experience or not depending on its order and the
value of εr . This complex phenomena is not found in the literature and may
open the door for the study of lossy dielectric mediums.
• If εr is real and negative, it occurs that surface mode zone and bulk modes
zone become disjointed and practically independent. In this case, the surface
mode is fixed mode itself (again, only found for (TM/HE) modes). It has a
propagation constant close to that of a plane wave. Except in the case n = 0
(fundamental mode, TM0 ), the rest of surface modes exhibit a cutoff in the
sense of becoming radiative (β < k0 ) as α = 0 is always satisfied since the
problem is lossless. The fundamental mode exhibits an anomalous behavior:
instead of going towards cutoff when the electrical size of the waveguide is
diminished, it experience an increment of both, attenuation and propagation
constants. It is found that, for surface modes, the waveguide is electrically
larger as the closer is εr to -1, this originated by the expression of the propagation constant of a surface (plasmonic) mode on a planar interface, which
becomes singular for εr = −1. Bulk modes are evanescent.
• When εr is in the 3rd quadrant of the complex plane (dielectric equivalent for
metals by means of the Drude model), i. e., losses are added to the ε0r < 0
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case, the surface modes experiences some attenuation. However, the increase
of the surface mode attenuation is less than that predicted by the losses of the
dielectric material. Also, the larger the losses the larger the confinement of
the surface mode, which require a smaller effective area of transmission in the
external region. When losses are present, if the electrical size of the waveguide
is diminished, the high-order surface modes reach first the radiative region
(β < k0 ) to later disappear when the condition α = 0 is finally satisfied. Bulk
modes exhibit some propagation features but are mainly evanescent, as they
propagate mostly confined in a medium were natural propagation of plane
waves is evanescent as it models a metallic material.
• All the previous conclusions conform the basis for the following set of conclusions that is one of the most relevant results in this thesis. From the complete
modal study of the SWW it is derived that:
ä The complete modal spectrum of the SWW has been determined for the
THz band and proper nomenclature has been established. The SWW has
two sets of modes presenting quasi-independence due to their differences
in terms of complex propagation constant (γ) and power distribution. If
n = 0, it appears the TM0 surface mode, and a set of bulk TM0m and
TE0m modes. If n > 0, it appears the HEn surface mode, and a set of
bulk HEnm and EHnm modes. Since for each n only one surface mode
appear, any radial index m is required in the nomenclature.
ä The surface modes (TM0 and HEn ) show radial polarization, i. e., HEn
are actually quasi-TMn modes. When the electrical size of the waveguide increases the propagation of all these modes tend towards to the
propagation dictated by the planar surface limit. When the electrical
size of the waveguide diminishes, all the HEn become first radiative to
later disappear. Conversely, the fundamental TM0 shows an anomalous
behavior, increasing its attenuation and propagation constants. Nevertheless, since at THz frequencies metals are modeled with a permittivity
exhibiting large magnitude terms, the planar surface limit propagation
is extremely close to the propagation of a plane wave in the external air
medium. Therefore, except of the fundamental mode (if an electrically
small enough SWW is considered to make arise the anomalous behavior
of this mode), the rest of the modes exhibit an extremely large effective
area of propagation and suppose a totally unpractical support, hence the
power coupled to them can be assumed as automatically lost.
ä The works found at the literature treating high-order modes pertain to
other epoch. At that time, the skin-depth effect model was considered to
model the metallic conductor of a SWW. Under this condition the planar
surface limit of propagation is in the radiative region. Although, under
in this conditions, high-order HEn modes exhibit propagation for certain
electrical sizes of the waveguide, at the time of those works the numerical
tools were not capable to capture this behavior. Therefore, high-order
surface modes were totally missed. The more exact Drude model provides
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that HEn modes are even more present than it is predicted by classic skindepth model and they have a relevant role in the SWW. Recent works
dealing with the SWW still assume as valid the conclusions of those longstanding works, which are partially true, but do not show the complete
reality. Taken into account high-order surface modes becomes necessary
to provide optimal designs and to proper model local effects by applying
modal methods.
ä It is possible to achieve the monomode condition with the use of the fundamental mode as a practical support for THz waveguiding. By choosing
the electrical size small enough, all high-order HEn modes are below cutoff and the fundamental mode exhibits a manageable effective area of
transmission. The analysis reveals that, under ideal conditions of metal
smoothness, HEn modes are only a threat for the highest frequencies of
the band or if extremely large radius are used. Nevertheless, the conductivity of the metal has shown to have much more influence (roughly
3 times) than the frequency. Hence, strategies to prevent propagation
of high-order HEn must be definitively considered, being that practical
implementations of the SWW may easily present some surface roughness
or other sources of imperfection that facilitate the propagation of these
undesired modes.
• A careful analysis of the fundamental mode (TM0 ) of the SWW has given the
following important set of conclusions:
ä The fundamental TM0 mode of a SWW shows practically zero dispersion
at THz frequencies. This is caused by the high impenetrability offered
by the metallic surface of the wire. The mode is propagated almost in
its totality in the external air medium, hence experiencing quasi-TEM
features of a plane wave propagating in such medium. It shows pure
radial polarization and the power distribution exhibits and exponential
decay of intensity from the waveguide surface to the infinity.
ä The larger the radius, the lower the attenuation, being the product a · α
quite constant. The attenuation dispersion with the radius parameter
is, therefore, moderate, and noticeably lower than that of other kind of
waveguides (closed metallic, dielectric, etc.). Inside a range of reasonable
values for the radius it is possible to obtain low-loss features with the
largest ones and, at the same time, rather high values of loss for the
smallest ones. An intermedium reference is postulated to be a = 100 µm
at f = 1 THz.
ä The larger the radius, the larger the radial extension of the fields, or
the effective area of transmission. The variation of this parameter with
the radius is less pronounced than the variation of the losses. Similar
conclusions to those for the attenuation are obtained by considering a
range of reasonable radius.
ä The main challenge when designing a SWW comes from the existent
trade-off between losses and effective area of transmission: the lower the
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attenuation, the larger the effective area of transmission. Therefore, although extremely low-loss SWW can be designed, they may result impractical due to an excesive transversal extension of the fields.
The larger the frequency, the larger the attenuation, and the smaller the
effective area of transmission. This is caused by the reduction of the
impenetrability of the metallic surface as Drude model describes, which
even compensates the fact that the waveguide becomes electrically larger
at higher frequencies. Nevertheless, this anomalous effect is the origin of
the small attenuation dispersion in frequency of the fundamental TM0
mode of the SWW.
A positive aspect, inherent to SWW implementations, is that the attenuation dispersion caused by the propagation losses and the attenuation
dispersion caused by possible losses during the excitation are predicted
to contribute in a compensatory way: lower frequencies exhibit larger
area of transmission, hence are more inefficiently excited, however, these
frequencies present also lower propagation losses.
The better the conductor, the lower the losses, and the larger the effective
area of transmission, this caused by the larger impenetrability of the
conductor surface. However, the influence of the conductor characteristics
is much lower than the influence of radius or the frequency. For large
radius or low frequencies, the used material (assuming only good metals
are considered) is irrelevant. For small radius or high frequencies, i. e.,
when the mode collapses on the wire surface, there is more confinement for
worse metals. This fact may be used for excitation purposes. However, in
such cases, the characteristics of the SWW present also a slightly higher
dependence with the frequency.
Regarding to the excitation or coupling actions with the SWW, it must be
highlighted that small SWW provide more compact patterns with circular
shape, whereas large SWW provide larger extent patterns with ring shape,
this last caused by the appreciable empty-of-fields area occupied by the
wire.
Compared to closed or semi-closed metallic waveguides, the same tendency with the waveguide size is found: the larger the waveguide, the
lower the losses. However, the difference is that in closed waveguides,
monomode condition is very sensitive to the waveguide size, and they
present more attenuation dispersion.
Compared to dielectric waveguides, it is found that, whereas both present
an increment of losses with the frequency, dielectric waveguides also show
an increment of losses with the waveguide electrical size as they present
very penetrable surfaces. Therefore, in dielectric waveguides both effects
do not compensate each, causing the response to be very frequency dependent. Furthermore, the high penetrability of the dielectric waveguides
involved surfaces implies the group velocity dispersion to be high in them.

• Similarly, the analysis of the modal spectrum of the DCSWW has also provided
a set of fundamental conclusions:
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ä The coating in the DCSWW provides waveguiding capacity itself, which,
even for small coatings, assumes an important role on the waveguiding
features. Therefore, it has been found that the influence of the metallic
material conforming the wire is of second order. This has allowed the use
of simplified model assuming the conductor as PEC, avoiding in this way
a challenging problem of three regions and complex propagation constant.
ä When dealing with DCSWW, a large variety of cases are possible depending on the value of the ratio R = a/b. When R → 1 the problem tends to the SWW case. In this situation, the modes degenerate
by groups ordered according the radial index m. For each m there is a
first group composed by the (TM0m /HEnm ) modes, and a second group
composed by the (TE0m /EHnm ) modes. In the limit, only the very first
group (TM01 /HEn1 ) survives, founding that these modes correspond to
the (TM0 /HEn ) surface modes of the SWW. Contrarily, as R → 0 the
problem tends to the dielectric cylinder case. However, a particularity in this case is that although the radius a become infinitesimal, the
PEC condition is always influencing the electromagnetic fields, hence it
is not possible to find direct correspondence between the dielectric cylinder problem and a R → 0 DCSWW. Under the small R situation, the
degeneracy between modes is broken. The most relevant effect is that
the fundamental mode exhibits an anomalous behavior in this case, becoming more confined, whereas the first high-order mode (HE11 ) becomes
less confined. Therefore, fixing b, according to the operation frequency,
and then reducing a, is found to be a good strategy to minimize mode
coupling between these modes.
ä It can be affirmed that HEnm are quasi-TM modes, and that EHnm are
quasi-TE modes.
ä According to the polarization and power distribution characteristics, it
has been found a first condition to provide monomode propagation in the
DCSWW. This condition assumes that axialsymmetry can be maintained
in such way that HEnm modes are avoided, and the first mode suitable
to couple results to be the TM02 mode. Due to this fact, the condition
has been named as weak condition. The propagation of the TM02 mode
is almost totally determined by the coating thickness t. It has been found
that the condition to avoid √
this mode in the case of the planar version of
the DCSWW (tmax = λ0 /2 εr − 1) fits very well in practice.
ä Losses of the fundamental TM01 mode are mainly influenced by the coating for reasonable values of t. In such conditions the radius a plays a minor
role, and the coating itself is providing the main waveguiding mechanism.
When this occurs, the fundamental propagates confined inside the coating
and the propagation losses are high.
ä The effect of the coating on the fundamental TM01 mode has been more
deeply studied respecting the weak monomode condition. High permittivities must be avoided chiefly because they imply large losses. This is
mainly caused by the high ohmic losses, originated by the high concentration of electromagnetic fields inside of the small volume provided by the
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coating, which has to be thin due to the use of a high permittivity. The
maximum thickness provided by the weak monomode condition must be
used being that it provides the maximum confinement, avoids the local
maximum of losses for intermedium values of the thickness, and avoids
dispersion.
In Chapter 4, the problem of radiation on bends affecting the SWW has been
faced and solved through several design proposals. First, a proper criteria to avoid
radiation on bends have been established, mainly based in minimizing mode coupling
through exploiting the SWW and DCSWW modal spectrum characteristics. Then,
transitions have been designed in order to keep independence between the bend
design and the rest of the waveguiding sections. The following have been found to
be important conclusions along all the steps carried out:
• The surface nature of the fundamental TM0 mode of a SWW implies that, for
conventional radius, the change of direction provided by a bend causes radiation being that the mode do not follow the path described by the waveguide.
• A dielectric coating (to convert a SWW in a DCSWW) is as an effective
element to prevent radiation on bends, however, coupling to high-order modes
may occur if it is not prevented. An important observed fact is that bends
are prone to cause power loss in the fundamental mode that goes to the axial
asymmetric high-order modes (that may be radiative in some cases) due to the
different lengths of the internal and external paths of the bend, what cause a
phase shift in the fundamental modal pattern. Since the fundamental mode
has a axialsymmetric mode pattern, this phase shift is very influential. Since
the coating is thought to be present only when necessary, regarding to the
previous effect, it is worth to mention that all the power coupled to high-order
modes must be supposed as lost, being that these modes become radiative
when the coating is removed and the DCSWW becomes a SWW. Therefore,
under this situation, although more power reach the output of a bend by using
the power, it is, in principle, useless power.
• A small radius SWW exhibits less radiation on bends since, apart of the larger
interaction of the mode with the wire surface, it provides a smaller difference
of length between the internal and external paths of the bend.
• Due to the fact that bends are very prone to excite axialsymmetric modes,
the weak monomode condition results too permissive and a strict one has been
establish as the adequate for this problem. The strict condition considers the
very first high-order mode (HE11 ) as the most suitable mode to couple to the
fundamental mode. To satisfy this condition, both parameters, a and t, are
influential, but a is the most determinant. By reducing a, power confinement
of the TM01 HE11 modes differs more due to the reduction of degeneracy.
In such situation it is possible to find a t providing at the same time that
the TM01 mode is transmitted mainly inside of the coating, and that the HE11
mode is transmitted mainly outside of the coating, in the external air medium.
Therefore, coupling efficiency between both modes diminishes in such case.
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• Analysis of curved SWW and DCSWW requires from the use of numerical
tools, well provided by commercial solvers. However, since the region of the
problem is infinite, it must be truncated. The simulated volume must be
large enough to provide accuracy, but small enough to provide reasonable
computation times. Size parametrization of the additional volume considered
in the external air medium and comparison of the results with the developed
analytical models has been show a very effective practice to find the correct
simulation model. It has been found possible to find a good trade-off between
accuracy and computation time.
• They have been found two suitable alternative solutions, A and B, to minimize
the losses at bends in wire-type structures, each one attending to specific
restrictions on the design:
ä Solution A consists in minimizing the coupling to the HE11 mode by
means of the strict monomode condition. A small radius is firstly chosen
and then a proper coating is engineered to provide small radiation losses of
the fundamental mode as well as low coupling. This solution presents very
low radiation losses and very good performance in terms of bandwidth,
being that if it is properly applied, it is almost frequency independent.
ä Solution B is proposed for those cases in which the manufacturing process
or the application do not permit the use of the small radius demanded by
the solution A. In this case, coupling to the HE11 mode (and high-order
HEn1 modes if a is large) is minimized by adjusting the phase shift caused
by the difference between the lengths of the internal and external paths
of the bend in order to cause the minimum distortion to the fundamental
mode field pattern. This solution provides improvement even in the case
of no having not coating, however, the use of a coating has been shown to
provide much better results. Nevertheless, thick coatings do not improve
the result of thin ones. It has been found that this is caused because the
additional power that thick coatings prevent from radiation is coupled
to high-order modes. Despite of the fact that this solution is inherently
frequency dependent, a surprisingly good frequency response is obtained.
ä Solution A offers better performance in terms of losses and bandwidth
than the solution B. However, if the radius of solution A is not chosen
small enough, the performance of both solutions become comparable.
• The propagation characteristics of the optimum designs for straight path sections and curved sections in wire-type structures are antagonistic. In straights
paths, a large radius SWW provides low losses and almost zero dispersion
whereas, in bends, a small radius DCSWW (as suggested by solution A) provides the lowest radiation losses. However, a small radius DCSWW is a lossy,
high dispersive waveguide. Therefore, if the bend design conditions all the
waveguiding sections, the interesting properties of the SWW are lost and the
general behavior of the whole waveguiding system may be even worsened by
this conditioning. In this sense, it is found that the use of transitions is very
recommendable. Three kinds of transitions, based on linear tapers, has been
385

Chapter 6. Conclusions and future Work
proposed in order to cover different types of scenarios attending to the design
restrictions. The use of such transitions shows a successful and important improvement over conventional uniform designs. The main remarks attending to
each design are:
ä The first transition consist in tapering exclusively the coating thickness.
This proposal is suitable for such scenarios where the radius cannot be
tapered by some reason. By using this transition, the propagation losses
in straight paths are considerably alleviated since a SWW can be used
instead of a DCSWW. However, the main disadvantage is that the bend
still conditions the size of the radius, and a small SWW presents acceptable, but not small losses, much higher than those of a large radius SWW.
Regarding to the case of using a small radius bare SWW, without any
coating at bends, this transition gives important advantages if several
bends are present.
ä The second transition consists in tapering exclusively the conductor radius. With this design, propagation losses result to be small, inasmuch
as the transition allows for a large radius in straight paths. However, despite that the bend is faced with a small radius SWW (which cause less
radiation losses than a large radius one), the lack of coating causes the
radiation losses to be still larger than desired. Therefore, although large
straight paths section cause low total losses in this design, the number of
bends included on the path results critical. Nevertheless, the performance
of this second transition is quite superior than that of the first transition.
ä The third transition consists in tapering simultaneously conductor radius and coating thickness. This design improves the second transition
proposal alleviating the bend losses with the use of the coating, hence
achieving the optimal response. The improvement regarding to conventional designs is appreciable. Calculated losses for this transition indicate
that it may provide the required high performance of real systems.
In Chapter 5 it has given experimental validation to several analysis tools and
concepts arising from synthesis procedures developed along previous chapters. The
results have come from two different experimental setups using the same prototypes.
In the first one, operating at Ka-band frequencies, the employed wire-type structures
have an electrically small radius, whilst, in the second one, operating at THz frequencies, they present an electrically large radius. Evaluation of the procedure and
analysis of all the obtained results provide the following list of conclusions:
• Working at Ka-band frequencies allows to use simpler experimental setups
with conventional microwave devices and techniques at the cost of do not
having actual THz information. On the one hand, the further the frequency
from the THz regime, the more different is the operating environment from
the actual one, what implies that the recovered information is not exactly the
desired one. However, on the other hand, excitation efficiency at Ka-band
frequencies is much higher than that obtained at THz frequencies, and the
system is more robust. In addition, manufacturing errors are less influential
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on the final results. This allows to better observe some effects and to extract
more solid and elaborated conclusions. These conclusions are listed next:
ä Advantages of wire-type structures from its equivalent closed waveguiding structure, the coaxial cable, is already evident at Ka-band frequencies.
Nevertheless, advantages of the SWW front the DCSWW are less evident
at these frequencies. The main reason for this last fact is the better performance of materials (metals and dielectrics) at microwave frequencies.
In general, losses are quite lower at the Ka-band than at the THz band
due to both, frequency scaling and material performance. This implies
the use of considerable waveguiding lengths, beyond L = 1 m, to produce
appreciable losses in straight waveguiding paths.
ä Excitation of wire-type waveguides by means of a coaxial with tapering
on the external conductor (creating a horn) is very convenient at these
frequencies. Transition from coaxial to DCSWW presents insignificant
losses. It must highlighted that if any launching horns is present (direct
transition from coaxial to DCSWW), an important amount of power is
lost.
ä Using optimized transitions results essential insomuch as several dBs
could be gained. The lower excitation efficiency in the case of the SWW,
as well as the appreciable penalty of adding coating exclusively on bends
is mainly caused by the losses introduced by the required DCSWW-SWW
transitions, which, since have not been accurately designed and manufactured, produce an important mismatch.
ä A first implementation of bends for curved paths loss measurements has
consisted in creating a soft bend with large curvature radius by means of
two supports at the edges of the curved path. In practice, nevertheless,
it has been realized that this rather provides chamfered bends, i. e., two
bends of half of the curvature angle. Under this conditions it has been
found that:
∗ The SWW experiences noticeably larger radiation losses than the
DCSWW, however, this losses are still moderate taken into account
that the radius is electrically small. It must be highlighted that they
are prevented to be smaller due to the high impenetrability of the
metallic surface of the SWW at microwave frequencies: the mode
is more expanded, thus the mode pattern is more perturbed by the
difference in length between inner and outer paths of the bend. It has
been also found that increments of the curvature angle affect slightly
more when the curvature angle is lower, i. e., the relationship (losses
vs. curvature angle) is less than linear.
∗ The DCSWW remains invariant to the curvature angle. This occurs
mainly due to the fact that the employed radius is very small in terms
of the operating wavelength. In addition, the presence of the coating
causes reduces the impenetrability of the waveguiding surface, hence
confining the mode. Therefore, difference between inner and outer
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paths lengths in the curve is very small, so that the mode pattern is
practically unperturbed.
ä A second implementation of bends for curved paths loss measurements
has consisted in creating a sharp bend with small curvature radius by
means of a fabric yarn executing tension in the middle of the curved
path. In general terms, the obtained results have been found quite similar
to those with the first bend design. Nevertheless, the appreciated small
differences have allowed to identify some phenomena that are related with
the concepts motivating the experiment:
∗ The SWW presents slightly lower losses. Since the relationship (lossescurvature angle) is less than linear, a curvature of angle θ causes less
radiation losses than two angles of θ/2.
∗ In the case of DCSWW, a slight, very small increment of radiation
losses with the curvature angle is appreciated. This increment progressively grows as the curvature angle increases, i. e., the contrary
tendency than for a SWW. This effect seems to be caused by the fact
that the mode pattern perturbation does not follow a linear law with
the curvature angle, i. e., initial increments of the curvature angle
cause lower perturbations than posterior ones. This provided by the
large radial expansion of the mode provided by the thick coating.
Additionally, TIR effect is progressively lost as the curvature angle
increases. Differences respect to the first curved path studies are also
originated by these phenomena. In the case of a DCSWW, a angle θ
causes more radiation losses than two angles of θ/2.
ä A SWW with coating exclusively placed on bends (SWW-CoB) achieves
optimum results in practice. Measurements confirm that a SWW-CoB experiences same straight path losses than a SWW and same losses at bends
than a DCSWW. Critical point are, nevertheless, SWW-DCSWW transitions, which introduce a loss penalty that could significantly avoidable
if this element were properly designed. Promising results are expected if
more accurate prototypes are manufactured.
ä Results obtained with Ka-band experimental setups are consistent and
provide reasonable good agreement with both simulations and theoretical calculations. In addition effects originating differences between the
calculations and measurements are easily identified, sometimes helping
to give experimental evidence some of the evaluated concepts. It can
be concluded that Ka-band experiments have resulted very satisfactory
since a large quantity of predicted results and effects have been experimentally observed either as a primary or as a secondary result of certain
experiment.
• Dealing with THz experimental setups results must be done carefully inasmuch
as they are more sensible, more influenced by undesired effects, and the equipment performance is lower than at microwave frequencies. On the other hand,
prototypes are evaluated in a more real environment regarding projected applications, hence experimental results link much better with the concepts treated
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previously. In addition, several effects, not observable at lower frequencies
due to the excessive wavelength size, arise very evidently. From the set of
experiments at THz frequencies the following conclusions are extracted:
ä When measuring losses of certain magnitude, as those caused by bends,
dynamic margin results crucial. In this sense it is important to check
the power spectrum provided by the source and to choose an adequate
frequency for the experiment purposes.
ä Since at THz frequencies, transmitter and receiver elements of the measurement system are generally antennas, it is essential to check that there
is not direct coupling from transmitter to receiver. If this occur, higher
received power than real is recovered.
ä Careful supporting and sandwiching elements using an almost transparent
material such as it is Rohacellr has been found necessary in many cases.
It is highlighted that it has been experienced high sensibility of the system
to movements so that these elements are crucial in order to keep the
required robustness and to ensure repeatability.
ä Excitation of wire-type by means of direct coupling of oblique incident
radiation has been implemented straightforwardly. However, it is found
that the efficiency is quite low. It has been observed that the use of an
auxiliary SWW, orthogonal to the wire to be excited in the area where
the incident radiation is focused, results indispensable. Otherwise, almost
no power is coupled to the wire-type waveguide under test. In addition,
it has been checked that the auxiliary SWW must be as close as possible
to the wire-type waveguide to be excited.
ä Experiments clearly show that a SWW presents considerably lower loss
than a DCSWW at THz frequencies. In fact, the attenuation of the evaluated SWW is as low that to measure it with accuracy results challenging
given the small waveguiding lengths of the system and the influence of
noise.
ä Measurements confirm that a large radius SWW experiences more losses
at bends than a small radius one (test at Ka-band frequencies). Comparison with Ka-band experiments also shows that the radius has much
more influence in the radiation losses than it has the penetrability of the
metal, this last varying with the frequency. The experiments at THz frequencies reveal that even small angles cause a noticeably large radiation.
This makes evidence of the mode pattern perturbation effect on curves
for large radius cases, which is the foundation of the solution B of chapter
4 for radiation on bends.
ä Due to the large radius employed, high losses are as well appreciated for
the studied DCSWW despite of the fact that almost all power propagates
confined inside the dielectric coating region. The received power rapidly
drops as the curvature angle increases. This fact reveals high coupling
to the first high-order mode, the HE11 . As in the case of the SWW, this
effect is provided by the mode pattern perturbation originated by a large
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difference in length between internal and external paths of the bend due to
the large radius. This effect is further confirmed in a more direct way by
the fact that from a certain curvature angle, the received power grows,
being observable a non-monotone behavior of the received power with
the curvature angle. Therefore, the potential of controlling the curvature
phase shift to reduce radiation losses for certain range of curvature angles
has been clearly evidenced with actual THz measurements.
ä Measurements of curved path losses have been significantly limited by
noise since the received signal was under the noise level in many cases,
what has obscured interesting information. Larger available power, more
efficient excitation schemes, improved receiver sensitivity, as well as a
more exhaustive measurement plan considering more cases could lead to
access to information revealing deeper detail of the observable phenomena.
ä It can be concluded that experimental results at THz frequencies have resulted satisfactory despite of the system and waveguide prototypes limitations. Reasonable good agreement with theoretical calculations is found,
and several interesting phenomena, hardly or not observable from Kaband measurements, have been clearly observed. The objective of giving
experimental evidence to predicted effects and show the potential application of some of the presented design procedures has been successfully
achieved with the additional merit, in this case, of doing it at THz frequencies.

6.2

Future Lines

Despite the solutions proposed in this part of thesis have provided significant knowledge and progress under the demands of the state of the art, as usual, there is still
much room for further research. Along the previous chapters several future work
lines have been pointed, some of them coming from present research necessities, lacking in the literature. Other future work lines come directly as a natural continuation
of this thesis. All of them are listed next:
• As a general work line, it becomes necessary in the future to unify criteria,
nomenclature and procedures coming from microwave and optical researchers.
This task of standardization would enhance the communication and links between researches and research groups, thus the achieved advances could contribute jointly in a more efficient way.
• An interesting foreseen work line would be the development of suitable modal
methods for open structures based on the knowledge of the phenomena taking
place in the simplest structures, such as the dielectric cylinder. The idea of
being able to use a similar vast amount of modal numerical techniques such that
successfully applied for closed metallic structures is an amazing one. Although
conceptual and numerical complexity are tough, present computational tools
provide a suitable scenario to embark on this challenge.
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• It results almost a mandatory future work line to establish the limits of use of
simple models for metals such as the obvious PEC condition, or the skin-effect
model. Since this is not a very well determined question (being that is very
problem dependent), at least, a set of conclusions or a standardized procedure
should be investigated. Metals should be characterized in different geometries
at THz frequencies through appropriated models such the Drude model (or
even new tailored models) to provide reliable information for THz researchers.
Agreement between simulation and practical implementations relies strongly
on the modeling, hence an effort is this sense would be appreciated.
• As a direct consequence of the gained knowledge about the modal spectra of
the SWW and DCSWW, it would be a good line to work in, the development
of new excitation/reception schemes exploiting all this knowledge in a similar
way that bends or transitions have been designed in this thesis. Actually, this
interesting work line could perfectly have been in the scope of this thesis if
time allowed for it.
• A very concrete future work line pointed by this thesis is the analysis of the
DCSWW modeling the conductor through Drude Model. Starting from the
results obtained from this thesis, the resolution of this problem is perfectly
affordable. In this way, mathematical continuity between SWW and DCSWW
would be provided. This would allow to perfectly understand the transition
between both, an obscured point that has been just perceived in this thesis
with the aid of the gained knowledge. Furthermore, modal methods using this
information may allow for the analysis of more complex structures. Imagine for
instance a filter implemented with intertwined sections of SWW and DCSWW.
Moreover, under this exact, complex propagation constant approach, very lossy
coating DCSWW could be perfectly characterized. This would open the door
to the modeling of a DCSWW acting as a sensor of conventional materials,
usually presenting high losses.
• In addition, the provided analysis of the SWW and DCSWW structures, open
directly the door to study similar problems with: a) different geometries; b)
different constitutive parameters. Regarding to the geometry, the methodology
used in this part of the thesis would apply directly to elliptical SWW/DCSWW
(modeling some imperfections of the wire) or, by using straightforward numerical techniques, to rectangular SWW/DCSWW, this providing very suitable
models for the planar version of these waveguides or for more bulk consistent square-shape SWW/DCSWW or similar modifications. In the same way,
multilayer structures may as well be directly faced by following the presented
procedures. Regarding to the materials, it is obvious that all the observed
phenomena exploring the dielectric permittivity have its dual counterpart if
the same exploration is done with the magnetic permeability. Even more, if
both constitutive parameters adopt their more general form, interesting phenomena may appear, which will, for sure, better understood starting from the
conclusions obtained here. This work line would be very welcome on the world
of metamaterials, plenty of activity these days.
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• Another work line arising from the results and conclusions of this thesis is
the incorporation of adequate packages to the commercial solvers routines in
order to provide more suitable analysis tools for surface waveguiding structures. Since commercial solvers are mostly focused to conventional structures
lacking of some phenomena appreciated in this thesis, it would be interesting
to add some packages including algorithms to enhance the performance of the
simulations in terms of accuracy and efficiency. The results from this thesis
may inspire those implementations, and may help to understand the obtained
results, facilitating the user task.
• A desirable future work line is to carry out further experimental tests with
more accurate systems. The preliminary experiments provided in this part
of the thesis have superficially shown the potential of some ideas proposed in
this part of the thesis. Future work must pursue higher operating frequencies and bandwidths, i. e., the operating conditions under which wire-type
waveguides result noticeably more suitable than other alternatives. In addition, prototypes with proper dimensions, implementing optimized designs
with transitions must be manufactured with precision in order to achieve actual outstanding performance. As calculations from chapter 4 indicate, great
improvement is expected. Such experimental work would be a very motivating
one, endorsing well all the effort put in this part of the thesis. In an optimal research scenario, those prototypes would be tested under very similar
conditions than those founds in real environments of application.
• Finally, it must be cited the direct future work line of developing SWW/DCSWW
advanced components. Once the waveguiding structures are well known, the
direct step to follow is to face the design of more complicated components,
such as antennas, couplers, dividers or filters. It would be very interesting
to merge design concepts applied to other technologies with those concepts
obtained through the work in this part of the thesis to create high-reliability
components that would dispose high functionality circuits based on wire-type
structures. For instance, the open nature of the wire-type structures suggest
many possibilities arising form coupled transmission line theory.
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Chapter 7

Introduction
7.1

Motivation

With microwave technology well established in its maturity stage and a progressively more saturated spectrum in such band, radiofrequency technology market
points towards the new arising niche provided by mm-wave frequencies. Without
doubt, mm-wave band is called to allocate new generation communication services
as a supplementary spectrum to the microwave band, which has become small for
the incoming necessities. In addition, taking advantages of the small, millimeter
wavelength, the use of mm-wave frequencies for automotive radars or imaging for
security has the inertia to become soon universal. Nevertheless, in order to reach the
desired high-quality user experience and comfort, as well as the required reliability
in critical applications, mm-wave technology must reach a maturity level that it does
not have yet nowadays.
Several facts prevent these days mm-wave technology from achieving the desired
performance level, being the large degradation that passive components experiences
at mm-wave frequencies an important one among of them. Conventional microwave
waveguides and transmission lines seem to be forced beyond its possibilities when
they are scaled to work at mm-wave frequencies. Dimensional problems arising from
the use of such small wavelengths together with the larger dielectric absorption that
dielectrics experiences at mm-wave frequencies complicate the design scenario of
passive components. For instance, hollow metallic waveguides suffer from bad metal
contact and alignment problems between parts, which causes strong response degradation. Similarly, conventional transmission lines such microstrip or CPW experience a noticeable increase of losses caused by large dielectric losses that together with
the natural increase of ohmic losses and the enhancement of some negative effects
such radiation and parasitic modes leads to reach unacceptable attenuation levels.
Given that important advances in dielectric materials and manufacturing techniques
are rarely expected in short-therm, this complicated design scenario forced the consideration of new topologies. Among several alternatives, Gap Waveguides seem
to be very suitable, being that these waveguides are specially tailored to avoid the
aforementioned problems affecting conventional waveguiding structures.
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Gap Waveguide (GW) are based on a periodic structure that allows to create
waveguiding structures without requirement of metal contact between manufactured
parts. In addition, dielectric losses are either totally avoided or become a residual
loss depending on the specific GW design. Despite of the fact that these features
suggest remarkable potential for their use at mm-wave frequencies, are not few the
issues to address in order to GW technology become consolidated and commercially
used. On the one hand, full-wave simulation of GW components is time-costly insomuch as the periodic structure present in them is formed by a large number of
small elements to be discretized. Furthermore, there are not neither efficient analysis
methods nor adequate models performing properly enough to facilitate the synthesis
process, which becomes complex in general, and specially discouraging for the designer without any or with merely superficial knowledge about GWs. For instance,
transmission line theory is hardly applicable to GW transmission lines due to the
lack of proper impedance models or analysis methods. Similarly, powerful modal
techniques such those used in rectangular waveguide designs are today inconceivable
for the GW counterparts.

On the other hand, it is the technological aspect. First, there is still not work
enough proving that, effectively, GW technology shows clear advantages front conventional technology, what, to the moment, has been only partially proved. This
issue demands from extensive work experimentally comparing the performance of
GW and conventional components in a real scenario context, i. e., at frequencies high enough and with components providing advanced responses. Second, and
maybe more close to be reality these days, it is necessary to provide a large variety of different high-performance component designs, with good interoperability,
that prove GW technology to be consistent to implement complete systems of high
reliability.

The work in this part of the thesis is motivated by the conviction that Gap
Waveguides can truly improve mm-wave technology in benefit of the human society.
To this occur, GW technology must become and be shown as a solid and consistent
technology to the eyes of research and industrial worlds. It must be taken into
account that the only way for a new technology to replace or supply an old one is to
show not only slight improvement, but an edge. In this sense, it must be highlighted
that general advantage is not only composed of performance advantages, but ease
of analysis, design and manufacturing processes play a non-trivial role. This part
of the thesis purses to cover the current lack of work regarding these issues, by
means of new-developed efficient analysis and design techniques, implementation of
GW devices showing high-performance, adequate comparatives with conventional
structures, and procedures to alleviate manufacturing processes errors. In addition,
the work in this part of the thesis is as well motivated by the possibility of providing
comprehensive, updated information about GW technology in order to both, to give
proof of the current technological consistence of GWs and to facilitate the work to
future GW researcher.
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Objectives

An important number of objectives is pursued in this part of the thesis. Classified
by sets, they describe the later structure of the thesis. These objectives are:
1. Related with general mm-wave technology and Gap Waveguide technology scopes:
• To get a general and deep view of mm-wave technology and
applications. In order to contribute in an optimal way to certain technological area it is necessary to know well the minors of it. In the case
of a semi-mature technology, as it is the mm-wave band one, it is recommendable to review the history in order to understand the reasons that
motivate its development as well as the research inertia that describes
current challenges and necessities. In the same way, it results very important to be aware of current regulation, specification and environment
of use of what has to be developed either analysis techniques or components. The achievement of this objective is a good guarantee follow the
best approach during the research work, even if such work is focused in
the very low level from the application point of view, as it is the case
of this thesis, that deal with analysis and design techniques as well with
basic hardware elements.
• To clearly identify main technological problems affecting mmwave passive components. Since the thesis is focused in passive components, it results of primary importance to give special attention in
the mm-wave technology review to those problems affecting this kind of
component. Main technological problems of conventional structures are
needed to be well understood by means of a wide research on the literature, avoiding commonly found biased opinions and lack of information, in
order to enhance Gap Waveguides properties with appropriate improvements, adding value to current mm-wave technology. This also involves
to inquire which components are more affected by mm-wave technological
problems in order to focus the research on them.
• To carry out an extensive review of Gap Waveguide technology.
This objective is motivated by two main reasons. On the one hand,
since this part of the thesis deals with Gap Waveguide techniques and
components, it is obvious that to contextualize the work to be done is
essential. To know well the employed techniques and topologies in the
past, advantages and drawbacks of each proposal, and current challenges
is mandatory to introduce improvements and to generate new ideas of
high quality. On the other hand, it is observed that, although there is
already certain amount of good work dealing with Gap Waveguides, it
remains dispersed, specially taking into account recent research. In this
way it is pretended to carry out an exhaustive information recollection
that allow not only to fine contextualization of the work in this part of the
thesis, but also to help future researches in the area, thus contributing to
the consolidation of Gap Waveguide technology.
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2. Related with the Suspended-Strip Gap Waveguide (SSGW):
• To develop an analysis method to obtain the characteristic impedance
of a SSGW. This objective pretends, on a first stage, to solve the current uncertainty regarding the definition of characteristic impedance in
Gap Waveguides in a practical way, leading to an scenario of straightforward treatment of Gap Waveguides design using transmission line theory.
On a second stage, it is desired to establish an analysis method with
rigorous foundations, able to recover the impedance of a Gap Waveguide transmission line with controlled accuracy, with particular interest
in the analysis of the SSGW. The idea is to characterize the SSGW in
terms of its impedance in order to facilitate the design of advanced components by means of conventional transmission line theory techniques,
hence alleviating the design process from some unnecessary, costly fullwave simulations.
• To solve the problem of the high dependence of the SSGW characteristic impedance on the relative position of the strip respect
to the pin structure. Up to date, proposed SSGW circuits present a
characteristic impedance that has a strong dependence on the relative
position of the conducting strip regarding the underlying pin structure.
This behavior noticeably hinders the design process with the SSGW and
prevents this transmission line to implement high performance, robust
circuits and to be adopted for general commercial use. Accordingly, a
design procedure leading to very stable impedance SSGWs is pursued
in the scope of this objective. In addition, it is desirable to understand
well the characteristics of the SSGW under such configuration, identifying
similarities and differences with conventional transmission lines.
• To study the properties of SSGW coupled line structures and to
provide analysis and design procedures for them. The intention
with this objective is to facilitate the design of more advanced SSGW
components, being coupled transmission line theory a very useful tool.
In order to achieve this, first, it must be check that coupled SSGW lines
act in the same way as conventional coupled transmission lines. In this
sense, this objective also involves to determine, for the first time, the
properties of SSGW coupled line from a transmission line perspective.
Second, an analysis tool must be provided in order to generate the necessary information to carry out straightforward, transmission-line based
design processes. Finally, it is intended to describe clear synthesis procedures and to provide useful tools for the design process in order to make
it simple for any radiofrequency engineer, not necessarily aware of the
minors of the structure. This objective is the natural extension of the
previous one, clearly conditioned by the success of it.
• To design a simple component based on SSGW. This objective is
the final one of this set of objectives related with the SSGW, and concerns
the correct satisfaction of all previous ones. The aim is to describe in a
clear way, from a practical perspective, how all the developed analysis and
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synthesis procedures must be applied in a real design. In addition, it is
pretended to show the potential of the SSGW front similar alternatives to
implement challenging high-performance passive devices in the mm-wave
band.
3. Related with the Groove Gap Waveguide (GGW):
• To study the propagation characteristics of the Groove Gap
Waveguide and to develop an efficient analysis method. To date,
only basic information about Groove Gap Waveguide propagation characteristics is known. The first stage of this objective involves the study
of this waveguide under a wide range of design cases, involving different
geometrical parameters and operation regime. For instance, the possibility of operation below cutoff, which has not been considered up to now,
must be analyzed. All this information must be used to develop an efficient analysis method that can provide practical information to the GGW
device designer. In addition, it would be desirable to find out an accurate
equivalence between GGW and rectangular waveguide since this would
greatly facilitate the comprehension of GGW properties and would drive
to an easy design process. Definitely, such an equivalent would endorse in
a great extent the adoption of GGW by the mm-wave band community,
hence becoming a relevant and challenging objective of this part of the
thesis.
• To implement a narrow-band filter prototype fully satisfying the
demanded specifications and with very competitive response.
Design of narrow-band filters satisfying specifications is currently one of
the most faced challenges of mm-wave technology. Rectangular waveguide exhibits appreciable weakness for such implementations at mm-wave
frequencies. The objective is to consider a filter topology on a simple
basis such the all-pole configuration and work on it, introducing the improvements and applying the necessary procedures in order to implement
a narrow-band filter prototype operating at mm-wave frequencies that
fully satisfy a set of previously established specifications. The very final
goal after this objective is to give evidence of the suitability of GGW
as an optimum candidate to implement narrow-band filters and other
components suffering from similar technological problems at mm-wave
frequencies.
• To contextualize the implemented narrow-band filter designs in
the state of the art. As an auxiliary objective, complementing the
involved goals of the previous one, a wide review of the recent literature
involving mm-wave band narrow-band filters must be carried out in order
to understand the usual encountered problems when dealing with the
design this component. This may not only provide useful information
to enhance the design process, but it is also necessary to give a proper
assessment of the designed prototypes once implemented, and quantify
how competitive they are.
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• To show experimentally, in a clear and evident way, that GGW
topologies are more convenient than rectangular waveguide topologies for certain design scenarios. Several works argue advantages of
GGW front the rectangular waveguide, however, a clear and fair comparison still lacks. It is desired to provide an experimental comparison
between GGW and rectangular waveguide prototypes implementing the
same component and specifications. In this sense, the consideration of
a narrow-band filter is very adequate since, in this way, this objective
relates with the previous one. Several test must be carried out giving
conclusions evident enough in order to affirm that GGW topologies must
be preferentially chosen instead of rectangular waveguide topologies in
certain design scenarios.

7.3

Methodology

Following the same premises of the first part of this thesis, a strict methodology has
been followed as a necessary basis for success. Again, different methodologies are
followed depending on the task type and data involved, with the aim of proceeding
in the most correct way. Similarly, systematic procedure for homogeneous data and
tasks has been followed rigorously in order to facilitate conceptual comprehension.
Bibliographic research has been a fundamental pillar in this part of the thesis. A
large number of scientific works have been reviewed. In this sense, Google Scholarr
as a source to consult has been the main tool to find specific papers giving answer
or basic information for the posed issues. Similarly, qualified books, available in the
resources of the universities in which this thesis has been realized, have been consulted frequently. Front such vast quantity of information, a procedure to establish
information priorities has been carried out. The reading of scientific papers has been
structured by their importance related to this part of the thesis necessities, and the
depth and quantity of notes taken from them has been adapted accordingly. When
reviewing more specific papers dealing with GW components and techniques or with
mm-wave filters, some additional calculations have been carried out with the aim of
dispose of quantitative information to provide a clear and fair comparison between
different works.
The development of analysis methods for Gap Waveguides is of great relevance
in this part of the thesis. When carrying out this task, a major premise has been to
keep present that conceptual simplicity and ease of use are always recommendable
characteristics of an analysis method since, in this way, future designers using the
analysis method do not require a deep knowledge of what is analyzed. This facilitates
the adoption of Gap Waveguide technology what is one of the general objectives
pretended for this thesis. Transmission line theory has been found a perfect basis
to accomplish that premise since its foundations are well-known by most engineers,
not only in the radiofrequency field. Several reference books and papers have been
consulted and posterior rigorous work on paper has led to the adopted strategies
and consequent mathematical expressions. The employed approach has driven to
hybrid methods that have both analytical and numerical, full-wave procedures. To
keep efficiency has been another important premise. Therefore, it has been tried to
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reduce at maximum the full-wave simulations load on the procedures in preference
of the fast use of analytical expressions. Robustness has been also a pursued feature
of the developed methods, which have been conceived and tested for a wide range
of cases.
Numerical evaluation of the involved analytical expressions has been easily afforded by the aid of MATLABr , which thanks to its versatility and user-friendly
interface has allowed to proceed straightforward and correctly optimize the developed analysis methods. In this part of the thesis, the involved expressions are quite
simple, and the cost of the analytical part of the developed analysis methods is
practically negligible. Therefore, in terms of speed, any more efficient coding is required by far, being preferable to use the suitable libraries and visualization tools of
MATLABr .
On the other hand, the required full-wave simulations have been carried out
with the two of the most commonly used general purpose software tools: HFSSr
and CSTr . In both cases Finite Element Method (FEM) has been the underlying
numerical method, being that it has been found more accurate than other possibilities such Finite Differences in Time Domain (FDTD), implementable with CSTr ,
for instance.
Synthesis of components has also a major role in this part of the thesis. In this
sense, several full-wave simulations and optimization processes have been required.
Again, HFSSr and CSTr have been the mainly employed tools. The availability
of two software tools allows to select for each design the one that seems to be more
suitable or to perform better, and, in addition, to realize a double check in case
of doubt in front certain result. For instance HFSSr has been preferred for GGW
filters whereas CSTr has been found preferable for large SSGW components. In
addition Full-wave Electromagnetic Simulation Tool (FEST3Dr ), implementing the
efficient Boundary Integral-Resonant Mode Expansion (BI-RME) method has been
employed to provide fast simulation of some structures when it has been possible.
Optimization has been a essential task, requiring in some cases advances strategies in order to achieve convergence and to do it efficiently. Therefore, the incorporated optimization strategies of HFSSr and CSTr have been manually intervened
up to a great extent. To face such a delicate problem with no clear solution, several
books and references have been consulted in order to proceed with good criteria.
Although this underlying work is not detailed in the thesis due to space reasons, it
has become an important part of the procedure.
Beyond full-wave simulations, experimental validation has been a must for most
of the designs in this part of the thesis. The operating frequency has allowed to
use own in-house facilities to manufacture and measure Gap Waveguide mm-wave
components. Along the work in this part of the thesis, both, design and manufacture have been kept in mind in order to restrict the design to easily manufacturable
components. Similarly, the manufacturing process has been strategically faced and
supervised with the intention of preserving the desired characteristics of the component once implemented in practice. This way to proceed is essential, design and
implementation must be conceived together in order to produce engineering research
of quality. Therefore, even in those cases in which final prototypes have not been
manufactured, topologies and dimensions have been previously ensured to be affordable so that the corresponding component can be implemented in a future work.
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Finally, figures have been created in the usual way, following similar premises
than in part I of the thesis. Base figures have been obtained by the employed software, either MATLABr , AWR MOr , HFSSr , CSTr . This last software tool has
been found specially useful to create illustrative 3D models. When necessary, additional features have been added or edited in such figures by means of Inskaper . This
software drawing tool has been also used to create very specific schematics starting
off without any base image. Additionally, PGF/TikZ plots have been created from
MATLABr data in such cases requiring special detail or quality on the figure.

7.4

Structure

This thesis is organized as follows:
Chapter 8 mainly reviews definition, characteristics, history and current applications scenario of the mm-wave band. Then technological problems in this band
affecting passive components are detailed. Finally, this contextualization chapter
ends with an extensive review of the Gap Waveguide technology state of the art,
with special interest in passive structures and analysis methods.
Chapter 9 faces analysis and design of Suspended-Strip Gap Waveguide (SSGW)
components. First, essential transmission line theory foundations are described.
They conform the basis of the developed analysis method, which is presented next
and includes a rigorous error analysis. After the validation of the method, it is
faced the objective of designing a SSGW with very stable impedance regarding the
relative strip position respect to the pin structure. As a second part of the chapter,
SSGW coupled lines are studied. First, transmission line theory concepts regarding
coupled lines are described. These concepts are used next together with the previously developed analysis tool to implement an analysis procedure for SSGW coupled
lines. A design chart for the Ka-band is created by extensive use of such analysis
tool and finally, a simple SSGW coupled line filter is designed as proof of the utility
of the developed tools and procedures. The chapter closes with a brief comparative
of losses between Ridge Gap Waveguide (RGW), SSGW and Substrate Integrated
Waveguide (SIW).
Chapter 10 faces analysis and design of Groove Gap Waveguide (GGW) components. In a first stage, propagation characteristics of the GGW are analyzed both,
below and above cutoff. On the conclusions of this study, an analysis method is
developed, providing an accurate equivalent with the rectangular waveguide. The
model is validated with full-wave simulations and experimentally. In a second stage,
GGW narrow band filter design at mm-wave frequencies is faced. Three designs are
carried out, including experimental validation: 1) a fourth-order filter operating in
the Ka-band; 2) a fifth-order filter operating in the V-band; 3) a fifth-order filter
operating in the V-band with post-manufacturing tuning elements. Finally, taken
Design 2 as reference, a comparative between GGW and rectangular waveguide is
carried out on a experimental basis.
Chapter 11 closes this part of the thesis, summarizing up those information and
conclusions derived from the work procedure and results that are considered specially
relevant. Moreover, since the work carried out easily leads to further research, several
suitable future work lines are described.
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Chapter 8

State of the art
8.1
8.1.1

The mm-wave band
Definition

The millimeter-wave (mm-wave) band takes its name regarding to the wavelength
size, which is λ ∈[1 mm-10 mm], giving in this way special emphasis to the involved sizes when dealing with this electromagnetic spectrum band. Accordingly,
the frequency range of the mm-wave band is f ∈[30 GHz-300 GHz], see Fig. 8.1.
Therefore, the mm-wave starts at the highest frequencies of the technologically mature microwave band to be the antechamber of the pioneer and challenging THz
band. Both limits suggests good information about what can be encountered in the
mm-wave band in terms of suitable applications and technology. Some years ago,
in the 80s, when the mm-wave scenario had not the present technological maturity
suggesting an imminent commercial use of this band, microwave and optical techniques were both considered to conquer the realm of mm-wave frequencies [49], [598],
curiously, in a similar manner than THz frequencies are treated now. Over time it
has been total imposition of microwave techniques, which have evolved very well up
in frequency these last three decades. The applications scenario remains similar, although the particular evolution of each application area has been different. Roughly,
four areas of applications can be found nowadays, all them summarized in Fig. 8.2:
imaging, radar, communications and scientific radiometry.
Treating deeply the mm-wave definition, it is true that the International Telecommunication Union (ITU) [599] definition is in concordance with the previously given
one, however, some remarks are commonly done in the literature. Similarly as the
definition of the THz band was loosely defined sometimes due to scientific reasons
(dominant microwave-band or optical background of the involved researchers), the
mm-wave suffers as well from some particular re-definitions, but in this case coming from commercial point of view of the involved applications and technology. In
the good overview of Olver [598], the band is suggested to be extended downwards
sometimes to 20 GHz in order to encompass frequencies of the microwave regime
that are (maybe not any more) as well technologically challenging. Other authors
coming from the industry (SAMSUNGr ) [600], quite focused in the mobile com403
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Figure 8.1: Electromagnetic spectrum with the microwave (red) and mm-wave (blue) bands
highlighted. The bottom figure details the most relevant microwave and mm-wave sub-bands
employed in communications.

munications area, explicitly extend it down even further, giving a lower limit of
f = 3 GHz, arguing that similar propagation characteristics can be appreciated,
and to distinct it from the conventionally used spectrum. The use of f = 28 GHz
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as lower limit is as well quite habitual in communication applications [601]-[603],
being that this frequency is the carrier of one of the potentially useful bands for
such applications. The same can be applied to f = 24 GHz when talking about
radar applications [604]-[607]. Other works [608] proceed contrarily and incise in
extending the lower limit up to f = 55 GHz in its definition, being this justified
by that the frequencies below have already technological and regulatory maturity.
What the study of the mm-wave band literature suggest with this variety of definitions is that the term mm-wave goes associated to those frequencies at which some
element (technological, application, regulatory) is not well established and demands
from a different research/development than that applied to the mature microwave
band. In the scope of this part of the thesis, regarding passive components, designs
will be focused beyond f = 40 GHz, since this limit seems adequate in the context
of the presented work to mark the frontier between what is consolidated and what
still needs development.

(a)

(b)

(c)

(d)

Figure 8.2: Most popular mm-wave applications. a) Imaging. Example of use for security
purposes at airport security controls; b) Communications. Several kind of possible usage of mmwave radio [609]; c) Automotive radar. Schematization of an scenario with multiple radar systems
incorporated in a vehicle to sense its environment; d) Radiometry; Formation of a cloud over the
polynya that is advected downwind [610].
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8.1.2

Historical background

It is rather surprising and probably only known by a few that the interest on mmwave is not novelty of our days, but it is the third time in the history that this
band relies on the worldwide scientific focus. In the following, a brief historical
background in mm-wave is given.
The first treatment of mm-waves started only few years after the discovery of
electromagnetic waves by Heinrich Hertz. Even more, it was the intense research
carried by Hertz the actual trigger for the consideration of such high frequencies
[598]. Hertz was trying to prove experimentally that electromagnetic waves and
light were the same concept. If this was true, electromagnetic waves should exhibit
the same finite velocity than light c = 3 · 108 m/s [611]. Unfortunately, he found an
important problem in the undesired reflections from the walls of the lecture room
where he conducted his experiments. He realized that to overcome this problem, at
higher operation frequency was required. He was operating mainly at f = 450 MHz.
Hertz’s discoveries and conclusions inspired some later researches who could push
up the frequency. For instance, Righi [612] worked between 3 GHz and 10 GHz using
parabolic cylinder reflectors. Others such Lodge [613] and Flemming [614] worked
with similar frequencies, developing what later would become the rectangular and
circular waveguides. The race up in frequency was in good progress.
This progress lead to the extension of the operation frequency until reaching
finally the mm-wave band. Of major relevance is the work of Prof. Bose [615]. Before
of the end of the XIXth century he was able to demonstrate a complete mm-wave
waveguide bench at the Royal Institution in Calcutta, India. He argued that for such
experimental investigations a narrow pencil radiation beam was necessary, which
he found difficult to obtain unless very short wavelengths were used (as radiating
elements of fixed size become electrically larger).
Therefore, in only one decade from the discovering of radio waves, the microwave
and mm-wave region had already a role, an important one actually. Such fast progression suggested the incoming use of these bands. However, historical and commercial facts prevented this to occur. The new century started with great interest
in lower frequencies, impulsed by the proposal of Marconi [616], who suggest exploiting them for communication purposes, very required at that time. The radio
revolution at such low frequencies left in oblivion microwaves and mm-wave bands
during close to 30 years (excluding some scientific work in spectrometry, characterizing solids, liquids and gases [49]). A good historical fact revealing the importance
of the necessities and wills of the market.
In the 30s extensive work came up again with developments in waveguides and
sources. The radar was developed initially at Very High Frequency (VHF) band (30
MHz-300 MHz) [617], however, the invention of the magnetron made the microwave
band to be reconsidered. The provided narrow beams were shown to be much more
advantageous, and at the end of the Second World War, radar systems were operating
between 20 GHz and 30 GHz [49], [598]. Microwave radio relay communication
systems were also developed during the 30s and the 40s. All this originated an
important revolution in the microwave band, whereas the mm-wave band was left
at one side. The strong potential of the microwave band, with much empty room
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to be filled, and the difficulty of developing a mm-wave klystron, the only possible
source, justified this tendency clearly.
With a timid progression from that point, the mm-wave band was mainly driven
by the usual scientific applications: spectroscopic measurements and plasma diagnostic. However, at the 60s, a second gold era for mm-wave came from the hand
of a big project: The millimeter low-loss waveguide [598]. The idea supporting this
project was the development of a high capacity trunk telecommunication system
with a bandwidth of up to 80 GHz, thus being capable of carrying nearly half a
million two-way telephone channels or 250 two-way television channels. To do that,
an overmoded circular waveguide, operating with the low-loss TE01 mode was proposed. During the 60s and 70s, big amounts of money came from telecommunication
industries of France, Italy, Japan, UK, USA, USSR and West Germany.
The problem of the possible mode conversion under this configuration during
curved sections was technically overcome with the employment of two specific designs for the bend: the use of a helix waveguide, which acts as a mode filter and
prevents currents from flowing longitudinally along the waveguide, or by using a solid
circular waveguide, lined with a thin layer of dielectric, which breaks the degeneracy between modes. Curiously, this way of proceed shares many aspects with the
proposals of chapter 4 of this thesis, regarding enhanced monomode use of wire-type
waveguides. The project was successfully accomplishing objectives, providing experimental results from 30 GHz to 110 GHz by using CWGs between 50 mm and 70 mm
diameter. In fact, the measured attenuation was of the order of 2 dB/km, reaching even 0.5 dB/km in some cases [598]. The system, projected to have repeaters
spacing of about 50 km, was thought totally viable.
However, optical fibers appeared contemporarily. With an attenuation as low as
0.2 dB/km, their extremely high capacity by their obviously larger bandwidth, and
their simplicity compared with those bulky, heavy metallic tubes, totally killed the
project. In addition, with second order influence, satellite communications helped
to relegate this long distance mm-wave guided transmission proposal [49]. Actually,
at the time this happened, the grow in telecommunication traffic demand slowed
down, so such an ultra-high trunk waveguide could not be justified. Inasmuch as
the optical fiber and this low-loss mm-wave band waveguide were regarded as technological rivals, any commercial niche left for the later. It was the second time that
market wills displaced mm-wave technology. Although in 1989 Olver [598] contemplated that, with a little more demand, coexistence of both technologies was possible,
the impressive capacities of optical communications nowadays suggest it would have
been a wrong decision. Nevertheless, a good positive impact of the low-loss waveguide project was the spur it gave to the development of mm-wave solid-state devices,
which are pointed as the necessary trigger for a commercial acceptance of a technology [598]. They were for microwave some decades ago, and they are being now for
the mm-wave band [609].
Time passed, and the activity in commercial areas was intense at the microwave
regime whereas only military applications were found for the mm-wave band [618][620]. Microwave technology was acquiring its maturity, and the spectrum began to
be more and more used in this band, suggesting that someday would be insufficient to
support such increasing demand. At the 90s, that situation triggered the beginning
of the third era of the mm-wave. Several reviews clarified the technological and
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applications picture and traced the directions to follow [598], [621]-[622]. Vehicular
communications and control were seriously considered [623]. Some scientific papers
in this area, coming from the industry, are a good prove of the leadership of Japan
in the mm-wave technology from that time to our days [624]-[625]. Actually, in spite
of the fact that communications were in a secondary scene at that time (due to
the strong activity under 3 GHz), Japan was leading serious research on the topic
[626]-[628]. This country has been always one step further than the rest of the world
when regarding commercial application of mm-wave technology [604].
It could be said that, at the 90s, the mm-wave band was in a similar situation
(maybe slightly more developed) than the THz band today. Therefore, a decade of
intense research activity drove mm-wave technology to the commercial revolution
in the 2000s. Several works showed automotive radars systems ready to perform in
practical environments [604], [625], [629]. By 2003, most of the car houses offered
this kind of radars in their higher classes [605], and from the recent activity [605],
[607], [630], [631], the incoming universal use of these systems is, simply, inevitable.
However, the real present driver of the mm-wave technology are communications.
Their role in our days society has put a lot of money on the table, triggering an
explosion of work to satisfy new created service necessities [600]-[603], [608]-[609],
[632]-[636]. The literature in the topic is tremendously vast, and the commercial race,
phrenetic. At the shadow of the mm-wave leadership communications, mm-wave
imaging is also becoming good market impulsing well-founded research [637]-[644].
State of the art in those areas will be reviewed later, after the main characteristics
that cause the differences between the mm-wave band and the microwave band are
exposed.

8.1.3

Characteristics

In order to understand why the mm-wave band deserves to be distinguished from the
microwave band, to know the technological design scenario, and to realize why the
aforementioned applications are suggested for this band, the main characteristics of
mm-waves are next described. Following a similar scheme of that well-suited one in
[598], three points are treated: 1) antenna beamwidth; 2) propagation characteristics
of the atmosphere; 3) frequency bandwidth and regulation. In an implicit manner,
concepts belonging to these three points are referenced somehow in every work in
the literature.
8.1.3.1

Antenna beamwidth

The antenna is a passive element whose performance in terms of directivity has
inherently a strong dependence with its size [645]. It is well-known that the angular beamwidth of an aperture or an array antenna is inversely proportional to the
electrical diameter of the antenna. From the transmission perspective, the radiated
energy is concentrated into a pencil beam, which narrows as the aperture increases
in electrical size. Therefore, giving a fixed size, increasing the frequency narrows
the beam. Consequently, beyond the obvious frequency scaling, with moderate diameters having practical sizes regarding the human environment and activities, it
is possible to obtain high angular resolution at mm-waves. As a good example, in
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[598] is mentioned that a 10 cm diameter antenna provides a beamwidth of only 2.1
degrees at f = 100 GHz. In a more visual way, Fig. 8.3(a) shows the parabolic antenna sizes to to produce a 1◦ beamwidth, which implies a gain of G = 44 dB if the
antenna efficiency is η = 50% [646]. Think for instance in the reduced complexity of
a mm-wave radio station allocating such a high gain parabolic reflectors in the cm
range.
As [632] and [634] indicate, at f = 60 GHz, antennas are in the centimeter or
even sub-centimeter size, and they achieve 10 dBi to 20 dBi without pushing too
much the design, which encourages the use of directive antennas since a high antenna
gain, i. e., a narrow antenna pattern or high directivity, is desired to improve the
Signal to Noise Ratio (SNR) and to reduce the undesired inter-user interferences.
Regarding to this fact, it is important to prevent low reception levels in scenarios
without Line of Sight (LOS), in which Non Line of Sight (NLOS) contributions,
coming from reflections could help to recover the transmitted signal. In this way,
multi-beam steering method, switching/selection beam methods and phased array
antenna enter as antenna solutions into the mm-wave scene. The compactness of the
antennas allows the integration of several transceivers and antenna arrays on a given
device. In the case of portable mobile devices, the mm-wave short wavelengths open
the door to directive antennas of practical size and weight that would be unthinkable
at microwave frequencies. See for instance the size of the chip integrated phase array
presented to operate at f = 94 GHz, presented in 2013 by IBMr [647].
Notice that the fact of having a high gain, narrow-beam scenario provided by
these small, millimetric wavelengths, implies the use of new strategies, adequate to
the new available possibilities. In this sense, exploiting the polarization and spatial
processing techniques provided by the recently developed massive Multiple Input
Multiple Output (MIMO) and adaptive beamforming results very promising [632],
[648]. Therefore, space multiplexing is added to the today’s conventional time,
frequency and even code multiplexing. To be more specific, this fact disposes a
mobile communications scenario where operators are allowed to reduce cell coverage
areas, the cost per station drops as they become more plentiful and more densely
distributed, hence gaining the essential flexibility, quick development and reduction
of ongoing operation cost.

8.1.3.2

Propagation characteristics of usual channels

Atmosphere characteristics:
The phenomena of emission and absorption of electromagnetic radiation is caused
due to the fact that, when an electromagnetic wave of a particular frequency is
incident on a gas molecule, the energy level is shifted by resonance. Later, when
the molecule returns to its original state, it radiates at the same frequency but in a
random fashion. The effect causes attenuation of the incident wave and generation
of an incoherent noise at the same frequency [598]. It is well-known that the Earth’s
atmosphere emits and absorbs radiation at all frequencies. However, at microwave
frequencies and below, the magnitude of this phenomena it is not significant. On
the other hand, it has been seen in section 2.2.1.2 that at THz frequencies these
molecular phenomena are specially strong. At the mm-wave band, they occur both
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(a)

(b)

Figure 8.3: Examples of how the antenna characteristics at mm-wave change the technological
and application scenarios. a) Antenna size needed to produce a 1◦ beamwidth (gain of G = 44 dB
if the efficiency is η = 50%). Example adapted from [646]; b) Integrated Circuit (IC) phased array
operating at f = 94 GHz, proposed by IBMr [647].

cases, for some sub-bands the absorption is large, and for others rather low, see.
Fig. 8.4.

Figure 8.4: Average millimeter-wave atmospheric absorption [608]. The main sub-bands under
the focus for medium-large range are highlighted with blue circles. The main sub-band for short
range transmission (around f = 60 GHz) is highlighted with a green circle.

The observed peak at f = 60 GHz is caused by the more than 40 resonant lines
around this frequency of the Oxygen magnetic dipole moment. This peak results
very relevant since it imposes how the presently projected application must allocate
in the mm-wave band spectrum. In Fig. 8.4, the bands highlighted with blue circles, [28 GHz-38 GHz] and [70 GHz-110 GHz], are those which present the lowest
atmospheric propagation losses. Consequently they are projected for outdoor ap410
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plications, including mobile communications [601]-[602], Point-to-Point (P2P) highdata-rate links [608], [646], vehicular radars (mainly planned at f = 77 GHz) [605],
[629], [649], radiometry (often using the minimum of absorption at f = 94 GHz)
[650], [651], or imaging (also taking advantage of the atmospheric properties at
f = 94 GHz) [638], [640]. On the other hand, the frequencies surrounding f = 60
GHz, marked with a green circle, present atmospheric attenuation as high as 20
dB/km. Nevertheless, they are very suitable for a short-range scenario in which it
can be taken advantage of the isolation from sources of interference. Consequently,
there is a huge interest in these frequencies, generally for short-range high data
rate communications [632], [609]. There are as well important peaks at f = 118.75
GHz (Oxygen single-line dipole moment) and at f = 183 GHz (water vapor electric
dipole moment), which also define high/low absorption sub-bands [598]. However,
since commercial applications are imminent below f = 100 GHz, the attention to
portions of the mm-wave band spectrum beyond this frequency is considerably lower.
Generally speaking, in the context of mm-wave commercial applications (some THz
applications previously described may cause exceptions), what can be expected for
such sub-bands is a re-allocation of some of the aforementioned applications when
the lowest mm-wave spectrum start to saturate some day.
It is worth to mention that rain conditions may noticeably change the above
described situation. Note that rain drops are in the order of the wavelength size
at mm-wave frequencies. According to the ITU data about rain attenuation [652],
as it is pointed out in several works, high rains can cause total fading of mm-wave
signals [598], [600]-[601], [603], [608], [634], [646]. To better quantify the rain impact
on the propagation channel, Fig. 8.5(a) [600] shows the attenuation in dB/km as a
function of the frequency for different rain rates. A light rain (2.5 mm/h) may only
barely affect the total performance of the system, which can be prepared for that
case (note that the projected links do not extent more than 2-5 km). However, if
the rain is heavy (25 mm/h and beyond), the mm-wave band signals may suffer an
attenuation so large that the signal to be received is lost.
Fortunately, most of the countries rarely present such high rain rates, and in
those countries where these rains occur, they do not occur often. Therefore, the
correct performance of the system can be ensured except of few minutes or as maximum several hours a year. For instance, currently available equipment at 70/80
GHz can achieve 1 Gbps connectivity with 99.999% (the usual five nines term of
carrier class performance, equivalent to only 5 min of system fail caused by weather
per year) over distances of 2-3 km throughout most of Europe and United States.
Considering 99.9% (three nines availability, equivalent to 8 hours of system fail per
year) the distance can be increased to 5 km. Ring configurations may even increase
the performance due to the clustering nature of heavy rains [608], [646], [634]. Most
of the experts indicate that, although the influence of the rain on the system is not
as benign as for lower frequencies, the projected uses of mm-wave frequencies still
allow to prepare the system against this problem. For example, when talking about
communications, if the link is planned to be short, small dependence on the rain
is expected. However, this planning is very necessary and radiofrequency engineers
must study the climatology of the area where the system is thought to operate.
Actually, rain is the main fading threat at mm-wave frequencies [646].
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Figure 8.5: Attenuation caused by rain (a) and foliage (b) at mm-wave frequencies [600].

