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ofreció su tarjeta para cubrir la cuenta, obviamente luego de unos
d́ıas le devolv́ı (caso contrario esto no seŕıa una realidad).
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Max Muñoz, gracias Max por tu amistad y las largas horas de
conversación en el Laborario, me has enseñado que se puede llegar
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todo lo que he hecho ha sido por ustedes, perdónenme hijas mı́as
por haber sacrificado su tiempo, quizá cuando sean grandes podrán
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Abstract

The Theory of Characteristic Modes (TCM), developed by R.F.
Harrington in the mid 1960’s, has become, since the beginning of
the 21st century, a fundamental tool for systematic antenna design,
thanks to the physical vision it provides of radiation phenomena.
Currently, many research groups worldwide have adopted this the-
ory as part of their design methodology. However, the theory of
characteristic modes has been used mainly for the analysis of pla-
nar structures, and there are few examples of application of the
theory to 3D structures, given the difficulty involved in its analysis.

This thesis aims to design multi-fed antennas with high bandwidth
using TCM. The main novelty contribution is providing the appli-
cation of characteristic modes theory to the analysis of 3D struc-
tures and the use of multi-feed to selectively excite specific radiation
modes. Initially, an analysis of plane structures that interact with
each other is presented, and a combination of ports is used to force
the excitation of certain modes with good radiant behavior. Fur-
thermore, it is shown that the resonances of an antenna are not
only caused by a resonance mode, but also appear as a result of the
combination of magnetic and electrical modes.

The thesis proposes antenna designs with very low profile, obtained
from the progressive folding of the previously studied planar struc-
tures. With the folding techniques, compact and low-profile an-
tennas are designed, easily integrated, with very good radiation
characteristics and a simple form of excitation.

A systematic study of 3-dimensional canonical structures, such as
rectangular and circular waveguides, is carried out. First, the waveg-
uides and equivalent cavities with a classical approach are analyzed,
obtaining the transverse electric TE and transverse magnetic TM
field modes. Then, the same waveguides and cavities are analyzed
applying the theory of characteristic modes, unifying and compar-
ing for the first time the two types of analysis. The conclusions
drawn from the analysis of the rectangular and circular waveguides
have been applied to design two types of antennas, which provide



good bandwidth and optimal radiation characteristics for 5G appli-
cations.

The thesis includes a chapter in which different antenna prototypes
are proposed, designed from the application of the characteristic
modes theory. The conclusions obtained in each chapters of the
thesis are taken advantage of and applied to specific designs, show-
ing that using TCM, it is possible to design antennas that have good
radiation characteristics and that can be easily integrated into de-
vices that operate with new technologies. like 5G or IoT.



Resumen

La Teoŕıa de Modos Caracteŕısticos (TCM), desarrollada por R.F.
Harrington a mediados de los años 60, se ha convertido desde los ini-
cios del siglo XXI, en una herramienta fundamental para el diseño
sistemático de antenas, gracias a la visión f́ısica que aporta de los
fenómenos de radiación. Actualmente, numerosos grupos de in-
vestigación a nivel mundial han adoptado esta teoŕıa dentro de su
metodoloǵıa de diseño. No obstante, la teoŕıa de modos carac-
teŕısticos ha sido utilizada mayormente para el análisis de estruc-
turas planas, existiendo pocos ejemplos de aplicación de la teoŕıa a
estructuras 3D, dada la dificultad que implica su análisis.

Esta tesis tiene como objetivo diseñar antenas multi-alimentadas
con un gran ancho de banda usando la TMC. La principal novedad
que aporta, es la aplicación de la teoŕıa de modos caracteŕısticos al
análisis de estructuras 3D y el empleo de multi alimentación para ex-
citar de forma selectiva modos concretos de radiación. Inicialmente
se presenta un análisis de estructuras planas que interactúan entre
śı, y se utiliza una combinación de puertos para forzar la excitación
de ciertos modos con buen comportamiento radiante. Además, se
demuestra que las resonancias de una antena, no solamente son cau-
sadas por un modo en resonancia, sino que también aparecen como
resultado de la combinación de modos magnéticos y eléctricos.

En la tesis se proponen diseños de antenas con muy bajo perfil,
obtenidas a partir del plegado progresivo de las estructuras planas
previamente estudiadas. Con las técnicas de plegado se consiguen
antenas compactas y de bajo perfil, fácilmente integrables, que pre-
sentan muy buenas caracteŕısticas de radiación y una forma de ex-
citación sencilla.

Se realiza un estudio sistemático de estructuras canónicas en 3
dimensiones, como las gúıas de onda rectangular y circular. En
primer lugar, las gúıas de onda y cavidades equivalentes se analizan
con un enfoque clásico, obteniendo los modos de campo transver-
sal eléctrico TE y transversal magnético TM. A continuación, se
analizan las mismas gúıas y cavidades aplicando la teoŕıa de mo-
dos caracteŕısticos, unificando y comparando por primera vez los



dos tipos de analisis. Las conclusiones extráıdas del análisis de las
gúıas de onda rectangular y circular, se han aplicado para diseñar
dos tipos de antenas, que proporcionan buen ancho de banda y
caracteŕısticas de radiación óptimas para aplicaciones 5G.

La tesis incluye un caṕıtulo en el que se proponen distintos prototi-
pos de antenas, diseñados a partir de la aplicación de la teoŕıa de
modos caracteŕısticos. Se aprovechan las conclusiones obtenidas en
cada uno de los caṕıtulos de la tesis y se aplican a diseños espećıficos,
demostrando que empleando la TCM, es posible diseñar antenas que
tengan buenas caracteŕısticas de radiación y que pueden integrarse
fácilmente en dispositivos que operen con nuevas tecnoloǵıas, como
5G o IoT.



Resum

La Teoria de Modes Caracteŕıstics (TCM), desenvolupada per R.F.
Harrington a mitjans dels anys 60, s’ha convertit des dels inicis
de segle XXI, en una eina fonamental per al disseny sistemàtic
d’antenes, gràcies a la visió f́ısica que aporta dels fenòmens de ra-
diació. Actualment, nombrosos grups d’investigació a nivell mundial
han adoptat aquesta teoria dins de la seva metodologia de disseny.
No obstant aixó, la teoria de modes caracteŕıstics ha estat utilitzada
majorment per l’anàlisi d’estructures planes, i hi ha pocs exemples
d’aplicació de la teoria a estructures 3D, donada la dificultat que
implica el su anàlisi.

Aquesta tesi té com a objectiu dissenyar antenes multi-alimentades
amb un gran ample de banda usant la TMC. La principal nove-
tat que aporta és l’aplicació de la teoria de modes caracteŕıstics a
l’anàlisi d’estructures 3D i l’us de multi alimentació per excitar de
forma selectiva modes concrets de radiació. Inicialment es presenta
un anàlisi d’estructures planes que interactuen entre si, i s’utilitza
una combinació de ports per forar l’excitació de determinats modes
amb bon comportament radiant. A més, es demostra que les res-
sonàncies d’una antena, no solament són causades per un mode en
ressonància, sinó que també apareixen com a resultat de la combi-
nació de modes magnètics i elèctrics.

A la tesi es proposen dissenys d’antenes amb molt baix perfil, obtin-
gudes a partir del plegat progressiu de les estructures planes prèviament
estudiades. Amb les tècniques de plegat s’aconsegueixen antenes
compactes i de baix perfil, fàcilment integrables, que presenten molt
bones caracteŕıstiques de radiació i una forma d’excitació senzilla.

Es realitza un estudi sistemàtic d’estructures canòniques en 3 di-
mensions, com les guies d’ona rectangular i circular. En primer
lloc, les guies d’ona i cavitats equivalents s’analitzen amb un enfo-
cament clàssic, obtenint els modes de camp transversal elèctric ET
i transversal magnètic TM. A continuació, s’analitzen les mateixes
guies i cavitats aplicant la teoria de modes caracteŕıstics, unificant
i comparant per primera vegada els dos tipus d’anàlisi. Les conclu-
sions extretes de l’anàlisi de les guies d’ona rectangular i circular,



s’han aplicat per dissenyar dos tipus d’antenes, que proporcionen
bon ample de banda i caracteŕıstiques de radiació òptimes per a
aplicacions 5G.

La tesi inclou un caṕıtol en el qual es proposen diferents prototips
d’antenes, dissenyats a partir de l’aplicació de la teoria de modes
caracteŕıstics. S’aprofiten les conclusions obtingudes en cada un
dels caṕıtols de la tesi i s’apliquen a dissenys espećıfics, demostrant
que emprant la TCM, és possible dissenyar antenes que tinguen
bones caracteŕıstiques de radiació i que poden integrar-se fàcilment
en dispositius que operen amb noves tecnologies, com 5G o IoT.
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Chapter 1

Introduction

“Unless someone like you cares a
whole awful lot, nothing is going
to get better. It’s not” ”

— Dr. Seuss.

1.1 Introduction

From the beginnings of the 1G technology launched in the 70s to the 4G tech-
nology it has been seen that from one generation to the next there has been a
substantial evolution, but following the same line of speed increase [3,4]. How-
ever, the fifth generation wants to completely revolutionize the system and not
simply as an evolution of the previous technology. The main objective of 5G is
not only to increase the speed of the service, but to generate a framework that
encompasses the integration of many networks and technologies with different
characteristics, also including the user to be part of the system through their
interaction with a better quality of experience [5].

In 2002, the Federal Communication Commission (FCC) approved a rul-
ing that UWB (Ultrawideband) could be used for data communications as
well as for radar and safety applications, the available frequencies range are
between 3.1 GHz to 10.6 GHz with a maximum power spectral density of
−41.25 dBm/MHz and a maximum transmit power of −2.5 dBm [6–8]. Since
that time, a number of antennas capable of working under UWB conditions for
various applications have been developed by researchers in the worldwide.
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CHAPTER 1. INTRODUCTION

Curiously, in 2002, the Universitat Politècnica de Valencia, through the
Grupo de Radiación Electromagnética, began to introduce in its research field
a theory that had been abandoned since it was presented in 1968. It went
from being a theory in disuse to become a very important tool for antenna
design, due to the important information it provides. Nowadays, there is a
high interest in using this theory for the design of antennas that can be easily
integrated to mobile devices, base stations, biomedical applications, satellite
communications, etc.

Therefore, during the development of this thesis, some options will be pro-
posed that can be integrated in the above mentioned applications. It will start
from an analysis of planar structures of arbitrary shape, to describe the behav-
ior of 3-dimensional structures derived from canonical shapes.

1.2 State of art

The study of the Theory of Characteristic Modes was carried out for the first
time by Garbacz in 1968 [9], who showed that Characteristic Modes can be
defined on conductive bodies in arbitrary structures by diagonalizing the scat-
tering matrix. However, obtaining these modes was not an easy task due to
their complexity [10]. Later it was improved by Harrington and Mautz [11]
where they came to obtain the same modes through the diagonalization of the
generalized impedance matrix of the bodies [11,12].

Harrington in his future works succeeded by introducing the concept of the
Method of Moments for solving an electromagnetism problem. This method
facilitates the solution of the eigenvalue problem, which at the time of its
resolution provides a set of modes of real currents, called Characteristic Modes
[13]. Studies have not only been carried out for conductive bodies but also for
magnetic and dielectric materials [14], and even for materials with losses [14,15].

This theory has long been out of use. However, in 2002 the Electromag-
netic Radiation Group (GRE) of the Universitat Politècnica de València again
took up the subject, carrying out studies on the characteristic modes of an
elliptical loop and the characteristics of patch-type antennas [16, 17], develop-
ing an analysis method for designs in some applications of antennas for mobile
telephony, MIMO and UWB [16–24]. Thus demonstrating that the Theory of
Characteristic Modes is a very suitable method to carry out systematic designs
using different types of antennas [25], this scientific contribution, since its pub-
lication has become the most cited, becoming the reference document in terms
of Modes Characteristic in recent years.

2



1.2 State of art

Some simple structures have been studied and analyzed in depth [26–32],
thus opening a wide field of study of great interest. The characteristic modes
are of great importance because they help us to know the characteristic cur-
rent distribution of a structure [25], offering information such as the resonance
frequency of the antenna, impedance matching level, radiation pattern, etc.
In addition to analyzing the characteristic modes of a simple structure, it is
necessary to consider when the structures are fed. One of the existing methods
for analyzing a structure is the method of characteristic basic functions [33].

Due to interest [34], the companies that develop electromagnetic simulators
such as: FEKO, CST Suite Studio and HFSS, have incorporated the analysis
of characteristic modes in their products. This analysis tool has meant a very
notable increase in the use of commercial software, that is why these simulators
will be the tool for the development of this work. In addition, the use of the own
code to analyze the characteristic modes of structures with infinite dielectrics
that the GRE of the UPV has developed has be considered.

However, is necessary to highlight that simulators present numerical calcu-
lation problems when the geometry is complex or has reactive elements [35].
At the time of tracking the eigenvalue, an inevitable effect called Crossing
Avoidance is generated. [36], the current distribution in surface of specific
modes changes dramatically and appears asymmetrically at isolated frequency
points [37]. This effect is closely related to equal eigenvalues at certain fre-
quency points [38]. Some algorithms have been developed to compensate for
this effect [39,40].

Due to the emergence of new technologies and the development of future
5th Generation (5G) mobile services. A large number of applications have
been developed in recent years in order to meet the needs of the system. The
interconnection of mobile devices with ultra high data rates, very low latency,
more capacity and good quality of service [41, 42], have forced the scientific
community to explore new alternatives to antennas design. Also, the challenge
of integrating antennas in structures and with a reduced size for the digital
interconnection of everyday objects with the Internet (Internet of Things IoT)
[41,42].

Thus, UWB antennas have become attractive for 5G systems [43,44], how-
ever, these are difficult to achieve. In general, patch antennas with microstrip
technology are the most commonly used [45], but they are not the most appro-
priate for multi-service systems due to their limited features [46]. Monopole
antennas [47–51] have been widely studied for many years since they provide
optimum performance, offering good bandwidth with an omnidirectional radi-
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CHAPTER 1. INTRODUCTION

ation pattern. Some antenna designs have been experimented with in order to
further improve its characteristics as a single element, an example is the use of
two feed ports [52, 53], use of cavities [54, 55], vivaldi antennas [56–58] or even
fractal antennas [59,60].

Currently, using the theory of characteristic modes, a lot of types of anten-
nas have been designed. Starting from the simplest antennas such as dipoles
[61–63] these dipoles can generate good bandwidth and radiation patterns in
specific directions. For example, inserting a pair of orthogonal stubs at 0.1 λ
from the ends of a dipole, it is possible to force the excitation of the J3 and J5
modes. Due to the antenna configuration, the resonance frequencies J3 and J5
are very close [62], generating good bandwidth. In order to generate the radi-
ation pattern in the endfire direction, 2 similar dipoles with a complementary
fold have been used, but only one of them is being excited [63].

After dipoles, antennas that begin from a planar structure have been the
most developed [64–67], in some cases using external elements to excite them
[64, 66]. However, a common form of excitation is to embed slots on a planar
finite ground plane [68, 69]. Its principle of operation is based basically on
the interaction of magnetic modes of the slot and the electrical modes of a
ground plane. If the slot shapes are modified (H or I shape) and using multiple
power points, a reconfigurable polarization can be generated [70], being able
to improve its bandwidth by systematically increasing the dimensions of the
slots [71]. In addition, structures have been designed that are capable of Radar
Cross Section reduction [72].

To generate multiple beams, and achieve that the planar structure can be
used to work in MIMO technology, multiple feeding ports must be inserted.
Therefore, based on the use of symmetry of the structures to insert multiple
feeds with an orthogonal port, the location points for the feeds will be ob-
tained [73–75]. Inductive excitation slots have been used to excite the planar
structure. Consequently, it will be possible to achieve multimode antennas
that are capable of working at high speeds. Obviously, there are other forms
to design MIMO antennas using the Theory of characteristics modes informa-
tion. According the characteristics currents in the surface of a rectangular
planar structure, a multiples capacitive elements can be inserted in the current
nulls [76].

In order to reduce the dimensions of the structure, improve bandwidth
and radiation performance, uniform and nonuniform array 2D metasurfaces
are used. [77–85]. Where, the Characteristic Mode Analysis (CMA) is an ap-
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1.3 Motivation

propriate antenna design approach, helping to optimize the metasurfaces and
allowing to obtain the optimal points for their excitation.

For Internet of Things applications. TCM has also proved to be a great
ally. Through its analysis, new types of RFID tags have been designed [86,87].
For example, the new RFID antenna for labeling commercial metal cans in a
refrigerator. The tag is designed by taking advantage of the structure of the
metal can as the main radiator [88].

In many telecommunications applications, covering a wide working area is
extremely important. That is why the use of beamforming networks (BFN)
for an array antennas is a form to cover a wider radiation space. Beamforming
networks allow multiple radiation patterns to be generated, and their opera-
tion is as simple as a beam switch to form a continuous beam. BFN’s can
be divided into 3 groups: transmission lines based (transmission lines BFN),
quasioptical lens based (quasioptical BFN) and digital data processing network
based (Digital BFN).

One of the most important designs within transmission line-based BFN’s are
Butler matrix. [89,90] and Rotman lenses [91]. The N x N port Butler matrix is
a combination of power dividers with broadband phase shifters, which is why a
Butler Matrix is composed of hybrid couplers at−3dB, crossovers and 45◦ phase
shifters. In recent years these elements have been experimented by virtue of
improving their characteristics [92,93]. The UWB Butler matrices [94–98] have
started to be developed, the systems in which this type of design is applied are:
satellite communications [99], radar applications, unmanned aerial vehicles, etc.

1.3 Motivation

In April 2016, after a devastating earthquake destroyed a large part of the
coastline in Ecuador, all high-speed guided communications to the devastated
areas were compromised, leaving only radio communications as the only al-
ternative for emergency communication. The affected people were trying to
communicate with their families but it was almost impossible due to the heavy
traffic and technological limitations. [100].

However, despite the difficulties shown, radio communications will always
be the best option for communication in times of natural disasters. Being of
great interest at present the development of devices that can provide a very high
speed communication, low latency and jitter. On the other hand, it must have
the ability to integrate with the systems that are currently being assembled
around the world, as is the case of fifth generation networks 5G.
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the Grupo de Radiación Electromagnética at Universitat Politècnica de
València, for some time has been working on the development of devices that
may be able to integrate this technology. Since the presentation of 2 doctoral
theses in 2008 [26,27], has been using the theory of Characteristic Modes as a
tool for the design of antennas. Therefore, the thesis is also motivated by the
previous experience that the research group has in the subject of the Charac-
teristic Modes Theory.

Finally, it must be a highlight that this thesis has been developed in col-
laboration between the Universitat Politècnica de València (UPV) through the
Grupo de Radiación Electromagnética (GRE) that is part of the Instituto de
Telecomunicaciones y Aplicaciones Multimedia (iTEAM) and the Grupo de
Investigación en Radiación Electromagnética, Sistemas Electrónicos Aplicados
y Redes de Comunicaciones Hı́bridas (G-RESEARCH) of the Universidad Na-
cional de Chimborazo (UNACH) in Ecuador. In addition, this work has been
supported by a doctoral studies scholarship of the UNACH, by the Spanish
Ministry of Science, Innovation, and Universities (Ministerio de Ciencia, Inno-
vación y Universidades de España) under the project PID2019-107885GB-C32,
and by the Generalitat Valenciana GV/2015/065.

1.4 Objectives

The objectives that have been set for the development of this research work
are:

1.4.1 Main Objective

The overall objective is to develop new antenna designs with wide bandwidth,
low profile, compact and generate stable unidirectional radiation patterns, us-
ing different geometries and multiple feeds, applying a design methodology
based on Characteristic Mode Theory.

The general objective also addresses theoretical investigations through math-
ematical formulation, numerical analysis using simulators and evaluation of the
prototypes. Therefore, it will be necessary to work on certain specific objectives
to fulfill the general one.

1.4.2 Specific Objectives

1. Analyze the characteristic modes of the structure and feeding incidence
in arbitrary 2D and 3D figures.
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X Analysis of structures and simple planar geometries.

X Analysis of different types of 2D structures as circles, rectangles,
ellipses, circular and rectangular rings.

X Analysis of different types of 3D structures as rectangular waveg-
uides, circular waveguides, cube, structures folded on themselves.

X Feeding effects analysis.

X Combination of electric and magnetic modes for resonance genera-
tion.

2. Multiple modes excitation using multiple feeding ports to achieve anten-
nas with the following properties:

X Ultra Wide Band (UWB)

X Unidirectional radiation pattern with stability in the pattern

3. Study beamforming networks (BFNs) for array antennas

X New concepts of broadband Butler Matrices

X Array antennas for WIFI applications

4. Manufacture, characterization and experimental validation of prototypes.

1.5 Metodology

The methodology used for the development of this research work is described
as follows:

1. Compilation and bibliographic review

The first phase of the thesis has been dedicated to the collection of in-
formation and bibliographic review, starting from a basic study until
reaching specific definitions as the thesis develops. The consultation and
updating of the state of the art will be done through scientific data repos-
itories such as IEEE Xplore or through databases indexed in WoS (Web
of Science) specialized in antennas and microwaves topics. In addition
to the information provided by data collection, the program has been
supported by active participation in conferences related to the subject at
national and international level.

The conferences have provided updated information on the advances and
news that occur on the subject in other research centers worldwide. Like-
wise, I have been an active participant in training courses and a short-
term stay in an international research center of the highest prestige, since
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these activities have been of great benefit in the acquisition of basic in-
formation for the development of the thesis. Parallel to the compilation
and bibliographic review, the behavior of some arbitrary structures has
been studied using the theory of Characteristic Modes.

2. Modal analysis for antenna designs

This phase of the development of the thesis has been dedicated to the
analysis and development of design techniques and optimization of simple
structures through the use of the Theory of characteristic modes, this has
been done to achieve antennas that have a low profile, a large bandwidth,
a good impedance matching and above all that a unidirectional radiation
pattern is generated with stability in its radiation pattern.

The modal analysis for antenna design has been carried out through sev-
eral arbitrary shapes in 2D and 3D, the first analysis has been performed
in a structure without including the power ports, but only illuminat-
ing with a plane wave, and the second case has used one or multiple
feed points. The fundamental aspects to analyze are: the distribution
of induced currents in the structure, multimodal input impedance at the
feeding point, the stability of the radiation patterns due to the modes in
the structure and the contribution percentages of the modes to generate
the resonance.

3. Prototyping and experimental characterization

The practical validation of the designed devices has been carried out
through the fabrication and characterization of these structures. The lab-
oratory of Grupo de Radiación Electromagnética (GRE) del Instituto de
Telecomunicaciones y Aplicaciones Multimedia (iTEAM) at Univesidad
Politècnica de Valencia, and the laboratory of the Antenna and Electro-
magnetism Research Group at the Queen Mary University of London have
been provide the necessary equipment to carry out the device manufac-
turing and devices characterization, thus validating the results obtained
in the previous phases through electromagnetic simulators.