It must be also indicated that higher altitudes in the atmosphere present higher
attenuation. For high altitudes, the marked valleys forming low-loss transmission
sub-bands in Fig. 8.5 become much more smooth. For common communication
links or other terrestrial applications this fact is not a problem, however it must be
taken into account to plan satellite communications or atmospheric radiometry experiments [646], [653]-[655]. For instance, in [655], a lossy dielectric plate is inserted
to compensate the difference in losses of the high-angle and low-angle sky spectra.
Similarly, in hot and humid conditions, the atmospheric attenuation increases about
1.5-2 dB/km at the sea level [646].
On the other hand, smoke, dust, fog, snow, haze and blowing sand present low
absorption characteristics at mm-wave frequencies, this giving strong advantage in
these conditions to the mm-wave band front higher bands such as the infrared or
optics. As a matter of fact, a 14 km mm-wave link operating in the Middle East,
operated error-free during the most severe sand storm experienced in the recent
history [646].
Forestal/vegetal, urban and indoor scenarios characteristics:
Finally, beyond the usually commented atmospheric losses, specific highlights about
other source of usual losses than can be encountered in a some mm-wave channels
must be given. This is the case of foliage losses, which are significant and can limit
the propagation under certain conditions [600], [634], [635]. Fig. 8.5(b), shows the
foliage losses as a function of the frequency for several foliage depths [600]. It is
noted that, at f = 80 GHz, 10 m foliage penetration impose a propagation loss of
23.5 dB, 15 dB higher than the propagation loss at f = 3 GHz. The account for this
losses is explicitly given in many plans for outdoor communication systems, specially
for military applications [656].
The elements conforming urban and indoor scenarios present as well considerable
different response in mm-wave when comparing to microwaves. For example, the
attenuation in dB/cm of concrete is one order of magnitude larger at f = 40 GHz
than at f = 3 GHz. Actually, few centimeters of this material totally damp the
signal. Similarly, an office whiteboard is almost transparent at microwaves, whereas
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at mm-wave band frequencies it imposes an attenuation of 10 dB. On the other hand
(and fortunately), drywalls, mesh glasses or wood do not show significant increase at
mm-wave frequencies [600]. Again, the radio-frequency engineer to plan the system
must be aware of such a new scenario. A good work characterizing this kind of
scenarios, but below f = 40 GHz, is found in [601].
8.1.3.3

Frequency bandwidth and regulation:

From the starting of the mm-wave band true progression, the large available bandwidth at the mm-wave band was a very attractive good [598], mainly for communications applications. At the 90s, the spectrum below 1 GHz was already saturated,
a bandwidth that is only 1% at 100 GHz. The situation is not very different nowadays, where most of the applications operate below f = 3 GHz. The true potential
of this new available bandwidth provided by mm-wave frequencies is not in replacing services allocated at lower frequencies, but in offering new ones requiring larger
bandwidth, or in giving extra support to those existent. An example of the first case
is the transmission of heavy files such as high-quality video by means of high-datarate traffic wireless systems [608], [609], whereas an example of the second one can
be the new generation of mobile networks [601], [635].
In order to transmit at considerably high data rates employing a wireless system,
the regulated transmission channels must be wide enough to allow for the required
bandwidth for such high rates. Up to 40 GHz, regulators deliberately slice the
available spectrum into many narrow channels to encourage competition and permit
users to enjoy the services without interference. This means that only at the higher
mm-wave band frequencies (f > 40 GHz) channels are large enough to support the
highest data rates. For instance, the most popular wireless standards in the sub-10
GHz region (cellular, WiFi, WiMAX, etc.) support data rates of up to several tens
of megabit per second. If the frequency is extended up to 40 GHz (the case of long
distance transmission, cellular backhaul1 , etc.), data rates may grow to hundreds of
megabits. However, to reach the barrier of 1 Gigabit(s) per second (Gbps), the use
of the bands at 60 GHz, 70 GHz or 80 GHz, in which wider channels are available,
is mandatory. If the data rate is desired to be 10 Gbps or higher (maybe for the
next decade developing standards), the bands around and beyond 100 GHz will be
required [608]. In addition, it must be commented that power regulations will play
a decisive role in the achievement of such rates [634].
As it was pointed out when the propagation characteristics of the atmosphere
were reviewed, not all transmission windows (valleys in the graph of Fig. 8.4) are
available for commercial services. In fact, whereas when the band was virgin, as it
occurs with the THz band these days, atmospherical windows posed the scenario
[598], when the commercial use is imminent and regulation2 enters in scene, the
objectives and uses are much more specific [608]. Actually, extensive review of the
literature indicates that there are three main attractive bands in general. First,
1 The backhaul network is the portion of the network provide the intermediate links to connect the backbone or core network with the small sub-networks located at the edge of the entire
hierarchical network [657].
2 Communications applications, which are dominant, determine the main regulation. The use of
other kind of applications such as radar or imaging is usually adapted to that regulation.
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one has the spectrum around 60 GHz, the [57 GHz-64 GHz] band, the so-called the
V-band. Second, the defined bands in the 70/80 GHz are [71 GHz-76 GHz] and
[81 GHz-86 GHz], the so-called E-band. Both are under the focus due to the large
available bandwidth to support the aforementioned Gbps transmission. Third, the
bands around 90 GHz are [92 GHz-94 GHz] and [94.1 GHz-95 GHz]. Note that [94
GHz-94.1 GHz] is reserved for military applications. Therefore, in this last case,
although there is significant bandwidth to exploit, its uneven allocation and the
proximity to the military bands may suppose a handicap in the future use. In Fig.
8.6(a) [608], these bands are shown together with the most important microwave
and cellular bands allocated in the regulation.
If the mm-wave band is, from the commercial point of view, already restricted
to much more specific frequencies, the regulation per regions may tighten the noose
even more. In Fig. 8.6(b), also from [608], the regulation of the three aforementioned
bands (60 GHz, 70/80 GHz, 90 GHz) per regions in 2009 is shown. The most open
case is USA, where all three bands are used. However, most of the countries only pose
V-band on the scen, and in some cases, managing it with additional restrictions. This
is the case of Europe. Here, the V-band is split in two relatively small allocations,
hence reducing its potential for high data rate transmissions compared to the 7 GHz
wide band allocation available in USA. Although in [608] was cited the imminent
reconsideration for this decision by European regulators, current data from ITU
[599] indicate that this issue is still under review. Despite of the welcome from the
industry to the idea of employing a 7 GHz unsegregated bandwidth, some countries
place the [59 GHz-61 GHz] band for NATO3 /military applications and the [61 GHz61.5 GHz] for Industrial, Scientific and Medical (ISM) use only. In this issue, Europe
present nowadays a quite heterogeneous status per country. Regarding to the current
situation of the E-band, despite Brasil, and some countries in the Middle East that
have opened this band, in general, South America and Asia are, currently, still one
step behind.
Additionally, but with less relevance, it is found the spectrum in the band [28
GHz-30 GHz], mainly considered for Local Multipoint Distribution Service (LMDS),
conceived for the last mile. In USA, the Federal Communications Comission (FCC)
auctioned two LMDS licenses per market. The A license includes a total of 1.15
GHz bandwidth split in the bands [27.5 GHz-28.35 GHz], [29.1 GHz-29.25 GHz]
and [31.075 GHz-31.225 GHz]. The B license is only 150 MHz wide, split in [31
GHz-31.075 GHz] and [31.225 GHz-31.3 GHz] bands [600]. As can be understood,
the scenario for this spectrum resembles much more to a cellular one than to those,
rather wide-band, aforementioned in the previous paragraph. The situation around
38 GHz is quite similar. Both spectra are considered as a possible allocation for
future mobile communications [601], [602]. For completeness, it is mentioned that
the band [3.1 GHz-10.6 GHz], so-called microwave Ultra-Wideband (UWB) impulse
radio, was regarded as an attractive allocation with interesting bandwidth and propagation properties. However, the lack of international coordination (that, contrarily,
has worked well for higher frequencies) and the existent of other unlicensed bands in
Europe and Japan, such as the [2.4 GHz-5 GHz] band, suggesting interference problems, have capriciously relegated this part of the high microwave spectrum [632].
3 North

Atlantic Treaty Organization [658].
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(a)

(b)

Figure 8.6: Millimeter-wave sub-bands and regulation [608]; a) Main microwave and mm-wave
sub-bands; b) mm-wave sub-bands availability and allocations in the most important global markets
in November 2008.

To finish this apart, it must be highlighted that, since communications regulatory organisms fix the employable bands, other kind of applications are consequently
allocated in free-used bands or unlicenced spectrum. Radar has been mainly focused
around 77 GHz, being the available bands [76 GHz-77 GHz] and [79 GHz-81 GHz],
[604]-[606]. Alternatively, some proposals are found around 24 GHz and 94 GHz, this
last more dedicated to military and scientific uses. For the former frequency there
is regulation on the band [21.65 GHz-26.65 GHz] [604]. Other suggested frequencies for are 35 GHz, 47 GHz and 60 GHz, however, the demanded standardization
in other commercial areas (60 GHz in communications, for instance) will probably
relegate them. When talking about radar, the projected required bandwidth for
the necessary resolution, provided by the common traffic scenarios is 1-2 GHz [659],
that some authors increase up to 5 GHz for the more challenging short-range urban
scenario [606]. This fact justifies the preference of higher frequency spectrum spots.
Regarding imaging, f = 94 GHz is the most common frequency [640], [641], [644].
Most of the imaging systems demand for narrow-band operation, although excep415
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tions are found. For example, in [660], a 30 GHz bandwidth ([10 GHz-40 GHz]) is
proposed to gain depth resolution up to 5 mm.

8.1.4

Applications

Next the main application areas for the mm-wave will be reviewed. The number of
areas is more reduced than that for THz, and in most cases, the experimental stage
has left to become a reality that is already commercially available or it will be very
soon. As described in Fig. 8.2, these areas are radar, communications, imaging and
scientific radiometry.
8.1.4.1

Radar

Radar applications were the initial trigger for this ongoing mm-wave revolution.
Considerable effort was put at the end of the 80s and starting of the 90s in producing reliable, low cost, high performance radars. The development of such area
was not comparable with any other at that time [598]. The improved resolution
due to the employed short wavelengths, the penetration through fog, clouds and
humid atmosphere, and the wide frequency space available allowing for free choice
of modulation methods, resulted and result very attractive for this kind of applications. Additionally, narrow beams, easily obtained mm-wave frequencies, provide
high angular resolution, which diminishes mutual interference between systems, and
improves detection security. Furthermore, as the target becomes comparable with
the wavelength, polarization information becomes available, a further contribution
to position and velocity information. Other technologies, such as image sensors or
laser radars are weak to rain, dirt or light conditions, whereas ultrasonic sensors are
short-range and very affected by the wind [624]
As usual, military applications impulsed first the development of the technology.
Military radars have interest in: a) surveillance and target acquisition of small size
targets demanding from high resolution and low weight equipment; b) fire control
and tracking at short range, where high spacial accuracy is required; c) guidance and
seekers (the most active area due to the advantages in size and weight); d) instrumentation and measurements (due to the requirement or large databases of the target
signatures and the clutter reflectivity characteristics). Of particular interest is the
possible use of infrared and mm-wave systems working together. Whereas the first
provide good spatial resolution and good target discrimination over a long range in
clear weather, the second can operate in harder weather conditions, detecting moving targets easily, and providing accurate range information [598]. Nowadays, the
mm-wave band is strongly consolidated in the well-founded military environments
(it is time to civil applications now [607]). Current designs operating at f = 94 GHz
show very good performance. For instance, in [661], a radar to be incorporated in
aircrafts manages an output power of 100 mW over a bandwidth of 1 GHz, giving
a resolution of 15 cm and a dynamic range of 60 dB. Similar figures are presented
in [662] with the intention of incorporating it to unmanned aerial vehicles. Therefore, pioneer research in military areas is focused now around 220 GHz, where other
minimum of atmospheric attenuation is found (see Fig. 8.4) [663]-[665].
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However, the intense activity in radar applications belongs by far to the automotive industry [604]-[606], [624]-[625], [629]-[630], [649]. A good review on the
evolution of this area is carried in [659] by Meinel, a relevant figure on the field,
[621]-[623], [666]. Already in the 70s, first movements in the sector appeared by
the hand of radars operating at 35 GHz. Fig. 8.7(a) shows a 35 GHz automotive
radar system built by AEG-Telefunken in 1974, the car being driven by the same
Meinel. At the 90s, technology at f = 77 GHz became available, and, initiated
by Germany (Mercedes-Benzr was very involved), radars incorporated in premium
cars moved to that frequency. More recently, in the last decade, combination of 24
GHz and 77 GHz radars was though appropriated for urban traffic scenarios. This
scheme is illustrated in Fig. 8.7(b) [659], where the radar at 24 GHz (green) provides
short-range vision, whereas the radar at 77 GHz (yellow) provides long-range vision.

(a)

(b)

Figure 8.7: Automotive radars. a) 35 GHz automotive radar system built by AEG-Telefunken
in 1974 [659] (driven by Holger H. Meinel, the author of the paper); b) Combined used of 24 GHz
(green) and 77 GHz (yellow) radars for short/large region vision. [659].

Nowadays, radar systems are entering in the medium-class cars. Furthermore,
whereas in an early stage automotive radars were exclusively used for comfort purposes, e.g., automatic speed control by keeping a safe distance to the preceding vehicle, in these days, advanced safety functions are demanded [606]. More specifically,
according to [605] the following four services, with increasing grade of complexity
are visioned:
• Passive Comfort: Only additional information is given to the driver. Example: parking aid.
• Passive Safety: Actions are taken in order to preserve the passenger security
when some safety risk is detected. Example: airbag.
• Active Comfort: The vehicle takes control over monotone task to increase
the comfort of the driver. Example: Adaptive Cruise Control (ACC).
• Active Safety: The vehicle takes control on emergency situations. Example:
Sharply deceleration in case of a obstacle on the road.
All this services imply a large variety of targets to be detected, hence different
radar requirements. Sensors will require to look in all directions around the vehicle
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with differently defined scanning and distance relations, see Figs. 8.8-1 and 8.8-2,
from [605]. Rear traffic crossing alert and blind spot detection operate in the near
range and simply give information about whether one or more targets in a certain
area are present, whereas ACC and forward collision prevention may have to scan
the whole traffic scheme in near, mid and far ranges, depending on the velocity and
the environment of the car [606]. Fig. 8.8-3 shows a typical monostatic Radar Cross
Section (RCS) of a car [605]. The laterals of the car shown an important peak that
can be advantageous to prevent accidents during lateral movement actions. The
issue of defining more specifically the near, mid and far ranges, generally diffuse in
the literature, is quite well explained in [605]. Data of that work are summarized in
the following list:
• Long Range Radar (LRR): The beam is narrow and points forward. Used
in ACC, see Fig. 8.8-1 or Fig. 8.7(b)(yellow). Distances range between 10 m
and 250 m. Distance resolution of ∆R = 0.5 m and angular resolution of 0.1◦
are demanded (see Fig. 8.8-2). Implementable with 600 MHz bandwidth.
• Medium Range Radar (MRR): Intended for applications with an intermedium distance and speed profile. Good examples are the Cross Traffic
Alert (CTA), watching for traffic when starting overtaking action, or the Lane
Change Assistant (LCA), giving alert of the approaching vehicles at a junction,
see Fig. 8.8-1. Distances range between 1 m and 100 m. Distance resolution
of ∆R = 0.5 m and angular resolution of 0.5◦ are demanded (see Fig. 8.8-2).
Implementable as well with 600 MHz bandwidth. Note that, since in some
implementations this radar points laterally, valuable information of the environment, complementary to the forward-looking radar is obtained (think in
curved trajectories for instance).
• Short Range Radar (SRR): This kind of radar is though for applications
sensing in direct proximity of the vehicle like obstacle detection and parking
aid. This kind of service is quite universally incorporated nowadays. Distances
range between 15 cm and 30 m. Distance resolution of ∆R = 10 cm, distance
accuracy of only 2 cm, and angular resolution of 1◦ , are demanded (see Fig. 8.82). In this case, the accuracy demanded for the depth suggest the employment
of up to 4 GHz for the new generation radars.
In general, radars at 24 GHz have been preferred when long range is not required. The components for this microwave frequency have high availability and
performance, brought from the telecommunications industry. This frequency offers
the best compromise between current component cost and sensor size. Since short
range sensors do not measure the angle of detected objects, single antenna elements
are sufficient. The antenna beams are only vertically directed in order to increase
the antenna gain and minimize clutter effects from the road surface. To measure
not only the target distance, but also its angular position, several adjacent sensors
can be implemented [604].
Nevertheless, radars at 77 GHz, in the recent past reserved for LRR applications in which the use of higher frequency was clearly necessary, is gaining terrain
these days. It is expected that every kind of radar, SRR, MRR, LRR will be soon
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Figure 8.8: Automotive radars main parameters and functions [605]. 1) Field of view and distance
range for three exemplar functions: Lane Change Assistant (LCA), Cross Traffic Alert (CTA) and
Adaptive Cruise Control (ACC); 2) Range resolution and angular resolution; 3) Typical monostatic
RCS of a vehicle.

implemented exclusively in the 77 GHz band. As Meinel [659] indicates, there are
several reasons to believe in the previous affirmation. First, there is an increase in
the number of services and complexity of them. The accuracy in space and time is
demanded to be superior, and 77 GHz radars have much empty room to provide this
thanks to the shorter wavelength and available bandwidth than the more inherently
limited 24 GHz radars. Second, vehicle integration and sensor packaging demands
minimization, while enhancing sensor performances. Again the shorter wavelength
at 77 GHz will facilitate the achievement of this demand. As an example, this year,
in [630], a radar system was fit in only 2.5 cm × 2.5 cm × 1 cm, see Fig. 8.9. Third,
there will be a cost reduction caused by the well-known effect of economies of scale.
This will not only be provided by the massive development of all kind of radar
types (SRR, MRR and LRR) as points [659], but the development to come from
the telecommunications industry has much to say [600]-[603], [608]-[609], [632]-[636].
Regarding to this unavoidable relationship between both areas, a further reason can
be added in this point. Note that the big amount of data provided by the radars
must be managed and transmitted. Operate on the future high rate data channels
at similar frequencies may allow for better integration of the total systems. Finally,
the interoperability requirements. Advert that due to the expected massive use of
automotive radars, mitigation of interferences will be required. Therefore, the use
of a large bandwidth in order to enable frequency hopping or other similar modulation techniques, reducing incoming noise of adjacent channels, is clearly necessary.
Worldwide, this wide-band channel requirement is only provided by the [76 GHz-81
GHz] band these days.
The future of automotive radars is promising according to the market, and suitable (if not necessary) according to the motoring traffic statistics. The traffic saturation in populated cities, and the fast development in the BRIC4 States during
4 Brazil,

Russia, India and China
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(a)

(b)

Figure 8.9: Single-chip mm-wave radar operating at [76 GHz-77 GHz] of [630]. a) Single-chip
radar system based on SiGe Bipolar Complementary Metal-Oxide-Semiconductor (BiCMOS); b)
Microstrip series fed array patch with an incorporated lens.

the last years, dispose an scenario with increasing risk of accident, demanding for
safety and prevention elements. The social-economic cost of road traffic accidents
is Spain implies annually about 0.04% of the total Gross Domestic Product (GDP)
[667], apart of the invaluable human cost. Experimental essays in 1992 showed that
a collision warning system based on a radar operating at f = 24 GHz, which was implemented in more 4000 US buses and tracks, caused an accident reduction of more
than 50%. Even more, the severity of accidents that still occurred was noticeably
reduced [659].
8.1.4.2

Communications

Two/three decades ago, technology supporting mm-wave communications was much
less advanced than mm-wave radars. There was too much work to do in developing
the first generation of mobile networks, and it was the moment to deploy optical
fiber networks. Satellite technology was also relying in the microwave regime [598].
Despite of this fact, it was visioned that some day the mm-wave band would gain an
important role, and some marginal (compared to present levels) research was carried
out. Point-to-point links were the most obvious scenario (as deploy fiber networks
is sometimes not economically justified in unpopulated areas), however a lack of
bandwidth regulation is highly appreciated in the literature in the 80s and 90s, and,
inasmuch as modulation techniques and signal processing were not as advanced as
today, data rates were not, by far, current ones. For instance, in [598] it is mentioned
a system operating at f = 29 GHz, merely giving 2 Mbps. In [666] and [622] similar
examples (data rates of several Mbps) were reported, most of them including systems
operating at f = 50 GHz. In those works, other scenarios such as mobile or indoor
communications were, it could be say, well foreseen. However, only general ideas
were given rather than concrete implementable systems, hence the treatment of
such concepts was merely qualitative. Satellite mm-wave communications were also
predicted to have their role if some disadvantages were overcome [598], [622], [653].
Compactness and weight reduction were pointed as good advantages inasmuch as
launch cost can be noticeably diminished. On the other hand, the problem of larger
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atmospheric attenuation was regarded as a critical one, only avoidable by enhancing
the use of directive antennas, good tracking systems and robust modulations.
Nowadays it can be affirmed that, although radar applications have been a good
driver of mm-wave technology, the true flagship role correspond to communication
applications. At least, current service demand and economical weight of this area
are major reasons to drive a successful achievement of the technological maturity
status in this band in the next years [354], [634]. Backhaul networks by means of
point-to-point links continues being the main role of mm-wave in communications,
with many systems already implemented, and others easily foreseen [608]-[609], [634],
[646]. However, mobile and high data rate indoor communications are quite close,
very involved in the current landscape [600]-[603], [609], [632], [635]. These inertia of
increasing the operation frequency affects as well satellite communications, and some
work is ongoing [668]-[669], however, the activity is not comparable with the terrestrial area. Finally, the incoming big data scenario in vehicles due to the quantity of
sensors that new generation of cars will incorporate, has make arise vehicle-vehicle
and vehicle-infrastructure communications on the mm-wave band [631]. Most relevant aspects and innovating works in each category are reviewed next.
8.1.4.2.1 Point-to-point links to support backhaul and backbone:
The realm of backbone networks, i. e., the true core supporting the large aggregated data of all users is well dominated by optical fibers. Optical systems operate
nowadays with 50-100 channels per fiber and with 50-100 fibers per communications
bundle. Each wavelength channel operates between 10 Gbps and 40 Gbps. Furthermore, the cost for hardware is decreasing fast, specially for optical equipment
providing Ethernet links [646]. In addition, the transmission of radio signals is being
implemented over free space optics links [670]-[671] and over fiber optics [672]-[673],
this last the so-called Radio over Fiber (RoF). Advances in microwave photonics
also contribute to this optical domination [593].
Despite of these facts, fiber communications links have not been deployed in may
USA and Europe areas (Asia achieves more fiber penetration), not only those with
lack of high data rate demand, but in congested areas requiring evident bandwidth
needs. The fiber is not everywhere, but the fibers rings do not stop at every building
and this creates a broadband last-mile problem. For instance, in USA, only 19.1%
of the business locations with more than 20 people had fiber access in 2008. The
key point causing this scenario, surprising at first view, is the cost of deploying fiber
networks. Whereas the optical fiber equipment is about US$10,000, the cost of the
installation is estimated to be between US$200,000 and US$450,000, which gives a
ridicule percentage weight to the technological cost. Roof rights, trenching and pole
construction are quite responsible of this [646], and the cost of leasing high-speed
fibers come as a second order reason [608]. As [646] informally indicates ”Backhoes
don’t follow Moore’s law”.
Contrarily, the cost of a mm-wave radio installation is in the range of US$50,000.
Therefore, the larger flexibility and low-cost of mm-wave systems, that nowadays can
afford perfectly the Gbps demanded rates, make them a very suitable alternative.
Furthermore, the deployment is much faster and causes less environmental impact
than a optical fiber deployment [608], [646]. Note that even provisional radio towers
can be employed, thus providing a dynamic network configuration, which can be
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easily adapted to the demand bursts 8.10(a). To give some figures, 60 GHz band
standards are available to yield up to 4 Gbps speeds, whereas the 70/80 GHz equipment is already available, providing 1.25 Gbps. For this last case, the connectivity
is achieved with a 99.999% weather availability, the famous five nines or carrier class
performance, over 2-3 km distances in most of the USA, which is a country presenting a great variety of weather conditions. In addition, if the network is more
permissive, i. e., allowing a performance slightly lower than five nines (99.99% or
99.9%), coverage is increased and the cost is reduced even more. In addition, proper
network stations configuration strategies can thoughtfully minimize weather influence. This fact throws away the idea of that mm-wave networks are wrecked by
rain.

(a)

(b)

Figure 8.10: Point-to-point links for backhauling at mm-wave frequencies [646]. a) Millimeterwave radio backbone (orange lines) deployed by 1 Velocity in Las Vegas, Nevada; b) Intelco tower
Systems SR 106 portable tower at full extension of 32 m, with mm-wave radio systems installed at
3 m and 6 m elevation.

Moreover, if one considers the optical alternative competitor, Free Space Optics (FSO) [670]-[671], some disadvantages are found. For instance, fog conditions
seriously affect the link: whereas a mm-wave link would experience 0.4 dB/km in
fog conditions, the attenuation of a FSO link is as high as 225 dB/km. Since fog
occurrences are hard to predict, and they extend for many hours when appear, FSO
links experience significant disconnections. In addition, many elements can block
the ray path. This is the case of birds, snow, sand, dust, flying debris or agricultural
burning residue. In addition, the required precised alignment is challenged by the
tower sway or movements of solid buildings as they naturally heat up and cool down
during the day. Longer east or west facing optical links can be also affected by diurnal sunlight effects. Thus, even FSO is a promising technology which provided very
good performance under optimum condition, mm-wave links are much more robust
[608].
In this way, the primary applications in this area comprise Gigabit Ethernet format of voice, video and data traffics, applied for campus connectivity, Local Area
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Network (LAN) bridges, last mile access to Internet and metro Ethernet backbones.
Equipment is already installed in several business, schools, universities, medical institutions, government buildings and entertainment companies. The examples of
specific benefit of the enhanced high data rate provided by the mm-wave backhaul
and backbone networks given in [646] result quite interesting: X-ray and Magnetic
Resonant Imaging may be delivered close to real time at medical campus or between
several of them, or high definition video material may be almost instantaneously
delivered between a sound stage and a producer location in Hollywood. Nevertheless, the most significant example given in that work is the 65-link metro Ethernet
backbone in Las Vegas, Nevada, developed by 1Velocity [674], see Fig. 8.10(b). The
backbone network footprint is approximately 32 km × 48 km, covering the entire
metropolitan area. Each Gigabit node provides 10-100 Mbps to individual customers
through lower-frequency radio channels. It is interesting to note that the network
offers less than 0.5 ms of latency across the entire network footprint. In addition,
a single ring element failover is recovered in less than 0.7 ms. These figures are
representative of very good performance in a network of that size.
8.1.4.2.2 Indoor communications:
Indoor wireless communications define small, short-range networks inside a building, house, office or even a room, in which few devices are connected (quite often
on the device-device configuration). The bands around 60 GHz provide the perfect
support for such scenario inasmuch as they provide wide bandwidth and suppose
an alternative spectrum to the 70/80 GHz bands, more suitable for point-to-point
links due to their lower atmospheric attenuation. A good classification of indoor
communications is that given in [632]: a) high-definition video streaming; b) file
transfer; c) wireless Gigabit Ethernet; d) wireless docking station and desktop point
to multi-point connections; e) wireless ad hoc networks. The most relevant in the
current land scape are a)-c) due to their universal impact to the user. The aforementioned categories can be even subdivided by cases depending on 1) whether they are
used in residential areas or offices; 2) distance between transmitter and receivers;
3) LOS or NLOS connection; 4) position of the transceivers, and 5) mobility of
the devices. Information about such categorization can be found in [632] and the
regulatory document [675].
High-Definition (HD) video streaming is the nowadays Internet revolutionary.
In the same way that MP3 did with the music industry in the 2000s, HD video is
doing at present through popular web platforms such as Youtouber . Front classical
TV, Internet offers wider content by far and the possibility of moving it from one
device to another easily. This scenario urgently demands for an obvious link that
lacks today (at least in the required data rates): the Device-to-device (D2D) link
[609]. The 60 GHz wide bandwidth channels open the door to uncompressed video
streaming for residential use, which is very interesting, not only for comfort, but
because alleviates the receiver device complexity, which will not need to incorporate compression/decompression functions. Uncompressed High-Definition Television (HDTV) may be sent from the reader device (DVD, computer, PDA, etc.) to
the receiver with typical distances of 5 m to 10 m. Another interesting scenario considering uncompressed video streaming are conference rooms where people can share
the same projector and easily connect to the projector without switching cables.
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LOS and NLOS connections must be considered [632]. The use of High-Definition
Multi-media Interface (HDMI) cables to share video formats between devices may
disappear in few years to the more comfortable and flexible wireless possibility [609].
The consideration of LOS results important since the direct propagation path may
be temporarily blocked by human bodies or objects, and video streaming is a realtime application generally. Since transmitter and receiver are quite static in these
kind of applications, strategies to enhance LOS connections when necessary must be
considered.
File transfer has even more uses. In offices and residential areas a very usual
connection is that between a PC and its peripherals, including printers, digital cameras, mobile phones, camcorders, etc [632]. Data is increasing and the user wants it
in all its devices, instantly and at any location. A good example of how a mature
mm-wave indoor communications network may change the future is the possibility
of substituting the usual USB use to share files between computers [609]. Another
one, suggested in [632], is the possibility of acquiring digital content on demand from
kiosks, stores or similar in public spaces. Life is becoming fast, and the user will
demand services providing the required files in just few seconds.
Finally, Wireless Gigabit Ethernet links have the function of being a media converter from a fiber link to a duplex wireless link giving data rates about 1 Gbps
or beyond. Therefore, it can be regarded as the extension of the optical fiber (or
mm-wave radio based) backhaul to the user, with the aim of no losing data rate
performance [676]. Note that, no mater how fast files are derived to the building or
house node, if the final wireless section is not fast enough, the user will not experience high data rates, i. e., the classical bottleneck problem. In this way, mm-wave
indoor communications may give the essential support to enhance considerably the
user experience without any major changes in the core of the network, thus being a
very efficient investment.
8.1.4.2.3 Mobile communications:
Mobile communications is, probably, the most relevant category inside communications for obvious reasons. The universal use of mobile phones, most of them smart
nowadays, is an undeniable reality. The demand of higher data rates experiments a
considerable annual grow that is saturating the network [677]. Aside from the backhaul network saturation, the cellular network providing connection to the user in the
last section is in its limit these days. Cellular providers currently face a situation
in which they have to deliver high quality, low latency video and multimedia applications to wireless devices with a spectrum ranging between 700 MHz and 2.6 GHz
(each major provider has about 200 MHz across all the different cellular bands of the
available spectrum). Efficient modulation techniques, new division multiple access
techniques including time, frequency, code, and now space, have been proposed [678]
so the throughput provided by each portion of the spectrum is maximized. However,
despite the spectral efficiency is pushed up, the theoretical limit does not give much
more room [600]. If this was not enough, providers must service users with older
inefficient cellphones as well as customers with newer smartphones, so they must
manage their resources to allocate multiple technologies and standards in the per se
saturated spectrum [601]. Therefore, enabling new bands to give cellular services
would alleviate the situation considerably.
424

8.1 The mm-wave band
In [600], a standalone mm-wave broadband (MMB) network is proposed to operate in the E-band, see Fig. 8.11(a). This network consist in multiple MMB base
stations that cover a geographic area. The good coverage is ensured by a network
of MMB base stations which are deployed with higher density than macrocellular
base stations. As a rule of thumb, the given recommendation is to provide the same
site-to-site distance than microcell or picocell deployment in urban environments.
Since mm-waves are employed, transmission and reception are based on narrow
beams, hence the interferences from neighboring MMB base stations are practically
suppressed. This permits overlapping of coverage among neighbor base stations.
Whereas in conventional cellular systems the area is partitioned and each cell is
served by one or only few base stations, the MMB base station is thought to form
a grid with a large number of nodes to which any MMB mobile station can attach.
This strategy is very suitable to eliminate the problem of poor link quality at the
cell edge, which is inherent to cellular systems, so that high-quality Equal Grade of
Service (EGOS) will be given in MMB networks regardless of the mobile location. In
addition, as [601] points, aside EGOS enhancement by the geographical distribution
of the stations, mm-wave considered bands are much more uniform regarding the
channel (note for instance that 2.6 GHz is more than 3 times 700 MHz).

Figure 8.11: mm-wave Broadband (MMB) network proposed in [600]. a) Final MMB architecture
overlapped with the conventional 4G network; b) Intermedium architecture based on a hybrid
MMB+4G system.

Since the investment to arrive to the scheme of Fig. 8.11(a) may be challenging
for the provider, intermedium schemes are possible thanks to flexibility of radio links.
In [600] it is posed a hybrid MMB+4G system as a solution to be implemented in
the immediate future, see Fig. 8.11(b). Possible initial coverage holes in areas of
low MMB base stations density should not affect considerably the user experience
inasmuch as 4G networks are though to give good coverage when the MMB begin to
deploy. In the hybrid system, the mm-wave spectrum will be dedicated exclusively
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to data communication, being the control channel and feedback supported by the old
4G system. Note that frequencies below 3 GHz provide better penetration through
obstacles and they are less sensitive to LOS, rain and other undesired situations,
hence it seems appropriate to transmit important control channels in the microwave
spectrum, whilst mm-wave frequencies are reserved for high data rate transmission.
Similar proposals to that of [600] can be found at the 28 GHz and 38 GHz
bands [601], [602]. There are also cases proposed for the 60 GHz bands despite of
the undesired atmospheric attenuation. In [634], a simulation of a 60 GHz based
mm-wave cellular network gives an increment of the throughput by 30 times when
compared to the best case operating at f = 3.5 GHz. All the schemes are based in
networks with larger number of elements and with increased collaborative features
provided by both, terminals and base stations. The cost of the technology and the
consolidation of MIMO and beamforming techniques are the main current issues,
which solution is hoped by providers to proceed with the network deployment [600],
[609], [632], [648].

8.1.4.2.4 Satellite communications:
The allocated spectrum for satellite communications is as well becoming congested
these days [668]-[669]. The situation maybe not as evident as the case of mobile
communications, however, as high data rates increase and the transmitted elements
demand from higher throughput in every kind of network, new generation of satellites
to be operative in the next decade must incorporate suitable equipment to face the
challenging demands of the market. The necessary technology for the use of this
kind of communications over the mm-wave spectrum has been already developed
and is ready for practical implementations [668], [679].
Due to the atmospheric absorption, current state of the art points to the use
of [37 GHz-42 GHz] inside the Q-band, and [71 GHz-76 GHz] inside the E-band
[669], although some previous commercial prospects considered as well [46 GHz-56
GHz] in the V-band. Serious commercial proposals indicate as possible geostationary orbits, medium earth orbit, low earth orbit, and Molniya orbit, or in some cases
combinations of two of these orbits. In general, the Geostationary Orbit (GEO) is
preferred since it does not require tracking by earth station antennas. Nevertheless, the Low-Earth Orbit (LEO) has gained attention since half-second is gained
over GEO orbits, a rather important temporal delay, since it can limit the speed
of access to the Internet and degrade the quality of real-time applications such as
teleconferencing. Systems are called to incorporate multiple narrow spot-beam antennas, onboard demodulation and routing of traffic between beams, inter-satellite
links, and in some cases scanning beams in order to illuminate the service area continuously. In general, advanced antenna configurations will be required to face the
propagation impairments, caused by a challenging channel, very affected by the atmospheric attenuation. In addition, the cost of solid-state power devices still remains
higher than desired [653]. Several efforts are ongoing in the development of smart
antennas able to provide beam-switching or adaptively beam-steering [668]-[669],
[680], and to mature solid-state devices for satellite applications [681]-[682].
426

8.1 The mm-wave band
8.1.4.2.5 Vehicular communications:
The automation of vehicles is a reality. The next generation of cars will be
equipped with an enormous quantity of sensors, generating important data rates.
For instance, several radars such as described in this chapter will be massively incorporated for object detection. In addition, several visual cameras will act as virtual
mirrors, and LIght Detection and Ranging (LIDAR) for generation of high resolution
depth associated range maps will be as well incorporated, see Fig. 8.12(a) [631]. The
sensor intelligence inside a car will have such level of complexity that even the interior of cars is being these days under study for channel modeling [683]. Under this
situation, it seems very attractive to exploit all the obtained information, not only
for comfort and safety inside the car that is obtaining the data, but for generating
a collaborative network between cars or infrastructure elements, see Fig. 8.12(b).
In this way, possible limits caused by LOS situations may be easily overcome if the
information that each car knows is shared on the network.

(a)

(b)

Figure 8.12: Vehicular communications [631]. a) A car with several automotive sensors to enhance safety and performance; b) Conceptual scenario of vehicular communications at mm-wave
frequencies. Multiple mm-wave transceivers are placed on the vehicle in order to simultaneously
establish vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) communication links.

Conventional technologies such as Dedicated Short-Range Communication (DSRC)
and 4G cellular communication cannot support the Gbps data rates that are required
for uncompressed sensor data exchange between vehicles. For instance, note that
DSRC allows vehicles to exchange messages with basic sensor information with a
range up to 1000 m in theory, however, the maximum data rate in practice only
reaches 2-6 Mbps. Alternatively, 4G cellular systems may be used in D2D mode in
order to provide V2X (Vehicle-to-Vehicle -V2V- or Vehicle-to-Infrastructure -V2I)
communication systems. Nevertheless, although these systems are limited to 100
Mbps in theory, the data rate is noticeably reduced when high mobility enters in
scene. These technologies are definitely not prepared to handle the data rates in
the order of terabytes per hour that those automotive sensors will generate in an
scenario inherently presenting important mobility [631], [684].
The contemplated mm-wave alternatives are: to support the architecture over
the 5G mobile network standard possibilities, to include a modification of the IEEE
802.11ad (a standard defining the use of 60 GHz bands under the OrthogonalFrequency-Division-Multiplexing -OFDM-, see [685]), or, if the demand for this service reach high levels, it may be even convenient to develop an specific new standard.
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The 60 GHz band, provided by the IEEE 802.11ad may allow to transmissions of
up to 7 Gbps, but other regions, such the spectrum around 28 GHz, 37 GHz or 39
GHz, are also considered.
Also in this kind of communication service, a large number of antennas at both,
transmitter and receiver, will be present, thanks to the small antenna size at mmwave frequencies. Since a car can easily allocate several antennas due to the available
physical space, and the power supply will not be a problem, this configuration is particularly affordable in vehicular communications. In addition, it is very necessary
inasmuch as that nearby vehicles and pedestrians will be continuously blocking some
paths. This blockage can be mitigated by using the gap under vehicles as a waveguard. Nevertheless, the blockage effect is contemplated in [631] as a positive feature
rather than a negative one. The justification resides in the reduction of inter-vehicle
interference, and the fact that only vehicles in proximity would share their uncompressed sensor data while the basic safety information will be broadcasted using
other channels.
Despite of the fact that this emerging service is very promising, it must be said
that several issues must be treated. Due to the novelty in the field, few studies have
treated properly the modeling of the vehicular channel at mm-wave frequencies.
Also, the true final performance of the systems as conceived and described here
would be only achieved once the percentage of vehicles incorporating the required
equipment reach a reasonable penetration level. Regarding to this aspect, note that,
car renovation rate is much lower than for other goods, e. g., mobile terminals, since
they are noticeably more expensive and with a larger life cycle. Therefore, evolution
up to reach the described future mm-wave scenario is inherently slower than in other
areas such as mobile communications. Finally, there is a lack of simple mm-wave
beam alignment algorithms, non-fast enough to allow for vehicular communications
[631], [684].
8.1.4.3

Imaging

Millimeter-wave imaging shares many aspects with THz imaging. Both represent a
suitable increase of resolution regarding to the microwave regime, and, in the case
of THz frequencies, special sensitivity to molecular reactions. Refining more, if mmwave and THz are compared, as it was pointed out in section 2.2.3, the larger the
frequency, the larger the resolution, but also the lower the penetration in fabrics an
other elements that are desired to be rather transparent (think in security applications, for instance). Therefore, inasmuch as resolution is a suitable feature, but
penetration may result mandatory, leaving apart the friendly environments of molecular characterization applications, nowadays technology suggest as more suitable to
employ, for the moment, the lower frequencies offered by the mm-wave band. A
good example of this comparison is found in [118] (consult again Fig. 2.13(b)). A
proof that mm-wave imaging is ready for commercial purposes is the large number
of applicable system concepts patented these last years (see for instance [686]-[688])
At any scenario, objects emit and reflect radiation in the mm-wave regime. The
amount that each object emits or reflects is characterized by the object emissivity
ρ. This parameter is a function of the dielectric properties, roughness of its surface,
and the observation angle. A perfect radiator, sometimes called blackbody, presents
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ρ = 1. A perfect reflector presents ρ = 0. At mm-waves, the skin of the human
body shows an emissivity of roughly ρ = 0.9, i. e, it has some reflectivity in this
frequency band [640]. The key point to discriminate the metallic elements resides in
what radiation are they reflecting, inasmuch as ideally, the emission from metallic
parts is low, however, sources or radiation and reflected contributions may cause to
perception of metallic elements with higher emissivities, thus reducing the contrast
with the human body in passive imaging. Contrarily, active imaging, will enhance
those metallic elements in the received radiation.
When talking about mm-waves, imaging applications literature and current commercial use become restricted to much less areas if compared with those of THz frequencies, being security the most popular (something that can be well understood
from the aforementioned emissivity properties of the human body and metals) [637][644]. However, some new proposals such as concrete walls crack detectors [690] or
recycled paper classification [691], are also found. The advances in mm-wave Monolithic Microwave Integrated Circuits (MMIC) together with the improved designs
combining mechanically scanned optics have led to an scenario in which mm-wave
security cameras are cost effective, at least in some areas. The use of this cameras
is a reality, mainly in the USA [692].
Already in 2006, mm-wave imaging systems presented good features [693]: a)
image uniformity was achieved by panning a vertical line scan, hence avoiding the loss
quality introduced by previous scanning systems, which needed to reconstruct the
picture to form an image; b) high efficiency of the optic system, that allowed to use
up to 95% of the incoming signal reaching the receiver; c) frequency independence,
inasmuch as the system was prepared for interchangeability between 77 GHz, 94
GHz and even 140 GHz receivers; d) versatility to operate in passive or active mode;
e) high refresh rates thanks to the use of arrays of receivers of typically 4 to 32.
With 32 receivers, real-time video refresh rates were achieved.
Also in 2006, Yujiri [640] presented interesting images taken with a NGC 1040element Focal Plane Array (FPA) Passive Millimeter Waver (PMMWC) video camera, shown in Fig. 8.13-1. The camera, operating at 94 GHz, used a 71 cm diameter
plastic lens to collect and quasi-optically focus the radiation. It was able to generate
17 frames per second with a Maximum Resolution Temperature (MRT) of 2 K. Fig.
8.13-2 shows an example of use in indoor environment. As it is observed in the
right image, the subject has a plastic bag with shrapnel on his torso. The subject
is able to cover that threatening security target by using a sweatshirt as observed
in the left image. The central image shows the mm-wave image captured by the
camera, revealing metallic elements quite precisely (darker shades represent warmer
temperatures). Note that in this indoor image, the shrapnel is reflecting the room
radiation, hence appearing with the same color. Therefore, the dynamic range in
the scene is of only 15 K, something usual in indoor images. With a similar format,
Figs. 8.13-3 and 8.13-4 show images taken outdoors, where a handgun and a bag
with shrapnel are, respectively, the security threats. In those images, the dark tones
represent cooler temperatures. It is observed larger contrast in these mm-wave images (central in each set) than in the indoors one. In fact, the dynamic range is of
250 K, thanks to that outdoors, the main source of metallic parts reflection is the
cold sky, at only T = 60 K, much less than the warm peaks at T = 310 K, radiated
by the human body through the fabrics.
429

Chapter 8. State of the art

Figure 8.13: Millimeter wave imaging in security applications using a PMMWC camera operating
at f = 94 GHz [640]. 1) The NGC 1040-element Focal Plane Array (FPA) Passive Millimeter Wave
(PMMW) video camera; 2) Indoor imaging for metal weapon detection (the target is a plastic bag
with shrapnel). From left to right: visible image of the subject wearing a sweatshirt covering the
target, mm-wave imaging revealing a metallic elements, and visible image of the subject without
the sweatshirt in which the target is appreciated. Darker shades indicate warmer temperatures; 3)
Outdoor imaging for weapon detection (the target is a handgun). From left to right: visible image
of the subject covering the handgun with a coat, mm-wave imaging revealing the target and other
metallic elements, and visible image with the subject showing the handgun. Darker shades indicate
cooler temperatures; 4) Outdoor imaging for weapon detection (the target is a plastic bag with
shrapnel). From left to right, the subject covering the bag with shrapnel with a coat, mm-wave
image revealing the shrapnel together with other reflective elements (false positive caused by a
small metalized bag containing a moist towelette), and visible image with the subject exhibiting
the bag with shrapnel. Darker shades indicate cooler temperatures.

The most common frequency used for mm-wave imaging is f = 94 GHz, followed
by f = 77 GHz. f = 35 GHz is as well possible, however it is resolution-limited.
On the other hand, f = 140 GHz and f = 220 GHz are also suitable for imaging
purposes due to the atmospheric windows around them, however, beyond the Wband (75 GHz-110 GHz), MMIC products are not still mature, the performance
is lower and the prizes soar [640], [642], [693]. It is foreseeable a migration of
the systems towards these frequencies once low-cost/mass-production technology is
able to support them. Passive imaging is more common inasmuch as the system
is alleviated from some complexity [640], [691], [693], however, some active designs
are as well found [643], [690]. Gunn diode oscillators are the preferred option for
these active cameras. Although larger contrast is obtained with active systems,
interference and multi-pah problem are challenging, as well as managing coherent
illumination and providing a uniform amplitude and phase distribution along the
receiver array. The usually handled distances range from 1 m to 5 m, hence being
in the far distance region (note that 10λ at f = 94 GHz are roughly 30 mm). The
inherent problem to this practical fact is that degradation of resolution and diffusive
attenuation occur. The usual solution is to incorporate a focal dielectric lens. These
lens, usually made of Teflon, can weight several kilograms [642], [690], a handicap
in the case of portable systems.
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Recent proposals have tried to bring the mm-wave camera concept to the low-cost
market. This is the case of the work in [644], therein the feasibility of using a lowcost commercial plasma display as mm-wave imaging device is demonstrated. The
obtained performance does not reach the level of mm-wave cameras implemented
with individual glow (gas) discharge detectors, but it allows to obtain short range
imaging with good results. A cheap, commercially available monochrome plasma
display with 4096 (128 x 32) individually addressable cells is used as a focal plane
array. While each element is on and illuminated, the voltage across the electrodes
is monitored and any changes will be proportional to the incident radiation. The
cost of the display is US$300 what implies a cost of several cents for each cell. The
authors suggest this type of solution as a possible paradigma shift due to the expected
impact of such high density focal plane arrays with easy commercial applicability.
Extension to 3D mm-wave imaging systems working beyond 10 frames per second is
foreseen by using this plasma system whenever some issues regarding the still high
Noise Equivalent Power (NEP) are minimized.
Finally, a very recent proposal is reviewed. Imaging at mm-wave has been considered for recycled paper discrimination in [691]. Despite of being less famed, paper
production and recycling industry has very significant activity in many countries.
According to that reference, global production of recycled paper and paperboard
amounted to 400 million tons in 2012, this having a total cost of $108 billion. Waste
paper represents, by weight, the 40% of the total solid waste generated in the world.
Therefore, recycling waste paper is a relevant task to be faced properly.
Nowadays the classification process applied to separate the waste paper by categories is still done manually, what increases the cost noticeably the cost. Some
automatic paper sorting machines incorporating optical sensors have been proposed,
but their efficiency is low inasmuch as the information that they provide results no
discriminative most of the time. In [691], it is used a radiometer operating in the
band [94 GHz-96 GHz] with a temperature sensitivity of only 0.2 K. Fig. 8.14 shows
the results of the of the experiment. A journal magazine of 50 pages is used as
reference and it is compared with other possible paper elements. In Fig. 8.14(a)
a piece of corrugated card board is evaluated. The loss factor of the piece is 2.5
dB front the 6 dB of the reference, what gives good contrast to discriminate both
pieces. Similarly, in Fig. 8.14(b), a newspaper is evaluated, giving a loss factor of
only 0.7 dB, allowing to an even better discrimination. Finally, Fig. 8.14(c) shows a
discrimination test between two magazines. Despite of the similarity of the objects,
a contrast of 2 dB is obtained. Availability of proper data bases, and improvement
of object boundary location by means of optical systems may enhance even more
the performance.
From the review in mm-wave imaging it seems that the immediate future points
to mm-wave systems operating at f = 94 GHz, gaining social penetration in the next
decade. Then, it is probable that solid-state technology allow the use of bands around
f = 220 GHz. Active imaging will gain terrain as well to passive imaging. In this
way, THz imaging will be considered only in its specific areas, in which it provides
considerable advantage from mm-waves (THz-TDSI, molecular characteristics, etc.).
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(a)

(b)

(c)

Figure 8.14: Millimeter wave imaging for recycled paper classification using a radiometric apparatus operating at f = 95 GHz with a bandwidth of 2 GHz [691]. The top row shows visible
images whereas the bottom row show mm-wave images. The reference object is a journal (black
cover) of 50 pages. a) Discrimination from corrugated carton; b) Discrimination from a newspaper;
c) Discrimination from another journal of 50 pages.

8.1.4.4

Radiometry

The term radiometry defines the detection of electromagnetic energy radiated by
natural sources. It differs from radar and communications in several ways. In
radiometry, a sensitive receiver is used, but there is not transmitter in the system
[598]. In this way, radiometry is passive imaging. However, as imaging commercial
applications have enough entity per se so that a dedicated section has been reserved
to them, this section will focus in scientific radiometry uses. The two main areas
to be distinguished are atmospheric characterization and meteorology [650], [655],
[694]-[695], and remote sensing of sea or ice [610], [696]-[698]. In this way, it must be
pointed out a difference respect to the THz band: whereas THz frequencies result
more suitable for space sensing (some mm-wave works can be also found [699], but
are less abundant), the mm-wave band seems more suitable to sense the surroundings
of the Earth. The literature in those scientific areas is quite denser and deeper than
that of the previous sections, something that can be appreciated in the grade of
detail of the cited works, hence only brief remarks will be given here.
The use of mm-wave radiometry for meteorologic purposes is quite directly related with the exploitation of information given by the resonant lines of oxygen,
water vapor and other gases. Oxygen lines around f = 60 GHz and f = 118 GHz
give good temperature estimation, being them almost undisturbed by the presence
of clouds. The water vapor line at 183 GHz is a good tool for humidity sounding.
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Measurements using ground-based, aircraft and balloon radiometers have been used
for decades, rapidly followed by the use of dedicated satellites [598], giving very
good performance these days [700]-[701]. Although radiometric systems for these
purposes employ last generation equipment, quite more advanced than that employed in commercial environments (military and radiometric scientific applications
have been always driving technological advances that later have penetrated into civil
society [1], [598]), giving accurate characterization of the involved phenomena is extremely complex. In fact, extensive work can be found only in the area of studying
the atmospheric noise and path delay errors perturbing the required measurements
[697], [702]-[703].
Ice clouds also play an important role that is not well quantified nowadays [695].
Further improvements in this area require estimating ice water path (vertically integrated ice mass) and particle size. Except in the case of thin cirrus clouds, optical
and infrared frequencies are more suitable to observe the cloud top, whereas mmwave frequencies are have a more equally distributed influence in the whole ice cloud.
Therefore, all bands are integrated in the system. The infrared and optical frequencies give information about the second moment of the size distribution, whereas the
larger mm-wave wavelengths are sensitive to higher moments of the particle size distribution and hence to larger ice particles. In this way, mm-wave frequencies are an
indispensable complement to this systems, yesteryear based in shorter wavelengths.
A lot of work can be also found in the area of characterizing the ozone chemistry,
with special emphasis on the stratosphere. There are a large number of ozone lines
in the mm-wave spectrum (f = 110.830 GHz is a strong one [655]), what helps to
quantify the ozone destruction process. During this process, a chlorine oxide radical
is formed as an intermediate process. This compound resonates at f = 204 GHz,
frequency at which good discrimination is obtained by the employed radiometric
equipment. For this purpose, horizontal viewing radiometers mounted on satellites
are preferred in order to allow for a larger range of altitudes [598], [655], [694]. The
task is challenging inasmuch as ozone shows a high variability in both, space and
time, and in many cases modeling must be enhanced by using additional radiometric
and climatological collateral data [694].
Finally, characterization of coastal zone patterns, hydrology and ice has a relevant role these days due to the valuable information regarding global warming or
natural disaster threats [610], [696]-[698]. Although these radiometric systems usually incorporate multi-band equipment (mm-wave, infrared and optical), mm-wave
frequencies emissivity is specially sensitive to changes in frequency, polarization and
angle of incidence [696]. A representative mission in this area was the First ISCCP5 Regional Experiment (FIRE) Artic Cloud Experiment [610]. The scientific
objectives of the FIRE were to study impact of Arctic clouds on radiation exchange
between surface, atmosphere, and space, and the influence of surface characteristics
of sea ice, leads, and ice melt ponds on these clouds. The intention of this work was
to document, understand, and predict the Arctic cloud-radiation feedbacks, including changes in cloud fraction and vertical distribution, water vapor cloud content,
cloud particle concentration and size, cloud phase, and atmospheric temperature
and chemical composition change. Fig. 8.15 from [610], shows a complete composite
5 International

Satellite Cloud Climatology Project (ISCCP).
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set of images in the context of this experiment. From left to right, they are shown
images taken at f = 455 THz, f = 185 THZ, f = 37 GHz, f = 220 GHz, and from
a LIDAR system. The swath includes tundra covered by snow (and cloud), open
water near the coast, and sea ice floes off shore. Note how clouds are well observed
at f = 185 THz, as they are quite reflective at this frequency, in contrast to open
water and sea ice, dark at f = 185 THz. The visible image at f = 455 THz is
helpful to observe that clouds are optically thick over the tundra but they thin and
become transparent over open water. However, this fact requires from the mm-wave
radiometric image at f = 37 GHz to be confirmed. As the atmospheric attenuation
is low at this frequency, the surface features are perfectly appreciated: open water
has low emissivity and hence low brightness temperature at thef = 37 GHz, while
snow and ice have high emissivity at this frequency, hence they appear bright. The
image at f = 220 GHz gives further information about the see water inasmuch as
at this frequency the water brightness is higher. Over sea ice, the low brightness
temperature at f = 220 GHz (but not at f = 37 GHz) indicates that there is some
snow cover on the sea ice, which the f = 220 GHz radiometer sees because of its
shallower penetration depth. Finally, the LIDAR system determines that the clouds
are at 600 m altitude.

Figure 8.15: Reflection function of see ice, composite of observations obtained from the NASA
ER-2 aircraft on 20 May, 1998 in the vicinity of the coast off Barrow [610]. The swath includes
tundra covered by snow (and cloud), open water near the coast, and sea ice floes off shore. From
left to right, they are shown images taken at f = 455 THz, f = 185 THz, f = 37 GHz, f = 220
GHz, and from a LIDAR system.
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8.1.5

Technological problems

The mm-wave technology has already allowed the implementation of systems to be
used in certain commercial applications with enough performance, or, in others, it
has given valuable proof of concept of the most innovative systems, at least. In this
way, the mm-wave band currently shows features in between the mature microwave
band and the very experimental THz band. In many cases, the required last endorsement lacks due to remaining technological problems, some of them well pointed by
application-focused papers, others remaining rather hidden. Several parts intervene
in a system, so that even a small improvement in each of them can contribute to
an appreciable enhancement of the final observable performance (why if not there
is still research in the microwave band these days). This thesis is focused in passive
elements, and the improvements raise from the most basic element, the waveguide.
Therefore, in this section, several technological problems to be addressed in the
mm-wave band, related with waveguiding elements, are commented.
8.1.5.1

Hollow metallic waveguides

In the microwave regime, it has been a common and reasonable practice to choose
hollow metallic waveguides when high performance components have been required.
The Rectangular Waveguide (RWG) offers larger bandwidth and inherent structural
and geometrical flexibility, natural of rectangular geometries, whereas the circular
waveguide (CWG) offers special low-loss features [376]. Figs. 8.16 and 8.17 show
typical passive components implemented with rectangular and circular waveguides,
respectively. Nevertheless, these components suffer from performance degradation
as the frequency increase since smaller holes defining the propagation channel must
be achieved, and ensuring the required metal contact and alignment between pieces
becomes a problem. As a matter of fact, in [704] it is generally affirmed that hollow
metallic waveguide cavities reach only 65%-80% of the simulated values due to imperfections, this including RWG and CWG, and H-plane and E-plane manufacturing
techniques.
The problem of ensuring metal contact between pieces in H-plane RWG designs
is found repeatedly cited in the literature either explicitly [338], [704],[708]-[712],
or implicitly on the results [337], [353], [713]. Under this configuration, continuity
of the currents becomes threaten at the joint between the body and the top metal
plate. See for instance the H-plane manufactured diplexer composed of two inductive
filters in Fig. 8.16(b) [706]. In some designs, this problem is avoided by drawing upon
the E-plane configuration at the expense of a more complex manufacturing process
(note that two bodies must be manufactured in that case) [714]-[715]. However,
there are several cases in which this solution not suitable by geometrical/structural
reasons, or it is even not possible. See for example the coaxial diplexer with combline
resonators of Fig. 8.16(c) [706]. Other well-known case are the hollow waveguide
slot array antennas [716]-[718], being usual the consideration of alternatives when
the frequency expands in the mm-wave band [719]- [721].
Even the E-plane configuration is possible in some RWG designs, despite of the
effort in keeping the split parts aligned with several screws [706]-[707], that these
components suffer from alignment problems is another extensively found evidence
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(a)

(b)

(c)

(d)

Figure 8.16: Rectangular waveguide practical implementations. a) Rectangular waveguide
schematic; b) Body of a H-plane manufactured diplexer composed of two inductive filters with
rounded corners (Thales Alenia Space Spain [705]) [706]; c) H-plane manufactured coaxial diplexer
with combline resonators coupled by small lateral apertures (Thales Alenia Space Spain [705])
[706]; d) 3-D printed and copper-plated WR-10 thru line after assembly of the E-plane manufactured parts, side-view (left) and end-view (right) showing the self-aligned flange [707].

[349], [707], [722]-[723]. See for instance the E-plane manufactured waveguide of
Fig. 8.16(d) [707]. The filter is built by means of a novel 3-D printer technique
plus copper plating. Observe the structure size and required mechanical robustness
to properly allocate the alignment screws and assembly the piece. Despite of the
good performance of the proposed technique in manufacturing the two waveguide
blocks, alignment errors are present. Note that a normally missed threat is the
possible uneven pressure of the screws. Even a pressure precision machine is used to
tight them, if the structure is not perfectly symmetric, deformations will be present.
Although this may not affect insertion loss with the H-plane manufacture severity, it
threats for sure the performance of dimension-sensitive components, such as narrowband filters. Additionally, round corners at both external sizes of the component
are unavoidable by this manufacturing process. This corners may become a source
of degradation in small mm-wave components [724].
The CWG case may be less obvious at first view, but paying attention the conventional techniques to assembly CWG components gives as well several sources of
degradation. In general, several pieces are milled separately and jointed later axially
[706], [725]-[726]. Proper alignment of this pieces, which is critical, is difficult to
be ensured up to the desired level. Therefore, degradation effects are appreciated.
The same arguments given for the screw alignment applied to E-plane RWGs fit
here. In addition, in CWG designs, usually very sensitive to manufacturing errors
[706], [727]-[729], the roughness caused by the milling process (even when using current high-performance equipment) makes arise some response degradation [730]. To
the aforementioned problems, they must be added those occurring during calibra436
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(a)

(b)

Figure 8.17: Circular waveguide practical implementation. a) Circular waveguide schematic; b)
Assembled fourth-order dual-mode circular waveguide filter [706].

tion and measurement processes in which these waveguides are used [731], again by
manufacturing process irregularities and alignment with flanges. Similar effects are
found in transitions involving these waveguides [726], [732].
Also, it is worth to make special emphasis in those effects that are less obvious
since more complex phenomena are involved. This is the case of Passive Intermodulation (PIM) [710] and Multipactor effects [733]-[735]. Small gaps between metallic
parts are very prone to induce both effects, which are common in high-power applications such satellite communications up to the point that they represent one of the
main issues to address in future radiofrequency satellite missions [736]-[737].
Finally, notice that even novel precision techniques, giving noticeably higher accuracy than conventional milling techniques, have been proposed, they do not fit well
for mm-wave frequencies. This is the case of the SU-8 photoresist material process
[346], DRIE [365] or LIGA [350], [366], techniques, already commented when hollow
waveguides were reviewed for their used at THz frequencies in section 2.3.3.1. Unlike
conventional milling techniques, in these photolitographic and chemical techniques,
depth and size are preferred to be small. In fact, achieving large dimensions is often
a challenge [337]-[338], [346], [350], [365]-[366]. Therefore, whereas these techniques
are mandatory at optical and infrared frequencies when dealing with dielectric, Sibased waveguides [465], and preferred at reasonably high THz frequencies for RWG
designs [351], it makes little sense in forcing them down in frequency. On the one
hand, significant technological advances are required regarding these techniques in
order to provide a scenario in which they overcome the precission of conventional
milling techniques at mm-wave frequencies. On the other hand, the cost would be
prohibitive. THz circuits budged may afford the cost, however, the mm-wave band
requires both high performance and low-cost at the present moment. Although research in developing manufacturing techniques is always ongoing (and results are
welcome), this including advances in conventional milling techniques, there is much
more empty room to improve the performance by alleviating the manufacturing
process through modified geometries. In this part of the thesis, the aforementioned
manufacturing issues are approached from this point of view, being that Gap Waveguide (GW) technology gives good solution for some configurations.
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8.1.5.2

Planar transmission lines

Planar transmission lines adopt a specially relevant role at mm-wave frequencies.
Note that beyond the manufacturing issues of hollow metallic waveguides, those
topologies show a high grade of incompatibility with MMIC circuits, and, since
high-performance simple transitions lack, integrated circuits employing planar lines
are preferred for several types of design [738], [739].
Since the last mm-wave progression beginnings, the question about which transmission line is more adequate has remained open [598], [740]-[743]. With the pass
of the years, microwave planar transmission lines have imposed to dielectric designs
since they result more practical, and novel proposals, treated later, have appeared.
The four most relevant planar transmission lines coming from microwave technology
are the the stripline, Fig. 8.18(a), the microstrip, Fig. 8.18(b), the slotline (SL),
Fig. 8.18(c), and the coplanar waveguide (CPW), Fig. 8.18(d), [337], [400].
The microstrip line dominates the landscape in conventional designs since it
presents very suitable robustness, low cost and easy integration with active components. [743]-[744]. This solution is much more convenient than the stripline, which
despite of providing similar propagation characteristics (with the additional advantage of almost zero dispersion), imposes symmetry requirements which at the small
mm-wave band wavelengths difficult the circuit design and dispose several structural
barriers to the incorporation of active elements or the bias circuitry. At mm-wave
frequencies, designs with microstrip lines fall into two groups: classical microstrip
lines patterned on an electrically thick substrate carrier, and thin microstrip lines
having a substrate with similar thickness to that of the metallic strip [745].

(a)

(b)

(c)

(d)

Figure 8.18: Planar waveguides at THz frequencies 1. a) Stripline; b) Microstrip; c) Coplanar
Waveguide (CPW); d) Slotline (SL).
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The first group is associated to the usual and well-known traditional single-layer
manufacturing technologies, based on a ceramic or a plastic dielectric substrate with
thickness beyond 0.1 mm. The characteristic drawbacks of those designs are the
inherent strong coupling effects to substrate modes, resulting in highly dispersive
and lossy non-quasi-TEM transmission characteristics with poor intercircuit isolation. Another important drawback in this configuration is the electrically large line
width, which causes excessive parasitic reactances, radiation and high phase shifts at
meander or junction discontinuities. In addition, grounding paths show high shortcircuit inductance values due to the usually long grounding vias. By all this issues,
this configuration has been quite avoided at mm-wave frequencies.
The second group comprises the microstrip interconnect structures found in numerous integrated circuits such as CMOS or BiCMOS. Although many problems
associated to the excessive electrical size of some structure dimensions due to the
reduction in wavelength at mm-wave frequencies are avoided in this configuration,
it results obvious that excessive conductor losses arise. Additionally, strong lowfrequency dispersion appears [745].
By the above, it has been common choice to take advantage from the new hybrid
interconnect technologies and to assemble multilayer substrate microstrip lines. It is
possible to use a great variety of materials stacked in several layers which thickness
range from a few micrometers to one or two millimeters [745]-[746]. This design
flexibility allows to create microstrip lines in between of both described group cases.
However, although particular disadvantages of each of both configurations are partially alleviated, it is not found the desired grade of performance. Losses and other
undesired effects are inherently associated to this structure at mm-wave band frequencies.
The CPW is a suitable alternative to the microstrip line when it is possible to
take advantage of some of its particular structural features. Note that, unlike the
microstrip line, the CPW does not require grounding vias to be used when shortcircuit based elements are demanded. In addition, the distance from the center
strip to the ground strips is typically lower than that for classical microstrip lines,
hence lower high-frequency dispersion is obtained. However, it must be said that
for very low values of this spacing, the low-frequency dispersion, very pronounced in
thin microstrip lines, is also found in CPWs. Nevertheless, CPWs are less sensitive
to the substrate thickness tolerances when compared with microstrip lines, unless
the substrate is very thin, a case that implies high losses. Furthermore, the CPW
present lower dielectric losses inasmuch the power distribution is such that an equal
distribution between dielectric at air takes place, whereas in the microstrip line the
propagation inside the dielectric medium is more important. Moreover, the CPW
allows more flexibility to engineer a specific characteristic impedance value from its
structural parameters.
On the other hand, it must be highlighted that the CPW has also some important
drawbacks at mm-wave frequencies. Notice that as the lower confinement inside the
dielectric gives lower dielectric losses, it also causes high radiation losses, which is an
important problem [401], [415]-[409], [747], [748]. To reduce this losses, it is possible
to adopt a solution with more proximity between conductor and ground strips, but
this generates higher ohmic losses. Therefore, it is difficult to achieve a good overall
low-loss behavior with the CPW. Other inherent problem in CPWs is the well-known
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slotline mode, which is considered a parasitic effect that affects the performance and
which must be always prevented (complicating the design and this originating new
objections [745], [749]).
In addition, from the practical implementation point of view, it must be taken
into account that hybrid interconnect technologies with a very limited metal pattern resolution may not afford the CPW design requirements [745] (however, if high
resolution is available, MMIC circuits with CPW provide high integration [750], and
low inductance short-circuit elements are easily feasible). In general, to practically
implement the CPW concept (note that an ideal CPW is not implementable due to
its infinite lateral ground strips), they are encountered much more barriers than for
the microstrip line. Additional elements, such as the conductor backing, originates
undesired modes [409], [745]. Also, CPW designs suffer generally from the problem
of having large cross section. This implies for instance problems at synthesizing
distributed passive components. Note that high phase shifts (40-50 degrees at 60
GHz-70 GHz) are generated by the compensated bends or junctions that show a
very reactive behavior due to the large cross-sections. An example of this problem is reported in [751], were the design of a Wilkinson divider at f = 50 GHz
was carried out. Observe in Fig. 8.19(a) the complicated design, including several
small air bridges (AB), proposed in that work. Similarly, design high selectivity
elements results challenging and unpractical. The required high separation between
coupled-line sections forces the use of even larger ground to ground spaces, this
causing that the overall structure may become wider than larger, hence providing a
frequency characteristic practically dominated by the electrically large discontinuities. Even high metal resolution MMIC circuits reach its limits in the realization
of narrowband coplanar coupled-line filters in the W-band [752]. In Fig. 8.19(b)
the challenging required AB employed in this work are shown. Finally, intercircuit
isolation is low due to the large cross-section dimensions of the involved transmission
lines, having discontinuities placed on nonnegligibly thick substrates. The inherent
radiation problem of the CPW enhances leaky waves, surface waves and parasitic
mode coupling.