Analogous to the development of the thesis, the most relevant results
due to their theoretical or design content, which imply a novelty in the
field, have been disseminated to the scientific community through papers
in indexed journals and conferences related to the research topic. In
addition, during the course of the thesis, new technologies that has been
contribute to the development of the thesis have been explored through
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an academic visit in the Antenna and Electromagnetism Research Group
at the Queen Mary University of London.

1.6 Structure of the thesis

This thesis has been organized through seven chapters, their description as
depicted below:

 Chapter 2.- Theory of Characteristic Modes

A brief introduction to the Theory of Characteristic Modes (TMC) is pre-
sented. These modes are important to analyze the current distribution
and describe the resonance frequency of an arbitrary metallic structure in
the absence of feeding points but illuminated by an incident field (plane
wave). A mathematical formulation is introduced to describe the behav-
ior of the structure through the solution of integral equations using the
method of moments. A description of the physical interpretation of the
modes is presented, for which the characteristic angles αn, eigenvalues
λn and modal significance MSn are analyzed. Finally, an example of a
modal analysis for a planar structure is presented.

 Chapter 3.- TCM in planar structures In this chapter the analysis
of several planar structures in isolation using the tcm is made, in addition
to the behavior when two or more structures interact with each other,
with this information then you can determine the shape and the number
of feed points that can be used to force certain modes. Some examples are
presented where 1 or several feeding points are inserted, it is also shown
that resonance obtained with a full wave analysis is not necessarily linked
to a single mode, but it is shown that it is the result of a combination of
modes.

 Chapter 4.- Folded structures

The behavior of a pair of planar structures (a rectangular plate and an
ellipse) is described using the TCM, to take advantage of their dimensions,
these structures are subjected to a progressive folding until reaching the
point where their two ends almost come together, a complete analysis of
the behavior of the characteristic angles as the folding is performed is
provided. With this information we proceed to insert the feeding points
to convert them into antennas. A couple of prototypes are fabricated
that achieve unidirectional radiation patterns and a very considerable
bandwidth.

 Chapter 5.- TCM in 3D structures
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Once the planar structures, the interaction between them, and the folding
on itself were analyzed. This chapter is dedicated to carrying out a study
of the structures in 3 dimensions, the analyzed 3D structures are the
waveguides, cavities closed at both ends and a cavity with a half-height
structure with an open circuit and a short circuit at the ends. Two types
of analysis are used, the first corresponds to the study of guide modes, i.e.
to study the fields propagation inside a waveguide, their cutoff frequencies
and the resonances for each of the proposed cavities.On the other hand,
an analysis of the same structure is made using the characteristic modes
theory, to describe how the currents behave, the radiation pattern and
the resonance frequency when is excited by a feeding point. It is also
presented two types of devices that have been inspired by the analyzed
3D structures, using a combination between the feeding ports, a large
bandwidth, stable unidirectional radiation pattern is generated.

 Chapter 6.- Applications

In the applications chapter, the validation of some devices that have been
manufactured during the development of the thesis is shown, a compara-
tive analysis is carried out between the results obtained through simula-
tions and measurement instruments. The propotypes shown are:

– Butler matrix designed to generate four beams independently at a
center frequency of 2.45 GHz

– Antenna composed of 4 asymmetric semi-cavities designed with SIW
technology (Substrate Integrate Waveguide) with a very low profile,
the structure is excited by a capacitive feed point that has a cross
shape, each one of the semi-cavities generates a resonance, there-
fore , with the 4 semi-cavities a great bandwidth is generated. On
the other hand, using the same design concept, an antenna with
circular semi-cavities that can be integrated into a smart watch, it
has 4 feeding points, 2 antennas work at 2.5 Ghz and the other 2
at 3.6 GHz. The port isolation is very good and, combined them
multiple beams can be generated.

– Two proposals for antennas that are integrated into a chassis of a
mobile device (a tablet specifically) and can cover the frequencies of
2.5 GHz and 3.6 GHz are presented, the first proposal starts from an
elliptical plate folded on itself by the section of the semi minor axis,
is fed capacitively from the curved edge, for the generation of the
other frequency its dimensions are optimized. A 4 x 2 antenna array
has been placed on the chassis so that the device works in MIMO
technology. The second proposal is very similar to the first one, but
to generate the second resonance a slot is added to the upper layer of
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1.6 Structure of the thesis

the structure and the capacitive feed point is placed in the inserted
slot.

– An arbitrary structure is analyzed using TCM, a scaled air-plane is
taken as a reference, and a pair of feed points are inserted in specific
areas for the generation and control of the radiation pattern.

– A periodic metasurface antenna absorber is presented, to find the
optimal power points, it starts from the analysis of a unit cell using
the TCM, the impedance values are found that are later replaced by
resistive loads, with this a maximum power transfer will be made.

 Chapter 7.- Conclusions and Future works

In this chapter, the conclusions reached with the development of this
research work have been presented, in addition, a perspective of the future
works that can be derived from this research line has been provided.
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Chapter 2

Theory of Characteristic
Modes

“The charms of this sublime
science, mathematics, are only
revealed to those who have the
courage to deepen it.”

— Carl Friedrich Gauss

2.1 Introduction

The Theory of Characteristic Modes (TCM) in last years has been used as
a great tool for the design of antennas because of the important information
provided [34,101]. TCM was analyzed for first time by Garbacz in 1968 [9], in
these work, the author demonstrated that with the diagonalizing the scattering
matrix of the bodies conductor with arbitrary shapes the characteristic modes
can be described. However, obtaining these modes was not a simple task due
to its complexity [10].

Later it was improved by Harrington and Mautz [11] where they got to ob-
tain the same modes through the diagonalization of the generalized impedance
matrix of the bodies [11, 12], Harrington in his future works managed to suc-
ceed by introducing the concept of Moments Method for solving a problem of
electromagnetism [102], this method facilitates the solution of the problem of
eigenvalues, which at the moment of its resolution provides a set of real current
modes, called Characteristic Modes [13]. TCM not only have been studied for
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CHAPTER 2. THEORY OF CHARACTERISTIC MODES

Figure 2.1: 3D PEC general arbitrary surface.

conductive bodies but also for magnetic materials and dielectrics [14], and even
for materials with losses [14,15,103].

Although the Theory of Characteristic Modes has been described in great
detail in [11], and [12] and has been developed in several studies [104–107].
In this chapter, a review of its mathematical formulation will be carried out,
subsequently based on a circular ring, each of the parameters that emerge from
the analysis of the TCM will be described, and its application in antennas
design.

2.2 Mathematical Formulation of the TCM

Consider an arbitrary Perfect Electric Conductor (PEC) that is illuminated
with an incident plane wave Ei as shown in Fig. 2.1, the incident plane wave
induces a surface current J on the PEC body, the induced surface current J
generates a field scattering Es.

Through the boundary condition the tangential electric field can be de-
scribed, which satisfies the equation:

(Es(r) + Ei(r))tan = 0, r ∈ S (2.1)

where index s represents the scattered field and index i the incident field re-
spectively. Since the electric field Es is in function of the induced current J,
the integral operator L can be defined as:

L(J) = −Es
tan(r), (2.2)

In order to formulate the Theory of Characteristics Modes for conductive
bodies, the Electric Field Integral Equation (EFIE) has been described after
the combination the Eq. (2.1) and Eq. (2.2) [11].
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2.2 Mathematical Formulation of the TCM

Figure 2.2: Classic scenario to the computation of characteristic modes, and
the spherical coordinates systems.

[L(J)−Ei(r)]tan = 0, (2.3)

Where the subscript “tan” depict the tangential components of the electric field
on the surface S.

In Fig. 2.2, the classic scenario to the computation of characteristic modes
is shown, and the corresponding spherical coordinates systems.

The integral operator L has a linear behavior and it is defined by:

L(J) = jωA(r) +∇φ(r) (2.4)

A(r) = µ0

‹
s

J(r′)ψ(r, r′)dS′ (2.5)

φ(r) =
j

ωε0

‹
s

∇′.J(r′)ψ(r, r′)dS′ (2.6)

Where r describe a field point, r′ is a source point, and ε0, µ0, k represent the
permittivity, permeability, and wave number, respectively, of the free space.
Operator ∇′ denotes divergence with respect to r′. The Green’s function of
the free space has a well-know form:

G(r, r′) =
e−jk|r,r

′|

4π|r, r′| = ψ(r, r′) (2.7)

Applying the boundary condition 2.1 and in 2.4, the EFIE formulation can
be described by:
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L(J) = jωµ0

‹
s

J(r′)
e−jk|r,r

′|

4π|r, r′| ds
′ +∇

(
j

ωε0

‹
s

∇′.J(r′)
e−jk|r,r

′|

4π|r, r′| ds
′
)

(2.8)

Physically, the expression −L(J) provides the electrical intensity at any
point in space due to the current J on the surface S, as the operator L is
related to the field and the current quantities, it has an impedance character:

Z(J) = [L(J)]tan (2.9)

the Eq. (2.9) in its discrete form is also known as the Method of Moments
(MoM) complex impedance matrix [11,108].

2.2.1 Method of Moments

There are several numerical methods that are used for the analysis and design
of antennas, among the main ones we have the finite difference of time do-
main (FDTD) method and the finite element method (FEM), which transform
the differential equations of electromagnetic into difference equations. On the
other hand, the integral equations methods, which transform the differential
equations of electromagnetic through the use of a Green’s function into integral
equations that can be solved using the method of moments (MoM) [109].

In this thesis, for the analysis of the behavior of the several structures
that will be presented, the method of moments has been used. The MoM
was described at the first time in 1967 by Harrington [109], and in 1993 was re-
edited in his book [13], this numerical method is particularly well suited to open
problems such as the radiation and scattering problems [11,13,102,110,111].

The main objective of the MoM is to represent in a matrix form of an
integral operator through the expansion and approximation of the unknown
currents in terms of a finite set of basis functions. To achieve this purpose,
three steps can be adopted in a general way and these are described as follow.

Firstly, 3D reference structure must be superficially modeled in several small
elements, the triangular shapes are the most popular to model 3-D arbitrary
shape. In Fig. 2.3 the triangular elements mesh are shown, there are several
electromagnetic simulators capable of generating a triangular mesh such as
the PATRAN [112], ANSYS [113], Altair HyperWorks [114], CST Studio Suite
[115].
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Figure 2.3: Triangular element mesh of an airplane [1]

In general, to obtain precious radiation and dispersion results, a λ/10 mesh
is usually sufficient [116], where λ corresponds to the wavelength at the reso-
nance frequency in the free space. On the other hand, to obtain the distribution
of modal currents through the theory of characteristic modes, this mesh is op-
timal to obtain results of the fundamental modes, however, for modes of higher
order, the mesh value at λ/10 is insufficient, because the modal currents of
higher order modes vary drastically, so it has been suggested to model the
PEC surface with a relatively dense mesh in excess of λ/15 [116].

Secondly, the appropriate basis functions should be assigned to each one
of the previously described elements such that the unknown currents in the
integral equation are expanded. In the method of moments, the most popular
basis functions for PEC arbitrary surfaces is Rao-Wilton-Glisson (RWG) basis
function [117] and this is based through geometrical modelling using a meshing

Figure 2.4: RWG basis function depicted over a pair of triangular elements
with a common side.
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with triangular patches. As shown in Fig. 2.4, the RWG basis function is
defined such a vector function fn over a pair of triangles elements that share a
common edge and it is depicted by the following equation:

fn(r) =



`n
2A+

n
ρ+n if r ∈ T+

n

`n
2A−

n
ρ−n if r ∈ T−

n

0 else

(2.10)

where T+
n and T−n are the contiguous triangles that have a common edge with a

length `n, A+
n and A−n corresponds to the area that covers each of the triangles

considered for the analysis, ρ+n and ρ−n are called the charge density, these
represent the direction of the vectors that are defined with respect to the vertex
free and can be defined with:

ρn =
1

jω
∇.fn(r) (2.11)

On the other hand, J component normal to value `n is assigned a posi-
tive when it flows from T+

n to T−n . The vector function fn(r) has no normal
components through the outer edge between the pair of triangles T+

n and T−n .
The normal component through the inner edge `n is equal to 1, constant and
continuous along the entire side. Then, the total current can be approximated
to:

J(r) =

N∑
n=1

Jnfn(r) (2.12)

Where Jn is the unknown weighting coefficient for the nth RWG basis func-
tion i.e. the current that is flowing the side `n and N depicts the number of
common edges in the pair of considering triangles. The surface charge density
can be approximated by the Eq. (2.13), it shows that the total charge density
associated with the triangle pairs equals to zero.

∇s.fn =



`n
A+

n
if r ∈ T+

n

− `n
A−

n
if r ∈ T−

n

0 else

(2.13)
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Finally, the last step in discretizing an integral equation into a matrix
equation is to test the integral equation with expanded current representa-
tion. Then, the Eq. (2.12) has been substituted into the EFIE such as depicted
follow:

Ei
tan(r) =

(
jk0η0

N∑
n=1

Jn

‹
s

fn(r′)G(r, r′)dS′
)

tan

+(
jη0
k0

N∑
n=1

Jn∇
‹
s

∇′.fn(r′)G(r, r′)dS′
)

tan

(2.14)

Using the RWG basis function fm(r) as the testing function and using the
vector identity ∇.(φA) = A.(∇φ)+φ(∇.A), the following matrix equation can
be generated:

[Zmn][Jn] = [Vm] (2.15)

where,

Zmn = jk0η0

(
Amn −

1

k20
Bmn

)
(2.16)

Amn =

‹
s

fm(r).

‹
s

fn(r′)G(r, r′)dS′dS (2.17)

Bmn =

‹
s

∇s.fm(r)

‹
s

∇′s.fn(r′)G(r, r′)dS′dS (2.18)

Vm =

‹
s

fm(r).Ei(r)dS (2.19)

Therefore, for the CM analysis, the generalized eigenvalues equation of the
impedance matrix [Zmn] has been derived. The generalized eigenvalue equation
is independent and not dependent on a specific excitation.

2.2.2 Characteristic currents

Theory of characteristic modes was expanded when Harrington and Mautz
demonstrated that the solution for the modes could be found using an eigen-
value problem and could be solved using the method of moments [11]. The
method of moments impedance matrix Z used to demonstrate the theory can
be decomposed into its real and imaginary parts such as shown below:

Z(J) = R(J) + jX(J) (2.20)
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For purposes of modal decomposition of the TCM, the matrix Z has sym-
metry with its real and imaginary Hermitian parts [118].

Hence, based on the Harrington and Mautz proposed [10], the characteris-
tics currents modes are the solution of generalized eigenvalue equation over an
arbitrary structure.

X(Jn) = λnR(Jn) (2.21)

where λn corresponds at the eigenvalues, Jn represents the eigenfunctions or
eigencurrents, and the variables X and R depict the imaginary and the real
part of the MoM Z matrix of the analyzed arbitrary structure.

The operators R and X of the generalized eigenvalue equation are both
real symmetric operators when the reciprocity theorem in a linear symmetric
operator is applied, causing the eigenvalues λn real with the eigenvectors Jn
real or equiphase [11]. Moreover, the properties of the matrix R and X ensure
the real eigenvectors Jn be orthogonal with R and X. Mathematically, these
orthogonality properties can be described as:

〈J∗m, R(Jn)〉 = δmn (2.22)

〈J∗m, X(Jn)〉 = λnδmn (2.23)

〈J∗m, Z(Jn)〉 = (1 + jλn)δmn (2.24)

The balance of power between the reactive and active power of the charac-
teristic modes are described through the equations 2.22 to 2.24. Where δmn,
is the Kronecker Delta function defined as:

δmn =

 1 m = n

0 m 6= n
(2.25)

Given that all eigenvectors Jn are real, the conjugate operation in equations
(2.22), (2.23), and (2.24) can be omitted.

Analyzing the Eq. (2.21), the characteristic modes defined such Jn can be
represented as the real currents that are on the surface of a conductive body,
and these currents only depend on the shape and size of the structure and these
are independent of any specific source or excitation.

In general, the characteristic currents show two types of orthogonality prop-
erties: the current polarizations are orthogonal with each other, and the cur-
rent magnitudes are orthogonal with each other. In the second property, if
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2.2 Mathematical Formulation of the TCM

Figure 2.5: Reference structure to represent the parameters generated by the
theory of Characteristics Modes.

a mode has a very strong currents at a specific point on the PEC surface,
then the orthogonal mode must have a very weak modal current at the same
point. Taking advantage of the orthogonality property described above, an-
tennas with circular polarization can be designed by exciting two orthogonal
modes simultaneously, for example the typical rectangular patch excited on its
adjacent edges as shown in [46]. In addition, using the orthogonality prop-
erty also obtains important information on how to properly design antennas
with multiple ports, helping improve the isolation performance between feeding
ports, this concept will be used for some of the designs that will be presented
in the following chapters.

In practice, to compute characteristic modes in an arbitrary conductive
structure, equation 2.21 needs to be reduced to matrix form as explained in [11],
using the Galerkin formulation [13]:

[X](Jn) = λn[R](Jn) (2.26)

To illustrate and describe the parameters that are generated by the Theory
of Characteristic Modes, a metallic circular ring as shown in Fig. 2.5 has been
analyzed, the structure is supposed to be a perfect conductor without losses, its
dimensions are: outer radius R1 = 30 mm, internal radius R2 = 26 mm and the
thickness t = 0.035 mm. To compute the modes, hundred triangular functions
have been used to calculate the modes for expansion and testing when applying
the method of moments.

In Fig. 2.6, the characteristic currents of the first three modes have been
represented. Figs. 2.6(a) and 2.6(d) represent mode J1 and its orthogonal
mode or also known as degenerate mode (J1’), these modes have been obtained
at a resonance frequency of 1.87 GHz. In Fig. 2.6(b) and 2.6(e), the mode J2
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CHAPTER 2. THEORY OF CHARACTERISTIC MODES

Figure 2.6: Characteristic current distribution. a)Mode J1 and d) Mode J1’ at
1.87 GHz; b) Mode J2 and e) Mode J2’ at 3.65 GHz; c)Mode J3 and f) Mode
J3’ at 5.42 GHz

and its degenerate mode (J2’) are depicted, these last modes are obtained at
the frequency of 3.65 GHz. Meanwhile, at 5.42 GHz it was obtained at mode
J3 and it’s degenerated mode J3’ such as exhibited in Fig. 2.6(c) and 2.6(f).

The denomination of the degree of each of the modes presented in a structure
is given by the number of pairs of current nulls. For the metal ring shown in
Fig. 2.5, it can be seen that for the mode J1 and the J1’ there is a pair of
current nulls, for the case of the mode J2 and J2’ there are 2 pairs, while for
the case of the mode J3 and J3’ there are 3 pairs, each case has been illustrated
in Fig. 2.6.

However, there is another method to interpret the degree of the modes in
a structure. First, the symmetry axes should be placed in the structure: in
the case of common modes (Jn) the vertical axis (X-axis) will be used and for
degenerate modes (Jn’) the horizontal axis (Y-axis). Next, for the analysis,
only one of the planes is considered, if it is for the common-mode the part of
the left or right of the structure, or else top or bottom in the case of degenerate
modes. Finally, in the simplified structure, the maximums of currents must be
count, the number of maximums of currents represents the degree of the mode.
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Figure 2.7: Normalized current distribution at 1.87 GHz (1st resonance) for
the first four eigencurrents of simplified structure (half circular ring sketched
in Fig. 2.5).

To facilitate a comparison between each of the modes that appear in a
structure, it will be assumed that the values of the internal radius and the
external radius of the analysis structure are approximately equal, the solution
for this case is similar to that obtained when a conductive wire is analyzed, i.e.
the characteristic currents can be normalized in a graph plotted in cartesian
coordinates using the maximum values of the currents versus the number of
segments (S) used for the computation of the modes. Then, starting from the
distribution of currents shown in the structure of Fig. 2.6, the normalized values
of the eigencurrents can be plotted in two ways: the first form is linked to the
currents when analyzing the complete structure that it finally can be described
as the result of placed two dipoles in parallel, each one of the dipoles have
been slightly deformed in order to obtain a semi-circle and that when these
are integrated a circular ring has been gotten. Meanwhile, the second can be
plotted using the simplified structure obtained by symmetry.

In Fig. 2.7 shows the eigencurrents generated by the simplified structure, it
can be observed that eigencurrents have sinusoidal form with nulls at the end
points of the dipole (half of the structure). As the order of the mode increases,
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CHAPTER 2. THEORY OF CHARACTERISTIC MODES

the function that depicted the eigencurrents is increasingly oscillatory. It should
highlight that by varying the frequency of analysis, the representation of each
of the normalized currents will be subject to variation [26].

First current mode presents one cycle, second current mode two cycles, and
so on. Furthermore, depending on the symmetry of their current distribution
the modes can be classified in even modes (J1 and J3) or odd modes (J2 and
J4).

According to the information provided by the eigenvalues, the fundamental
mode will resonate when its physical length of half the structure is approxi-
mately L = λ/2. On the other hand, for higher-order modes, the length value
of the fundamental mode ( λ/2) can be multiplied with the order of mode to
find. For example, for mode J2 it should be λ/2 * 2 = λ, in case of mode J3 it
will be λ/2 * 3 = 3λ / 2, respectively to each mode.

Is important to highlight that there are two ways in which the currents flow
within a structure, in a first way, the currents flow to around the current nulls
either right or left, these are known as a magnetic mode. In the second case,
the currents enter or leave of the current nulls generating a source or drain
effect, at these kinds is called such an electric mode.

2.2.3 Characteristic fields

The so-called characteristic fields are those generated by the far-field or electric
fields En that have been produced by the characteristic currents or also known
as modal currents Jn on the surface of a conductive body [11]. Characteristic
fields can be expressed from Eq. (2.21), as detail below:

En(Jn) = Z(Jn) = R(Jn) + jX(Jn) = R(Jn)(1 + jλn) (2.27)

Then, from the Eq. 2.27 it is extracted that characteristic fields are equiphasal,
since they are (1+ jλn) times a real quantity. The orthogonality relation for
the characteristic fields can be obtained from the characteristic currents of
the Eq. (2.24) through the complex Pointing theorem, and after to omit the
common coefficients, the relation can be written as:

P (Jm, Jn) = 〈J∗m, ZJn〉 = 〈J∗m, RJn〉+ j〈J∗m, XJn〉

=

‹
S’

(Em ×H∗n)dS + jω

˚
V ’

(µHm ·H∗n − εEm ·E∗n)dV

= (1 + jλn)δmn

(2.28)
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2.2 Mathematical Formulation of the TCM

Figure 2.8: 3D Characteristic radiation patterns of the modal electric field Eφ,n
caused by the current modes Jn. a)Mode J1 and d) Mode J1’ at 1.87 GHz; b)
Mode J2 and e) Mode J2’ at 3.65 GHz; c)Mode J3 and f) Mode J3’ at 5.42 GHz

If a structure with a surface of finite size is considered and the fields on
the sphere at infinity (S∞) are evaluated, as shown in Fig. 2.2, it can be
demonstrate that

1

η

‹
S∞

En ×E∗mdS = δmn (2.29)

hence, the equation above shows that characteristic electric fields form an or-
thogonal set in the far field.