(a)

(b)

Figure 8.19: CPW practical problem at mm-wave frequencies. a) CPW Wilkinson divider with
several air bridges, showing a complicated implementation [751]; b) Air bridges on a Z0 = 50 Ω
CPW T-junction [752].
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By the above, the main conclusion is that even the more suited planar lines
(microstrip line and CPW) become forced when they are designed to operate with
mm-wave frequencies. Note that, maybe not in the same way as at THz frequencies, but dielectrics are not as good as at microwave frequencies, and the required
small sizes provide that total losses, ohmic, dielectric plus radiation, reach levels
that dispose a challenging design scenario for an engineer facing a commercial design, demanding from high reliability, robustness and usually very restricted in cost.
The structural problems of such planar designs arise when the dimensions are small,
and advantages that they offer at the low frequencies of the microwave band result
to disappear in the mm-wave band. In this way, it makes sense to leave even proposed modifications of this structures and explore new geometries (something hard
and that takes time to the worldwide research community, specially to adopt them
universally).
A good example is the Substrate Integrated Waveguide (SIW), Fig. 8.20(a), proposed by Ke Wu in 2001 [739]. As it shows Fig. 8.20(a), the SIW is created by means
of a conventional dielectric substrate of height h which is metalized at both vertical
sides. Then, several metalized via holes determine the waveguide in its horizontal
dimension. Diameter d and separation s of the via holes must constitute an enough
dense pattern in order to create the required confinement of the fundamental mode,
see Fig. 8.20(b). Under this conditions, the SIW acts as a rectangular waveguide
with a small b/a ratio. By its structural characteristics the SIW is not only a planar
line with easy implementation, but offers a performance that lie in between conventional hollow metallic waveguides and planar transmission lines, thus filling an
operational gap with very promising possibilities at mm-wave frequencies.

(a)

(b)

Figure 8.20: Substrate Integrated Waveguide (SIW). a) Structure and parameters; b) E-field
magnitude of the fundamental mode.

The aforementioned features have justified an extensive study of the possibilities
of SIW structures. General Substrate Integrate Circuits (SIC) also include modifications of the original structure such as the Substrate Integrated Slab Waveguide
(SISW) [753], the Substrate Integrated Non-Radiating Dielectric Guide (SINRD)
[754], or the Half-Mode Substrate Integrated Waveguide (HMSIW) [755], to mention a few. This variety of proposals is a good proof of the necessity in exploring
new geometries to find appropriated mm-wave transmission lines.
As it is pointed out in [756], the original SIW structure has become the most
popular among all its variants due to its similarities with the RWG, which allow to an
straight-forward applications of the well developed design techniques for the RWG.
In this sense, it must be highlighted that the prolific work with SIW structures has
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been only possible by means of proper SIW models and equivalents with the RWG
[757]-[759] and an extensive work in ad hoc analysis techniques for SIW structures
[760]-[763]. Thanks to this, SIW related literature is plenty of designs including
antennas [764]-[766], filters [767]-[771] (a good review of SIW filters can be found
in [772]), oscillators and mixers [773]-[774], and appropriate transitions to enable
connectivity with other planar structures [775]-[777]. Therefore, whenever a new
structure is introduced in the engineering scientific community, its success not only
depends on its potential performance, but also in its easiness to carry out synthesis
task, this last provided by appropriate analysis methods, and its consistency as a
technology (availability of different types of components and elements based on or
directly compatible with the technology). Since SIW technology is a good reference
point as a technology that has successfully achieved a good penetration grade still
it was proposed quite recently, it is a good practice to develop GW technology with
a similar procedure, so that mm-wave community can benefit of the advantages of
this technology when it is adopted. This clearly justifies several objectives regarding
this part of the thesis such as tackling the issue regarding analysis methods, or
developing high-performance passive components to consolidate the Gap Waveguide
offered technology chart.
Even though SIW technology have proof some suitable characteristics in the X,
Ka, K and Ku bands, dielectric losses still remain as a problem that should be
addressed. An interesting proposal can be found in [756], therein described an integrated line named as Empty Substrate Integrated Waveguide (ESIW), which can be
understood as planar version of the RWG, hence offering similar propagation characteristics than that of the SIW, but totally avoiding the dielectric losses problem
since the ESIW is thoughtfully filled by air by construction, see Fig. 8.21(a). Fig.
8.21(b), from [756], shows a ESIW filter centered at f0 = 19 GHz before assembling.
The quality factor Q of such filter was reported to be 4.5 times than that of the
same design with a SIW, which is a considerably reduction of losses. Note, however, that the ESIW structure is conceived to provide good integration properties
and planar profile, but the structure demands from perfect metal contact between
parts (see the three pieces of the filter of Fig. 8.21(b)). Therefore, this topology
will probably suffer from the same problems than the RWG at the high frequencies
of the V-band and E-band. In addition, the SIW based structures suffer from the
inherent dispersion that a RWG structures presents due to their similarities.
By all the above, regarding to the planar transmission lines technological problems, this part of the thesis focuses on solutions that provide ease of integration
with active devices, quasi-TEM (low-dispersion) properties and avoid the use of
dielectrics. Gap Waveguides will result attractive under some particular configurations to achieve this goal. Furthermore, packaging, an additional problem of planar
transmission lines when they a practically implemented [778]-[780], has been proved
to naturally solved in such GW structures [750], [781].
8.1.5.3

Narrow-band filters

The two previous points have described how both, bulk and planar conventional microwave band designs, are not as suitable as desired for mm-wave frequencies, and
furthermore, interconnection between them is complicated, lacking a design showing
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(a)

(b)

Figure 8.21: Empty Substrate Integrated Waveguide (ESIW). a) ESIW layout; b) ESIW filter
with central frequency f0 = 19 GHz before assembling.

intermediate properties (SIW may cover this gap to some extent). Therefore, it is
obvious that all passive components at mm-wave band directly inherit the consequences of performance degradation of the employed waveguides and transmission
lines that conform them when they are scaled to work at higher frequencies. Nevertheless, among other components, Narrow-Band Filterss (NBFs) are very sensitive,
and they must received special attention by three important reasons.
First, note that insertion losses of a filter (in dB) are, on the one hand, inversely
proportional to the quality factor of the resonators (hence to the propagation losses
of the waveguide which conform the resonators), and, on the other hand, inversely
proportional to the RBW of the filter [782]. This is, insertion losses are inversely
proportional to the product Q · RBW . Obviously no matter the RBW of a filter, it
is always desirable that resonators provide a high quality factor. However, whereas
for a wide-band filter the degradation caused by having low Q resonators may be
assumed, in narrow-band filters is critical. Not in vain, CWG is preferred to RWG
to implement very narrow-band filters inasmuch as the improvement in the Q of
resonators is practically mandatory to reach acceptable levels of insertion losses
[706].
Second, narrow-band filters are extremely sensitive to the layout dimensions, and
suffer easily from noticeably frequency deviation due to tolerances in the manufacturing process [729]. Note that even this deviation may not be so large in relative
terms to the central frequency, the narrow-band feature of the component makes
the difference to be quite significant so that the specifications are totally missed
even with small manufacturing errors. Since the implied wavelengths are small at
the mm-wave band, this fact becomes even more relevant. In this sense, it results
challenging to provide a good frequency response with structures that require a complicate alignment or that can be easily deformed, either by mechanical pressure to
ensure contact or by temperature, which is the case of hollow metallic waveguides,
or with structures that imply complicated layouts and are prone to exhibit parasitic
effects, which is the case of microstrip and CPW transmission lines. In addition, note
that even a structure showing inherent robustness to the manufacturing process, i.
e., final dimensions are quite close to the desired ones, may suffer from small deviations that become appreciable at the small mm-wave band wavelengths. Therefore,
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tuning elements are generally indispensable in a narrow-band filter designs. Since
conventional tuning screws or other bulky elements are costly implementable at the
mm-wave band due to their large size, which does not fit wells for the small wavelenghts of operation, other solutions such as fixed metallic insertions on removable
pieces have been explored, and structures supporting them are preferred (see [729]
for instance).
Third, from the application approach, note that, in general, filters and diplexers
are critical in most of the systems, being the most expensive element [750]. In those
applications requiring subdivision of the spectrum in channels, selective filters, very
restricted to the specifications, must be designed. Therefore, progress in narrowband filters has a lot of influence in the progress of the overall system. Notice that
the main problems in a wireless receiver are noise and non-linearity, which are mainly
originated by dissipation losses, a parameter very related with the filter quality.
The assessments treated along this section related with passive elements technological problems can be summarized in a compact way, affirming that mm-wave
frequencies demand from specialized transmission lines that avoid requirement of
perfect metal contact between pieces and dielectric losses, and that provide ease of
integration and packaging. It must be pointed out that the search for new structures
is much more bounded than in the THz range inasmuch as microwave band solution
are much more suitable than optical band ones, i.e., closed metallic structures are
preferred. In addition, it must be highlighted that the research in this line must include both, proper designs and proper analysis tools as an indivisible pack in order
to give a successful solution to nowadays problems.

8.2

Gap Waveguide Technology

The recurrent technological problems affecting transmission lines at the mm-wave
band drove in 2009 Prof. Kildal to consider a family of structures [360] based on
the Electromagnetic Bandgap (EBG) effect [468]-[469], according to his background
with soft and hard surfaces [783]-[785]. They were called Gap Waveguides (GWs).
This section reviews the emergence of GW proposals and intense recent research,
comprising designs of a variety of devices, its characterization and modeling, and
test of their use as a complementary packaging structures. However, before carrying
out to this overview it seems adequate to introduce the different GW topologies,
and comment their main parameters and characteristics. In this way the overview
will be better followed.

8.2.1

Gap waveguides

All the different GWs are based on a EBG structure whose operation principle is
explained in Fig. 8.22. In general, a periodic lattice of square metal pins, see Fig.
8.22(a), is used to conform the EBG (other similar options will be commented later).
This periodic lattice is described by the pins width wp , the pins height hp , and the
period p. Following the principles described in [783], in a first approximation, it is
found that, at the frequency f0 at which hp = λ0 /4, a condition of Perfect Magnetic
Conductor (PMC) is created at the plane over the pins, see Fig. 8.22(a). In this
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situation, if a Perfect Electric Conductor (PEC) (implemented by a common metallic
plate) is placed at a distance ha less than λ0 /4, a EBG is created and no wave can
propagate transversely inside the structure, see Fig. 8.22(b). The EBG condition
occurs not only for the central frequency f0 but for certain stopband (that can be
surprisingly wide in some cases) which depend on the periodic lattice parameters.
This stopband is determined by the undesired propagation of the Parallel-Plate
cavity modes. Given this structure that does not allow propagation inside certain
stopband, some modifications can be applied in order to create waveguiding channels.
The way in that these modifications are done drives to the different Gap Waveguides,
described next.

(a)

(b)

Figure 8.22: Operation principle of the Electromagnetic BandGap (EBG) structure in Gap
Waveguides (GWs). a) A Perfect Magnetic Conductor (PMC) condition is created at the plane
over the pins when their height is hp = λ0 /4; b) If a Perfect Electric Conductor (PEC) (metallic
plate) is placed at a distance ha less than λ0 /4, no wave can propagate inside the structure. This
is achieved not only at the central frequency of design f0 , but for certain stopband that depends
on the design parameters.

8.2.1.1

Ridge Gap Waveguide (RGW)

The first proposal to modify the EBG structure of Fig. 8.22(b) to create a waveguide
was to place a metallic ridge of width w on the same plane of the pins, see Fig. 8.23.
This structure is called Ridge Gap Waveguide (RGW). When the ridge is placed, a
propagation channel is created between the ridge top and the top metal plate, see
green zone of Fig. 8.23(a). At the sides, the periodic structure does not allow the
waves to spread laterally (red zones of forbidden propagation in Fig. 8.23(a)), being
the waves confined mainly over the ridge. This can be appreciated in Fig. 8.23(c),
where the E-field magnitude of the fundamental mode of the RGW is shown. Note
that confined propagation is achieved despite of the fact that any contact is present
between the two pieces forming the structure inasmuch as the bottom piece with the
pins and the top metal plate are separated a distance ha .
Although some modifications can be done, generally, the ridge height has the
same height as the pins, i. e., hp . Under this condition, following an image theory
approach, the PMC plane causes the structure to be equivalent to an stripline filled
by air. Therefore, the RGW inherits the stripline quasi-TEM features. However,
this is done without the use of any dielectric and without the requirement of any
metallic contact between pieces. Furthermore, note that any spurious surface mode
or resonance cavity mode can appear in the structure inside the stopband. Therefore,
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(a)

(b)

(c)

Figure 8.23: Ridge Gap Waveguide (RGW). a) Transversal view and main parameters. The
specific parameter of this GW is its ridge width w. Generally the ridge height is the same as pins
height hp ; b) 3D view; c) E-field inside the structure.

it is already observed with this structure how GW topology faces all-in-one the main
problems affecting mm-wave waveguides.
An alternative proposal to the RGW is the so-called Microstrip Ridge Gap
Waveguide (MRGW), shown in Fig. 8.24. As commented before, the periodic structure is not necessarily formed by square pin elements, but other topologies can be
used. One important case are mushroom-type structures, proposed by Sievenpiper
[786], and that can be appreciated in Fig. 8.24(a). The microstrip RGW employ
these elements, consisting on a patch over a dielectric substrate, connected to the
ground by means of a metallic via, instead of square metal pins. The ridge is created
in a similar way: a metallic strip is grounded by means of metallic vias. This allows
to reduce the waveguide thickness and to make it compact. In addition, the structure demands for totally different manufacturing techniques than those required by
the conventional RGW. On the other hand, dielectric is employed and, although
propagation takes place mainly in the air region, the small field leakage induce some
additional losses which are not negligible. Therefore, the MRGW is a more compact version of the RGW, presenting additional losses, and demanding from Printed
Circuit Board (PCB) manufacturing techniques, thus covering different application
requirements than those of the RGW.
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(a)

(b)

Figure 8.24: Microstrip Ridge Gap Waveguide (MRGW). a) 3D and transversal views [787]; b)
Top view from a prototype and E-field in the structure [788].

8.2.1.2

Suspended-Strip Gap Waveguide (SSGW)

Complex circuit layouts in RGW require from a redistribution of the pins, which
may complicate the design in some cases. A solution for this situation is given by
the Suspended-Strip Gap Waveguide (SSGW), Fig. 8.25. In the SSGW, a fixed
periodic lattice is used. Over it, a substrate with a printed metallic strip is placed,
allowing in this way propagation between the strip and the top metal plate (see
green zone of Fig. 8.25(a)). Consequently, propagation principles of the SSGW
are very similar to those of the RGW, hence similar characteristics are found (airfilled stripline behavior). See for instance Fig. 8.25(c), where the magnitude of the
fundamental mode E-field is shown in the structure. As it can be appreciated the
plot is very similar to that of Fig. 8.23(c). However, in the SSGW configuration,
there is a slight field leakage under the strip (unlike in the bulky ridge case). This
causes some increment of losses due to the interaction of the EM fields with the
underlying pins and dielectric substrate. In addition, by obvious reasons, the RGW
is a more robust structure. The specific parameters of the SSGW are the strip width
w, the strip thickness t, the substrate thickness td , and the substrate properties (εr ,
tan δ). It is also common in the case of the SSGW to find some designs employing
other suitable periodic elements such as mushroom-type ones.
8.2.1.3

Groove Gap Waveguide (GGW)

A different option to enable propagation from the original EBG structure is to remove
some pin rows to create a groove, as it is shown in Fig. 8.26. This topology is called
Groove Gap Waveguide (GGW). Once the rectangular groove channel is created
(green zone of Fig. 8.26(a)), the forbidden propagation zones (red zones of Fig.
8.26(a)) force the waves to propagate along this channel. Consequently, the GGW
acts in a similar way as a rectangular waveguide. This can be appreciated in Fig.
8.26(c), where the E-field magnitude of the fundamental mode of this waveguide is
shown. However, note the key difference: the GGW is formed by two independent
pieces that do not require metal contact to guide the waves confined inside the
propagation channel without leakage. The main specific parameter of the GGW is,
as it is in the rectangular waveguide, the waveguide channel width a. The height of
the waveguide is determined as b = hp + ha .
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(a)

(b)

(c)

Figure 8.25: Suspended-Strip Gap Waveguide (SSGW). a) Transversal view and main parameters.
The specific parameters of this GW are the strip width w, the strip thickness t, the substrate
thickness td , and the substrate properties (εr , tan δ); b) 3D view; c) E-field inside the structure.

With a similar principle, the versatility of the EBG structure allows to create
an alternative GGW. This is the Groove Gap Waveguide Horizontal Polarization
(GGW-HP)6 , shown in Fig. 8.27. In the GGW-HP, the rectangular propagation
channel is created in such way that is larger in the vertical dimension. Since the
electromagnetic fields are forced to to propagate in this channel (see orange zone of
Fig. 8.27(b)) due to the surrounding EGB structure zones, one has an equivalent
rectangular waveguide, but rotated 90 degrees respect to the conventional GGW
(GGW-VP). This causes the E-field polarization to be horizontal, hence the name of
the waveguide. As in the case of the GGW-VP, the GGW-HP acts as a rectangular
waveguide with the advantage of not requiring any metal contact between the two
pieces forming the waveguide. In Fig. 8.27(c), the fundamental mode E-field magnitude is shown inside a GGW-HP. A cut has been applied in the vertical symmetry
plane of the structure to appreciate the E-field pattern. As it can be observed, this
pattern is very similar to the classical pattern of a rectangular waveguide.
Nevertheless, some differences respect to the GGW-VP case are observed. Due
to the horizontal E-field polarization, some local effects take place close to the pin
6 In some text it is common to found the original GGW as Groove Gap Waveguide Vertical Polarization (GGW-VP). Generally, once adopted the configuration, either VP or HP, the waveguide
is referred simply as GGW.
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(a)

(b)

(c)

Figure 8.26: Groove Gap Waveguide (GGW). a) Transversal view and main parameters. The
specific parameter of this GW is its propagation channel (in green) width a; b) 3D view; c) E-field
inside the structure.

surface, where the polarization is rotated to be vertical (E-field lines going from the
pins top to the top plate), so that the GGW-HP is less similar to the rectangular
waveguide than it is the GGW-VP. The specific parameters of this waveguide are its
width a and its height b. Note that in the GGW-HP the width is controlled by the
groove depth, which makes the groove go under the pin plane level. In the case of
the GGW-HP, the parameter b, adjusted by the separation between the two lateral
pin zones, has an important behaviour on the waveguide characteristics.

8.2.2

Overview of Gap Waveguide Technology

Once the different Gap Waveguide topologies have been introduced, the overview
of Gap Waveguide Technology proposals and state of the art can be carried out
appropriately. The overview starts with the early general papers, and with those
in which the different GW topologies were presented for the first time, opening the
scenario for more advanced designs. After these set of papers, the number of GW
related papers has increased exponentially up to this moment. Since the number of
proposals to be commented is rather large, they are classified by groups and treated
in a proper order in such way that motivation, properties, uses, and conceptual and
technological aspects of GW technology are understood in a proper way. First, some
works dealing with the evaluation of GWs losses are commented in order to quantify
the improvement provided by GWs respect to conventional technologies. Then, a
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(a)

(b)

(c)

Figure 8.27: Groove Gap Waveguide Horizontal Polarization (GGW-HP). a) Transversal view
and main parameters. The specific parameter of this GW are its propagation channel width a and
height b; b) 3D view; c) E-field inside the structure (the structure is cut at its symmetry plane to
show the field inside the propagation channel).

bulk part of the matter is given through the review of several device proposals,
which mainly consist in antennas and filters. After that, transition and flanges
works are mentioned, as an important demanding element from GW technology
due to compatibility reasons. To finish with review of GW components, special
treatment is given to those designs involving very high frequencies (beyond f = 100
GHz) inasmuch as different manufacturing approach and working environment is
found. Then, after the different GW devices topologies are understood, a key topic
is afforded: the modeling of GW structures through appropriate analysis methods.
Finally, although with less relevance in this thesis, some packaging related works
are commented to give completeness to this study with this additional (and quite
relevant) use of GW technology.
As commented before, it was in 2009 when Prof. Kildal, following his background in soft and hard surfaces [783]-[784], and due to the recently obtained good
results in 2008 with hard waveguides [785], conceived and proposed the idea of Gap
Waveguides. Firstly, the RGW was proposed in [712] as a planar transmission line,
contactless, avoiding dielectrics, and giving inherent good packaging features. In
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this way, the proposal was foreseen to overcome SIW waveguides, conceived to fill
the gap between hollow waveguides and classical planar lines. In the paper ([712]) it
is highlighted an important difference between GWs and other waveguides including
periodic structures, e. g., metamaterial waveguides. Whereas in these last propagation takes place inside the periodic structure, in GWs the periodic structure just
encloses the waves to propagate in suitable low-loss channels. It must be noted,
however, that the period in GWs is usually comparable with the wavelength, hence
GWs are not, indeed, metamaterial structures. At first, equivalence between the
RGW and an inverted microstrip was suggested. Quasi-TEM behaviour was observed inside an stopband ranging from 10 GHz and 19 GHz, with the fields falling
off away from the ridge at a rate of 10 dB-20 dB per row.
Very soon, in the same year, different topologies were conceived. In [360], Kildal added the MRGW and the GGW structures to the already presented RGW.
In this work it was observed that conventional pin structures achieve roughly 2:1
bandwidth stopbands whereas Sievenpiper mushrooms may reach up to 4:1 bandwidth stopbands. Also, the GGW (called then as Ridge GGW) was presented as a
dispersive alternative to the RGW, surprisingly referring to it as a less interesting
alternative, something that changed later. After the proposal, some initial general
characterization papers came out. In 2009, numerical characterization of a RGW
was afforded by assuming a PMC condition over the pins in [789]. In this paper, a
method to determine the operating bandwidth, based on the analysis of fields propagating inside the structure was presented. However, it was found that the PMC
approximation results rough.
A year later, in 2010, design and experimental verification of RGW was provided
in a quite complete paper [790]. In that paper, an stopband from 10 GHz to 23 GHz
was designed, and an experimental device to give proof of concept was manufactured.
The device consisted in a RGW line with two 90◦ bends, excited by means of coaxial
cables. A Thru-Reflect-Line (TRL) [791] calibration kit was designed to extract the
actual S-parameters. In this work is found the famous E-field simulation showing
how the waves follow the ridge despite of the fact that there are now walls at its
sides (see Fig. 8.28). Notice how outside the stopband the fields spread laterally
in the PPW cavity. The measured result gave validation to such simulation, hence
confirming the GW technology potential.

Figure 8.28: Computed vertical E-field distribution at the surface of the top metal plate of the
demonstrator used in [790], which consists on a RGW waveguiding path including two 90◦ bends.
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The first relevant parametric study regarding GWs was carried out by Rajo in
[792]. Following the work in [793], dealing with EBG structures, the influence of the
periodic structure parameters on the stopband bandwidth was deeply analyzed. The
pin height was studied founding that the condition λ0 /4 < hp < λ0 /2 must be satisfied, with the previous limits given by the change of the pin surface plane impedance
properties from inductive to capacitive and vice versa. The most influential parameter regarding the stopband bandwidth was found to be ha : the smaller ha , the wider
the stopband. In addition, given ha there is an optimum wp /p ratio. It is worth
also to highlight that this work shows that the same stopband can be achieved with
different periodic structure parameters. For instance, small pins and small periods
(p ≈ 0.05λ0 ) and large pins with moderate periods (p ∈ [0.15λ0 − 0.2λ0 ]) achieve
a similar stopband with large bandwidth if the rest of parameters are chosen accordingly. It is highlighted that, in order to maximize the stopband, the period
of periodic structure must be comparable with the waveglength, i. e., much larger
period than that of metamaterial designs. Pins of circular shape were also studied,
founding that the same behavior regarding to the square pin case is obtained whenever the radius is r = a/2 (in general, pins with similar area are expected to work
very similar, however, rectangular shape facilitates the manufacturing by means of
conventional milling process, and, in general, for most of alternative manufacturing
techniques). Regarding to the periodic lattice, it was not found appreciable differences in using other lattices such as a triangular one, resulting in that the original
rectangular lattice is more convenient to alleviate the manufacturing process complexity. It is also determined that, since mushroom-type periodic structures give
compactness and require dielectrics, they are mainly restricted to lower frequencies.
The first dedicated analysis to the GGW was done also by Rajo in [794]. The
periodic structure designed in that work provided an stopband from 10 GHz to 20
GHz. It was found that the propagation constant of a GGW is quite similar to that
of the rectangular waveguide, however, the larger differences in the case of a GGWHP are evidenced and highlighted. It was also found larger confinement (less fields
leakage to the pin structures at the lateral sides) for the GGW-HP, justified by the
larger exposed metallic area in the practiced groove when using this configuration.
The combination of both geometries, GGW-VP and GGW-HP was also conceived
as a great opportunity to implement dual-polarized horn antennas.
Similarly, the first serious consideration of the SSGW is found mainly in [795],
but also coeval in [796]. These works come after it was found that, as a RGW
circuit layout becomes more complicated, the location of the pins, conditioned by
such layout, increases the complexity of both, design and manufacturing processes,
see Fig. 8.29(a) [795]. The SSGW is presented as a simpler and cheaper alternative
with less performance than the RWG. In [795], it is mainly highlighted that the
SSGW may be used in the prototype stage when carrying out designs with the RGW.
However, the posterior works have shown that differences between both waveguides
may suggest a direct design in the RGW topology. In [796], it is highlighted the
similarity of the SSGW with the microstrip (more evident than the similarity of a
microstrip line with a RGW). In this work, the SSGW is endorsed as a solution to the
difficult feeding of slot arrays from microstrip lines, very affected by the packaging
resonances.
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Nevertheless, it can be also affirmed that the SSGW may find its niche as a
low-cost structure for mass-production circuits. Note that, in principle, only the
substrate with the printed layout is required to be designed, and a universal pin
lattice could be applied, which would noticeably diminish the total circuit cost. See
for instance in Fig. 8.29(b) the aspect of the SSGW corporate feed designed in
[795]. The designed stopband in that work was [10 GHz-20 GHz]. The authors
highlight that the carried out analysis indicates that unless the strip width w is very
large, the air-filled stripline model, assuming a PMC condition over the pins, results
very rough. This can be appreciated in Fig. 8.29(c), which shows the characteristic
impedance Z0 vs. the strip/ridge width w for a RGW, a SSGW, and an ideal
transmission line model based on a stripline. In addition, an important drawback
of the SSGW is observed in this study: as the strip width is reduced, there is an
inflexion point from which Z0 does not increase any more, but falls down, preventing
the SSGW to achieve impedance values beyond 60 Ω. This occurs because when the
strip becomes narrower than the pins, it actually sees them, and this interaction
makes the strip to be effectively wider.

(a)

(b)

(c)

Figure 8.29: Suspended-Strip Gap Waveguide proposal in [795]. a) Motivation of the SSGW:
required ad hoc pin distributions according to the circuit layout in RGW; b) Corporate-feed network
made using SSGW lines. The top plate is removed to show the circuit; c) Characteristic impedance
Z0 vs. line width at f = 15 GHz. Comparison between RGW and SSGW. The characteristic
impedance of an ideal transmission line model assuming a PMC layer over the pins (stripline
model) is added for comparison.

In addition, the impedance was found to have a large value excursion depending
on the strip position relative to the pins. Therefore, the circuit layout was conditioned by the position of the underlying pins, complicating the process. For instance,
3λ/4 impedance transformers are used instead of the common λ/4 transformers in
order to allow enough pin periods to be seen by the transformers, hence having the
desired impedance effect. It is foreseen that denser pin lattices are required, a solution treated later in this part of the thesis, and that the literature has confirmed
recently. In addition, the lack adequate transitions for GWs was found to be an
important technological issue to address.
For the SSGW, an innovative alternative design using dielectric pins instead of
metallic ones is found in [797]. Fig. 8.30(b) shows the manufactured prototype (top
metal plate not present) with a periodic structure of 16 x 16 dielectric pins over a
dielectric substrate, embedded in a metallic groove. The possibility of using dielectric
pins is explored in this work since it may alleviate the manufacturing process and
allow for easy integration of active devices. It is highlighted that the main problem
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for active device integration is the device height, generally larger than ha . With the
use of dielectric pins, the active device may be located between pins without the risk
of producing a short-circuit.

(a)

(b)

Figure 8.30: Suspended-Strip Gap Waveguide with dielectric pins proposed in [797]. a) Manufactured prototype (top plate not present); b) Total electric field on a transverse plane passing
through a pin row at f = 37 GHz.

Best results are found for high permittivity dielectrics. Particularly, using Rogers
TMMr 10i (εr = 9.9, tan δ = 0.08 in the Ka-band), a periodic structure with parameters p = 3.07 mm, wp = 1.05 mm, hp = 2.56 mm, and ha = 0.4 mm provides
a stopband of RBW = 17.34 % around f = 36.6 GHz. This stopband is much
narrower than the metallic pin structure one (RBW = 71.84 %), however, this will
not result a limitation for almost any designs, being that there are components in
the device that usually present a narrower bandwidth response, a fact that will be
appreciated along this section.
The SSGW is formed using a gold-plated copper metallic strip with a thickness
t = 35 µm and a width w = 0.95 mm, suspended on Pyralux AP-912R of DuPont
(εr = 3.6 and tan δ = 0.06), with thickness td = 50.8 µm. Losses of the presented
SSGW are 0.44 dB/cm, slightly higher than those of the conventional SSGW, of
0.34 dB/cm. This indicates that the leaky field around the strip has a more lossy
interaction with dielectric pins than for metallic ones. Fig. 8.30(b) shows the total
electric field on a transverse plane passing through a pin row at f = 37 GHz.
Although the E-field intensity is quite low inside the dielectric pins, it is enough to
cause certain extra loss. Finally, the authors highlight that other structures such as
metalized dielectric RGW are as well possible with similar technology. These kind of
structures may take soon advantage of 3D dielectric printers technology. The light
way of such structures may also result very suitable for applications with weight
restrictions such as satellite communications. Although other basic structures and
functionalities must mature first in GW technology, an eye must be kept in this
possibility for future advanced devices including active elements.
Finally, the first dedicated work with the MRGW structure is found in [788].
The proposed topology characteristics and performance lie in between of those given
by the RGW and the SSGW. Due to the similarities with the microstrip line, the
MRGW seems as a good alternative to it, more suitable than the conventional (some
alternatives will be presented later in this thesis) SSGW due to the aforementioned
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problems with the impedance. In the work of [788] it is mainly highlighted the
elimination of the problem of packaging resonances and surface modes. The stopband
is designed to be [5 GHz-11.5 GHz]. It is noted that at f = 10 GHz the required strip
width to achieve Z0 = 50 Ω is w = 5 mm, a much wider strip than in microstrip
designs, which translates in lower ohmic losses. Simulations show that packaging
with MRGW is noticeably better than in the case of a conventional microstrip circuit,
strongly affect by the undesired resonances.
8.2.2.1

Study of losses

Study of losses in GW structures has been deeply afforded by Pucci in [796]-[800].
The motivation of her work is found to be the lack of precision of previous loss
measurements, carried out with the TRL calibration kit presented in [801]. Since
waveguide losses are very small for short propagation distances, another approach
seems necessary. The proposed method is based on evaluating the quality factor Q
of resonators created with the different GWs, being that this parameter is directly
related with the waveguide loss.
In [796], a [7 GHz-14 GHz] stopband is designed and a comparison of losses
is done by means of the quality factor method for three similar GW structures:
a conventional SSGW (Q = 2197), a mushroom-type SSGW (Q = 1357), and a
MRGW (Q = 1709), thus giving valuable information in order to chose between
these low-cost quasi-TEM GW options given certain application environment. It is
highlighted that all of them overcome by far microstrip losses (Q = 602).
In [798], a [12 GHz-17 GHz] stopband is designed, insomuch as the main frequency is considered to be f0 = 13.5 GHz. Simulations indicate that a RGW presents
a quality factor of Q = 4713 at this frequency, much higher than a conventional microstrip line, which reaches only Q = 179 due to both, larger ohmic and dielectric
losses. On the other hand, the RGW cannot reach the rectangular waveguide levels,
located at Q = 8463. It is found, however, that increasing ha at the cost some stopband bandwidth sacrifice, may drive the RGW to achieve Q = 5500, a reasonable
good value.
In [799], the analysis is focused on the MRGW in the context of the consideration
of this waveguide as a compact low-cost solution with simple manufacture for printed
slot array antennas. It is pointed out that grounding the ridge strip with vias
is essential to reduce losses, being that if this is not done, the EM fields extend
under the strip, into the substrate, and spread more laterally (see Fig. 8.31(a)),
hence increasing both, ohmic and dielectric losses. To calculate MRGW losses, the
resonator of Fig. 8.31(b) is implemented. The ridge strip is totally surrounded by
the mushroom periodic lattice, forming in this way an open-circuit ended resonator.
At f = 10 GHz, the quality factor of this resonator is found to be Q = 974, a
performance noticeably lower than that of the RGW, but as well noticeably higher
than that of the conventional microstrip, which is the reference structure.
Finally, in [800], the work of [798] is extended to the GGW, giving a variety of
measurements for both topologies, GGW and RGW, and providing an interesting
and necessary comparison with the rectangular waveguide, in order to determine
differences of such conventional technology with GW technology. Calculation of
losses is done by means of different resonators, shown in Fig. 8.32. For each topology,
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(a)

(b)

Figure 8.31: Study of MRGW losses in [799]. a) Comparison of E-field magnitude distribution
in the MRGW for the cases of a strip without grounding vias (up) and a strip with grounding vias
(bottom); b) Manufactured prototype of a MRGW resonator for the calculation of losses through
the quality factor method. The resonator is totally surrounded by the periodic structure, thus
being an open-circuit ended resonator.

RGW and GGW, short-circuit ended resonators (see Figs. 8.32(a) and 8.32(b)) and
open-circuit ended resonators (see Figs. 8.32(c) and 8.32(d)) are considered. Thanks
to this approach it is determined that open-circuit resonators, i. e., when the cavity
is totally surrounded by the periodic lattice, give better performance. Specifically,
at f = 13 GHz, the open-circuit RGW resonator gives Q = 4130, whereas the shortcircuit one gives Q = 2255, roughly a half. In the case of the GGW, open-circuit
resonator gives Q = 5883, whereas the short-circuit one gives Q = 5200.
The most relevant achievements of the work in [800] are, first, that the GGW
present lower losses than the RGW, thus motivating the interest in this waveguide,
less considered than the RGW until that moment. Second, it is found that the
rectangular waveguide topology is less robust to the manufacturing process than it
is the GGW. Although the rectangular waveguide presents higher quality factor than
the GGW in theory, the manufactured rectangular waveguide cavity gives Q = 5400,
only 65% of the predicted value. The manufactured GGW resonator achieves 96%
of the predicted value in simulations. It must be commented that, probably, the
employed milling manufacturing techniques are not the best-performance according
to the state of the art, being that the frequency is low for the rectangular waveguide
present such degradation. However, it is undeniable that the GGW topology is more
robust to the manufacturing process. It is recovered that hollow waveguide cavities
reach in practice as much as 80% of their predicted value [704].
More recently, in [787], characterization and study of MRGW losses is afforded
at the more challenging operation frequencies of V-band: the designed mushroom
structure creates a stopband from 45 GHz to 72 GHz. In this work, long lines, including bends are used to obtain the losses in the usual way, instead of resonators.
This work treats deeply the influence of the surrounding mushroom elements, founding that they must be carefully displayed according to the shape of the circuit. As a
circuit example, a 90 degrees bend is studied. The performance degradation caused
by the modification of the periodic elements surrounding the circuit is noticeable
(the closer the element to the discontinuity the larger the influence), thus arising
that the MRGW suffers from the same design and implementation drawback as the
RGW, i. e., the circuit layout strongly conditions the periodic structure layout. Strip
horizontal shifts on straight paths are not very influential, but it is highlighted that
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(a)

(b)

(c)

(d)

Figure 8.32: Different resonators employed for the study of losses in RGW and GGW by means of
the quality factor method in [800]. a) Short-circuit ended RGW resonator; b) Short-circuit ended
GGW resonator; c) Open-circuit ended RGW resonator; d) Open-circuit ended GGW resonator.

the contact of the strip with the surrounding elements must be necessarily avoided,
inasmuch as the performance of the circuit is totally lost when this occurs .
It is as well found that Electroless Nickel Immersion (ENIG) is not suitable for
this topology, whereas silver-platted copper gives acceptable results. Losses of the
manufactured MRGW are about 0.18 dB/cm, twice than simulated ones. Although
this attenuation clearly overcomes microstrip line or inverted microstrip line performance, it is very similar to that obtained with SIW structures (0.15 dB/cm). Since
these last are very easy to manufacture and well adopted by the research community, the applicability of the MRGW will depend on the use of proper manufacturing
techniques exploiting all its potential. Other remarkable points in the work are the
designed WR-15 to MRGW transition (the WR-15 enters from the bottom plate and
the E-field is twisted, providing matching with a stub implemented with the strip),
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with only 0.2 dB of insertion losses, and the implemented bend, presenting only 0.04
dB of losses.
8.2.2.2

Antennas

By far, the most prolific area in the GW technology are antennas, this probably
caused due to the fact that GW technology originates from soft and hard surfaces
concepts, coming from area of antennas in electromagnetics. The most pursued
designs have been those related with Slot Array Antennas (SAAs) [796], [802]-[820],
some of them implementing advanced phased array configurations [802]. However,
other topologies such as horns [821], RGW fed microstrip patch antennas [822],
leaky-wave antennas in different configurations [823]-[824], or Rotman lenses [825][826] are as well found in the literature.
The SAAs receive great attention in GW technology since those antennas are
an interesting option for mm-wave applications, inasmuch as whenever a low-loss
waveguide is used for their implementation, high efficiency levels are achieved, and
their planar profile results very suitable for many applications. The usual challenge
with this kind of antennas is the difficult design and manufacture of the corporate fed.
Although SAAs with series distribution are simple, they are narrow-band (RBW <
5%). This last is caused by the feeding line length, which is also the cause of
undesired beam tilting [827]-[828]. On the other hand, 2D arrays provide reasonable
bandwidth, however, in the case of hollow waveguides, ensuring good metallic contact
of the required internal walls makes expensive the manufacturing cost, otherwise
cheaper than that of other kind of antennas. In the case of using the microstrip line
as a waveguiding structure, packaging resonances and surface modes also difficult
the design [796]. In addition, ensuring the required small distance between elements
to avoid grating lobes results noticeably challenging unless multilayer structures are
used. However, multilayer structures must have good assembling properties, arising
again the metal contact issue. The aforementioned weak points are well addressed
by GW antennas in more or less extent as describes the next literature review.
One of the first works, with a remarkable quality and completeness (a mandatory
reference for the GW researcher) is that of Kirino [802], in which a 76 GHz multilayered Phased Array Antenna (PAA) is presented, based on RGW7 . Fig. 8.33(a)
shows an schematic of the whole structure separated by layers. The path followed
by the signal in order to implement the different required functions is depicted in
the schematic. Fig. 8.33(b) shows the side view of the layered structure and Fig.
8.33(c) shows the GW layout of the different layers and photographs of the actual
manufactured pieces and assembled prototype.
The authors meticulously describe the design of the required phase shifters, radiators and feeding network. Specifically, phase shifters are implemented by using an
intermedium movable piece which determines the length of the path followed by the
signal. Therefore, the contactless feature of the RGW results to be very advantageous in this design. Insertion losses are under 1.5 dB. The radiators are based on a
resonant RWG transmission line ended with open circuits, which creates a standing
wave. Resonant slots, inclined 45◦ at the maximum current positions are used. It is
7 The authors were already working with a structures similar to the RGW, under the name of
Waffle-Iron Ridge Waveguide (WIRWG) [829]-[830]
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highlighted that, unlike conventional structures using traveling waves (which suffer
from beam tilting due to the fact that the current is not the same in all positions of
the line), the beam is perfectly directed toward the bore-site direction. A dielectric
rod is used to avoid Grating Lobes (GLs). The antenna is composed by a total of
16 radiators, providing a gain of G = 32 dB. It is possible to tilt the radiation angle
±18◦ and the Side Lobe Level (SLL) level is -13 dB. The dimensions are only 62 mm
× 62 mm × 25 mm. The authors highlight the suitability of the presented design for
automotive radars since it is tolerant to high temperature contrasts and long-term
vibrations. On the other hand, they are still found some deviations in the amplitude
(7 dB max.) and the phase (70◦ max.) of the radiating elements feeding, what is left
as future work. As additional valuable information, this paper clearly shows how
tuning the height of the ridge allows interesting dispersion engineering of the RWG.
It is also found that the first row of pins provides 15 dB of lateral attenuation, and
10 dB are provided per each additional row.
Some problems of the previous work are addressed by the same authors in [803].
As it is well-known, GLs are product of the relationship between the array distance
and the wavelength in free space, whereas the Side Lobes (SLs) are product of
the excitation illumination of the array. In the structure of [802], GLs appear at
lower frequencies and there is no method to control SLs. The authors propose
an interesting solution: practice periodic grooves on the ridge to create a slowwave structure. A good parametrization, giving useful information for dispersion
engineering through the guided wavelength λg , is provided. The slow wave RGW
implies a reduction of the GLs of the proposed array antenna, which is fed by
a standwave structure. In addition, it is achieved arbitrary excitation illumination
while keeping the element space and excitation phase since λg can be widely tailored
in the standwave structure. The SLL is reduced to -26 dB.
In [804], our research group from Universitat Politècnica de València proposes a
design which avoids the cross polarization problem of linear slot antennas, caused by
the necessary slot tilting to provide radiation. It is proposed to use a tilted dipole
etched on a dielectric substrate underlying each slot, as it is shown in Fig. 8.34(a)
for the case of a rectangular waveguide. The GGW-HP8 results very suitable for the
implementation since the cover layer can be manufactured independently to be later
assembled, obtaining good results insomuch as contact with the piece with the pins
is not critical. In this way, it is possible to manufacture a copper cladded cover with
the slots on the one side and the dipoles on the other side. It is highlighted that this
configuration allows the dipoles to be rigidly arranged in the same piece. In addition,
since the GGW has not side walls (it has periodic structures of pins instead), slots
can be made longer, which is found convenient to achieve good radiation for a wider
range of dipole tilting angles. The tilt angle is responsible for the amount of coupled
radiated power by the slot. The paper shows that proper optimization provides that
up to 50% the input power can be radiated. An 8 element array is designed at
f = 37.5 GHz, providing a directivity of D = 16.2 dB and a SLL of -11.8 dB.
On the other hand, compensation of strong mutual coupling seems necessary in
the previous antenna, this task demanding from optimization techniques with efficient analysis tools. In [805], the work in [804] is extended in a well structured
8 Slots

on the narrow wall of the equivalent rectangular waveguide.
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(a)

(b)

(c)

Figure 8.33: 76 GHz multi-layered phased array antenna of [802]. a) Different layers of the
structure and path followed by the signal; b) Side view of the layer structure; c) GW Layout of the
different layers and photographs of the different pieces and the final assembled prototype.

paper, facing the mutual coupling effects, which are internal and external, being
that the distance between elements is d = 0.68λ. To do that, the method developed
in [831], later described in the modeling apart, is used, since analytical expressions
for the GGW modes are not available. It is highlighted that, even though dipole
parameters exhibit a symmetrical pattern with respect to the array center, the calculated optimum voltages do not. This is caused by the inhomogeneity of the GGW
in the propagation direction, a fact to take account in the design process. The work
presents 8-element prototype with Taylor distribution, working at f = 37.5 GHz.
The SLL is below -20 dB.
The activity of Chalmers University of Technology (CUT) group has been particularly intense. In [806], a T-junction for corporate feed in RGW is designed by means
of a λ/4 transformer and 3 sections of Z0 = 50Ω. Also it is studied the excitation of
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(a)

(b)

Figure 8.34: GW slot array antenna designs. a) Untilted slot in narrow wall of a rectangular
waveguide [804]; b) Linear array in RGW [807].

a single slot element to operate from 12 GHz to 14 GHz (RBW = 15%) by means of
T-shaped stub. This line work is continued in [807] where a 4-element linear SAA is
implemented, see Fig. 8.34(b). The antenna presents RBW = 15% around f0 = 13
GHz in terms of matching, i. e., return losses (RL), which satisfy RL < 10 dB.,
with a directivity of D = 12.4 dB and an efficiency of η = 75%. It results interesting
that, despite of the fact that there is only one row of pins placed between the slots
feeding lines, the isolation is over 20 dB. The work is further extended in [808],
where the T-shaped stub exciting the slots is carefully optimized. The bandwidth
of the 4-element linear is improved up to 20%, and a 2 × 2 planar array antenna
with RBW = 21% is presented. Prototypes of both designs are shown in Fig. 8.35.
The 2 × 2 array presents a gain of G = 12 dB, and GLs of -12.5 dB and -10 dB
in the H-plane and E-plane cuts, respectively. It is also the most compact option,
presenting a separation s = 0.75λ between elements, and a total area of 35 × 35
mm2 . The 2 × 2 array is excited by a standard Ku-band rectangular waveguide by
means of a proper transition. In the case of the 4 × 1 array, the feeding is done
by means of a SMA connector exciting a GGW and Chebyshev stepped transition
from GGW to RGW. Although the performance of this last transition is quite good
it seems that higher frequencies can be better launched with the former approach.
A standing-wave configuration is presented in [809]. In this work a slot array
antenna is implemented by means of two sub-arrays of 8-element each one, fed by
two RGW standing-wave sections, adjacent and isolated, which are fed by a bottom
feeding layer implemented also with RGW. This bottom layer splits the input signal,
coming from a coaxial cable. The antenna is designed to operate in the band [13.6
GHz-15.7 GHz] (RBW = 14.5%). The gain is G = 13.9 dB, the SLL is under -11
dB and cross polarization is under -34 dB. The simulated efficiency is η = 95%,
however, there is not prototype to confirm such a good performance.
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(a)

(b)

Figure 8.35: RGW slot array antenna design of [808]. a) Manufactured prototype of 4 × 1 linear
array; b) Manufactured prototype of 2 × 2 planar array.

In more recent works from 2015, the frequency is increased to reach the V-band,
where the GW technology can better deserve its niche. For example, in [810] fourport Butler matrix is designed on SSGW to operate around f = 60 GHz, see Fig.
8.36(a). In this work, a hybrid and a 45◦ phase shifter are designed, being pointed
out that the simulation process is complicated, and suggesting to use the PMC
approximation in a first stage, a prove that new GW dedicated analysis tools are
required. Although the obtained amplitude values are acceptable, the phase must
be optimized. However, this task seems complicated unless a denser lattice is used
inasmuch as strip widths are comparable or even small than the pin period.

(a)

(b)

(c)

Figure 8.36: V-band SAA designs. a) Four-port Butler matrix in SSGW [810]; b) Schematic of
the slot antenna based on RGW with mushroom-type EBG, proposed in [811]. c) Detail of the slot
excitation of the antenna in b).

In [811], a mushroom-type RGW is proposed to excite a slot element, see Figs.
8.36(b) and 8.36(c). Operation is considered at f = 68.7 GHz with a bandwidth of
900 MHz (RBW = 1.3%). The simulated gain is G = 7 dB and the return loss is
roughly RL = 20 dB. Through this design the authors confirm that RGW overcomes
SIW performance, affirming that the designed antenna exhibits better performance
than a similar one presented in SIW [832]. Nevertheless, a review of the results in
[832] indicates that the bandwidth should be improved to confirm this. Practical
implementation of the excitation (done by means of a coaxial cable) is an issue to
address in this sense.
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Other interesting type of proposals are those implementing multilayer SAAs excited by means of cavities, [812]-[814]. The radiating slots are grouped in 2 × 2
elements, excited by a underlying cavity layer. Cavities are excited by the bottom
layer of the structure, containing the corporate feed network. This structure is illustrated in Fig. 8.37(a), where different options for the feeding layer are shown:
RGW (left), GGW (middle), SSGW (right). In this way, these GW antennas export
the concept applied for hollow waveguides in [716] to GW technology, much more
suitable for multilayer assembled structures. This configuration provides wideband
matching and uniform aperture field distribution.
More specifically, the design in [812] consist in a 8 × 8 array with RGW corporate
feed. The main feeding is done by means of a WR-15 and a properly designed
transition to RGW. The antenna is designed to work around f = 60 GHz with
RBW = 14% (RL < 10 dB). A manufactured prototype by means of CNC milling,
Fig. 8.37(b), exhibits an aperture efficiency η > 65%, being the gain G = 25 dB.
Similarly, [813] implements a 16 × 16 array, Fig. 8.37(c). The cavity configuration is slightly different than that of [812], giving some improvement in the feeding.
Simulations show operation between 57 GHz and 66 GHz (RBW = 16%), a gain
G = 32.5 dB. Side lobes are at -13 dB in the E/H planes and at -25 dB in the 45◦
plane, originated by the fact that element spacing is larger than the wavelength.
The work in [814] extends [813] to other topologies for the feeding network: GGW
and mushroom-type SSGW. Results for the different topologies are quite similar,
however, it lacks a proper comparison. In addition, prototyping is also missed. It
would be interesting to compare all three options experimentally since the antenna
concept and theoretical performance are interesting. In this sense, it is important
to determine advantages and disadvantages of the different implementable options.
Other interesting new proposal impulsed by several groups are hybrid slot array
antennas in which the corporate feed is implemented in MRGW, whereas the slot
excitation is done by means of SIW cavities [815]-[817], exporting also in these
designs the thoughtful proposal for the slot excitation of the group of M. Ando,
done for rectangular waveguide in [716]. The main motivation of these works are
the integration problems of hollow waveguides and the excessive dielectric loss of
SIW technology, this driving to the consideration of GW technology. The different
proposed designs are shown in Fig. 8.38.
Particularly, in [815], it is presented a 2 × 2 subarray with a MRGW-based
corporate feed and SIW cavities in the conventional way as the previously commented
SAA based on the work in [716]. MRGW is chosen instead of the SSGW due to the
easy feeding with a WR-15 from the back side. The final idea of the authors is to
design a 32 × 32 SAA. Reduce the undesired coupling between the 2 × 2 elements in
the E-plane is provided by means of a corrugation in the SIW plane, implementing
a soft surface. In this way, the GLs are reduced, and the distance between elements
can be larger, increasing the directivity. Concept validation is done by means of a 4
× 4 array, adding dummy elements to reduce edge effects. The designed stopband is
[44.5-80 GHz] and antenna operates from 55.68 GHz to 65.17 GHz (RBW = 17%),
presenting a directivity of D = 20 dB. It must be highlighted to good correspondence
between simulation and results, what results promising for the conceived 32 × 32
array. Directivity greater than 40 dB is expected, overcoming the results of [716].
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(a)

(b)

(c)

Figure 8.37: Slot array antennas based on 2 × 2 subarrays fed by backed cavities [812]-[814]. a)
2 × 2 subarray schematic of [814] considering different options for the feeding layer: RGW (left),
GGW (middle), SSGW (right) [814]; b) Manufactured prototype of the 8 × 8 array fed with RGW
in [812]; c) 16 × 16 array fed with GGW in [814].

In [816], the SIW cavities include an L-probe and the whole structure is manufactured with Low Temperature Co-fired Ceramic (LTCC) technology [833]. In Fig.
8.38(b), the different layers of the proposed 2 × 2 subarray are shown, being also
indicated the number of LTCC layers forming each element. The authors highlight
that SIW topology is a good solution to implement the cavities, since surface modes
are avoided and they do not require complicated thick air cavities, shown to be
difficult in LTCC technology [834]. A good point of the work is that a comparison between SIW and MRGW for the feeding network is carried out. The MRGW
provides higher efficiency and gain, better transition from the feeding rectangular
waveguide, and wider band impedance matching. The presented 8 × 8 elements
prototype has an stopband of [75 GHz-119 GHz], operates at f = 94 GHz with a
RBW = 15%, an efficiency of η = 42.3%, and a gain of G = 23.8 dB. The low efficiency is originated by dielectric losses, which must be improved somehow in future
designs.
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(b)

(c)

(d)

Figure 8.38: Hybrid GW-SIW slot array antennas. a) Layer structure of the 2 × 2 subarray
proposed in [815] with a MRGW-based corporate feed and SIW cavities; b) Layer structure of the
2x2 subarray proposed in [816] with a MRGW-based corporate feed, SIW cavities, and with each slot
incorporating an L-probe. The structure is designed to be manufactured with Low Temperature
Co-fired Ceramic (LTCC); c) Layer structure of the 2 × 2 subarray proposed in [817] with a
MRGW-based corporate feed and SIW cavities working with the TE220 mode. d) Photograph of
the fabricated PCB-based 8 × 8 antenna of [817]: assembled prototype (left), and the different
layers composing it, including the radiating PCB with the SIW cavities, a metal spacer defining
the air gap, the MRGW corporate feed network, and a thick metal support plate with a WR-10
flange in it.

Finally, in [817], performance is improved by using SIW cavities working with
the TE220 mode, which provides constant phase to the slots, hence avoiding the
use of SIW dividers, see Fig. 8.38(c). The manufactured 8 × 8 elements prototype
is shown in Fig. 8.38(d). A [75 GHz-110 GHz] stopband is designed, and the
antenna operates from 82 GHz to 102 GHz (RBW = 22%), with a gain of G = 25
dB. The cross polarization is under -30 dB, thanks to that E-field components at
the x-axis direction are the same for the four slots of the 2 × 2 elements, hence
the opposite field distribution makes the E-field components to mutually offset at
the y-axis direction. The authors show that the proposed design has a bandwidth
twice or even three times than other proposals with similar gains, implemented in
technologies such as double-layer hollow waveguides or SIW patch antennas, that are
even more complicated to manufacture. The participation of the Bohai Microsystem
Company, Ltd. in the work endorses the interest of the industry in this technology.
Also from our group in UPV, they come proposals based in GGW [818] (VP),
[819]-[820] (HP), more focused to provide an alternative to rectangular waveguide
and the recently proposed diffusion bounding, quite expensive. In [818], a 4-way
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corporate feed network composed by E-plane splitters is used. The central frequency
of the antenna is f = 20 GHz, being a narrow-band design (RBW = 5.5%), with
a good SLL (less than -15 dB). Increasing the bandwidth is left as future work. It
is pointed out that a rectangular waveguide equivalent is used for the optimization,
but better models are demanded.
The work in [819]-[820] results particularly interesting. The corporate feed network is based on E-plane splitters and is backed by coaxial cavities. These coaxial
cavities are integrated on the bed of nails, being that these cavities are implemented
by merely lowering the height of a particular pin with respect to the surrounding
ones, see Fig. 8.39(a). The shortened pin has a filtering effect, causing a transmission zero at a certain frequency that depends on its height h0p . In Fig. 8.39(b) it
is shown the fabricated 4 × 4 prototype. The top image shows the complete assembly, whereas the bottom shows an image in which the cover has been removed
to show the feeding network. The antenna operates at f = 37.5 GHz, exhibiting
RBW = 6.56%. The directivity is D = 20 dB and the efficiency is η = 80%. There is
good agreement between simulations and measurements, hence the structure, which
is formed exclusively by one layer, is easy to manufacture. A possible drawback is
the internal coupling between the feeding network and the cavities since it is not
provided good isolation, which usually requires two or three rows of pins. It is also
suggested the possibility of exploiting the concept to design filters in the future.

(a)

(b)

Figure 8.39: 4 × 4 slot array antenna implemented by means of coaxial cavities created by
shortening certain pins [820]. a) Schematic showing the feeding network and the location of the
shortened pins and the slots; Manufactured prototype. Upper image shows the complete assembled
antenna, whereas at the bottom image the top cover has been removed to show the feeding network.

Leaving back SAA proposals, few different configurations are commented now.
In [821] it is presented a planar dual-mode horn planar array (4 × 4) with corporate
feed network based on a SSGW structure. Fig. 8.40(a) showns the H-plane and
E-plane views of a dual-mode horn element fed by a SSGW, Fig. 8.40(b) shows
the manufactured horn layer with a 4 × 4 distribution, and Fig. 8.40(c) shows the
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SSGW corporate feed network (the foam layer that is located above the network to
keep space with horn layer is not shown). In this work, the SSGW is suggested as
a good solution avoiding surface wave modes, better than SIW (leakage and losses)
and hollow waveguides (complex). A proper design of the horns allows to overcome
the effects of the large slot separation (s = 2λ). The goal is to design antennas
with a nearly uniform aperture distribution so that the first GL ideally fall in the
first null of the individual element radiation patter. The SSGW stopband is [8.5
GHz-13 GHz] and the manufactured prototype radiates from 10 GHz to 11.2 GHz
(RBW = 11.3%) with an efficiency of η = 60% and providing a gain of G = 25 dB.
The use of foam instead air is responsible of a half of the total conduction losses of
the antenna. It is pointed out that optimization of the structure results complex due
to the lack of proper analysis tools, being necessary to use the PMC approximation,
which is quite rough. The necessity of good connectors, flanges and transitions,
suitable for GW technology is also highlighted.

(a)

(b)

(c)

Figure 8.40: Dual-mode horn array antenna with corporate feed network in SSGW from [821].
a) H-plane, E-plane, and 3D views of a dual-mode horn element fed by a SSGW; b) Manufactured
horn layer with a 4 × 4 distribution; c) SSGW corporate feed network. The foam layer above the
feed network, used to provide mechanical stability is not shown.

Another topology is the 2 × 2 microstrip patch subarray with a RGW feeding
structure proposed in [822]. This radiating structure works from 56 GHz to 66 GHz
(RBW = 15%) for RL < 12 dB. Simulated directivity for a 16 × 16 array is found to
be D = 28.7 dB. The authors highlight the lack of any substrate in the feeding layer,
what reduces the losses, and the reduced size of the 2 × 2 unit cell. Nevertheless,
the dielectric of the patch layer suggest additional losses and surface mode problems,
not appearing in the previously commented SAA designs.
Finally, to end this antenna proposals section, they are reviewed totally different
designs, implementing Leaky-Wave Antennas (LWAs), proposed in [824] and [823],
see Fig. 8.41. The authors indicate that an important drawback of SAAs not found
in LWAs is that it is hard to ensure small distances between the radiating slots and
that optimization is very time consuming.
More specifically, in [824], an H-polarized LWA based on a Metal Strip Grating
(MSG) and a quasi-TEM horn implemented with RGW (see Fig. 8.41(a)), which implements the required uniform field distribution to excite the LWA (see Fig. 8.41(b)).
The authors highlight that this kind of MSG-LWA is very suitable for beam scanning
in the mm-wave band, with the advantages of eliminating the complexity of the feed
network in microstrip phased arrays, which causes high cross-polarized field, and
providing a more compact, low profile. In addition, expensive phase shifters are
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not required. The RGW is chosen as good candidate for the horn, with the air gap
height ha designed in such way that the MSG substrate is inserted in it. This solution is better than SIW (dielectric losses) and conventional rectangular waveguide
(too bulky due to its height, causing mismatch between the horn and the MSG and
radiation leakage from the horn aperture). The RGW is pointed by the authors as a
promising structure for this type of horns, due to its versatility in size, propagation
characteristics (quasi-TEM) and low losses. The LWA antenna works with RL < 10
dB from 27.5 GHz to 29.3 GHz (RBW = 6.33%), scanning angles from θ = −25◦
to θ = −16◦ . The efficiency is η = 90% and the gain G = 24 dB. GLs are very
low, finding however a -15 dB peak at the symmetric angle of radiation due to the
reflexions at the end of the MSG structure.
In [823], the design is based on a GGW having only one row of pins at one
of the lateral sides to provide leakage, see Figs. 8.41(c) and 8.41(d). As it can be
appreciated in the figures, in this LWA the feeding is integrated with the same LWA,
and advantage regarding to the design of [824]. An important point to highlight from
this work in the context of this thesis is that the authors successfully use the analysis
method for the GGW presented in [361], later detailed in section 10.2.1, proving its
efficiency for design task in devices implemented with this waveguide. By using
this analysis tool, the GGW width is optimized to provide the desired leakage by
means of choosing the required propagation constant. The manufactured prototype
exhibits good correspondence with the simulations. The LWA operates from 9 GHz
to 11.5 GHz (RBW = 25%), scanning angles from θ = 35◦ to θ = 50◦ , with a gain
of G = 20 dB and keeping the SLL under -17 dB.
8.2.2.3

Filters and diplexers

In the last years there has been also appreciable activity in the research area of
GW filters and diplexers [835]-[849]. As it occurs with the antennas, there is a
favorite topology or objective, but other proposals are also found. In the case of
the filters, to achieve narrow-band designs exhibiting low insertion losses has been
the main objective. To do that, the GGW has been chosen to implement cavity
resonators inasmuch as it provides the highest quality factor among GWs. The
GGW cavities are formed in the same way as in rectangular waveguide cavity filters,
using the pins as walls. In Fig. 8.42(a), this kind of resonator and the E-field
inside it is shown [835]. Coupling is done through inductive windows implemented
by means of different topologies, see Figs. 8.42(b)-8.42(d) [835]-[838]. To date, only
the conventional all-pole Chebyshev responses have been afforded. The coupling has
been classically horizontal [835]-[842], but also vertical topologies have been recently
proposed [845]. Alternatively, but with less work published, notch filters by using
single and dual mode cavities [846], or SSGW filters are also found [847]-[849].
The first GGW filter proposals are found in [835]. In this work, it is shown
that GGW offers a 20% quality factor than the RGW. A 3rd -order and a 5th -order
Chebyshev filters with equal ripple R = 0.1 dB, are designed to work in the Ku-band.
In Fig. 8.42(b) it is shown the layout of the N = 3 filter. As can be observed, the
coupling between cavities is controlled with the separation s of the two rows that
come between each two cavities, and the feeding is done by coaxial cables, located
on the top plate. The central frequency is f = 14 GHz and the relative bandwidth
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(a)

(b)

(c)

(d)

Figure 8.41: GW Leaky-Wave Antennas (LWAs) [824]-[823]. a) Schematic of the bottom part
of the RGW horn launcher used in [824]; b) Near field distribution of the co-polarized E-field at
the central frequency (f = 28.5 GHz) on a plane passing by the air gap of the launcher and the
substrate with the Metal Strip Grating (MSG) in the LWA of [824]; c) Snapshot of the E-field
distribution at f = 9.5 GHz in the GGW LWA proposed in [823]; d) Manufactured LWA in [823].

is only RBW = 1%. Experimental results for the 5th -order designs exhibit insertion
losses between 1 dB and 1.76 dB (minimum equivalent Q of 1713), and a slight
frequency shift (0.16%), i. e., 1/6th of the bandwidth. The results are acceptable
but higher quality is expected at this low frequencies. The authors suggest silver
plating for future designs. Valuable points of the work is that it is shown how results
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(a)

(b)

(c)

(d)

Figure 8.42: Narrow-band filters implemented with GGW by using rectangular cavities and
horizontal inductive coupling. a) GGW cavity resonator and E-field magnitude distribution [835];
b) 3rd order Chebyshev-type filter of [835] in which the inductive coupling is controlled by the
separation of the two rows of pins separating the resonators; c) Manufactured prototype of the 5th
order filter of [836]; d) GGW diplexer formed by two 5th order Chebyshev filters and a T-junction
[839].

are independent on the presence of side walls with GGW topology, and that spurious
are totally avoid at the stopband [11 GHz-20 GHz].
In [836] a similar topology is proposed for the Ka-band. The central frequency is
f = 37.37 GHz, and the bandwidth BW = 560 MHz (RBW = 1.5%). In this design,
in order to reach higher coupling factors (k), two pins of the set of pins separating
the cavities is replaced by a ridge, which height and width are adjusted. The feeding
is provided by a WR-28 and two ridges are properly designed to adjust properly
the external cavity factor Qext . In this work it is found that increasing the air gap
height ha causes Q to increase up to 15%, however, this decreases the stopband,
designed in principle as [25 GHz-50 GHz]. Insertion losses (IL) are IL = 1.3 dB and
return losses are R > 17 dB. A slight frequency shift of 60 MHz is found, caused by
the used silver plating. Tuning screws are shown to be useful, however IL increase
0.25 dB and RL suffers certain degradation. A rectangular waveguide prototype is
compared with the proposed design, exhibiting the same insertion loss despite of the
fact that the rectangular waveguide filter response has a slightly larger bandwidth9 .
9 Note

that IL are inversely proportional to the response bandwidth [782].
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A temperature test also shows that the GGW filter suffers less response deviation.
Although the comparison gives interesting information, it would be desirable to
provide a comparison of two filters with the same type of response (the rectangular
waveguide filter shows one transmission zero).
To overcome some CNC milling process challenges at high frequencies, in [837]
it is proposed a GGW topology made by means of via holes, this giving higher
density than mushrooms. In order to keep a high quality factor for the cavities, the
substrate is removed in them, a similar concept to that proposed for SIW topologies
in [756]. Feeding is done by coaxial cables, and the coupling is done by asymmetric
windows, described by the via holes. The designed 5th -order Chebyshev filter has a
central frequency of f = 30.03 GHz, and a relative bandwidth of RBW = 1.03%.
Simulations give IL = 1.4 dB and good return losses. However, experimental results
are required to confirm that this topology provides a robust manufacturing process.
More recently, the group of Chalmers has faced V-band designs. In [838] a 5th order filter with f0 = 59.5 GHz and BW = 1 GHz (RBW = 1.68%) is proposed.
The coupling between cavities follow an scheme very similar to that of [836], whereas
the feeding is done by means of two WR-15 coming from the bottom plate. WR-15
to GGW transitions are designed, showing RL < 20 dB over a relative bandwidth
of RBW = 7.5%, enough for the design. Experimental results show a best insertion
loss value of IL = 1.7 dB, which is a quite good result. However, a degraded
response with RL = 9 dB and an appreciable frequency shift are also found. The
use of tuning screws is proposed but the response remains still degraded and far
from the specifications. In the work, a design with the feeding in the top plate is
also affording, revealing that alignment results critic in such case, this caused by the
high frequency of operation.
The previous work is extended in [839], where a diplexer based on the previous
filter design is proposed. The central frequencies are f1 = 59.5 GHz and f2 = 62.5
GHz, the transmitter and receiver are located at the bottom plate, and the antenna
is located on the top plate. A T-junction showing RL > 20 dB in the band of
interest is designed. The simulations give IL = 1 dB and RL > 10 dB for the filters,
and 80 dB of isolation for the two channels, however, results in [838] suggest that
experimental results may suffer appreciable degradation.
Part of the work carried out in this part of the thesis, published in [840]-[843], fits
in the previous works context. Since later this work is detailed, only few remarks are
given at this point in order to better contextualize it. First, in [840], a 4th -order filter
centered at f0 = 40 GHz and with RBW = 2.5% is designed and manufactured,
exhibiting IL = 1 dB and RL close to 20 dB. However, the obtained frequency shift
was found a difficult problem to face.
Then, in [841] a similar design, but with order N = 5, is proposed for the Vband (f0 = 61 GHz). A novelty in the design is the incorporation of the coaxial
feeding in the bottom plate, thus alleviating the alignment of the top metal plate,
which becomes a very simple piece. The experimental results show IL = 1.6 dB and
RL < 13 dB. In addition, the response is not degraded, fitting well in the desired
bandwidth, something not found in other contemporary designs. However, despite
of the good tolerances of the milling process, the frequency shift is observed as a
problem to address. This design is experimentally compared with an identical Hplane manufactured rectangular waveguide filter in [842], revealing that the GGW
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clearly overcomes the rectangular waveguide, being that the rectangular waveguide
filter presents a degraded response, with even more frequency shift. In addition,
an assembly test reveals that the GGW filter response is totally invariant after
reassembling, whereas the rectangular waveguide filter clearly worsens its response.
This work is concluded in [843], where a novel tuning solution to correct the
frequency shift is proposed and successfully demonstrated. It consist in displaying
metal insertions on the top metal plate that are able to modify the resonance frequency of the cavities, the coupling between them, and the external quality factor.
As this insertions are fixed, an iterative process is necessary. Nevertheless, extremely
fast convergence is proven through the Aggressive Space Mapping (ASM) algorithm
[850]-[851]. The results in this paper open the door to challenging high frequency
device response correction in order to satisfy the required specifications in practical
applications.
Other interesting proposal is the work in [845], in which the coupling is not
horizontally done, but vertically, and both, GGW and RGW topologies are considered, see Fig. 8.43. The filters specifications are f0 = 35 GHz, BW = 350 MHz
(RBW = 1%), IL < 1 dB and RL > 20 dB. The feeding is done with rectangular
waveguide, controlling the external quality factor by means of ridge, whereas the
coupling between cavities is provided with irises. It must be highlighted that the
design process followed in this work, found in [852], seems to be very interesting
for GW structures, which generally demand from time consuming simulations. This
method is similar to the ASM, and relates the physical parameters of the structure
with the response through a simplified circuital model. The experimental results
show IL ≈ 1 dB for both filters and RL > 10 dB, without any frequency shift.
Surprisingly, results for the RGW are better than those for the GGW. The good
results suggest to test this kind of topology at higher frequencies.