In the same way as in the characteristic currents, the characteristic fields
also exhibit orthogonality properties, the polarization and the magnitudes of
the characteristic fields are orthogonal with each other. It is clear that there
is a very close relationship between the orthogonality properties of the charac-
teristic currents with the characteristic field.

There are several applications where the orthogonality properties of the
characteristic fields are applied, among the most popular are used to design
antennas for MIMO (Multiple Input Multiple Output) technology or when the
far field polarization performance is of great importance [74,119].
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In 2.8, the 3D modal electrical field of the two first modes generated by the
currents modes of the metallic circular ring illustrated in Fig. 2.5 are expressed.
The Fundamental mode J1 and its degenerated J1’ have been obtained at
1.87 GHz, at 3.65 GHz for the mode J2 and its degenerate and finally mode J3
and J3’ at 5.42 GHz.

It is evident that the number of radiating lobes depends on the order of the
mode i.e. if the mode increases its order the number of modes grows as well.
By comparing the characteristic currents with the characteristic fields, it can
be concluded that a radiation is null in one direction when the value of the
current in the same direction is null also.

2.2.4 Modal Solutions

Owing to the already mentioned orthogonality properties defined in the char-
acteristic modes, either the characteristic currents or the radiated fields can be
extended using the CM. The total currents that appear over the surface of a
conductive body can be written as a combination or linear superposition of the
characteristic currents.

J =
∑
n

anJn (2.30)

where, an are the weight for currents as well for radiation patterns and it can be
computed using the MoM procedure, derived using linearity of the impedance
operator and orthogonality of characteristic modes as

J =
∑
n

〈Jn,Ei〉
1 + jλn

Jn =
∑
n

V in
1 + jλn

Jn (2.31)

the term V in is called modal excitation coefficient, as it indicates the degree
of coupling between the excitation and the characteristic mode [27], and it
determines if a particular mode is excited by the antenna feed or incident field.

In addition, interpreting the Eq. (2.31), the total current also depends on
the λn eigenvalues, which is linked to the nth characteristic current mode,
this parameter is very important because it provides important information
on the resonant frequency and the radiating properties of the different current
modes. Next section, a detailed description will be made of how the maximum
advantage can be taken over the information provided by the eigenvalues
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2.3 Physical interpretation of CM

2.3 Physical interpretation of CM

Previously it has been described that through the use of the Theory of Charac-
teristic Modes, important information can be obtained that will serve to design
antennas or that allows us to describe their behavior. The information that
can be obtained through physical interpretation is related to the properties of
an arbitrary structure that are: the resonance frequency, the bandwidth and
the quality factor. Each of these features described can be obtained through
modal significance or characteristic angles values, the latter two are directly
linked to the eigenvalues that were previously formulated.

2.3.1 Physical interpretation of eigenvalues

The eigenvalues not only give us information about the characteristic fields
and the characteristic currents but also about the resonance frequency of the
arbitrary structure as detailed in [11], the relationship that exists between the
magnitude of the eigenvalues with the radiation of the modes can be interpreted
using Eq. (2.28). The eigenvalues can acquire a value that is between −∞ to
+∞, and according to the magnitude of the eigenvalue, the behavior of the
structure can be described in three cases as detailed below:

1. when λn = 0 depicts that

˚
V ’

µHn ·H∗ndV =

˚
V ’

εEm ·E∗ndV

2. when λn > 0 depicts that

˚
V ’

µHn ·H∗ndV >

˚
V ’

εEm ·E∗ndV

3. when λn < 0 depicts that

˚
V ’

µHn ·H∗ndV <

˚
V ’

εEm ·E∗ndV

The first corresponds to the case of resonance when the eigenvalues of the
modes that are equal to 0, the mode of the structure is in resonant at that
frequency. On the other hand, for the following cases, it can be seen that
the eigenvalue is different from 0, that is the eigenvalue can be a positive or
negative value, the λn sign will indicate the type of energy stored associated
with the mode. If the sign of λn is positive, it is known as inductive modes
because the stored magnetic field energy dominates the stored electric field
energy. Otherwise, it will be considered as a capacitive mode, storing electric
field energy.

In Fig. 2.9 plots the eigenvalues versus frequency of the four current modes
with their degenerates of the metallic circular ring depicted in Fig. 2.5. Is
seen that there are 4 eigenvalues (mode J1 to Mode J4) start being negative,
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Figure 2.9: Eigenvalue λn associated to the current modes Jn of the circular
metal ring sketched in Fig. 2.5.

next they resonate (λn =0), and at the end, they keep in a positive value, this
behavior is known as electric mode such as described in the previous section.
Mode J1 resonates at 1.9 GHz, mode J1 at 3.63 GHz, mode J1 at 5.45 GHz,
and mode J1 resonate out of the analyzed frequency band.

2.3.2 Physical interpretation of Modal Significance

Previously it has been commented that the characteristic modes provide im-
portant information for antennas design, in the previous section the eigenval-
ues have been analyzed, offering information about the resonance frequency
of modes. However, eigenvalues are not very used, there are other alterna-
tives that are preferred to obtain information such is the case of the Modal
Significance.

The modal significance is a representation of the eigenvalues in a normalized
way and describes how well the mode radiates, the normalized amplitude will
simply depend on the dimensions and shapes of the structure, without consid-
ering the excitation. When the value of modal significance MSn is equal to the
unit the mode is in resonance and it is radiating more energy, otherwise when
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modal significance MSn approaches 0, these mode stores more energy instead
of radiating. Modal significance is expressed by:

MSn =

∣∣∣∣ 1

1 + jλn

∣∣∣∣ (2.32)

The modal significance with respect to the frequency of the first four modes
of the circular ring analyzed in the previous sections has been drawn in Fig. 2.10.
The resonant frequency of each of the modes is described when the value of
the modal significance is equal to 1. This means that as soon as the maximum
value of the curve is close to the unit, the mode will contribute much more to
the radiation.

In addition to offering information about the resonant frequency, modal
significance provides a very simple alternative to obtain the bandwidth (BWn)
of each of the characteristic modes. To obtain the frequency range where
the structure can work, half-power of the modal significance will be used, it
representation can be defined by:

MSn =

∣∣∣∣ 1

1 + jλn

∣∣∣∣ =
1√
2

= 0.707 (2.33)

The bandwidth of the characteristic modes according to half-power can be
expressed as:

BWn =
fH − fL
fres

(2.34)

where fres is the resonance frequency of the mode, fH and fL are the upper
and lower band frequency. The color-shaded areas in Fig. 2.10 represent the
bandwidth available for each of the first 4 modes of the circular metal ring.

As additional information, modal significance is also used to identify modes
that are more or less significant, the mode is considered more significant when
the value of modal significance is greater than half-power, obviously for values
less than half-power it is considered as less significant.

Using the inverse bandwidth value as described in Eq. (2.35), the quality
factor of each resonant mode can be evaluated.

Qrad,n =
1

BWn
(2.35)

The concept of quality factor allows quantifying how sharp the resonance of
the mode is. If the quality factor is high, the bandwidth will be narrow and the
sharper the resonance of the mode is. In Table 2.1 a summary has been made
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Figure 2.10: Modal significance MSn associated to the current modes Jn of the
circular metal ring sketched in Fig. 2.5.

Table 2.1: Resonance frequency, bandwidth and quality factor of the first three
modes of the Fig.2.5

fres [GHz] fL [GHz] fH [GHz] BWn(%) Qrad,n

Mode J1 1.9 1.6 2.2 31.57 3.16

Mode J2 3.8 3.3 4.3 26.31 3.8

Mode J3 5.67 4.95 6.4 25.5 3.91

with the parameters obtained through the information provided in Fig. 2.10
such as resonance frequency, bandwidth and quality factor of the first three
modes of the Fig. 2.5.

With Eq. (2.33) the quality factor has been very simple to calculate, how-
ever, it should be considered as simply an approximation. In [26], a compar-
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ative analysis is performed using some models to calculate the quality factor
and determine the degree of approximation. Among the models considered are
those based on Foster’s reactance theorem [120, 121] and on the other hand,
they approximated the quality factor of a current described by Harrington and
Mautz [122]. Coming to the conclusion of the quality factor calculated by
Eq. (2.35) is equivalent to that of the mentioned models.

2.3.3 Physical interpretation of Characteristic angle

From the theory of characteristic modes discussed in the previous sections, a
set of characteristic currents Jn has been defined on the surface of a conductive
body, these currents induce characteristic fields in free space. A characteris-
tic angle models the phase angle between a characteristic current Jn and the
associated characteristic field En. The characteristic angle can be represented
as [123]:

αn = 180◦ − tan−1(λn) (2.36)

In the same way that modal significance was obtained, characteristic angles
can be calculated from the eigenvalues. In Fig. 2.11, the characteristic angles
of the first four modes of a metallic circular ring have been shown, each of the
characteristic angles can vary between 90◦ and 270◦.

Making an analogy with the graph of modal significance (see Fig. 2.10), the
resonance frequencies obtained through the maximums of each of the functions,
match when the value of the characteristic angle takes the value of 180◦. There-
fore, while the characteristic angle slope is closer to 180 degrees, the mode will
be considered as a good radiator, on the other hand, the mode stores energy
when the values of αn are close to 90◦ or 270◦.

The bandwidth can be calculated using the values of the slope of the charac-
teristic angles through Eq. (2.34), for this it is required to determine the value
of the characteristic angle that corresponds to one half the power radiating. To
clearing the eigenvalues of the formula of the modal significance (Eq. (2.34)),
the eigenvalues acquire the value of λn = 1 and λn = -1 at half-power. Now,
if the values found in Eq. (2.34) are substituted, the characteristic angles that
are used to calculate the bandwidth are obtained. The lower band corresponds
to fL = 135◦, while the upper band is fH = 225◦.

In Table 2.2 summarizes the behavior of an arbitrary structure using all
physical interpretations (eigenvalues, modal significance, and characteristic an-
gles) of the characteristic modes. Hence, to have very good characteristics in
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Figure 2.11: Characteristics angles αn associated to the current modes Jn of
the circular metal ring sketched in Fig. 2.5.

Table 2.2: Summary of the physical interpretation of Characteristic Modes

Behaviour
Eigenvalue

λn

Modal Significance
MSn

Characteristic angle
αn

Inductive λn > 0 0 < MSn > 0 90◦ < αn > 180◦

Resonance λn = 0 MSn = 1 αn = 180◦

Capacitive λn < 0 0 < MSn > 0 180◦ < αn > 270◦

an antenna is important that the greatest number of values of the consecutive
eigenvalues is approximated to zero.
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2.3.4 Excitation of CM

So far, it has been seen that the characteristic modes are obtained through
the integral solution of the impedance matrix of an arbitrary structure when
it is excited by a plane wave. The resonance frequency, bandwidth, quality
factor have been some of the parameters that can be obtained using the TCM.
However, it is necessary to determine which modes are excited and what the
power contribution is when the structure is excited with a feeding port, for
this the structure that has been considered is the same that has been analyzed
throughout the chapter including a feeding point.

Then, the method to determine the power contribution of each of the modes
that contribute to the bandwidth in which the structure works can be performed
based on the impedance Zin or in turn of the input admittance Yin of the
antenna [124], and can be calculated through the current Jn when the antenna
is excited with a voltage of 1V at the point of feed P as presented below.

Yin =
J(P )

1V
=
∑
n

V in.Jn(P )

1 + jλ
(2.37)

The inductance parameter or also called modal admittances can be ex-
pressed in phasors or complex terms.
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Figure 2.12: Representation of the input admittance Yin of a metallic circular
ring with feeding point (a) Real part (G), and (b) Imaginary part (B).
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Figure 2.13: Possible first modes that can be excited when a metallic circular
ring have an inductive feeding point. b) Mode J0, c) Mode J1, d) Mode J2, e)
Mode J3.

The admittance plot in its real and imaginary part (Yn = Gn + jBn) as-
sociated with the currents that flow surround the structure when it is excited
in the left (X-axis) has been represented in Fig. 2.12. The resonances of the
structure are described when the imaginary value B is equal to 0, as long as
the slope that describes the curve begins in the positive zone and ends in the
negative, otherwise it will be considered as an antiresonance.

At the moment when a feeding point is inserted into the structure, the
modes that have been previously referred to as degenerate modes (Jn’) will not
be excited because the current nulls of each mode match with the feeding point
in the Y-axis, then, the possible modes that can will be excited with this kind
of configuration are shown in Fig. 2.13.

Each one of resonances in the structure are associated with the radiating
modes, however, to the case of the circular ring the fundamental mode (J1) is
the mode that it attributes the resonation, it’s working frequency is 1.90 GHz,
the other modes (see Fig. 2.13) are not been excited because is impedance cou-
pling between the feeding point and the structure is not appropriate, therefore,
to excite the higher-order modes, the admittance must be change until to obtain
a smooth graph around to 0. On the other hand, the antiresonance that ap-
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Figure 2.14: Power contribution of the modes in a metallic circular ring with
a feeding point

pears at 2.25 GHz according to Fig. 2.12 is generated through the combination
of two or several modes.

One of the methods to describe which modes contribute to radiation and
the percentage of participation is to use the power contribution of each mode
versus the frequency variation graph.

To obtain the power contribution values in terms of percentage, each of the
powers generated by the modes must be normalized through the total radiated
power. Using the contribution of powers it can be determined in a simple way
which modes participate in the resonance, it can be corroborated that for the
frequency of 1.9 GHz the mode that is in resonance is the fundamental mode
(J1) and its potential contribution is of 97 % as seen in Fig. 2.14 while anti-
resonance appears when there is a combination of modes, the mode with the
greatest contribution is still J1 and with lower power the higher order modes
are presented.
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Chapter 3

TCM in planar structures

“Design is not just what you see,
it is discovering how it works”

— Steve Jobs

3.1 Introduction

In this chapter, a detailed study of several planar structures is carried out using
the concepts on the Theory of Characteristic Modes that have been described
in the previous chapter.

There are several works in which countless shapes have been studied, among
the most popular are: metallic circular plates, metallic rectangular plates,
metallic triangles plates, etc [25–27,116]. Therefore, the intention in this chap-
ter is not to be redundant in the studies that have been done previously, but to
collect some of these mentioned structures and use them as reference elements
in order to generate new structures in which very good characteristics can be
obtained such as bandwidth, radiation patterns, polarization, and efficiency.

Then, in Fig. 3.1 a summary has been detailed with the characteristic cur-
rents of the first 4 vertical modes (J0 to J3) of some structures that will be
taken into account as a starting point, the structures that have considered the
to development of this chapter are: the circular ring, the circular plate, the
square ring, the square plate, and the elliptical plate. Each of the results of
the characteristic currents of each of the structures have been organized hori-
zontally, so it is much easier to perform a comparative analysis.
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Figure 3.1: Current distribution at 1.9 GHz of the 4 first vertical eigenvectors
of several planar geometries
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3.2 Coupled circular structures

Interpreting each of the columns that are part of Fig. 3.1, it can be seen
that, for the fundamental mode or for the higher-order modes, a pattern that
repeats for each of them is presented.

In the case of J0 mode, the currents rotate continuously surround the struc-
ture regardless of its shape, and will be present when the value of contour is
approximately at 2λ, for J1 mode as in the previous case, the currents flow
along the contour until reaching a pair of nulls, these currents will enter or exit
the nulls, the resonance of the structure will be generated when the distance of
the contour between each current null is equal to λ; and for the following cases
of higher-order modes such as J2 and J3 the current nulls will be at a distance
of λ/2 and λ/3.

In the section below, the analysis of various designs is presented that will
be the result of a combination of some structures with the shapes that have
been presented in Fig. 3.1. This combination can be integrated by structures
with the same or different shape.

3.2 Coupled circular structures

From the mathematical formulation described previously, it has been shown
that it is possible to obtain the characteristic modes of any conductive body
with arbitrary geometry using Eq. (2.26). The resolution of the equation pro-
vides a set of eigencurrents that only depend on the geometry of the body. The
eigenvalues obtained with the resolution of this problem provide information
on the physical behavior of each mode.

Figure 3.2: The characteristics current of two circular isolated discs applying
electric and magnetic wall. (a) Antenna mode J00, and (b) Transmission line
mode J10.
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When the study structure is composed of two or more elements that have
the same or different shape, a set of characteristic currents will be generated by
each of the elements that composed the structure. In Fig. 3.2 the characteristic
currents of the J0 mode of two isolated metal rings having the same properties
and are separated by an air gap are shown.

It can clearly be seen that a phenomenon is generated between the two
elements which in [26] has been described as the antenna mode and the trans-
mission line mode.

This phenomenon can be described very simply by applying an electric or
magnetic plane of symmetry between the two isolated elements, placing the
structure in front of an electric conductor plane (see Fig. 3.2(a)), the currents
must flow in the same direction and be perpendicular to the electric conductor
plane to be called an antenna mode, on the other hand, by applying the struc-
ture in front of a magnetic conductor plane such as depicted in Fig. 3.2 (b), the
currents parallel to the plane must be flowing in the opposite direction, in this
case, the modes will be called transmission line modes. It should be a highlight
that this phenomenon will be present in each of the modes that are produced
in the structure.

To identify the so-called transmission line modes or the antenna modes that
appear in the structure when 2 elements are coupled, the nomenclature Jnm
has been used, where n can acquire the value of 0 or 1, 0 being the antenna
mode or 1 the transmission line mode, whereas, sub index m can acquire any
real value as long as it is greater than equal to 0.

Analyzing structures that are isolated as in the example shown in Fig. 3.2
does not make much practical sense because an antenna must have one or more
excitation points, therefore, inserting a short circuit between them as it can be
seen in Fig. 3.3 it is possible to emulate an excitation point without having to
change the plane wave as a mean of illumination.

The dimensions of the discs that will analyze are R = 14.5 mm, the width
of the short circuit strip is l = 2 mm and its air gap g = 1 mm.

In Fig. 3.4, the characteristic currents that are flowing over the structure
composed of two interconnected elements in the central area have been repre-
sented. These currents have been plotted according to each of the resonance
frequencies, or in the case that the structure does not enter resonance, the cur-
rents are represented at a value closer to the characteristic angle αmn = 180◦.
The information about the resonance frequencies has been obtained from the
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Figure 3.3: Two interconnected nearby circular metal discs.

Table 3.1: Analysis and plot frequencies of two coupled circular discs short-
circuited in the middle

Antenna Mode Transmission line mode Full structure

Mode Frequency Mode Frequency Mode Frequency

J00 7 GHz J10 7 GHz J1 1.98 GHz

J01 or J01’ 7 GHz J11 7 GHz J3 7 GHz

J02 or J02’ 7 GHz J12 7 GHz - -

characteristic angles represented in Fig. 3.4. In Table 3.1 can see a summary
detailing the values in which each mode has been plotted.

As expected, the families of the antenna modes J0m and the transmission
line modes J1m are present (see Fig. 3.4(a) and 3.4(b)), however, at the moment
in which a short circuit is made between the elements that are part of the
structure, the currents can flow continuously between them, these types of
modes that have this distribution will use the nomenclature Jm, where m can
be any integer value. For the short-circuited structure, only the J1 and J3
mode has been represented as can be seen in Fig. 3.4 (c), the J2 mode has not
been plotted because its current distribution matches with that of the J01, it is
not so easy to be able to make this analogy, so later an analysis of the structure
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Figure 3.4: The characteristic current distribution of the two interconnected
circular metal discs. (a) Analysis using the electric wall, (b) using a magnetic
wall, and (c) current distribution on the full structure.

will be carried out breaking the symmetry in the vertical axis to clarify this
criterion.

Then, for the frequency range of 1 to 7 GHz in which the structure has been
analyzed as described in Fig. 3.5, only mode J1 is in resonance with a bandwidth
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3.2 Coupled circular structures

of 53 %, the other modes are storing capacitive energy or inductive energy, for
example by its behavior in the case of the J00 and J10 modes describe an
inductive storage. Due to the way in which the currents flow in the analyzed
structure, the modes J1 and J3 are the modes that could be excited in the
event that the power point is located in the short-circuit area, these modes will
become at the point of interest and study.

The mode J1 will be present when the total perimeter of the structure has a
value 2λ of the resonant frequency, if there is a variation of one of the elements
that are part of the structure, the frequency will also be shifted, to verify
this argues, has performed a parametric analysis of the structure according to
what is represented in Fig. 3.3 by varying one of the 2 discs, the moment the
structure’s perimeter value is reduced (Ra = 30 mm, Rb = 3/4 Ra, Rc = 1/2 Ra,
Rd = 1/4 Ra), it will resonate at a higher frequency each time as the radius of
one of the disks decreases. On the other hand, as previously mentioned, at the
time of breaking the symmetry in the case of J2 mode, its distribution can be
seen in a much simpler way because the current nulls do not coincide with the
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Figure 3.5: The characteristic angle of the two symmetrical interconnected
discs.

43



CHAPTER 3. TCM IN PLANAR STRUCTURES

1 2 3 4 5 6 7
90

120

150

180

210

240

270

Frequency [GHz]

C
h
ar
ac
te
ri
st
ic

A
n
gl
e
(α

n
)

α1 Ra α1 Rb α1 Rc α1 Rd

α2 Ra α2 Rb α2 Rc α2 Rd

α3 Ra α3 Rb α3 Rc α3 Rd

Figure 3.6: The characteristic angle comparison of the two interconnected discs
when the radius of one of them is variating (Ra = 30 mm, Rb = 3/4 Ra,
Rc = 1/2 Ra, Rd = 1/4 Ra)

area of the short circuit, so if a feeding point is inserted, not only odd modes
can be excited but also even modes.

In the structure analyzed, the element with a larger radius can be replaced
by one with different shape, and that can be coupled by one or multiple resonant
elements, in the next section, a sample will be analyzed.

3.3 Monopoles coupled a metallic ring

It has seen that by short-circuiting 2 elements, three families of modes can be
generated: the transmission line modes, the antenna modes and the modes that
flow throughout the structure, the latter being those of interest, in this section
it is intended to show the behaviour of the modes of a structure composed
of three coupled elements. The proposal is given by a circular ring that is
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3.3 Monopoles coupled a metallic ring

Figure 3.7: Circular ring coupled two circular monopoles. (a) External coupled,
and (b) Internal coupled.

externally and internally coupled to two small circular monopoles. The first
option will be called structure A and the second as structure B

The dimensions of the proposed structure according to Fig. 3.7 are: external
radius R1 = 30 mm, internal radius R2 = 26 mm, gap g = 0.5 mm, coupling
elements R3 = 8 mm and the transmission line l = 1 mm.

The distribution of the characteristic currents analyzed for the two types of
proposed configurations, the first with external coupling and the second with
internal coupling have been described in Fig. 3.7. As expected, the flow of the
currents of the first 4 modes in both cases describes a very similar behaviour.
However, if a comparison is made with the characteristic angles (see Fig. 3.9), it
can be seen that there is a great difference between the two configurations. The
slopes that represent the characteristic angles of the structure that the internal
couplers have are much smoother when they pass from the capacitive to the
inductive part, this means that with internally coupled elements, modes with
greater bandwidth can be generated than structures with coupling internal.
Therefore, to design antennas with a large bandwidth, elements that have an
internal coupling should be used.

A summary of the resonant frequencies at which the characteristic currents
have been plotted of Fig. 3.8 and their available bandwidths for the two con-
figurations analyzed has been made in Table 3.2.
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Figure 3.8: The Characteristic current distribution comparison analyzed in
horizontal polarization of the three first modes of the metallic ring coupled
external and internal form by two monopoles. (a) (b) Mode J0, (c) (d) Mode
J1, (e) (f) Mode J2 and (g) (h) Mode J3

On the other hand, at the same frequency in which the characteristic cur-
rents were analyzed, the radiation patterns have been generated for the first 4
modes of the two structures studied, the comparative analysis of the two struc-
tures are illustrated in Fig. 3.10. It is shown that for both mode J0 and mode
J1, the radiation patterns are very similar, however, modes J2 and J3 there is
a big difference and this is due to the way in which the coupled elements are
located in the structure.

At the moment in which the resonant elements were placed inside the struc-
ture, the currents that flow over the monopoles and the circular ring are in the
opposite direction, causing a cancellation of the currents and that can be in-
terpreted as a virtual current null such as seen in Fig. 3.11. This configuration
is very helpful because it allows generating radiation patterns with very good
characteristics even when working in higher-order modes, for example in the
case of J3 mode in the Fig. 3.10, the radiation pattern that is generated is in the
broadside direction. With this type of behavior is possible to design antennas
with a very good bandwidth and radiation pattern stability as the structure is
excited.
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3.3 Monopoles coupled a metallic ring

In addition to the capacitive coupling through the circular monopole that
has been studied previously, there are some alternative shapes that can be used
to excite the circular ring, among them there are: the ellipse, the triangle that
is very similar to a piece of cheese and the square as shown in Fig. 3.12.

To realize a comparative analysis and be able to describe which of the forms
that have been proposed generate the best characteristic, optimization of each
of them has been carried out until their resonance frequencies corresponding
to the fundamental mode matches with the resonant frequency of the structure
excited through the circular shape. Therefore, in Fig. 3.13 the first 4 charac-
teristic angles of each of the proposed shapes have been represented compared
to the circular feed.

Hence, in Fig. 3.13 a comparative plot of the first 4 characteristic angles in
horizontal polarization of each of the forms proposed in Fig. 3.12 has been made
together with the excitation using a circular coupling. Each of the structures
have been classified through a particular color as described by the legend that
is located inside the graph.

As expected, each of the modes from mode J1 to mode J4 that have been
shown, have very similar behavior and a resonant frequency that is very close

Table 3.2: Analysis and plot frequencies of two coupled circular discs short-
circuited in the center

External coupling Internal coupling

Mode Freq. [GHz] BW [%] Freq. [GHz] BW [%]

J0 5.4 - 5.4 -

J1 1.39 12.21 1.49 13.68

J2 2.47 19.25 2.72 4.03

J3 3.48 12.69 3.94 22.67

J4 4.71 9.46 5.14 36.06
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Figure 3.9: The characteristic angles of the metallic ring coupled external and
internal form by two monopoles, drawn only in the horizontal polarization.

to each other, however, despite their proximity, there is a minimum variation.
In order to determine this variation and describe which of the shapes has better
behavior, a summary of the bandwidth has been made in Table 3.3 using the
Eq. (2.32) and taking as reference the characteristic angles between 135◦ to
225◦

Analyzing each of the terms that are part of the table in which the band-
width of each of the modes are depicted (J1 to J4), it can be described that
for J1 mode, the best bandwidth is obtained when triangular feeding is used,
for J2 and J4 when the circular ring is being excited by the circle, whereas,
in the case of J3 mode, the best bandwidth is obtained when the feeding form
has the square shape. Thus, performing an evaluation in general, the method
that allows generating the best bandwidth is when the circular ring is fed by
a circle. Obviously, the results obtained corresponding to the distribution of
characteristic currents and the characteristic radiation patterns of each of the
shapes that have been proposed, describe the same behavior of the capacitive
coupling case using the circular monopole, as presented in Fig. 3.8 and 3.10.
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3.3 Monopoles coupled a metallic ring

Figure 3.10: 3D Radiation pattern of the structures with external and internal
coupling

On the other hand, by modifying in a certain way the geometry of the
analyzed model, a new structure with similar behavior and characteristics can
be generated, whether in bandwidth, current distribution or radiation patterns.
This proposal alternative or denominated model B as well has been obtained

Figure 3.11: Virtual current null described in J3 mode in the structure with
internal coupling
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Figure 3.12: Alternative shapes to excite a circular ring.

through elongation and deformation of the reference structure (model A) until
it has the shape of a square ring, creating a square ring circumscribed to a
circular ring as seen in Fig. 3.14 (a) and ( b). The optimized parameters of
this new proposal are L = 2 * R1 = 60 mm, W = 2 * R3 = 16 mm, w = 4 mm
and l = 1 mm.
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Figure 3.13: Comparative plot of the characteristic angles using different shapes
to excite the circular ring with capacitive coupling.
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Table 3.3: Comparative summary of the bandwidths of the different shapes to
excite the circular ring with capacitive coupling.

Mode Circle Elliptical Triangular Square

J1 13.33 11.52 14.04 11.68

J2 4.25 4.14 4.11 3.55

J3 22.67 23.20 17.11 24.89

J4 36.7 35.77 27.32 35.25

Figure 3.14: Physical set up of the proposed structures. (a) Model A and (b)
Model B

The first 5 characteristic angles obtained in vertical polarization that emerge
from the modal analysis performed on each of the 2 structures (model A and
model B) have been contrasted between them in Fig. 3.15. Although its edges
physically matched, the variation in frequency of the structure called model B
with respect to model A is very clear, which means that the effective length
surrounding model B is greater than the perimeter of model A, therefore, if the
values of the square ring are re-optimized i.e. the size is reduced, resonances
can be achieved at approximate frequencies for each of the analysis modes of
the circular shape.
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Taking the results of Fig. 3.14 it can be seen that the bandwidths of the
circular ring structure (model A) are slightly larger than those of the square
ring (model B), this is due to the coupling form that is generated between
the circular ring and the monopole, then, it can be said that the currents flow
better and very subtle form in structures that are circular shape rather than in
a square, because in the square the coupling that is generated between in the
zones of the ring and the monopole is lower, further the losses due to dispersion
at the edge of the square structure.

At this point, using the theory of characteristic modes, it has been seen
that the combination of a circular ring fed with a circular monopole is capable
of generating very good characteristics in bandwidth and also in radiation pat-
terns, it should be emphasized that these have been calculated in the absence
of any specific source or excitation. However, we must not only stay in the
modal analysis, but use it as a structure to work in transmission mode, there-
fore, the next step is to decide how to feed the structure in order to excite the
modes that provide a desired behavior such as the type of polarization, pattern
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Figure 3.15: Comparison of characteristic angles of the proposed structures.
Where A represents the circular model and B depict the square model
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3.3 Monopoles coupled a metallic ring

diversity, etc. So for the structure to work in transmission mode it must be
stimulated, and one or more feeding points can be used [52] [23].

Hence, in order to describe the behavior of the structure shown in Fig. 3.14 (a),
the modal analysis of the metallic circular ring that has been presented in
Fig. 3.1 will be used. There are 2 types of mechanisms in which a structure
can be fed, through a capacitive coupling or an inductive coupling, as has been
proposed in previous works that were applied in mobile terminals [125] [126].

For example, to excite the J1 or J1’ mode of the circular ring through an
inductive coupling, the source or feeding point must be placed in the area
where the characteristic current of the mode has the greatest intensity, so that,
to insert the source a air gap must be made in the structure. Otherwise, for the
alternative feed through the capacitive coupling, the source must be inserted
in the areas where the characteristic currents of the surface are nulls, for this
case, it is not necessary to make an air gap into the structure but simply it can
mount a feeder of any shape over the circular ring, thus generating a multi-layer
model

It should be taken into account that the polarization of the feeding points
is critical, for example in the case of inductive sources polarized vertically at
points with maximum current, the Characteristic Modes with maximum cur-
rent distribution for horizontal polarization at this point will not excite. Con-
sequently, the magnitude, polarization, and the symmetries exhibited by the
modal current distributions are important for the excitation of the Character-
istic Modes.

Considering the odd and even symmetries that describe the characteristic
currents in the circular ring (see Fig. 3.1), an excitation of certain modes can
be achieved and even the excitation of unwanted modes can be avoided. This
characteristic could only get if multiple feeding points are used to excite the
radiant structure, establishing its magnitude and phase value according to the
desired symmetry condition for the modes in the structure.

Then, using symmetries the modes represented in the structure can be
classified as odd and even modes, therefore, based on the above, the structure
is shown in Fig. 3.16 proposes 2 alternatives to capacitive feed the structure
and achieve the symmetries previously mentioned, the first is commonly, where
the amplitude and phase for each of the ports is the same (+1, +1), on the
other hand, the differentially, that although the amplitude has the same value,
the phase will have a 180◦ variation for each of the ports (+1, -1). The ports
(Port1, Port2) are placed along the vertical axis of symmetry of the structure.
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Figure 3.16: Vertical symmetry conditions imposed for the feeding set up. (a)
Common feed (sources with the same magnitude and phase). (b) Differential
feed (sources with the same magnitude but opposite phase)

Using the first configuration shown in Fig. 3.16 (a) where the ports are
being fed in common or also called balanced feed (+1, +1), the modes that
can be excited are the modes with even symmetry, among these are the J2,
J4, J6, etc, thus discriminating the modes with odd symmetry. Otherwise, the
differential feed configuration should be used such as shown in Fig. 3.16 (b),
thus exciting only the modes that converge with the odd symmetry J1, J3, J5,
etc. This last configuration being the most optimal for various applications
that will be detailed later.

In Fig. 3.17, the characteristic angles generated of each one of the 2 proposed
configurations have been represented, in the left image, the modes that are
excited when the ports are fed differentially have been described, meantime,
on the right side the modes generated by common or balanced feeding. These
two graphs finally become a decomposition of all vertical polarization modes
present when the structure is being illuminated by a plane wave.

Now, once information on the behaviour of the model has been obtained
through the characteristic modes, it must be evaluated using a full-wave anal-
ysis in order to know its resonance frequency when the antenna works like a
radiator, as it mentioned in the previous chapter, some of the ways to obtain
the value of the resonant frequency in a structure is through its scattering pa-
rameters or the complex impedance values. In Fig. 3.18, the real and imaginary
parts of the impedance have been plotted versus the frequency of the proposed
structure excited with differential feeding ports (+1, -1).
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Figure 3.17: Characteristic angles of the circular metallic ring structure capac-
itively coupled by a circular monopole. (a) Differential feeding, (b) balanced
feeding.
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It is said that a structure is in resonance when the imaginary part of the
impedance is equal to 0 Ω in its upward slope, on the other hand, if this slope
has a downward behaviour and acquires the value of 0 Ω it is known as an
anti-resonance. The first frequency in which the antenna is in resonance is
approximately at 1.6 GHz, it can be seen that at this frequency the imaginary
part does not cross by 0 Ω but it is very close to this value, generating a very
limited bandwidth when the antenna is coupled to 50 Ω. Whereas, at the
frequency of 3.87 GHz where the second resonance is available, the antenna
is very well coupled and generates a bandwidth greater than the previous one
because the slope is not very pronounced when passing from the negative to
the positive part.

Using the Fig. 3.19, it is possible to know which modes are those that par-
ticipate in each of the resonant frequencies, in addition to their contribution
percentage. So, for the first resonance frequency (at 1.6 GHz), the predominant
is the mode J1 with a contribution of 100 %, it has this contribution percent-
age because precisely the resonance frequency of the characteristic mode J1 of
Fig. 3.19(a) coincides with the resonance obtained through the full-wave anal-
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Figure 3.18: Real and imaginary part of the characteristic impedance of a cir-
cular ring excited by two circular capacitive couplings with differential feeding
(+1, -1).
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ysis of Fig. 3.18 (imaginary part), this should be mentioned because it does not
always happen that the 2 frequencies coincide and there is a contribution of
100 %, generally for the resonances, there is a combination of multiple modes,
for example, in the case of the second resonance at 3.87 GHz, according to
Fig. 3.19, it is necessary to combine 2 modes in order to generate resonance,
the mode J3 that is predominant with a contribution of 97 % and the mode
J1 that despite entering resonance at low frequencies is contributing with a
2.68 %.

Indirectly, by saying that there is a combination of modes to generate a
resonance, allusions are being made that both the radiation pattern and the
current distribution on the surface are also the product of the same combina-
tion. Therefore, according to the Eq. (2.30), to describe the total radiation
patterns or the total current distributions that appear in the structure, the
superposition of the characteristic currents or characteristic fields is used, such
as depicted below:
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Figure 3.19: Power contribution versus frequency of a circular ring excited by
two circular capacitive couplings with differential feeding (+1, -1)
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J =
∑
n

anJn or E =
∑
n

anEn

For either case, through the mathematical formulation presented, it is be-
ing dependent on the an variable, which is referred to as the modal weight
coefficient, these values have been represented in Fig. 3.20.

At each of the frequencies in which the antenna is in resonance, the modal
weight coefficient acquires a value, at the frequency of 1.55 GHz in which only
mode J1 intervenes, the value of a1 = 0.204, whereas, at 3.85 GHz, the 2 modes
that contribute to resonance take the value of a1 = 0.004 and a3 = 0.2718.
These values multiplied by the modal current matrix or characteristic field
matrix, allow obtaining the total current and the total field at each resonance
frequencies [127], [128], such as described in Fig.3.21.

1 2 3 4 5 6 7
0

0.15

0.1

0.15

0.2

0.25

0.3

Frequency [GHz]

M
o
d

al
W

ei
gh

ti
n

g
C

o
effi

ci
en

t

J1 J3 J5 J7

0.05

Figure 3.20: Modal Weighting Coefficient of a circular ring excited by two
circular capacitive couplings with differential feeding (+1, -1)
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3.3 Monopoles coupled a metallic ring

Figure 3.21: Total current and total field of a circular ring excited by two
circular capacitive couplings with differential feeding (+1, -1). (a) At 1.55
GHz and, (b) at 3.85 GHz.
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Figure 3.22: Evolution of the coupled semi-circular structures. (a) First step:
circular disk, (b) second step: two semi-circular shapes with a feeding port and,
(c) third step: two semi-circular shapes with two feeding ports in parallel.

3.4 Coupled semi-circular structures with par-
allel feed

Another alternative structure that is going to be analyzed in this section, fol-
lows from the circular metal disk that was previously described in Fig. 3.1.
While it is true, the modes of this structure are well known, so, taking ad-
vantage of this preliminary knowledge, an antenna will be designed that will
have a large bandwidth with a very stable radiation pattern in the broadside
direction.

One of the simplest ways that can be used to excite this type of structure
is inserting a horizontal slot in it, the feeding point is located in the middle
as shown in Fig. 3.22(b), in addition, to somehow avoid the singularities that
occur at the edges where the slot was made, and so that the currents flow very
smoothly over the surface, a deformation has been made that is linked to a
circle of radius R2. The coefficient of reflection of the structure with a feeding
point has been shown with a light blue line in Fig. 3.23, it can see clearly be
that it is very well matched to -6 dB and that it has a large bandwidth.

However, the main goal with this structure is to achieve a great bandwidth,
that it is coupled below at -10 dB, in order to fulfill this purpose another extra
feeding point to the existing one has been inserted as suggested in [53] and,
further, the optimization of each parameter has been optimized. The final
dimensions for this proposed structure are greater radius R1 = 30 mm, air gap
g = 1.5 mm, internal deformation radius R2 = 10.46 mm and its shift from the
center of the structure m = 16 mm, location of the feeding points f = 10 mm.
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Figure 3.23: Reflection coefficients of the two semi-circular structures using one
and two feeding ports (odd and even feed).

With the location of the two excitation points, two feeding alternatives are
generated, the balanced and the differential or also known as even and odd
feeding, the scattering parameters corresponding to these two forms of feeding
can be obtained through the combination of the S-Parameters generated in
each port through a full-wave analysis, and those are linked to the following
mathematical formulation [129], [130], [131]:

Γodd =
1

2
(S11 − S21 + S22 − S12) (3.1)

Γeven =
1

2
(S11 + S21 + S22 + S12) (3.2)

for cases where the parameters are completely symmetric and balanced (i.e.
S11 = S22 and S21 = S12), the equation can be reduced and written as follows:

Γodd =
1

2
(S11 − S21) (3.3)

Γeven =
1

2
(S11 + S21) (3.4)
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Figure 3.24: Real and Imaginary part of the two semi-circular shapes with two
feeding ports (+1, +1).

The reflection coefficients for both the common and differential mode have
been depicted in Fig. 3.23. It can clearly be seen that using the even excitation
(+1, +1), the antenna is capable of generating a very good bandwidth if it is
used as a radiator, the frequencies range for this structure is from 1.95 GHz
to 6.45 GHz which represents 107.14 %. It is very noticeable that there are 3
frequencies in which there is a very good coupling, approximately the first res-
onance is around 2.27 GHz, the second at 4.07 GHz and the third at 5.81 GHz.

By contrasting these frequencies with those that can be generated in Fig. 3.24
when the impedance in its imaginary part is equal to 0, we can see that its values
for both the second and third resonance (4.07 GHz and 5.81 GHz) matching
exactly, however, for the first resonance, there is no relationship because in
none case, the impedance values acquire the value of 0, nevertheless, there is a
strong coupling that allows generating a resonance.

Once the full-wave analysis has been carried out, it is appropriate to describe
how many and which are the modes involved in the generation of each of the
resonances previously described, in addition, of the contribution of each mode
through their power percentages. Therefore, in Fig. 3.25, the modes that are
involved in the frequency range of 1 to 7 GHz have been specified, for each of
the resonances marked with the black vertical line, it is appreciated that the
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3.4 Coupled semi-circular structures with parallel feed

mode J1 is the most important because it is involved in the three resonances,
for example for resonance at 2.46 GHz, there is a contribution of 99.8 %, while
the other 0.2 % is the product of the combination of the other modes. In the
case of the second resonance at 4.05 GHz, the mode J1 is still the mode that
provides the highest power with a 77.8 % that is being combined with the
mode called J11 with a 17.3 %, the rest modes have a contribution with a lower
percentage but that although they are very small should be considered.

Finally, the last resonance has been possible thanks to the combination of
various modes, the mode J1 that has been the most important for its presence
in the 3 resonances with a 28.6 % with the mode that has been generated by
the slot formed between the feeding points and the structures with a 56.1 %
and the J11 with a 7.93 %, the other modes contribute with minimal quantities.
A detailed summary of the power percentages provided by each of the modes
in each of the resonances (fc) has been presented in Table 3.4.

After knowing the modes that participate in each of the resonances gen-
erated by the structure analyzed, it will proceed to describe their physical
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Figure 3.25: Power contribution of the two semi-circular structures with two
feeding ports (+1, +1).
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Table 3.4: Comparative summary of power contributions and modal weighting
coefficient of the two semi-circular structures with two feeding ports (+1, +1).

Power Contribution [%] MWC [an]

Modes

fc [GHz]
2.46 4.06 5.74 2.46 4.06 5.74

J1 99.8 77.8 28.6 0.168 0.15 0.09

J12 0.06 17.3 7.93 0.004 0.07 0.049

J13 - - 2.18 - - 0.028

Jslot 0.003 0.59 56.1 0.0009 0.0141 0.133

Higher order mode 0.047 4.31 2.71 0.0036 0.035 0.029

Others 0.09 - 2.18 - - -
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Figure 3.26: Characteristic angles of the two semi-circular structures with two
feeding ports (+1, +1).
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3.4 Coupled semi-circular structures with parallel feed

behaviour using the characteristic angles that have been obtained through the
TCM, for this, the feeding ports will be replaced by short circuits and it will be
illuminated by a plane wave. The characteristic angles that have been plotted
in Fig. 3.26 represent the modes that participate in the resonance, only two
of them are in resonance (an = 180◦) for the range of frequencies analyzed,
the mode J1 at 2.06 GHz describing the fundamental mode (see Fig. 3.27(a)),
its characteristic currents are zero at the edges and across the entire structure
vertically. The mode J12 at 5.65 GHz is described by applying an electric wall
on the horizontal symmetry axis, the currents in the upper plate flow inversely
to the currents in the lower plate, in addition, that in each plate there is a
variation in the direction of the currents such is depicted in Fig. 3.27(b). The
other modes in none case come into resonance, for J13 and Jslot the modes
store capacitive energy and for the mode that has been described as higher-
order mode (HOM) inductive energy storage (their current distribution have
been represented in Fig. 3.27(c), (d), (e)). However, although these modes are
not in resonance, they are still participating so that the antenna works within
the described bandwidth.

The total fields of the structure obtained through the full-wave analysis for
each of the resonance frequencies have been represented in Fig. 3.29, in the
same way that was done in the previous section, modal weights coefficients will
be used together with the current matrices of each mode obtained at the res-
onant frequencies as assumed by Eq. (2.30). The modal weight coefficients for
this case can be taken from Fig. 3.28 or turn in Table 3.4, comparing the modal
coefficient weights of each of the analyzes resonances with the power contribu-
tion of Fig. 3.25, it is easy to conclude that their proportionality percentage
for both cases are equal. Therefore, using a balanced feed in parallel allows
obtaining a radiating element with very good characteristics in bandwidth and

Figure 3.27: Characteristic current distributions of the proposed structure. (a)
Mode J1 at 2.048 GHz, (b) Mode J12 at 5.65 GHz, (c) Mode J13 at 7 GHz,
(d) Mode Jslot at 7 GHz and, (d) Higher-order mode at 7 GHz.
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Figure 3.28: Modal Weighting Coefficient of the two semi-circular structures
with two feeding ports (+1, +1).

radiation patterns, nevertheless, the parallel feeding is not the only alternative
to excite it, another way is to use the serially feeding points as well, which will
be described below.

3.5 Coupled rectangular structure with serial
feed

After the operation of several structures with multiple feeding in parallel that
has been described in the previous sections, this part aims to describe the
behaviour of an antenna using one feed and with multiple feeds in serial, in
addition to demonstrating through mathematical formulation the generation of
the multiple resonances in the structure as a radiator element. To achieve the
objective, a rectangular metal plate of dimensions W = 20 mm and L = 52 mm
will be taken as a reference element as shown in Fig. 3.30(a).

The definition of the principle of operation of the rectangular metal plate has
been made through the use of the theory of characteristic modes, in Fig. 3.31
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3.5 Coupled rectangular structure with serial feed

Figure 3.29: Total radiation patterns generated by the combination of the
modal weighting coefficients and matrices of the electric field for each resonance.
(a) At 2.46 GHz, (b) at 4.058 GHz and, (b) at 5.74 GHz.
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Figure 3.30: Evolution of proposed coupled rectangular structures analyzed.
(a) Metallic rectangular plate, (b) rectangular plate with a feeding port in the
middle (c) and (d) rectangular plate with two feeding ports in serial +1 +1
(symmetric and asymmetric areas).

the characteristic angles of the first 4 modes corresponding to the vertical
polarization have been represented, the current distributions are very clear for
each of the modes.