(a)

(b)

Figure 8.43: Vertical coupled resonator filters [845]. a) GGW based filter; b) RGW based filter.

Finally, some alternative topologies are reviewed. In [846], single and dual mode
cavities are created by defecting the pin structure of a RGW. The single mode cavity
is created by placing a dielectric pin instead of a metallic one at a certain position
of the first row, whereas the dual mode cavity is created by removing two adjacent
pins inside of the periodic structure. By using these cavities a notch RGW filter is
designed, see Fig. 8.44(a).
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(a)

(b)

Figure 8.44: Other filter topologies. a) Notch filter implemented in [846] by means of cavities
created by defecting the pin structure of a RGW; b) Diplexer implemented by means of two SSGW
coupled-line filters [847].

In [847], the SSGW topology is used to implement a diplexer with f1 = 10 GHz
and f2 = 12 GHz. The SSGW is built using a periodic structure of screws, and the
effect of its density on the filter response is studied, observing that higher densities
lead to a situation closer to the ideal PMC condition. The designed filters are 5th order with RBW = 10%, providing in the diplexer IL ≈ 1.5 dB and RL > 20 dB,
with isolation higher than 40 dB. Fig. 8.44(b) shows the diplexer and its response.
A slot fed with a T-shape line is added to the diplexer to implement a self-diplexed
antenna obtaining good matching.
The SSGW is used also in [849] to create and end-coupled band-pass filter. The
filter is 4th -order, Chebyshev-type with R = 0.1 dB, with a central frequency f0 = 60
GHz and a bandwidth of BW = 2 GHz (RBW = 3.33%). The prototype is embedded in a 10 cm SSGW which incorporates transitions to rectangular waveguide.
Experimental results show a response that shifts to higher frequencies since the
manufactured ha is smaller. However, corrected simulations show noticeable good
correspondence and remarkable good results: IL = 1.4 dB and RL > 12.5 dB. It
is worth to mention that the insertion losses are only a half of a similar 3rd -order
design with SIW [853].
Finally, in the context of SSGW filters, a simple N = 2 Chebyshev filter is derived
as part of the work of this thesis, as a demonstrator of some of the treated concepts
in chapter 9. The filter is implemented by means of coupled-line sections. The
central frequency is f0 = 35 GHz with RBW = 5%. Simulations show promising
IL < 0.4 dB and RL > 15 dB. A good point to highlight is that the response is
almost independent to the position of the substrate with the printed filter layout
thanks to the use of a very dense pin lattice.
8.2.2.4

Transition and flanges

Transition and flanges are also devices that have received attention since GW were
proposed [825]-[826], [854]-[864]. Notice that good interconnection with conventional
technologies is critical in order to prove the validity of the designs, something claimed
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in most of the previous antenna and filter papers, that even usually incorporate a
section dedicated to the design of the required transition/s. In addition, consolidation of GW technology require as well from transitions interconnecting the different
GW topologies. In this area, most of the work has been carried out by the research
groups of Chalmers University and the Polytechnic University of Valencia, but other
groups have also joined recently this research line.
The first approach is found in [855], from 2009, where a coaxial cable to RGW
transition is studied. The design is very basic, achieving RL > 10 in the [12 GHz15.75 GHz] band (RBW ≈ 20%), and it was used in the first GW designs. Three
years later, Algaba [856] designs a transition between a CPW and a RGW through
capacitive coupling with the aim of providing integration of active devices in RGW
and facilitate measurements around f = 100 GHz. The transition consist in a CPW
rectangular patch that couples to a RGW which has special end sections, adjacent
to the ridge, in order to optimize the coupling. To avoid radiation loss to the back
side, an additional bed on nails is placed under the CPW circuit, avoiding also in
this way resonances and response degradation, and giving additional mechanical
support. Simulations predict RL > 15 dB over a RBW = 10%. Insertion loss of a
single transition is found to be only IL = 0.5 dB in the frequency range from 100
GHz to 108 GHz.
Similarly, also Algaba in [857], designs a microstrip to RGW transition, proposed
with the aim of giving the required compatibility with probe stations to RGW structures. Again a patch is used as a coupling element. Frontal and perspective views
of this transitions are represented in Fig. 8.45(a). In this work, the microstrip line
is preferred against the CPW, being that problems such as excitation of high-order
modes, or the undesired coupling between even and odd modes in the CPW are
not present in the microstrip line. Actually, the design gets an improved performance, extending the bandwidth up to RBW = 25% and reducing the insertion
loss to IL = 0.425 dB. Furthermore, it is highlighted that the optimization process
results easier with the microstrip line as the aforementioned undesired effects are
not present.
On the other hand, the proposal of Zaman in [858] consists in a microstrip line to
RGW transition that directly transforms the EM fields between both lines, given its
similarities. To do that, the air-gap between the ridge and the top metal plate is set
equal to the microstrip substrate height. A ridge affix makes pressure over the part
of microstrip line at the other side of the substrate. This solution is preferred than
soldering since it provides flexibility an easy replacing. In addition, the affix acts
as a matching element (narrow ridge) to provide a softer transition to the EM field
mode pattern. It is highlighted that better matching would be obtained by the use
of Chebyshev transitions, however, the authors prefer to provide larger simplicity
and compactness. The work is focused to the microstrip line inasmuch as it is the
common input line for MMIC active devices, and to achieve a large bandwidth is
the main objective in this work. In fact, the design has a stopband from 22 GHz to
46 GHz, and the measurements show a matching of RL > 14 dB in the [23 GHz-43
GHz] band (RBW = 60%), with only IL = 0.16 dB, which is an outstanding result.
Contemporary to these transitions it appeared a promising flange design proposal
from Pucci [854]. In this work, one of the big problems of the mm-wave hollow
waveguide technology are faced: the leakage in flanges due to the bad metal contact
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and difficult alignment, well documented in [731]. First, an stopband from 180 GHz
to 400 GHz is designed to amply cover the WR-3 band (220 GHz to 325 GHz).
Then, GW flanges are implemented by modifying a WR-3 waveguide flange: two
rows of pins are added around the waveguide and a smooth metal surface of the pins
height is added on each side of the waveguide cross-section before the first pin row.
Fig. 8.45(b) shows a design with circular walls around the rectangular waveguide
aperture, which provides the best matching, and the simulated S-parameters. As it
can be observed, the designed flange provides a matching with RL > 20 dB over the
[180 GHz-320 GHz] band. In this work it is also reported that choke flanges present
similar performance. However, the presented design adds degrees of freedom in the
choice of the position and range of applications. In fact, it is suggested the possibility
of connecting two waveguides, inserting them on one of the flanges, or combining
two waveguide pieces along their longitudinal walls, avoiding flow of currents at the
joints and leakage when a gap is present.

(a)

(b)

(c)

(d)

Figure 8.45: Transitions and flanges in GW technology 1. a) Front and perspective views of a
microstrip to RGW transition to operate around f = 100 GHz [857]; b) 180 GHz-320 GHz rectangular waveguide GW flange with circular walls presented in [854] and its simulated S-parameters;
c) Test-fixture for a SSGW to operate in the Ka-band with a WR-28 as the output; d) Rectangular
waveguide to RGW back-to-back transition [825].

From UPV, Gahete [859] proposes a test-fixture for SSGW, to give transition
to a WR-28 for operation in the Ka-band. A schematic of the proposed device
is shown in Fig. 8.45(c). As it can be appreciated, the WR-28 is coupled by a
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rectangular coaxial which is formed sandwiching the strip of the SSGW. The work
includes the design and manufacture of a TRL calibration kit to de-embed the effect
of the coaxial to WR-28 transition. The S-parameters of a SSGW are measured, and
the repeatability of the process is validated. As final experimental result, a 3-way
power divider prototype is presented, showing good agreement between simulated
and measured results. This transition is as well successfully used in the feeding of a
the dielectric pin structure SSGW of [797], previously commented in this section.
Also from UPV, Carrera [825] presents two transitions in the context of a Rotman
Lens [865]-[866] design. The authors indicate the interest of Rotman lenses for
communications and radar mm-wave applications, front other proposed options to
point the beam in specific directions or to sweep the beam in a given area such
as electronic controlled switches, mechanical scanning systems, phase shifters or
integrated lens antennas. A first transition from a PPW cavity to RWG is designed,
exhibiting RL > 20 dB from 26 GHz to 40 GHz (almost coinciding with the designed
stopband). The second transition is from a WR-28 to a RGW (see Fig. 8.45(d).
The matching is similar, and insertion losses are of only IL = 0.15 dB. In both cases
a 3rd -order polynomial models the up and bottom, and side walls. Regarding to
the isolation, the effect of adjacent ports is under -15 dB. The study of absorption
conditions for the periphery is left as future work to study.
More recently, during 2015 and 2016, from Chalmers, Algaba has presented several advanced transitions [860]-[862]. In [860], a complete work, including design
methodology, experimental validation and practical considerations is presented. Two
transitions are designed: SSGW to WR-15, and microstrip packaged with GW technology (later explained in section 8.2.2.7) to WR-15. Regarding to the SSGW to
WR-15 transition, it is highlighted that the test-fixture of [859] presents the problem of having the rectangular waveguide extending vertically upwards from the top
side of the PCB, whereas for antenna applications it is more convenient extend it
downwards, as it is done in [787], for instance. The work improves a previous design
[867] that uses a patch (as in or [856] or [857]), for the excitation of a rectangular
waveguide. In the new design (see Fig. 8.46(a)), the rectangular waveguide is simply
embedded in the bottom plate, with the aperture surrounded by pins, whereas the
strip is extended as a probe with an impedance matching circuit. A cavity backshort
is located over the transition. Experimental results shown RL > 10 dB (simulated
15 dB) in the [55 GHz-70 GHz] band (RBW=24.7%). The insertion loss is IL ≈ 0.5
dB. However, it must be reported that some response degradation is found, with an
important frequency shift. The authors indicate that this is probably caused by substrate curvature over the pins, and solutions such as employing rigid substrates, or
introducing pressure over it, must be studied. A similar concept is developed as well
for the packaged microstrip. The work also concludes in that SSGW overcomes SIW
technology in terms of losses if the same substrate is used, and in that a packaged
microstrip line present twice as much losses as a SSGW line, whereas an unpackaged
microstrip line presents four times as much losses as a SSGW line.
In [861], the previous concept is extended to a design that does not require a
cavity backshort. First, this element is replaced by SIW cavity in the radiating
layer to provide a more compact design. A slot, which dimensions are finely tuned,
is placed below the SIW cavity in order to provide good matching and to avoid
high-order modes. The design, conceived for the V-band, presents simulation results
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(a)

(b)

Figure 8.46: Transitions and flanges in GW technology 2. a) SSGW to WR-15 transition with
distinction of all different components of the structure; b) Details of the slot-coupled transition
between RGW and GGW proposed in [826]. From left to right, up to down: lower layer (RGW),
upper layer (GGW), longitudinal cut, and coupling slot.

of RL > 10 dB from 55.3 GHz to 67.6 GHz (RBW = 22.4%), and IL ≈ 0.5 dB.
A second design in which an air-filled GGW cavity instead of the SIW cavity is
proposed. The bandwidth is improved, being that RL > 10 dB is satisfied in [52.15
GHz-72 GHz] (RBW = 38%) and RL > 15 dB is satisfied in [55 GHz-70 GHz]
(RBW = 24%), but the insertion loss slightly worsen (IL ≈ 0.7 dB).
In [862], a F-band (90 GHz-140 GHz) transition from microstrip line to RGW
is carefully studied, providing a Monte Carlo tolerance analysis [868] for the assembly. The work is motivated by the poor performance of the coaxial solution of
[855] at high frequencies. It is also highlighted that, despite of the fact that in [854]
RGW to rectangular waveguide transitions are investigated up to f = 300 GHz, the
alignment of the RGW and the flange by means of inline step transitions produces
certain degradation, being more recommendable an approach closer to those of [856]
or [857]. The adopted solution consists of a microstrip to RGW including a patch
as it is done in [857]. In the new proposal, several sections are added to the ridge in
order to provide better matching. A CPW to microstrip transition is also included
since measurements are done using a Ground-Signal-Ground wafer probe. The simulations give good results (RL > 15 dB over a RBW = 23.6%, and IL = 0.65 dB),
however, the degradation of the response is appreciable in the measurements, despite
of the fact that a precise CNC milling process with ±1 µm tolerance is reported. The
problem seems to come from the difficulty of keeping the air-gap distance constant
due to the soldering liquid, which add up to several tens of micrometers of thickness
below the PCB, hence lifting the board in a uneven way. This fact justifies the
inclusion of a Monte Carlo analysis to identify and quantify the most critical misalignment. Vertical and horizontal uneven offsets as well as rotations are included in
this analysis. In general it is found that the structure is quite sensitive. The critical
values for each source of misalignment are: 10 µm (vertical), 20 µm (horizontal) and
0.5◦ (rotation). Therefore, at such high operation frequencies, elements to ensure a
proper alignment become, perforce, necessary.
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Beyond the study of transitions connecting GW technology with the conventional
waveguides and transmissions lines, it results relevant the work of Carrera in the
study of transitions between GWs [826], [863], being that it is the required next step
for the technology adoption. In [863], a vertical transition between RGW and GGWHP is proposed as a suitable element for compact multilayer SAAs. The design is a
twist transition being that the fields experience a rotation (E-field is vertical in the
RGW and horizontal in the GGW-HP). To do that a rotated (to cut the currents
of the GGW-HP) slot is used as a coupling element, located at a distance d = λg /4
of the ends of both waveguides, established by a wall of pins, see Fig. 8.46(b). This
transition presents RL > 20 dB from 37.3 GHz to 38.3 GHz (RBW = 2.6%), hence
being narrow-band. The insertion loss is only IL = 0.4 dB. It is successfully applied
to the design of [804], obtaining good simulation results.
The previous work is extended in [826], in the application context of a Rotman
Lens for PAAs, following [825]. Besides the previous transition, a vertical transition
between two RGW, using similar concepts to that proposed by Kirino [802], is designed. An H-type slot is used for coupling, with the orthogonal part cutting the
RGW currents and the parallel arms contributing with additional matching. For
this transition, the bandwidth of operation is [36.4 GHz-40.6 GHz], what implies
RBW = 11%. In addition, the insertion loss is reduced to IL = 0.3 dB.
Finally, in [864] it is found a novel wideband design to provide connection between
a microstrip and a RGW using a defected ground slot. The authors argue their
motivation in that the coaxial to RGW transition of [855] provides a non-flat response
from 12 GHz to 15.75 GHz and that the work in [856]-[858], although valuable, still
presents some drawbacks. For instance, despite of the remarkable performance of
the microstrip to RGW transition of [858] (sandwiched microstrip between ridge and
upper plate), it results quite sensitive to accurate joining of the microstrip line to
the center of the main ridge, and the packaging for such transition is foreseen as
challenging. In addition, it imposes the restriction of the air gap of equal height as
the substrate (ha = hsus ). The proposed design uses a T-shaped microstrip with a
wide orthogonal end, and with the corresponding slot in the ground plane (defected
ground). The RGW is matched with a step matching line in the coupling zone. In
the experimental setup the microstrip is fed by a coaxial line and a rectangular box is
used to embed the microstrip circuit that prevents the radiation of the microstrip line
and reduces the transmission loss, being very suitable as well for shielding MMICbased RF circuits integrated with the microstrip line. The prototype exhibits RL >
10 dB from 11.8 GHz to 18.8 GHz (RBW = 45%) and IL = 0.25 dB. The proposed
transition is high-performance and practical, however, it must be said that it does
not reach the performance of the transition presented in [858]).
8.2.2.5

High frequency designs and manufacturing techniques

Most of the previous designs are manufactured either by conventional CNC milling
techniques, or by conventional PCB techniques, similar to those employed with other
technologies such as SIW. Nevertheless, GWs features suggest that these waveguides
not only are able to introduce performance enhancement at the lower mm-wave frequencies, but this improvement maybe even more appreciable at higher frequencies
inasmuch as the undesired effects caused by bad metal contact between joints, or
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dielectric losses, increase with the frequency. Therefore, although most of the research is nowadays focused on the Ka and V bands, some works have recently start
to prove the suitability of GW technology at higher frequencies in the mm-wave
band [869]-[875].
The pioneer work in this area appeared in 2012. Rahiminejad [870] developed a
micromachined RGW line including two 90◦ bends, and a resonator, considering the
operation band described by the WR-3 (220 GHz-325 GHz). It is highlighted that,
despite of the advantages of GWs front other structures such as hollow waveguides
(robustness to the manufacturing process at high frequencies), when the frequency
goes beyond f = 100 GHz, manufacturing the pin structure by conventional CNC
milling techniques becomes quite challenging. Therefore, it is proposed the use
of Microelectromechanial Systems (MEMS) manufacturing techniques [876]. The
process is schematized in Fig. 8.47(a): 1) A 0.5 µm layer of aluminum is sputtered;
2) a thin photoresist layer is displayed on the top; 3) the photoresist is developed
and the exposed aluminum is etched; 4) DRIE is used to etch the pillars, after the
aluminum and remaining photoresist is stripped; 5) 1 µm gold is sputtered (seed
layer) and electroplated.
The manufactured prototypes have pins of only hp = 277 µm, providing an stopband from 210 GHz to 340 GHz. The resonator works with only two rows at the
sides and three at the ends, providing a quality factor of Q = 282 at f = 282 GHz.
Losses of the manufactured RGW are found to be only 0.049 dB/mm (a rectangular
waveguide and a finline with similar range of operation experience losses of 0.02
dB/mm and 0.6 dB/mm, respectively). The authors highlight the problems suffered
during the measurement process due to the leakage between waveguide flanges and
resonator.

(a)

(b)

Figure 8.47: Micromachined high frequency GWs. a) Manufacturing process in [869] and [870]:
1) A 0.5 µm layer of aluminum is sputtered; 2) A thin photoresist layer is displayed on the top;
3) The photoresist is developed and the exposed aluminum is etched; 4) DRIE is used to etch the
pillars, after the aluminium and remaining photoresist is stripped; 5) 1µm gold is sputtered (seed
layer) and electroplated; b) Micromachined GGW with two 90◦ bends designed in [870] to operate
at f = 100 GHz.

Similarly, the same authors manufacture micromachined GGW prototypes in
[870]. A resonator and a line with two 90◦ bends are again chosen as demonstrators.
This last is shown in Fig. 8.47(b). In this case, the operation frequency is f = 100
GHz. Accordingly, the manufactured pins are hp = 750 µm and wp = 450 µm,
providing a stopband from 90 GHz to 140 GHz. The reported tolerance is of only
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±1 µm, however, the manufactured pins result to be slightly smaller at the bottom
than at the top, this causing certain frequency shift of the cavity resonances. The
manufactured bends work properly in terms of confinement, but some undesired
resonances are reported. The quality factor of the cavity is found to be Q = 1200.
Measuring the losses on the straight line gives α = 0.048 dB/mm, however, the
applying the quality factor method to the resonator gives α = 0.009 dB/mm, a quite
good result. Again problems with the connection to the measurement equipment are
found.
This work line has driven to the work [875] in 2016, where it is presented a 4
element linear slot array with planar distribution network, working around f0 = 100
GHz, manufactured with the same process as that employed in [869] and [870]. A
WR-10 to RGW transition, similar to that of [813] provides the device feeding.
The signal distribution is made by the usual T-junctions. The 4 slots are excited
by means of T-sections at the end of the RGWs. Some corrugations are added
beyond the slots to prevent back radiation. In this work, the measurement process
is improved by using the flanges proposed in [854], shown in Fig. 8.48(a). The
manufactured feeding network is shown in Fig. 8.48(b), and the top plate with the
linear array of 4 slots is shown in Fig. 8.48(c). The total area of the device is 20
mm × 20.8 mm. Notice that only low-pressure screws and guiding pins are used to
ensure alignment. It is pointed out that increasing the pressure on the structure to
ensure contact with a large set of screws is very prone to cause deformations in this
Si-based manufactured pieces. This is an additional reason to affirm GW technology
results more suitable than conventional hollow waveguide technology. The proposed
antenna shows a gain of G = 10 dB on a RBW = 15.5%, with a radiation pattern
having GLs under -12 dB. Moreover, the obtained pattern is shown to be very stable
with the frequency.

(a)

(b)

(c)

Figure 8.48: Experimental setup of [875]. a) Rectangular waveguide flange with a pin structure
and circular smooth walls around around it [854]; b) RGW feed network fitted onto the guiding
pins of the waveguide flange; c) Top metal plate with the radiating slots.

To reach even more high frequencies, beyond f = 200 GHz, an alternative manufacturing process is proposed in [874]. The proposal is based on Carbon Nanotubes
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(CNT) [877], which are allotropic10 forms of carbon with extraordinary electrical,
thermal and mechanical properties. The authors (which are the same as in [869][870], [875]) indicate that, despite of some benefits of Si microfabrication, it results
time consuming when etching high ratio structures. Conversely, CNT can grow hundreds of micrometers within minutes. For instance, to the authors experience, CNT
devices are manufactured 50 times faster than DRIE ones. Also, the designs in [869]
were manufactured using SU-8 in [879] with a total time process of 5 hours front the
2 hours provided by the CNT manufacturing process. A RGW resonator to work
in the WR-3 operation band (220 GHz-325 GHz) is designed. Fig. 8.49(a) shows
a Scanning Electron Microscope (SEM) image of the CNT manufactured device,
whereas Fig. 8.49(b) shows a detail of the pins, with dimensions hp = 277 µm and
wp = 167 µm. Regarding to the first resonance at f = 237.8 GHz, results are not
very promising for CNT, being that the quality factor is Q = 240, front Q = 642 of
the Si-based designs. This is probably caused by the larger roughness in the CNT
device. However, by applying the quality factor method to the second resonance it
is obtained that losses for the CNT RGW are α = 0.051 dB/mm, close to α = 0.044
dB/mm of the Si-based resonator. As indicated in section 2.3.3.1, the state of the
art at these frequencies in rectangular waveguide is α = 0.021 dB/mm [343]. Therefore, it would be interesting to explore the possibilities of those novel manufacturing
techniques in the GGW topology, which presents lower losses than the RGW.

(a)

(b)

(c)

Figure 8.49: GW devices conceived for high-frequency operation. a) Scanning Electron Microscope (SEM) image of a RGW resonator made by Carbon Nanotubes (CNTs) [874]; b) Detail SEM
image of the RGW resonator pins [874]; c) LTCC prototype of a SSGW incorporating a resonant
stub for microfluidic sensing applications.

The MRGW topology has been also explored at high frequencies in the mm-wave
band. In [871], it is studied the possibility of manufacturing this transmission line
using a LTCC process. In addition, the work provides an interesting comparison with
SIW in terms of performance and manufacturing challenges. A period p = 250 µm
is chosen to create a stopband from 154.6 GHz to 192.02 GHz. To provide similar
confinement at f = 170 GHz, a SIW structure is shown to require a via hole period
of p = 100 µm (2.5 times smaller). In addition, for the MRGW, the period can be
increased up to p = 400 µm without loss of performance, whereas in the case of the
10 Allotropy or allotropism is the property of some chemical elements to exist in two or more
different forms in the same physical state [878].
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SIW the leakage totally destroys the performance. The larger period of via holes in
GW structures is an advantage for the LTCC manufacturing process. Simulations
show that, with small periods, a SIW presents twice loss as much it presents a
MRGW, but this difference increases up to four times when the period is increased.
Actually, the MRGW losses remain almost constant with the period whilst the SIW
losses increase considerably due to leakage. This work presents also a transition
from microstrip line with a H-shaped slot defected ground, with the top plate above
the ridge acting as the microstrip ground. Return losses are under 10 dB around
f0 = 167.5 GHz with RBW = 19.2%, which is a good result. However, the best
insertion loss value is IL ≈ 2 dB, a high value probably caused by the large ohmic
and dielectric losses at such high operation frequencies.
As a continuation of the previous work, in [872] and [873], MRGW microfluidic
sensors are manufactured with LTCC and tested to give proof of concept, however, at
lower frequencies. In [872], a resonator is designed by means of MRGW transmission
line incorporating a l = 3λg /4 resonating stub to operate at f = 59 GHz. The
manufactured prototype is shown in Fig. 8.49(c), beside a detail of the via holes. The
resonance frequency shifts when some liquid is present along a created microfluidic
channel. The designed stopband of the structure is [45 GHz-75 GHz], quite wide to
afford this shift. It is shown that when water is present in the channel, the resonance
shifts to fwater = 49 GHz, and when this is done with methanol, the frequency shifts
to fmethanol = 52 GHz. The large difference between resonant frequencies proves the
high sensitivity of these frequencies for this kind of applications, to date relegated
to lower frequencies, less sensitive. Additionally, in [873], results are compared with
a similar structure implemented with SIW technology. Surprisingly, the sensitivity
with a SIW device is much lower, being fwater = 57.5 GHz and fmethanol = 58.15
GHz. Therefore, this set of works give good proof of the suitability of GW technology
front the more adopted SIW technology for this kind of applications.
8.2.2.6

Modeling and analysis methods

Up to now, device designs and manufacturing processes have been reviewed. This
apart faces a total different area: the mathematical modeling of GW structures
and the considered analysis methods. In the same way as transitions and flanges
were mentioned as essential in order to GW technology become adopted in practical
environments, simple and efficient analysis methods are essential in order to GW
technology become accepted and used by those engineers who develop new generation
systems. No matter how promising technology can be, if there is a lack of analysis
tools that causes the design process to be excessively cumbersome, it is condemned
to fall into oblivion. GW topologies present several practical advantages, however,
they are inherently very difficult to analyze by means of full-wave methods since
a periodic structure with a large number of small elements must be discretized.
In addition, the well-developed analysis methods for conventional structures make
easier the design process for such structures, what implies that advances in GW
analysis tools are very required these days in order to GW topologies gains terrain
to their conventional counterparts. A noticeable part of the effort in this part of the
thesis faces this issue. Since the first GW proposals came out, the activity in this area
has been intense. One important objective has been the calculation of the stopband
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and the dispersion curves. Homogenization of the pin structure has been a common
practice [880]-[887], however, its applicability restrictions have recently motivated
other methods considering the real dimensions of the pins [888], sometimes only in
part [831], or using semi-empirical models [361]. A second important objective has
been the determination of the characteristic impedance of quasi-TEM GW, with
specially dedicated papers [790], [848], [889]-[894]. Nevertheless, a remarkable part
of the aforementioned works face both objectives.
When talking about GWs modeling, a reference work is that published in 2008
by Silveirinha [880]. In that work, the basis for the homogenization of a periodic
pin structure are rigorously established. The authors find an equivalent anisotropic
dielectric of a metal plate supporting a periodic structure of cylindrical metal pins.
It is the axial (ẑ) component of the dielectric constant dyadic εr which gives relationship with the properties of the periodic lattice, i. e., period p and height hp .
The pins are assumed electrically small so that the model does not take into account their size. The method results quite advanced, being that spatial dispersion
effects are taken into account, and additional boundary conditions are considered
to remove the extra degrees of freedom generated by the proposed approach. The
authors highlight that it allows an easy engineering of almost any impedance with a
periodic structure of pins, only limited by the skin depth of the metal pins. However,
the model does not fit well for periodic structures with low density. The periodic
structures used in GW are usually neither dense, nor with a electrically small period
(except some exceptional works with p ∈ [0.08λ − 0.12λ], which is in the limit to
be considered a small period), in order to provide a wide stopband and an easier
fabrication process. In general, larger periods are demanded [792], close to 0.35λ
(see [808] or [845] for instance). Therefore, despite of the fact that this work presents
a very interesting tool that has been widely used in the GW literature, it can be said
that it usually results excessively rough for GW topologies. Nevertheless, a great
part of the following works are based on it.
One of the first analysis methods using the model in [880] is developed by Bosiljevac in [881]. In this work it is proposed the use of Spectral Domain (SD) Green’s
functions considering the dielectric function given by the homogenization of Silveirinha’s model. The authors highlight the efficiency of this method when compared
with the straightforward use of 3D general codes of a finite structure, or any combination of Floquet’s mode expansion [895] with general approach numerical methods
such as Method of Moments (MoM), Finite Element Method (FEM) or Finite Differences Time Domain (FDTD) (see [590] for information about these methods). The
idea is to give treatment to GW problems with the SD approach in a similar way
that it is done for microstrip circuits and antennas, at least, giving a first approximation to alleviate posterior calculations or time-consuming optimization processes.
Mushroom-type pins are also considered by using the homogenization proposed in
[896], with a simpler formulation than that for the pin structure case. Despite of
the rigour of the approach, the assumed homogenization limits its validity. Small
circular pins (diameter d = λ/30) in sparse periodic structures are considered (ratio
p/d = 7), whereas usual designs use p/wp ∈ [2, 3.5] (see for instance [812], [841] or
[845]). The stopband of pin and mushroom-type periodic structures are calculated.
Some discrepancies are found for those high frequencies at which the wavelength
becomes comparable with the period, specially in the case of the mushroom-type
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element. A better characterization of the Asymptotic Boundary Conditions (ABC)
imposed by the mushroom elements is proposed in [884], providing the SD approach
similar accuracy for both types of periodic cell in that work.
In [883], the previous work is extended and posed in a detailed and organized
way. In this case, not only the periodic structure is considered, but the fundamental
mode propagating in a RGW is also calculated through the SD approach. Despite
of the fact that the currents of the ridge are approximated as purely longitudinal,
there is good agreement between the proposed analysis method and the full-wave
simulation in the calculated propagation constant and EM fields on the ridge. Fig.
8.50(a) shows the calculated dispersion diagram of the pin structure (to calculate the
stopband), including full-wave simulation with CSTr [412] for comparison. As it can
be appreciated, disagreement only occurs for high frequencies in certain directions.
The proposed Green functions open the door to further studies of currents in GW
structures. However, the authors indicate as well that, in those cases in which p is
not small, some differences are found with numerical stopband calculations such as
those provided in [792].
Contemporary, a different approach is presented by Polemi in [897], where, by
applying the homogenization of [880], a three homogeneous region problem is posed,
forcing the modes to be matched by continuity of tangential fields a the top plate. In
each one of the lateral regions, where the pins are located, one TMy mode and TEy
mode are considered to be propagating in the axial direction (ẑ), evanescent in the
lateral direction (ẑ), i. e., modeling the attenuation caused by the EBG condition,
and stationary in the vertical direction (ŷ). In the ridge region, a single mode
is adopted to represent the field: a plane wave bouncing between the two region
boundaries placed at ridge zone edges, having almost grazing incidence. These three
modes are an approximation of the global quasi-TEMz mode supported by the RGW.
The previous approach is extended and posed with detail in [882] and [898]. The
focus in [882] is put on the propagation of the first high-order mode supported by
the ridge and on the impedance definition and calculation. It is highlighted that,
for wide ridges, the operation band is limited by the cutoff of this high-order mode.
Since the approach is analytical, the authors are able to derive a closed expression
to give the maximum ridge width (wmax ) for monomode operation. The impedance
study in this work results also complete and interesting. The basic TEM mode
approximation and the stripline quasi-TEM approximation are observed to be excessively rough due to the frequency dispersion of this parameter, being that these
approximations are frequency independent. In addition, the three usual impedance
formulations (voltage/power -VP-, voltage/current -VI- and power/current -PI-) are
studied. Since the waveguide is not a TEM waveguide, the voltage is not uniquely
defined, hence causing disagreement between the three formulations. The PI formulation is suggested by the authors as the most adequate being that power and current
are uniquely defined. Fig. 8.50(b) shows the presented comparison of the 5 commented approaches to calculate the impedance of a RGW in that work. All curves
are totally analytical. Full-wave simulations with CSTr using the formulation PI
(integrating the simulated EM fields) are displayed as black dots for comparison.
Although the analytical curve follows the frequency variation, there is certain disagreement with the full-wave simulations. In addition, the uncertainly of which
impedance definition must be used remains open. On the other hand, in [898] it is
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(a)

(b)

(c)

(d)

Figure 8.50: GW analysis methods. 1) Calculation of the dispersion diagram (stopband) of a
periodic pin structure. Comparison between full-wave (CSTr [412]) and the proposed Spectraldomain (SD) approach in [883]; b) Calculation of a RGW characteristic impedance (Z0 ) vs. frequency [882]. The curves relevant to the three definitions given in the work are compared with the
ideal TEM mode impedance and with a quasi-TEM simplified model based on a stripline equiv(2P/I)2

alent. The Zc
case (PI formulation) is also computed through a CSTr simulation (black
dots); c) Comparison between the methods in [883] and [882], and full-wave simulation through
CSTr for the calculation of a RGW impedance; d) S21 parameter as a function of the distance
between two L = 10 mm dipoles located above the observed surfaces [887]. The curve of the actual
EBG structure made by means of mushroom-type element (green solid line) is compared with the
approximations using the SD approach with PMC condition (blue solid line) and the DB-amended
proposed condition (red dashed line).

given a circuital approach to the homogenization of Silveirinha and focus is put on
the field patterns on the transversal cut of the waveguide. As expected, local effects
of the field are not captured by the method. However, the proposed approach gives
a good idea of the field decay to the lateral regions: αlat ≈ 100 dB/λ.

Later, in [899] the previous mode-matching approach is compared with the SD
approach of [881]-[883], highlighting the suitable physical insight provided by these
methods front direct full-wave simulations. Two RGW with different pin structures
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and, for the first time, a GGW, are considered in the study. Nevertheless, it must be
pointed out that all the considered periodic structures present small pins (although
period comparable with λ in some cases) to allow for an accurate homogenization.
As a reference, the authors take full-wave simulations with CSTr . In the stopband
diagram calculation both methods practically present the same results, with good
agreement. However, for impedance calculation, the SD approach seems to provide
better results (see Fig. 8.50(c)). In addition, when calculating the propagation constant of the RGW, whilst the SD approach gives very good agreement, the modal
approach gives errors larger than 5%. In the case of the GGW propagation constant
both methods result rough, being the SD curve which gives better fitting. It is
important to highlight that these results are an indicator of the additional complexity in characterizing the GGW, demanding from more exact methods, a fact that
motivates the later proposal in the scope of this thesis in section 10.2.
A further improvement for the SD approach is reported by Sipus in [887], where
a correction to the PMC boundary condition is given. The authors highlight that,
when a EGB surface is modeled as an isotropic soft surface, the usual DB conditions
~ and B
~ over
are used, i.e., the nullity of the normal components of the vectors D
the boundary. Therefore, since the case of normal incidence is not restricted by
them (boundary conditions are automatically satisfied in such case), under that
situation, important errors are obtained in the calculations. The presented amendedDB boundary conditions are used to calculate the far-field radiation pattern of a
horizontal dipole over a EBG structure, showing good agreement with CSTr fullwave simulations. In Fig. 8.50(d), PMC and DB-amended boundary conditions are
compared with full-wave simulations in the calculation of the S21 parameter as a
function of the distance between two L = 10 mm dipoles located above the observed
surfaces. The good agreement of DB-amended boundary conditions with the fullwave simulation indicates its suitability for first-stage modeling of EBG problems,
with noticeably better results than assuming PMC conditions.
Sipus and Bosiljevac extend the spectral domain approach to the characterization
of cross-coupling between RGWs for the first time in [885] and [886]. The usual
even-odd [22] mode analysis for coupled-lines is applied, using the PI formulation to
calculate the characteristic impedance of the involved lines. A prototype is presented
to give experimental validation to the proposed SD approach. A periodic structure
with hp = 10 mm, w = 3.5 mm and p = 7 mm (p/λ = 5.35, i.e, period comparable
with λ) is used to provide a stopband from 6.6 GHz to 10.66 GHz according to fullwave simulations. The manufactured RGW prototype actually consists on a SSGW
with no substrate, in which the strips are forced to float over the pins by anchoring
them at the ends. The measured stopband is [6.4 GHz-10.4 GHz], which is close to
the full-wave simulation, however, showing some disagreement with the SD approach
calculated one, which is roughly [7.1 GHz-11.5 GHz]. The authors highlight that this
disagreement is caused due to the fact that Silveirinha homogenization is used on a
large period structure. However, the results seem valid enough for a first approach
in those periodic structures with non-small period, which is, actually, the usual case.
Experimental results on the cross-coupling are shown in Fig. 8.51(b), where it is
represented the cross coupling between neighboring lines of length L = 15 cm as
a function of their separation, using the air gap height ha (hw in the graph) as a
parameter. The operation frequency is f = 7.5 GHz. Again, results show some
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disagreement, but still provide useful information for the initial stages of the design
process. As a practical result, the lateral attenuation is found to be 10 dB per row
of pins or 50 dB per wavelength.

(a)

(b)

Figure 8.51: SD approach for the evaluation of cross-coupling inside GWs. a) Manufactured
SSGW prototype used for validation in [886]. Three parallel strips are disposed over a periodic
pin structure (hp = 10 mm, w = 3.5 mm and p = 7 mm), anchored at their ends, hence forming
SSGW lines with no substrate; b) Cross coupling between neighboring lines as a function of their
separation. The working frequency is f = 7.5 GHz, the transmission lines length is L = 15 cm,
and the air gap height ha (hw in the graph) is the parameter.

A new approach has been also proposed by Sipus’ group in [888]. In such work
a MoM/mode-matching approach is applied to determine the scattering of each
element in the grid, assumed as a circular metal pin. This is done by determining
the currents on the elements by means of the Green’s function of a single element
in a PPW. First, it is found the current distribution in the cylinder considering an
incident plane wave. Then, the contribution of all the cylinders of a row is considered,
and by Bloch’s Theorem, the contribution of the rest of the cylinder rows. This
new approach is able to capture the pin features, thus avoiding inaccuracy of ABC
following the homogenization of [880]. The stopband of a periodic structure with
p = 0.125λ is calculated with this method and also by applying the SD approach
with ABC. Both results are compared with full-wave simulations, showing that,
even though the period is rather small, there are differences between both methods,
observing that the agreement of the MoM/mode-matching approach method with
full-wave simulations is larger than that provided by the ABC SD approach.
Other totally new approach pertains to the work in this thesis, presented in [361],
and detailed later. Basically, the analysis method finds an equivalence between the
GGW and the rectangular waveguide, given a certain periodic structure. A fast
full-wave simulation of a row of pins is carried out to find out the impedance that
the lateral regions of pins impose at the sides of the propagation channel when propagation is considered to the transversal direction. Since this impedance varies with
the frequency, by transmission theory, it is found a frequency-dependent equivalence
between the GGW and the rectangular waveguide. Once this equivalence is found,
analytical expressions for the rectangular waveguide are easily adapted to the prob487
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lem, recovering the dispersion curves for the GGW with very good agreement with
a computation time two orders of magnitude less than with full-time simulations.
Therefore, this new semi-empirical approach is, one the one hand, efficient, and,
on the other hand, gives good physical insight by providing an equivalence with a
well-known structure as it is the rectangular waveguide, allowing to employ or easily
adapt analysis tools developed for it. The method has been already tested for the
design of a leaky-wave antenna [823], and everything indicates that it might dispose
a much more suitable GW device design scenario, thus becoming a paradigm for
new GW analysis methods.
As mentioned in the introduction of this apart, definition and calculation of the
characteristic impedance of GW transmission lines has received special attention,
being the main motivation of some published works. Notice that, in the case of
the characteristic impedance, to develop simple expressions or procedures that lead
to advanced circuit designs in practice is essential, as the engineer who face such
designs may be aware of transmission line theory, but not to necessarily know the
propagation minors in GW structures. In a very suitable future scenario it would be
desirable to have GW transmission line design tools and expressions of comparable
complexity to that of conventional transmission lines such as the stripline, microstrip
or CPW, found elsewhere in the radiofrequency engineering literature [22], [376],
[895], [900].
At the initial GW technology stage, the stripline equivalent was used in [889] to
characterize the impedance of a RWG. If the condition over the pins is assumed to
(RGW )
(stripline)
be PMC, by image theory it is obtained that Z0
= 2Z0
. Notice that,
roughly explained, this is the origin of the fact that GW transmission lines require
wider strips than conventional transmission lines to achieve a given impedance. This
stripline model works well if a true PMC was used, what means that stripline expressions (see [22] for instance) could be successfully used in circuit design. However,
as reported in this first work ([889]), when dealing with the RGW, the impedance
condition over the pins changes with the frequency (as expected inasmuch as their
electrical height does). Therefore, only very rough first stages designs can be obtained with this procedure.
The first work dealing deeper with the impedance concept is found in [790]. In the
apart dedicated to the characteristic impedance is first established that the definition
of characteristic impedance is not unique. Said this, three ways to calculate the characteristic impedance are proposed: Voltage-Current (VI) model, Power-Current (PI)
model, and waveguide port. The first two, already commented when describing the
work of Polemi [882], are based on the integration of the EM fields inside the structure (voltage is not uniquely defined and an integration path must be specified). The
last one consists in a different approach that has led to a class of impedance analysis
methods. The waveguide port method assumes that the characteristic impedance of
a certain GW is given by the equivalent waveguide that describes the propagation
channel. In the case of a RGW this is the classical ridge waveguide [901]-[902]. Note
that choosing a conventional ridge waveguide port in a numerical full-wave solver is
a common sense solution. In this way, the same commercial solver facilitates directly
a characteristic impedance. In addition, established the equivalent, further investigations on the definition and calculation of the impedance can be carried out by
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the advanced designer by making use of some interesting work done for the classical
ridge waveguide [903]. The problem of ignoring the effect of the pins is that the
frequency-dependence that they introduce is as well ignored. Therefore, this procedure gives a rather constant impedance, more accurate but similar to that provided
by the stripline method. In [790], the classical VI is chosen as the most accurate
way to calculate the impedance. They are found differences as high as 30% when
comparing the stripline model with the VI formulation. The conclusions of the work
of Polemi [882], previously commented in this section, could be understood as an
extension of those in [790]. The PI formulation is preferred in [882] due to lack of
uniqueness in the voltage definition, however, there are not provided advances in the
simplification of the design procedure.
A different approach is firstly disposed in [890]. The work, motivated also by
the lack of numerical ports for GW (as it is obvious since there are not proper
transmission line equivalents), extends the waveguide port approach of [790]. First,
the port definition is faced, and optimization of numerical ports is carried out for the
two usual full-wave commercial solvers, HFSSr and CSTr . As it can be appreciated
in Fig. 8.52(a), there are several parameters involved in the port definition: the axial
distance k1 to the first row of pins, the horizontal distance k2 from each side of the
ridge to the port edge, and the port height hport and location (note that given the
port height, the vertical offset of the port can be as well chosen). The reflection
coefficient obtained by using a given numerical port is the quality parameter. In
general, return losses are more than 25 dB, except at the edges of the designed
stopband [11 GHz-22 GHz], at which is difficult to provide good matching. However,
proper optimization of the port gives RL > 40 dB. In this way, the waveguide port
approach can be applied in the best way. In both cases, RGW and GGW11 , the best
matching is obtained by using a port with the same dimensions as the propagation
channel and k1 = p/2, i. e., the port is exactly located between two pin rows.
However, the proposed method goes beyond this optimization, and it is able to
correct the waveguide port impedance to capture the effect of the pins, varying with
the frequency. Basically, the proposed method analyzes the S11 parameter, which
indicates the matching between the employed numerical port and the waveguide,
treating this last as a black box, i. e., what the method does is to calculate the
impedance offered by a single-port structure no matter its nature or functionality,
in this particular case, a transmission line. By this reason, it seems a very suitable
approach from a practical design point of view, being that it characterizes the corresponding transmission line as a circuital element. In Fig. 8.52(b), the characteristic
impedance of RGWs of several heights, calculated with the aforementioned method,
is displayed together with the waveguide port impedance. As can be observed, differences between the waveguide port impedance and the corrected impedance are
appreciated for shorter ridges (the same could be affirmed, therefore, for larger values of the air gap ha ), and for lower frequencies, close to the lower stopband limit.
In those cases, larger values of the S11 are found, providing the required correction.
In this way, the method is more accurate than the simple waveguide port equiva11 Note that in the case of the GGW it makes only sense to talk about wave impedance as it
is done for the rectangular waveguide since the fundamental mode is not TEM or quasi-TEM.
However, the wave impedance is totally defined by the propagation constant [22], generally easier
to compute (think in applying the method in [361] for instance).
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lent suggested in [790]. Nevertheless, for usual RGW designs, the correction is small
(around 2%) unless all the stopband is used, which is not usually the case. This indicates that the waveguide port could be, despite of ignoring pin effects, an acceptable
choice for most RGW designs. However, the correction taking account the pin side
structures dispersive effects seems to be unavoidable for some pin configurations
which give strong dispersion characteristics [361].

(a)

(b)

Figure 8.52: Waveguide port approach for characteristic impedance calculation. a) Numerical
port parameters is used in [890] for the optimization of such ports in HFSSr and CSTr full-wave
commercial solvers; b) Comparison between the impedance given by a numerical port and the
corrected impedance through the method proposed in [890] for a RGW of different ridge heights.

In fact, the aforementioned method shows better its potential when the SSGW
is treated, as proposed in [891]. Note that for the SSGW there is not an obvious
equivalent waveguide port since the the substrate with the strip is located over
an homogeneous perfect periodic structure of pins, this providing many possible
situations for the relative position of the strip relative to the pins (over a row of
pins, in between two rows, with one side starting at the end of the row, etc.), a
number of situations that even extend if the strip width is parametrized. Therefore,
for the SSGW, the port definition is not obvious. The proposal in [891] is to use
a rectangular port with PEC conditions at the top and bottom sides and PMC
conditions at the lateral sides. Optimization of this numerical port founds the best
situation in leaving a horizontal distance of two periods at each side of the strip, an
axial distance of p/4 from the first row of pins, and locating the bottom PMC wall at
a height corresponding to hp /2. However, unlike the RGW and GGW, the optimal
numerical port may considerably differ from one design to another. This implies that
every design may require a previous study, or, more desirably in a future, a study
with empirical guidelines must establish the basis of the port choice (some attempts
in this line are appearing these days [904]). The results in [891] indicate that the
SSGW requires from noticeable corrections given the waveguide port impedance,
and that the inverted microstrip [905] equivalent provides coincidence only for very
specific situations. An important conclusion of this work is that it confirms the
problem of the dependence of the impedance on the relative position of the strip
over the pin structure, as firstly observed in [795]. This effect results very negative
for circuit design, inasmuch as it is not possible to know a priori which will be the
impedance of the line given its width. A denser grid (the modified period is made a
half of the original period) with the strip rotated 45 degrees, i. e., making this angle
with the pin grid lines, is proposed as solution. Nevertheless, rotating the strip
45 degrees makes only sense for simple circuits in which lines are predominately
490

8.2 Gap Waveguide Technology
orientated in one direction. A separate study of each modifications seems to be
appropriate in order to extract the isolated effects of each one.
Although the previous works dealing with the waveguide port impedance correction give a very interesting approach, some issues still remain to be solved/improved,
motivating part of the work in this thesis, later described in chapter 9, and which
is recompiled in [892]-[894]. First, in [892], it is shown how some approximations
in [891] lead to wrong results in the calculation of the SSGW impedance. It is
found that only the magnitude of the S11 parameter is used in [891], but not the
phase, this forcing that Z0 > Zp , which is not necessarily true. This is, indeed,
the case of the presented SSGW design, which presents Z0 < Zp . By this reason,
the impedance calculation approach is rigorously posed in [892] and [893], giving,
furthermore, error bounds for the analysis method. In addition, solution to the
impedance dispersion with the strip position is given in a more definitive way. The
work is extended in [848] and [894] to the calculation of the impedance of coupled
SSGW lines for the first time. A simple coupled-line filter design gives proof of the
utility of the described procedures. In addition, the filter response is shown to have
very small sensitivity to the circuit position relative to the underlying pin structure.
Therefore, the guidelines given in these works lead to a straightforward design process and robust designs, two desired features when talking about SSGW synthesis
procedures.
8.2.2.7

Packaging

The overview of the GW technological proposals ends with an application of the GW
periodic structure of metal pins that is totally different from what has been reviewed
up to now. Previous designs modify the periodic structure to enable propagation
channels, creating RGW, MRGW, SSGW, or GGW structures to conform devices
such as waveguides, transitions, dividers, couplers, antennas or filters. However, the
periodic structure can be used for packaging purposes in conventional transmission
line circuits based on microstrip lines or CPWs. In that case, the top metal plate
of the typical packaging box is replaced by a plate including the pins facing down,
towards the circuit to be packaged. In this way, the circuit is isolated with the great
advantage of avoiding any undesired resonance inside the stopband provided by the
periodic structure, a degradation effect that usually threats conventional packaging
boxes. Furthermore, the use of periodic distributions of pins has been shown useful
to provide even in-circuit isolation between active element chips. The packaging
problem is specially relevant at mm-wave frequencies inasmuch as undesired cavity resonances appear even for small packaging boxes. Although this use of GW
technology is probably the furthest away from the scope of this thesis, the review
some of the published work in [788], [906]-[913] is necessary to give completeness to
this overview and transfer to the reader a correct global vision of GW technology
potential applications.
The first proposal of using a periodic structure of pins for packaging purposes is
found in the work of Rajo [906], dating from the starting of 2010, only few months
later of the introduction of GWs the research community. In this work, a periodic
structure providing a stopband from 8 GHz to 21 GHz (RBW = 90%) is used to
package a microstrip circuit consisting on a waveguiding path with two bends of 90
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degrees, see Fig. 8.53(a). The improvement introduced by the periodic structure is
noticeable. Fig. 8.53(b) shows the simulated near field inside the structure, comparing the case of a conventional packaging box with a smooth metal plate (top row
of images) and the case of GW packaging (bottom row of images), at 5 frequencies
in the range [10 GHz-20 GHz]. It is appreciated that, whereas in the GW packaging
case the E-field is restricted to the microstrip line, in the conventional packaging
case there is an important spreading effect, and resonances are appreciated. Due to
the reduced radiation, the circuit using a GW packaging works even better than the
case of leaving the circuit open, without any packaging, which is, actually, a case
with total lack of practical use. When compared with usual packaging solutions,
either the shielded packaging with a smooth metal plate, or the open packaging with
an open rim, the GW packaging performance is totally superior, being that for the
conventional packagings strong resonance peaks, coming from the cavity modes, and
larger insertion losses are found. The presented structure is similar to that used in
[788], where cavity resonances are shown to strongly affect the microstrip circuit. In
that work the MRGW is presented as solution. Therefore, it could be said that if
the main problem comes from the packaging and not from the losses (this may occur
at low frequencies), the use of conventional microstrip circuits packaged with GW
technology is a simple, direct solution, whereas the use of a MRGW to implement
the circuit is an advanced, more complex solution, deserved only by special cases.

(a)

(b)

Figure 8.53: Experimental demonstration of microstrip circuits packaging using a GW periodic
structure [906]. a) Manufactured prototype: waveguiding path including two bends of 90 degrees,
packaged inside a box including a periodic structure of pins in the top plate; b) Comparison of the
simulated near field in the structure between common packaging with a smooth top metal plate
(top row of images) and packaging with a top metal plate with a periodic structure of pins (bottom
row of images) for five frequencies.

Similarly, in [907] a microstrip coupled-line filter of 3rd order with Chebyshev
response (constant ripple R = 0.5 dB), centered at f0 = 15 GHz with RBW = 10%,
is designed considering its packaging. The periodic structure is designed to provide a
[11 GHz-20 GHz] stopband, inside of which any spurious corresponding to frequencies
outside the filter passband can be found. The simulation model of the filter packaged
with the GW structure is shown in Fig. 8.54(a). The box is 20 mm × 19.26 mm ×
7.2 mm, which is roughly λ × λ × λ/2. Several cases are compared, including no
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packaging, conventional packaging with a smooth metal plate, GW packaging, and
ideal PMC packaging. The S21 parameter of the filter for those packaging options
is shown in Fig. 8.54(b). The results indicate that either no packaging (what
is not possible in practical implementations), or conventional packaging, imply a
degraded response. An additional important conclusion from the plot is that not
only the GW packaging works well (flat response with only IL = 0.87 dB), but the
response is quite close to that of an ideal PMC top plate packaging, i. e., assuming
a PMC condition on the plane described by the pin heads. This observation is
very advantageous in computation time terms. Notice that optimizing the proposed
filter with the GW packaging require a quite larger number of discretization cells
than a conventional packaging, however, a PMC packaging implies a structure with
simulation complexity comparable with conventional packagings (note than the only
change is replacing the top plate PEC condition by a PMC condition).

(a)

(b)

Figure 8.54: Use of the GW periodic structure for packaging microstrip coupled-line filters [907].
a) Packaged coupled-line microstrip filter; b) Comparison of the simulated S21 of the filter for
different packaging options.

The computation time issue is further investigated by Kishk in [909]. This work,
is totally focused on the simulation issues in the optimization of packaged structures.
It is highlighted that commonly used volume-based methods such as FEM or FDTD
experience an increment of complexity when GW packagings are simulated inasmuch
as there are many additional elements (pins) to mesh and, sometimes, a larger
volume. Contrarily, when simulations are performed with PMC, they are even faster
than with PEC, being that volume is even smaller (note that the PMC layer is
placed at the end of the pins, close to the microstrip circuit). It is highlighted
that unlike a PEC layer, a PMC layer can be located quite close to the circuit
without affecting it. Nevertheless, it is recommended to keep a distance of 3t − 4t
between the PMC and the microstrip circuit, with t the thickness of the microstrip
substrate, in order to avoid perturbations on the characteristic impedance, which
maybe caused if the E-field becomes more confined to the strip in such way that
its effective width gets reduced. Simulations of packaged circuits show how the
GW packaging reduces radiation as already observed in [906], what implies lower
insertion losses. Nevertheless, it is pointed out that practical realizations of the
PMC with pins must be done in such way that insertion losses are not affected.
Simulations give good correspondence between the PMC packaging and the actual
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GW packaging, at least, better than that observed when designing GW circuits using
PMC approximations. Simulation times confirm that GW packaged circuits require
more than twice time than conventional packaged circuits, whereas PMC packaged
circuits are simulated almost 20% faster than conventional packaged circuits.
Another interesting work treating GW packaging is found in [908]. In this work
a microstrip power divider following Klopfenstein design [22] is packaged. The challenge in this work comes from the fact that the proposed Klopfenstein power divider
is ultra-wide band, offering a bandwidths of 10:1, whereas GW stopbands are usually 2:1, 3:1 as maximum. The proposed solution consist on a packaging box that
is made smallest as possible, thus avoiding low frequency resonances. The periodic
structure is responsible to protect only part (higher frequencies) of the band. The
power divider presents RL < −10 dB over the band [1 GHz-13.5 GHz]. Accordingly,
the stopband is designed to be [5 GHz-15 GHz]. Since the box is small enough any
resonance is found outside the stopband (from 1 GHz to 4 GHz), and the improvement respect to the conventional packaging, which response presents a strong spike
at f = 10 GHz, is noticeable. The agreement between simulations and measurements is acceptable, with slight differences in the ohmic losses, which are not related
with the packaging. Therefore, the proposal shows great effectiveness.
Probably, the most complete and deep investigation in GW packaging is carried
out by Algaba in [910]. This work extends [907], including the experimental packaging of two coupled-line microstrip filters. One of them is that designed in [907],
and the other has the same topology but the order is N = 5 and the ripple of the
Chebyshev response is set as R = 0.1 dB. The optimization process of both filters
is alleviated by proper use of PMC condition instead of the actual structure with
pins. Nevertheless, it is highlighted that when applying the actual structure with
pins, the input impedance shifts from Zi = 50 Ω to Zi = 47 Ω, and a frequency shift
of ∆f = 290 MHz towards higher frequencies occurs. This effect is deeply studied
and it is found that what occurs is that the effective permittivity of the microstrip
line is slightly affected by the presence of pins, this influencing the line impedance
and the resonance frequency of the filter resonators. However, it is found that the
described procedure using a PMC model drives to good final results, which always
can be further optimized with the real structure with pins, being that the response
is close to the specifications, i. e., a good starting point for the optimization is
achieved.
The two manufactured prototypes of the filters are shown in Figs. 8.55(a) and
8.55(b). Along the paper, the response of the filters is compared for several packagings including the cases of no packaging, conventional packaging with a smooth
metal plate, GW packaging with different number of pins, and, for the first time, conventional packaging including dielectric absorber [779]. As an example, Fig. 8.55(c)
shows a detail of the insertion loss of the N = 5 filter. In the plot it is appreciated
how radiation losses degrade the response of the unpackaged microstrip circuit, and
how a strong spike at f = 14.8 GHz totally destroys the, a priori good, performance
of the conventionally packaged filter. In the case of the absorber, the response is
even worse due to the introduced dielectric losses, a clear indicator that this kind of
packaging must be avoided at mm-wave frequencies. Conversely, both GW packaged
filters show good response, with IL < 1.7 dB over a flat passband. Notice that such
a good packaging is achieved with only few pins (9 or 15, see again Figs. 8.55(a) and
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8.55(b)). Another interesting point treated in this paper is the study of the effect
of the parameters of the periodic structure on the final filter response, being that in
previous works any consideration about how different periodic structures act on the
device final response is given. It is found that decreasing the pin width wp causes the
outband spurious move close to the passband from the right, but decreasing their
level. Similarly, decreasing the period p cause the same effect, but the spurious increase their level, which is a worse situation. Additionally, return losses are slightly
affected. Decreasing the air gap ha produces a noticeable increment of the stopband
bandwidth at the price of a slight degradation of the return losses. Finally, to shift
the plate with the pins (to cause an offset with the microstrip circuit) has almost no
influence.

(a)

(b)

(c)

Figure 8.55: Microstrip coupled-line filters packaged with GW periodic structures [910]. a)
Manufactured N = 3 filter; b) Manufactured N = 5 filter; c) Measured insertion loss of the N = 5
filter, comparing several packaging options.

In [911], Zaman presents an interesting alternative use of GW packagings, to
provide isolation in circuits hosting high-gain amplifier chains. Two isolation scenarios are tested in this work. The first one is an amplifier chain which gives a gain
of G = 65 dB, and the second one consist in two parallel amplifier chains demanding from high isolation. Fig. 8.56(a) shows the first scenario for the both cases,
GW packaging (top) and conventional packaging with metallic walls and Eccosorb
absorbing material (bottom). Similarly, Fig. 8.56(b) show the second scenario for
GW packaging (top) and conventional packaging (bottom). It is highlighted that
in conventional packagings, shielding cause cavity resonances which are damped out
by using dielectric absorbers. However, dielectric losses are an undesired negative
effect, hence this absorbers must be only considered for low-gain amplifiers. Furthermore, vias are required near the hot spots to stop energy coupling through the
substrate leaky-wave modes. Several solutions are found in the literature for such
problem, however, their effectiveness is highly committed as the frequency increase.
GW packaging is presented as a high frequency complete and simple solution for
those cases with a large set of advantages which are listed next as they give a good
overall idea of the introduced improvement:
1. It works within a desired frequency band and is totally independent of the
cavity dimension.
2. It is easily scalable to different frequency bands.
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3. It is very efficient in terms of suppressing both, coupling over the air volume
and coupling via the substrate modes within the band of the interest, which
can be as wide as the stopband.
4. It suppresses the cavity modes within the desired band.
5. It improves overall insertion loss of the complete microwave circuit since leakage to unwanted modes are suppressed.
6. It reduces the need for trial and error processes with absorber placements for
removing the cavity modes after the unpackaged design has been completed.
7. It removes the need for good metal contact between the circuit board and
the metal enclosure. There is no need of proper grounding or any conductive
adhesive or gasket material used for multi-compartment microwave modules.
8. Running signal lines from one compartment to another compartment within
the microwave module is also done without degrading the isolation performance.
9. The isolation performance does not depend on mechanical issues such as stress
and corrosion, joint reliability, surface properties, and deformations and apertures caused by thermal expansions and contractions.
Several computations and experimental validation of the proposal are carried out
for a GW packaging which provides a stopband ranging from 26 GHz to 46 GHz.
In the case of the single amplifier chain, GW packaging keeps the gain quite stable
at G = 65 dB, whereas the conventional packaging reduces it to G = 40 dB. In
the case of the two parallel chains, the isolation provided by the GW packaging is
as high as 78 dB, whereas the conventional packaging gives 64 dB of isolation. In
general, results show how GW packaging improve the gain, however, some practical
issues are found. For instance, when providing isolation between adjacent chips, pins
height must be reduced at the location of the chips. This non-uniformity reduces the
isolation and degrades the response. The presence of bias, not taken into account
in this work, is also pointed as a source of undesired effects. Nevertheless, it must
be mentioned that GW packaging is shown to give noticeably better results than
using absorbers. Also, to provide good isolation between parallel amplifier chains,
up to 8 pin rows are necessary, being that using less rows (something that can be
necessary by space) cause an undesired decrement of the isolation. Further work
seems necessary in this line to better check the use of GW packaging in more real
environments, but the presented results are promising.
GW packaging has even been considered for SIW structures. An interesting
work, signed by Ke Wu, has been published recently in [913]. The work arises from
a deep study of the authors on the GW stopband properties and its application for
grounded CPW circuits [914]. The authors highlight that, since SIW structures are
under the focus due to their better properties for mm-waves, to study the optimal
way to package them is a mandatory research line these days. In this work, a GW
periodic structure providing a [10 GHz-24 GHz] stopband is used. It is checked that
in a simple SIW straight line, GW packaging provides better results than leaving the
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(a)

(b)

Figure 8.56: Use of the GW periodic structure for packaging high-gain amplifier chains microwave
circuits [911]. a) Example use of GW (top) and common (botton) packaging to provide isolation
between amplifiers inside a single amplifier chain; b) Example use of GW (top) and common
(bottom) packaging to isolate two parallel amplifier chains.

structure open. Further validations are made with a SIW cavity filter centered at
f = 14.25 GHz with RBW = 3.5%, implementing N = 5 Chebyshev response with a
ripple of R = 0.1 dB. The SIW filter is packaged using a metal box, considering four
different options for the upper lid: smooth metal lid, modified smooth lid (filling
more volume of the box with a metal block over the circuit), GW lid, and simplified
GW lid (pins are placed elsewhere, but not above the SIW circuit). The manufactured prototype is shown in Fig. 8.57(a), whereas the measured S21 response for
the aforementioned four options and the additional case of no packaging is shown in
Fig. 8.57(b). The improvement with the GW packaging is noticeable: conventional
smooth lid packaging destroys the response and the option of no packaging, besides
it is not practical, gives 0.3 dB additional losses respect to the GW packaging. The
simplified GW packaging with no pins over the SIW circuit, proposed by the authors, is suggested as the optimal option, being that some SIW circuits may not
support the full GW packaging as the upper part of the SIW circuit may be in risk
of being touched by the pins. The filter performance (RL < 12 dB and IL = 3.5
dB) is competitive with the SIW filter state of the art [772], hence this work may
be a trendsetter for future SIW packaging solutions using GW technology. The use
of additional lateral pins to avoid any kind of leakage of the SIW circuit could be
an interesting future research line in this sense.
Finally, in [912], the packaging of a Zero-Order Resonator (ZOR) [915] circuit
implemented with microstrip lines with PMC conditions is considered. This kind
of resonator exhibits EM field patterns with spatial uniform phase and amplitude
along the line, which leads to applications of the resonance to antennas. This kind
of resonators are mainly conceived for size reduction in planar designs. Therefore,
a bulky packaging box as it can be that provided by a GW packaging with pins
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(a)

(b)

Figure 8.57: GW packaging for SIW circuits [913]. a) Manufactured SIW cavity filter with four
different packaging lids: smooth metal lid, modified smooth lid (filling more volume of the box
with a metal block over the circuit), GW lid, and simplified GW lid (pins are not placed above the
circuit); b) Measured S-parameters comparing the previous four packaging solutions. The case of
no packaging is as well included.

would imply to loss, in part, the planar profile of the device. The authors propose
the use of spiral nails in order to reduce the height. The designed ZOR operates
at f = 10.5 GHz, hence the stopband is designed around this frequency. Whereas
the designed stopband is achieved with conventional pins of hp = 7 mm, spiral pins
require only hp = 4 mm, a reduction by a factor of 1.75. Simulations show that
this GW packaging improves the quality of the resonator respect to the case without
packaging, and any spike is found in the response. Although there is some lack of
detail in the work, and more simulations or experimental test would be desirable, the
idea is interesting and it highlights the important issue of keeping a planar profile
feature when planar circuits are packaged. To study low-profile GW packaging
alternatives using other type of periodic elements could be a fruitful research topic.
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components
The overview of GW technology state of the art indicates that the SSGW results
interesting in the context of low cost circuits, since the periodic pin lattice is fixed
for this GW, and the bulk of the design task resides in a printed substrate with the
circuit layout. In this way, the SSGW is a serious alternative to classical printed
transmission lines in the high frequency microwave regime and the mm-wave band.
This chapter faces the main analysis and design issues of SSGW structures. A first
section is dedicated to the analysis task. This section deals with the impedance
issue, previously introduced in the GW overview. First, the necessary theoretical
tools in the context of basic transmission line theory are given since they are essential
to rigorously pose the proposed analysis method. Then, such analysis method is
presented and its advantages, disadvantages, limitations and practical aspects are
reviewed. This method is applied in the second section to the design of a practical
SSGW presenting constant impedance with the strip position. The last section gives
treatment to the SSGW coupled-line problem. In a first part, coupled-line theory is
exposed. Then the developed impedance analysis method is extended to be applied
in the context of coupled lines by applying the previous theory. The section concludes
with a practical synthesis example: a coupled-line filter.