The currents of the fundamental mode (J1) flow through the surface from
each of the edges of the structure, it is in resonance that is presented when the
length of the structure in its vertical section is equal to λ/2, by increasing the
order number of the mode, the currents will change their direction of flow, for
example, in the case of mode J2, on the surface, the currents are moving in 2
directions, for mode J3 there will be 3 directions, so, generalizing the concept,
for mode Jn, n senses of flow will be generated. Obviously, these will not be
the only modes that appear in the modal analysis, however, they are the ones
that have the greatest interest for our study.

On the other hand, this type of structure is one of many that have a very
good bandwidth, it should be emphasized that for the type of modes that have
been described in Fig. 3.31, it has a limited bandwidth at the time it stores
capacitive energy (αn > 180◦) from 2.1 GHz to 2.58 GHz, whereas for inductive
storage (αn < 180◦) from 2.58 GHz wants to exceed the 8 GHz.

In order for the structure to work as a radiator, it is necessary to insert
one or several feeding points, in Fig. 3.30 (b), (c) and (d) three excitation
alternatives have been represented. In the first one, a port has been used that
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Figure 3.31: Four first characteristic angles in vertical polarization and the
corresponding current distributions for each αn. Mode J1 at 2.58 GHz, mode
J2 at 5.71 GHz and J3 at 8 GHz.

has been located in the middle of the structure making a cut through a gap of
dimension g = 2 mm, its reflection coefficient (S11 parameter ) has been shown
in Fig. 3.32, with this kind of set up the structure, has been able to generate
two well-marked resonances (at 2.4 GHz and 4.7 GHz), producing a very good
bandwidth that covers from 2.1 GHz to 5.5 GHz for values below -10 dB.

Then, that one may increase the bandwidth, two serially excitation ports
with balanced supply (+1, +1) have been placed, each of the ports are symmet-
rically located and separated 1/3 of the total length of structure L. Following
the previous case, the simulated results of the reflection coefficient have been
added in the same graph of Fig. 3.32; It can clearly be seen that with this
type of feed the bandwidth obtained in the previous case could be improved,
however, the coupling of impedances required in the resonance marked at low
frequencies (approximately 2.4 GHz) is not enough.

Another option has been to slightly change the aspect ratio of the struc-
ture, e.i., break the symmetry of the location of the feeding points as shown
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Figure 3.32: Reflection coefficient of the 3 proposed structures including a
feeding points according the models in Fig.3.30 (b), (c), (d).

in Fig. 3.30 (d), the results of the S11 parameters have been integrated into
Fig. 3.32. Using this form of excitation has allowed solving the problem of
coupling impedance in resonance at 2.4 GHz, but unfortunately, the second
resonance has been completely lost.

Once these three scenarios have been analyzed, it can be concluded that
using one or multiple feeding points in a balanced way, one or multiple res-
onances can be generated, what is clear is that the first resonance obtained
through a full-wave analysis is linked at fundamental mode J1 of the structure
obtained by the TCM (see Fig. 3.32), the other resonances will be the result
of a combination of multiple modes, to substantiate this argument a complete
analysis will be performed using the TCM of the rectangular plate with feed
in the middle.

Using the values of the real and imaginary part of the input impedance Zin
(see Fig. 3.33), it is possible to know exactly the values where the proposed
structure is in resonance, the first one is presented at 2.27 GHz and the second
at 4.97 GHz, the impedance in both cases will be Z = 38 + j 0 Ω. In Fig. 3.33,
has included the current graphs and total radiation diagrams for each of the
resonances as well.
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Figure 3.33: Real and Imaginary part of the input impedance of the rectangular
plate with centre-fed, including the total radiation pattern and total current
distribution at their resonance frequencies.

By associating the even modal currents (J2, J4, J6, etc.) with the fed
structure, the currents of the even modes generate a zero current value at the
feeding point, causing these modes to not be excited in any way, therefore, the
only modes that can appear with this type of configuration are the odd modes.
According to the results shown in Fig. 3.34, at the first resonant frequency
(2.27 GHz), the fundamental mode contributes with 99.9% of the total radi-
ation power, the remaining 0.01% is a contribution of the other higher-order
modes. For the frequency at 4.59 GHz, the concept is different, however, is such
as expected, the resonance has been generated by the combination of several
modes, among the main modes there is mode J1 with a power contribution of
49.2% and the mode J3 with a 50.4%, the power contribution between the two
modes becoming almost balanced, the remaining 0.4% to complete the 100%
will be distributed in a contribution of various higher-order modes.

The first resonance frequency generated by the full-wave analysis (at 2.25
GHz) is approximately the resonance value obtained by the characteristic angles
through the theory of characteristic modes (2.1 GHz) as seen in Fig. 3.35, thus,
it is confirmed that the first resonance is generated by the fundamental mode
although the frequencies for both cases do not match, on the other hand, in
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Figure 3.34: Power contribution for the centre-fed rectangular metallic plate.
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Figure 3.35: Characteristic angles for the centre-fed rectangular metallic plate.
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3.5 Coupled rectangular structure with serial feed

the case of the second frequency there are not modes in resonance, the mode
J1 has already resonated, then, the mode contributes with storing inductive
energy; whereas, mode J3 mode does not yet resonate and will be providing
capacitive energy storage, remaining between the modes an angular variation
of approximately 180◦.

Another form to quantify the contribution of each mode in the total power
is through the input admittance Yin of the antenna. The input admittance can
be very easy to compute if it is assumed that the voltage input is a 1 V, with
this in mind that the total current is given by equation (3.5) sampled at the
feeding point P [26]:

Yin =
J(P )

1
=
∑
n

V in
1 + jλn

Jn(P ) (3.5)

The input admittance can be expressed in terms of the complex admittance
of each mode (Yn), as follow [26]:

Yin =
∑
n

Yn =
∑
n

Gn + jBn =
∑
n

V in.Jn(P )

1 + λ2n
− j V

i
n.Jn(P ).λn

1 + λ2n
(3.6)

In Fig. 3.35 shows the complex values of the Yin input admittance associated
with the metallic rectangular metal plate fed at the center (see Fig. 3.30(b)),
together with the complex modal admittance Yn = Gn + jBn for mode J1,
mode J3 and, the mode called Jm, this mode Jm corresponds to all higher-
order modes that have contributed less to the resonance.

Then, the total admittance for the 2.25 GHz frequency knowing that the
admittance of mode J1 (Y1 = 25.7 - j 8.3 mS) and higher-order modes (Ym =
0.1 + j 8 mS) is:

Yin = Y1 + Ym

Yin = (25.7− j8.3) + (0.1 + j8) = 25.8 [mS]

where the total current can be computed as:

IT = (V ).(Y1) + (V ).(Ym)

IT = (1).(25.7− j8.3) + (1).(0.1 + j8) = 25.8 [mA]
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Figure 3.36: Representation of the input admittance Yin and modal admit-
tances Yn of a centre-fed rectangular metallic plate: (a) Real part (G), and (b)
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3.5 Coupled rectangular structure with serial feed

The total active power is the real part of the so-called apparent total power
and can be calculated as:

PT = (<(I21 )/<(Y1)) + (<(I2m)/<(Ym)) = 25.8 [mW]

Relating the total active power with the real power of each of the modes, it
can know the contribution percentages of each of them:

% Mode J1 = (P1 ∗ 100 %)/PT = 99.6 %

% Mode Jm = (Pm ∗ 100 %)/PT = 0.4 %

Using the same formulation described previously, the contribution rates for
the second resonance (4.97 GHz) can be calculated. In this case, the complex
values of the admittance of the modes J1 (Y1 = 12.5 - j 101 mS), J3 (Y3 = 13.3
+ j 71 mS) and the higher-order modes Jm (Ym = 0 + j 30 mS).

% Mode J1 = (P1 ∗ 100 %)/PT = 48.44 %

% Mode J3 = (P3 ∗ 100 %)/PT = 51.55 %

% Mode Jm = (Pm ∗ 100 %)/PT = 0.01 %

Each of the resonances present in the analyzed structure can be represented
through an equivalent parallel circuit as shown in Fig. 3.37. The values of
resistance R, capacitor C, and inductor L can be calculated very easily through
the capacitive and inductive reactance:

Xl = jωL (3.7)

Xc =
−j
ωC

(3.8)

On the other hand, analyzing the area in which the excitation point has been
inserted as shown in Fig. 3.38, it can be seen that a slotted transmission line
is generated on the left and right side of the power supply, it’s input reactance
can be calculated from the formulation of a transmission line terminated in
open circuit as presented in Eq. (3.9) [2] [132]:

jXi = −j Z0 cot(βl) (3.9)

where, l corresponds to the length of the transmission line l = W/2, Z0

describes the load impedance and, β is the imaginary part of the propagation
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Figure 3.37: Equivalent circuit based on the modal expansion of the input
impedance, for the centre-fed rectangular metallic plate at the two resonance
frequencies. (a) At 2.27 GHz and, (b) at 4.97 GHz.

Figure 3.38: Slotted transmission lines generated in a rectangular plate with
central feed, and their solution with transmission line terminated in open cir-
cuit.
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3.6 Interaction between planar structures

constant. β represents the rate at which the waves oscillate as a function of
position on the line. In general, β can be determined from:

β = ω
√
µε =

2π

λ
(3.10)

According to Fig. 3.38, to obtain the total reactance calculation must be
taken into account the two circuits that are in parallel, the result of the input
impedance will be purely reactive, which can be inductive or capacitive, this
will depend on the values that are generated from βl, due to the function cot(βl)
can take positive or negative values.

3.6 Interaction between planar structures

The interaction between arbitrary structures that are located in the x or y
directions has been presented in the previous sections of this chapter, however,
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Figure 3.39: Characteristic angle of two parallel disks of radius r= 38.20 mm
and, height h= 60 mm.
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it is also important to analyze the structures when they are located along the
z − axis. The reference elements considered for this analysis are the metallic
circular discs as shown in the graph inside the Fig. 3.39. Due to the revolution
symmetry of the structure, the characteristic modes present will be the same
for both polarizations (vertical and horizontal), therefore, it would be enough
to only analyze one of the 2 polarizations.

The characteristic angles of the first 4 modes of two disks separated by a
height λ/2 at the frequency of 2.5 GHz, and illuminated with a plane wave
have been shown in Fig. 3.39. In the same way as in the analysis of the cases
in the previous sections, when two or more elements interact, 2 types of modes
are generated by the direction in which the currents flow, the transmission line
mode (the currents in the upper element flow in the direction opposite to that
of the lower element) and, the antenna mode in which the currents of the two
elements flow in the same direction.

Analyzing the resonances of each of the modes through the characteristic
angles, the electric modes (those that change from 270◦ downwards) of the

Figure 3.40: Characteristic current distributions of the 4 first modes presents
in a two parallel disks.
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3.6 Interaction between planar structures

transmission line type are much more inductive than the antenna modes, for
example, in the case of the fundamental mode, once it enters resonance it
quickly goes from being inductive store to being capacitive store.

As the order of the mode is raised, the first resonance is not reached, how-
ever, they are very close to α = 180◦ but they do not enter in resonance, making
the mode more inductive, obviously, it will then enter resonance at a higher
frequency, but the current distributions and radiation patterns will be slightly
different from those seen at the first resonance.

On the other hand, the electric antenna modes are very clearer in their res-
onance at least in the analyzed frequency range, they have a rather interesting
bandwidth and at higher frequencies, they resonate again. In Fig. 3.40, the
currents distributions at the first resonance frequency can be seen for each of
the modes seen in Fig. 3.39. As expected, depending on the kind of mode, the
currents flow in the same or opposite direction, in addition, as the order of the

1 2 3 4 5 6 7
90

120

150

180

210

240

270

Frequency [GHz]

C
h
a
ra
ct
er
is
ti
c
A
n
gl
e
(α

n
)

α0 α1 α2 α3

α0 α1 α2 α3

Antenna Mode
Tx line Mode

Figure 3.41: Characteristic angle of two parallel disks of radius r= 38.20 mm
and, height h= 30 mm.
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mode increases, the number of current nulls and variations in the direction of
the current will increase.

By reducing the height of the two parallel disks by half, i.e. changing from
λ/2 to λ/4 at the 2.5 GHz frequency. The characteristic angles of the structure
undergo a great variation as can be seen in Fig. 3.41. The electric transmission
line modes went from being very inductive to capacitive, the resonances are
well marked and generate a very limited bandwidth. Whereas, the electrical
antenna modes lost their first resonance, and frequencies below 5 GHz are
purely inductive.

Therefore, when we have two elements separated by a very short distance
and in order to take advantage of the dimensions of the structure at low fre-
quencies, only the modes that are linked to the transmission line modes should
be excited.

3.7 Conclusions

In this chapter some structures with single or multiple feeding with a very good
bandwidth have been designed and analyzed, taking advantage of some results
of preliminary works on planar structures that have been obtained through the
analysis of the TCM.

It has been possible to demonstrate that by placing two isolated structures
very close to each other, two types of modes have been generated, the antenna
mode and the transmission line mode. To describe these modes, electric walls
and magnetic walls have been used. The antenna mode has a large bandwidth
and its currents are parallel to the magnetic wall and flowing in the same
direction, whereas, the transmission line mode has a limited bandwidth and
its currents are flowing in the opposite directions, parallel of the electric wall.
The nomenclature used for coupled elements to represent each of the modes is
Jnm, where n is 0 for the antenna mode and 1 for the transmission line mode,
on the other hand, m responds to the order of the mode.

The TCM provides important information for the antennas design because
of some parameters such as resonance frequency, currents flow on the surface,
bandwidth, etc. can be known in the absence of any external sources. In
order to analyze the antenna in reception, it can be illuminated by a plane
wave. When the antenna works as a transmitter, it requires the inclusion of an
excitation port. When the excitation port connects two parallel structures, it
creates an electrical connection between them, so the two elements behave as
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a single folded structure, modifying the current distribution of the modes and
its resonance frequency.

To discriminate or enhance the excitation of certain modes, multiple feeding
ports have been employed. In several structures of this chapter differential
feeding (+1, −1) and balanced feeding (+1, +1) have been used. In the case of
a circular ring and in order to excite it, capacitive elements have been inserted
in the inner part of the ring. The use of the differential feed only allows the
odd modes to appear (J1, J3, J5, ..., J2n+1), while with the balanced feed, only
the even modes (J0, J2, J4, ..., J2n) are present.

The metal ring with differential capacitive fed is capable of generating a
large bandwidth and stability in the radiation pattern for all available frequen-
cies. The modes with minimum current at the position of the excitation are
excited. Thus, the resonances are generated by modes J1 and J3, due to the
physical configuration and the type of excitation. The cancellation of currents
in the feeding zone, makes the radiation pattern of J3 mode unidirectional as
in J1 mode.

Subsequently, structures have been analyzed in which several modes are
combined to generate a resonance. In force the resonance, the imaginary part
=(Z) of the input impedance must be cancelled by the sum of different modes,
i.e. some modes will contribute with capacitive energy and others with in-
ductive, leaving only the real part of the impedance as result. Analyzing the
modal power contributions, it has been possible to determine which are the
modes that generate the resonance and their percentage of contribution.

Finally, in the last section, the interaction of 2 metallic parallel plates has
been analyzed using the TCM. If the parallel plates have a very large sepa-
ration, the usable modes are those of the antenna type, which would finally
be like working with a single element, in other words, there is no consider-
able contribution to having 2 parallel plates. However, if the height between
the elements is very small, transmission line modes appear that can be easily
excited.
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Chapter 4

Folded structures

“Nothing in life is to be feared, it
is only to be understood. Now is
the time to understand more, so
that we may fear less.”

— Marie Curie

4.1 Introduction

With the imminent development of technology in wireless communications, it
has become increasingly desirable for modern communication devices to in-
tegrate multiple communication standards into a single system as is the goal
of 5G technology. Within the great diversity of applications that host fifth-
generation networks such as applications in the field of biomedicine [133, 134],
Internet of things IoT [135], indoor base stations [136], they require a type of
antenna with some specific characteristics such as a large bandwidth, stable
radiation patterns in broadside direction.

Many of the devices that work under 5G technology have limited space, they
need unidirectional radiation patterns, compact and with low profile charac-
teristics, such as the antennas used for the human body [137–139].

One of the valid alternatives to obtain this behavior is to place a ground
plane at a certain distance at the back of the antenna. In this chapter it is
proposed to fold simple structures on itself, with this the required radiation
pattern can be generated and in addition to obtaining compact antennas, to
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CHAPTER 4. FOLDED STRUCTURES

achieve this objective, it will be based on the information obtained through the
modes of some of the structures analyzed in the previous one.

4.2 Rectangular folded structure

In Chapter 3, the characteristic modes of some planar symmetric structures
such as the circular disk, the square plate, a circular and square ring in the
x−y plane were represented. It has been possible to show that due to the sym-
metry of the structure, the distribution of currents and the radiation patterns
generated for each of the modes in both polarizations are orthogonal, that is,
the fundamental mode J1 and it’s degenerate J1’ are rotated 90◦. Therefore,
the resonance frequencies of the mode J1 and J1’ are the same, as well as the
behaviour of the characteristic angles.

Thus, if the structure is deformed, going from a square to a rectangular
shape, it allows generating a phase shift of the resonance frequencies between
the polarizations of each mode, the cross section with the longest length will
resonate at a low frequency, and the one with the shortest length at a higher
frequency. In Fig. 4.1, the five first characteristic angles of the rectangular

1 2 3 4 5 6 7 8 9 10
90

120

150

180

210

240

270

Frequency [GHz]

C
h
ar
ac
te
ri
st
ic

A
n
g
le

(α
n
)

α0 α1 α2 α3 α4

Figure 4.1: Characteristic angles of the first modes presented in a rectangular
plate of dimension W = 20 mm and L= 51 mm.
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4.2 Rectangular folded structure

Figure 4.2: Characteristic current distributions and radiation patterns of the 5
first horizontal modes presented on a rectangular plate.

plate have been shown, the bandwidth of each of the represented modes J1,
J2, J3 are very good, but in most frequencies it stores capacitive energy after
having entered into resonance.

The radiation patterns and the characteristic current distributions corre-
sponding to the rectangular plate at each of its resonance frequencies are shown
in Fig. 4.2. It can be clearly seen that in the distribution of currents it complies
with a pattern for the case of the electrical modes obtained in the frequency
range, in the mode J1 a pair of current nulls is generated at the edges of the
plate, and according to the order of mode, current nulls are generated in the
form of vertical walls organized in an orderly way, this organization of the
currents allows obtaining radiation diagrams that generate multiple beams ac-
cording to the order of the mode, that is, for the mode J1 Because it has only
one direction of the currents, it has a bidirectional beam, the J2 mode has 2
variations of the direction of the current, therefore, 2 bidirectional beams are
generated.

Being able to excite the modes generated in the rectangular plate becomes
a little bit complicated, for this it would need external elements to feed ca-
pacitively, or make some cuts in the structure to be able to excite inductively.
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CHAPTER 4. FOLDED STRUCTURES

Figure 4.3: Progressive analysis of a folded structure on itself from a rectangular
plate. (a) Structure 1, (b) Structure 2 and, (c) Structure 3.

Table 4.1: Summary of variables used for the design of the structures folded
on themselves.

Structure 1 Structure 2 Structure 3

Variable Dim. [mm] Variable Dim. [mm] Variable Dim. [mm]

W1 20 W1 20 W1 20

L1 25.5 L1 25.86 L1 20

L2 12.75 L2 6 L2 6

- - L3 6.57 L3 9.5

However, if the entire transverse length of the rectangular plate is taken ad-
vantage of and is folded on itself to the point that the two edges of the plate
almost come together, a very compact structure with a unidirectional radiation
pattern can be achieved.

Then, to understand the behavior of this bent structure, an analysis is
performed using the Theory of Modes characteristic of a progressive bending
starting from the information obtained in the rectangular plate to the final
structure described above, such as is represent in Fig. 4.3. The parameters
with which each of the analyzed structures described in Fig. 4.3 were designed
have been summarized in table Table 4.1.

In Fig. 4.4, a comparative graph of the first 4 characteristic angles obtained
in each of the structures proposed in Fig. 4.3 has been made. The behavior
of the characteristic angles for each of the modes shown are very similar for
the 3 structures, the resonances are very coincident, however, the bandwidth
depends a lot on the height at which the edges of the ground plane are located.
With this structure it has been possible to demonstrate the concept described
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Figure 4.4: Comparison of characteristic angles present in three structures
proposed in Fig. 4.3

in the Chapter 3 that deals with the interaction of two parallel elements. Then,
as the height of the structure is reduced more, the more capacitive the mode
tends to be for the case of the electric modes, whereas for the magnetic modes
the angle will tend to be less capacitive, at high frequencies it will start to store
inductive energy after going into resonance.

The current distribution and the radiation pattenrs of the J1 to J3 modes
of each of the proposed structures have been represented in Fig. 4.5, for the J1
and J2 modes they have been plotted at resonance frequencies, while for the J3
mode, the results have been plotted for a frequency of 10 GHz (approximately
when the angle is very close to 180 ◦).

Analyzing the current distribution corresponding to the fundamental modes
of each of the structures, it can be seen that as the plate is folded, the null of
the currents moved to the side walls, generating a continuous flow on the upper
layer, this current flux helps improve directivity in the radiation pattern.
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Figure 4.5: Characteristic current distributions and radiation pattern of the
folded structures depicted in Fig. 4.3.
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4.2 Rectangular folded structure

A very important characteristic in the folded structures that can be taken
advantage of is the J3 mode radiation pattern, if it compare the J3 mode
radiation patterns for a rectangular plate and the folded structure on itself, we
have that the maximum radiation power is in the broadside direction for both
cases, but in the structure folded on itself, the two secondary lobes that were
generated in the rectangular plate have been cancelled.

Thus, with the structure already completely folded and with a small air
gap between the two flaps, it is very easy to insert the power point inductively
between the 2 ends of the antenna, this configuration can be appreciated with
the structure framed with a blue line inside the Fig. 4.6. The matching in the
antenna is very good, below the −10 dB the reflection coefficient a bandwidth
of 32% has been generated.

However, if the edge of the structure is slightly modified from linear to
curved, the bandwidth of the antenna improves by 3%, obviously the central
operating frequency has moved to a higher frequency, This really is understand-
able since the length where the currents flow has been reduced; in the case of
these structures, currents will always flow along the edges.
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Figure 4.6: Reflection coefficient of the antenna designed from the rectangular
plate folded over itself, varying the shape at the edges.
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4.3 Elliptical folded structure

The small deformation that was made to the edges of the rectangular plate
in the previous section, and that has allowed to improve the coupling condi-
tions when an inductive feeding port is inserted between the two ends, has
not been accidental. To reach this point of deformation, it is started from a
study and analysis of an elliptical structure with dimensions R1 = 40 mm and
R2 = 19.5 mm, as shown in Fig. 4.7(a).

Figure 4.7: The progressive design of an Elliptical structure folded itself.

Describing the physical characteristics of an ellipse, it is easy to see that
one of the axes will be greater than the other, so if an analysis is carried out
with the Theory of Characteristic Modes, it can easily say that the modes of
the two polarizations will be shifted each others. Making a summary of the
modes found in the ellipse (check Fig. 3.1) [140], it is well known that there
are vertical and horizontal modes in a planar structure. For example, in the
case of the fundamental modes (J1, J1’) present in the ellipse, the vertical
resonance frequency is shifted from the horizontal, the diameter of the semi-
major axis will resonate at a lower frequency, on the other hand, the diameter
of the semi-minor axis will resonate at a higher frequency.

Then, depending on the frequency at which you want to work, the designer
will be able to fold the ellipse in any of the 2 polarizations, for the case under
study the ellipse will be folded on its minor axis, i.e, the physical dimensions
will be used to generate the highest possible frequency. However, to reduce
the difficulty in designing the sidewalls in the structure folded on itself, the
ellipse has been cut into 3 sections; the main section will be the central one
with a width of W1 = 20 mm, the two lateral sections will be integrated again
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4.3 Elliptical folded structure

to the central part through two rectangular plates of dimensions h1 = 6 mm
and L1 = 34.5 mm according to the configuration shown in Fig. 4.7(b). By
inserting the two metal pieces, the horizontal section now becomes the major
axis, so the ellipse fold will be made to achieve the lowest possible frequency,
finally leaving the structure as shown in Fig. 4.7(c).

In Fig. 4.8, the characteristic angles of these two proposed structures have
been represented, the results are very similar for the J1 and J2 modes, while the
J3 modes are very different, the J3 mode of the larger structure it is much more
inductive than that of the small structure. For all modes, the resonant frequen-
cies will be offset due to the difference in sizes of the structures. However, the
case of structure 1 (full ellipse structure) is very curious, because according to
its dimensions in the vertical section it resonates at a higher frequency than
the frequency of structure 2, when it should be the opposite.

As mentioned above, the frequency shift can be explained using the char-
acteristic current distribution generated in each of the structures. Thus, if it
compare the fundamental modes J1 of Fig. 4.9(a) and Fig. 4.9(b), it see that
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Figure 4.8: The first four characteristic angles in vertical polarization of the
structures folded on themselves. The elliptical folded on itself is called Struc-
ture 1 and, rectangular plate folded on itself such Structure 2.
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the currents found in the central part are very more intense than in the edges.
Then, considering that currents follow the shortest path and travel where there
is least opposition, resonance is associated to the shortest length in the struc-
ture. On the other hand, in the structure of the rectangular plate folded on
itself, the most intense currents flow along the edges, making the path through
which the currents flow larger that the first structure.

(a)

(b)

Figure 4.9: Characteristic current distribution and radiation patterns. (a)
Elliptical structure folded on itself, and (b) Rectangular structure folded on
itself.
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This concept, which starts from the analysis of the characteristic currents,
can be used to describe the resonances of each of the modes represented in
Fig. 4.8. In fact, seeing the radiation patterns of Fig. 4.9 are slightly different,
the maximum in the radiation pattern of the J1 mode of structure 1 is a little
more spherical than that of structure 2, showing that the radiation pattern is
generated by the currents that flow in the central zone.

4.4 Application of a Folded Antenna

The proposed antenna in this section [141] is based on the information obtained
in the structures analyzed in the Chapter 3 and the previous section, specifically
the modal analysis of the ellipse shown in Fig. 3.1.

Then, taking advantage characteristics current distribution generated in the
direction of propagation of semi-minor axis in the ellipse in Fig. 3.1. Folding
on itself, the structure will be able to be compacted and keep it resonance such
as describe in the previous section; from the ground plane to top layer, the
feeding port has been inserted between the two end of lapels in the ellipse as
shown in Fig. 4.10(a) and Fig. 4.10(b).

Carrying out a full wave analysis, the reflection coefficient of the structure
has been obtained, showing that a resonance in the elliptical structure folded
itself is generated at 6.7 GHz. The total currents for this frequency that have
been shown in Fig. 4.11(a), the currents are flowing from left to right through

Figure 4.10: Elliptical proposed antenna. (a) 3D view of structure V.1, and
(b) 3D view of structure V.2
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Figure 4.11: Simulated reflection coefficient results and total current distribu-
tions of the proposed antenna.

the feed point, however, a pair of current nulls are generated in each of the
lapels causing the currents to change direction.

Thus, considering to the current distribution generated, the antenna can
be further optimized and compacted even more. Therefore, in the current
null direction, and parallel to the feeding point a cut in the device has been
made, remaining a shape equal to shown in Fig. 4.6). In this way, the physical
modification of the air gap that was made at the edges of the rectangular
plate folded over itself is justified, remaining the proposed antenna parameters
depicted in Fig. 4.10(b) and, Fig. 4.10(c) as: L3 = 20 mm, h1 = 6.07 mm,
W1 = 20 mm, W2 = 3.02 mm, and g = 1 mm.

The proposed V.2 antenna generates a better bandwidth that the elliptical
structure, even a better impedance matching (see orange line in Fig. 4.11),
a frequency shifted is generated toward a lower frequency due to the small
decrease of the air gap between to lapels in the top layer, causing a decrease
in the matching. Additionally, it should be remembered that the bandwidth
can be improved or worsen if the height between the top and bottom layers
is changed. If the height is increased the bandwidth will increase as well, it
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Figure 4.12: Manufactured folded antenna. (a) Structure V.1, and (b) Struc-
ture V.2.

is possible because the slope of the characteristic angle isn’t very vertical. On
the contrary case, the bandwidth is limited by reducing the height, because the
slope is closer to the vertical axis.
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Figure 4.13: Measured scattering parameters of the folded proposed antenna.
(a) Structure V.1, and (b) Structure V.2.
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In Fig. 4.12, the frontal and side view of the proposed manufactured struc-
ture have been represented, each one of them have been manufactured with on
the air. From the bottom towards the 2 ends of the structure, a coaxial cable
has been inserted in order to excite it.

The measured results obtained are plotted in Fig. 4.13, the results are very
similar to those simulated. The impedance matching under −10 dB of the
folded antenna is working in range frequency from 4.4 GHz to 6.65 GHz, rep-
resenting 40% of bandwidth. The final dimension of the structure in terms of
wavelength at center frequency are: 0.35 λ0 x 0.35 λ0 x 0.1 λ0.

In order to complement the study of the proposed antenna realized with
the theory of characteristic modes, in the Fig. 4.14, the modes that contribute
the resonance in the available range frequencies have been plotted. The fun-
damental mode J1 contributes the highest power at the center frequency with
70%, while the sum of the powers of the J3 and J0 modes contribute a 30%
approximately.

The combination of the radiation patterns of the J1 and J0 modes and J3
with a minimum quantity allows generating a unidirectional radiation pattern
in broadside direction at 5.8 GHz as represented in Fig. 4.15. Using this type of
structure proposed in this section, reconfigurable antennas can be designed us-
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Figure 4.14: Power contribution of the folded proposed antenna.
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4.5 Array antenna using a folded structure

Figure 4.15: Unidirectional radiation pattern at 5.8 GHz as a result of the
combination of the radiation patterns of modes J0, J1, J3.

ing electronic devices such as pin diodes [142], however, these kinds of antennas
are not within the scope of this thesis.

4.5 Array antenna using a folded structure

An array antenna is the result of the orderly integration of multiple identical
radiators, which allows improving the radiation patterns considerably, the array
antenna is very important because it allows managing the amplitude of the
currents and the excitation phase of each single radiator element, in this sense,
the radiation patterns can be modified according to the designer’s application.

In this section, it is intended to design an array antenna that has the possi-
bility of generating multiple beams through the combination of amplitude and

Figure 4.16: Setup of proposed array antenna . (a) Option 1, (b) option 2, and
(c) option 3.
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phase in the feeding ports, the rectangular structure folded over it detailed in
Section 3.4 has been used such reference radiator element. In Fig. 4.16, some
alternatives of antenna arrays have been shown.

The four elements have been mounted on each sidewalls of a piece of a
rectangular waveguide opened in the two edges. The distance between the
each element correspond to 0.5λ0 at the resonance frequency (d = 25.5 mm
). Using a full-wave analysis, the scattering parameters of the three proposals
array antennas have been obtained and depicted in Fig. 4.17, all of them have
a good matching under −10 dB.

However, the third option would be the best for three things: the first
because it generates a very good bandwidth, the second one because, in order
to ensure that the radiation is produced only by each bent element, the edges
of the waveguide have been deformed towards the center of the structure, with
this design method a virtual cancellation of currents will be generated in the
edges and, third because with this kind of configuration it has been possible to
compact the structure to the maximum.

In Fig. 4.18, the 3D and top view of the manufacturing array antenna are
shown, the material used to manufacture this prototype is copper and brass,
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Figure 4.17: Simulated reflection coefficients of the different proposed array
antenna.
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Figure 4.18: Array manufactured antenna proposed. (a) 3D view, and (b) top
view.
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Figure 4.19: Measured Scattering parameters of the folded array antenna.

copper has been used for the manufacture of each radiator element, on the
other hand, the brass is used for the chassis that is shaped like a waveguide
with its edges bent inwards.
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Figure 4.20: Radiation pattern of the folded array antenna. (a) Excitation of an
isolated element, (b) Balanced feeding (+1, +1, +1, +1) and, (c) Differentially
feeding (+1, -1, +1, -1).

The measured scattering parameters of the proposed array antenna have
been plotted in Fig. 4.19. As anticipated, the bandwidth of this structure is
the same as that of the simple element, in addition, the mutual coupling is very
good that they are under −15 dB for the frequency range in which the antenna
works optimally.

Depending to the feed of the array antenna, some radiation patterns with
diverse directions can be generated. Exciting each of the elements in isolation,
orthogonally radiation patterns are generated as seen in Fig. 4.20(a). Whereas,
exciting at the same time two pairs of contiguous antennas, the radiation pat-
terns in the vertices direction are generated such as shown in Fig. 4.20(b)).
Finally, using simultaneously and balanced feeding (+1, +1, +1, +1), radiation
patterns normal direction to each element that integrates the array antenna are
obtained at the same time. However, by making a combination in the feeding,
e.i, change the phases of the ports (+1, -1, +1, -1), the direction of maximum
propagation can be shifted in 45◦ according at orange line in Fig. 4.20(c).

4.6 Conclusion

In this chapter a detailed study has been carried out of a structure folded on
itself starting from a rectangular plate and an ellipse. In section 4.2, these
structures have been analyzed using the Theory of Characteristic Modes and
the effect of the folding on the modal resonances and on the modal current dis-
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tributions has been modeled. The analysis has been focused on the longitudinal
modes of the folded structure

Bent structures operate with several characteristic modes simultaneously.
Modes are achieved with capacitive or inductive character over a large band-
width. The combination of several modes yields a reactance close to 0 over a
large range frequency. By bending the structures there is an additional advan-
tage, the two ends of the structure can be easily connected to a transmission
line or a voltage generator. Another interpretation of the folding is that be-
tween the feed points there is a slot in parallel with a shorted half-wavelength
resonator.

Another very important thing that must be highlighted is the variation
that occurs in the radiation pattern of J3 mode. In planar plates J3 modes has
maximum radiation in the broadside direction and 2 lateral lobes, however,
when the structure is folded, the secondary lobes disappear, leaving only a
radiation lobe in broadside direction.

By folding the structure on itself, a resonance can be generated at low
frequencies, achieving compactness of the antenna and allowing the generation
of a unidirectional radiation pattern. In section 4.3, a planar ellipse is folded.
The edges have a curved shape in the upper layer that help to improve the
impedance matching since they behave as an impedance transformer.

In the last section of this chapter, several antennas based on the bend-
ing principle have been developed. A compact antenna with 4 independent
radiation beams pointing in the directions 0◦, 90◦, 180◦ and, 270◦ has been
proposed. Moreover, making use of the design considerations obtained from
the modal analysis, several antenna prototypes for practical applications have
been manufactured and measured.
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Chapter 5

TCM in 3D structures

“The scientific man does not aim
at an immediate result. He does
not expect that his advanced ideas
will be readily taken up. His work
is like that of the planter - for the
future. His duty is to lay the
foundation for those who are to
come, and point the way.”

— Nikola Tesla

5.1 Introduction

Over the years, it has been seen that waveguides have become one of the most
important elements for the transport of microwave signals, being widely used
for the design of multiple components such as couplers, power dividers, filters,
resonators, etc [2, 143]. However, the vast majority of studies have focused
on the analysis of the electric and magnetic fields inside the guide, leaving a
gap in the study of the behavior of currents on the surface. The Theory of
Characteristic Modes is a tool that will allow us to describe this behavior.

This chapter aims to study what is the relationship between the theory of
characteristic modes and the electric transverse modes TEmn and magnetic
transverse TMmn in a rectangular waveguide and a circular waveguide. To do
this, a description and analysis will be carried out independently of the TEmn,
TMmn modes and the characteristic modes of the two proposed waveguides.
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Subsequently, the results obtained in each of the analyzes will be checked to
describe what is the relationship between them.

5.2 Rectangular Waveguide Analysis

The hollow rectangular waveguides or rectangular tubes, inside it, are capable
of propagating TE and TM modes after a cutoff frequency, while TEM modes
will not propagate because at least two conductors are required. In order to
understand how each of these modes is obtained and propagated inside the
waveguide, the analysis of the waveguide using mathematical formulation have
been used.

In Fig. 5.1, it is considered a 3-dimensional small section of the rectangular
waveguide with dimensions a x b x h (where a = b = h = 60 mm), surrounded
with perfect electric conductor and filling of a homogeneous material with ε
permittivity and permeability µ.

Figure 5.1: 3D view of waveguide section of a rectangular waveguide

5.2.1 TE and TM modes

The TEmn and TMmn modes have a very similar mathematical resolution, the
only difference for each of the 2 cases is the condition of fields that are imposed,
for the TEmn mode you must satisfy Ez = 0 and Hz 6= 0, whereas, for TMmn

modes it will be Hz = 0 and Ez 6= 0. In both cases it is begun by solving the
Helmholtz equation or also known as the wave equation [2, 143].

∇2Az + k2cAz = 0 (5.1)

104



5.2 Rectangular Waveguide Analysis

whereAz is an arbitrary amplitude and can be replaced byHz field in the case of
TEmn modes and the Ez field for TMmn modes. Applying the aforementioned
boundary conditions, the wave equation can be reduced to the following form:(

∂2

∂2x
+
∂2

∂2y
+ k2c

)
hz(x, y) = 0 for TEmn modes, (5.2a)

(
∂2

∂2x
+
∂2

∂2y
+ k2c

)
ez(x, y) = 0 for TMmn modes, (5.2b)

with Hz(x, y, z) = hz(x, y)e−jβz, and Ez(x, y, z) = ez(x, y)e−jβz, where
k2c = k2−β2 is called cutoff wave number and k = ω

√
µε. A common procedure

to solve this type of the partial differential equation is through the method of
separation of variables, where each dependent term of x and y must be equal
to a constant called separation constant kx or ky depending case.

1

X

d2X

dx2
= cte = −k2x (5.3a)

1

Y

d2Y

dy2
= cte = −k2y (5.3b)

and

k2x + k2y = k2c (5.4)

Figure 5.2: Boundary conditions on the electric field components tangential to
the waveguide walls.

Then, the general solution for hz and ez can then be written as:

hz(x, y) = (A cos kxx+B sin kxx) (C cos kyy +D sin kyy) (5.5a)
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ez(x, y) = (A cos kxx+B sin kxx) (C cos kyy +D sin kyy) (5.5b)

To obtain hz(x, y), the boundary conditions on the electric field tangential
components must be applied in the walls of the rectangular waveguide according
to the Fig. 5.2. However, that value cannot be obtained directly, the values of
ex and ey must first be found.

ex =
−jωµ
k2c

ky (A cos kxx+B sin kxx) (−C sin kyy +D cos kyy) (5.6a)

ey =
jωµ

k2c
ky (−A sin kxx+B cos kxx) (C cos kyy +D sin kyy) (5.6b)

Applying the boundary conditions of Fig. 5.2 in ex and ey equations, we
have the values D=0 and ky = nπ/b for n = 1, 2, 3, ..., while for ey, B=0 and
kx = mπ/a when m = 1, 2, 3.... Thus, the final solution for Hz is then

Hz(x, y, z) = Amn cos
mπx

a
cos

nπy

b
e−jβz (5.7)

On the other hand, for TMmn modes, the conditions shown in Fig. 5.2
are applied directly over the equation of ex, leaving A=0 and ky = nπ/b for
n = 1, 2, 3, ..., and in ey shows that C=0 and kx = mπ/a for m = 1, 2, 3, ....
Then, the solution for Ez can be expressed as

Ez(x, y, z) = Bmn sin
mπx

a
sin

nπy

b
e−jβz (5.8)

where Amn and Bmn are arbitrary amplitude constant. The transverse field
components for the TEmn and TMmn modes, have been depicted in Table 5.1.

In addition to the components of the cross fields in the rectangular waveg-
uide, the cutoff frequency can also be expressed through the equation Eq. (5.9).
It is important to highlight that this expression can be used for both TE and
TM modes.

fcnm
=

1

2πa
√
µε

√(nπ
a

)2
+
(mπ
b

)2
(5.9)

According to equations of the E and H fields shown in Table 5.1, the TE00

mode cannot exist because the expressions will be cancelled if the values n and
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Table 5.1: Summary of equations for Rectangular Waveguide [2]

Quantity TEmn Mode TMmn Mode

k ω
√
µε ω

√
µε

kc
√

(mπ/a)2 + (nπ/b)2
√

(mπ/a)2 + (nπ/b)2

β
√
k2 − k2c

√
k2 − k2c

λc
2π
kc

2π
kc

λg
2π
β

2π
β

Ex
jωµnπ
k2cb

A cos mπxa sin
nπy
b
e−jβz −jβmπ

k2ca
B cos mπxa sin

nπy
b
e−jβz

Ey
−jωµmπ
k2ca

A sin mπxa cos
nπy
b
e−jβz −jβnπ

k2cb
B sin mπxa cos

nπy
b e−jβz

Ez 0 B sin mπxa sin
nπy
b
e−jβz

Hx
jβmπ
k2ca

A sin mπxa cos
nπy
b
e−jβz jωεnπ

k2cb
B sin mπxa cos

nπy
b
e−jβz

Hy
jβnπ
k2cb

A cos mπxa sin
nπy
b
e−jβz −jωεmπ

k2ca
B cos mπxa sin

nπy
b
e−jβz

Hz A cos mπxa cos
nπy
b
e−jβz 0

m are taken the value of 0. Therefore, keeping in mind that their sides are
equals, the TE10, and TE01 modes will be considered such as dominant modes,
whereas, the lowest order magnetic transverse mode that can be transmitted
an electromagnetic wave in is TM11 mode. Using Eq. (5.9), in Table 5.2 the
cutoff frequencies for several TE and TM modes have been computed for the
rectangular waveguide of dimensions 60 mm x 60 mm x 60 mm.

To determine if the waveguide works correctly, it is necessary to check
whether the cutoff frequency is as expected, and second that the wave propa-
gates without attenuation, i.e., no energy escapes through the four conductive
walls. Therefore, to know if the cutoff frequency is as expected, we must ana-
lyze the propagation constant inside the guide.
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Table 5.2: Calculated cut-off frequencies in GHz of TEmn and TMmn first
modals fields for a rectangular waveguide.

TEmn modes TMmn modes

m fm0 fm1 fm2 fm0 fm1 fm2

0 - 2,498 4,996 - - -

1 2,498 3,533 5,586 - 3,533 5,586

2 4,996 5,586 7,066 - 5,586 7,066

3 7,494 7,900 9,007 - 7,900 9,007

γ = α− jβ (5.10)

where γ is the propagation constant, α is the wave attenuation constant,
is the real part of the propagation constant, and represents the attenuation of
the waveguide along the guide, β is the phase constant, is the imaginary part
of the propagation constant and represents the phase change of the wave along
the waveguide.

In order for the waveguide to work properly, it is expected to obtain an
attenuation constant that tends to zero after the cutoff frequency and a phase
constant that increases from the cutoff frequency.

Fig. 5.3 shows that from the cutoff frequency, the attenuation constant (α)
begins to decrease until it stabilises at practically zero. Therefore, higher fre-
quencies will become less attenuated. On the other hand, in Fig. 5.4 it shows
the phase constant (β) versus the frequency, as expected, depending on the
mode order for a range of frequency lower than the cutoff frequency the prop-
agation constant is equal to 0, therefore, in the rectangular waveguide nothing
can be propagated for frequencies lower than the cutoff. Therefore, it has been
possible to verify that the cutoff frequencies obtained through mathematical
formulation represented in Table 5.2 coincide exactly with the simulated results.

Once the cutoff frequency has been exceeded, the waveguide is capable of
propagating the electric or magnetic field within it, the increase in the phase
constant will depend directly on the frequency. As you can see, each of the
modes will have different behavior for an analysis frequency, not only in the
value of the phase constant but also in the distribution of the electric and
magnetic field.
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In Fig. 5.5, the frontal view (X-Y axis) of a rectangular waveguide section
has been depicted, inside it the electric and the magnetic field (E, H) of some
TE and TM modes have been plotted, the continuous lines will represent the
electric field, whereas the dash-dotted lines the magnetic field. Other higher
order modes can be seen in the article [144].

The electric and magnetic fields of the TE and TM modes at each of their
cutoff frequencies have been represented in Fig. 5.5, the cutoff frequencies are
a function of the dimensions of the waveguide in its cross section a and b, this
is expressed in the equations of Hx, Hy, Ex, Ey of Table 5.1.

However, each of them depends on a propagation constant (e−jβz ) in the
z-direction, the distribution of the electric and magnetic fields has been rep-
resented in Fig. 5.6. As it can see, there is one or more phase variations
throughout the guide, in order to explain this behavior, the resonant cavities
will be analyzed.
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Figure 5.3: Attenuation constant of TE and TM first modals fields for a rect-
angular waveguide.
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Figure 5.4: Phase constant of TE and TM first modals fields for a rectangular
waveguide.

Figure 5.5: Front view of TE and TM modal field distribution for a rectangular
waveguide of dimensions axb.

5.2.2 Rectangular waveguide cavity resonator analysis

Along the axis z of a waveguide, boundary conditions can be imposed, that
is, electric or magnetic walls can be applied to it, these will be called resonant
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cavities. This type of structures will no longer have a cutoff frequency but a
resonance frequency, so, to find the resonances of the modes when the waves
propagate along the axis z, therefore, not only the lateral dimensions a and b
but also the length h, as can be seen in Fig. 5.7.

The electric and magnetic fields of the TE or TM modes can be calculated
from the solution of the Helmholtz equation (5.1) through the separation of
variables method applying the boundary conditions for the cavities, generating
the separation constants:

k2 = k2x + k2y + k2z = ω2µε (5.11)

Considering the solutions depicted in Table 5.1, which already satisfy the
boundary conditions on the side walls (x= 0, a and y= 0, b) of the cavity, it
will only be necessary to impose the boundary conditions for Ex = Ey = 0 on
the end walls at z= 0, d. Therefore, the transverse electric fields (Ex, Ey) of
the TEmn or TMmn rectangular waveguide mode can be written through the
transverse mode e(x, y), and arbitrary amplitudes of standing wave (A+, A−).