9.1
9.1.1

Impedance Analysis
Transmission line theory

According to [22], transmission line theory fills the conceptual gap between the
complex full-wave field analysis, many times unavoidable at microwave frequencies,
and the basic circuit theory used at lower frequencies and DC. Therefore, wave
propagation on transmission lines is either approached as an extension of circuit
theory or a specialization of Maxwell’s equations. In this way, transmission line
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theory becomes a very suitable tool to carry out the synthesis of microwave networks
otherwise cumbersome to analyze.
From the circuit theory point of view, the key difference when dealing with
transmission lines is the electrical size. Whereas in conventional circuit analysis
the physical dimensions of a network are much smaller than the electrical length,
transmission lines may be a considerable fraction of the wavelength, or even many
wavelengths, in size. Thus, a transmission line is a distributed-parameter network,
where voltages and currents can vary in magnitude and phase over its length.
Conventionally, a transmission line is represented as in Fig. 9.1(a), i. e., it is
considered that the transmission line has two conductors so that waves are guided
by a TEM fundamental mode. The short piece of line of length ∆z of Fig. 9.1(a) can
be modeled as a lumped-element circuit, as shown in Fig. 9.1(b), where (R, L, G, C)
are, per unit length, the quantities defined as follows:
• R: Series resistance per unit length for both conductors (Ω/m).
• L: Series inductance per unit length for both conductors (H/m).
• G: Shunt conductance per unit length (H/m).
• C: Shunt capacitance per unit length (L/m).

(a)

(b)

Figure 9.1: Mathematical modeling of a transmission line. a) Voltage and current definitions; b)
Lumped-element equivalent circuit.

The series inductance L represents the total self-inductance of the two conductors, and the shunt capacitance C is due to the close proximity of the two conductors.
The series resistance R represents the resistance due to the finite conductivity of the
conductors, and the shunt conductance G is due to dielectric loss in the material
between the conductors. Therefore, R and G are loss terms, representatives of the
ohmic and dielectric losses, respectively. A finite length of transmission line can be
viewed as a cascade of sections of the form of Fig. 9.1(b).
Now, if Kirchhoff’s voltage law is applied to the circuit of Fig. 9.1(b):
∂i(z, t)
− v(z + ∆z, t) = 0,
∂t
whereas Kirchhoff’s current law leads to
v(z, t) − R∆zi(z, t) − L∆z

i(z, t) − G∆zv(z, t) − C∆z

∂v(z, t)
− i(z + ∆z, t) = 0,
∂t
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(9.1)

(9.2)
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Dividing (9.1) by ∆z and (9.2) and taking the limit as ∆z → 0 (differential
section of a line) gives the following differential equations:
∂v(z, t)
∂z
∂i(z, t)
∂z

∂i(z, t)
∂t
∂v(z, t)
−Gv(z, t) − C
∂t

−Ri(z, t) − L

=
=

(9.3)
(9.4)

These equations, the so-called the telegrapher equations represent the time-domain
form of the transmission line. In the case of sinusoidal steady-state condition with
cosine-based phasors, they simplify to:
dV (z)
dz
dI(z)
dz

=

−(R + jωL)I(z)

(9.5)

=

−(G + jωC)V (z)

(9.6)

Now, the coupled system formed by (9.5) and (9.6) can be uncoupled by substitution to be expressed in such way that the following two wave equations for V (z)
and I(z) are obtained:
d2 V (z)
− γ 2 V (z) = 0
dz 2
d2 I(z)
− γ 2 I(z) = 0
dz 2

(9.7)
(9.8)

where
γ = α + jβ =

p
(R + jωL)(G + jωC)

(9.9)

is the complex propagation constant, the same that was defined in chapter 3 in
the context of full-wave analysis of propagation in dielectric waveguides, and that
depends on the frequency. Traveling wave solutions to (9.7) and (9.8) are:
V (z)
I(z)

= V0+ e−γz + V0− e−γz
=

I0+ e−γz

+

I0− e−γz

(9.10)
(9.11)

where the e−γz term represents wave propagation in the +ẑ direction, and the
eγz term represents wave propagation in the −ẑ direction.
Now, applying (9.5) to the voltage equation (9.10) gives the current on the line
as:
I(z) =

 + −γz

γ
V0 e
+ V0− e−γz
R + jωL

(9.12)

Comparison of the previous equation with (9.11) shows that a characteristic
impedance Z0 can be defined as
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R + jΩL
Z0 =
=
γ

s

R + jωL
G + jωC

(9.13)

to relate the voltage and current on the line as
Z0 =

−V0−
V0+
=
−
I0+
I0−

(9.14)

Then, (9.11) can be rewritten as
I(z) =

V0+ −γz V0− γz
e
−
e
Z0
Z0

(9.15)

Converting back to the time domain, the voltage waveform can be expressed as
v(z, t) = |V0+ | cos(ωt − βz + φ+ )e−αz + |V0− | cos(ωt − βz + φ− )e−αz

(9.16)

where φ± is the phase angle of the complex voltage V0± . From the previous
expression they are easily derived the guided wavelength
2π
β

(9.17)

ω
= λg f
β

(9.18)

λg =
and the phase velocity
vp =
9.1.1.1

The lossless transmission line

Once the general solution has been posed, as usual, it is convenient to consider the
lossless case, which is often a suitable approximation that simplifies the resolution of
the problem without introducing excessive error since, in general, transmission line
losses are so small that they can be neglected in a first analysis stage dealing with
propagation characteristics. Therefore, if R = 0 and G = 0 are assumed in (9.9) it
is found that
√
γ = α + jβ = jω LC

(9.19)

or
α

=

0

β

= ω LC

√

Then, the characteristic impedance reduces to
r
L
Z0 =
C
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(9.21)

(9.22)
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which is now a real number. The general solutions for voltage and current on a
lossless transmission line can be accordingly written as

V (z)
I(z)

=

V0+ e−jβz + V0− ejβz

(9.23)

=

+
V0+ −jβz

(9.24)

Z0

e

−

V0− jβz
Z0

e

being now the guided wavelength
λg =

2π
2π
= √
β
ω LC

(9.25)

ω
1
=√
β
LC

(9.26)

and the phase velocity
vp =
9.1.1.2

The terminated lossless transmission line

The problem of a terminated lossless transmission line, which will be essential for
the rest of this thesis, is posed now with the aid of the circuit schematic description of Fig. 9.2. As the circuit schematic shows, a lossless line described by its
characteristic impedance and propagation constant (Z0 , β) is terminated by an arbitrary impedance Zl . This will cause, in general, reflections, which is a fundamental
property of distributed systems that leads to an important concept: the impedance
viewed from a reference plane in a transmission line.

Figure 9.2: Transmission line terminated with a load impedance Zl .

Assume that an incident wave of the form V0+ e−jβz is generated from a source
at z < 0. It has been previously shown that the ratio of voltage to current for such a
traveling wave is Z0 , the characteristic impedance of the transmission line. However,
since the line is terminated in an arbitrary load ZL 6= Z0 , the ratio of voltage to
current at the load must be ZL . Therefore, a reflected wave must be excited with the
appropriate amplitude to satisfy such condition. The total voltage on the line can
then be written as (9.23), i. e., as a sum of incident and reflected waves. Similarly,
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the total current on the line is described by (9.24). Therefore, at the load (z = 0)
the total voltage and current are related by the load impedance so that
ZL =

V (0)
V + + V0−
= 0+
Z0
I(0)
V0 − V0−

(9.27)

expression that solved for V0− gives
V0− =

ZL − Z0 +
V
ZL + Z0 0

(9.28)

The amplitude of the reflected voltage wave normalized to the amplitude of the
incident voltage wave is known as the voltage reflection coefficient, defined as:
Γ=

ZL − Z0
V0−
=
ZL + Z0
V0+

(9.29)

A current reflection coefficient, which gives the normalized amplitude of the
reflected current wave, can also be defined. However, since such a current reflection
coefficient is just the negative of the voltage reflection coefficient, something that
can be seen by comparing (9.23) and (9.24), is a common practice to avoid it and
to work exclusively with the voltage reflection coefficient.
By the above, the total voltage and current waves on the line can then be written
as
V (z)

=

I(z)

=



V0+ e−jβz + Γe−jβz

V0+  −jβz
e
− Γe−jβz
Z0

(9.30)
(9.31)

From these equations it is observed that the voltage and current on the line
consist of a superposition of an incident and reflected wave, what it is usually called
standing waves. Only in the particular case of Γ = 0 is there no reflected wave.
This occurs when the load impedance is equal to the characteristic impedance, i. e.,
ZL = Z0 of the transmission line, something that can be appreciated by observing
9.29. In this situation it is said that the load is matched to the line, since there is
no reflection of the incident wave.
Now, the time-average power flow along the line at the point z is considered:

P =

1
1 V0+
Re [V (z)I(z)∗ ] =
Re{1 − Γ∗ e−2jβz + Γe2jβz − |Γ|2 }
2
2 Z0

(9.32)

where (9.30) and (9.31) have been used. If it is defined A = Γ∗ e−2jβz , it is found
that the two middle terms of (9.32) are A − A∗ = 2j Im(A), hence they are purely
imaginary. This simplifies the result to
P =


1 |V0+ |2
1 − |Γ|2
2 Z0
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which shows that the average power flow is constant at any point on the line,
and that the total power delivered to the load P is equal to the incident power
(|V0+ |2 /Z0 ) minus the reflected power (|V0 |2 |Γ|2 /2Z0 ). Under matching conditions
(Γ = 0), maximum power is delivered to the load, while no power is delivered when
Γ = 1, situation that occurs either when ZL = 0 (short circuit) or ZL = ∞ (open
circuit), according to (9.29). It is worth to note that in the described procedure it is
always assumed that the generator is matched, so that there is no reflection of the
reflected wave from z < 0.
When the load is mismatched, then, not all the available power from the generator
is delivered to the load. This loss is the so-called Return Loss (RL), recurrently
mentioned along this thesis. It is defined as
RL = −20 log |Γ| (dB)

(9.34)

From a network point of view, if the the device under consideration has its
input in the access i, Sii = RL. The previous definition gives that under matching
conditions Γ = 0, hence RL = ∞ dB (no reflected power), whereas in total reflection
conditions Γ = 1, hence RL = 0 dB (all incident power is reflected).
If the load is matched to the line, Γ = 0, and the magnitude of the voltage on the
line is |V (z)| = |V0+ |, which is a constant. However, when the load is mismatched,
the presence of a reflected wave leads to standing waves where the magnitude of the
voltage on the line is not constant. Thus, from (9.30):
|V (z)| =

=

=

|V0+ ||1 + Γe2jβz |

|V0+ ||1
|V0+ ||1

+ Γe

−2jβl

(9.35)
|

(9.36)

+ |Γ|eθ−2jβl |

(9.37)

where l = −z is a change of variable to take into account the distance measured
from the load z = 0 as positive, and θ is the phase of the complex1 reflection
coefficient (Γ = |Γ|ej θ). The previous expressions show that voltage magnitude
oscillates with the position z along the line. The maximum value occurs when the
phase term e(θ−2βl) = 1, and is given by
Vmax = |V0+ |(1 + |Γ|)
whereas the minimum value occurs when the phase term e
given by
Vmin = |V0+ |(1 − |Γ|)

(9.38)
(θ−2βl)

= −1, and is
(9.39)

As |Γ| increases, the ratio of Vmax to Vmin increases. In this context it is usual
to employ the Standing Wave Ratio (SWR) defined as
SW R =
which satisfies 1 ≤ SW R ≤ ∞.

1 Note

1 + |Γ|
Vmax
=
Vmin
1 − |Γ|

that ZL is arbitrary and may be complex.
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Following (9.37), it is also deduced that the distance between two successive
voltage maxima (or minima) is d = 2π/2β = λ/2, whilst the distance between a
maximum and a minimum is d = π/2β = λ/4, where λ is the wavelength on the
transmission line.
Previously, the reflection coefficient has been defined in (9.29) as the ratio of
the reflected to the incident voltage wave amplitudes at the load (l = 0), but this
quantity can be generalized to any point l on the line as follows. If z = −l in (9.23)
and (9.24), it can be derived the ratio of the reflected component to the incident
component at that point as:
Γ(l) =

V0− e−jβl
= Γ(0)e−2jβl
V0+ ejβl

(9.41)

where Γ(0) is the reflection coefficient at z = 0 given in (9.29). This form is useful
when transforming the effect of a load mismatch down the line, a procedure that is,
actually, the backbound of the methods presented in section 9.1.2 and section 10.2.1.
It has been shown how the real power flow on the transmission line is a constant
but that the voltage amplitude, at least for a mismatched line, is oscillatory with
position on the line. Therefore, by appreciating the change of sign on the expressions
(9.23) to (9.23) it is easy to conclude that the impedance observed from a certain
reference plane on the transmission line will, indeed, depend on the position. At a
distance l = −z from the load, the input impedance seen looking toward the load is
Zin =

V (−l)
I(−l)

which through (9.30) and (9.31) converts in


V0+ ejβl + Γe−jβl
Z0
Zin = + jβl
V0 [e − Γe−jβl ]

(9.42)

(9.43)

that finally simplifies in

1 + Γe−2jβl
(9.44)
1 − Γe−2jβl
The previous expressions results more suitable in terms of the design parameters
Z0 and ZL , what can be achieved by applying the expression (9.29) of Γ:
Zin

Zin = Z0

(ZL + Z0 )ejβl + (ZL − Z0 )e−jβl
(ZL + Z0 )ejβl − (ZL − Z0 )e−jβl

(9.45)

ZL cos(βl) + jZ0 sin(βl)
Z0 cos(βl) + jZL sin(βl)

(9.46)

ZL + jZ0 tan(βl)
Z0 + jZL tan(βl)

(9.47)

Finally, applying the well-known relationships of exponential and trigonometric
functions [542]:
Zin = Z0
or
Zin = Z0
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The previous result (usually called transmission line impedance equation) is very
relevant insomuch as it gives the input impedance of a length of transmission line
with an arbitrary load impedance. Note that tan(x) is a periodic function of period
2π that monotonically grows from −∞ to ∞ inside each period. By taking limits in
(9.47) it is easily observable that when tan(βl) → ±∞, Zi = 1/ZL , whereas when
tan(βl) = 0 Zi = ZL , which often are useful particular values.
9.1.1.3

Short circuit terminated line

A particular case of interest in the scope of this thesis is when the load is a short
circuit, i. e, ZL = 0. From (9.29) it is easily seen that such situation implies Γ = −1,
what gives a SW R = 1, and implies that the voltage and current equation become


= V0+ e−jβz − e−jβz

V0+  −jβz
e
+ e−jβz
I(z) =
Z0

V (z)

(9.48)
(9.49)

or equivalently
V (z)
I(z)

= −2jV0+ sin(βz)

(9.50)

=

(9.51)

2V0+
Z0

cos(βz)

Therefore, the input impedance at z = −l, defined as the ratio V (−l)/I(−l) is:
Zin = jZ0 tan(βl)

(9.52)

which is, perforce, purely imaginary for any length l, and takes all values between
Zin = −j∞ and Zin = +j∞, as the function tan(βl) determines. The previous
expression also indicates that the impedance is periodic in l, repeating for multiples
of λ/2.

9.1.2

Proposed analysis method

According to the state of the art in GW analysis methods, the impedance definition and calculation is a major issue to address, which must be solved in order
to GW technology truly offer a commercial alternative to classical microwave circuits adapted for mm-wave frequencies. The intrinsic periodic character of GW
waveguides complicates the analysis not only in the calculations, but also in a conceptual way. This drawback imposes a critical limit in circuit design, since a precise
knowledge and handling of the impedance concept and practical expressions are
fundamental when more elaborated components such as directional couplers, filters
or antennas have to be synthesized [22]. In this section, it is presented a rigorous
method to obtain both, the propagation constant and the impedance of an unknown
transmission line from a scattering parameter analysis of an auxiliary network containing the transmission line under study. The method is based on the waveguide
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port correction method of [890], however, some issues are addressed and it is posed as
rigorous as possible, giving, furthermore, an error analysis in order to quantify or to
bound the miscalculations originated by this numerical method as a function of the
involved full-wave analysis error parameters. This way to calculate the impedance
is, conceptually, more adequate for circuit synthesis since it obtains the impedance
of a line as a circuit element that later will be embedded on a network. From the
engineering point of view the approach is closer to practical scenario designs than
observing locally the full EM fields of the structure. In addition, the method inherently links conventional well-known structures, which conform the waveguide ports,
with the structures under study.
9.1.2.1

Basis of the method

The procedure is as follows. Consider the circuit of Fig. 9.3(a). It consist of a two
ports network with three transmission lines in cascade connection. The first transmission line is characterized by known characteristic impedance and propagation
constant (Zp , βp ), and has length lp ; the second transmission line is characterized by
unknown (Z0 , β) and has length l, and the third transmission line has the same characteristics as the first. This is the usual situation when a commercial solver such as
HFSSr or CSTr is used, since the waveguide ports must have a finite length when
some flexibility on the boundary conditions is desired. Fig. 9.3(b) shows the HFSSr
simulation model of the SSGW implementation of the circuit of Fig. 9.3(a).

(a)

(b)

Figure 9.3: Analyzed network in the proposed method. a) Transmission line schematic; b) Actual
HFSSr simulation model.

In the network of Fig. 9.3(a) the voltage and the current along the second
transmission line are, according to section 9.1.1.2:
V (z)

=

I(z)

=

V + (e−jβz + Γejβz )
V + −jβz
(e
− Γejβz )
Z0

(9.53)
(9.54)

where
Γ=

Zp − Z0
Zp + Z0
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The impedance at the reference plane R1 , placed at z = −l, is Z1 = V (−l)/I(−l),
thus:
ejβl + Γe−jβl
(9.56)
ejβl − Γe−jβl
Considering the scattering parameters referred to the port impedance Zp at the
reference planes R1 and R2 , it is satisfied
Z1 = Z0

S11 = (Z1 − Zp )/(Z1 + Zp )

(9.57)

so that after some algebraic manipulations it is obtained
S11 = j

(Z02 − Zp2 ) tan(βl)
2Z0 Zp + j(Z02 + Zp2 ) tan(βl)

(9.58)

Then, since
S21 = V + (z = 0)/V + (z = −l)

(9.59)

S21 = (1 + S11 )V (z = 0)/V (z = −l)

(9.60)

or equivalently,

one has that
S21 =

2Z0 Zp
2Z0 Zp cos(βl) + j(Z02 + Zp2 ) sin(βl)

(9.61)

Now, the equation (9.58) can be manipulated to give
tan(βl) = −j

2Zp Z0 S11
Z02 (1 − S11 ) − Zp2 (1 + S11 )

(9.62)

If the previous expression is used in (9.61)2 , one has the S21 parameter as a
function of only Z0 .
Since the scattering parameters of the network can be obtained with the simulation model at the planes planes Rs and Rl , they can be trivially translated to the
planes planes R1 and R2 multiplying by the factor ej2βp lp in order to equate the
derived expressions to an empirical value. Therefore, the unknown impedance Z0
can be easily found through any zero-finding routine [528].
Once Z0 is known, the value of tan(βl) is calculated from (9.62). Since the
function f (x) = tan−1 (x) is not single-valued, there is an infinite number of possible
solutions for βl, each of them separated by nπ. However, if an estimation of this
value is available, this is not truly a problem to derive the correct solution.
Therefore, it is possible to characterize the waveguide under study by just obtaining the S-parameters of the network of Fig. 9.3(a). Nevertheless, it is important
to remark that the proposed formulation gives correct results provided that the S11
parameter is not in a minimum, i.e., βl 6= nπ, since in that case no information
p
2
2
pNotice the following trigonometric relationships: sin(x) = tan(x)/ 1 + tan (x), cos(x) =
1/ 1 + tan2 (x).
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about the impedance is obtained. Thus, the procedure must be done for several
lengths l or for several frequencies. Figs. 9.4(a)-9.4(c) show simulation models of
several lengths, which are achieved by varying the number of periods of the SSGW
under study. However, it will be generally preferred to analyze several frequencies
since this allows to obtain the impedance in a whole frequency band: when the S11
parameter is known in the analyzed frequency band, frequency points far from the
local minimums must be chosen to obtain the transmission line parameters (β, Z0 ).
Then, by interpolation and extrapolation these parameters are obtained for all the
band. Fig. 9.4(d) shows a typical |S11 (dB)| response in this kind of analysis. Note
that the periodicity of the S11 parameter comes from the term tan(βl) in (9.58).
Therefore, the larger l, the larger the number of peaks in the function |S11 (f )|, what
is interesting since the peaks are the points with less relative error, thus having the
maximum information. Note as well, however, that larger values of l implies as well
larger computation times, hence, as usual, a trade-off must be found depending on
the problem context.

(a)

(b)

(c)

(d)

Figure 9.4: Simulation models with different lengths l (varying the number of periods Np ) and
typical |S11 (dB)| parameter frequency response of the network under analysis. a) Np = 5; b)
Np = 10; c) Np = 15; d) |S11 (dB)| frequency response exhibiting several peaks. The larger the
length l, the larger the number of peaks in a given frequency band.

If fact, the previous procedure leads to an important simplification, as observed
in [890]. At the frequency points where the S11 parameter is maximum, it is satisfied
that βl = π/2 + nπ, therefore one has
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S11 =

Z02 − Zp2
Z02 + Zp2

(9.63)

or

Z0 = Zp

1 + S11
1 − S11

 21
(9.64)

where the unknown impedance is trivially obtained. This option will be used.
Note that the propagation constant can be also found just by knowing the value of
n in βl = π/2 + nπ through the initial estimation for βl.
Finally, one more simplification can be introduced if Zp ≈ Z0 . Under this
condition, the previous equation for Z0 can be approximated by3
Z0 = Zp

2 + S11
2 − S11

(9.65)

which is the expression used in [890] and [891]. However, since (9.64) is analytical,
this approximation seems to be unnecessary and limits the method to cases in which
Zp ≈ Z0 is satisfied. In Fig. 9.5(a), it is shown the percent error of the approximation
as a function of the quotient Z0 /Zp . The proposed method in this thesis, which uses
(9.64), can be applied to the case of a large difference between Z0 and Zp with the
only requirement of avoiding the excitation of high-order modes. By this, it makes
no sense any further simplification.
At this point, it is worth to mention one mistake that could lead to important
errors. In the equations (9.64) and (9.65), since Z0 should be real, and the S11
parameter is observed in its module peaks, one can forget that this not implies the
related S11 to be positive, and the temptation of using the absolute value of the S11
parameter must be avoided. In that case, a greater mismatch, i. e., greater values
of |S11 |, would lead only to greater values of Z0 . This seems to be the case in [891],
where a characteristic impedance satisfying Z0 > Zp is obtained for all cases of the
position of the strip, whereas as it is shown in [795], and as will be explained in
the next section, what actually occurs is just the contrary (Z0 < Zp ). It is easy
to foresee that with such a wrong way of proceeding large errors may be obtained,
being that the corresponding correction is applied in the contrary sense.
9.1.2.2

Error analysis

Explained the method, it would be interesting to quantify the error in the calculated
impedance. Instead of the exact S11 4 , generally, the quantity S11 + ε is obtained,
where ε ∈ C. Of course, since the exact solution is unknown, the value ε must be
approximated, for example, by the difference between the solution of two iterations
in the simulation process. This is, if the three-section simulation model under study,
such as those shown in Figs. 9.4(a)-9.4(c), is solved by the FEM (incorporated in
√

ax
.
2
4 The parameters will be obtained referred to the planes R and R and it is supposed that the
s
l
error on βp is insignificant so that the trivial convection to the planes R1 and R2 do not introduce
an extra error.
3 Notice

that the expansion at x = 0 of f (x) =
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HFSSr or CST, for example), ε is assumed as the difference on the S11 caused by
the refinement of the mesh from one iteration to the next.

(a)

(b)

Figure 9.5: Error analysis. a) Percentage error related to the term Z0 /Zp due to the use of the
approximated expression (9.65) instead of the exact (9.64); b) Bounds for the term |ye /y|. Dashed
lines correspond to the first described cotes, in equation (9.72), whereas solid lines correspond to the
second described cotes, in equations (9.75) and (9.76). Each curve has two branches corresponding
to the lower and upper limits, respectively.

Let be
1
1 + S11 2
1 − S11
 

1
Z0
1 + S11 + ε 2
=
=
Zp e
1 − S11 − ε


y
ye

=

Z0
Zp





=

(9.66)
(9.67)

so that
1 − S11
ye2
=
y2
1 + S11
By applying the triangular inequality5
ye2
≤
y2

1 + S11 + ε
1 − S11 − ε

1 − S11 |1 + S11 | + |ε|
1 + S11 |1 − S11 | − |ε|
|ε|
|ε|
1+
1+
|1 + S11 |
1 − |S11 |
=
≤
|ε|
|ε|
1−
1−
|1 − S11 |
1 − |S11 |

(9.68)

(9.69)

and
5 The

triangular inequality (sometimes called Minkowski inequality) establishes that |a + b| ≤
|a| + |b| for any real numbers a and b [916].
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ye2
≥
y2

1 − S11 |1 + S11 | − |ε|
1 + S11 |1 − S11 | + |ε|
|ε|
|ε|
1−
1−
|1 + S11 |
1 − |S11 |
≥
=
|ε|
|ε|
1+
1+
|1 − S11 |
1 − |S11 |

(9.70)

This means


1 − f (|S11 |, |ε|)
1 + f (|S11 |, |ε|)

 12

ye
≤
≤
y



1 + f (|S11 |, |ε|)
1 − f (|S11 |, |ε|)

 12
(9.71)

where
f (|S11 |, |ε|) =

|ε|
1 − |S11 |

(9.72)

Therefore, we can control the error in Z0 by limiting the absolute value of the
error ε. In most of cases, the bounds described by (9.71) will be quite far from the
real error, so more adjusted bounds could be applied regarding to the following. Let
consider the functions
|ε|
|1 + S11 |
|ε|
1−
|1 − S11 |
|ε|
1−
|1 + S11 |
|ε|
1+
|1 − S11 |
1+

gu (|S11 |, |ε|)

=

gl (|S11 |, |ε|)

=

(9.73)

(9.74)

which from (9.69) and (9.70) satisfy gl ≤ ye2 /y 2 ≤ gu
If the term |ε|/|1 − S11 | is lower than unity, which always will be the case, the
upper limit function gu obtains its maximum (and the function gi its minimum)
value for lower values of the term |1 − S11 |. For a given maximum value of |S11 | this
occurs when S11 = |S11 |, so that calling
 12
|ε|
 1 + 1 + |S11 | 

hu (|S11 |, |ε|) = 


|ε|
1−
1 − |S11 |


and
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 12
|ε|
 1 − 1 + |S11 | 

hl (|S11 |, |ε|) = 


|ε|
1+
1 − |S11 |


(9.76)

it can be said that hl ≤ |ye /y| ≤ hu . To observe how the error is, the lower
and upper bounds for the two described criteria are represented in Fig. 9.5(b). The
second criteria gives a quite more adjusted bound and note that, if the |S11 | is not
too large, the relative error in ye = (Z0 /Zp )e is very near from the value of |ε|, which
is a really good estimation for cases where Z0 ≈ Zp . The graphic also indicates that
a better matched port, i. e., the waveguide under study is more similar to the
waveguide port introduce lower errors. Nevertheless, the effect of reducing |ε| is
much more significant, and gives the real control on the error, being that it can be
chosen, whereas the impedance of the waveguide under study is rather arbitrary.
9.1.2.3

Validation of the method

The proposed method has been presented in its more rigorous and general form.
Now, in this section, it will be validated using some published previous results as
reference. The SSGW design of [795] is chosen for this task. In that work a SSGW
is defined with the following parameters (see Fig. 9.6(a)): w = 5 mm, p = 7
mm, wp = 3 mm, hp = 5 mm, ha = 1 mm, t = 50 µm, td = 50 µm, and substrate
polymide (εr = 3.4). Such geometrical configuration provides a stopband between 10
GHz and 19 GHz, being that the central operation frequency chosen by the authors
is f = 15 GHz. At that frequency, it is calculated the impedance of the proposed
SSGW by integration of the full-wave calculated fields and application of the P-I
formulation. The authors perform an study of the impedance value depending on
the strip position, defining the offset ∆x as the displacement distance respect to the
original position. This original position corresponds to that in which the center of the
strip is aligned with the center of a row of pins. Note that the maximum different
geometrical variation respect to that case corresponds to ∆x = p/2. Therefore,
the authors parametrize ∆x from −p/2 to p/2 and symmetry around ∆x = 0 is
expected. The results of this study correspond to the red curve in Fig. 9.6(b). The
same calculation using the proposed method in this thesis, with an estimated error
of ε ≈ 1%, is displayed in blue for comparison and validation.
As it can be appreciated, the impedance calculated with the proposed method is
slightly lower than the impedance calculated in [795], but the behavior is the same.
Therefore, the method captures well the phenomena of the impedance dispersion
with the displacement of the strip, what gives validation. Note that, as it was
commented at the beginning of section 9.1.2, the proposed method results to be
more adequate in the context of device design processes, being that it makes sense
to think that the employed impedance values observed at some points of the circuit
under design will be closer to those given by the proposed method, which consider
the transmission line sections as a circuital element, than those offered by local field
calculations. By this reason, beyond the previous validation, the proposed method is
514

9.2 Constant Impedance SSGWs

(a)

(b)

Figure 9.6: Validation of the proposed method for calculating SSGWs characteristic impedance.
a) Frontal and upper view of the SSGW with its main geometrical parameters; b) Comparison of the
presented method (correction of waveguide port impedance) with the results in [795] (impedance
calculated from the EM fields through the P-I formulation) in the calculation of the impedance of
a SSGW as a function of the strip position. w = 5 mm, p = 7 mm, wp = 3 mm, hp = 5 mm,
ha = 1 mm, t = 50 µm, td = 50 µm, and the substrate is polymide with εr = 3.4.

used as the reference one in the following sections, where some ideas and guidelines
to improve the SSGW performance and design possibilities are given.

9.2

Constant Impedance SSGWs

The results in Fig. 9.6(b) show an evidence: the impedance of a SSGW has a strong
dependence on the position of the strip relative to the pins. Since the strip width is
smaller than the pin lattice period, several different geometrical situations appear,
so that the impedance value presents a large excursion. In the case of Fig. 9.6(b),
the value of the impedance decreases up to 33% respect to the original position
value, what is an aberration for design purposes. Fig. 9.7 illustrates this fact. The
original or conventional situation is to consider the center of the strip aligned with
the center of a pin row, Fig. 9.7(a). From such original position, the strip can be
horizontally displaced, causing different geometrical situations that will obviously
provide different propagation characteristics, this including a different characteristic
impedance value. As commented before, the maximum difference takes place when
∆x = p/2, Fig. 9.7(c). Note how appreciable is the difference between Fig. 9.7(a)
and Fig. 9.7(c). Nevertheless, this is only caused by using a period such that the
strip observes an inhomogeneous underlying medium. This is the issue to be solved
next.
The design of [890] is taken as starting point. The SSGW parameters in such
design are: w = 2.2 mm, p = 6.5 mm, wp = 3 mm, hp = 5 mm, ha = 0.5 mm,
t = 25 µm, td = 762 µm, and εr = 3.27. Fig. 9.8(a) shows the aspect of this
SSGW. The previous parameters provide a [9 GHz-18 GHz] stopband. By applying
the proposed impedance calculation method, the characteristic impedance of that
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(a)

(b)

(c)

Figure 9.7: Variation of the topology in the SSGW depending on the strip position. a) Conventional case with the center of the strip aligned with the center of a pin row; b) Offset of ∆x = p/4;
c) Offset of ∆x = p/2 (maximum possible).

SSGW has been calculated as a function of the relative position of the strip for several
equally distributed frequencies in the stopband. Results are shown in Fig. 9.8(b),
where it can be appreciated that the impedance presents an important variation with
the relative position of the strip. Again, as the strip is displaced from its original
position, the impedance decreases, what confirms this behavior in SSGWs, which is
contrary to the results in [890] where the correction of the waveguide port impedance
is done with the contrary sign due to missing the phase of the S11 parameter. For
the aforementioned set of parameters, obtained results exhibit a local minimum
of impedance for an offset of ∆x = 2.25. It is also observed that the impedance
dispersion is specially strong at the upper limit of the stopband, this probably caused
by the spreading of the fields at such stopband limiting frequency.
To face this issue, in [890] it is proposed an alternative periodic lattice with a
smaller period and a rotated strip, 45 degrees respect to the original case (strip
parallel to the pin rows). Both modifications (denser lattice and rotated strip)
improve the homogeneity. Note that given a periodic lattice of period p, if the strip
is parallel to the pin rows, the observed period is p, Fig. 9.9(a). However, if the
strip is rotated√45 degrees respect to the pin rows, the effective period that the strip
observes is p/ 2 (see Fig. 9.9(b)), i. e., the strip observers a more homogeneous
medium without modifying the period of the pin lattice. The result can be easily
obtained by applying basic trigonometry in Fig. 9.9(b) to the blue triangle first, and
then to the red triangle.
In order to quantify the isolated improvement caused by this modification, the
same SSGW is considered, but now with the strip rotated 45 degrees. Fig. 9.8(c)
shows the 3D view of such SSGW structure. The same calculations as for the original
orientation are carried out and displayed in Fig. 9.8(d). In the plot it is observed
how the reduction of the observed inhomogeneity implies an impedance which is
more constant than in the original case. However, the excursion of the impedance
value is still excessive in order to carry out a straightforward circuit design. In
addition, rotating the strip 45 degrees is a solution that only makes sense in circuits in
which line sections are predominantly oriented in one direction. Otherwise, different
orientations will take place at the circuit, being the involved SSGW transmission
line sections affected in different grades by the impedance dispersion problem.
By the above, beyond locating the circuit so that most of the lines in it are
rotated 45 degrees with respect to the pins, it seems necessary the use of a periodic
lattice with more density. It is proposed a periodic pin structure with the following
geometrical parameters: p = 1.2 mm, wp = 0.56 mm, hp = 7 mm and ha = 0.6
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(a)

(b)

(c)

(d)

Figure 9.8: Impedance of a Ku-band SSGW as a function on the strip position for the cases of
strip parallel to the pin rows and strip rotated 45 degrees respect to the pin rows. The SSGW
parameters are: w = 2.2 mm, p = 6.5 mm, wp = 3 mm, hp = 5 mm, ha = 0.5 mm, t = 25 µm,
td = 762 µm, and εr = 3.27. a) 3D view of a SSGW with the strip parallel to the pin rows; b) Z0
vs. ∆x (offset) SSGW with the strip parallel to the pin rows; c) 3D view of a SSGW with the strip
rotated 45 degrees respect to the pin rows; d) Z0 vs. ∆x (offset) SSGW with the strip rotated 45
degrees respect to the pin rows.

(a)

(b)

Figure 9.9: Effecitive period observed by the strip. a) Original orientation with the strip parallel
to the pin rows; b) Strip rotated 45 degrees respect to the pin rows.

m, optimized to produce a stop band from 10 GHz to 17 GHz (52% RBW). Table
9.1 list the set of parameters of both cases, normal and dense periodic structure,
for comparison purposes. The comparison can also be done visually by comparing
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Periodic structure
Normal [890]
Dense

p
6.5 mm
1.2 mm

wp
3 mm
0.56 mm

hp
5 mm
7 mm

ha
0.5 mm
0.6 mm

Stopband
9 GHz-18 GHz
10 GHz-17 GHz

Table 9.1: Comparison between the geometrical parameters and stopband of a normal GW periodic structure (design of [890]) and the dense GW periodic structure proposed in this thesis.

the 3D views of both designs. The SSGW with normal or conventional periodic
pin lattice used in [890] is shown in Fig. 9.8(a), whereas the proposed SSGW with
a dense pin lattice is shown in Fig. 9.10(a). Even though both structures differ
noticeably (in the dense periodic lattice the period is close to 6 times smaller), a
similar stopband has been easily engineered following the conclusions of [792]. In
addition, the proposed structure has an even larger air gap height ha , which implies
less losses.
Now, by using the same substrate and strip as in [795], but setting the strip width
to w = 2 mm, a transmission line with very stable impedance, close to Z0 = 50 Ω,
is obtained. This can be appreciated in Fig. 9.10(b), which shows the characteristic
impedance as a function of the horizontal offset ∆x for the proposed SSGW with
dense pin lattice. The excursion of the impedance values for each frequency is less
than 1 Ω for most of the frequencies of the stopband, and less than 2 Ω close to
the stopband limits, which is a very good result for circuit design purposes. Since
this occurs for each one of the evaluated frequencies, the same designed periodic
structure can be used to allocate different sub-bands circuits with high reliability.
Note, furthermore, that it has been considered the worst possible case, which is a
strip parallel to the pin rows according to the conclusions derived in this section.
This means that in a complex layout circuit, the impedance dispersion of the lines
will be, at most, that reported in Fig. 9.10(b). The frequency dispersion, given by
the separation of the lines corresponding to the different frequencies in Fig. 9.10(b) is
a minor issue, inherent of GW structures as already observed in the GW technology
overview, and that will only difficult ultra-wide band designs.

(a)

(b)

Figure 9.10: Impedance of a Ku-band SSGW as a function on the strip position in the case of
using a dense periodic lattice of pins. w = 2.2 mm, p = 1.2 mm, wp = 0.56 mm, hp = 7 mm,
ha = 0.6 mm, t = 25 µm, td = 762 µm, and εr = 3.27. a) 3D view; b) Z0 vs. ∆x (offset).
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Periodic structure
Normal [859]
Dense

p
3 mm
0.5 mm

wp
1.2 mm
0.19 mm

hp
2 mm
2.5 mm

ha
0.4 mm
0.5 mm

Stopband
23 GHz-49 GHz
25.8 GHz-44.5 GHz

Table 9.2: Comparison between the geometrical parameters and stopband of a normal GW periodic structure (design of [890]) and the dense GW periodic structure proposed in this thesis.

To conclude this section dedicated to postulate the guidelines to design SSGW
with an impedance independent on the strip relative position, the Ka-band design
proposed in [859] is studied and improved. The SSGW periodic structure parameters
used in that work are listed in the first row of table 9.3. In addition, the dielectric
substrate has a thickness td = 50.8 µm, and the strip has a thickness t = 50 µm.
This SSGW and its dispersion diagram describing the stopband are represented in
Figs. 9.11(a) and 9.11(c), respectively. The achieved stopband is [23 GHz-49 GHz]
(RBW = 72%). In [859], a three-way power divider is designed with such SSGW.
For this simple circuit, the layout fits well with the periodic lattice so that the
center of the strip is always aligned with the center of a row of pins. However,
if the impedance of such SSGW is studied considering different relative positions,
dispersion is found, see Fig. 9.12(a). In the plot, where the impedance is calculated
for several frequencies in the stopband, they can be observed impedance variations
ranging from 7 Ω to 10 Ω, which definitively limits synthesis processes of moderate
complexity with this SSGW.
As in the case of the Ku-band design, a dense periodic structure is the suitable
alternative to avoid the previous issue. If the pin lattice parameters are set to those
listed in the second row of the table 9.3, a six times denser lattice than in [859]
is obtained, with a similar stopband: [25.8 GHz-44.5 GHz] (RBW = 67%). Note
that the stopband is only slightly narrower (5% less), however, it is wide enough to
amply cover the whole Ka-band (26.5 GHz-40 GHz). The proposed structure and its
dispersion diagram describing its stopband are shown in Figs. 9.11(b) and 9.11(d),
respectively. The characteristic impedance Z0 of this SSGW as a function of the strip
horizontal offset ∆x is represented in Fig. 9.12(a). A strip width of w = 1.8 mm has
been chosen so that the impedance is almost constant with the relative position of
the strip with values around Z0 = 50 Ω. Furthermore, the proposed design presents
an appreciable lower frequency dispersion being that the curves corresponding to the
different frequencies are very close to each other. This means that wide band desings
(in this case at least from 28 GHz to 40 GHz, RBW = 35%) would be affordable,
at least, from the impedance point of view.
The previous approach can be summarized in the following guidelines which are
the essence of this section:
• The periodic structure underlying the printed substrate of a SSGW must be
designed with the premise of having a period small enough so that the strip
cannot appreciate a noticeable difference in the local geometry under it.
• With the previous restriction on the pin period, the parameters of the periodic
structure must be engineered to guarantee the required stopband.
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(a)

(b)

(c)

(d)

Figure 9.11: Comparison between the conventional SSGW proposed in [859] and the dense periodic lattice SSGW proposed in this thesis (see 9.3). a) 3D view of the SSGW in [859]; b) 3D view
of the dense SSGW; c) Stopband of the SSGW in [859]; d) Stopband of the dense SSGW.

(a)

(b)

Figure 9.12: Z0 vs. ∆x, comparison between the conventional SSGW proposed in [859] and the
dense periodic lattice SSGW proposed in this thesis. a) SSGW of [859]; b) Dense periodic lattice
SSGW.

If the first rule is guarantee, conventional transmission line design techniques can
be easily adapted to the SSGW and, in a suitable future design scenario, even closed
expressions will be available for the design of SSGW components. This is, indeed, a
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future line of this work line. Otherwise, SSGW devices will demand, except for very
simple circuits, from full-wave techniques and complex optimization processes. Such
a complex design process would withdraw, for sure, any interest in this transmission
line. It has been shown that a very stable impedance can be achieved. Moreover,
reduction of the pin lattice period not only provides a proper design scenario for a
single frequency, but also diminishes the frequency dispersion, inherent of non-pure
TEM transmission lines, and that, in the case of GWs, is specially evident. The
second principle has been also shown to be easily affordable just by following the
guidelines given in [792]. The large number of parameters of the periodic structure in
GWs implies several degrees of freedom so that a specified stopband can be achieved
by quite different sets of parameters.
The section concludes with some important reflections that may give a necessary
further clarification of the advantages and disadvantages of the proposed approach.
The advantages have been detailed already. As main disadvantage, it must be said
that the structure complexity increase noticeably due the larger number of pins,
which, furthermore, are smaller. This has two implications. On the one hand, it can
be easily understood that the manufacturing process complexity may be obviously
affected. However, note a particular detail in the case of the SSGW regarding other
GWs. In the SSGW, the function of the periodic structure is to merely provide a
high impedance condition to be observed by the strip. This means that any structure
achieving this demand is valid. For instance, roughly shaped pins, or other kind of
periodic structures cheaply manufactured, i. e., not carefully shaped, can be as valid
as perfect square metal pins. This is not the case of RGWs, and specially, GGWs. In
this last, for instance, the shape of the pins delimits the propagation channel width,
which is the essential parameter of design. Conversely, the manufacturing precision
in the SSGW resides in the printed substrate shaping, specially in the strip, as occur
with conventional printed substrate transmission lines (microstrip line and CPW, for
instance). Therefore, it is foreseeable that the manufacturing industry will be able
to provide a low-cost dense lattice solution easily (this include low-profile lattices
that may provide a rather planar characteristic to the SSGW, something desirable
to compete with conventional planar transmission lines). Observe that, according
to this section, better results will be obtained using roughly shaped dense lattices
than using well shaped sparse lattices.
On the other hand, full-wave analysis is obviously more complex given a periodic structure if a large number of small elements compose it. In this section,
time-consuming full-wave simulations have been carried out to provide proper comparison with conventional designs. Nevertheless, as the required conclusions has
been established, further steps may totally solve this problem. Note that in the
case of small period SSGW, homogenization is rather licit, and Silverinha model
[880] could be applied with small error. This will turn the situation, being faster
to simulate dense lattice SSGW circuits. In addition, as commented before, to obtain closed-form expressions defining the impedance and propagation constant of
a SSGW given their parameters of design is a reachable goal whenever the SSGW
present a stable impedance, which is the case of the proposals in this part of the
thesis.
The other important reflection addresses the stopband issue. In the previous
designs, a large stopband (close to 70 %) has been achieved even in very dense
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lattices. This might sometimes force some of the parameters to rather extreme
values, or, at least, to values implying a more difficult manufacturing process. In
general, in the GW literature, maximizing the stopband has been a non-debatable
premise. However, it falls into question, how practical can be such approach. Notice
that most of the designs exhibit RBW < 20 % since some parts of the device are very
prone to become a bandwidth bottleneck (think, for instance, in transitions). Others,
are inherently narrow-band, as it its the case of narrow-band filters. Therefore,
it makes sense to investigate narrower stopband periodic structures in the future,
such that they satisfy the required specifications, but impose less restrictions to
the design. For example, it is observed that use a larger ha reduces noticeably the
stopband bandwidth, however, losses are as well noticeably decreased [792], [836].
Both reflections indicate that the foreseen disadvantages of using dense lattices in
SSGW may not be as severe as they can be though on a first view.

9.3
9.3.1

SSGW coupled lines
Coupled transmission lines theory

When two unshielded transmission lines are close together, power can be coupled
between the lines due to the interaction of the electromagnetic fields of each line.
Such lines are referred to as coupled transmission lines, and usually consist of three
conductors in close proximity, although more conductors can be used. Coupled transmission lines are usually assumed to operate in the TEM mode, which is rigorously
valid for stripline structures, and approximately valid for quasi-TEM transmission
lines such as the microstrip line, or, in the context of this thesis, the SSGW.
Coupled transmission lines theory facilitates the analysis of those problems in
which coupled-lines appear, posing a more complex scenario than that of isolated
transmission lines. In general, a three-wire line such as that schematized in Fig. 9.13
support two distinct propagating TEM (or quasi-TEM) modes. This feature can be
used to implement directional couplers, hybrids and filters. In addition, by carefully
analyzing those modes, physical insight is gained and the design process complexity
can be easily reduced to that of isolated lines. Note that if a TEM-type propagation
is assumed, then the electrical characteristics of the coupled lines can be completely
determined from the effective capacitances between the lines and the propagation
velocity on the line. In Fig. 9.13, it is also shown the equivalent capacitance network
of a pair of coupled transmission lines. Specifically, C12 represents the capacitance
between the two strip conductors in the absence of the ground conductor, whereas
C11 and C22 represent the capacitance between each strip conductor and the ground
plane in the absence of the other strip conductor. It is worth to mention that the
designation of which conductor assumes the role of ground is arbitrary along the
procedure, however, it is usual to find one among the three conductors that clearly
has the ground role. In the case of the SSGW the top plate takes this role.
Now, let consider two special types of excitation for the coupled line: the even
mode, where the currents in the strip conductors are equal in amplitude and in the
same direction, and the odd mode, where the currents in the strip conductors are
equal in amplitude but in the opposite directions. The schematic of such cases,
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Figure 9.13: Coupled transmission lines consisting in a three-conductor structure formed by the
two coupled lines and the ground conductor, and its equivalent capacitance network.

including E-field lines and the equivalent capacitance networks are shown in Fig.
9.14. For the even mode, Fig. 9.14(a), the electric field has even symmetry about
the center line, and no current flows between the two strip conductors. This case is
equivalent to have a Perfect Magnetic Conductor (PMC) wall in the symmetry plane
of the coupled-line circuit, shown in red in Fig. 9.14(a). This leads to an equivalent
circuit in which C12 is effectively open-circuited. Then the resulting capacitance of
either line to the ground plane is:

Ce = C11 = C22

(9.77)

(a)

(b)

Figure 9.14: Even- and odd-mode excitation for a pair of coupled transmission lines, and the
resulting equivalent capacitance networks. PEC and PMC conditions are indicated an E-field lines
are included in the schematic. a) Even-mode excitation; b) Odd-mode excitation
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assuming that the two strip conductors are identical in size and location, which it
will be always the case in the scope of this thesis. Then, the characteristic impedance
for the even mode is, according to (9.22),
Z0e =

L
=
Ce

√

1
LCe
=
Ce
vg C e

(9.78)

where vg is the propagation velocity on the line, the group velocity.
Conversely, for the odd mode, the electric field lines have an odd symmetry about
the center line, and a voltage null exist between the two strip conductors. This case is
equivalent to have a Perfect Electric Conductor (PEC) wall in the symmetry plane
of the coupled-line circuit, shown in blue in Fig. 9.14(b). Since this PEC plane
passes through the middle of C12 , this capacitance can be split in two series 2C12
in such way that the common point of them is connected to the ground, as it shows
Fig. 9.14(b). Therefore, the effective capacitance in this case is
Co = C11 + 2C12 = C22 + 2C12

(9.79)

and consequently the odd mode impedance is
Z0o =

L
=
Co

√

LCo
1
=
Co
vg Co

(9.80)

The above procedure describes how Z0e (Z0o ) is the characteristic impedance of one
of the strip conductors relative to the ground conductor when the coupled line is
operated in the even (odd) mode. The valuable key point in the analysis of coupledlines is that an arbitrary excitation of a coupled line can always be treated as a
superposition of appropriate amplitudes of even and odd modes, hence the problem
can be always posed in terms of superposition of isolated line problems consisting
either on the even-mode or on the odd-mode problem.
In the basic case of purely TEM transmission lines such as the coaxial cable,
the PPW, or the stripline, analytical techniques such as conformal mapping [528]
can be used to evaluate the capacitances per unit length of the line under study, so
that even- and odd-mode characteristic impedances can be determined. For quasiTEM lines, such as the microstrip line, these results can be obtained numerically
or by approximated quasi-static techniques otherwise. As usual, for well-adopted
transmission lines, as it is the case of the microstrip line, is even easy to find works
that focus on extract closed form expressions for the even- and odd-mode problems
[917]. However, in a more general case, as it is the SSGW case, a topology for
which any general closed form expression is available to obtain the impedance of
even an isolated line, the same procedure as that employed to calculate the SSGW
impedance must be applied to the calculation of the even- and odd-mode impedance
by applying the proper boundary conditions. Therefore, full-wave simulations using
the corrected port impedance, similar to those of section 9.1.2, must be adapted for
the new problem.
524

9.3 SSGW coupled lines
Periodic structure
Ka-band

p
0.5 mm

wp
0.19 mm

hp
2.5 mm

ha
0.5 mm

Stopband
26.5 GHz-45.7 GHz

Table 9.3: Geometrical parameters to provide a stopband covering the Ka-band with the restriction of having a small period p to provide an enough dense peridoic lattice.

9.3.2

Analysis

Previously, it has been rigorously presented a semi-empirical method to compute the
impedance of arbitrary transmission lines from a practical point of view regarding
to the design process. This method, applied to the SSGW has derived in several
necessary premises to provide a straightforward design process with this transmission
line, being the most important one to use dense pin lattices in order to keep a
stable impedance, independent on the strip location. In this section, the design
possibilities with the SSGW are extended one step further by studying the problem
of SSGW coupled lines, Figs. 9.15(a) and 9.15(b). In Fig. 9.15(b), the main
parameters determining the structure are represented: the strip width w and the
separation between strips s. According to the previous theory section, properties
of this configuration can be easily extracted by the analysis of the even- and oddmode of the SSGW coupled-line structure, whose E-field patterns are represented
in Figs. 9.15(c). As section 9.3.1 establishes, main information for design purposes
regarding coupled lines is related with even- and odd-mode impedances Z0e and Z0o .
This impedances will be calculated with the same procedure as for single SSGW, by
applying the presented impedance calculation method.
Although some works have studied basic coupling phenomena in GWs (see [885]
or [886] for instance), the use of coupled transmission line theory applied to GWs for
device design has remained a work line to face, becoming an objective of this part
the thesis. The aim of this section is to face this objective from a practical point
of view, so that posterior researches can easily apply the later given information.
In fact, coupled SSGW lines to operate in the Ka-band will be designed, and a
useful design chart will be provided in such a way that coupled-line devices with a
SSGW can be designed without requiring detailed knowledge of this waveguide, but
only basic coupled transmission line knowledge. Next, a quite complete process is
carried out given basic guidelines and general process overview. First, the stopband
is designed and bandwidth issues are studied. Then, single SSGW impedance is
calculated in order to gain quantitative vision of the problem, and determine the
frequency dispersion and the range of values of interest for the strip width w. Then,
even- and odd-mode impedances of SSGW coupled-lines are calculated, and, finally,
by a complete parametrization of the strip width w and the strip separation s, data
for generation of a design chart are obtained.
In order to adjust the stopband coverage to the Ka-band, the periodic structure
parameters listed in table 9.3 are used. The SSGW is additionally composed by a
layer of substrate Pyralux AP9121R (εr = 3.6 and tan δ = 0.06 @ 36.85 GHz [797])
with thickness td = 50.8 µm is used. With this design, a stopband from 26.5 GHz to
45.7 GHz (53 % RBW) is achieved, Fig. 9.16(a). A metallic strip over the substrate,
allows the propagation of the desired quasi-TEM mode. Several cases for the strip
width w are analyzed. The strip thickness has been set to t = 50 µm.
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(a)

(b)

(c)

Figure 9.15: Coupled SSGW lines. a) 3D view; b) 2D view and main SSGW coupled-line
parameteres: strip width w and strip separation s; c) Even and odd mode E-field patterns. Right
images are a detail of the E-field in the main coupling area.

As it occurs in conventional quasi-TEM transmission lines, narrower strips imply
the propagation constant to differ more from the space wave number k, i. e., from
the pure TEM propagation. In the case of the SSGW, since the the propagation
takes place mainly through an air region, β is close to k = k0 . Note, however, that
the previously mentioned effect in narrow strips is not so severe, being that even in
that case the curves show low dispersive features (see w = 0.5 mm for instance).
Nevertheless, what seems more relevant is the fact that wider lines can allow highorder modes propagation, thus narrowing the effective available stopband. This
fact should be taken into account when low-impedance lines operating at the high
frequencies of the stopband are demanded by a particular design. In such cases, a
re-design of the periodic structure may be necessary. For example, a reduction of
the distance ha may be a good solution since the high-order modes cutoff frequency
would be increased, and the stopband would be widened [792], at the expense of
larger propagation losses [836].
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(a)

(b)

Figure 9.16: Proposed SSGW Ka-band design. The periodic structure parameters are: p = 0.5
mm, wp = 0.19 mm, hp = 2.5 mm and ha = 0.5 mm. The substrate is Pyralux AP9121R (εr = 3.6
and tan δ = 0.06 @ 36.85 GHz [797]) with thickness td = 50.8 µm. The strip thickness is t = 50 µm.
a) Dispersion diagram including the propagation constant of undesired PPW modes (red lines),
which describe the stopband, and the propagation constant of the fundamental and the first highorder mode on the strip for several strip widths; b) Z0 vs. w for several frequencies in the Ka-band.

The single SSGW characteristic impedance is calculated for a wide range of strip
width values (w) with the method of section 9.1.2 with an estimated error of ε = 1%,
for several frequencies. Results of this parametric study are shown in Fig. 9.16(b),
where values between Z0 = 30 Ω m and Z0 = 110 Ω are observed for Z0 . The use
of a dense structure not only prevents the impedance to be dependent on the strip
location, but also makes possible the achievement of a wide range of impedances,
a problem that remains hidden at first view, when the usual Z0 = 50 Ω is pursued.
Note, for example, that in [795], since the width is smaller than the period p and
comparable with the pin width wp , small values of w imply the strip to be narrower
than the underlying row of pins. This causes a strong local effect inasmuch as the
main mode fields interact with those pins, causing a growth of the effective width. As
a result, in that work there is a local maximum of Z0 = 60 Ω, obtained for a certain
strip width, i. e., it is not possible to design SSGW lines with Z0 > 60 Ω. Narrower
or wider widths cause lower impedance, what, as it can be easily intuited, strongly
limits the design possibilities. This fact is another strong reason that justifies the
use of dense lattices.
By observing the curves corresponding to the different frequencies, certain dispersive features are observed, although quite moderate (the different curves are
quite close to each other despite of the relative bandwidth in [29 GHz-41 GHz] is
RBW = 34%). Notice that, due to the periodic structure, it is obvious that the
impedance dispersion of the structure must be higher than other quasi-TEM transmission lines, but it is low enough for moderate-wide bandwidth applications. Curiously, high frequencies present lower impedance. This differs from the microstrip
line, which presents a slight increment of Z0 with the frequency [22]. This can be
explained by looking at the surface impedance over the pins. The function of the
pins in the structure is to generate a virtual PMC condition, in order to provide
stopband conditions when the top plate is located at a distance ha < λ/4. At high
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frequencies, this PMC condition is generated at a lower height, being the distance
between the PEC plate and the PMC surface larger. This implies the field to spread
more laterally, which is equivalent to have a larger effective width of the strip and,
hence, lower impedances are achieved. Observation of this fact makes to arise an
interesting question. It could be interesting to characterize the impedance on the
plane over the pins observed downwards in order to provide a simple and accurate
modeling of the SSGW in a similar way that it will be done for the GGW in the
section 10.2.1. It is foreseen as quite affordable future work line objective.
Now, two coupled SSGW lines are considered under the even- and odd-mode
approach, according to the symmetry of the structure in the plane described by the
vertical dashed line in Fig. 9.15(b). According to section 9.3, in the case of the
even-mode, the symmetry plane imposes a PMC condition, whereas in the case of
the odd-mode, the symmetry plane imposes a PEC condition. Therefore, what is
done is to introduce planes with these conditions in the simulation model of the
full-wave commercial solver, CSTr in this case. The full-wave simulation models to
calculate the even- and odd- mode impedances by means of the presented method are
shown in Fig. 9.17(a). Note that only one of the symmetric parts of the coupledline structure is discretized and solved, what can be even faster than simulation
of an isolated SSGW since the presence of a neighboring PEC/PMC plane cause
confinement of the EM fields. In the models of Fig. 9.17(a) the solver only considers
the region at the left of the plane.

(a)

(b)

Figure 9.17: Calculation of SSGW even- and odd-mode impedances. a) Simulation models with
CSTr . A magnetic (electric) wall is placed on the symmetry plane between the two strips to
calculate even- (odd-) mode impedances, Z0e and Z0o . The main parameters of the model as those
described in Fig. 9.15(b): strip width w and strip separation s (note that the distance to the
PMC/PEC plane is s/2; b) Calculated Z0e and Z0o vs. s for several frequencies in the Ka-band.

The width w = 1.8 mm, which provides Z0 = 50 Ω according to Fig. 9.16(b), is
taken as a reference for a first study. For this width, even- and odd-mode impedance
are calculated as a function of the edge-coupled strips separation s. Results are
shown in Fig. 9.18(a), where upper curves correspond to the even-mode impedance
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(Z0e ) and the lower curves correspond to the odd-mode impedance (Z0e ). These results are totally consistent with coupled-line theory applied to conventional waveguides [22], being found that even-mode impedance is always larger then the isolated
line impedance, whereas odd-mode impedance is always smaller than the isolated
line impedance. As it is also obviously expected, as the distance s increase, both,
Z0e and Z0o converge to Z0 , in this case, Z0 = 50 Ω. Therefore, it can be said that
the proposed method has been successfully applied to the calculation of even- and
odd-mode impedance, giving very reasonable values. Since several frequencies have
been considered, the frequency dispersion of Z0e and Z0o is also reflected in the plot.
Again, although it is found more dispersion than in the case of conventional transmission lines, this is low enough to provide straightforward component design in
the case to moderate bandwidths in the specification. Notice that interpolation of
the plot data of Fig. 9.17(b) suggest a variation of the impedance of roughly 2% if
RBW = 5%. The successful design of a filter with this bandwidth in section 9.3.3
will give a satisfactory proof for this affirmation.

(a)

(b)

Figure 9.18: Parametrization of coupled SSGW lines main parameters, strip width w and strip
separation s for the generation of a design chart. a) Even-mode (Z0e , upper branches) and odd-mode
(Z0o , lower branches) impedance vs. s for several strip widths w; b) Same data as in a) displayed
in the usual design chart way [22].

Repetitive calculation of curves such as those presented in Fig. 9.17(b) in the
context of a full parametrization of the coupled-line structure provide a large quantity of data that can be displayed as a design chart for coupled-line components
such as hybrids, couplers, filters, etc. This has been done for f = 35 GHz. Fig.
9.18(a) shows the even- and odd-mode impedances as a function of the separation
between lines s, for several widths w. Note that Z0e and Z0o depend both on w and
s, being possible by proper non-linear curve fitting [528] to find numerical functions
Z0e = fe (w, s) and Z0o = fo (w, s) that predict the value of even- and odd-mode
impedances for any given pair (w, s).
These data can be also displayed in the usual coupled-line design chart form, i.
e., displaying Z0e as a function of Z0o (or vice versa), in the same way as Fig. 9.18(b)
shows. This plot results very helpful to understand how the coupled-line structure
behaves in terms of impedances according to the coupled-line parameters. Since
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a lot of information is condensed in simple way, a good overall view is obtained.
Generally, the design of a coupled-line component will demand from a section of
coupled lines offering a certain pair (Z0e , Z0o ). With the current computation tools
performance, is almost no time consuming to consider fe (w, s) and fo (w, s) and to
solve numerically a 2-order non-linear equation system to obtain the exact values.
Nevertheless, note that the transmission line approach does not take into account
second order effects in real circuits, only captured by full-wave simulations, the
(Z0e , Z0o ) values involved in the design only provide estimated geometrical values,
which are used as a starting point of a full-wave optimization. Therefore, visual
determination of the pair (Z0e , Z0o ) on the chart of Fig. 9.18(b) is generally valid,
and may result more user friendly from a high-level design perspective for those
engineers building SSGW devices.

9.3.3

Practical example: SSGW coupled-line filter

In order to validate previous section results, the task of designing a coupled.line
component is addressed now. A coupled-line filter has been chosen since filters are
an essential part of communication systems [734] that usually present an elaborate
synthesis and optimization [782], and whose design complexity and performance can
be increased by choosing a larger filter order. For a first validation, a low order filter
has been preferred.
9.3.3.1

Filter design

The specifications of the filter are the following: order N = 2 Chebyshev-type
with 0.1 dB passband ripple, centered at f0 = 35 GHz with RBW = 5%, i.e.
passband from 34.125 GHz to 35.875 GHz. Using the expressions for Chebyshevtype responses, the parameters gi are obtained: g0 = 1, g1 = 0.843, g2 = 0.622 and
g3 = 1.3554. With these data, the inverter constants can be solved [22]:
s
Z0 J 1

=

Z0 Jn

=

Z0 JN +1

π∆
2g1

(9.81)

π∆
√
2 gn−1 gn
s
π∆
=
gN gN +1

(9.82)
(9.83)

Finally, even- and odd-mode impedances are obtained from
Z0e
Z0o

= Z0 [1 + JZ0 + (JZ0 )2 ]
2

= Z0 [1 − JZ0 + (JZ0 ) ]

(9.84)
(9.85)

The geometry of the filter and the involved geometrical parameters can be seen in
Fig. 9.19(a) and 9.19(b). When designing coupled-line filters, it is adopted usually
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n
1
2
3

Z0 Jn
0.3052
0.1085
0.3052

Z0e (Ω)
104.88
84.02
104.88

Z0e (Ω)
59.10
67.75
59.10

wn (mm)
0.7
0.8
0.7

sn (mm)
0.4
0.8
0.4

Table 9.4: Design calculated starting point for the proposed specifications.

Parameter
Value (mm)

l
1.73

w1
0.66

s1
0.30

w2
0.85

s2
0.77

w3
0.66

s3
0.30

Table 9.5: Optimum filter geometric parameters.

l = λg /4, which simplifies the design expressions. Since λg ≈ λ0 = 2.15 mm, and
w50Ω = 1.8 mm, it has been chosen Z0 = 75 Ω which is achieved with w0 = 0.95
mm in order to avoid a larger width than length, which could produce improper
resonance problems. This leads to the parameters shown in the table 9.4.

(a)

(b)

Figure 9.19: SSGW coupled-line filter of order N = 2. a) 3D view; b) Circuit layout and main
design parameters.

9.3.3.2

Results

The previous procedure based on coupled transmission line theory uses some approximations and full-wave optimization is required to satisfy the desired specifications.
However, a good starting point has been obtained, which facilitates the optimization
process. The optimum filter dimensions are shown in table 9.5, in which it can be
seen that the filter symmetry has been preserved.
The optimized structure response is shown in Fig. 9.20(a) together with the
ideal response of a filter with the established specifications. As it can be seen, a
good response is obtained. Particularly, insertion losses (IL) of only 0.3-0.4 dB
are achieved, which is a good result for the Ka-band. Recovering that IL (dB)
are inversely proportional to the Qu of the resonators [782], a microstrip line, for
example, would present IL 5-6 times higher than the SSGW [840].
Now, the response dependence on the strip position is afforded. Although a dense
structure has been used, some geometrical parameters of the filter are comparable
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(a)

(b)

Figure 9.20: Simulated filter response. a) Ideal response and simulated optimum response; b)
Effect of the strip position on the filter response.

with the period, and the response might change. A horizontal displacement of the
strip in x̂, ∆x is considered. The considered range of this displacement is one period,
specifically ∆x goes from −p/2 to p/2, since any case is included in this range due
to the periodic nature of the structure.
Results of the strip-positioning study are shown in Fig. 9.20(b), where the S11
(dB) curve is displayed. It can be seen that, although there is a change in the
response, the curves keep close to the specification. The worse case is found for
∆x = p/2 = 250 µm, which present a peak in the return losses of 15 dB (1.42 dB
lower than the specification). This value translates in a ripple of 0.18 dB instead
of 0.1 dB, which is quite acceptable. The observed low dependence with the strip
position observed could be unreachable with the non-dense pin lattices proposed
in [795] or [859], where variations of the characteristic impedance up to ±30% are
observed.
Finally, to better quantify the potential of the SSGW topology to implement
low insertion loss filters according to the current technological possibilities, a simple
comparison with SIW technology is done by studying the resonator quality of both
topologies for an operation frequency of f = 35 GHz. The RGW topology is also
studied to give additional information. For the RGW and SSGW resonators, the
periodic structure parameters are the same as those used previously in this section.
The ridge/strip width is set to w = 0.95 mm as well. The SIW vias are designed with
diameter d = 0.3 mm and separation s = 0.6 mm, dimensions that have been chosen
according to the Ka-band SIW literature [918]-[920] and with the aim to enhance
the quality of the SIW resonator. The substrates permittivity is set to εr = 2.25,
taken from the Nelco NY922 substrate, a good quality reference one [921]. The loss
tangent is parametrized to observe the influence of the dielectric quality on the losses.
In the case of the SSGW, the substrate thickness is set to td = 127 µm which is a
commercial standard value [921], whereas the SIW substrate is set to td = 508 µm a
standardized common value for the frequencies of interest [918]-[920].
Fig. 9.21(a) show the 3D view of the studied resonators. As usual, the RGW
and SSGW resonators are implemented open circuit, whereas the SIW resonator is
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(a)

(b)

Figure 9.21: Resonator quality comparison between RGW, SSGW and SIW technologies. For
the RGW and SSGW resonators the periodic structure parameters are p = 0.5 mm, wp = 0.19 mm,
hp = 2.5 mm and ha = 0.5 mm. The ridge/strip width is set to w = 0.95 mm. SIW vias are of
diameter d = 0.3 mm and separation s = 0.6 mm. The reference dielectric permittivity is εr = 2.25
and tan δ is parametrized. In the SSGW resonator the dielectric thickness is td = 127 µm, whereaas
in the SIW resonator td = 508 µm. a) 3D view of the studied resonators; b) Quality of the f = 35
GHz resonators vs. tan δ.

a short-circuit cavity resonator. The quality of these resonators is calculated taking
tan δ as a parameter, which obviously do not affect the RGW resonator since any
dielectric is present. For the usual values of dielectric losses (tan δ ∈ [0.002 − 0.02]),
it can be said that the quality of the SSGW resonator is roughly 3 times that of the
SIW resonator. This is a remarkable difference. Notice that the state of the art in
SIW filters reports acceptable results in terms of insertion losses [772]. Therefore,
the potential of the SSGW technology is clearly foreseen. In practical applications, a
high-order filter is required, since steep skirts in the response are usually necessary.
In these cases, in order to maintain low insertion losses, a good Qu is demanded, and
the SSGW seems very suitable as it is less affected by the high dielectric losses at mmwave frequencies than other topologies such as SIW or the conventional transmission
lines.
Note also that for good dielectrics (acceptable values of tan δ in this sense have
been measured at mm-wave frequencies [921]), the SSGW present competitive values
of Q. Nevertheless, if the application is very demanding, a SSGW design can be
easily mapped to a RGW design, which offers an outstanding performance since any
dielectric loss is present. For the studied case, Q is close to 1000, an unreachable
value for any other practically implementable quasi-TEM structure. Obviously, the
design complexity and the cost increase in such case.
533

Chapter 9. Suspended Strip Gap Waveguide (SSGW) components
Along this chapter it has been ascertained that the impedance calculation by
means of the presented method, which gives a correction to a known reference
impedance port by using transmission line theory, results suitable for the SSGW
in the context of circuit design, as the line is characterized as a circuital element.
Furthermore, an error analysis guarantees control of the method accuracy. In a
further step, using the presented method as an analysis tools, they have been observed two main problems in common SSGW structures: 1) Strong dependence of
the impedance on the strip relative position to the pins; 2) impossibility of designing high-value impedances. To overcome these problems, a design procedure has
been described. It has been shown how denser periodic lattices provide the required
homogenization and they can keep wide the stopband bandwidth if desired. Very
stable impedances, independent of the strip position have been obtained. In addition, it has been justified that the manufacturing process should not, in principle,
to get involved, being possible to use roughly manufactured pins, since their only
mission is to provide a high impedance surface. Moreover, analysis methods based
on homogenization of the pin structure, otherwise inaccurate, appear to be suitable
for such dense lattice designs. Frequency dispersion has been observed to be enough
low for moderate bandwidth devices as well for such design.
Coupled transmission line theory has been also shown to fit well with the proposed dense lattice SSGW topology, and, for the first time, they have been calculated even- and odd-impedances for the SSGW, obtaining coherent results. A
design chart for the Ka-band has been built, and a simple SSGW coupled-line filter has been easily designed. The filter response exhibits low insertion losses and
negligible dependence on the strip position, what indicates the effectiveness of the
design procedure using dense lattices. Furthermore, a simple comparative study
analyzing isolated resonators has shown the advantages in terms of performance of
SSGW technology front SIW technology, which is already a well-adopted technology
at mm-wave frequencies.
Further work involves the use of faster analysis methods taking advantage of
the homogenization of the dense periodic lattice. An extensive work either analytic
using expressions of known transmission lines, or empirical, based on large amounts
of data is demanded in order to arrive to closed form expressions for the SSGW. This
is necessary for the acceptance of the technology. Development of dedicated cheap
manufactured techniques is as well a very necessary task. In such future scenario,
advanced device design will come naturally. The observed SSGW potential for mmwave frequencies indicates that high performance devices could be easily designed
once those goals are achieved.
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Groove Gap Waveguide
(GGW) components
Despite of the fact that the first GW technology proposals, at the introduction
stage of the technology, were mostly based on the RGW topology, literature of the
subsequent years, at the adoption stage, shows tendency to choose GGW topology
due to its lower losses and similarities with the rectangular waveguide. Current
research points towards a maturity stage with GGW topology as the flagship of
GW technology. This topology is the GW candidate to be firstly adopted by the
commercial applications industry.
Nevertheless, there are two key issues that must be solved to this occur. First,
the advantages of the GGW front the classical rectangular waveguide, which are
suitable to be appreciated mainly at the V-band and beyond, must be proved with
truthfulness. Although the good performance of GGW devices is well reported in
several works, and a few comparisons with the rectangular waveguide can be found
(see [800] or [836] for instance), it still lacks a proper, fair and determinant comparison. For example, in [800], GGW and rectangular waveguide resonators are
compared at the Ku-band, i. e., excessively low frequencies to really appreciate the
advantages of GGW front the well-established rectangular waveguide, at least with
current industry manufacturing possibilities. In [836], the operation frequency lies
in the Ka-band, which although not so high, at least imposes some challenge for
the rectangular waveguide. However, a GGW filter is compared with a rectangular
waveguide filter with different specifications, hence the conclusions are not rigorously sustained by the experiment. Therefore, it seems evident that to give proof
of the necessity of considering GGW as an alternative for rectangular waveguide,
a proper comparison is required: it must be chosen a device that clearly demands
from rectangular waveguide characteristics, and an operation frequency that makes
the rectangular waveguide device response to be prone to degrade due to manufacturing imperfections, so that it make sense to look for alternatives. Notice that
the rectangular waveguide has been a very suitable topology for low-loss microwave
waveguiding. Hence, it is not only necessary to prove that the GGW performance is
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close to or similar to that of the rectangular waveguide, but clear advantages must
be appreciated.
Second, good analysis methods must be developed for the GGW topology in
order to have affordable design process for engineers that do not necessarily have the
know-how of this waveguide. In relationship with the former point, it must be said
that, in order to consider the GGW as an alternative to the rectangular waveguide,
apart from better performance, it is necessary to provide analysis methods not much
more complex than those used for rectangular waveguide devices design in order to
prevent the designers desist from the GGW topology due to avoid a cumbersome
task. Notice that the rectangular waveguide topology is extremely simple for analysis
purposes as it is a trivial canonical case. The literature on such topic is vast, modal
methods are a good example. On the other hand, the GGW is a complex structure,
not homogeneous in any direction, an that is very prone to large computation times
in standard full-wave simulations. Despite of the fact that the issue of finding a
proper analysis method for the GGW topology has been treated in the literature, the
followed approaches are not suitable for the demanded purpose. Note that, for a wide
adoption, an analysis method must be efficient, general and simplest as possible. For
instance, in the case of SIW technology, the most adopted analysis methods are based
on giving and equivalence between SIW and rectangular waveguide topologies, hence
establishing a conceptual bridge between them that allow to an easy comprehension
by those engineers familiarized with the classical rectangular waveguide but just
starting to work with SIW technology.
These two issues are deeply treated and solved in the present chapter. First, in
section 10.1 a complete analysis of the GGW propagation characteristics is carried
out. The derived information is thoughtfully applied to develop an efficient analysis
method in section 10.2. This analysis method provides, furthermore, an accurate,
direct equivalence between GGW and rectangular waveguide. Later, in section 10.3,
several GGW narrow-band filters are designed and experimentally validated, and
comparison with the rectangular waveguide topology is given. Therefore, this chapter faces most of the objectives of this part of the thesis.

10.1

Analysis

The difficulty in characterizing gap waveguides arises from the presence of the periodic pin structure, which leads to a waveguide which is not homogeneous in the
transversal direction, is periodic in the propagation direction, and has many design
parameters. The state of the art review reveals that, in fact, the propagation characteristics of GGW have not been analyzed in great detail. Usually, it is assumed
that GGW behaves like a rectangular waveguide with the same propagation channel
dimensions. However, important differences between GGW and rectangular waveguide will be shown next, hence indicating that such assumption results quite rough.
In addition, as a part of such GGW propagation characterization, operation below
cutoff is explored for the first time. Notice that there are many practical applications using below-cutoff waveguides, since evanescent-mode components can be very
compact, and are very appropriate to exhibit spurious free response [922]-[924]. GW
technology has still not explored this interesting possibility. Once GGW propaga536
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Parameter
Value (mm)

p
0.9

wp
0.3

hp
2.4

ha
0.375

a
4.7

Table 10.1: Geometrical parameters of the reference GGW design [840].

tion characteristics are determined, the developed analysis method in the scope of
this thesis will be presented. By means of basic transmission line theory, exposed
in section 9.1.1, and transversal analysis of the GGW, the method obtains a rectangular waveguide equivalent very suitable to extract the influence of the different
waveguide parameters in the dispersion diagram and for parametric analysis and
optimization, avoiding the usual time-consuming full-wave EM simulations.

10.1.1

Groove Gap Waveguide Propagation characteristics

10.1.1.1

Operation above cutoff

Conventional operation, i. e., above cutoff is analyzed first. To do so, the dimensions of a standard GGW design are chosen. Specifically, the Ka-band design of
[840], treated later in 10.3.6, is taken as reference. These dimensions are listed in
Table 10.1. Full-wave simulations are carried out with CSTr . The simulated model
includes three rows of pins at each lateral side, following the usual design choice in
the literature. Although for some designs using even more rows may be not critical for reasons of space, weight or complexity, three rows have been checked to be
enough to achieve the desired effect of forbidden propagation in the lateral regions.
PEC walls are placed as lateral boundary condition at a distance s = p−wp from the
third row on each side, i. e., where the the fourth row of pins at each side should be
located. It has been checked that, although no difference is obtained between using
a PEC wall of leaving the structure open (the field is noticeably attenuated after
the third row of pins), the employed model is more suitable in terms of computation
time.
Despite of the similarity of the GGW geometry and fundamental mode field
pattern, see Fig. 10.1(a), appreciable differences can be found if the dispersion
diagram of both waveguides is inspected in its whole domain. Fig. 10.1(b) shows the
propagation constant of the first modes of this GGW reference structure. The black
dashed curve is the propagation constant of a plane wave, blue curves correspond
to unwanted modes of the parallel plate modes, and the green curve with square
marks is the desired mode. The propagation constant of a rectangular waveguide
with same dimensions of the propagation channel of the GGW (i.e. aRW = 4.72
mm, bRW = ha,GGW + hp,GGW = 2.775 mm) is displayed for comparison in orange.
It can be seen that the band [28.1 GHz-52.9 GHz], delimited by the propagation of
unwanted parallel-plate modes, represents the stopband of the periodic structure: in
such frequency range only the desired mode is propagating in the GGW.
When comparing the curves of the GGW with those of the rectangular waveguide
(see Fig. 10.1(b)) it can be seen that in the upper half of the stopband both curves
are similar. However, this is not true near cutoff. In fact, both waveguides present a
different cutoff frequency, and even for frequencies where they are similar, a greater
dispersive behavior is observed for the GGW structure. Therefore, the direct equiv537
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Figure 10.1: Groove Gap Waveguide propagation characteristics; a) Cross section and E-field
distribution of the fundamental mode; b) Dispersion diagram for a GGW with parameters hp =
2.4 mm w = 0.3 mm, p = 0.9 mm, ha = 0.375 mm and width a = 4.7 mm. Blue solid lines are the
unwanted parallel-plate modes, which delimit the stopband of the structure, delimited with vertical
dashed brown lines. The green solid curve with square marks correspond to the GGW fundamental
mode. The propagation constant of a rectangular waveguide of a = 4.7 mm is represented with an
orange curve with cross marks for comparison purposes. The propagation constant of a plane wave
(k0 ) is shown with a black dashed line for reference.

alence between both waveguides occurs in very narrow band, which, moreover is not
known a priori.
To further characterize the propagation properties of the GGW, the width of the
propagation channel a is parametrized. To cover the possible cases of having cutoff
going from near the minimum frequency of the stopband to the maximum frequency
of the stopband, six values of a, equally distributed between a = 2.8 mm and a = 6
mm. The reference GGW design is represented by the curve a = 4.72 mm.
The results of this parametrization are shown in Fig. 10.2. Here, in most cases,
the GGW presents a higher cutoff frequency, than its rectangular waveguide counterpart, especially as a increases. This means that GGW is effectively smaller in
terms of propagating aperture than the equivalent rectangular waveguide assumed
for each case (same physical aperture, i.e, aRW = aGGW ). The contrary could be
expected since in GGW the fields are not strictly transmitted in the channel but
spread evanescently through the lateral pin regions. As a decreases, this difference
becomes smaller and, if a is small enough (a = 2.8 mm), the GGW has lower cutoff
frequency than the rectangular waveguide, and becomes effectively larger than the
equivalent rectangular waveguide. This heterogeneous behavior makes impossible to
obtain an equivalent consisting on a simple scaling factor.
In general, simulation reveals GGW to exhibit a greater dispersive behavior when
compared with the equivalent rectangular waveguide. For the cases of larger a values,
the GGW curve grows faster with frequency and reaches the rectangular waveguide
curve, and, although βGGW surpasses βrect , both curves are quite similar from that
point. For the cases of smaller a values, this difference is greater and both curves
diverge, having only a very narrow band of coincidence, or even no coincidence (e.
g., at a = 2.8 mm, where a very dispersive curve is observed). This behavior will
be understood through the analysis of section 10.2. Since a complete exploration of
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Figure 10.2: Propagation constant of the GGW and of the rectangular waveguide for different
values of a. Solid lines correspond to the rectangular waveguide and dashed lines correspond to
the GGW.

the width parameter possibilities such as done in Fig. 10.2 has not been carried out
previously in the literature, the magnitude of difference between both waveguides
has remained partly hidden. By the results it can be concluded that the standard
assumption of equivalence between rectangular waveguide and GGW is only valid
in certain bandwidth, which is determined by the specific value of a.
10.1.1.2

Operation below cutoff

In a below cutoff rectangular waveguide the lateral condition are electric walls, and
evanescent energy is delivered along the axial direction only. In the GGW, the
condition of forbidden propagation into the pins regions also permits exponential
decay as a lateral condition. Actually, this phenomena is explicitly introduced in
the Polemi’s analysis method, based on homogenization of the pin structure [897],
[898]. Therefore, when the operation takes place below cutoff, it is found that the
same type of condition (exponential decay) is imposed to the guided waves in both,
transversal and longitudinal directions. Therefore, it is not possible, a priori, to
know if such waves will be forced to clearly propagate evanescently along the axial
direction. In fact, in the most general case, evanescent propagation will take place
in both directions, transversal and axial, and the predominance of one or another
will be determined by the corresponding attenuation constants in such directions.
Obviously, to obtain the desired evanescent operation behavior, the lateral attenua539
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tion must be clearly stronger than the axial one. The first objective in this section is
to check that this actually occurs so that evanescent mode components are suitable
to be implemented with GGW.
Considering the reference case (a = 4.72 mm) EM fields are obtained by means
of full-wave analysis of a whole GGW structure of certain length, Fig. 10.3(a). This
GGW has a cutoff of fc = 34.68 GHz. Since the stopband of the GGW structure
starts at f = 28.1 GHz, three frequencies are analyzed to give the proper approach
to the posed question: f = 28 GHz (outside the stopband, mode below cutoff),
f = 29 GHz (inside the stopband, mode below cutoff), and f = 40 GHz (inside the
stopband, mode under usual operation above cutoff). The results of this comparison
are shown in Figs. 10.3(b)-10.3(d). As can be seen, outside the stopband, the field
spreads into the pin structure, whereas inside the stopband energy is delivered along
the axial direction in a similar manner to the rectangular waveguide in both cases,
below and above cutoff. It is observed, however, that the field spreads more in the
lateral directions when the mode is below cutoff. Following the previous argument,
it can be understood that, since axial attenuation appears below cutoff, the residual
evanescent propagation towards the lateral sides increases inasmuch as the waves
encounter a larger restriction to propagate in the axial direction.

(a)

(b)

(c)

(d)

Figure 10.3: Ey field inside of the reference GGW with a = 4.72 mm for different cases of
propagation. a) 3D view of the structure; b) f = 28 GHz (outside the stopband); c) f = 29 GHz
(below cutoff inside the stopband); d) f = 40 GHz (above cutoff inside the stopband).

The analysis of the transversal field pattern inside the structure completes the
study of the GGW propagation characteristics. In Fig. 10.4, the Ey component is
plotted as a function of x on two transverse planes: z = z1 (transversal plane cutting
the pins at the middle) and z = z2 (transversal plane located between two rows of
540
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pins) for different heights. The frequencies considered are f = 29 GHz (far below
cutoff), f = 34 GHz (near below cutoff), and f = 52 GHz (far above cutoff). These
graphs allow to quantify better the propagation differences in terms of the operating
frequency. In the field plots of Fig. 10.4, each row corresponds to a frequency, with
increasing frequencies as the row number increases. The first column corresponds to
z = z1 whereas the second column corresponds to z = z2 .
It is seen that the field is better confined in the propagation channel as frequency
increases. As it is well known, under below cutoff operation, the axial attenuation is
higher when the operating frequency is further from the cutoff (lower frequencies). At
those frequencies, relative to the axial attenuation, the lateral attenuation imposed
by the pins becomes comparable (i. e., the mode is not clear forced to follow the
axial direction as it occurs in other cases where the axial attenuation is lower). This
explains why the field spreads more laterally.
Above cutoff lower interaction with the GGW lateral walls occur since the mode
is not longer evanescent. The higher the frequency, the lower the interaction with
the lateral walls imposed by the pins is, what can be explained if one thinks in
the usual two plane wave decomposition of the fundamental mode of a rectangular
waveguide: the closer β to k0 , the lower the angle of incidence on the walls is. This
fact explains why higher frequencies experience a large confinement (see Figs. 10.4(i)
and 10.4(j)). The propagation is predominantly axial so field leakage towards the
lateral sides is negligible.
It is worth mentioning that in most of the structure (from y = 0 to y = hp ) the
field correspond approximately to the red solid curve with square marks, labeled as
y1 . Therefore, the previous results suggest that the GGW can operate below cutoff
in an analogous manner to the rectangular waveguide. However, the differences
between both waveguides are accentuated and local effects near or above the first
row of pins must be taken into account. In fact, the influence of the pins is clearly
appreciated in Fig. 10.4, comparing the two positions in z considered (compare the
two rows of images in Fig. 10.4). Concentration of the Ey field is observed near the
pins, especially for lower frequencies. This should be taken into account if elements
such as irises or radiating slots are disposed close to the pins.
The dispersion diagram of the structure under below cutoff operation is finally
studied now. Above cutoff, it is sufficient to calculate the propagation constant
of the GGW fundamental mode following the procedure firstly described in [790]
and widely used in the GGW literature, i. e., solving the corresponding eigenvalue
problem. However, commercial solvers are not prepared to recover the evanescent
solutions of the problem, and to generate an ad hoc FEM code for such purpose
could be an excessively cumbersome task given the purpose. Instead, a whole GGW
propagating section, such as that shown in Fig. 10.3(a) can be simulated to obtain
the fields inside and, through them, the attenuation constant. For such simulation,
rectangular waveguide ports with the dimensions of the GGW propagation channel
are employed as suggested in [890]. Once the structure is solved, the following
expression is evaluated:


Ey (z1 )
ln
Ey (z2 )
α(Np/m) =
z1 − z2
541


(10.1)
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Figure 10.4: Ey (x) GGW with a = 4.72 mm on a transversal plane at three different heights
yi and at two different positions in z. Solid line with square marks is y1 = hp /2, solid line is
y2 = hp , and dashed line is y3 = hp + ha . Left column of graphs correspond to position z = z1
(transversal plane cutting the pins at the middle) and the right column of graphs correspond to
position z = z2 (transversal plane located between two rows of pins). Vertical dashed lines are
included to indicate the position of the pins in x for clarity purposes. a) Considered heights in y;
b) Considered positions in z; c) f = 29 GHz, z = z1 ; d) f = 29 GHz, z = z2 ; e) f = 34 GHz,
z = z1 ; f) f = 34 GHz, z = z2 ; g) f = 40 GHz, z = z1 ; h) f = 40 GHz, z = z2 ; i) f = 52 GHz,
z = z1 ; j) f = 52 GHz, z = z2 .
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where z1 > z2 and Ey (zi ) is the amplitude of the Ey field component in the
center of the waveguide (x = a/2) at the corresponding z-position. With a similar
procedure, the phase of the fields can be analyzed for operation frequencies above
cutoff to recover the propagation constant.
Fig. 10.5 shows the results of this study based on the full-wave analysis of a whole
GGW section (named as Field, circle marks), together with the previous eigenvalue
calculations above cutoff (named as Eigenvalue, orange solid line), and the dispersion
diagram of a rectangular waveguide with same channel width. The coincidence in
the propagation constant above cutoff between the results obtained by means of the
eigenvalue problem and those obtained by analysis of the fields in the whole GGW
structure gives reliability to those obtained below cutoff in this last method.
The plot in Fig. 10.5 indicates that the difference between the GGW and the
rectangular waveguide continue increasing when the frequency goes below cutoff. It
is seen that as the frequency decreases, the attenuation in the GGW grows faster
than in the rectangular waveguide. Furthermore, the GGW exhibits growth as the
stopband limit approaches instead of the expected slope decrease (as it happens with
the rectangular waveguide). Similar results have been observed for other values of a,
indicating that rectangular waveguide and GGW behave noticeably different below
cutoff. Actually, the poor coincidence between the curves of these waveguides below
cutoff suggest that it makes no sense to assume a rectangular waveguide with the
same propagating channel as an equivalent for the GGW.
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Figure 10.5: Propagation and attenuation constant for a rectangular waveguide and a GGW of
a = 4.72 mm.

543

Chapter 10. Groove Gap Waveguide (GGW) components

10.2

Proposed Analysis Model

From the previous study, it is clear that the assumption of an equivalent behavior
in a GGW and a rectangular waveguide with identical width a implies errors unless
fc is near to the low stopband limit and the operation frequency is far enough from
cutoff. Moreover, modeling this behavior is not possible by scaling the rectangular
waveguide by a constant factor depending on the geometry (as it occurs with SIW
[757]-[758], [769]), since GGW and rectangular waveguide posses different dispersion
characteristics. The shape of the obtained curves indicates that a mechanism is
occurring within the structure, which involves the presence of a reactance due to
the periodic lateral lattice. This reactance modifies the effective width of the GGW
with the frequency.

10.2.1

Analysis Method

Consider the GGW, but now with regard to propagation in the lateral direction x̂.
The most interesting parameter in this configuration is the impedance Zl that is
seen when looking into the first row of pins (as it is shown in Fig. 10.6(a)). where
Zl is the impedance of the waves incident on the sidewall.

(a)

(b)

Figure 10.6: Approach of the proposed analysis method. a) Conceptual schematic; b) CST
schematic of the structure solved with CST to obtain Zl .

The reference plane is placed on the first pin with the rest of the arrangement
terminated with a PEC, located at a distance of value (p − w) with regard to the
third pin. Periodicity is considered and only one period is analyzed, using PMC
boundaries at the laterals (i.e., at z = z0 and z = z0 + p). Difference in the results
has not been appreciated when using more pins or adding more space after the third
pin, and only a slight difference when using one pin less. Again, in terms of accuracy
and time, three rows seems to be the optimum choice.
Referred to this port, the normalized input impedance of the structure is
Zln =

1 + S11
1 − S11

(10.2)

In order to obtain the required S11 parameter, the structure depicted in Fig.
10.6(b) has been simulated. In such schematic, it can be seen the PMC boundary
planes at the lateral sides of the structure (providing periodicity by means of image
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theory), the unique port of the structure, and the reference plane at the first pin
row, which is, actually, the lateral side of the propagation channel in a GGW. The
S11 is easily obtained at such reference plane by de-embedding, and using (10.2),
the normalized impedance Zln is calculated.
With the model of Fig. 10.6(b), only a lateral row of three pins and the vacuum
volume of the auxiliar feeding parallel-plate lp ×p×(hp +ha ) are discretized and solved
to determine its scattering parameters. Note that lp can be made as small as desired
and the discretizing cost of the auxiliary waveguide is negligible. For canonical
shapes further reductions in computing time are possible using the methods proposed
in [544] or [925] for instance. However, with current computation capacities, fullwave simulation of such small single-port structure is noticeably fast: 24 s. The
resulting normalized impedance obtained with this approach is shown in Fig. 10.7(a).
It can be appreciated that the periodic structure presents a reactance that exhibits
capacitive behavior at the beginning of the stopband, changing to inductive behavior
at the end of the stopband and crossing zero at f = 47.94 GHz.
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Figure 10.7: Results for the reference case. a) Lateral impedance Zl viewed at the first pin row;
b) Distance l at which a PEC wall would produce the same impedance as the one of the periodic
structure.

Let now recover the expression (9.47) describing the normalized input impedance
of the transmission line of characteristic impedance Z0 loaded with an impedance
Zl :
Zin = Z0

ZL + jZ0 tan(βl)
Z0 + jZL tan(βl)

(10.3)

If the transmission line is terminated with a short-circuit (ZL = 0), the input
impedance becomes
Zln = j tan(βp l)

(10.4)

hence
l=−

1
tan−1 (jZln )
βp

(10.5)

where βp is the propagation constant of the lateral parallel-plate waveguide feeding the structure with three pins. Therefore, at a distance l from the reference plane,
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short-circuit conditions take place. As a consequence, the GGW is equivalent to a
rectangular waveguide having lateral walls positioned at a distance that depends on
Zln (and therefore, on the frequency value). Such virtual rectangular waveguide has
a width a0 = a + 2l, see again Fig. 10.6(a).
Since for small arguments the function tan−1 (x) is almost linear and the βp
variation with frequency is small compared with the Zl frequency variation, the
behavior of both Zl and l is quite similar. Depending on the sign of l, the GGW
will be equivalent to a smaller (l < 0) or a larger (l > 0) rectangular waveguide, as
shown in the inset of Fig. 10.7(b)

10.2.2

Results

10.2.2.1

Cutoff frequency

Results obtained by applying the previously described method start with the calculation of the cutoff frequency of the fundamental mode of a GGW. In the case of a
rectangular waveguide, this cutoff frequency is described by
fc =

c
2a

(10.6)

Since in the proposed model for the GGW the equivalent width a0 depends on
the frequency, the term fc will also have this dependence. For a given frequency
f0 , one has a0 (f0 ) and, from (10.6), fc (f0 ). In order to obtain the cutoff frequency
for the GGW, a zero-finding routine is applied to y(f ) = fc (f ) − f . The zero of
y(f ) gives the cutoff frequency of the GGW being that it is found the frequency f ∗
at which the GGW is equivalent to a rectangular waveguide which cutoff frequency
is fc = f ∗ , i. e., at which the GGW is equivalent to a rectangular waveguide that
is exactly at cutoff. By applying this procedure, the cutoff of the GGW has been
calculated as a function of the propagation channel width a. Results are displayed
in Fig. 10.8, and compared with the GGW cutoff frequency calculated by full-wave
solving the eigenvalue problem. The cutoff frequency of a rectangular waveguide
is added to the plot as well for comparison purposes. It can be appreciated very
good agreement between the proposed method and full-wave solving of the eigenvalue problem. Notice that for each width one eigenvalue problem must be solved.
Contrarily, the proposed method results fast inasmuch as the simulation to calculate Zl (then l) is very short, and the cost of the zero-finding routine is negligible.
Alternatively, assume direct equivalence between GGW and rectangular waveguide
cause important errors on the calculated cutoff frequency, specially in the case of
large widths, for which |l| is considerable.
10.2.2.2

Dispersion diagram

The complete dispersion diagram of the GGW is obtained now. From the previous
discussion it is deduced that propagation and attenuation constants of a GGW can
be obtained through the standard rectangular waveguide formulas:
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Figure 10.8: Cutoff frequency fc vs. waveguide width a.
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f ≥ fc

(10.7)

f < fc

(10.8)

By applying the above expressions, the propagation and attenuation constant has
been calculated for the six widths considered in Fig. 10.2. Results are displayed in
Fig. 10.9 together with those obtained by using other techniques based on intensive
full-wave simulations (i.e., the one based on eigenvalues and the one using field
evaluation). Rectangular waveguide curves are added as well for comparison. It
can be observed how the presented method shows good agreement with full-wave
simulations. Only slight difference are observed in the attenuation constant for the
smallest a case (Fig. 10.9(a)) when the operation frequency is far from cutoff. The
lower attenuation constant provided by analysis of the field in full-wave simulations
is probably caused by the reflections on the sides that have relative influence for
such high attenuation rates (600 Np/m) and beyond. Therefore, it could be even
said that the presented method results, indeed, more reliable to calculate the global
attenuation constant of the structure, being that the difference is caused by rather
local effects. Nevertheless, note that, furthermore, such region of the dispersion
diagram in the evanescent regime is useless for evanescent components design. In
fact, the design region will always be much closer to the cutoff frequency, where
reasonable small values of the attenuation allow for effective reactive energy coupling
in such devices.
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In addition, the presented model gives an interesting physical insight, being that
it is possible to understand the shape of the GGW dispersion curves from the rectangular waveguide ones. Above cutoff, as a0 grows with the frequency, (10.7)implies for
the GGW that β grows with the frequency faster than for the rectangular waveguide
case. When the term k 2 is large compared with (π/a)2 , the variation of a0 is less
significant, and the propagation behavior is similar to that of a standard rectangular
waveguide. This occurs for large values of a and high frequencies.
Below cutoff, as frequency is reduced, the term k 2 becomes small compared with
(π/a0 )2 . Thus, with regard to (10.8), α exhibits growth with the decrease of a0 with
the frequency. This effect explains why the α curve of the GGW does not exhibit a
reduction of its slope, as it occurs with the rectangular when the frequency decreases.
Therefore, below cutoff, the error introduced by the assumption of the rectangular
waveguide as an equivalent GGW with the same propagation channel dimensions
is caused by the fact that the frequency variation of the reactance imposed by the
periodic structure has a larger influence in relative terms.
Finally, it is worth noting that, due to the Foster reactance theorem [926], the
lateral reactance will always monotonically increase with the frequency. This, translated through (10.4) and (10.5), gives that the GGW will always exhibit greater or
equal dispersion than the equivalent rectangular waveguide. Nevertheless, the topic
of non-Foster active metamaterials is widely treated these days [927]-[929]. The idea
of creating a waveguide with similar loss than the rectangular waveguide but less
dispersive is tentative, and an interesting future work line may be foreseen from
merging the results in here with such research topic.
10.2.2.3

Extreme GGW geometries

So far, the proposed method has shown good accuracy for the several cases of a
considered, with the fixed periodic structure of the reference case, see Table 10.1.
However, it is desirable to check its performance for different geometries of the periodic structure. In this sense, the method has been applied to several geometries,
obtaining good results, which proves its robustness front the periodic structure geometry. Here, the results of two extreme cases, A and B, are reported as a proof of
this fact. The periodic structure parameters of such cases are listed in Table 10.2.
Fig. 10.10 shows the attenuation and dispersion curves for these cases, comparing
the results of the proposed method with those of the eigenvalue and whole GGW
section full-wave simulations for a fixed width a = 4.72 mm. The rectangular waveguide curves and the reference case curves are added for comparison. In addition, the
plot include insets showing the analyzed geometries. As can be observed, the case
A consists of a structure with thin pins, sparsely distributed, and with the top plate
located far from the pins top. The case B consists of a structure with thick pins and
with the top plate located very close to the pins top. It is noted that the distance
ha between the pins top and the top plate is the most influential parameter in the
periodic structure reactance characteristics.
The case A implies a narrow stopband ([34 GHz-39.4 GHz], RBW = 14.7 %). As
a consequence, the waveguide turns very dispersive for such design. To understand
this behaviour, notice that Zln start to diverge at the limiting frequencies of the
stopband (towards −j∞ at the lower limit and towars +j∞ at the upper limit).
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Figure 10.9: Propagation and attenuation constant of the rectangular waveguide and the GGW,
comparing several GGW analysis methods: inspection of the field in full-wave simulations of a
whole GGW structure, eigenvalue analysis applied to a period, and the proposed method in this
thesis. a) a = 2.80 mm; b) a = 3.44 mm; c) a = 4.08 mm; d) a = 4.72 mm; e) a = 5.36 mm; f)
a = 6.00 mm.

Therefore, the excursion of Zln (hence the excursion of l) is compressed to a narrower bandwidth, what enhances the dispersive effects introduced by the periodic
structure, and which have been explained previously by analyzing (10.7) and (10.8).
Despite of this fact, the proposed model perfectly recovers the dispersion curves
of the GGW starting from the rectangular waveguide ones. Notice that this has
been possible even though the difference between the curves of both waveguides is
noticeably large in this case.
549

Chapter 10. Groove Gap Waveguide (GGW) components
Parameter
Reference
Case A
Case B

p
0.9 mm
1.3 mm
3 mm

wp
0.3 mm
0.1 mm
1.15 mm

hp
2.4 mm
2 mm
2.6 mm

ha
0.375 mm
1.8 mm
0.1 mm

STOPBAND
28.1 GHz-52.9 GHz
34 GHz-39.4 GHz
15 GHz-54.4 GHz

Table 10.2: Analyzed alternative periodic structures.
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Figure 10.10: Propagation and attenuation constants of a GGW with a = 4.72 mm for two
different cases (A and B) of the pin structure, comparing several calculation methods (field -F-,
eigenvalue -EV-, proposed method -PM-). Case A: w = 0.1 mm, p = 1.3 mm, hp = 2 mm, and
ha = 1.8 mm. Case B: w = 1.15 mm, p = 3 mm, hp = 2.6 mm, and ha = 0.1 mm. Rectangular
waveguide curves and the reference GGW curves have been added for comparison. Also, images
of the unit cells of the different geometries are included. GGW curves are only depicted inside the
corresponding stopband for each case.

Contrarily, the case B implies a wide stopband ([15 GHz-54.4 GHz], RBW =
88.1 %). Therefore, the dispersive effects introduced by the pins at the sides of the
waveguiding channel are alleviated, and the GGW has dispersion characteristics close
to those of the rectangular waveguide. However, this geometry infers an inductive
behavior on Zln , which causes the GGW to be larger than the rectangular waveguide
in terms of effective area, i. e., l is positive for most of the stopband (notice how
the curve of case B intersects the rectangular waveguide curve far below cutoff. As
a result, also in this case, the rectangular waveguide is not a good approximation,
especially in the propagation region, whereas the proposed method keeps its good
accuracy.
The presented method has shown good performance even for the previous extreme cases, indicating that the proposed model and procedure are not only fast
and accurate, but also robust. Thus, it can be used for pin structure optimiza550
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Field (full structure)
Eigenvalue (only β)
Proposed Method

Computation time
1380 s
4230 s
24 s

Recalculation for different a
YES
YES
NO

Table 10.3: Comparison of CPU times.

tion purposes in a dispersion synthesis task, considering a wide range of geometries.
Furthermore, in this section, as part of the validation of the proposed model, extreme geometries for the GGW has been considered for the first time, revealing
undiscovered dispersion engineering possibilities of this waveguide. In this sense,
an interesting future work line is foreseen which, furthermore, may strongly benefit
from the efficiency of the model presented here.
10.2.2.4

Computation efficiency evaluation

To end this section, a computation efficiency evaluation is carried out to give quantification of the advances of the method front conventional full-wave simulations
provided by general purpose commercial solvers. The used computing machine incorporates an Intel Xenon CPU E3-1245 @ 3.40 GHz and 16 GB of RAM memory.
Results shown in Table 10.3 correspond to the computation time given by CSTr
for each case. The efficiency of the proposed method with regard to the other cases
is clear. The simulation of a whole section of the GGW structure to later analyze
the fields inside results in a heavy task because of the structure size. In addition,
a thoughful post-processing is required, especially in the calculations involving the
field at different frequencies (this additional effort has not been included in the
comparison table).
On the other hand, the solution of an eigenvalue problem is cumbersome by
nature [916]. Note that, in order to recover the requested data properly, several phase
shifts and additional modes must be computed. Moreover, there is not possibility
of solving the structure below cutoff with an eigenvalue simulation. Actually, the
computation time reflected in the table corresponds exclusively to the calculation of
the propagation constant.
Finally, the second column of Table 10.3 highlights a useful feature of this method
front conventional analysis techniques. Note that, since the lateral impedance is
independent of a, the same calculated values can be applied for different waveguide
widths. This means that, for instance, the cost of obtaining the dispersion data
of all the plots of Fig. 10.9 is the same as the one requested for a single plot.
Contrarily, either in the eigenvalue problem or the whole GGW section analysis, a
new simulation must be carried every time that a changes, as the analyzed structure
changes. This feature results specially interesting for the design of more advanced
components, e. g., filters, where GGWs of different widths are involved, since the
lateral impedance data can be incorporated into a commercial solver in order to carry
out the design using equivalent rectangular waveguide geometries. The computation
effort will be noticeably reduced by such procedure, opening the door to the design
of more complex GGW structures, today difficult to optimize due to the prohibitive
computational times.
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10.2.3

Experimental validation

So far the proposed model has been validated by means of full-wave simulations.
In this section, experimental validation of the results will be presented. To do so,
two TRL [791] calibration kits corresponding to the GGW widths a = 4.08 mm and
a = 5.36 mm have been manufactured through an in-house process using a DATRON
M25 milling system. Figs. 10.11(a) and 10.11(b) show the bottom and top pieces,
respectively, for one of the two fabricated calibration kits. A perspective view of
the bottom piece, where the metal pins can be clearly appreciated, is shown in Fig.
10.11(c). The use of the two different considered widths allows to further check that
the presented method is properly obtaining the propagation constant for different
values of the width a, and in both operating regions, below and above cutoff.

(a)

(b)

(c)

(d)

Figure 10.11: One of the two manufactured TRL calibration kits. a) Bottom piece containing the
pins; b) Top piece; c) Perspective view of the bottom piece. d) Assembled complete piece including
the feeding by means of a WR-22 rectangular to 2.44 mm coaxial transition.

The corresponding measurements have been performed using a Keysight PNA
N5227A network analyzer. The measurement setup is shown in Fig. 10.12. Note
that the TRL calibration algorithm due to itself procedure allows to recover the
complex propagation constant γ = α + jβ of each waveguide as a part of the calibration process (see [791] for details). Therefore, the TRL calibration kits allow
to recover the propagation constant (or attenuation constant of if the waveguide
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operates below cutoff) for the cases a = 4.08 mm and a = 5.36 mm. Comparisons
between measured data and previous results (obtained with different analysis methods: eigenvalue problem, analysis of fields in a whole GGW section, and the proposed
method) are shown in Figs. 10.13(a) and 10.13(b) for each case (a value). A good
agreement is observed between the results obtained with the proposed method and
the experimental curve. The slight frequency shift between both curves is justified
by the precision of the in-house process, which is estimated to be about ±10 µm in
the horizontal plane and ±30 µm in the vertical plane. Thus, the experimental results in this section confirms that the novel proposed model and procedure provides
a very accurate modeling of the GGWs.

Figure 10.12: Measurement setup.

In this first analysis section of the chapter dedicated to the GGW it has been
observed that the direct equivalent correspondence normally assumed between GGW
and rectangular waveguide is a rough approximation providing accurate results only
for some specific cases. The usual design procedure at the first stages of the design,
generally followed in the literature must be rethought. Exploration of several width
cases has revealed a frequency-dependent behavior of the GGW that has been missed
up to now. It has been also proved that the GGW is able to operate below cutoff
in a similar manner than the rectangular waveguide does. Nonetheless, it has been
confirmed that, in this region, differences between both waveguides are accentuated.
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Figure 10.13: Comparison between simulated and measured results. a) a = 4.08 mm; b) a = 5.36
mm.

Future work must explore the GGW possibilities in below cutoff operation, and carry
out evanescent component design.
The proposed method focus the origin of the difference between both waveguides:
the periodic structure. Through and independent analysis of the periodic structure,
the global influence of it is translated to a one each plane at both sides of the
propagation channel, hence giving an equivalence with the rectangular waveguide
that allows to recover the propagation (attenuation below cutoff) constant of the
GGW. Local effects of the field are not taken into account by the model, which can
be improved if this information is incorporated. This is a interesting future work
line that can drive to an even more powerful analysis tool.
As a part of the validation of the proposed model, the possibilities of the periodic structure geometry have been extensively explored, revealing GGW features
hidden up to now. The large number of degrees of freedom that the periodic structure provides turns the GGW in a rectangular waveguide with incredible dispersion
engineering possibilities. Without varying the propagation channel width a, a wide
range of dispersion curves can be achieved just adjusting the periodic structure parameters. Inclusion of active elements may even allow for unconventional features
(less dispersion than a rectangular waveguide). Therefore, the work in here opens
the door to a new research area exploring all this GGW possibilities. Notice that,
without an efficient analysis method such as that provided in this section, dispersion engineering with the GGW could be prohibitive costly in computational terms.
Moreover, fixed the periodic structure parameters, optimization of the width can
be carried out with the rectangular waveguide equivalent provided by the proposed
model, considerably reducing the simulation times. Therefore, complex designs such
large array antennas or high-order filters are to come with design procedures of no
much more complexity than those required for rectangular waveguide topologies.
By all of the above the presented equivalent rectangular waveguide model for the
GGW not only improves the design procedure, up to now cumbersome and timewasting, but provides a useful physical insight on the GGW characteristics. Several
possibilities have been revealed for this waveguide, opening the door to several future
work lines. The GGW must not be longer only regarded as an alternative to the
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rectangular waveguide to avoid metallic contact problems, but as a very versatile
waveguide due to the large degrees of freedom in the design.

10.3

Groove Gap Waveguide filters

In section 8.1.5.3, the challenges involved in the design process of narrow-band filters
were explained. Narrow-band filters are a critical (and expensive element) of any
communication system. The rectangular waveguide has been the common choice as
it provides the required low-loss feature to achieve high quality factor resonators,
able to work with high power levels and flexible coupling possibilities. When the
frequency increases undesired effects appear due to the bad metal contact effects
(e.g., leakage and PIM), manufacturing precision, and mechanical stability of the
required smaller pieces (as the wavelength is smaller). This leads to consider if any
alternative to the, otherwise well-suited, rectangular waveguide is available. At this
point, the GW technology enters from the hand of the GGW, which in the previous
section has been shown to have essentially the same basic propagation characteristics
as the rectangular waveguide (although in the previous section differences between
both waveguides are highlighted, it is obvious that they present the same kind of
basic features and it has been shown to be always possible to design a GGW with
very similar propagation characteristics to certain rectangular waveguide), however
provided by a different topology, which is exactly though to overcome the aforementioned problems.
In this section, the design of several GGW narrow-band filters and a performance
comparison with the rectangular waveguide topology is carried out. Related with
the previous arguments, the aim of the presented work is to show the potential of
GGW structures front the rectangular waveguide in a reliable way, so that it can be
stated with confidence and rightful reasons that, in some contexts, GGW topology
is the best option. Narrow-band filter design is a very suitable scenario for this task.
First, basics of narrow-band filter design theory are exposed in order to clarify the
lately followed procedures. Then, three designs are carried out. First, a Ka-band
4th -order filter, centered at f = 40 GHz is presented. Following the conclusions
of this first design, a more complex filter, operating at the V-band, rather designchallenging according to the literature, is presented. The second filter is a 5th -order
filter centered at f = 60 GHz. The third design is a 5th -order filter centered at f = 61
GHz that incorporates tuning elements to overcome the main observed problems of
the second design. Finally, a detailed comparison with the rectangular waveguide is
carried out taking the second design as reference. The same filter is designed with
the rectangular waveguide in H-plane, and both technologies are compared in several
aspects of their performance. In this way, the suitability of GGW technology is not
only proved from its good performance ranging from a first basic design at moderate
frequencies to a more advanced high-frequency design with tuning capabilities, but
the differences with the rectangular waveguide are quantified and main advantages
of GGW are clearly explained and justified.
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10.3.1

Narrow-band filter design basic theory and procedure

According to the good tutorial in narrow-band filter design of Swanson [782], the
term refers narrow-band to those filters with relative bandwidth RBW below 10%,
although sometimes the concept can be lawfully extended up to 20%. The designs
in this part of the thesis are conceived to provide a bandpass of only RBW =
2.5 %, hence the theory and procedures detailed next are well-suited for the posterior
presented designs.
In 1951, Dishal published a reference work for the microwave filter community,
[930], where it was established that any narrow-band bandpass filter, either based on
lumped or distributed elements can be described by three fundamental variables: the
synchronous tuning frequency of each resonator f0 , the coupling coefficient between
adjacent resonators, ki,i+1 , and the singly loaded or external quality factor of the first
and last resonators Qex . In that work, it was also demonstrated that filter hardware
could be tuned or aligned using knowledge of these fundamental parameters, i.e., by
proceeding with such parameters, physical insight is gained, and the filter response
is more easily controlled by the design engineer.
10.3.1.1

Chebyshev filters

At the time of Dishal’s work it was usual to use measurements ad hoc designed
experimental hardware to generate design curves for each of the aformentioned parameters. Since the emergence of EM solvers, this procedure is done by simulation
and, due today’s computational performance, it is a very simple and fast task. Several good general reviews and tutorials can be found elsewhere in the literature
[782], [931]-[932]. Here, the concepts and design flow procedure are related to the
particular case of all-pole Chebyshev response filters [933]. This type of response
is chosen for the posterior designs since it is the most selective among the basic
ones (ladder network synthesis is always possible) and it is quite habitual in practical implementations with not excessively high-performance specifications demand.
Transmission zeros should be included in the response otherwise, leading to more
advanced designs.
Generally, a bandpass filter specification includes the desired center frequency f0 ,
the relative bandwidth RBW (or alternatively the bandpass is explicitly specified),
the maximum insertion loss in the pass band and several required rejection levels in
the passband. It is very usual to find as well specification on the minimum return
loss in the passband which is directly related to the insertion loss ripple. In the
case of Chebyshev filters, the bandpass response is characterized by a constant,
specified ripple. From a system level design point of view, at least RL = 15 dB
is demanded to avoid mismatch ripple when components are cascaded. Once the
passband ripple level is determined, the filter order N can be estimated based on
the desired stopband rejection. The well-known graphs and equations in the book of
Matthaei and Jones [934] result useful for this task. Nevertheless, such graphs and
equations assume ideal symmetrical Chebyshev response, which is not the case of
most of real microwave filters, usually presenting some asymmetry. Therefore, the
required order may be generally higher (sometimes lower [782]) than the originally
estimated. Finally, once the order N is determined, either by tables or equations,
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the normalized lowpass prototype values can be found. A good design table for a
ripple R = 0.036 dB (RL = 20.8 dB) can be found in in [782]). The exact equations
and procedure for the general case are listed next.
Given the ripple R the following quantities are sequentially derived:
1
√
10(RL/10) − 1
p
s =
1 + ε2


s+1
β = ln
s−1
β
)
γ = sinh(
2N
ε

=

(10.9)
(10.10)
(10.11)
(10.12)
(10.13)

Then, the filter coefficients ak and bk are determined as:

2k − 1
π
2N
kπ
= γ 2 + sin2 ( )
N


ak
bk

=

sin

k = 1, . . . , N
k = 1, . . . , N

(10.14)
(10.15)
(10.16)

so that the normalized element values of the ladder network configuration can
be finally determined as:
g0
g1
gk
gN +1

=

1
2a1
=
γ
4ak−1 ak
=
bk−1 gk−1
(
1
=
(ε + s)2

(10.17)
(10.18)
k = 2, . . . , N
N
N

odd
even

(10.19)
(10.20)

The normalized elements gi indicate the required coupling coefficients between
adjacent resonators and the external quality factors of the first and last resonators:

ki,i+1

=

Qex1

=

QexN

=

RBW
√
gi · gi+1
g0 g1
RBW
gN gN +1
RBW

i = 1, . . . , (N − 1)

(10.21)
(10.22)
(10.23)
(10.24)
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The design procedure consists in adjusting the filter dimensions to achieve the
previous values together with the resonance frequency of the resonators. Therefore, auxiliary simpler subcircuits are analyzed to determine the relationship between the physical geometric parameters and the main variables describing the filter:
(fres , ki,i+1 , Qex ). By this, a first design is obtained. Due to the approximated approach of the procedure it is usual that such design do not satisfy the specifications,
but it is close enough to alleviate the optimization process.
10.3.1.2

Resonance frequency

The first step is to adjust the resonance frequency fres of the different resonators
forming the filter so that all them synchronous resonate, in principle, at the central
frequency of the passband. This procedure is illustrated in Fig. 10.14(a). Generally,
every geometrical parameter is fixed except one which is parametrized to tune fres
until it is set to f0 . Nevertheless, it is worth to mention that the other parameters
can influence on the resonance sharpness, i.e., in the unloaded quality factor of the
resonator Qu . The quality factor is quite relevant being that the insertion losses are
directly related to it by the following expression:
IL (dB) =

N
N
4.343 X
4.343f0 X
gi =
gi
∆f Qu i=1
RBW Qu i=1

(10.25)

Therefore, since insertion losses are inversely proportional to RBW and Qu , and
they increase with the order of the filter, for high-order narrow-band filters, it is
recommendable to look for low-loss structures, and given a chosen topology, try to
maximize Qu by tuning the involved geometrical parameters.

(a)

(b)

Figure 10.14: Design of the filter resonators. The resonator geometrical dimensions are adjusted
to provide the desired resonance frequency fres .

10.3.1.3

Coupling coefficient

The coupling between adjacent resonators is controlled by a particular coupling
element which geometrical parameters are properly chosen. As before, for simplicity,
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it is usual to work with only one geometrical parameter. The upper part of Fig. 10.15
shows an schematic representing the coupling between two resonators, controlled by
the parameter w. To calculate the coupling two alternative procedures are possible.

Figure 10.15: Design of the coupling elements.

The first possible procedure is illustrated in Fig. 10.15. It consists in considering
the symmetry plane (SP) between the coupled resonators and study two cases: the
symmetry plane as a PMC, and the symmetry plane as a PEC. For each case, the
resonance frequency of an unloaded resonator including one halve of the coupling element terminated with the corresponding boundary (PEC or PMC). These resonance
frequencies are named as fm and fe for the cases of PMC and PEC, respectively.
The coupling coefficient is then calculated with the following expression [782]:
k=

2
fm
− fe2
2 + f2
fm
e

(10.26)

Alternatively, a second way to obtain the coupling coefficient by analyzing the
transmission response of a two port network that includes the two coupled resonators,
Fig. 10.16(a). It is important to weakly feed the structure at both ports to guarantee
loose coupling between them. The S21 (alternatively S12 by reciprocity) of the
structure presents two peaks and a valley between them. A good practice is to
provide a feeding weak enough so that the valley should be below -30 dB [782].
Once the two resonance frequencies f1 and f2 are found, the coupling coefficient is
calculated with the following expression:
k=

f22 − f12
f22 + f12

(10.27)

In fact, it should be satisfied that f1 = fe and f2 = fm . The use of one of other
procedure depends on the structure analysis features. Originally, when the design
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(a)

(b)

Figure 10.16: Design of the coupling elements (alternative).

curves were obtained experimentally, the first procedure sometimes presented drawbacks due to the difficulty of experimentally implement PMC and PEC conditions.
With the current EM solvers, the main difference between the two techniques is
that the first one demands from two independent eigenvalue simulations, whereas
the second one requires a conventional simulation to obtain the S-parameters of a
structure that is double larger than those of the eigenvalue simulation and includes
input and output feeding. In general, both options are implementable and quite fast
solved.
10.3.1.4

External quality factor

The external quality factor Qex measures how the external feeding perturbs the ideal
operation of an isolated resonator, Fig. 10.17(a). The dimensions and the geometrical location of the feeding structure determines the strength of the perturbation.
As before, several parameters influence Qex , being recommendable to fix all of them
except one to be tuned. When one resonator is connected to an external excitation
source, the S11 of such single-port structure is:
S11 =

1 − jQex (2∆f /f0 )
1 − jQex (2∆f /f0 )

(10.28)

where ∆f is the frequency displacement caused by loading the resonator. Since
losses are not considered, it is always satisfied that |S11 | = 1. However, according
to (10.28), it is found that the S11 phase changes depending on the frequency displacement ∆f , see Fig. 10.17(b). Note now that if ∆f = ±f0 /2Qex in (10.28), the
S11 phase is equal to 90 degrees. This implies that
Qex =

f0
∆f±90◦
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(a)

(b)

(c)

Figure 10.17: Design of the external coupling.

Therefore, as Fig. 10.17(b) illustrates, the procedure consists in simulating the
loaded resonator and look for the S11 phase at the central frequency f0 . This phase
is not necessarily zero, but certain value φ0 . Then, they are searched the frequencies
f − and f + at which the phase of the S11 is φ0 + 90◦ and φ0 − 90◦ , respectively.
Finally, ∆f±90◦ = f + − f − and (10.29) can be applied.
Alternatively, Qext can be extracted from the S11 group delay at the resonance
frequency f0 . Note that the group delay is defined as:
τS11 = −

1 ∂φS11
2π ∂f

(10.30)

where φS11 is the S11 phase. Notice that, according to (10.28), φS11 of a loaded
resonator is:


2Qe ∆(f )
(10.31)
φS11 = −2 tan−1
f0
expression, that applied to (10.30) gives
τS11 (f ) =

2Qex
1
πf0 1 + (2Qex ∆f /f0 )2

(10.32)

By inspection of the previous expression it is evident that the maximum group
delay is found when ∆f = 0, i.e, at the resonance frequency (f = f0 ). Therefore,
τS11 (f0 ) =

2Qex
πf0

(10.33)

hence
Qex =

πf τ
2

(10.34)

Fig. 10.17(c) illustrates the typical S11 group delay response where it must be
found the value τ0 = τ (f0 ) to calculate Qex . Although both alternatives imply the
same analysis, and, usually, the required data for both of them are provided as a
result of the same simulation, the last one using the group delay is preferred for
practical reasons. The post-processing of the group delay data is easier and more
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automatic than that of the phase data. For instance, it is not necessary to deal with
±180◦ phase jumps, and the location the peak of the curve is usually precise and
simple. It is noted that as the perturbation of the cavity is varied, both, the peak
level τ0 and the peak location f0 , change. This implies that the cavity dimensions
must be modified to satisfy f0 = fres for every considered case of the perturbation
in the derivation of the Qex design chart.
10.3.1.5

Optimization process

The described procedure gives a design that is close but most probably will not satisfy
the specifications. Further optimization is generally required from the obtained
starting point. Optimization is a cumbersome topic, with large amount of research
already carried out and a lot more to come since there is not a general procedure
suitable for all kind of problems. For instance, the famous ”no free lunch” theorem
[935] establishes that any two different algorithms perform equivalent when their
performance is averaged across all possible problems. In fact, for most cases, absolute
guidelines cannot be assumed even when the type of problem is quite definite. In
general, know-how of the problem and a good grade of algorithm tailoring is required.
Basic, general development of the topic can be found in [528], [936]-[937]. Here, only
few, brief observations are pointed out.
Electromagnetic problems are in general highly non-linear and demanding from
global optimization due to the large number of local minima [938]. This is specially
true in filter design for filters of certain order due to the large number of parameters, i. e., optimization space dimension [939]-[940]. Since principles of convexity,
differentiability and accuracy (how accurately is the error function calculated) are
clearly violated in electromagnetic global optimization, it is generally not adequate
to use classical local optimization algorithms such as conjugate gradient variants
[941]-[942], or quasi-Newton variants [943]-[944], except for refining the solution (if
it makes sense according to the manufacturing precision). Nevertheless, it must be
mentioned that the Nelder-Mead simplex method [945], which is a local optimization algorithm works quite well in the described context. While the gradient-based
or quasi-Newton based methods pursue obstinately the best direction, rushing to
the optimum, contrarily, the simplex method avoids the worst direction. Thanks
to this strategy the simplex algorithm becomes quite robust front ill-posed global
optimization problems at the cost of convergence velocity, being this last a useless
feature if convergence to the right solution is very difficult to ensure.
On the other hand, a huge number of global optimization algorithms have been
considered in the recent years [946]-[947], mainly inspired in biological, physical and
geographical processes. In electromagnetic synthesis problems and, in filter design
in particular, Genetic Algorithms (GAs) [948]-[950], and Particle Swarm Optimization (PSO) [951]-[953] have been reported as interesting optimization strategies. A
good point of these techniques is that they present apprecible robustness and can
be tailored with a good number of parameters, becoming adjusted to the problem
to solve. However, despite of the fact that GA optimization has attracted lot of
attention, it must highlighted that it has discrete nature, what demands of adequate
coding schemes and does not always guarantee good improvement from points close
to the minimum in the continuum space. In this sense PSO seems to be more ade562
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quate. A good comparison between both methods can be found in [954]. From these
techniques it is highlighted that convergence velocity can be extremely slow and
poor solutions are obtained unless the algorithm is well fitted to the problem. This
implies that the user must know quite well the mechanisms underlying the algorithm
to properly program it.
Finally, hybrid techniques using surrogate models such as the well-known Space
Mapping (SM) methods [850], [955]-[956], or the use rational models [852], must be
mentioned apart. More in general, Neural Networks (NN) [957]-[959] belong to this
category of strategies. These techniques exploit a priori knowledge of the problem
and take advantage of simplified models (analytical in simple problems or empirical
in more complex ones) and how they relate to precise full-wave simulation (space
mapping). As a result, accurate optimization can be carried out faster by using any
of the previously mentioned optimization techniques in the optimization space of
the simplified model, where the evaluation of the error function is quick.
From the experience in this part of the thesis, the Nelder-Mead simplex method
has been found very useful in practice, providing robustness, ease of use and good
precision. In addition, when encountering convergence problems, hybridization with
simple PSO provides good improvement. It is found as well that using surrogate
models is a powerful technique that gives good control of the optimization besides
physical insight. In general, it can be said that success is guaranteed by the knowledge of the problem and the capability of tailoring the optimization techniques for it.
The use of surrogate models naturally follows this premise, whereas for the underlying optimization algorithm (which must be properly chosen), the engineer is quite
responsible of the algorithm performance. Finally it is recalled that good starting
point(s) facilitates noticeably the convergence and may even become indispensable
to achieve it in some cases.

10.3.2

GGW all-pole filter topology

In the previous section, the fundamental variables of a bandpass filter (synchronous
tuning frequency of each resonator fres , coupling between adjacent resonators ki , and
external quality factor of the first and last resonators Qex ) have been introduced and
related with the Chebyshev filter specifications. In addition, a procedure to relate
these variables with the actual filter geometry has been detailed. In this section, the
real GGW topologies implementing the functionalities described by such variables
are presented. These topologies conform the later presented GGW filters.

10.3.3

Resonating element: GGW cavities

The resonators are implemented by GGW cavities, Fig. 10.18. These cavities are
created in a similar way than in the rectangular waveguide case, however, the resonator boundaries are delimited by pins instead of metallic walls. The EBG effect
provided by the periodic structure avoids the waves to escape so that resonances
are created inside the structure. As it has been explained in section 10.1, three row
of pins are generally enough (see Fig. 10.18). However, since the number of rows
increases the total device size, sometimes only two rows may be considered as long
as the leakage does not affect the response in a notably way. The two geometrical
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parameters C and L defining the cavity are adjusted by moving the corresponding
blocks of pins at the sides. Beyond the differences between GGW and rectangular
waveguide, the properties and the way to proceed in the design this kind of cavities
is the same for both waveguides.

(a)

(b)

Figure 10.18: Resonating element: GGW cavities. a) 3D view; b) 2D view.

10.3.4

Coupling element: GGW inductive windows

The chosen coupling element is the GGW inductive window of Fig. 10.19. As
commented in the GW technology review, there are several alternative topologies
[835], [836]. However, that shown in Fig. 10.19 has been preferred to keep similarity
with rectangular waveguide designs. As in the case of the resonators, in the GGW,
the inductive window is implemented with pins instead of metallic walls, but the
geometrical shape is very similar. The parameter to adjust the coupling is the
window width w, that can be varied by moving the pin blocks defining it.

(a)

(b)

Figure 10.19: Coupling element: GGW inductive windows. a) 3D view; b) 2D view.
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10.3.5

Feeding element: Cavity inserted coaxial cable

The feeding to the structure is provided by means of a coaxial cable inserted in
the cavity, either by the top or by the bottom, however, the posterior sections
show that this last option is more suitable for practical implementations. In Figs.
10.20(a) and 10.20(b) it is shown a GGW cavity fed by a coaxial cable from the
bottom plate. To adjust the grade of perturbation the location of the feeding can
be adjusted by choosing its position (x0 , y0 ) relative to the cavity center, CC1 in the
schematic of Fig. 10.20(b). Although this adjustment can be done with only one
parameter, to consider the second one is a suitable option to control the grade of
variation in the tuning process. Fig. 10.20(c) shows a detail of the coaxial connector.
The employed connector consist on a coaxial cable with internal diameter dcon and
external diameter dtef lon . The inner conductor of the coaxial cable is terminated
with a protrusive metallic pin of diameter dpin . The length of this pin is T . As
an additional parameter, it is possible to consider the extra height of the coaxial
insertion z0 , see Fig. 10.20(c), so that the perturbation can be increased if that
produced by the protrusive metallic pin is not enough.

(a)

(b)

(c)

Figure 10.20: Feeding element: Cavity inserted coaxial cable. a) 3D view; b) 2D top view; c)
Coaxial cable detail.
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10.3.6

Design 1: 4th -order Ka-band filter at f = 40 GHz

The first design consists in a 4th -order Chebyshev filter operating in the Ka-band,
specifically, at f = 40 GHz. In this way, accordingly to the review of mm-wave
applications, the proposal is in the context of some future mobile applications and,
predominantly, of new-generation satellite communications. The work described in
this section is mainly contained in [840]. At the time of that publication, design
of GGW components in the Ka-band was pioneer and it could be said that this
design was a first contact with a work line that continues with the designs 2 and
3 in this chapter, in which further advances, consequence of the conclusions in this
first design, are applied.
First, the GGW to be the topological basis of the filter is designed. By applying
the geometrical parameters listed in Table 10.4, the dispersion diagram of Fig. 10.21
is obtained. In such plot, it can be appreciated a stopband between 26.4 GHz and
53 GHz, delimited by the unwanted modes of the parallel-plate waveguide formed by
the upper and bottom plates. The propagation constant of the GGW fundamental
mode is plotted in solid dark yellow, exhibiting the usual TE10 mode behavior in
rectangular waveguides. The propagation constant of a plane wave is plotted in blue
for reference purposes.
Parameter
Value (mm)

p
0.9

wp
0.3

hp
2.4

ha
0.375

a
4.7

Table 10.4: GGW geometrical parameters.

Figure 10.21: Dispersion diagram of the designed GGW. The stopband is delimited by the
unwanted parallel-plate cavity modes of the structure. The propagation constant of the dominant
mode is shown in dark yellow and the propagation constant of a plane wave, k0 , is shown in blue
as reference.

Fig. 10.22(a) shows the E-field lines (orientation and magnitude) on a a plane
transversal to the propagation. The usual TE10 sinusoidal form of a rectangular
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waveguide is obtained between the pins delimiting the propagation channel, with a
slight presence of local effects over the first row of pins, which are not influencing
the GGW behavior for the filter design purposes. Similarly, a plot of the electric
current on the top plate is displayed in Fig. 10.22(b). Note the particular feature
of the current, which, inherently to the design, does not exhibit any flow between
top and bottom pieces. Analysis of the fields inside the structure reveals that the
field is transversely attenuated 28 dB after the second row of pins and 52 dB after
the third row of pins. These values, together with previous considerations in GGW
filter design (the work [835] in Ku-band) lead to a first approach with a periodic
structure truncated after the second row of pins.

(a)

(b)

Figure 10.22: E-field and electric currents in the designed GGW. a) E-field on the plane transversal to propagation; b) Electric currents on the top metal plate.

10.3.6.1

Filter specifications

The filter specifications on the response are shown in Table 10.5. As it can be observed, since the response is narrow-band (RBW = 2.5%) the bandwidth extending
around the central frequency does not represent any challenge regarding the stopband coverage, usually presenting a much wider RBW . A ripple of R = 0.1 dB has
been chosen, which translates in return losses of RL > 16.42 dB. A moderate good
return loss figure for lower frequencies that may result more challenging to achieve
in the Ka-band. The ideal response with such specifications is shown in Fig. 10.23.
By following the procedure described in section 10.3.1 the normalized elements of
the low pass prototype are obtained:

Parameter
Value

Frequency f0
40 GHz

Relative Bandwidth (RBW)
[39.5 GHz-40.5 GHz] (2.5%)

Table 10.5: Filter response specifications.
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0

0

S11 Ideal
S21 Ideal

-0.1

S21 (dB)

S-parameters

-5
-10
-15

-0.2
-0.3

-20
-0.4

-25
-30
38.5

39

39.5

40

40.5

41

-0.5
39.25

41.5

Frequency (GHz)

39.5

39.75

40

40.25

40.5

40.75

Frequency (GHz)

(a)

(b)

Figure 10.23: Ideal response. a) S-parameters; b) S21 (dB) detail.

g0

=

1

g1

=

1.109

g2

=

1.306

g3

=

1.770

g4

=

0.818

g5

=

1.355

These values imply through (10.21)-(10.23) that the required coupling coefficients
and external quality factors are:
Qex1

=

44.35

k12

=

0.021

k23

=

0.016

k34

=

0.021

QexN

=

44.35

Note that Qex1 = QexN and k12 = k34 , i. e., the filter is symmetric, due to the
imposed filter characteristics and specifications.
10.3.6.2

Filter design

Resonant cavity
To implement the resonators, the GGW cavity described in Fig. 10.18 is considered.
In order to synthesize the cavity, the dimension in x̂ is firstly fixed to L = 4.7 mm,
which is the width assigned to the GGW analyzed in Figs. 10.21 and 10.22. Then,
the cavity length is tuned until the resonance frequency is f = 40 GHz. This is
provided by C = 6.1 mm.
Coupling elements
The coupling elements are the inductive windows described in Fig. 10.19, but implemented with only two rows, see Fig. 10.24(a). The procedure of section 10.3.1.3
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is used to obtain the coupling factor as a function of the window size w. Results
are shown in Fig. 10.24(b). As usual, wider windows allow for larger coupling factors. The required coupling factors are easily obtained inside the considered range
of widths. Specifically, the required windows are w12 = w34 = 3.034 mm and
w23 = 2.919 mm.

(a)

(b)

Figure 10.24: Coupling factor k synthesis. a) Coupling structure; b) Coupling factor k vs.
window size w.

Feeding elements
A 2.4 mm coaxial connector (SouthWest Microwave1412-02SF) is selected as input/output filter excitation. The inserted pin of this connector presents a diameter
dpin = 0.254 mm and has a penetrating height of T = 1.27 mm (see Fig. 10.20(c)).
In this design, the filter is fed from the the top plate. The location in the ŷ direction
is firstly fixed between the 2nd and 3rd (starting from the left) pin columns of the
upper and bottom blocks of the cavity, see Fig. 10.25(a). Then, the offset x0 from
the central position in the x̂ direction is adjusted to vary Qex , see Fig. 10.25(a).
Results of this study are plotted in Fig. 10.25(b). The required Qex is achieved
with x0 = 1.53 mm. As an additional comment, note that ∂Qex /∂x0 is low on x0 ,
otherwise Qex would be excessively sensitive to x0 what could difficult the response
synthesis and increase the manufacturing errors effects. If that was the case, other
position in the ŷ, displacing the connector to the cavity center (where the fields are
maximum) would be required so that lower Qex values were obtained for the same
range of x0 .
Complete filter
The complete filter structure is shown in Fig. 10.26. Since several parameters
have been fixed parameters and the filter presents symmetry, the only parameters
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(a)

(b)

Figure 10.25: External quality factor Qex synthesis. a) Feeding structure (top view); b) External
quality factor Qex vs. connector position x0 .