Et(x, y, z) = e(x, y)
(
A+e−jβmnz +A−e−jβmnz

)
(5.12)

Figure 5.6: Lateral view of TE and TM modal field distribution for a rectan-
gular waveguide.
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Figure 5.7: 3D views of resonant cavities configurations with dimension a = b
= h = 60 mm. (a) Shorted at both ends, (b) shorted at one end and opened
at the other, (c) opened at both ends.

The propagation constant of the m,n th TE or TM mode can be compute
using Eq. (5.13), and should be consider the electric and magnetic properties
of the material filling the cavity.

βmn =

√
k2 −

(mπ
a

)2
−
(nπ
b

)2
(5.13)

The expression of resonance frequency for TEmn` or TMmn` can be describe
using the Eq. (5.14), where kx = (mπ/a), ky = (nπ/b), kz = (`π/h).

fmn` =
kmn`

2π
√
µε

=
ckmn`

2π
√
µrεr

=
c

2π
√
µrεr

√(mπ
a

)2
+
(nπ
b

)2
+

(
`π

h

)2

(5.14)

The resonance frequencies of the structures in Fig. 5.7 can be calculated
under the equation (5.14), in Table 5.3 shows the resonance frequencies calcu-
lated for the first 2 modes TE and TM, however, the distribution of fields E
and H are different for each case, then a detailed analysis will be carried out
below.

5.2.2.1 Case shorted at both ends

Applying the field condition Et = 0 (short circuit) for z = 0 in Eq. (5.12),
implies that the arbitrary amplitudes A+ and A− are equal (i.e. total reflection
from a conductive wall), while the equation obtained for the condition Et = 0
at z = h would be
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Table 5.3: Calculated resonant frequencies in GHz of TEmn` and TMmn` first
modals fields for a rectangular cavity resonator.

TEmn1 modes TMmn1 modes TEmn2 modes TMmn2 modes

m fm01 fm11 fm21 fm01 fm11 fm21 fm02 fm12 fm22 fm02 fm12 fm22

0 - 3,53 5,58 - - - - 5,58 7,06 - - -

1 3,53 4,32 6,12 - 4,32 6,12 5,58 6,12 7,49 - 6,12 7,49

2 5,58 6,12 7,49 - 6,12 7,49 7,06 7,49 8,65 - 7,49 8,65

3 7,90 8,28 9,34 - 8,28 9,34 9,00 9,34 10,3 - 9,34 10,3

Et(x, y, h) = −e(x, y)A+2j sinβmnh = 0 (5.15)

Remaining as one of solutions (A+ 6= 0) when

βmnh = `π, ` = 1, 2, 3, ..., (5.16)

that is, the length of the cavity must be an integer multiple of one half the
wavelength at the resonant frequency. Keeping in mind the values of the Ta-
ble 5.1 and applying the Eq. (5.12), and considering the fact that A+ = A−,
the total fields for the resonance of the modes TEmn` can be written as:

Ex = −A+ cos
mπx

a
sin

nπy

b

(
e−jβz − ejβz

)
(5.17a)

Ey = A+ sin
mπx

a
cos

nπy

b

(
e−jβz − ejβz

)
(5.17b)

Ez = 0 (5.17c)

Hx =
−A+β

kη
sin

mπx

a
cos

nπy

b

(
e−jβz + ejβz

)
(5.17d)

Hy =
−A+β

kη
cos

mπx

a
sin

nπy

b

(
e−jβz + ejβz

)
(5.17e)

Hz =
jπA+

kηa
cos

mπx

a
cos

nπy

b

(
e−jβz − ejβz

)
(5.17f)
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Letting E0 = − 2jA+, using the Eq. (5.16) and applying the Euler relation
e−jβz = cos (βz)− j sin (βz), the field equations can be simplified to

Ex = −E0 cos
mπx

a
sin

nπy

b
sin

`πz

h
(5.18a)

Ey = E0 sin
mπx

a
cos

nπy

b
sin

`πz

h
(5.18b)

Ez = 0 (5.18c)

Hx =
−jE0β

kη
sin

mπx

a
cos

nπy

b
cos

`πz

h
(5.18d)

Hy =
−jE0β

kη
cos

mπx

a
sin

nπy

b
cos

`πz

h
(5.18e)

Hz =
jπE0

kηa
cos

mπx

a
cos

nπy

b
sin

`πz

h
(5.18f)

5.2.2.2 Case of shorted and open circuit

For the analysis of a structure that has a short circuit and an open circuit
at the ends, it can be carried out based on the analysis previously carried
out. Then, the closed cavity shown in Fig. 5.7a, will be divided into 2 equal
semi-structures, leaving as dimensions a x b x h/2, the method to represent
the fields will be performed using the same mathematical formulation that was
described for a closed cavity, to In this case the resonance frequency can be
obtained using Eq. (5.14), however, the resonance will not be as in the previous
case at λg/2 but at λg/4.

5.2.2.3 Case of opened at both ends

For this case, the tangential field condition that will be applied will be Et = max
(open circuit) for z = 0 in the Eq. (5.14), the procedure to solve the fields in
the different directions are the same that the shorted at both ends case, the
only component that is changed is the equation for the Hz field, such as shown
below

Hz =
jπE0

kηa
cos

mπx

a
cos

nπy

b
cos

`πz

h
(5.19)

In Fig. 5.8, the electric field and its variation have been represented for
the modes TE101 and TE102 of each of the structures shown in Fig. 5.7. The
representation of the frontal, lateral and top views of the electric field within
the cavities has been performed, the front view has been taken at a distance
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Figure 5.8: Absolute electric field variation for the TE101 and TE102 modes in
rectangular cavities and their frontal, lateral and top view. (a) Shorted at both
ends, (b) shorted at one end and opened at the other, (c) opened at both ends.

115



CHAPTER 5. TCM IN 3D STRUCTURES

a/2 for Fig. 5.8(a) and (c), while for Fig. 5.8(b) at h/4, the side view at a
distance a/2 and the top view at b/2.

Depending on each of the structures in Fig. 5.7, the variation of the electric
field is different for each of the structures. In the cavity short-circuited on both
sides, the electric field represents a sine function for the x-y and y-z axes for
a wavelength h = λg/2 at the resonance frequency. On the other hand, for
the structure with an open circuit at its ends, the function that represents the
electric field is the sine for the x-y axis and cosine for the y-z axis.

In both cases, the variation of the electric field on the axis y-z depends on
the order of the subscript `. Finally, for the configuration of a waveguide with
short circuit and open circuit at the ends with length λg/4 = h/2, the field will
be Ez = 0 at h = 0 and Ez = max for the other end.

5.2.3 TCM in Rectangular Waveguide

Once the behavior of the electromagnetic waves and modes that exist in the
rectangular waveguides has been described, through their longitudinal mag-
netic and electric field components. In this section will describe the behavior
of rectangular waveguides using the Theory of Characteristic Modes. There-
fore, in order to achieve this objective, the entire mathematical formulation
described in Chapter 2 of this document will be applied, through the use of
electromagnetic simulators.

The geometry of the rectangular waveguide used for the analysis in this
section has been presented in Fig. 5.1, the dimensions of the structure are
symmetrical; the width, the height and the depth have a value of λ/2 at the
frequency of 2.5 GHz.

Similar to the planar structures, the electrical and magnetic modes are
generated in 3D structures as well, in addition to the antenna and transmission
line modes. Therefore, the nomenclature that will allow distinguishing them
somehow will be linked to the coefficients m and n, where the m coefficient
describes the azimuthal variation and n the axial variation.

Some of the first characteristic angles (α = 180◦) of the section of rectan-
gular waveguide in the range frequency from 1 to 7 GHz have been represented
in Fig. 5.9. As can be seen in the graph, there are some modes in resonance at
the mentioned frequency range, such as J00H, J10E, J20E, J30E, J01E, J11E,
J11H; whereas others of them have a value close to the resonance.
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Figure 5.9: Characteristic angle of a rectangular waveguide.(a)Electric modes
and, (b) Magnetic modes.
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Figure 5.10: Modal current distribution of a rectangular waveguide

Each of the odd modes (J10, J30, ..., J(2n−1)) and their degenerates are
resonating at the same frequency, for example the fundamental mode J01E and
J ′01E are resonating at the 2.31 GHz frequency. On the other hand, the even
modes (J20, J40, ..., J(2n+1)0) have a different behavior, the common modes
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and their degenerate modes are resonating at different frequencies, so in the
case of the J20 mode the resonance is at 3.39 GHz and the J20’ at 5.25 GHz.

In Fig. 5.10, the distribution of modal currents at the resonance frequency
of each of the characteristic angles plotted in Fig. 5.9 has been presented. For
the electric antenna modes corresponding to those represented in the first row
of Fig. 5.10, the currents have an azimuth direction, it can clearly be seen that
the odd modes have the current nulls vertically on the face parallel to the y−z
axis. The electric transmission line modes are represented in the second row,
the currents flow from top to bottom according to the order of the mode, this
order is given by the number of current null pairs generating in the edges of
the waveguide.

Then, the main concept in this type of modes is that the direction of the
currents between two axial edges in the waveguide should be opposites. Finally,
in the third row, the currents of the magnetic modes have been shown, it can
clearly be seen that the currents are rotating around the current nulls.

The coincidence in the resonances of each odd modes (common and degen-
erate) in Fig. 5.9 is due to the symmetry with which the currents flow on the
surface of the waveguide, shifting the current nulls from the front wall (y − z
plane) in common modes towards the side-wall (x − z plane) for degenerated
modes, with polarization being the only difference between them.

The frequency shift that is generated between the common even modes
and their degenerates in a rectangular waveguide section (see Fig. 5.11(a)) can
be demonstrated through their characteristic currents. Comparing the modal
current distribution of the J20E and J02’E mode in Fig. 5.11(b), it can be seen
that the current nulls for J02E mode are presented vertically in the middle of
the walls of the waveguide; while for the J02’E mode, the current nulls have
been shifted towards the azimuth edges of the structure, producing an imminent
reduction of the path to flow the current, even forming 4 elements array as well.

On the other hand, in Fig. 5.12 the modal radiation patterns of some TE
and TM modes in a rectangular waveguide have been shown, these radiation
patterns have been plotted at the same frequency of the modal characteristic
currents of Fig. 5.10. One of the most important radiation patterns generated
in the piece of rectangular waveguide piece is mode J1, its unique broadside
direction of propagation makes it highly desirable for applications that require
directional radiation patterns.
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Figure 5.11: Main and degenerate even modes of a rectangular waveguide sec-
tion. (a) Characteristic angles (b) Modal current distributions.

Once the modes that appear in the frequency range from 1 to 7 GHz have
been described. It is necessary to determine which modes can be excited, and
how much they can contribute to the total radiated power when a plane wave
impinging the rectangular waveguide.
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Figure 5.12: Modal radiation pattern of a rectangular waveguide

By illuminating a rectangular waveguide with a plane wave in vertical po-
larization, it can be seen that in the analyzed frequency range, some modes
contribute more power than others as is depicted in Fig. 5.13, this contribution
is different at the frequency. At 2 GHz, the J10E mode is the most important
because it contributes approximately 65%, followed by the J11’E mode with
30%, and the J11’ magnetic mode with 14%, the other modes contribute with
minimum powers.
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Table 5.4: Power contribution percentage of modes that participating in the
range frequency from 1 to 7 GHz, when the structure is illuminated with plane
wave in vertical polarization.

Mode 1 GHz 2 GHz 3 GHz 4 GHz 5 GHz 6 GHz 7 GHz

J10E 95,7% 60,2% 33% 14,9% 0,69% 0% 0%

J ′11E 0% 26,3% 20,4% 4,36% 3,83% 0% 0%

J31E 0% 0% 0% 9,31% 7,8% 0,9% 0,8%

J52E 0% 0% 1,82% 10,5% 8,13% 22,3% 3,42%

J ′11H 4,08% 13,5% 44,2% 43,1% 29,4% 8,4% 0,9%

J12H 0% 0% 0% 14,9% 40% 49,1% 35,6%

Others 0,22% 0% 0,58% 2,93% 10,15% 19,3% 59,28%
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Figure 5.13: Power contribution of modes that participating in the range fre-
quency from 1 to 7 GHz, when the structure is illuminated with plane wave in
vertical polarization.
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Figure 5.14: Power contribution of modes that participating in the range fre-
quency from 1 to 7 GHz, when the structure is illuminated with plane wave
rotated -45◦.

Table 5.5: Power contribution percentage of modes that participating in the
range frequency from 1 to 7 GHz, when the structure is illuminated with plane
wave rotated -45◦.

Mode 1 GHz 2 GHz 3 GHz 4 GHz 5 GHz 6 GHz 7 GHz

J10E 48,5% 30,2% 17,4% 7,4% 0% 0% 0%
J10’E 47,7% 29,7% 16,7% 7,3% 0% 0% 0%
J11E 0% 13,3% 10,8% 0% 1,1% 7,8% 0%
J11’E 0% 13,2% 9,93% 0% 1,2% 7,6% 0%
J31E 0% 0% 0% 4,72% 4,32% 0% 0%
J31’E 0% 0% 0% 4,54% 4,26% 0% 0%
J11H 2,02% 6,87% 22,8% 22,8% 17,6% 0% 0%
J11’H 2,0% 6,87% 21,2% 22,2% 17,4% 0% 0%
J12H 0% 0% 0% 7,8% 22,8% 24,6% 23%
J12’H 0% 0% 0% 7,6% 22,6% 24,4% 23%
Others 0% 0% 1,17% 15,64% 8,72% 35,6% 54%
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In general form, for the range frequencies, the modes that have the most
prominence are J10E, J11’E, J11’H, J12H, respectively. Table 5.4 has provided
a complete summary of the contribution of powers for frequencies from 1 to 7
GHz.

Rotating the illumination source (plane wave) in 45◦ from the vertical po-
larization as shown in Fig. 5.13, it can clearly be seen that there are 5 modes
and their degenerates contribute the greatest percentage of power in the range
frequency analyzed. Each normal mode and its orthogonal provide the same
percentage contribution. Then, a summary of the contribution percentage of
each of the modes in the frequency range from 1 to 7 GHz has been shown in
Table 5.5.

Reducing the waveguide to the half and placing a short circuit at one of
its ends, the characteristic angles shown in Fig. 5.15 are very different behav-
ior from those generated in the rectangular waveguide rectangular that were
depicted in Fig. 5.9. Due to the reduction of height in the structure, the res-
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Figure 5.15: Characteristic angles of a rectangular waveguide with short circuit
and an open circuit at the ends.
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Figure 5.16: Modal current distribution of a rectangular waveguide with short
circuit and an open circuit at the ends.

onance frequencies have shifted from lower frequency to higher frequency, the
characteristic angles of the electrical modes J10, J20, and, J30, before and after
having resonated are keeping stable and very closed to 180◦ in a wide range of
frequencies, this stability represent that each mode on the structure is broad-
band.

The behavior of the mode J01 remains the same as presented in the rectan-
gular waveguide, the modes that are affected with a considerable variation in
it’s characteristic angle are the J21 and J31 modes, these modes become more
inductive than those of the waveguide. If the mode J21 of the double-height
waveguide open on both sides is taken as an example, it is very close to enter-
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ing resonance at 3.7 GHz, this being the first minimum with purely inductive
storage, while in the half-short-circuited structure at one end, the resonance
would be outside the range of analysis, but with a minimum at a frequency
of approximately 4.2 GHz with purely inductive storage. For both cases, the
form in which the characteristic angles change is very similar, but due to the
short circuit at one end, the characteristic angles are more inductive.

A very significant advantage that is obtained when the height of the struc-
ture is reduced by half and it is short-circuited at one of its ends, is that it is
possible to avoid half of the currents that flow in the side walls in the direction
of axial propagation i.e. on the z−axis. In Fig. 5.15, the characteristic cur-
rents of the modes present in the structure have been shown. These currents
have been graphed at each of their resonance frequencies. In the case that an
electrical mode has a value of a minimum below 225◦ before resonance, and a
magnetic mode has a maximum above 135◦ before resonance, the characteristic
currents will be plotted at that minimum or maximum value respectively. In
this way, it is guaranteed that the graph of the mode is correct, because if it is
plotted at the resonance frequency after a minimum or maximum, the currents
and radiation patterns will be completely different from those of the analysis
mode.

5.2.4 Square Cavity Backed Antenna

In this section, the main objective is to design an antenna starting from a square
cavity. In order for the structure to be resonant, one or multiple feeding ports
must be inserted in a specific place, therefore, we will ask ourselves, what will
be the appropriate place to insert the feeding ports? To answer this question,
the information shown in Fig. 5.16 has been used.

We remembered that there are two methods to excite a structure, the capac-
itive feeding port, and inductively, for this specific application the capacitive
power supply will be used, therefore, it is required to insert external elements
in the areas where the characteristics currents are null. The elements that will
be used are a pair of rectangular patches (it can be any arbitrary structure),
and the optimized parameter to the proposed antenna design are: L = 64 mm,
lp = 20 mm, wp = 9 mm, w1 = 6 mm, w2 = 1.9 mm, h1 = 15 mm, h2 = 0.6 mm
and, t = 0.035 mm.

In Fig. 5.18, the simulated results of the scattering parameters of the pro-
posed antenna obtained through a full wave analysis have been represented, due
to the symmetry of the structure in the x − axis, it will be enough to repre-
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5.2 Rectangular Waveguide Analysis

Figure 5.17: Square cavity antenna excited with two rectangular capacitive
patches.
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Figure 5.18: Simulated reflection coefficient of square cavity antenna.
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sent the reflection and transmission coefficient of a single port. There is a very
good matching of the ports when they are working as an individual element,
in addition, the isolation between ports is optimal for the available bandwidth,
the isolation port values will be below −14 dB. However, despite having a large
bandwidth, the maximum direction of propagation will not be orthogonal to
the structure, the maximum will be inclined in the opposite direction to the
feeding point.

An alternative to achieve a radiation pattern in the broadside direction is
to force some modes will be excited, for this, it will be necessary to excite
2 ports simultaneously. Using the explanation described in the Chapter 3
and in previous works [129, 130], a structure of these characteristics can be
excited with a differential capacitive feed or balanced capacitive feed. Using
the balanced option, a good bandwidth will be generated, and all even modes
have been forced to excite, however, the radiation patterns will be the result
of a combination of the patterns when the ports work as an isolated element,
i.e. a radiation pattern with two main lobes.

Figure 5.19: Unidirectional total radiation patterns of square cavity antenna
from 3 GHz to 7 GHz using differentially capacitive coupling.
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5.3 Circular waveguide analysis

Therefore, the next option will be to use a differential capacitive feed, with
this form of feeding it is possible to excite the odd modes, and it allows gener-
ating a good bandwidth that will be approximately 86 %, and the advantage of
using this kind of excitation is that the radiation patterns generated are in the
broadside direction. In Fig. 5.19, the total radiation patterns have been repre-
sented for the frequency range where the antenna works in optimal conditions.
At the lowest operating frequency, the radiation pattern is nearly symmetrical
in the theta and phi directions, whereas, at the highest frequency, secondary
radiation lobes have been generated.

In any case, depending on the application that the designer establishes,
multiple beams can be generated through the phase and amplitude combina-
tions in the feeding ports, without this becoming a problem when generating a
good bandwidth and an unidirectional radiation pattern.

5.3 Circular waveguide analysis

A circular waveguide is a hollow cylinder piece that supports TE and TM
waveguide modes. In 5.20 the geometry with inner radius a has been shows.
Therefore, unlike the coordinates used for a rectangular waveguide, the cylin-
drical coordinates will be used because this is the best suited to the surface.

Figure 5.20: 3D view of waveguide section of a circular waveguide

5.3.1 TE y TM modes

The method to find the transverse fields in cylindrical coordinates is made
from the components of the Ez or Hz fields of the TE and TM modes, as was
developed in the case of the rectangular waveguide. Then, solving the wave

129



CHAPTER 5. TCM IN 3D STRUCTURES

equation (5.1) in terms of Hz for the TE and Ez modes for TM modes, we
will find the values of the components of the electric and magnetic field as a
function of ρ and φ

Eρ =
−j
k2c

(
β
∂Ez
∂ρ

+
wµ

ρ

∂Hz

∂φ

)
, (5.20a)

Eφ =
−j
k2c

(
β

ρ

∂Ez
∂φ
− wµ∂Hz

∂ρ

)
, (5.20b)

Hρ =
j

k2c

(
wε

ρ

∂Ez
∂φ
− β ∂Hz

∂ρ

)
, (5.20c)

Hφ =
−j
k2c

(
wε
∂Ez
∂ρ

+
β

ρ

∂Hz

∂φ

)
, (5.20d)

where k2c = k2 − β2, and eβz propagation has been assumed. For e+jβz prop-
agation, replace β with −β in all expressions. The mathematical solution of

the Eρ, Eφ, Hρ, Hφ components for the TE and TM modes are very similar,
the difference between both is the initial conditions, for the TE mode the Ez
component is equal to 0, while for TM is Hz = 0.

Knowing that Hz(φ, ρ, z) = hz(φ, ρ)e−jβz and Ez(φ, ρ, z) = ez(φ, ρ)e−jβz,
the wave equation (∇2Az + k2cAz = 0) for Hz and Ez would be

(
∂2

∂2ρ
+

1

ρ

∂

∂ρ
+

1

ρ2
∂2

∂φ2
+ k2c

)
hz(ρ, φ) = 0 for TEmn modes, (5.21a)

(
∂2

∂2ρ
+

1

ρ

∂

∂ρ
+

1

ρ2
∂2

∂φ2
+ k2c

)
ez(ρ, φ) = 0 for TMmn modes. (5.21b)

As in the case of rectangular waveguides, the variable separation method is
the best option to solve this type of differential equations.

hz(ρ, φ)) = R(ρ)P (φ) (5.22)

substituting in Eq. (5.21a) and multiplying by the term ρ2

−1

P

d2P

dφ2
=
ρ2

R

d2R

d2ρ
+
ρ

R

dR

dρ
+ ρ2k2c (5.23)

130



5.3 Circular waveguide analysis

clearly it can see that the left side of the equation depends only on the term φ,
while the right side depends on the variable ρ. Thus, each side must be equal
to a constant denominate k2φ, remaining then

d2P

dφ2
+ k2φP = 0 (5.24a)

ρ2
d2R

dρ2
+ ρ

dR

dρ
+
(
ρ2k2c − k2φ

)
R = 0 (5.24b)

these two equations have a different form of solution, the first is of the type
P (φ) = A sin kφφ + B cos kφφ, however, this is slightly modified because the
solution to hz must be periodic in φ, so that kφ must be an integer value for n

P (φ) = A sinnφ+B cosnφ (5.25)

On the other hand, the Ec.5.24b which is known as Bessel′s differential
equation, the solution is R(ρ) = CJn(kcρ) + DYn(kcρ). Because Yn(kcρ) be-
comes infinite at ρ = 0, this term is physically unacceptable for a circular
waveguide, so D = 0. Therefore, the solution for hz can then be simplified to

hz(ρ, φ) = (A sinnφ+B cosnφ) Jn(kcρ), (5.26)

The cutoff wave number kc can be obtained using the boundary condition
that Etan = 0 on the waveguide wall. Because Ez = 0, Eφ should be

Eφ(ρ, φ) = 0 at ρ = a. (5.27)

Remaining Eφ from Hz as

Eφ(ρ, φ, z) =
jωµ

kc
(A sinnφ+B cosnφ)J ′n(kcρ)e−jβz (5.28)

Term J ′n(kcρ) refers to the derivative of Jn, the only way for this to happen
is by choosing a suitable cutoff wave number that will that the derivative of
the Bessel function is always null, that is, that there is a zero of the function
when ρ = a.