Parameter
Initial value (mm)
Optimum value (mm)

C1
6.1
5.73

C2
6.1
5.36

w12
3.034
3.08

w23
2.919
2.97

x0
1.53
1.31

Table 10.6: Filter optimization parameters.

included in the optimization process are those shown in Fig. 10.26(b). As it can be
appreciated, the feeding locations present a double symmetry one from the other,
i. e., the input is closer to one of the sides and the output is closer to the other.
This has not influence on the filter performance (single symmetry could have been
used), however, this allows from a slight larger separation between the connectors,
what facilitates the measurement process. The previous procedure has provided an
initial design with the parameter values listed in the first row of Table 10.6. Since
the procedure presents some implicit approximations, simulation of the filter with
the initial geometric values provides a response that does not satisfy the proposed
specifications. Nevertheless, the optimization process results simple and fast being
that such initial design is close enough to the optimum one. In a first approach1
it is used FEST3Dr [960], which implements the BI-RME method [544], [575],
hence results very efficient. With a small CPU effort, a filter design with a suitable
response is obtained. The optimum values for the optimization variables are listed
in the second row of Table 10.6. The optimum simulated response, which satisfy the
specifications, is represented in Fig. 10.27.
10.3.6.3

Manufactured prototype and measurements

A prototype has been manufactured in aluminum by means of an in-house process
using a Datronr M25 milling machine system. Figs. 10.28(a) and 10.28(b) show
1 Note that the presented design is previous to the analysis method exposed in section 10.2 so
that method is not used here.
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(a)

(b)

Figure 10.26: Final structure: four cavity GGW filter. a) 3D view; b) Top view.

pictures of this prototype. As it can be appreciated in Fig. 10.28(a), the filter
is made of two parts: a lower metal plate that contains the pins surface and an
upper metal flat plate with two holes for the input and ouput connectors. These two
parts are distant by four supports located at the filter corners, which means that
the end walls are kept open, see Fig. 10.28(b). Although this is not necessary, i.
e., the filter could be totally packaged without any negative effect (note that pins
prevent from field leakage), this design has been preferred to explicitly show that
the fields are confined inside the filter layout defined by the pins without significant
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Figure 10.27: Comparison between the optimum simulated response and measured results.

leakage. In addition, the system of screws is a simple one, implemented for fixing and
alignement purposes, contrary to those employed for rectangular waveguide filters,
which require more screws and careful pressure to ensure contact between pieces
along all the metallic surface joint between the pieces.

(a)

(b)

Figure 10.28: Manufactured prototype. a) Assembled filter; b) Detail of the different pieces that
compose the structure.

The measured response is as well plotted in Fig. 10.27 to be compared with the
previous simulations. Although the S-parameters aspect is close to what is expected,
including good return losses, it is found a frequency displacement of about ∆f = 0.4
GHz towards lower frequencies. In addition, measurement reveals insertion losses
of IL = 1.352 dB (IL = 1.091 dB subtracting the losses introduced by the coaxial
572

10.3 Groove Gap Waveguide filters
connectors) which are not present in the FEST3Dr simulation, being that ohmic
losses and potential residual leakage of the structure are not taken into account by
the BI-RME method. The measured value of insertion losses implies through (10.25)
an equivalent quality factor of Q = 960, which, although moderate, is far from the
expectations since a rectangular waveguide could reach (in theory) Q = 3928 at the
considered central frequency (f = 40 GHz).
In order to identify the source of the frequency displacement issue, a dimensional
analysis has been performed with the manufactured pieces by means of a SEM
microscope. Fig. 10.29(a) shows the microscope top view image of the bottom piece
with the pins, where the roughness caused by the milling machine can be clearly
appreciated. In Fig. 10.29(b), a detail of one of the manufactured pins is shown.
As it can be read in the indicators of the left corner of the image, the pin width is
approximately wp = 0.25 mm instead of the supposed wp = 0.3 mm. Observation of
several randomly chosen pins confirms this systematic deviation, which seems to be
caused by vibration movements of the milling cutter that lead to excessive cutting
of the pins. This explains the obtained response: since the pins are cut in excess
and made narrower, the obtained GGW cavities are larger than the simulated ones,
what implies a frequency displacement of the response towards lower frequencies.

(a)

(b)

Figure 10.29: Manufacturing errors analysis. a) Top view image of the manufactured bottom
piece; b) Detail of a manufactured pin.

With the aim of taking into account this effect, together with ohmic and leakage
losses, a simulation using the commercial solver HFSSr is carried out. Results
of this new simulation are shown in Fig. 10.30 together with the measurements.
With this simulation, more precise, good agreement with the measured response is
observed. This agreement suggests that, since the identified manufacturing errors
have an important systematic component, taking control over them may lead to
experimental results satisfying the specifications. For instance, inasmuch as it has
been observed that the milling cutter is overcutting the pins, a larger wp can be sent
to the machine to compensate this effect.
Regarding to the insertion losses, on the one hand, the obtained value of approximately IL = 1.1 dB results competitive with the state of the art in the Ka-band given
the filter order and RBW (see for instance current results with microstrip technol573
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Figure 10.30: Comparison between the simulated response taking into account the manufacturing
errors and the measured results.

ogy [961]-[962] or SIW technology [919]-[920], [963]-[964]). Obviously, the non-planar
feature of GGW structure and the absence of dielectrics in them provides inherently
a better performance in terms of losses compared to planar topologies. On the other
hand, the obtained equivalent quality factor for the GGW resonators is still far from
the quality factor for rectangular waveguide cavities (even taken into account the
manufactured rectangular waveguide cavities reach only 65% − 80% of their theoretical value [704]). This suggests a further study to determine the source of this large
difference between GGW and rectangular waveguide in terms of insertion losses.
Inspection of the possible leakage due to the truncation of the periodic structure
reveals that this is, indeed, the cause of the obtained insertion losses, higher than
expected for a GGW design. To reveal the effect of this leakage, full-wave simulations
considering three and four rows of pins have been done and a prototype incorporating
three rows has been manufactured. These new results are plotted in Fig. 10.31
together with the initial simulation with two pin rows and the measured results.
The simulated results indicate that values of only IL = 0.42 dB and IL = 0.39
dB are obtained with three and four pin rows, respectively. This is a considerable
improvement from the simulated IL = 1.1 dB of the original filter with a periodic
structure truncated after two pin rows. In addition, note that the agreement between
simulation and measurements is very good regarding the insertion loss level. This
suggests that avoiding possible leakage by proper choosing an enough number of pin
rows may lead to very competitive filters. Note that IL = 0.42 would imply an
equivalent quality factor of Q = 2630.
The previous results indicate, on the one hand, that the manufacturing process
must be supervised to eliminate, at least, systematic errors. This occurs due to
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Figure 10.31: Analysis of the effect of the number of rows on the insertion loss of the filter.

the high sensibility of high-frequency devices to manufacturing errors. On the other
hand, three or more rows seem necessary for high-frequency (Ka-band and beyond)
GGW devices. If these premises are followed and the observed issues are avoided,
GGW narrow-band filters could reach a very competitive performance. In order to
evaluate the suitability of GGW topology front other options such classical technologies and alternative GWs, a study of losses has been performed at f = 40 GHz.
Several cavities of length L = 3/2λg have been considered. From the obtained quality factor, the propagation losses has been calculated by the quality factor method
(see [796], [800] for details). Results of this study are shown in table 10.7. As it
can be observed, in the Ka-band, the simulated GGW cavities quality factor reach
almost 75% of their rectangular waveguide counterparts, a percentage that may
considerably be increased (even to the point of having QGGW > QRW G ) in manufactured prototypes according to the conclusions in [800], and previous observed
degradation of manufactured rectangular waveguides [704]. However, a reliable proof
of this predicted fact is necessary in order to rightfully confirm GGW as a suitable
alternative to the rectangular waveguide for implementing mm-wave narrow-band
filters. In addition, results in Table 10.7 also indicate that GGW is clearly the most
suitable structure among GWs in terms of losses. Nevertheless, RGW and SSGW
show competitive values given the operation frequency, with a performance much
higher than their reference classical counterpart structures such as the microstrip
line.
Finally, in order to remark the competitiveness of the present design regarding
the current state of the art, Table 10.8 shows a comparison between several recent
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Structure
Rectangular Waveguide
GGW (four rows)
Microstrip Line
RGW
SSGW

Quality Factor (Q)
3928
2893
243
976
686

Losses (dB/cm)
1.4
2.1
29.2
3.9
5.7

Table 10.7: Comparison of losses for several waveguides (simulated).

narrow-band filter proposals in the Ka-band, including different technologies: microstrip line, SIW, rectangular waveguide (WR-28), and the proposed Design 1 using
GGW. The main indicator of performance is the equivalent quality factor Qeq which
is obtained from the order of the filter N , the insertion losses IL and the relative
bandwidth RBW and allows to realize a proper comparison between the different
designs2 . Return losses and the evaluation of a possible frequency shifts in the response complete the features to observe when comparing the studied designs. As
it can be observed, microstrip designs (see first two rows in Table 10.8) present a
low Q besides slightly poor RL and an appreciable frequency shift. Therefore, it
can be stated that NBF designs with this technology may result quite challenging
at Ka-band frequencies even for permissive specifications cases. Properly manufactured, SIW technology allows for a moderate Q that can be close to 500. The return
losses are good as well and small frequency shifts are appreciated on the measured
responses. Therefore, SIW technology results to be a reasonable option for NBF implementation in the Ka-band, providing, moreover a planar profile. However, SIW
technology is inherently limited due to the use of dielectric and its moderate ohmic
losses caused by its planar profile. Thus, is quite improbable that SIW technology reach the high performance levels that low-loss NBFs implemented with hollow
metallic waveguides reach at lower frequencies.
Regarding the rectangular waveguide topology, it is hard to find recent scientific
works dealing with Ka-band NBF designs, but the technology is enough mature to
be accepted by the industry. Therefore, the designs offered in the catalogs of three
companies, Pasternackr [965], A-INFO [966] and RTx Technology Co. [967], are
evaluated. According to the catalog specifications, a remarkable good feature of
these designs is that, in principle, any frequency shift is present in the response. In
the case of the Pasternackr , the equivalent quality factor is, surprisingly, of only
Q = 400, a quite low value for a rectangular waveguide design. In the case of AINFO, the filter is manufactured in H-plane, what allows the placement of tuning
screws. Such filter reaches a quite high quality factor: Qeq = 1400 which results
competitive for the Ka-band. The return loss figure is slightly poor, however. The
best design is that offered by RTx Technology Co. which obtains a quality factor
of Q = 1900, very competitive, besides a good return losses figure. These results
show that, actually, rectangular waveguide technology still represent the highest
2 Note that insertion losses IL are directly proportional to the filter order N and inversely
proportional to the relative bandwidth RBW by means of (10.25). Therefore, a direct comparison
regarding only IL results inappropriate and the equivalent quality factor of each resonator is used
instead.
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Filter
[961]
[962]
[963]
[964]
[919]
[920]
[965]
[966]
[967]
Design 1

Technology
Microstrip
Microstrip
SIW
LTCC SIW
SIW
SIW
WR-28
WR-28
WR-28
GGW

N
2
5
4
4
6
4
5
6
5
4

IL
2.68 dB
3.5 dB
2.95 dB
2.95 dB
2 dB
1.25 dB
1.5 dB
0.5 dB
1.5 dB
1.1 dB

RBW
3.22%
4.9%
4.66%
4.66%
4%
3.71%
5.12%
5.7%
1%
2.5%

Qeq
74
178
158
158
468
464
400
1400
1900
960

RL
10 dB
10 dB
13.5 dB
13.5 dB
14 dB
14 dB
14 dB
10 dB
17 dB
20 dB

∆f
Medium
Medium
Small
Small
Small
Small
No
No
No
Medium

Table 10.8: Comparison between several recently proposed Ka-band narrow-band filters. N :=
Filter order; IL := Insertion losses; RBW := Relative bandwidth; Q := Equivalent quality factor;
RL := Return Losses; ∆f := Frequency shift;

performance option. However, note that the obtained figures are poorer than for
lower bands. In fact, for most of vendors, Ka-band filters are the highest frequency
offered ones, which is an indicator of the difficulty involved in the design of highperformance NBF at mm-wave frequencies. The presented filter (see last row of Table
10.8) reaches a Q as high as 960, which is a moderate-high value for the Ka-band.
In addition, it has been shown that this value may be increased (by a factor 2.6) if a
larger number of pin rows is used in the filter layout. Regarding the loss performance
of the rectangular filters offered by the industry, it seems evident that an eye must
be put in the presented GGW topology. However, the frequency shift issue is an
important one to be solved. Probably, if a high-performance manufacturing process
was used instead of the employed in-house one, the problem could be alleviated,
being that this issue mainly depends on the manufacturing tolerances.
In this first design, several issues have been observed so that several premises
are established. In the posterior designs the number of pin rows will be set to three
since the field leakage with two pin rows produce a noticeable degradation of the
insertion losses and to use more rows does not produces appreciable improvement
but increases the total size of the structure. In addition, an observed practical issue
is commented now. In the presented design, the coaxial connectors are placed in the
top metal plate. This implies that, to place them in their precise locations, a good
alignment between top and bottom pieces must be ensured. High sensitive has been
appreciated in the manufactured prototype. Note that, if the coaxial connectors were
placed in the bottom piece, the whole filter layout would be contained in this piece.
Since the only functionality of the top plate is to be located at a proper distance
from the pins to ensure the stopband, the alignment of both pieces is not critical
any more3 . This modification alleviates the manufacturing requirements and leads
to a structure inherently more resistant to vibrations, which is a suitable feature
3 Horizontal displacements of the top plate does not affect the structure since the GGW filter
layout is not modified and vertical displacements will have only slight influence on the response
due to the vertical invariance of the quasi-TE10 mode of the GGW.
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given the possibles context of application of GGW NBFs, e. g., automotive radars,
satellite front-end, portable imaging cameras, etc. In this way, much more profit can
be taken from the GGW feature of being formed by two independent pieces.

10.3.7

Design 2: 5th -order V-band filter at f = 61 GHz

The second design consists in a 5th -order Chebyshev filter operating in the V-band,
specifically at f = 61 GHz. There are three main reasons to move up to the Vband for the second design and apply the improvements derived from the Design
1 conclusions. First, as the literature indicates, V-band is currently more under
the focus than the Ka-band for the incoming next generation applications. In this
way, the presented design could find a good niche of application in several mmwave communication systems. Second, the state of the art in the topic of V-band
narrow-band filters clearly reveals that, at V-band, filter design becomes quite more
challenging that at Ka-band, being that, in several novel proposed topologies for
the V-band, experimental results rarely meet the specifications [365], [853], [968][970]. In addition, rectangular waveguide NBFs at V-band are not offered by most
of the commercial houses (see for instance catalogs of Pasternackr [965] or A-INFO
[966]). Third, the higher frequencies of the V-band are more suitable to prove the
potentials of the GGW as an alternative to the rectangular waveguide. Note that, by
topological reasons, if the same manufacturing process is used, rectangular waveguide
designs will, in principle, experience a higher response degradation. Most of the
work described next can be found summarized in [841], publication that received
the Young Engineer Prize at the 44th Microwave European Conference. This was,
actually, the first work in which a V-band GGW component manufactured with
conventional techniques was presented, encouraging the use of higher frequencies in
GGW technology. Several posterior V-band proposals came later, mainly in 2015
and 2016 [822], [838]-[839], [843].
As before, the first step in the design is to establish the geometry of the GGW
to the topological basis of the filter. The geometrical parameters listed in Table
10.9 provide the required stopband. Fig. 10.32(a) shows the dispersion diagram of
the designed GGW. The undesired modes supported by the parallel-plate formed by
upper and bottom metal plates are depicted in red. It is clearly observed a stopband
in the range [43 GHz-75 GHz]. As it can be appreciated, the GGW is designed in
such way that the the stopband covers the propagating region of the fundamental
mode. Under this conditions, the operating band of the filter is located far from
cutoff, in a less dispersive zone, what provides a better group delay response. The
propagation constant of a rectangular waveguide with same propagation channel
dimensions and the propagation constant of a plane wave (k0 ) are as well plotted as
a reference.
Parameter
Value (mm)

p
0.59

wp
0.2

hp
1.59

ha
0.25

a
4

Table 10.9: GGW geometrical parameters.

In this design at f = 61 GHz, following the conclusions of Design 1, three rows
have been used to provide the desired confinement without requiring a large periodic
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(a)

(b)

Figure 10.32: Basis GGW. a) Dispersion diagram of the designed GGW. The stopband is delimited by the unwanted parallel-plate cavity modes of the structure, in red. As a reference, they
are depicted the propagation constant of a rectangular waveguide with same channel dimensions
(green dashed line) and the propagation constant of a plane wave k0 (black point-dashed line); b)
GGW geometrical parameters and E-field (orientation and magnitude) at f = f0 = 61 GHz on a
plane transversal to the propagation.

structure. Fig. 10.32(b) shows the transversal cut of the GGW structure and its
main parameters (top image), and the E-field (orientation and magnitude) at the
central frequency f = f0 = 61 GHz on a plane transversal to propagation. The
expected field pattern, exhibiting confinement in the propagation channel and typical
sinusoidal distribution plus some negligible local effects in the neighborhood of the
first row of pins, is obtained. This confirms the suitability of the designed GGW to
be the base waveguiding structure of the filter to be design.

10.3.7.1

Filter specifications

The filter specifications on the response are shown in Table 10.10. Regarding to
the bandwidth, RBW = 2.5% is again considered, therefore, in this aspect, the
design 2 is a scaled version at f0 = 61 GHz of the Design 1. The bandpass ripple R
(hence return losses RL) are as well identical to the Design 1. However, the order is
increased to N = 5 with the aim of providing a step further selectivity than in the
previous design. Being that the operation takes places in the V-band, the proposed
specifications imply a design with a rather high difficulty to be successfully realized.
The ideal response with the proposed specifications is shown in Fig. 10.33. Again,
the procedure treated in section 10.3.1, gives the required normalized elements of
the low pass prototype:
Parameter
Value

Frequency f0
61 GHz

Relative Bandwidth (RBW)
[60.25 GHz-61.75 GHz] (≈2.5%)

Table 10.10: Filter response specifications.

579

BP Ripple R (RL)
0.1 dB (16.42 dB)

Chapter 10. Groove Gap Waveguide (GGW) components
0

0

S11 Ideal
S21 Ideal

-0.1

-10
S21 (dB)

S-parameters

-5

-15

-0.2
-0.3

-20
-0.4

-25
-30
59

60

61

62

-0.5
60

63

Frequency (GHz)

60.5

61

61.5

Frequency (GHz)

(a)

(b)

Figure 10.33: Ideal response. a) S-parameters; b) S21 (dB) detail.

g0

=

1

g1

=

1.147

g2

=

1.371

g3

=

1.975

g4

=

1.371

g5

=

1.147

g6

=

1

These values imply through (10.21)-(10.23) that the required coupling coefficients
and external quality factors are:
Qex1

=

45.87

k12

=

0.02

k23

=

0.015

k34

=

0.015

k45

=

0.02

QexN

=

45.87

Again, due to the filter characteristics and specifications, symmetry is present in
the design (note that Qex1 = QexN , k12 = k45 and k23 = k34 ). Since the order is
odd, symmetry can be appreciated even in the gi elements.
10.3.7.2

Filter design

Resonant cavity:
The topology of employed resonant cavities is that described in Fig. 10.18, with
periodic structure truncated after the third row of pins. The pair (C = 4 mm, L =
3.27 mm) provides exactly a resonant frequency of f0 = 61 GHz. The commercial
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solver HFSSr [411] has been used to perform the synthesis. In this way, ohmic
losses has been considered, hence the unloaded quality factor has been taken into
account. It has been obtained a value of Qu = 1450, which, considering (10.25), in
turn implies a minimum theoretical insertion loss of:
N
4.343f0 X
IL =
gi = 0.84 dB
∆f Qu i=1

(10.35)

Coupling elements:
The coupling elements are the same as Design 1, but with one extra pin row to
prevent residual leakage, see Fig. 10.34(a). Again, the procedure of section 10.3.1.3
leads to the relationship between the physical window width w and the coupling
factor, see Fig. 10.34(b). In this plot, red circles mark the required values for the
design: w12 = w34 = 2 mm and w23 = w32 = 1.93 mm.

(a)

(b)

Figure 10.34: Coupling factor k synthesis. a) Coupling structure; b) Coupling factor k vs.
window size w. Red circles indicate the required widths to meet the coupling requirements of the
design.

Feeding elements:
As commented before, taking advantage of the experience with the first design, in the
present filter, coaxial feeding probes are integrated in the bottom piece instead of the
top one. Unnecessary positioning requirements are, therefore, avoided, and the top
plate becomes a rather dummy piece which deformation results much less critical.
In this way, the structure is better prepared for vibrations, an extra advantage to
highlight front rectangular waveguide structures.
In addition, since the frequency is higher in this second design, other connectors,
suitable for the operation frequency range, are required. Two 1.85 mm coaxial
connectors (SouthWest Microwave1490-12G) have been used for the filter feeding.
These connectors have a launch pin of diameter dpin = 0.127 mm and a penetration
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depth of T = 0.381 mm. Note that in the previous design the connectors were (dc =
0.254 mm, T = 1.27 mm). Therefore, not only in absolute terms, but in relative
terms, the connectors in the present design are smaller. This has an important
implication. Whereas in the Design 1 the required perturbation to achieve the
desired Qex value was easily obtained, in this case, the perturbation caused by the
connector results to be insufficient in such way that Qex remains higher than the
requested value even when the feeding is placed in the cavity center (CC1 in the
bottom image of Fig. 10.35(a)), the location of maximum perturbation.

(a)

(b)

Figure 10.35: External quality factor Qex synthesis. a) Feeding structure: connector detail (top
image) and top view of the feeding area in the first cavity (bottom image); b) External quality
factor Qex vs. connector position x0 . The other two position parameters are fixed to y0 = 0.5 mm
and z0 = 0.3 mm. Red circles indicate the required x0 position to meet the coupling requirements
of the design.

To solve the previous problem, a larger insertion of the connector is proposed.
Attached to the launch pin, the next part of the connector consists on a conductor
of diameter dcon = 0.228 mm, surrounded by a Teflon coating, with total external
diameter of dtef lon = 0.737 mm, see Fig. 10.20(c) for details. This part can be
introduced a distance z0 as the top image of Fig. 10.35(a) shows. It has been
checked that a value of z0 = 0.3 mm results suitable to provide reasonable values
of Qex and stable enough variation of this parameter in the offset (x0 , y0 ) domain.
Once fixed the value of z0 , it has been fixed y0 = 0.5 mm, and, finally, x0 has been
parametrized in order to obtain the plot of Fig. 10.35(b). The red circle in the plot
marks the value x0 = 0.8 mm that provides the desired Qex ≈ 45.87.
Complete filter:
A 3D view schematic of the complete filter structure is shown in Fig. 10.36(a). Fig.
10.36(b) shows a top view of part of the filter with the main geometrical parameters.
Note that, due to the filter symmetry (from the center of the cavity 3), the complete
structure can be totally described with the geometrical parameters shown in Fig.
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Parameter
Initial value (mm)
Optimum value (mm)

C1
4
3.926

C2
4
3.875

C3
4
3.926

w12
2
2.01

w23
1.93
1.94

Parameter
Initial value (mm)
Optimum value (mm)

L1
3.27
2.97

L2
3.27
2.97

L3
3.27
2.97

x0
0.8
0.705

y0
0.5
0.151

Table 10.11: Filter optimization parameters.

10.36(b), together with the connector position (x0 , y0 ). Table 10.11 lists all this
parameters, which are the degrees of freedom in the optimization process. The
previous procedure has given the initial set of values in the table, which provide a
good initial point that has, nevertheless, to be optimized. Since the filter order is
larger, the optimization process becomes more complicated. It is well-known that the
larger number of optimization variables, the larger the harder to find the location of
a solution satisfying the specifications since the domain becomes exponentially larger
with the increment of dimensions and the error function of the optimization problem
becomes more ill-posed [528], [971], [972]. Therefore, the followed strategy has been
to restrict the number of variables to the minimum as possible and progressively
increase it. For instance, in the first steps of the optimization, it has been fixed
C1 = C2 = C3 and L1 = L2 = L3 , and y0 is not used. The found optimum values are
as well listed in Table 10.11. As it can be appreciated, C2 finally differs from C1 and
C3 , and a considerable modification in y0 has been required to reach a satisfactory
response, probably induced by the modification of the first cavity dimensions. It is
highlighted that the optimization process of this design has involved non-negligible
difficulties that might be alleviated with the analysis method presented in section
10.2 and some procedures described in the design 3. Comments will be given then.
Fig. 10.37(a) shows the simulated response with the optimum parameters of
Table 10.11. S-parameters of the ideal response are added for comparison. As it can
be appreciated, the simulated response is slightly narrower than the goal (1.40 GHz
instead of 1.52 GHz), but has better return loss figure (19.5 dB instead of 16.42 dB).
The optimization process has been stopped in this response since along this process
it has been observed that the return losses are very sensitive to the geometrical
parameters variation. Generally, small geometrical variations around the optimal
values cause an increase of return losses and a widening of the response. Thus, the
obtained response has been considered a candidate with certain robustness against
the manufacturing process. In addition, the obtained insertion losses are quite flat
on the passband. Fig. 10.37(b) shows a detail of the S21 in the passband. As it
can be appreciated, the obtained response is on the expected level (IL = 0.84 dB)
according to (10.35).
10.3.7.3

Manufacturing errors sensitivity analysis

Since already in the Ka-band design, high sensitivity to the manufacturing process
was observed, for the present design in the V-band, it has been considered opportune
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(a)

(b)

Figure 10.36: Final structure: five cavity GGW filter with bottom feeding. a) 3D view; b) Top
view.

to carry out a manufacturing errors sensitivity analysis. In this way, weak points of
the structure regarding the errors in the manufacturing process can be determined
so that some preventive actions can be taken. For this study, three possible sources
of error that cover those scenarios most suitable to occur have been considered. The
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Figure 10.37: Comparison between the optimum simulated response and the ideal (lossless)
response. a) S-parameters; b) S21 (dB) detail.

different considered errors are schematized in Figs. 10.38(a)-10.38(c). Fig. 10.38(a)
illustrates the error in the pin width ∆w, Fig. 10.38(b) schematizes the error in
the horizontal positioning of the feeding connector (∆x0 , ∆y0 ), and Fig. 10.38(c)
describes the error in the vertical positioning of the feeding connector, i. e., in the
penetration of the connector ∆z0 . Particular details about how these errors are
modeled and how they may appear, as well as the analysis results are described
next for each source of error. In all cases, the analysis carried out through the S11
parameter. Notice that, since the considered sources of error have negligible influence
in the ohmic losses, hence in the insertion losses, all the necessary information is
contained in the S11 parameter.

(a)

(b)

(c)

Figure 10.38: Several possible errors caused by the manufacturing process of the filter; a) Error
in the pin width ∆wp . Values ∆wp > 0 indicate that manufactured pins are greater than expected
whereas cases ∆wp < 0 indicate that manufactured pins are smaller than expected; b) Error in
the horizontal positioning (∆x0 , ∆y0 ) of the feeding. The vector in the schematic correspond to
(∆x0 > 0, ∆y0 > 0). Other signs follow the usual Cartesian geometry orientation; c) Error in
the vertical positioning of the feeding (penetration) ∆z0 . ∆z0 > 0 indicates that the manufactured prototype presents larger penetration than expected whereas ∆z0 < 0 indicates that the
manufactured prototype presents smaller penetration than expected.

Pin width error ∆wp
The error in the the pin width ∆wp models an average systematic deviation that is
considered to be present in every pin. Of course, random individual deviations will
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occur, however, they are assumed as a second order, negligible when compared with
the average deviation. In this way, the term ∆wp refers to all pins of the structure.
This error may be easily caused by the mechanical vibrations of the milling cutter
during the milling process. In the Design 1, ∆wp = −50 µm was observed, an error
that, although small, caused an appreciable deviation. By studying the influence
of this error, the expected response given the precision of the milling machine can
be estimated. Note that, although systematic errors such as those observed in the
Design 1 may be mostly avoided by passing compensated dimensions to the milling
machine, however, some residual tolerance error will be always present. In the case
of the in-house process with the Datronr M25 milling machine system, a minimum
tolerance error of ±10 µm will be easily found.
Results of this study are shown in Fig. 10.39. Several cases between ∆wp =
±5 µm and ∆wp = ±20 µm have been analyzed. This source of error concentrates
its influence on the frequency shift of the response, return losses and passband bandwidth are practically unaffected. Note that, changing the pin width automatically
changes the cavity dimensions. Since the response is narrow-band and the operation frequency is considerably high, a large sensitivity is observed. Even small
values of ∆wp shift the resonance frequency of the cavities. Observe that with
only ∆wp = ±5 µm, Fig. 10.39(a), a frequency shift is already observable, and
with ∆wp = ±10 µm (estimated lowest achievable precision with the Datronr M25
milling machine system), Fig. 10.39(b), the frequency shift is not longer a minor
problem. With ∆wp = ±20 µm, which is a reasonable tolerance, the response is
shifted practically half of the passband bandwidth, Fig. 10.39(d). Actually, the observed frequency shift follows a 35 MHz/µm lineal law. These results indicate that
the scenario is quite challenging and that efforts must be put in minimizing as maximum this error. Unfortunately, as commented before, several microns of error will
be always present, so that post-processing techniques may result very welcome. This
aspect is treated in Design 3. Finally, it is worth to mention that the observed high
sensitivity is not a particular feature arising from the small geometrical dimension
of the pins or similar reasons of the particular GGW characteristics. In fact, this is
caused by the elevated operation frequency so that any kind of structure is suitable
to experience similar results in an error sensitivity analysis. Note that, compared to
the these days widely used L, S or C microwave bands, the precision required for
the V band is 10 to 30 times higher.
Feeding position errors ∆x0 , ∆y0 and ∆z0
The error in the feeding position models the possible errors of positioning of the
milling cutter during the manufacturing process and affects exclusively to two elements: input and output connectors. The feeding position error is split in its
horizontal component (∆x0 ,∆y0 ) and its vertical component. In addition, regarding
the horizontal component error, influence of ∆x0 and ∆y0 is studied separately.
First, the error ∆x0 is evaluated through Figs. 10.40(a)-10.40(f). As it can be
appreciated in the plots, for this source of error, contrarily to the previous case,
any frequency shift is observed. However, it affects the return losses. Nevertheless,
the response sensitivity is low to this error. For instance, with an error of ∆x0 =
±20 µm, Fig. 10.40(b), the filter response specifications are still meet. Even more,
the response with ∆x0 = ±40 µm, Fig. 10.40(c), is still acceptable (RL < 15
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Figure 10.39: Filter response sensitivity to pin width errors ∆wp . a) ∆wp = ±5 µm; b) ∆wp =
±10 µm; c) ∆wp = ±15 µm; d) ∆wp = ±20 µm;

dB). Furthermore, note that when dealing with this error, since only return losses
are affected (the passband remains satisfying the specifications), only the bandpass
ripple is affected. In the worst considered case, ∆x0 = ±100 µm (rarely this poor
tolerance will be obtained in practice), RL > 10 dB, which, although far from the
specifications, is still a commonly found value in the literature for filter prototypes,
all the more, if it refers to a V-band narrow-band filter. Therefore, it can be stated
that the influence of this error will generally remain as a second order effect.
Now, the influence of the error ∆y0 is studied in Figs. 10.41(a)-10.41(f). As the
plots reflect, the influence of this source of error is even weaker than that of ∆x0 . In
fact, even for the worst considered case, ∆y0 = ±100 µm, the response is practically
not affected and still meets the specifications, see Fig. 10.41(f). The reason for
this is easy to understand. The horizontal positioning error affects the return losses
through its influence in the external cavity factor Qex (bandwidth modification and
frequency shift do not appear since these features depend on the filter layout geometrical dimensions). When moving in the x̂ direction, the variation in Qex is larger
since the field intensity at the position of the probe has larger variation. Actually,
note x0 and y0 are the distances in each direction (x̂ and ŷ) to the cavity center (maximum field) and x0 = 0.8 mm > 0.5 mm = y0 . Therefore, without entering in deeper
mathematical formalisms, it is clear that, according to the bi-dimensional sinusoidal
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Figure 10.40: Filter response sensitivity to pin width errors ∆x0 . a) ∆x0 = 10 µm; b) ∆x0 =
20 µm; c) ∆x0 = 40 µm; d) ∆x0 = 60 µm; e) ∆x0 = 80 µm; f) ∆x0 = 100 µm;

distribution of the E-field magnitude in the cavity, ∂Qex /∂x0 > ∂Qex /∂x0 . Consequently, these results alleviate even more the required precision in the horizontal
positioning of the connector. In addition, through this analysis, an interesting conclusion is extracted regarding the employed feeding system: the larger the original
x0 and y0 (the further the connector from the center, i. e., located near the cavity
corners), the weaker the influence of the horizontal positioning error. Therefore,
whenever possible it is convenient to preferably choose large x0 and y0 .
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Figure 10.41: Filter response sensitivity to pin width errors ∆y0 . a) ∆y0 = 10 µm; b) ∆y0 =
±20 µm; c) ∆y0 = ±40 µm; d) ∆y0 = ±60 µm; e) ∆y0 = ±80 µm; f) ∆y0 = ±100 µm;

Finally, the influence of ∆z0 is analyzed. Figs. 10.42(a)-10.42(d), where errors
from ∆z0 = ±10 µm to ∆z0 = ±40 µm are studied, show the effect of this source of
error on the filter response. As in the horizontal case, only return losses are affected
for this source of error. However, the vertical positioning error (or penetration)
clearly has a more critical influence than the horizontal positioning. Specifications
are lost if ∆z0 = ±20 µm, see Fig. 10.42(b), and return losses rapidly degrade as ∆z0
increases. With ∆z0 = ±40 µm, RL > 12 dB and, with ∆z0 = ±50 µm (not shown),
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RL > 10 dB. As in the previous case, these results can be easily understood if one
regards the influence of z0 on the external quality factor. Note first that the original
value z0 = 300 µm is larger than the considered displacements ∆z0 . This meas that
∆z0 indicates that more (less) section of the bulkier part of the connector enters, i.
e., the section with a dielectric surrounding (dcon = 0.228 mm, dtef lon = 0.737 mm).
It can be qualitatively intuited that perturbation variation is quite higher with this
movements, that noticeably modify the total metallic volume inside the cavity, than
with horizontal movements.
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Figure 10.42: Filter response sensitivity to pin width errors ∆z0 . a) ∆z0 = ±10 µm; b) ∆z0 =
±20 µm; c) ∆z0 = ±30 µm; d) ∆z0 = ±40 µm.

Nevertheless, contrarily that what can be though at first view, the problem of
this source of error does not reside in the absolute values of the maximum admitted
tolerance to keep the response close to the specifications. Actually, it is the difficulty
in controlling the connector penetration what makes this source of error a critical one
to give treatment. Note that, the horizontal positioning is an automatized task that
depends on the milling machine whereas the penetration is rather manually adjusted
during the filter assembling. Since the critical distances are of few tens of microns
some strategy seems necessary to prevent an important degradation depending on
the technician abilities. The adopted solution will be exposed later in the section
10.3.7.4, dedicated to the filter manufacturing process and experimental results.
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In summary, the carried out sensitivity analysis regarding manufacturing errors
concludes in that the most critical errors regard to the pin width ∆wp and the
connector penetration ∆z0 . The case of ∆wp results specially delicate inasmuch as
a frequency shift in narrow-band filters is always more critical than a slight worsening
of return losses. In addition, it seems not possible to reduce ∆wp till the required
levels due to the inherent limitations of the in-house fabrication process. In the case
of ∆z0 the challenge comes from the required small tolerances the an adjustment
process that is rather manual. However, some techniques and elements will be
introduced to have a more precise control on the precision related with this source
of error.

10.3.7.4

Manufactured prototype and measurements

With the optimum dimensions indicated in Table 10.11 and taking into account the
conclusions obtained through the previous error sensitivity analysis, the manufacturing of the filter is finally tackled. Fig. 10.43(a) shows a photography taken during
the milling process carried out with the Datronr M25 milling machine system. The
final assembled filter, including the two 1.85 mm coaxial connectors, is shown in
Fig. 10.43(b). The two independent parts composing the filter are shown in Fig.
10.43(c). In this photography it can be appreciated how all the elements and design
complexity resides in the bottom piece. The four supporting blocks at the corners of
this piece guarantee the required distance ha between pins and top plate. Only four
screws are employed to assemble the piece and guarantee proper alignment. Note
that the practical implementation of this second design improves that of the first
design (see Fig. 10.28) in terms of compactness and weight inasmuch as the bottom
piece width has been restricted to the filter layout and the supports, adopting a
bone shape. By construction, the filter has not metallic lateral walls and the sides
are exposed to the outside, which results convenient for temperature dissipation either passive of driven by a ventilation system. Finally, a detail of the bottom piece
is shown in Fig. 10.43(d) in order to evince the filter elements size.
After the manufacturing process, a dimensional study has been carried out by
means of a SEM system. A detail of a pin can be appreciated in Fig. 10.44(a),
whereas a detail of the feeding hole for the coaxial connector is shown in Fig.
10.44(b). Certain imperfections are easily appreciated in this last image. Fig.
10.44(c) shows the detail of an auxiliary piece manufactured ad hoc to ensure the
proper penetration z0 of the feeding connector. Attending to the conclusions of
the manufacturing error sensitivity analysis of section 10.3.7.3, the use of this piece
seems very recommendable. Note that, in this way, the tolerance error is not longer
produced by a human but by the precision of the milling machine in the manufacturing of this control piece. Finally, Fig. 10.44(d) show the post-processing procedure
of the images, which gives the final dimensional measurements. This analysis indicates that, approximately, ∆wp = −10 µm, ∆x0 = 20 µm, ∆y0 = 40 µm, and
∆z0 = 10 µm. Therefore, recovering the results of the manufacturing error sensitivity analysis, the main expected drawback is certain displacement of the response
towards lower frequencies. In addition, the accumulated contribution of the different
sources of error is expected to show some small influence in the return losses.
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(a)

(b)

(c)

(d)

Figure 10.43: Manufactured prototype. a) Milling process with the Datronr M25 milling machine; b) Assembled filter; c) Bottom (left) and top (right) pieces of the filter; d) Detail of the filter
elements.

The experimental results are finally treated now. Fig. 10.45(a) shows the measured response (curves with marks) and compares it with the simulated one (solid
curves). As expected by the previous analysis, a displacement towards lower frequencies is appreciated. The curves are moved ∆f = −0.79 GHz, which represents
only 1.3% respect to the central frequency, however, the narrow-band nature of the
filter makes this displacement to be relevant. Return losses show good aspect. The
only remarkable degradation, of minor importance, is a peak with level -13 dB at
the left side of the passband, that originates certain chamfering of the transmission response. This effect can be better appreciated in Fig. 10.45(b), which shows
a detail of the S21 parameter. It can be said that the obtained response shows a
quite flat aspect in the passband despite of the commented slight chamfering. They
must be highlighted the achieved low insertion losses (IL = 1.5 dB) and the sharp
cutoffs at the sides, with same sharpness as in the simulated response. Differences
between simulated and measured results may be arising from the accumulated effect
of several sources of error such as residual leakage or lower conductivity due to metal
roughness, an effect to take into account at high frequencies. Finally, Fig. 10.45(c)
shows the experimental response on a frequency range spanned to [40 GHz-70 GHz].
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(a)

(b)

(c)

(d)

Figure 10.44: Dimensional analysis. a) Detail of a pin; b) Detail of the feeding hole for the coaxial
connector; c) Detail of the piece manufactured to ensure the proper penetration of the connector,
z0 ; d) Post-processing of the images to determine the elements size.

As it can be appreciated, no spurious is present and the rejection level is kept below
50 dB at the right side of the response and below 60 dB at the left side. This is
an experimental evidence of the stopband ([43 GHz-75 GHz] in this design) effect of
the GGW structure.
Despite of the observed frequency shift, a common degradation in V-band prototypes [973]-[975], the presented prototype results competitive for the V-band due to
its outstanding low insertion losses. In addition, good selectivity and a flat response
are obtained. GGW proves by means of Design 2, a high potential to implement
V-band NBFs. The conclusions of Design 1 have lead to satisfactory improvements
in this second design. However, the main problem, which is the frequency shift, still
remains. Overcoming it would lead the presented topology to achieve a very competitive performance. Of course, better manufacturing tolerances are a way to solve
it. Nevertheless, solutions to this problem that do not rely on the manufacturing
precision are welcome inasmuch as the fabrication cost is reduced. The design 3,
presented next, faces the frequency shift issue in a thoughtful way, exploiting the
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Figure 10.45: Experimental results. Comparison between the measured response a the optimum
simulated response. a) S-parameters; b) S21 (dB) detail. c) Frequency span in the range [40
GHz-70 GHz].

unique GGW topological characteristics to provide an improved response with the
same manufacturing system.

10.3.8

Design 3: 5th -order V-band filter at f = 60 GHz, including post-manufacture tuning metal insertions

The third design consists in a 5th -order Chebyshev filter operating at f = 60 GHz,
in the V-band, with post-manufacturing tuning possibilities. Therefore, the design
is pretty similar to the previous one, however, certain elements are included in the
topology in order to correct the response if required. In this way, Design 3 faces
mainly the remaining problem of the response frequency shift due to manufacturing
tolerances. In addition, the possibility of correcting the response allows as well
to wide or to narrow the response, or to improve return losses (which are rather
secondary issues regarding the previous two designs), if this is desired.
The tuning functionality is done by placing some metallic insertions on the top
plate piece, which act over the filter elements, performing adjustment of the basic
parameters of the filter (resonance frequency, coupling and external quality factor of
the feeding elements). This solution is more appropriate than using tuning screws,
whose size would hardly fit the design requirements, and might cause PIM or multipaction effects [976]-[977]. Of course, this choice implies that any change of the
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tuning element dimensions require a new top plate with fixed insertions. Nevertheless, this piece is a simple and cheap one compared to the bottom piece with the filter
layout. In addition, in order to minimize the number of required top plates with
insertions, an efficient algorithm is applied: the Aggressive Space Mapping (ASM)
[851], [955]. Following, [729], [978], ASM is applied assuming full-wave simulation
with HFSSr as coarse model and manufacturing process as fine model. Since ASM
is designed to minimize the number of evaluations of the fine model to converge, a
reduced number of manufactured top plate with insertions will be required.
10.3.8.1

Filter specifications

The filter specifications are listed in Table 10.12 and the ideal response is shown in
Fig. 10.46. The only difference regarding the previous case is the central frequency
which now is f0 = 60 GHz instead of f0 = 61 GHz. Therefore, the normalized
elements of the low pass prototype remain exactly the same. The synthesis procedure
is omitted being that is practically identical to the previous design with the only
exception of taking into account the presence of the insertions in every step, i. e.,
the insertions are already present when synthesizing the cavities, the coupling and
the feeding. The reason for this is given next.
Parameter
Value

Frequency f0
60 GHz

Relative Bandwidth (RBW)
[59.25 GHz-60.75 GHz] (2.5%)

BP Ripple R (RL)
0.1 dB (16.42 dB)

Table 10.12: Filter response specifications.
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Figure 10.46: Ideal response. a) S-parameters; b) S21 (dB) detail.

10.3.8.2

Tuning insertions topology

The physical magnitudes that control the filter response are the cavities resonance
frequency, the coupling between cavities and the external quality factor of the feeding. Consequently, it is appropriate to dedicate one insertion for every cavity, every
coupling window and every feeding point. For the employed filter topology this
makes a total of 11 insertions: 5 cavity insertions, 4 coupling window insertions and
2 feeding insertions, see Fig. 10.47(a). However, thanks to the filter symmetry, in
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principle, it is only necessary to adjust 6 of them, those for the first 3 cavities, the
first 2 windows, and the input feeding element, see Fig. 10.47(b).

(a)

(b)

Figure 10.47: Tuning insertions topology. a) 3D view schematic of the milled top plate with the
metallic insertions; b) S21 (dB) detail. b) 2D top and lateral views of the insertions in the filter
layout. The shape of all insertions is square.

Regarding to the synthesis process, note the following important detail. At the
first manufactured prototype, insertions of certain size must be present since every
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of the tunable physical parameters may require to be increased or decreased. For
instance, note that if the obtained response required to be shift up in frequency, the
next top plate with the insertions would require smaller insertions than the current
top plate. If any insertion is present or if they are not large enough, any correction
could be applied and the process would fail. This implies that insertions of certain
size must be present during the synthesis procedure.
The width of the insertions has been fixed to wc = 0.4 mm, ww = 0.2 mm and
wf = 0.15 mm, so only 6 variables (the height of the insertions) are considered in
the ASM process: hc1 , hc2 , hc3 , hw1 , hw2 and hf . This leads to an optimization
with a good trade-off between degrees of freedom (number of optimization variables)
and complexity. Note that ASM is going to be applied using a full-wave simulation
of a complex structure as a coarse model, which is evaluated a considerable number
of times. Actually, if the number of iterations to converge is N , the computational
cost will be N times of that to design a single filter. Therefore, to choose a reduced
number of optimization variables becomes critical in the process.
10.3.8.3

Aggressive Space Mapping (ASM)

The main concepts and procedure of the Aggressive Space Mapping (ASM) are explained now. ASM was firstly proposed in [955], as a particular version of the general
case classic Space Mapping (SM) [850] very suitable for those case in which fine model
evaluations are noticeably costly. Leaving apart for the moment, mathematical formalities, as its name indicates, a SM is a mapping that give correspondence between
points of two spaces. In the context treated here, two points, one from the coarse
domain space and other from the fine domain space, have correspondence through
the mapping if they provide the same image. This will be better understood next
by particularizing the case to the design of interest.
Consider Fig. 10.48. The domain of both spaces, coarse and fine, is defined
by the design parameters as variables, in this case, the heights of the insertions
(hc1 , hc2 , hc3 , hw1 , hw2 , hf ). In the same way, image of both spaces is the filter response. The difference between both spaces is the function (mathematical model)
that maps a point from the domain to the image, i. e., how the filter response is
obtained from the design parameters. In the case of the coarse space, this is done
by full-wave simulations, whereas in the case of the fine space it is done by manufacturing a prototype and measuring its response. Since the measured response
is, indeed, the real one given certain dimensions, and the simulated one is only one
approximation, it is clear why the terms coarse and fine are employed. Note now
that, as the function (model) employed in each of the spaces is different, the same
domain point (same filter parameter values) does not produce the same response
in each domain. What the SM provides is a correspondence that links the point
of the coarse space with the point of the fine space that provides exactly the same
response. A complete SM gives this correspondence for every point in the domain.
By the previous argumentation, it is clear that the coarse model is quite faster
to evaluate than the fine model, but gives inexact results. It can be also foreseen
that if the SM was known, the following strategy would result noticeably efficient:
to optimize in the coarse domain until the optimal design parameters are found
and then, through the SM, to obtain the actual design parameters that will ensure
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Figure 10.48: Conceptual schematic of the Space Mapping used for the Design 3.

that the response meet the specifications in the real world. In the context of the
present design this means that optimization is done by simulation (as usual), but
the parameters passed to the manufacturing process are corrected by the SM. For
instance, a trivial case could be that the manufacturing process makes every element
dimension larger by a factor 1.25. Then the SM would be known, and it would apply
a correction factor of 0.8 to every dimension.
The reality is, generally, more ill-posed so that the SM between spaces is not
evident but noticeably complex. In fact, to know the SM at every point of the
domain is a much more complex problem than that of finding the optimum in the
fine space. Therefore, what is done is to estimate the SM to know it at several points
and their neighborhood through the Jacobian of the SM, this last also estimated.
This process can be done in several ways, each one defining a concrete SM strategy.
In the original SM [850], it is found first the SM for an initial set of N0 points.
Then, the Jacobian of the SM is estimated by the Broyden method [979]. Later,
optimization is done in the coarse space and mappings to the fine model are done
until the optimum is found in the fine space. In every failed attempt, as one expensive
fine model response has been evaluated, the corresponding coarse point is obtained
so a new point in the SM is known, and a better estimation of the Jacobian is
obtained. The ASM [955] works identically with the exception of the initial SM
estimation through N0 points. In this way, the algorithms prevents a overevaluation
of the fine model. The ASM is recommended for those cases in which cost difference
between coarse and fine model is very accused, with a very expensive evaluation of
the fine model, as it is the case under study.
The ASM algorithm works as follows. In every iteration j, the parameters of
(j)
the coarse model Lc are found so that the coarse model response matches the
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fine model response of the iteration j − 1. Then, the new parameters of the fine
(j)
model Lf , are obtained by the following procedure. First, the incremental f (j) is
calculated as
(0)
f (j) = L(j)
c − Lc

(10.36)

(0)
Lc

with
the initial parameters of the coarse model. The new f (j) leads to the
update of the Broyden matrix
B (j) = B (j−1) +

f (j) h(j−1)T
h(j−1)T h(j−1)

(10.37)

where T denotes transpose, i. e., a row vector, and the incremental h(j−1) of the
fine model is
h(j) = −(B (j) )−1 f (j)

(10.38)

At the first iteration j = 1, since there is not information available it is assumed
B (0) = I, with I the identity matrix. Then, the new incremental h(j) is calculated
from (10.38) and, finally, the new fine parameters are obtained:
(j)

(j−1)

Lf = Lf

+ h(j)

(10.39)

The ASM method is a rather simple algorithm that may be obscured at first
view by the involved mathematics. Understanding the roots of the method may
require careful study, however, to apply it requires much less effort. In order to give
a practical view of the method, Fig. 10.49 schematizes conceptually the case of a
ASM process that finish after two iterations:
1. The goal response, marked with a blue star is pursued. Optimization is carried
out on the coarse domain (the coarse model is evaluated several times until an
(0)
optimum is found). This gives Lc , named as point 1.
(0)

(0)

2. Since it is the initial iteration, f (0) = 0 by (10.36), what implies Lf = Lc ,
which is marked as point 2. This pass says no more that, at the initial iteration
(iteration 0), the optimum values found in the coarse domain space are directly
used in the fine space.


(0)
3. Evaluation of this last point in the fine space gives Ff Lf , named as point
3. Since the obtained response is not the goal, the process continues.


(1)
4. The previous failed response is considered in the coarse image response: Fc Lc ,
named as point 4.
(1)

5. Now, a new 
search is carried out in the coarse domain to find Lc ,the anti
(1)
(1)
image of Fc Lc . It is named as point 5. Note now, that Fc Lc
=


(0)
(1)
(0)
Ff Lf , hence Lc and Lf provide the same response. Therefore, the SM
is known at one point.
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Figure 10.49: Conceptual explanation of ASM process.

(0)

(1)

6. It is possible to calculate now f (1) = Lc − Lc . Since only one point is
known for the SM, the Jacobian cannot be estimated yet (at least two points
are necessary). Therefore, it is assumed that B = I, the identity matrix. By
(1)
(10.38) and then (10.39), Lf is obtained, see point 6. Note here that, in
this first correction, since B = I, h(1) = −f (1) , i. e., the algorithm treats to
directly compensate the estimated deviation in a linear way. This means that
if the SM is actually linear (e. g., al dimensions larger by a factor k), the
(1)
obtained Lf will be the optimum.


(1)
7. A second evaluation in the fine space is carried out to give Ff Lf , point 7.
Since the obtained response is not the goal, the process continues.


(1)
8. The previous failed response is considered in the coarse image response: Fc Lc ,
named as point 8.
(2)

9. Now, a new search is carried out in the coarse domain

to find L
c , the
 anti(2)
(2)
(1)
image of Fc Lc . It is named as point 9. Fc Lc
= Ff Lf , hence
(2)

(1)

Lc and Lf provide the same response. Therefore, the SM is known at one
additional point, and it is known in a total of two points.
(2)

(0)

10. It is possible to calculate now f (2) = Lc − Lc . Two points are known for the
SM so that the Jacobian B is estimated by (10.37). Using (10.38) and then
(2)
(10.39), Lf is obtained, see point 10. In this second correction, the Jacobian
applies over the estimated deviation taking into account the information of the
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hc1 (mm)
hc2 (mm)
hc3 (mm)
hv1 (mm)
hv2 (mm)
hf (mm)

Iteration 0
(0)
(0)
Lc
Lf
0.288 0.288
0.295 0.295
0.303 0.303
0.577 0.577
0.620 0.620
0.144 0.144

Iteration 1
(1)
(1)
Lc
Lf
0.421 0.155
0.434 0.156
0.419 0.187
0.740 0.414
0.825 0.415
0.148 0.140

Table 10.13: Insertion heights obtained during the ASM process.



(2)
provides the goal so that
SM functional. In the considered example, Ff Lf
the ASM algorithm finish after the second iteration.
In the previous procedure the steps 1-4 represent the loop of the iteration 0, the
steps 5-8 represent the loop of iteration 1. After these two special iterations, general
iterations follow equations (10.36)-(10.39) in their more general form, but following
an identical algorithmic loop. Next, the synthesis of Design 3 is presented, starting
with the usual steps of simulation and direct manufacturing (iteration 0). After
them, the response is corrected through the previously described ASM algorithm.
10.3.8.4

Simulated response

The optimization process of the complete structure with the insertions is carried out
(0)
in the same way as in the previous filter designs. The set Lc of insertions heights
of this initial (iteration 0) design are displayed in Table 10.13. With these values,
the response of Fig. 10.50(a) has been obtained. In this case, taking advantage of
the acquired knowledge in the optimization of the GGW filter topology, an optimum
with very good agreement respect to the ideal response has been met (nevertheless,
measurements will show later that stop on a narrower response as it was done in the
Design 2 paradoxically lead to better experimental results). Fig. 10.50(b) shows a
detail of the S21 in the passband. The response is flat with the expected ripple, an
it is in agreement with the expected level. Therefore, the complete filter is sent to
(0)
(0)
manufacture. Following ASM, as the iteration 0 indicates, Lf = Lc , so that the
set of optimum dimensions obtained in the full-wave simulation optimization process
are directly passed to the manufacturing process, see the second column of Table
10.13.
10.3.8.5

Manufacturing and correction process results

Initial prototype:
In the initial prototype, both, the bottom piece with the filter layout and the top
piece with the metal insertions are manufactured. Fig. 10.51(a) shows the milling
process with the Datronr M25 milling machine system. A detail of the first top
plate with insertions is shown in Fig. 10.51(b). In the image it can be appreciated
the small size of the insertions, and it can be understood that the use of tuning
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Figure 10.50: Comparison between the optimum simulated response and the ideal (lossless)
response. a) S-parameters; b) S21 (dB) detail.

screws makes no sense at this high frequencies. The manufactured top plate with
the insertions is compared with the conventional smooth plate in Fig. 10.51(c).
Comparing both pieces it is reasonable to argue that the additional cost of including
11 insertions is minimum, and both pieces are cheap and simple to manufacture.
More specifically, the cost of manufacturing the top plate with the insertions is 50
times less than the cost of manufacturing the filter body, shown in Fig. 10.51(d), i.
e., the top plate with the insertions represents only 2% of the total process. Note
that this feature makes the employed strategy to be very efficient: even if several
top plates are required by the ASM process, the cost and the result will clearly
overcome that of manufacturing a complete new filter. Amazingly enough, ASM
usually converge with very few iterations [729], [978].
(1)
The first measured response, Lf in the ASM nomenclature, is that of Fig.
10.52(a). A detail of the insertion losses can be found in Fig. 10.52(b). Again, the
problem of frequency shift ruins a response that could be quite good otherwise. A
shift of 1.2 GHz (2% respect f0 and 80% of the passband bandwidth) towards lower
frequencies is observed. Additionally, certain widening of the passband is obtained.
On the other hand, the insertion loss is less than 1.7 dB in the passband, with a best
value of 1.25 dB, which is a remarkable good value (note that the widening of the
response allows for better IL through equation (10.25)). Return loss is quite good
except for a peak of -10 dB, that degrades the left side of the passband. Therefore,
results are coherent with the experience with Design 2: good IL and RL, frequency
displacement to lower frequencies and widening of the response.
By the above some systematization is observed in the process so that success
with ASM is foreseen as very probable. Note in addition that, in the following,
the only manufactured piece will be the top plate with the insertions. This implies
that the random component of the manufacturing error has even lower influence,
since a smaller number of elements (the insertions) are manufactured. It is worth to
mention that if the source of error was totally random, ASM would loss all is sense,
being that in every iteration the fine space model would change randomly.
Iterative procedure:
The iterative procedure of the ASM starts now to give correction to the response. In
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(a)

(b)

(c)

(d)

Figure 10.51: Manufactured prototype. a) Milling process with the Datronr M25 milling machine; b) Detail of the manufactured top plate with the insertions c) Comparison between the
conventional smooth top plate and the top plate with the insertions; d) Filter base with the connectors. This piece is manufactured only one time.
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Figure 10.52: Comparison between simulated and the initial (iteration 0) measured results. a)
S-parameters; b) S21 (dB) detail.

(1)

the iteration 1, the first goal is to find Lc , i. e., the parameters that, according to
full-wave simulation, give the measured response, red curve of Fig. 10.52(a). This
process is not more than an optimization process where the goal response is that with
a particular shape instead of the classical ideal one. However, it is true that, since
some effects are not captured by the full-wave simulation, a response that perfectly
match the measured one its not possible to be obtained. Taking into account this
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fact, the optimization procedure must be carefully guided by the designer, i. e., use
adequate error functions, in order to find suitable optimums.
The previous optimization process gives the values of the third column in Table
(1)
10.13 for the domain point Lc . Now, the values that must be sent to the man(1)
ufacturing process Lf , are calculated by the ASM algorithm at iteration 1. Note
(1)

that the difference of Lf
(1)

(0)

respect to Lf

is exactly4 the negative of the difference

(0)

between Lc and Lc as previously detailed in the ASM algorithm explanation. The
result makes sense: the algorithm is asking for larger insertions in the cavities (a
shift towards higher frequencies) and larger insertions in the windows (a decrement
of the coupling, thus a narrowing of the response).
The measured response with the same body filter with the new top plate with
the insertions is shown in Fig. 10.53(a). It can be observed that the frequency
shift problem disappears and the response fits now the bandpass bandwidth much
better than the previous one. Furthermore, return losses are improved, practically
meeting the specifications. In this case, insertion losses are of IL = 1.5 dB, see
Fig. 10.53(b), quite flat on the passband. This implies and outstanding quality
factor for the cavities of Qu ≈ 930. Advert that, the larger insertion losses of this
second response respect to the previous one is totally caused by the narrowing of
the response, following the law described by (10.25), so any worsening is introduced
by the method in this aspect.
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Figure 10.53: Comparison between simulated and the initial (iteration 1) measured results. a)
S-parameters; b) S21 (dB) detail.

Although some improvement may be achieved by further iterations, the response
may be very reasonably considered as a proper one meeting the specs. Most severe
errors are corrected at this point and the residual disagreement between simulated
and measured results seems to be rather caused mainly by unavoidable mismatch
between the simulation model and the reality, which, conversely to the case at lower
frequencies, seems to be relevant at the mm-wave band. Additionally, randomness of
the manufacturing process will always prevent of a perfect match. Nevertheless, to
the authors knowledge, a filter with similar comparable performance is not found for
the V-band in the literature. An extensive review of the state of the art in V-band
4 Note

that values are rounded to the 3 decimal digit.
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NBFs will be carried out by means of a table, being this filter the most outstanding
one among considered.
In this third design, the ASM algorithm has resulted very efficient to solve the
problem of frequency shift, very prone in NBFs at the V-band. Only 1 iteration, i.
e., a total of two manufactured top plates with insertions has been necessary. This
implies an incremental cost of only 2% respect to a conventional design. Therefore,
it can be affirmed that the performance of the employed strategy has been very
satisfactory. Nevertheless, some issues regarding to the employed process could be
improved for posterior designs. The main bottleneck in the process is found in the
coarse domain search. Note that the coarse model is a full-wave simulation of a
complex structure, hence time-consuming. In this way, thoughtful procedure could
be to use a multi-level ASM strategy. This is, in the top level, the ASM would be the
same as described here: full-wave simulations as coarse model and measurements as
fine model. However, in the bottom level, the fine model would be the coarse model
of the top level, i. e., full-wave simulations of the actual GGW filter. The coarse
model of the bottom level would be, therefore, a simpler model. For instance, the
a rectangular waveguide filter could be used as coarse model. Or even better, a
rectangular waveguide filter incorporating the information of the GGW analysis
method of section 10.1. In this aspect, note that, the better the coarse model, the
faster the convergence. In the described multi-level ASM strategy, three different
models are employed. Notice that the inclusion of a lower level consisting in a
very fast model drastically reduces the number of evaluations of the former coarse
model, now in a intermedium position. According to the obtained results, very few
evaluations would be necessary. In addition, a SM between simulation models is
expected to be less ill-posed than that between simulation and measurements, thus
being able to find better matching between responses.
Regarding to this last aspect, it arises another possible issue to work with in
order to improve the presented strategy. There are some aspects that the full-wave
simulation does not capture. For instance, insertion losses are always larger in
the experiment than those predicted by the full-wave simulation. High frequency
(mm-wave and THz) literature indicates that reconsidering the conductivity may be
necessary quite often. A deep study on the simulation model of the actual GGW
filter could give answer to this question, providing a better coarse model, hence a
faster process. Note that matching coarse and fine space images during the process,
is an essential step to discover the SM between both spaces.
Finally, to conclude this section, dedicated to Design 3, it seems appropriate to
highlight that the obtained results here point ASM as a very suitable algorithm in
the design of not only GGW NBFs but, more generally, any GW component. Note
that ASM faces directly the main problem of GW component design, which is the
time-consuming design process due to complex full-wave simulations (consider them
as fine model). Since some simplified analysis model start to appear, and better
ones are expected in the next years, great benefit may be obtained of using ASM
with them as coarse model. Proper strategies in this sense may revolution GW
component design scenario in a near future.
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10.3.9

Comparative with rectangular waveguide technology
at V-band

Until now, suitability of GGW topology for the implementation of NBFs at mmwave frequencies has been proven. Design 1 exhibits good performance at Ka-band
except for the frequency shift of the response. Design 2 improves some features of
Design 1, providing a response that is even more competitive taking into account the
design frequency, in the V-band. Finally, with Design 3 it has been demonstrated
that GGW topology allows for response correction thanks due to its topological
properties. This means that, with GGW topology, demanding specifications can be
afforded. However, despite of the endorsement given by the previous three designs,
the study carried out in this chapter would not be totally complete without a direct
and fair comparison with the rectangular waveguide. Advert that the only reason
to consider GGW instead of rectangular waveguide as the basis structure of mmwave NBFs is the possibility of that GGW perform better in real implementations,
either regarding insertion losses, response correction possibilities, prototype weight,
robustness front vibrations, temperature stability, etc. The following work is mainly
contained in [842].

(a)

(b)

Figure 10.54: 3D view of the topologies under study and comparison: a) Groove Gap Waveguide
(GGW); b) Rectangular waveguide (RWG).

By the previous reason, this section tackles such demanded comparison between
GGW and rectangular waveguide. In order to obtain reliable conclusions, both
topologies are challenged with the same design and treated with the same manufacturing conditions. Specifically, the Design 2 will be implemented in rectangular
waveguide topology. The choice is firstly justified by the operation frequency: Vband involve frequencies high enough to make arise rectangular waveguide technological problems (remember that at Ka-band rectangular waveguide still gives quite
good performance, see again Table 10.8). Second, Design 2 is preferred to Design 3
for simplicity and because, as it will be shown later, rectangular waveguide topology
is prone to fail with Design 3 procedure. Specifications and ideal response plots of
Design 2 are included in Table 10.14 and Fig. 10.55, respectively, as the reference
goal to be pursued in the rectangular waveguide filter design carried out next in this
section.
606

10.3 Groove Gap Waveguide filters
Parameter
Value

Frequency f0
61 GHz

Relative Bandwidth (RBW)
[60.25 GHz-61.75 GHz] (≈2.5%)

BP Ripple R (RL)
0.1 dB (16.42 dB)

Table 10.14: Filter response specifications.
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Figure 10.55: Ideal response. a) S-parameters; b) S21 (dB) detail.

For the presented comparison, H-plane manufacturing has been chosen to implement the rectangular waveguide filter. In this way, both topologies are implemented
with the same assembling procedure so that equity of conditions is kept in the comparison, hence is more fair. Of course, E-plane rectangular waveguide filters present
lower insertion losses than their H-plane counterparts [344], [714]-[715]. However,
E-plane manufacturing makes very challenging the use of any tuning element and it
is not surprising that H-plane option is preferred for practical high-frequency designs
offered by hardware companies [966], [967]. In addition, note that, one of the basic
objectives in this part of the thesis is to prove the suitability of GGW front rectangular waveguide for H-plane structures (it is recovered that several components
can only be implemented with this assembling option, e. g., Slot Array Antennas).
Therefore, the essential information is recovered in the present study. Further comparisons, including E-plane rectangular waveguide filters are left as a possible future
work line that may provide interesting, but not imperative information. The section
concludes with a review of V-band NBFs state of the art, giving comparison with
all the presented designs along this chapter, and extracting final conclusions in the
scope of this part of the thesis.
10.3.9.1

Rectangular waveguide filter topology

The rectangular waveguide filter topology that has been considered in the study
is the classical one for all-pole filters. The topology keeps parallelism with the
GGW filter topology (actually, GGW topology is derived from classical rectangular
waveguide all-pole filter implementations) in order to keep equity in the comparative.
The only particularity that must be mentioned is that, in the rectangular waveguide,
cavity corners are considered rounded with curvature radius rc = 0.4 mm in order
to take into account the finite radius of the milling machine cutter. This strategy is
quite usual in order to avoid disagreement between simulation and measurements in
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such way that even several efficient strategies to analyze the topology has been not
so far considered [980], [981].
The different elements of the rectangular waveguide filter topology are shown in
Fig. 10.56. Filter cavities follow the shape shown in Fig. 10.56(a). Coupling is done
by inductive windows such as that shown in Fig. 10.56(b). Finally, feeding is done
by a coaxial inserted from the bottom wall of the filter, exactly in the same way as in
Design 2. The final filter has the aspect of Fig. 10.57 (top plate not shown in order
to appreciate the filter layout). In all the previous schematics, the aforementioned
rounded corners can be appreciated.

(a)

(b)

(c)

Figure 10.56: Rectangular waveguide filter topology. Rounded corners with curvature radius of
rc = 0.4 mm are considered in the model taking into account the milling cutter radius. a) Cavity
(GGW); b) Coupling windows; c) Coaxial connector feeding.

Figure 10.57: Complete rectangular waveguide filter topology.
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10.3.9.2

Filter design

Since filter specifications are those of Design 2 (Table 10.10), ideal response and low
pass prototype normalized elements are exactly the same. Therefore, filter design
procedure of section 10.3.1 is directly applied next.
Resonant cavity
As usual, to determine the cavity dimensions in order to synthesize the desired
frequency (fres = 61 GHz for this design) one dimension is fixed and the other is
tuned. In this case, C = 4 mm is fixed and L has been tuned, see Fig. 10.58(a).
Fig. 10.58(b) shows fres vs. L, with a red circle marker at L = 3.115 mm, value
which gives the desired resonance frequency. With the same C, the GGW cavity
required L = 3.27 mm to provide the same fres , i .e., GGW is equivalently smaller
in aperture than the rectangular waveguide, what is in concordance with results of
section 10.1.

(a)

(b)

Figure 10.58: Resonance frequency synthesis. a) Cavity dimensions. C = 4 mm is fixed; b) fres
vs. C.

Coupling elements
Coupling elements are conventional inductive coupling windows in which coupling
is controlled by adjusting the window width w, see Fig. 10.59(a). The design plot
of coupling factor k vs. window size w is shown in Fig, 10.59(b). The two required
widths are marked with red circles in the plot: w12 = w45 = 1.59 mm to provide
k12 = k45 = 0.02, and w23 = w32 = 1.48 mm to provide k23 = k32 = 0.015. Note how
the required window widths are smaller than those required for the GGW design
(w12 = w45 = 2 mm and w23 = w32 = 1.93 mm), a result that can surprise at first
sight since rectangular waveguide windows are topologically more opaque than GGW
ones. The size increment is about 25%, which is quite significant. Again, differences
between both waveguides endorse the argumentation given in this chapter regarding
the possible errors of assuming both waveguides to be directly equivalent.
Feeding elements
Finally, the external quality factor design plot is derived. The feeding is done in
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(a)

(b)

Figure 10.59: Coupling factor k synthesis. a) Coupling structure; b) Coupling factor k vs.
window size w.

the same way as it was presented in Design 2 with GGW topology, i. e., two 1.85
mm coaxial connectors (SouthWest Microwave1490-12 G) have been inserted at the
bottom wall. Taking advantage of the conclusions of Design 2 regarding the necessity
of larger perturbation of the external cavities, a vertical insertion of z0 = 0.3 mm
has been considered, see top image of Fig. 10.60(a). Then, it has been fixed y = 0.5
mm and x0 has been tuned (see bottom image of Fig. 10.60(a)) to provide the plot
of Fig. 10.60(b). As it can be appreciated, the choice of y0 and z0 provides a very
stable external quality factor around the desired value of Qex = 45.87, obtained with
x0 = 0.825 mm, marked with a red circle in the plot. In this case, the similitude
with the rectangular waveguide is larger, what indicates that in terms of E-field
distribution both waveguides are quite similar.
Complete filter
The complete rectangular waveguide filter layout with its main geometrical parameters is shown in Fig. 10.61(a). For comparison purposes, the GGW filter layout
with its main geometrical parameters is shown in Fig. 10.61(b). As usual, the filter
symmetry, marked with a vertical blue dashed line, allows to consider only part of
the geometrical variables in the optimization process. The obtained optimal values
for the rectangular waveguide filter are shown in the first row of each of the two parts
of Table 10.15. The optimum values of Design 2 with GGW has been added as well
in the second row of each of the two parts of Table 10.15 for comparison purposes.
If the two sets are compared, it is observed that the GGW filter is slightly larger
in dimensions. This fact together with the presence of pin blocks cause the total
GGW filter size to be significantly larger than that of the rectangular waveguide.
Nevertheless, the size feature will be shown to revert in the practical implementa610
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(a)

(b)

Figure 10.60: External quality factor Qex synthesis. a) Feeding structure: 2D view (bottom
image) and 3D view (top image); b) External quality factor Qex vs. connector position x0 when
y0 = 0.5 mm is fixed.

Parameter
Rectangular waveguide (mm)
GGW (mm)

C1
3.84
3.92

C2
3.74
3.88

C3
3.79
3.92

w12
1.60
2.01

w23
1.51
1.94

Parameter
Rectangular waveguide (mm)
GGW (mm)

L1
2.95
2.97

L2
2.95
2.97

L3
2.95
2.97

x0
0.78
0.71

y0
0.45
0.15

Table 10.15: Filter optimization parameters.

tion. The main remarkable difference between both layouts is found in that, in order
to achieve the response specifications, the rectangular waveguide topology demand
from narrower coupling windows, an already appreciated effect during the coupling
analysis. Deeper study of this fact may reveal interesting local effects that may
found their application in future innovative designs.
With the values of Table 10.15, the simulated response of Fig. 10.62(a) has
been obtained for the designed filter. In the plot, the ideal response according to
the specifications is shown for comparison. As it can be appreciated, good agreement is found. It must be noted that, compared with previous designs using GGW
structures, the optimization with the rectangular waveguide topology is considerable faster. This causes the optimization process to be more straightforward and
increases the possibility of success with a very good response, as it is the case. This
is a good proof of the importance of developing good analysis methods and optimization strategies for GGW structures. The use of the analysis method of section
10.1 combined with efficient optimization strategies such as ASM, applied in Design
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(a)

(b)

Figure 10.61: Complete filter schematics and geometrical parameters. a) Rectangular waveguide
filter; b) GGW filter.

3, may dispose an scenario with complexity of similar level to that observed here for
the rectangular waveguide in future designs.
Regarding insertion losses, it must be noted that, in the case of the rectangular
waveguide filter, the expected level according to simulations is IL = 0.6 dB, which
is lower than that of the GGW filter (IL = 0.8 dB). The equivalent quality factor
of rectangular waveguide cavities is, in simulation, 25% higher than that of GGW
cavities.
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Figure 10.62: Comparison between the optimum simulated response and the ideal (lossless)
response. a) S-parameters; b) S21 (dB) detail.
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10.3.9.3

Manufactured prototype, measurements and comparative

The rectangular waveguide filter prototype has been manufactured in the same conditions as its GGW equivalent: an in-house process with the milling driven Datronr
M25. Photographies of the prototype can be found in Fig. 10.63. More specifically, Fig. 10.63(a) shows the two separately manufactured pieces of the H-plane
implementation of the filter. The bottom piece contains the filter layout and a surrounding metallic block to give allocation to consistent screw holes to ensure proper
pressure besides alignment, essential in this filter due to current flow requirements.
The top piece consist in a simple metal block with the screws. The aspect of the
assembled filter joining these two pieces can be observed in Fig. 10.63(b).

(a)

(b)

(c)

(d)

Figure 10.63: Manufactured rectangular waveguide filter. a) Manufactured pieces: top piece
(metal plate with pressure screws) and bottom piece (rectangular waveguide filter layout and support for the pressure screws); b) Assembled filter; c) Detail of the filter layout; d) Comparison
between the two 61 GHz 5th -order filter prototypes, GGW (left) and rectangular waveguide (right).

A detail of the milled filter layout can be appreciated in Fig. 10.63(c). Round
corners of the cavity can be well identified in this image. At first sight, the milling
appears quite fine. Note also the detail of the large screw hole size. These holes
have a size comparable to the designed cavities. This fact, together with mechanical
stability requirements cause the rectangular waveguide filter to result bulkier than
the GGW filter despite of the fact that the actual filter design is more compact for
the former topology. This can be well observed in Fig. 10.63(d) where both filters
(unmounted) are shown. The larger size, hence weight of the rectangular waveguide
filter, as well as its more complex screws system are evident in the photography.
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The two manufactured filters have been measured next with the Keysight PNA
N5227A Network Analyzer of Fig. 10.64(a). Experimental results are shown in
Fig. 10.64(b), where responses of both filters are compared in the same graph. For
completeness, Figs. 10.65(a) and 10.65(b) compare simulated and measured response
for each one of the filters. The response of the GGW filter was already analyzed in
the section dedicated to Design 2. Main aspects to highlight are insertions losses
(IL = 1.5 dB), return losses (satisfying the specification except for a -13 dB peak
at the left side of the passband), passband width (BW = 1.5 GHz, satisfying the
specifications) and frequency shift (∆f = −0.79 GHz, what implies 1.3% respect
f0 = 61 GHz).
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Figure 10.64: Experimental results. a) Measurement equipment: Keysight PNA N5227A Network
Analyzer; b) Comparison between the measured response of the rectangular waveguide filter and
the GGW filter.

The response of the rectangular waveguide filter is analyzed now. The best value
of insertion losses is quite good: IL = 1.6 dB, only 0.1 dB higher than the obtained
with the GGW filter. However, some observations must be highlighted. First, note
that the simulated value was IL = 0.6 dB (front IL = 0.8 dB of GGW topology).
This confirms that the GGW structure is more robust front the manufacturing process (0.7 dB degradation front 1 dB degradation). In addition, insertion losses of the
rectangular waveguide filter present an appreciable ripple in the passband, lacking
of the desired flatness. This is well appreciated through the S11 peak of -9 dB at the
right side of the bandpass. Therefore, in terms insertion and return losses, GGW
filter gives better performance.
The rectangular waveguide filter also presents certain widening of the response
and and appreciable frequency shift. The measured bandwidth is about BW = 1.6
GHz, 6.67% larger than the expected. Regarding the frequency shift, a movement
of 1.15 GHz (1.9% respect to the central frequency) towards lower frequencies is
observed. Also in the rectangular waveguide filter, the frequency shift remains as the
main issue, being even more accentuated than in the GGW case. This fact indicates
that the observed frequency displacement of the previously designed GGW filters is
not originated by the fact of that GGW topologies have small elements to be milled
(what may be understood as barrier at first sight). Results are a clear proof that the
high frequency of design together with the demanded narrow-band response, make
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Figure 10.65: Comparison between the measured response and the optimum simulated response.
a) Rectangular waveguide filter; b) GGW filter.

the manufacturing tolerances become appreciable in the response. It is evident that
cavities are manufactured larger than desired.
On the other hand, the obtained result does not mean that GGW is less affected
by the manufacturing process than the rectangular waveguide in terms of frequency
shift. In fact, the first manufactured GGW prototype in Design 3, presents a response with similar passband widening and frequency displacement than those observed here for the rectangular waveguide. Therefore, it can be concluded that any
structure implementing a filter of similar characteristics will suffer from the same
problem, which is directly related to the physical dimensions of the filter. Consequently, it can affirmed that tuning elements become essential at these frequencies.
In this sense, procedures such as that implemented for the Design 3 are very suitable.
Such post-processing tuning has been applied successfully to GGW topology. In the
case of the rectangular waveguide, although similar insertions may be displayed in
the top plate, it must be first checked that the topology accepts well the required
re-assembling process. This is studied in the next section.
10.3.9.4

Re-assembling robustness test:

An interesting test to carry out with the manufactured filters is presented next. It
consist in a re-assembling test in which each one of the filters is measured several
times. Between measurements, each one of the filters is disassembled (top plate is
removed) and assembled again (top plate is placed and screws are pressed) in the way
that Fig. 10.66 describes. This simple test provides first stage reliable information
about the robustness of the filter front vibrations, its suitability to carry out a
post-processing correction procedure based on different top plates with insertions
(Design 3), or the robustness of the design from randomness of mass production
chains, among others. These features are very relevant to be characterized in the
context of new generation applications. Think for instance in automotive radars.
Robustness front vibrations, simple design processes and reliable standard mass
production process are clearly demanded in such scenario.
Results of this study are shown in Fig. 10.67. First, S11 is analyzed in Fig.
10.67(a). In the plot it can be observed how, whereas curves of 1st and 2nd measurements totally overlap in the case of GGW, for the rectangular waveguide filter a
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(a)

(b)

Figure 10.66: Re-assembling robustness test: several measurements are performed; in between of
them the two H-plane manufactured parts of the filter are disassembled and assembled again. a)
Rectangular wavaguide; b) GGW.

degradation is observed between both measurements. Return losses increase in the
left side of the passband. However, the most remarkable effect is observed in the S21 ,
Fig. 10.67(b). Observe first that the initial response of the rectangular waveguide
filter presents worse insertion losses in the passband than the GGW filter, mainly
due to the lack of flatness. Now, after the re-assembling insertion losses of the rectangular increase 1 dB, which is an important degradation. The response is as well
less flat due to the worsening of return losses. Note that the increment of insertion
losses is not produced by an important degradation of return losses but because certain leakage originated by perturbation of the current flow across the metallic joints
is causing the loss. Contrarily, GGW response remains totally invariant, with any
appreciable difference between curves corresponding to the different measurements.
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Figure 10.67: Re-assembling robustness test results. Comparison of the response of both filters.
2nd measurement correspond to a second re-assembling of the filters. a) S11 ; b) S21 .
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The same re-assembling process has been done several times obtaining the same
results: the GGW filter response remains invariant whereas the RGW filter response
becomes degraded. It is noted that in the case of the GGW filter, without taking
much care about the assembling process works well (screws are just making alignment functions) whereas in the case of the rectangular waveguide, even though the
best result has been pursued, strong limitations have been irreparably found. The
observed changes may be originated by the different pressure levels of the screws
that are used to joint the two pieces. Small changes in the force exercised by these
screws may cause tiny shape deformations that may result important at these very
small, millimetric, wavelengths. It is important to highlight this observed effect
since it indicates that the pressure and mechanical forces distribution is critical in
the rectangular waveguide at the mm-wave band. The GGW seems to be insensitive
to this random deviation of the structure screws pressure, what makes the GGW
and ideal technology for mm-wave applications.
The carried out comparative has provided valuable information and reliable conclusions concerning the choice of GGW front rectangular waveguide in certain design scenarios. First, the comparative of the S-parameter response of both filter
concludes in that, in general terms, GGW filter overcome the rectangular waveguide
filter. Therefore, experimental results confirm the suitability of GGW topology for
V-band filter design as an alternative to rectangular waveguide, being that, despite
of the fact that the later presents better simulated response (lower insertion losses),
it is also more affected by the manufacturing process, presenting a quite worsened
measured response respect to the simulated one. It is pointed out that both topologies experience similarly manufacturing tolerances. The observed similar frequency
shift is a good proof of this.
Second, and even more important, GGW has been shown to allow a postprocessing procedure based on the use of iteratively designed top plates with insertions. A high grade of success has been obtained with this technique (results of
Design 3). The re-assembling test has shown that the rectangular waveguide filter, unlike the GGW design, presents important changes in its response after being
re-assembled. This makes really challenging to apply such correction procedure to
rectangular waveguide topologies, being that the response is very unstable front top
plate replacements. Therefore, whereas with GGW topology a NBF response satisfying frequency specifications is affordable at V-band, with the rectangular waveguide
seems quite difficult, at least, with current manufacturing tolerances. Under the
same conditions, GGW has shown to be more suitable in a significant way.

10.3.10

Results in the context of V-band NBFs state of the
art

By means of the involved synthesis procedures and experimental results of Design 2,
Design 3 and, finally, of the comparative with rectangular waveguide (Design 2 implemented in this topology), several conclusions have been obtained. This information
is now contrasted with external works in the literature in order to contextualize it
and give further credibility to the results. In this way, the contribution of the work
in this thesis will be easier to be evaluated. The next study is similar to that carried
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out in section 10.3.6 for Ka-band filters, however, it is deeper, with a larger number
of reviewed works.
Table 10.16 shows a summary of the most relevant works regarding V-band NBFs.
Several technologies are included. Obviously, integrated technologies such as CMOS
cannot be fairly compared in terms of performances with SIW filters, or even more,
with GGW or rectangular waveguide cavity filters. However, to give vision of the
complete scenario results quite helpful to understand the development state of the
technology so that results in each technology can be better evaluated (for instance,
comparing the complete scenario with its counterpart at lower frequencies it is possible to have an estimation of the expected grade of worsening, so that a reference
is kept in mind). In general terms, frequency shift and response widening is a recurrent problem no matter the technology. The narrower the bandpass of the filter
the more enhanced results this effect in relative terms, becoming the main design
problem. The column ∆f gives a qualitative estimation of the frequency shift of the
response. Widening of the response, which is slightly less common than frequency
shift has been also considered to contribute to the qualitative value of ∆f , e. g.,
if the frequency deviation is medium but an important widening is observed, the
∆f assessment is set as high. Experimental responses of some of the filters of Table
10.16 are shown in Fig. 10.68 in order to give a general idea of the main issues and
challenges encountered in the performance of practical implementations of V-band
filters. An image of the prototypes is included for each plot inside a the blue-marked
insets.
Integrated technologies suffer from very high insertion losses induced by the
low quality factor of the involved resonators, which experience both, high ohmic
and dielectric losses. The response of such filters is still far from real environment
specifications except for very simple, low-cost applications. Integrated solutions of
SSGW following [871]-[873] could be useful to improve results in this area. SIW or
pseudo-SIW (similar concept but with differences, e. g., via holes more separated
than usual, and authors avoid to typecast them as SIW), and advanced designs
with classical transmission lines, give an intermedium performance. However, in
order to achieve certain performance, close to Q = 500, cavity filters are required.
The employed structures use via-holes in a similar way than SIW concept, however,
planar profiles are avoided in order to reduce losses (cavities are coupled vertically).
Thanks to the employed low-loss dielectrics losses are kept under acceptable levels
which leads to a reasonable good performance.
However, in order to achieve high performance with a Q beyond 700, the structure must be irremediably based in rectangular waveguide type topologies (either
classical rectangular waveguide or GGW). As it has been commented in the previous section, GGW gives better performance, on the one hand regarding losses
(equivalent Q is 11.5% larger) and return loss figure, and on the other hand due to
the possibility of totally avoid frequency shift with the procedure implemented in
Design 3. In order to contrast this information, a commercial V-band (f0 = 60.6
GHz) rectangular waveguide NBF offered by RTx Technology Co. [967] has been
analyzed. This product includes tuning screws incorporated with advanced manufacturing technology (non-affordable with the employed in-house process for the
experimental prototypes of this thesis) that allow to obtain a response meeting the
specifications. It is fair then, to compare this filter with Design 3. With both filters
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Filter
[968]
[969]
[970]
[982]
[983]
[984]
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[365]A
[985]
[986]
[973]
[365]B
[974]
[975]
D2’
[967]
D2
D3

Technology
µstrip BiCMOS
µstrip CMOS
LTCC Stripline
LTCC SIW
LTCC SIW
Pseudo-SIW
Pseudo-SIW
Microstrip
Air-Stripline
Microstrip
LTCC Cavity
Microstrip
LTCC Cavity
LTCC Cavity
WR-15
WR-15
GGW
GGW

N
2
3
3
4
4
4
3
4
4
3
4
5
4
3
5
5
5
5

IL
1.5 dB
5 dB
5 dB
7 dB
1.8 dB
2.8 dB
3 dB
2.8 dB
1.1 dB
3.1 dB
2.8 dB
3.4 dB
3 dB
2.2 dB
1.6 dB
2 dB
1.5 dB
1.5 dB

RBW
14.1 %
4.9 %
8.3 %
3.4 %
11 %
5.1 %
3%
2.7 %
10%
2%
3.4 %
4.3 %
2%
1.5 %
2.6 %
2%
2.5 %
2.5 %

Qeq
33
33
40
94
112
151
155
266
198
210
225
195
362
432
726
760
810
810

RL
8.5 dB
10 dB
10 dB
20 dB
10.2 dB
11 dB
15 dB
27 dB
9 dB
23 dB
13 dB
23 dB
15 dB
16.3 dB
9 dB
17 dB
13 dB
16.4 dB

∆f
Medium
Medium
Small
Small
Medium
High
Medium
Small
Medium
No
High
Small
Medium
Medium
Medium
No
Medium
No

Table 10.16: Comparison between several recently purposed V-band narrow-band filters. N :=
Filter order; IL := Insertion losses; RBW := Relative bandwidth; Q := Equivalent quality factor;
RL := Return Losses; ∆f := Frequency shift. D2’ refers to Design 2 with rectangular waveguide,
D2 refers to Design 2, and D3 refers to Design 3.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 10.68: Examples of experimental response of some of the filters of Table 10.16. A photograph of the manufactured prototype is shown in each graph inside the blue-marked inset. a)
Microstrip CMOS filter of [968]; b) Microstrip BiCMOS filter of [969]; c) LTCC Stripline filter of
[970]; d) LTCC cavity filter of [973]; e) LTCC cavity filter of [974]; f) LTCC cavity filter of [975].

satisfying the specifications without any appreciable frequency shift, Design 3 with
GGW presents an equivalent Q 6.5% higher than the obtained one with the rectan620
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gular waveguide filter of RTx Technology Co. Taking into account the limitations
of an in-house process front the advanced manufactured facilities of a commercial
vendor, makes evident the advantages of GGW and its suitability to be considered
instead of rectangular waveguide topology to implement V-band NBFs. It is noted
also that the analysis of the rectangular waveguide prototype offered by RTx Technology Co. gives credibility to the obtained results with the rectangular waveguide
prototype presented in this thesis. Notice that, leaving appart return losses and frequency shift issues, both rectangular waveguide filters present a similar maximum
equivalent Q, obtained with the lowest insertion loss value in the passband. This indicates that, indeed, rectangular waveguide topologies are limited so that overcome
the obtained Q values is rather challenging.
The previous results suggest that advanced manufacturing industrial techniques
applied to GGW topology may open the door to a jump in performance reaching
values close to Q = 1000, a level which is simple to reach in frequencies as close
to those of Ka-band, but that seems not affordable at V-band. Thoughtful disposition of the coupled cavities, including innovative designs such as that presented
[845], where GGW cavities are vertically coupled (a distribution rather complex and
prone to leakage in H-plane rectangular waveguide manufacturing) may facilitate
reaching such high performance. Therefore, it seems clear that to explore the use
of advanced high-performance manufacturing techniques currently available in industrial houses to GGW filters, to carry out vibration and temperature tests, and
to explore advanced filter topologies with GGW (response with transmission zeros
by means of cross-coupled resonators, hybrid horizontal-vertical coupling structures,
etc.) are three mandatory future work lines to undertake soon. The high performance of GGW structures should not be neglected by RF houses in the next years,
being that most of them still do not incorporate V-band filters in the offer (see for
instance catalogs of Pasternackr [965]a nd AINFO. Inc [966]), and a huge demand
is to come proximately, driven by new generation V-band applications. An eye must
be kept on new proposals using GGW, as they may determine massive industrial
adoption of this technology which up to now, has been show to be very promising.
The work in this part of the thesis is a small contribution in this sense, therefore,
satisfying one of the most important objectives of this part of the thesis.
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Chapter 11

Conclusions and future Work
The conclusions derived along this part of the thesis are collected in this chapter in
order to transmit them in a clear and ordered way. In addition, the work procedure
as well as the conclusions have pointed towards several possible future work lines
that are also described in this chapter.

11.1

Conclusions

All the imposed objectives in the scope of this part of the thesis have been tackled
and worked deeply until they have been accomplished with the expected grade of
success. During the followed procedure, several concepts and remarks with special
importance have appeared. From the perspective obtained at this point of the
thesis, these elements are able to generate well-founded conclusions that are given
next, classified by chapters.
In Chapter 8, current mm-wave applications and technological problems have
been studied and a deep review regarding Gap Waveguide technology has been
carried out. From this broad research work it is concluded that:
• After two failed attempts, mm-wave technology is receiving these days its
definitive progress to maturity. Everything in the scenario indicates an imminent consolidation and universal application of mm-waves. Although automotive radar applications are developing with intensity, they are not longer
the battleship of mm-wave applications, but mobile communications lead the
progress these days. Synergy between both areas is also arising with new generation vehicular communications. General users will experience and increase
of security and comfort in the next years. Imaging applications are also under the focus these days. Regarding imaging properties, the mm-wave band
has not the same potential than the THz band, however, in the very near future, mm-wave will impose in commercial scenarios due technological reasons,
mainly justified by MMIC performance.
• A careful and deep review of the literature involving conventional waveguides
and transmission lines operating at high microwave frequencies and mm-wave
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band confirms that appreciable degradation takes place for such structures.
H-plane rectangular waveguides suffer from leakage due to the cut of currents
between the manufactured pieces which do not experience the necessary good
metallic contact by cause of manufacturing roughness. E-plane rectangular
waveguide as well as circular waveguide experience alignment problems. Similarly, common transmission lines experience a large number of negative effects
as the frequency increase including ohmic, dielectric and radiation losses, as
well as parasitic modes. Several modifications have been proposed, but they
have complex implementation and low-performance. Revolutionary advances
in materials are hardly expected and technological advances in the manufacturing process are quite conditioned: photoresist techniques are better suited
for higher frequencies and milling techniques have little empty room to be improved. Therefore, to explore new topologies seems to be the best solution.
Such new topologies must be not affected by poor metallic contact or dielectric
losses, and they must facilitate packaging and integration.
• SIW structures have shown interesting characteristics for the lowest frequencies
of the mm-wave band. They have a planar profile, exhibiting features between
conventional planar and hollow waveguides, and a simple manufacturing process. However, for higher frequencies (V-band and beyond), this topology is
noticeably challenged by performance degradation, mainly caused by dielectric
losses and, to a lesser degree, by dispersion. Alternative topologies must be
considered. Regarding to the objective of GW technology adoption, it must be
highlighted that it has been observed that the evolution of SIW technology in
the research community from novelty to adoption shows that consolidation of a
new technology demands from: 1) efficient analysis methods, easy to use, conceptually clear and that establish equivalence or relationship with well-known
structures and techniques ; 2) technological consistence, achieved through the
proposal of a large variety of devices, this including experimental validation in
order to give evidence of the introduced advantages.
• The review on Gap Waveguide technology literature proves that the different
proposed topologies provide similar functionality than conventional waveguides
and transmission lines at the same time that they avoid the main technological
problems encountered at mm-wave frequencies. As product of the review, the
following conclusions can be affirmed:
ä The number of papers in Gap Waveguide technology topic have increased
exponentially in the past decade. GW Researchers tend to face more
elaborated devices and GGW has gained lot of terrain to RGW as the
structure with more projected potential. Current workforce is concentrated these days on V-band.
ä Antennas has been the most prolific element, headed by Slot Array Antennas (SAA) proposals. Specially in 2D arrays, disadvantages of rectangular
waveguide topologies (leakage due to bad metal contact) and microstrip
(high losses as well as packaging and substrate resonances) are avoided
by using GW technology.
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ä Filters and diplexers have also received good attention. To date mainly
basic configurations have been explored with some recent research in
novel filter topologies. Nevertheless, the obtained results point towards
a promising future in which advanced responses will be synthesized by
means more complex GW filter topologies.
ä The work in transitions and flanges has been intense and necessary being
that these elements are indispensable to: 1) provide interconnection with
conventional technology in order to validate the prototypes; 2) allow interconnection between different GW devices, what is mandatory to reach
a scenario of GW technology consolidation, in which advanced mm-wave
systems can be totally or almost totally implemented on GW topologies.
ä Consistent work at higher frequencies in the mm-wave band starts to appear. Although this area is still not mature, the near future will probably
come with highly competitive devices being that technological problems
of conventional structures are enhanced as the frequency increases.
ä Modeling of GWs has been a great and pursued challenge since the first
GW proposals. During a first stage, approximate methods based on
homogenization of the pin structure were common. Regarding to the
impedance, IP formulation was preferred. More recent work points to a
future scenario where methods will fully consider the pin geometry, and
ease of practical application will be disposed as a premise. Transmission
line techniques will gain terrain and modal methods may appear soon,
thus the scenario becoming quite similar to that encountered for conventional waveguiding structures.
ä GWs not only show extraordinary self-packaging properties, but this feature has been progressively applied to other structures. GW based packaging structures have improved performance of microstrip, CPW and even
SIW circuits, and they also show good properties to manage isolation in
power amplifier chains. In fact, the packaging topic has experience a great
increase of attention these last years.
In Chapter 9 a method to characterize single and coupled SSGW lines in
terms of their impedance and propagation constant has been proposed and validated. Moreover, procedures to design SSGW with stable impedances have been
established. Then, a design chart for SSGW coupled lines in the Ka-band has been
generated, which has facilitate the posterior design of a coupled-line filter. Main
conclusions extracted along the involved processes and by analyzing the obtained
results are:
• Calculation of GW transmission lines (RGW, MRGW, SSGW) characteristic
impedance results ambiguous due to the periodic nature of the waveguide
and the lack of uniqueness in the impedance definition. From a practical
design point of view it seems more adequate to treat the transmission line
as a component, in terms of its scattering parameters regarding a reference
structure.
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• Although it is not the first time that a transmission line approach is employed
to characterize SSGW impedance, several errors found in previous works have
been identified and corrected. Furthermore, the analysis method has been
rigorously presented, introducing a formal mathematical treatment of the error
that allows to quantify the introduced output error in terms input error. It has
been found that the error in the calculated impedance is of the same order of
that present in the S-parameter calculated by full-wave simulation whenever
reference port and waveguide are similar enough, what can be quite easily
guaranteed.
• To date, it has been a common procedure to prioritize the maximization of
the stopband of the GW component under design. In the case of SSGWs, this
leads to periodic structures of dimensions such that, for common impedances,
the relationship between strip width and period satisfies w < p. This cause two
effects that noticeably increase the encountered difficulties during the design
process:
ä It is found a strong dependence of the impedance value on the relative
position of the strip respect to the pin rows.
ä There is a minimum achievable impedance since, when the strip is made
narrower than the underlying pins, electromagnetic fields spread, leading
the fundamental mode to experience a wider effective width.
◦
• The solution of rotating the
√ strip 45 reduces the effective period experienced
by the strip by a factor 2. However, although this solution may introduce
certain advantage in simple circuits, with the involved strips predominantly
oriented in certain direction, it results ineffective
for more complex circuits. In
√
addition, even in the best case, a factor 2 seems to be insufficient to achieve
a suitable stability.

• SSGWs with stable impedance are achievable by using dense pin lattices at
the cost of a slight reduction of the stopband bandwidth. Nevertheless, it is
found that, since the device bandwidth is generally limited by other elements
than the periodic structure (e. g. transitions, radiating slots, filter passband),
a slight reduction of it has not any implication on the device performance.
Increments of density by a factor 5-6 while keeping 80% of the stopband bandwidth have been reported in this thesis, still achieving manufacturable pins
according to previous experience with the in-house milling machine. In addition, it is found that, with the same argumentation, it could be suitable to
allow a further reduction of the stopband in order to have less restrictions on
the periodic structure parameters, what could alleviate the manufacturing process complexity. In this sense, future designs may consider a stopband strictly
adjusted for the proposed specifications either to cover a complete band or
designed ad hoc for certain component.
• The use of dense periodic structures with low period implies:
ä Larger number of pins to manufacture. However, it is observed that,
unlike RGW or GGW structures, the function of pins in SSGW structures
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is merely to provide a PMC condition underlying the substrate with the
strip. In this sense they may be roughly manufactured without excessive
implications. Actually, it is the manufacturing precision of the circuit
layout on the substrate what mainly determines the circuit performance.
ä More complex full-wave analysis. However, for such periodic structures,
homogenization of the pin structure may be applicable. This would imply
an even faster analysis than that required for conventional SSGWs. In
such case, full-wave simulations incorporating an anisotropic substrate
instead of the pins structure could be applied, with the corresponding
advantages that this implies.
• Assuming that the bandwidth of a GW transmission line (RGW, MRGW,
SSGW) coincides with the stopband has been a common practice in the literature. However, if low impedances values are required in the circuit, wide
ridges/strips must be used, what may enable the propagation of the second
ridge/strip mode inside the stopband, hence reducing the effective bandwidth
to that described by the monomode operation.
• The characteristic impedance of a SSGW experiences certain dispersion, larger
than that of conventional quasi-TEM transmission lines (microstrip, CPW,
etc.), inherent to the use of a periodic structure. However, the obtained results
indicate that this dispersion is low enough to carry out designs of moderate
bandwidth. Contrarily to conventional transmission lines, higher frequencies
experiences lower impedances. This phenomena is caused by the fact that, for
higher frequencies, the PMC condition is created at a lower height. Therefore,
PEC and PMC planes are more separated and fields spreads more laterally,
hence the fundamental mode experiences a wider effective width.
• For a given value of impedance, the SSGW requires wider strips than conventional transmission lines. This implies an additional advantage in terms of
ohmic losses and facilitates the circuit layout manufacturing, generally limited
by the narrowest strip or strip separation width.
• SSGW coupled lines exhibit similar behavior than conventional coupled transmission lines. Therefore, the analysis method presented in this part of the
thesis to calculate SSGWs impedance has been directly applicable to model
SSGW coupled lines by means of the odd/even mode impedance analysis, and
design charts have been shown to be straightforwardly achievable. Dispersion
of SSGW coupled lines is very similar to that of isolated lines, thus allowing
for moderate bandwidth designs.
• A simple SSGW coupled-line filter has been designed by using coupled-line filter theory together with the design chart developed. Simulation results predict
outstanding low insertion losses, 5-6 lower than those predicted for microstrip
designs.
• The filter response is practically insensitive to the circuit layout position over
the pin structure thanks to the density of this last. The small variation of the
response suggest a large deterioration if a non-dense pin structure was used.
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• Study of RGW/SSGW/SIW resonators in the NBF context reveals that SSGW
performance clearly overcomes SIW performance since dielectric losses are noticeably alleviated with the former topology. On the other hand, SSGW performance is even more clearly overcome by RGW performance, which totally
lacks of dielectric elements.
In Chapter 10, propagation characteristics of GGW below and above cutoff have
been studied, and an analysis method providing an accurate equivalent between
GGW and rectangular waveguide has been presented. Then, several filters have
been designed and experimentally validated with increasing grade of performance.
Finally, an experimental comparative between GGW and rectangular waveguide has
been carried out by means of filter prototypes. From the involved work and results
it can be affirmed that:
• From the propagation characteristics analysis of the GGW several properties
of the waveguide have been clearly realized and described for the first time:
ä Above cutoff. The GGW is more dispersive than the rectangular waveguide. Depending on the propagation channel width a, the relationship
between the cutoff frequencies of the fundamental modes of both waveguides is different: for smaller a, fcGGW > fcrect whereas for larger a,
fcGGW > fcrect . The analysis of the dispersion diagram of both waveguides suggests a frequency-dependent relationship between GGW and
rectangular waveguide. Therefore, a direct, pure geometric equivalent
between both waveguides cannot be found. The assumption of that propagation characteristics of both waveguides are equivalent only holds for
certain range of a and for certain bandwidth.
ä Below cutoff. The GGW is able to operate below cutoff in a similar
manner than the rectangular waveguide. Below cutoff differences between
both waveguides are much more evident so that assuming equivalence between them is totally wrong and will not contribute with any information
to the design process of an evanescent-mode device.
ä EM fields in the structure. In a GGW, EM fields exhibit a very similar
pattern to that of a rectangular waveguide of same propagation channel
width. However, a strong concentration of fields occur over the pins,
mainly for those delimiting the propagation channel. As the frequency
increases, the field pattern of both waveguides becomes more similar, with
EM fields concentrated in the propagation channel. As the frequency
decreases, fields spread and local effects are enhanced. This behaviour is
originated by the larger interaction of propagating waves in the structure
with the lateral pin walls:
∗ Above cutoff. Fundamental mode decomposing plane waves reach
lateral pin walls with larger angle of incidence for lower frequencies.
∗ Below cutoff. Both, the lateral condition imposed by the periodic
structure and the axial propagation experienced by the fundamental
mode are of evanescent nature. At lower frequencies, propagation
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becomes more evanescent in the axial direction so that the mode is
forced towards the waveguiding channel laterals.
• A method based on transmission line theory has been successfully applied to
obtain the impedance observed towards the lateral pin walls of the propagation
channel. The analysis (lossless) reveals that this impedance is a pure reactance
that grows with the frequency (Foster’s Theorem). By applying transmission
line theory, it has been determined that the same impedance condition would
be observed is PEC walls were placed at a certain distance from the actual pin
walls. This leads to an equivalent between GGW and rectangular waveguide
that depends on the frequency. Since the reactance grows with the frequency,
the virtual width of GGW does, which implies that a GGW is, in terms of
the propagation constant, equivalent to a rectangular waveguide which width
increases with the frequency.
• During the robustness test of the method two extreme pin structure configurations were studied, discovering that GGW has enormous potential for dispersion engineering tasks. In particular, it has been found that:
ä Low density lattices of thin pins and large separation between pins and
top plate lead to a very dispersive GGW
ä Lattices with thick pins and small separation between pins and top plate
lead to GGW with practically the same dispersion than a rectangular
waveguide.
• The proposed analysis method has been shown to be:
ä Efficient: Given a GGW, full-wave simulation is only required for a small
structure containing three pins, with the rest of calculations done analytical. It is possible to vary a without any additional full-wave simulation.
For a given a the presented method is two orders of magnitude faster than
full-wave simulations.
ä Accurate: Results provided by the proposed analysis method have provided excellent coincidence with both, full-wave simulations and measurements carried out with two manufactured TRL calibration kits.
ä Conceptually perceptive: An equivalence with a well-known structure,
such as it is the rectangular waveguide, is provided.
ä Robust: Propagation characteristics of the GGW have been recovered
with accuracy for a variety of propagation channel widths and periodic
structure dimensions.
• Narrow-band filters state of the art in Ka-band and V-band reveals that frequency shift of the response is a common encountered problem caused by the
high sensitivity to dimensional errors at such small wavelengths. In addition, insertion losses are sensitively larger than those encountered in usual microwave filters. These negative effects are specially evident in V-band designs.
With increasing order of performance (and decreasing order of compactness)
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one founds: conventional transmission line filters, SIW filters, LTCC cavity
filters and rectangular waveguide filters.
• All-pole cavity filters with low insertion loss are straightforwardly implementable
with GGW structures using similar topologies to those employed in rectangular waveguide filters but using pin walls instead of metallic walls for the filter
layout.
• Three GGW filters have been designed, manufactured and measured. The
following conclusions are extracted from the process and results:
ä Design 1, 4th -order Ka-band filter at f = 40 GHz:
∗ Good insertion and return losses are achieved, however certain frequency shift, caused by manufactured errors, is observed in the response.
∗ The design obtain good results with the periodic structure truncated
after the second row of pins. However, simulations predict better performance it truncation is done after the third row of pins. Including
more pin rows do not introduce any improvement.
∗ The filter response results competitive in the Ka-band, however, commercial rectangular waveguide filters perform better.
ä Design 2, 5th -order V-band filter at f = 61 GHz:
∗ Due to frequency requirements, smaller coaxial cables are required
for the feeding. Because of the small coaxial cable dimensions, it is
necessary to insert them beyond their first section (metallic pin) in
order to perturb enough the external cavities.
∗ A manufacturing sensitivity error analysis has been carried out concluding that:
- Errors in the pin width, ∆w, affects almost exclusively to the
frequency shift in the response. There is large sensitivity to this
error that easily causes the response move far away laterally from
the specifications. This error is hardly avoidable given current
manufacturing tolerances.
- Errors in the horizontal position of the connector, ∆(x0 , y0 ), influences exclusively return losses with a secondary order effect.
Influence of each coordinate depends on the grade of variation
of the external quality factor. Cases with x0 > y0 will exhibit
larger sensitivity to ∆x0 since the external quality factor experiences greater variations in this coordinate. This error is of minor
importance given current manufacturing tolerances.
- Errors in the vertical position of the connector, ∆z0 , influences
exclusively return losses with a primary order effect. This error
is important but it can be well controlled with the aid of an
auxiliary piece to regulate the connector penetration.
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∗ A good return losses figure with competitive, low insertion losses is
found in the response. However, frequency shift remains as an important problem, even enhanced respect from the Ka-band response:
sensitivity increase whereas manufacturing precision is the same.
∗ The filter response is free of spurious and presents a high rejection
level in a large bandwidth thanks to the stopband effect. This suggests the engineering of the stopband to cover the passband surrounding spectrum accordingly to possible spurious locations in those designs threatened by this problem.
ä Design 3, 5th -order V-band filter at f = 60 GHz, including post-manufacture
tuning metal insertions:
∗ It has been shown that GGW topology allows post-manufacturing
correction of a filter response by a simple procedure which consist of
exclusively replacing the top plate of the filter, where some tuning
metallic insertions are displayed strategically.
∗ The initial design must contain a top plate with insertions of certain
dimensions in order to be able to reduce them in the next iteration
top plate if necessary.
∗ Aggressive Space Mapping algorithm using full-wave simulations as
coarse model and manufacturing process as fine model has been found
extremely efficient for the iterative correction of the response. By
applying this algorithm, the number of required manufactured top
plates with insertions is very reduced.
∗ The presented procedure is very efficient insomuch as, in the presented filter, the top plate with insertions represents only 2% of the
total manufacturing cost.
∗ The filter response satisfies the imposed specifications. Frequency
shift and widening of the response are corrected and return losses are
improved to required level while insertion losses are kept as low as in
Design 2.
∗ The presented filter is highly competitive with a performance overcoming even rectangular waveguide commercial designs.
• A comparative between GGW and rectangular has been carried out by comparing the performance of both topologies when implementing a H-plane 5th -order
V-band filter at f = 61 GHz. From this study it can be affirmed that:
ä Frequency shifts affect in a similar way both topologies.
ä Return losses of the GGW filter are better, however, previous experience
with GGW filters suggests that, in general, similar figures will be obtained
for both topologies.
ä Insertion losses of the GGW filter are slightly lower than those of the
rectangular waveguide filter even though the response of this last presents
a slight passband widening. In terms of equivalent quality factor, the
better performance of the GGW filter front the rectangular waveguide
filter become certainly evident.
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ä The GGW filter exhibits noticeably larger robustness than the rectangular
waveguide filter being that the response of the former remains practically
invariant front a re-assembling test whereas the response of the last exhibits an important degradation in terms of insertion losses and return
losses. This has the following implications:
∗ GGW topology is more robust front mechanical vibrations.
∗ GGW topology will be less affected by random errors during the
assembling process.
∗ Rectangular waveguide filters cannot be corrected through the presented post-manufacturing correction procedure since the response is
very unstable front the re-assembling process.
ä In general, it is expected better performance using GGW topology than
using rectangular waveguide topology when implementing H-plane devices.

11.2

Future Lines

The work in this part of the thesis has reached significant entity to be finished here,
and pretends to put itself a bit on the progress of mm-wave technology. However,
as any research work, it has been stopped at some point, and several issues remain
for future research. Some future work lines have arisen during the research process
as issues to solve or to improve, whereas others are the natural continuation of the
research flow. All of them are compiled in the following list:
• As a general scope line, research in the characterization of the mm-wave propagation channel would be very suitable. Modeling of new and more complex
scenarios together with improved simulation techniques would provide more
quantity and quality data for the radiofrequency engineer, hence leading to
high-level device optimization. In addition, research in order to minimize the
technological gap between microwave and mm-wave, pursuing homogenization
and integration, is a valuable path to follow.
• Regarding to the technological problems affecting passive components, a valuable work line would be to continue exploring new topologies that alleviate the
natural drawbacks appearing at mm-wave frequencies. To improve manufacturing techniques is obviously necessary as well. Nevertheless, synergy between
both research lines, i. e., not only adapt the topologies to the manufacturing
method but the manufacturing method to the topologies, is the key point to
success.
• A natural continuation with the modeling of SSGWs is to derive closed-form
expressions that totally characterize the waveguide in terms of propagation
constant and impedance. Two ways to reach this goal are foreseen:
ä To apply, either a similar analysis method to that applied for the GGW
in order to remove the pin structure in turn of an impedance condition,
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or homogenization given that the pin structure will be dense. Then, from
that point, to find a microstrip equivalent given the topological similitude.
ä To use the presented analysis method to extensively parametrize the
SSGW structure. Then, by data fitting, empirical expressions could be
derived.
Of course, this can be directly extended to SSGW coupled lines.
• In the line of some techniques derived in this part of the thesis it would be
interesting to find an equivalent between SSGW and RGW in such way that
designs from SSGW could be directly mapped on RGW. In this way, complex
designs could be prototyped in SSGW during the design stage and finally
implemented in RGW taking advantage of its higher performance.
• A pretty direct work line is to face the manufacturing of the designed SSGW
coupled line filter. Attending to the possible encountered issues, the design of
a higher order filter with a more complex response could be well afforded. The
final goal would be to develop advanced planar filters.
• As a general expansion of the work with the SSGW, analysis, design and
manufacturing of more advanced SSGW components taking advantage of the
analysis and design techniques developed in this part of the thesis is, clearly,
a future work line to address. In this way SSGW technology could reach the
necessary technological consistence to be adopted by the industry.
• An interesting work line dealing with the practical implementation of SSGWs
would be to explore both, modifications on the pin structure and manufacturing techniques, that alleviate the manufacturing cost and increase the SSGW
mechanical robustness.
• As it has been done between GGW and rectangular waveguide, an interesting
comparative would be to challenge microstrip, SIW, SSGW and RGW to experimentally implement the same design. Such a work line would provide very
useful quantitative information for the comparison between those waveguides,
nowadays somehow diffuse.
• The equivalent between GGW and rectangular waveguide could be upgraded if
information about the electromagnetic field pattern of the fundamental mode is
included. This work line would reach is very final goal if rectangular waveguide
designs could be almost directly mapped to GGW, what could be revolutionary.
• A good work line would be the research on the dispersion engineering capabilities of the Groove Gap Waveguide. The influence of each periodic structure
parameter on the dispersion characteristics of the GGW should be determined.
The very final goal in this line would be to empirically model with closed form
expressions such influences, i. e., to provide a pure analytical model for the
propagation characteristics of the GGW.
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• An almost mandatory future work line is to face complex designs with the
GGW topology by using the analysis method proposed in this part of the thesis.
In this way, all the potential of the method in the optimization stage would
be realized and, additionally, the method could be improved from possible
encountered issues.
• A quite necessary future work line regarding the state of the art is to carry out
a deep analysis of propagation characteristics of GGW-HP, less known than
those for GGW-VP, and to search for a proper equivalent with the rectangular
waveguide. In the same way, it would be desirable to find an equivalent between
RGW and the classical ridge waveguide.
• Regarding to the GGW filters topic, it seems obvious that new filter topologies
and more advanced response must be pursued. This includes to explore new
ways to excite and couple the cavities, incorporate zeros in the response or
consider dual mode cavities, for instance.
• It would be quite interesting to extend the post-manufacturing correction procedure to other GGW components such as antennas, dividers, diplexers, etc.,
and to other GWs such RGW or GGW-HP. High performance designs could
be reached according to what has been observed in this part of the thesis.
• A direct future work line is to carry out design procedures in which a multilevel ASM is used. A three-level ASM is conceived if the current coarse model
becomes fine model in a surrogate ASM routine which would use the GGW
equivalent with the rectangular waveguide as coarse model. In this way, the
main optimization task would be done over a rectangular waveguide structure,
very fast to simulate and taking advantage of a vast quantity of available
methods. This multi-level ASM procedure may be used even without requiring
the equivalent between GGW and rectangular waveguide although, in such
case, the converge velocity would be affected.
• It seems quite desirable as well to carry out a further comparison between
GGW and rectangular waveguide in which vibrational and temperature test
are carried out specifically, with proper equipment. In the same way, it would
be interesting to consider PIM and multipactor in tests. In addition, it would
be desirable to realize the prototypes with last-generation industrial manufacturing processes in order to provide a more reliable comparison from the
commercial manufacturer point of view. Good results could lead to a rapid
adoption of GGW technology by the industry. It is as well possible to include
in this line a comparative with E-plane rectangular waveguide devices.
• With the research inertia of these days, it seems that an obvious future step is
to face designs at higher frequencies, focused in W-band at a first stage. Such
high-frequency scenario could be the definitive proof of the potential of GW
front conventional alternatives.
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A good number of objectives were proposed before undertaking the research involved
in this thesis, some of them really challenging. From this point and looking back
the work, results and conclusions previous to these closing general conclusions, it
can be certainly affirmed that they have been satisfied with the expected grade of
success. With no little effort a wide scope thesis, facing state-of-the-art issues from
mm-wave and THz bands, approaching both analysis and design techniques, and
realizing comprehensive classification of a large quantity and variety of information,
has been completed. Passion for electromagnetics and underlying mathematics has
been a motivation of great importance in this sense. From the sidelines, the fruit
of this effort are the good results and conclusions obtained this thesis as well as
its objective utility for the future researcher dealing with the pioneer topics treated
therein, which expect intense evolution in the next years. Towards inside, as the
author, gained knowledge, expedience and skills are the big reward.
Regarding to the research related with THz components, it has been found a
quite arduous labour to assimilate such a large quantity of information regarding
collateral topics such applications, sources and sensors. In all them, concepts generally outside of conventional radiofrequency engineering are found, being sources and
sensors specially demanding in terms of technical knowledge. Furthermore, at THz
frequencies, information is specially disperse in a large variety or sources. It has
been, nevertheless, an interesting apprenticeship. On the other hand, the development of analytical tools for wire-type waveguides has been considerably challenging
not only in terms of the mathematical and numerical complexity, the most relevant
in this thesis, but also in conceptual terms. Design procedures have had its own
complexity as well, specially when it has been required the use of general-purpose
software, non well-prepared for wire-type structures analysis. Finally, experimental
test with wire-type waveguides have been not straightforward given the exotic nature of these waveguides compared with the standard facilities. Specially at THz
frequencies, a special care has been required to implement the experimental setups
and recover the measurements.
Regarding to the research related with mm-wave components, it can be said that
the research scope results inherently narrowed to more common radiofrequency concepts. In addition, as a posterior part, good advantage has been taken from the
gained knowledge with the first part of the thesis. The documentation research task
has been relatively straightforward but requiring important effort, mainly to the
quantity of managed information and numerical data. It has been specially nice,
notwithstanding, to see all-together the GW literature, endorsing well the consol635
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idation of GW technology. Concerning the technical work, from the analysis side,
the development of the GGW analysis method, providing equivalence with rectangular waveguide, has required an appreciable analysis task and creativity. On the
other hand, synthesis tasks have led to experience in first person the arduousness
of a standard design procedure using general purpose software and how the contribution of this thesis in both analysis techniques and synthesis procedures is of
real significance. For its part, those task requiring from advanced optimization has
been challenging given the complexity of some of the designed filters and the fact
that non-linear optimization is a complex topic per se. Valuable knowledge has been
gained thanks to that, nevertheless. Finally, it can be affirmed that manufacturing and measurement process have been more beholden and straightforward to be
carried out than at THz frequencies, even though mm-wave band is challenging in
this aspect. Besides the inherent lower complexity of mm-wave prototypes, more
adequate facilities and the know-how have played certain role in this aspect.
With high probability, results and conclusions of this thesis will play certain role
in the future of GW technology. A good few future work lines have been proposed,
may be some of them being satisfied soon by someone using part of the information
delivered in this thesis. From this last paragraph, I would like to desire all the best
luck and encouragement from the incoming researcher, with the hope that all the
effort put in this thesis can help in the best way to progress in the treated areas.
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[95] C. Jördens and M. Koch, “Detection of foreign bodies in chocolate with pulsed
terahertz spectroscopy,” Optical Engineering, vol. 47, no. 3, pp. 037 003–
037 003, 2008.
[96] Y. DEMARTY, B. M. FISCHER, P. ESPEAU, Y. CORVIS, S. MICHEL,
H. DUFAT, L. LEFORT, and P.-H. PIOGER, “Alypotec: Analysis of pharmaceutical counterfeits using terahertz technology,” 2013.
[97] N. Luhmann Jr and W. Peebles, “Instrumentation for magnetically confined
fusion plasma diagnostics,” Review of scientific instruments, vol. 55, no. 3, pp.
279–331, 1984.
[98] N. Luhmann Jr, “Instrumentation and techniques for plasma diagnostics: An
overview,” Infrared and Millimeter Waves, vol. 2, 2014.
[99] M. Bornatici, R. Cano, O. De Barbieri, and F. Engelmann, “Electron cyclotron
emission and absorption in fusion plasmas,” Nuclear Fusion, vol. 23, no. 9, p.
1153, 1983.
652

REFERENCES
[100] W. Knap, J. Lusakowski, T. Parenty, S. Bollaert, A. Cappy, V. Popov, and
M. Shur, “Terahertz emission by plasma waves in 60 nm gate high electron
mobility transistors,” Applied Physics Letters, vol. 84, no. 13, pp. 2331–2333,
2004.
[101] C. W. Domier, N. Luhmann Jr, H. K. Park, Z. Xia, and P. Zhang, “Advances
in millimeter wave/THz plasma diagnostics instrumentation,” in Joint 32nd
International Conference on Infrared and Millimeter Waves, 2007 and the
2007 15th International Conference on Terahertz Electronics. IRMMW-THz.
IEEE, 2007, pp. 8–11.
[102] M. Zerbini, F. Causa, A. Doria, G. Gallerano, E. Giovenale, A. Tuccillo,
G. Galatola-Teka, F. Cuttaia, and M. Johnston, “Progress on THz applications
for Plasma Diagnostics,” in Conference on Infrared, Millimeter, and Terahertz
waves (IRMMW-THz), 2015 40th International. IEEE, 2015, pp. 1–2.
[103] C. Paoloni, R. Letizia, M. Mineo, A. Malek Abadi, N. C. Luhmann Jr,
B. Popovic, L. Himes, R. Barchfeld, D. Gamzina, L. Yue et al., “Magnetic
fusion energy plasma diagnostic needs novel THz BWOs,” IVEC 2015, 2015.
[104] Teraviewr . (2016). [Online]. Available: http://www.teraview.com
[105] TeraSenser . (2016). [Online]. Available: http://terasense.com/company
[106] X. Zhang, “Terahertz wave imaging: horizons and hurdles,” Physics in
Medicine and Biology, vol. 47, no. 21, p. 3667, 2002.
[107] D. Arnone, C. Ciesla, M. Pepper et al., “Terahertz imaging comes into view,”
Physics World, vol. 4, pp. 35–40, 2000.
[108] R. Woodward, V. Wallace, D. Arnone, E. Linfield, and M. Pepper, “Terahertz
pulsed imaging of skin cancer in the time and frequency domain,” Journal of
Biological Physics, vol. 29, no. 2-3, pp. 257–259, 2003.
[109] J. Labaune, J. Jackson, S. Pages-Camagna, I. Duling, M. Menu, and
G. Mourou, “Papyrus imaging with terahertz time domain spectroscopy,” Applied Physics A, vol. 100, no. 3, pp. 607–612, 2010.
[110] N. Karpowicz, H. Zhong, J. Xu, K.-I. Lin, J.-S. Hwang, and X. Zhang, “Comparison between pulsed terahertz time-domain imaging and continuous wave
terahertz imaging,” Semiconductor Science and Technology, vol. 20, no. 7, p.
S293, 2005.
[111] M. C. Kemp, P. Taday, B. E. Cole, J. Cluff, A. J. Fitzgerald, and W. R. Tribe,
“Security applications of terahertz technology,” in AeroSense 2003. International Society for Optics and Photonics, 2003, pp. 44–52.
[112] W. R. Tribe, D. A. Newnham, P. F. Taday, and M. C. Kemp, “Hidden object
detection: security applications of terahertz technology,” in Integrated Optoelectronic Devices 2004. International Society for Optics and Photonics, 2004,
pp. 168–176.
653

REFERENCES
[113] E. L. Jacobs, S. Moyer, C. C. Franck, F. C. DeLucia, C. Casto, D. T. Petkie,
S. R. Murrill, and C. E. Halford, “Concealed weapon identification using terahertz imaging sensors,” in Defense and Security Symposium. International
Society for Optics and Photonics, 2006, pp. 62 120J–62 120J.
[114] D. M. Sheen, T. E. Hall, R. H. Severtsen, D. L. McMakin, B. K. Hatchell, and
P. L. Valdez, “Active wideband 350GHz imaging system for concealed-weapon
detection,” in SPIE Defense, Security, and Sensing. International Society for
Optics and Photonics, 2009, pp. 73 090I–73 090I.
[115] E. Grossman, C. Dietlein, J. Ala-Laurinaho, M. Leivo, L. Gronberg, M. Gronholm, P. Lappalainen, A. Rautiainen, A. Tamminen, and A. Luukanen, “Passive terahertz camera for standoff security screening,” Applied optics, vol. 49,
no. 19, pp. E106–E120, 2010.
[116] K. B. Cooper, R. J. Dengler, N. Llombart, B. Thomas, G. Chattopadhyay,
and P. H. Siegel, “THz imaging radar for standoff personnel screening,” IEEE
Transactions on Terahertz Science and Technology, vol. 1, no. 1, pp. 169–182,
2011.
[117] A. Luukanen, R. Appleby, M. Kemp, and N. Salmon, “Millimeter-wave and terahertz imaging in security applications,” in Terahertz Spectroscopy and Imaging. Springer, 2013, pp. 491–520.
[118] R. Knipper, A. Brahm, E. Heinz, T. May, G. Notni, H.-G. Meyer, A. Tunnermann, and J. Popp, “THz Absorption in Fabric and Its Impact on Body
Scanning for Security Application,” IEEE Transactions on Terahertz Science
and Technology, vol. 5, no. 6, pp. 999–1004, 2015.
[119] G. P. Williams and G. R. Neil, “Method for large and rapid terahertz imaging,”
Jan. 29 2013, uS Patent 8,362,430.
[120] F. Mohamadi, “TERAHERTZ SCREENING APPARATUS FOR DETECTION OF CONCEALED WEAPONS,” Oct. 8 2015, uS Patent 20,150,285,907.
[121] S. D. Caruthers, S. A. Wickline, and G. M. Lanza, “Nanotechnological applications in medicine,” Current opinion in Biotechnology, vol. 18, no. 1, pp.
26–30, 2007.
[122] J. K. Han, “Terahertz medical imaging,” in Convergence of Terahertz Sciences
in Biomedical Systems. Springer, 2012, pp. 351–371.
[123] E. Pickwell and V. Wallace, “Biomedical applications of terahertz technology,”
Journal of Physics D: Applied Physics, vol. 39, p. R301, 2006.
[124] W. L. Chan, J. Deibel, and D. M. Mittleman, “Imaging with terahertz radiation,” Reports on progress in physics, vol. 70, no. 8, p. 1325, 2007.
[125] Y.-C. Shen, “Terahertz pulsed spectroscopy and imaging for pharmaceutical
applications: A review,” International Journal of Pharmaceutics, vol. 417,
no. 1, pp. 48–60, 2011.
654

REFERENCES
[126] Y. Sun, M. Y. Sy, Y.-X. J. Wang, A. T. Ahuja, Y.-T. Zhang, and E. PickwellMacPherson, “A promising diagnostic method: Terahertz pulsed imaging and
spectroscopy,” World journal of radiology, vol. 3, no. 3, p. 55, 2011.
[127] A. W. Lee, Q. Qin, S. Kumar, B. S. Williams, Q. Hu, and J. L. Reno,
“Real-time terahertz imaging over a standoff distance (> 25 meters),” Applied Physics Letters, vol. 89, no. 14, pp. 141 125–141 125, 2006.
[128] S. Caorsi, A. Massa, M. Pastorino, and M. Donelli, “Improved microwave
imaging procedure for nondestructive evaluations of two-dimensional structures,” IEEE Transactions on Antennas and Propagation, vol. 52, no. 6, pp.
1386–1397, 2004.
[129] N. Smith, L. Rivera, N. Burford, T. Bowman, M. El-Shenawee, and G. DeSouza, “Towards root phenotyping in situ using THz imaging,” in 40th International Conference on Infrared, Millimeter, and Terahertz waves (IRMMWTHz). IEEE, 2015, pp. 1–2.
[130] M. Herrmann, M. Tani, K. Sakai, and R. Fukasawa, “Terahertz imaging of
silicon wafers,” Journal of applied physics, vol. 91, no. 3, pp. 1247–1250, 2002.
[131] F. Rutz, M. Koch, S. Khare, M. Moneke, H. Richter, and U. Ewert, “Terahertz
quality control of polymeric products,” International Journal of Infrared and
Millimeter Waves, vol. 27, no. 4, pp. 547–556, 2006.
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[326] R. Köhler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G.
Davies, D. A. Ritchie, R. C. Iotti, and F. Rossi, “Terahertz semiconductorheterostructure laser,” Nature, vol. 417, no. 6885, pp. 156–159, 2002.
[327] C. Sirtori, S. Barbieri, and R. Colombelli, “Wave engineering with THz quantum cascade lasers,” Nature Photonics, vol. 7, no. 9, pp. 691–701, 2013.
670

REFERENCES
[328] J. Ulrich, R. Zobl, W. Schrenk, G. Strasser, K. Unterrainer, and E. Gornik,
“Terahertz quantum cascade structures: Intra-versus interwell transition,” Applied Physics Letters, vol. 77, no. 13, pp. 1928–1930, 2000.
[329] P. Shumyatsky and R. R. Alfano, “Terahertz sources,” Journal of biomedical
optics, vol. 16, no. 3, pp. 033 001–033 001, 2011.
[330] M. Razeghi, Q. Lu, N. Bandyopadhyay, S. Slivken, and Y. Bai, “Room temperature continuous wave THz quantum cascade laser source with high power
operation,” in SPIE Optical Engineering+ Applications. International Society
for Optics and Photonics, 2014, pp. 919 902–919 902.
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[532] T. Akalin, A. Treizebré, and B. Bocquet, “Single-wire transmission lines at terahertz frequencies,” IEEE Transactions on Microwave Theory and Techniques,
vol. 54, no. 6, pp. 2762–2767, 2006.
686

REFERENCES
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[736] M. Yüceer, “Emerging technologies for communication satellite payloads,”
Progress in Aerospace Sciences, vol. 50, pp. 27–34, 2012.
[737] F. Piro and Y. Brand, “PIM and multipactor considerations for future highRF power space missions,” in The 8th European Conference on Antennas and
Propagation (EuCAP 2014). IEEE, 2014, pp. 1643–1646.
[738] Y.-C. Shih, T.-N. Ton, and L. Q. Bui, “Waveguide-to-microstrip transitions
for millimeter-wave applications,” in IEEE MTT-S International Microwave
Symposium Digest. IEEE, 1988, pp. 473–475.
[739] D. Deslandes and K. Wu, “Integrated microstrip and rectangular waveguide
in planar form,” IEEE Microwave and Wireless Components Letters, vol. 11,
no. 2, pp. 68–70, 2001.
[740] T. Itoh and J. Rivera, “A Comparative Study of Millimeter-Wave Transmission Lines,” Infrared and Millimeter Waves V9: Millimeter Components and
Techniques, p. 95, 1983.
[741] F. Benson and F. Tischer, “Some guiding structures for millimetre waves,” IEE
Proceedings A-Physical Science, Measurement and Instrumentation, Management and Education-Reviews, vol. 131, no. 7, pp. 429–449, 1984.
[742] D. Lioubtchenko, S. Tretyakov, and S. Dudorov, Millimeter-wave waveguides.
Springer Science & Business Media, 2003, vol. 114.
[743] R. Garg, I. Bahl, and M. Bozzi, Microstrip lines and slotlines. Artech house,
2013.
[744] T. C. Edwards, T. Edwards, and M. Steer, Foundations for microstrip circuit
design. John Wiley & Sons, 2016.
702

REFERENCES
[745] D. Liu, U. Pfeiffer, J. Grzyb, and B. Gaucher, Advanced millimeter-wave technologies: antennas, packaging and circuits. John Wiley & Sons, 2009.
[746] M. K. Chirala and C. Nguyen, “Multilayer design techniques for extremely
miniaturized cmos microwave and millimeter-wave distributed passive circuits,” IEEE transactions on microwave theory and techniques, vol. 54, no. 12,
pp. 4218–4224, 2006.
[747] R. W. Jackson, “Considerations in the use of coplanar waveguide for
millimeter-wave integrated circuits,” IEEE Transactions on microwave theory
and techniques, vol. 34, no. 12, pp. 1450–1456, 1986.
[748] C. Schollhorn, W. Zhao, M. Morschbach, and E. Kasper, “Attenuation mechanisms of aluminum millimeter-wave coplanar waveguides on silicon,” IEEE
Transactions on Electron Devices, vol. 50, no. 3, pp. 740–746, 2003.
[749] D. Li, F. Xu, and J. Xu, “An improved coplanar waveguide to slotline transition for multi-layer circuit structures,” in 2015 Asia-Pacific Microwave Conference (APMC), vol. 3. IEEE, 2015, pp. 1–3.
[750] A. U. Zaman, “Gap Waveguide for High Frequency Microwave ApplicationValidation of Concept, Filter Design & Packaging Aspects,” Ph.D. dissertation,
Chalmers University of Technology, 2011.
[751] T. M. Weller, R. M. Henderson, K. J. Herrick, S. Robertson, R. Kihm, and
L. P. Katehi, “Three-dimensional high-frequency distribution networks I: Optimization of CPW discontinuities,” IEEE Transactions on Microwave Theory
and Techniques, vol. 48, no. 10, pp. 1635–1642, 2000.
[752] E. Rius, G. Prigent, H. Happy, G. Dambrine, S. Boret, and A. Cappy, “Wideand narrow-band bandpass coplanar filters in the w-frequency band,” IEEE
Transactions on microwave theory and techniques, vol. 51, no. 3, pp. 784–791,
2003.
[753] D. Deslandes, M. Bozzi, P. Arcioni, and K. Wu, “Substrate integrated slab
waveguide (SISW) for wideband microwave applications,” in IEEE MTT-S
International Microwave Symposium Digest, vol. 2. IEEE, 2003, pp. 1103–
1106.
[754] Y. Cassivi and K. Wu, “Substrate integrated nonradiative dielectric waveguide,” IEEE Microwave and Wireless Components Letters, vol. 14, no. 3, pp.
89–91, 2004.
[755] W. Hong, B. Liu, Y. Wang, Q. Lai, H. Tang, X. X. Yin, Y. D. Dong, Y. Zhang,
and K. Wu, “Half mode substrate integrated waveguide: A new guided wave
structure for microwave and millimeter wave application,” in Joint 31st International Conference on Infrared Millimeter Waves and 14th International
Conference on Teraherz Electronics. IEEE, 2006, pp. 219–219.
703

REFERENCES
[756] A. Belenguer, H. Esteban, and V. E. Boria, “Novel empty substrate integrated
waveguide for high-performance microwave integrated circuits,” IEEE Transactions on Microwave Theory and Techniques, vol. 62, no. 4, pp. 832–839,
2014.
[757] Y. Cassivi, L. Perregrini, P. Arcioni, M. Bressan, K. Wu, and G. Conciauro, “Dispersion characteristics of substrate integrated rectangular waveguide,” IEEE Microwave and Wireless Components Letters, vol. 12, no. 9, pp.
333–335, 2002.
[758] F. Xu and K. Wu, “Guided-wave and leakage characteristics of substrate integrated waveguide,” IEEE Transactions on microwave theory and techniques,
vol. 53, no. 1, pp. 66–73, 2005.
[759] D. Deslandes and K. Wu, “Accurate modeling, wave mechanisms, and design
considerations of a substrate integrated waveguide,” IEEE Transactions on
microwave theory and techniques, vol. 54, no. 6, pp. 2516–2526, 2006.
[760] X. H. Wu and A. A. Kishk, “Hybrid of method of moments and cylindrical eigenfunction expansion to study substrate integrated waveguide circuits,”
IEEE Transactions on Microwave Theory and Techniques, vol. 56, no. 10, pp.
2270–2276, 2008.
[761] A. Belenguer, H. Esteban, E. Diaz, C. Bachiller, J. Cascon, and V. E. Boria,
“Hybrid technique plus fast frequency sweep for the efficient and accurate
analysis of substrate integrated waveguide devices,” IEEE Transactions on
Microwave Theory and Techniques, vol. 59, no. 3, pp. 552–560, 2011.
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