J ′n(kca) = 0 (5.29)
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Table 5.6: mth roots of the Bessel function Jn and J ′n

n
TEmn modes TMmn modes

p′n1 p′n2 p′n3 pn1 pn2 pn3

0 3.832 7.016 10.174 2.405 5.520 8.654

1 1.841 5.331 8.536 3.832 7.016 10.174

2 3.054 6.706 9.970 5.135 8.417 11.620

3 4.201 8.015 11.345 6.380 9.761 -

Then it can find the cut off wave number of the circular waveguide starting
from the knowledge of the radius of the cylindrical structure.

kcmn
=
p′nm
a

(5.30)

The roots of the Bessel function J ′n(x) are defined as p′nm, so that J ′n (p′nm) = 0,
values of p′nm are given in mathematical tables, the first few values are listed
in Table 5.6. TE modes propagate along the waveguide in the z-direction after
a certain cutoff frequency, the equation is described as

fcnm =
p′nm

2πa
√
µε
, (5.31)

The mathematical formulation for the TM propagation mode in circular
waveguides is much easier, since it is done in a similar way to the TE mode. The
wave equation has been described in Eq. (5.21b), using the variable separation
method the longitudinal electric field is obtained

ez(ρ, φ) = (A sinnφ+B cosnφ) Jn(kcρ) (5.32)

Boundary conditions apply directly to this longitudinal electric field, where
the field must be annulled when it is tangential to the surface of the conductive
walls of the waveguide.

Ez(ρ, φ) = 0 at ρ = a. (5.33)
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5.3 Circular waveguide analysis

For the electric field to cancel using the specified boundary conditions, the
only option is to generate a zero in the function in a distance i.e. J ′n(kca) = 0.
Then the cutoff wave number of the circular waveguide can be obtained using

kcmn =
pnm
a

(5.34)

where pmn describes the mth roots of the Bessel function Jn, thus, Jn(pnm) = 0.
Consequently, the Bessel functions values for the TM modes have been shown
in Table 5.6. The cutoff frequency is given by:

Table 5.7: Summary of equations for Circular Waveguide, where q =
(kcρ) e−jβz

Quantity TEmn Mode TMmn Mode

k ω
√
µε ω

√
µε

kc
p′nm
a

pnm
a

β
√
k2 − k2c

√
k2 − k2c

λc
2π
kc

2π
kc

λg
2π
β

2π
β

Eρ
−jωµn
k2cρ

(A cosnφ−B sinnφ) Jnq
−jβ
kc

(A sinnφ+B cosnφ) J ′nq

Eφ
jωµ
kc

(A sinnφ+B cosnφ) J ′nq
−jβn
k2cρ

(A cosnφ−B sinnφ) Jnq

Ez 0 (A sinnφ+B cosnφ) Jnq

Hρ
−jβ
kc

(A sinnφ+B cosnφ) J ′nq
jωεn
k2cρ

(A cosnφ−B sinnφ) Jnq

Hφ
−jβn
k2cρ

(A cosnφ−B sinnφ) Jnq
−jωε
kc

(A sinnφ+B cosnφ) J ′nq

Hz (A sinnφ+B cosnφ) Jnq 0
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Table 5.8: Calculated cut-off frequencies in GHz of TE and TM first modals
fields for a circular waveguide.

n
TE modes TM modes

fn1 fn2 fn3 fn1 fn2 fn3

0 4.787 8.766 12.711 3.004 6.896 10.812

1 2.300 6.660 10.665 4.787 8.766 12.711

2 3.815 8.378 12.456 6.415 10.516 14.518

3 5.248 10.01 14.174 7.971 12.195 -

fcnm =
pnm

2πa
√
µε

(5.35)

Once the longitudinal fields for the TE and TM modes have been found,
the transverse components for the electric and magnetic field have been written
in Table 5.7. In addition a summary with equations has been included, which
will be very useful to describe the TE and TM modes.

For both cases (TE or TM modes), the values of the roots of the Bessel
functions in Table 5.8 will be taken into account. Therefore, the resonance
frequencies of the first modes for the electric and magnetic transversal modes
corresponding to the circular waveguide of aspect relation a x h (where the
radius a = 38.20 mm and height h = 60 mm) have been calculated and shown
in Table 5.8.

The imaginary part of the propagation constant β for some TE and TM
modes of the circular waveguide has been plotted in Fig. 5.21. As expected, the
propagation constant of each mode behaves exponentially from the frequency
cut, this is in accordance with the results shown in Table 5.8. Therefore, this
graph allows confirming the mathematical part with the simulation.

In Fig. 5.22, the frontal cross section (ρ - φ axis) of the circular waveguide at
their cut-off frequencies (see table 5.8) has been shown, each of the variations
of the fields according to the order of the mode will have a specific colour, the
continuous line representing the electric field, and the dashed line describes the
magnetic field. TE modes have zero electric fields in the walls of the guides,
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Figure 5.21: Cut-off frequencies of TE and TM first modals fields for a circular
waveguide.

Figure 5.22: TE and TM modal field distribution for a circular waveguide in
front view.
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Figure 5.23: TE and TM modal field distribution for a circular waveguide in
lateral view.

that is, an azimuth variation, while for TM modes the electric field will be null
in the central zone, the variation being azimuth or radial depending on the
order of the mode.

By making a cross section of the circular guide, the electric and magnetic
field distribution for the first TE and TM modes along the propagation axis
(z − axis) has been shown in Fig. 5.23. Here, as in the case of the rectangular
waveguide, magnetic or electrical walls can be placed to obtain a resonator,
this structure will be analyzed below.

5.3.2 Circular waveguide cavity resonator analysis

The geometry of a cylindrical cavity is shown in Fig. 5.24, this represents
a section of a circular waveguide closed by short-circuit surfaces at the two
ends. The mathematical formulation is very similar to the rectangular cavity,
beginning from the solutions obtained from the guide, in this case from the
circular waveguide, because these satisfy the boundary conditions on the walls.
Then, using the information depicted in Table 5.7, the transverse electric fields
(Eφ, Eθ) for the TE and TM modes of a circular waveguide can be expressed
as:

Et(ρ, φ, z) = e(ρ, φ)
(
A+e−jβnmz +A−ejβnmz

)
(5.36)
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5.3 Circular waveguide analysis

Figure 5.24: Circular cavity resonator and electric field distribution for resonant
modes with ` = 1 and ` = 2.

where the term e(ρ, φ) describes the electric transverse variation, and the ar-
bitrary amplitudes of the forward and backward travelling waves is represented
by A+ and A−.

The propagation constants for either TE or TM modes will be obtained in
the same way as the circular waveguide, then according to Table 5.7 it will be:

βnm =

√
k2 −

(
p′nm
a

)
for TEnm modes, (5.37a)

βnm =

√
k2 −

(pnm
a

)
for TMnm modes. (5.37b)

with k = ω
√
µε, for the Et to be 0 at the ends of the waveguide (in z-axis),

the arbitrary amplitudes A+ and A− must be equal and A+ sin βnmd = 0,
therefore, the wavelength must be an integer value of a half waveguide. Then
the resonance frequency for each of them can be found using:

fnm` =
c

2π
√
µrεr

√(
Xnm

a

)2

+

(
`π

d

)2

(5.38)

or (2afnm`)
2

=

(
cXnm

π

)2

+

(
c`

2

)2(
2a

d

)2

(5.39)

where Xnm = p′nm for the TE modes and p′nm for TM modes. Taking into
account the dimensions a = 38.20 mm, and h = 60 mm of a circular waveguide
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Table 5.9: Calculated resonant frequencies in GHz of TEmn` and TMmn` first
modals fields for a circular cavity resonator.

TEmn0 modes TMmn0 modes TEmn1 modes TMmn1 modes

n fn10 fn20 fn30 fn10 fn20 fn30 fn11 fn21 fn31 fn11 fn21 fn31

0 4.8 8.8 12.7 3.0 6.9 10.8 5.4 9.1 13.0 3.9 7.3 11.1

1 2.3 6.7 10.7 4.8 8.8 12.7 3.4 7.1 11.0 5.4 9.1 13

2 3.8 8.4 12.5 6.4 10.5 14.5 4.6 8.7 12.7 6.9 10.8 14.7

3 5.3 10 14.2 8.0 12.2 - 5.8 10.3 14.4 8.4 12.5 2.5

cavity resonator, according to the Fig. 5.24, the resonance frequencies for some
TE and TM modes have been calculated and these have been summarized in
Table 5.9.

It is important to note that the TE dominant mode is TE111 when the
length is larger than the diameter, i.e., a slim cavity, while for the dominant
mode is TM010 when the length is smaller than the diameter, i.e., a wide
cavity [143,145], as it can see in Fig. 5.25.
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Figure 5.25: Mode-distribution diagram of a circular cylindrical cavity.
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The electric and magnetic fields distributions for the TE and TM modes of
the circular waveguide closed by short-circuit surfaces at the two ends can be
computed using the equations below:

Hz = H0Jn

(
p′nmρ
a

)
cos (nφ) cos

(
`πz

d

)
(5.40a)

Hρ =
βaH0

p′nm
J ′n

(
p′nmρ
a

)
cos (nφ) sin

(
`πz

d

)
(5.40b)

Hφ =
−βa2nH0

(p′nm)2ρ
Jn

(
p′nmρ
a

)
sin (nφ) sin

(
`πz

d

)
(5.40c)

Eρ =
jkηa2nH0

(p′nm)2ρ
Jn

(
p′nmρ
a

)
sin (nφ) cos

(
`πz

d

)
(5.40d)

Eφ =
jkηaH0

p′nm
J ′n

(
p′nmρ
a

)
cos (nφ) cos

(
`πz

d

)
(5.40e)

Ez = 0, (5.40f)

On the other hand, a circular waveguide can not only be in resonance when
electrical walls are imposed at the ends (short circuits), but can also be gen-
erated when magnetic walls are imposed on the structure (open circuit). To
demonstrate this concept, an example has been represented using the TE01

and TM01 modes of a circular waveguide as shown in Fig. 5.26, the orange
arrows represent the location where the short circuits can be placed, while the
sky blue arrows the open circuits. Therefore, in the place where the tangent
electric field Et = 0 can be imposed the electric walls and, where the normal
electric field En = maximum could be imposed a magnetic wall.

Figure 5.26: Open circuit and short circuit setup in order to design a resonator

Using the Eqs. (5.40a) to (5.40f), in Fig. 5.27(a) some of the lower order
modes TE and TM of a short-circuited circular waveguide at the ends have
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(a)

(b)

Figure 5.27: Electric and magnetic fields distributions of some lower modes.
(a) In a short-circuited circular cylindrical cavity at the ends, (b) In a open-
circuited circular cylindrical cavity at the ends.
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been represented, each of them has been plotted at their resonance frequencies
that were calculated in Table 5.9. The fields are represented from their front
view (x− y axis) at a height of h/2, while the side view (z − y axis) is shown
at the middle of the structure.

For the other part of Fig. 5.27, the electric and magnetic fields have been
plotted through equations (5.40a) to (5.40f), the resonance frequencies of each
mode will be the same as the case of the closed cavity. The difference between
the two configurations is marked by a shift of 90◦.

Hz = H0Jn

(
p′nmρ
a

)
cos (nφ) sin

(
`πz

d

)
(5.41a)

Hρ =
βaH0

p′nm
J ′n

(
p′nmρ
a

)
cos (nφ) cos

(
`πz

d

)
(5.41b)

Hφ =
−βa2nH0

(p′nm)2ρ
Jn

(
p′nmρ
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)
sin (nφ) cos

(
`πz

d

)
(5.41c)

Eρ =
jkηa2nH0

(p′nm)2ρ
Jn

(
p′nmρ
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(
`πz

d

)
(5.41d)

Eφ =
jkηaH0

p′nm
J ′n

(
p′nmρ
a

)
cos (nφ) sin

(
`πz

d

)
(5.41e)

Ez = 0, (5.41f)

5.3.3 TCM in circular waveguide

At the moment, the information obtained through the electrical and magnetic
transversal components of the circular waveguide has been shown, allowing
us to know the cutoff frequencies for each transversal propagation mode (TE
and TM). However, the resonances of the guide can be determined using the
distribution of currents on the surface, therefore, the Theory of Characteristic
Modes will be used as a tool to achieve the objective.

The circular waveguide used for this analysis has a diameter of λ at the
center frequency of 2.5 GHz and a height of h = λ/2. In this type of structure
and according to the behavior of the currents; the modes that appear have
been classified into electrical or capacitive modes and magnetic or inductive
modes. In the electrical modes, the currents enter or leave the current nulls as
described in Gaussian law for the electric field. On the other hand, Gauss’s law
for the magnetic field allows us to describe the behavior of magnetic modes.
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In addition, according to the direction in which the currents flow on the
surface of the structure, the order of the Mode (Jnm) in its n or m components
can be increased, the subscript m will change according to the number of times
the currents change direction in the direction azimuthal, on the other hand,
the variation of the currents change in axial direction determine the order of
the coefficient n.

Due to the symmetry of the structure in the x and y axis, in Fig. 5.28,
only the first four characteristic angles of one of the generated polarizations
have been represented. The electrical modes with azimuthal variation (J10,
J20, J30, ..., Jn0) generate a bandwidth of approximately 1 GHz (when αn
is between 135 ◦ and 225◦ as mentioned in the Chapter 2). This structure
is curious because the modes, after having resonated, will again resonate at
a higher frequency than the first, going from storing inductive to capacitive
energy, for example, the mode J10 has it’s first resonance at 2.1 GHz and the
second at 5.2 GHz. The difference between the two resonances is that at 5
GHz, the characteristic properties of the mode at the first resonance have been
lost, that is, the distribution of characteristic currents and radiation patterns
are different.

On the other hand, the other electrical modes (J01, J11, J21, J31) have a
particular behavior before entering in resonance, generating a variation in the
characteristic angle that approaches αn = 180◦ while increasing the order of
the mode. Furthermore, in this type of structure, it is striking that apart from
capacitive modes, inductive modes can also be resonant, this will depend on
the height of the waveguide [146].

In 5.29, the distribution of currents in the circular waveguide at each of the
resonance frequencies has been represented (in some cases the value of the ap-
proximate characteristic angle has been taken at αn = 180◦), the modes J00H,
J10E, J20E, J30E clearly have an azimuthal variation, the maximum intensity
of the currents are located at the edges of the structure in the z − direction,
that is, when z = 0 and z = h, and is almost zero in the middle of the structure
when z = h/2. For the other modes, the distribution of currents will be the
result of a mixture between azimuthal and axial variation, just as in the first
cases the maximum intensity of the currents is located at the edges as well.

At the same frequencies in which each of the characteristic currents has been
plotted, the radiation patterns of the first 4 modes have been depicted as shown
in Fig. 5.30. Clearly, perfect symmetry is seen in radiation patterns, whether
for the vertical or horizontal plane. If the current distribution and radiation
patterns generated are optimally used, antennas for applications with multiple
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Figure 5.28: Characteristic angle of the circular waveguide. (a) Electric modes
and, (b) Magnetic modes.
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Figure 5.29: Modal current distribution of circular waveguide.

beams can be designed, for this, some capacitive or inductive feeding ports
must be inserted according to the criteria and the need of the designer or the
application.
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Figure 5.30: Modal radiation pattern of a circular waveguide

The modes that are excited and contribute to radiation in the range fre-
quency from 1 to 7 GHz, have been represented in Fig. 5.31. These contribution
percentages can be generated when the structure is illuminated with a plane
wave, for the circular waveguide, the polarization of illumination is negligible
due to its symmetry. It is evident that for the range from 1 to 7 GHz, three
modes are the most important and that contribute more in the total radiated
power, the electric mode J10 from 1 to 3 GHz, the inductive mode J11’ from
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Figure 5.31: Modal current distribution of circular waveguide.

2.5 GHz to 4.5 GHz and, from the 4.5 GHz onwards the inductive mode J12.
However, in addition to the three modes mentioned, there are other modes that
contribute with minimum power to the total radiation, which although they
are minimal must be considered, for this reason, in the Table 5.10 a summary
has been made with the percentages of power that contribute each one of them
in the frequency range from 1 to 7 GHz.

Then, once a complete analysis of the circular waveguide through the char-
acteristic modes has been carried out, it has been seen that the characteristic
currents distribution that flow on the surface of the guide is symmetrical in
the direction of propagation z, i.e., the currents that are between z = 0 and
z = h/2 are equal to those between z = h/2 and z = h. Thus, depending on
the order of the mode in the axial variation (subscript n), it will have currents
in the opposite direction when n is odd, and currents in the same direction
when n is even.
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5.3 Circular waveguide analysis

Table 5.10: Power contribution percentage of modes that participating in the
range frequency from 1 to 7 GHz in a circular waveguide.

Mode 1 GHz 2 GHz 3 GHz 4 GHz 5 GHz 6 GHz 7 GHz

J10E 36,6% 61.7% 31% 7.8% 0% 0% 0%

J10’E 64,3% 0% 0% 0% 0% 0% 0%

J11’E 0,20% 25% 17% 3.96% 2 .55% 0% 0%

J12’E 0% 0% 2.18% 11.2% 9.42% 5.28% 0%

J11H 0% 0% 0% 3.18% 28.5% 7.6% 0%

J11’H 3,51% 13% 48% 52.6% 5.25% 0% 0%

J12H 0% 0% 0% 17.5% 49.3% 63.7% 65.5%

Others 0% 0.3% 1.82% 3.76% 4.98% 23.42% 35.50%
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Figure 5.32: Characteristic angle of a circular waveguide with a shorted circuit
in the edge.

Then, in the area where the tangential field Et = 0 (when z = h/2) for
the fundamental mode J10, a metal wall can be generated through a short
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CHAPTER 5. TCM IN 3D STRUCTURES

circuit and the structure reduced by half, leaving a height of λ/4, this makes it
possible to discriminate a part of the current distributions of the lateral wall.
In Fig. 5.32, the characteristic angles of a circular waveguide with a shorted
circuit in the edge have been plotted.

Comparing the characteristic angle of the fundamental mode J10 between
the complete circular waveguide with the piece of circular waveguide short-
circuited in one of the ends, it is very evident that the structure divided in
half has a better bandwidth for each mode represented, in the first case it is
generated a very marked 180◦ crossing at 2.1 GHz, on the contrary in the second
case, in a wide frequency range the characteristic angle is very close to 180◦.
Suddenly, it goes into resonance and goes from storing capacitive to inductive
energy, the large bandwidth is maintained for all the modes represented in the
analyzed frequency range. Therefore, the resonance frequencies of the cavity
are at a higher frequency than what is generated in a waveguide.

Figure 5.33: Modal current distribution of circular waveguide with a shorted
circuit in the edge.
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5.3 Circular waveguide analysis

As anticipated, the current distribution that appears in the structure is
only half of that obtained in the circular waveguide (see Fig. 5.29), in the
open edge of the structure you can see that there are currents with maximum
intensity in parallel. On the other hand, in the short-circuited edge, for the
electrical and magnetic modes with axial variation, null currents or currents
with very low intensity are generated compared to the maximum value of the
other extreme, whereas, for modes with azimuthal variation, it will be had in
some zones a point of zero current and in other maximum currents in a direction
perpendicular to the edge. In any case, with the short-circuited cavity it is
possible to achieve the objective of discriminating a part of the currents, in
this way, the fields will be concentrated in the central part of the cavity.

5.3.4 UWB Circular Cavity Backed Antenna

Cylindrical or rectangular cavities have become very important elements for
the design of UWB antennas, thus allowing the generation of unidirectional ra-
diation patterns and good directivity due to the concentration of fields within

Figure 5.34: Proposed UWB cavity backed antenna with different types of
excitation. (a) 3D view antenna with circular patch, (b) Elliptic patch, (c)
Square patch, and (d) Cross section view.
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the structure. There are different ways to generate the described characteris-
tics such as [147–149], however, to design the proposed structure we will take
advantage of the information provided by the Theory of Characteristic Modes.

The cavity begins from the metal ring analysis as seen previously in Chapter
Chapter 3, this ring can be excited through a capacitive or inductive feed. To
excite a structure of this type through a capacitive form, the feeding port must
be placed in the zone where there is a current null [125,126,150], on the other
hand, where the currents are maximum the capacitive fed can be inserted.

Then, starting from this concept, the structure shown in Fig. 5.34 has been
proposed. The antenna is composed of a metal circular ring at the top, it
is excited by a capacitively shaped patch, at the rear a piece of a circular
waveguide has been inserted in order to close the cavity. The feeder patch can
have any arbitrary shape (a circular, elliptical, or square shape, the last has
been used for the development in this section) as can be seen in Fig. 5.35.

The optimized parameter to the proposed antenna design are: L = 64 mm,
X = Y = 11.31 mm, R1 = 8 mm, R2 = 12 mm, l1 = 6.5 mm, w1 = 6 mm,
w2 = 1.9 mm, h1 = 15 mm, h2 = 5 mm, h3 = 0.6 mm, t = 0.035 mm.
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Figure 5.35: Simulated reflection coefficient of the proposed cavity backed an-
tenna with different excitation.
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(a) (b)

Figure 5.36: Simulated radiation pattern of the proposed cavity backed antenna
with different excitation.

Despite being able to excite the structure with any type of arbitrary shape,
under the same conditions, that is to say only by replacing the shape of the
feeder without carrying out an additional modification, not all the proposed
shapes generate a good matching. In Fig. 5.35, a full-wave analysis of each of
the proposed structures with the different types of feeder has been performed, it
can clearly be seen that the circular feed structure generates a better bandwidth
than the others under the parametric conditions.

Making a virtual cut around the middle of the structure and looking from
the x−y plane (Fig. 5.34(a)), an asymmetry is clearly appreciated in the design,
this asymmetry generates a shifted problem in the direction of propagation in
the radiation pattern at the resonance frequency. The shift is generated in the
opposite direction to the place where the feeding port is located, as expressed
in Fig. 5.36.

An easy method to correct the offset direction of propagation in the radi-
ation pattern and generate it in the broadside direction is to use a differential
feed [23, 52]. Therefore, another additional excitation port must be placed in
the opposite direction to the first, the excitation of the structure must have a
phase difference between each of them of 180◦, to achieve this phase variation
a 180◦ hybrid coupler is required [151, 152]. With this configuration has been
forced that the maximum of the currents will be in the orthogonal zone of the
feeding ports.
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Figure 5.37: Proposed antenna. (a) UWB cavity antenna with differential
excitation, and (b) 180◦ hybrid coupler.

In Fig. 5.37(a), the frontal view of the proposed antenna has been shown.
The low-profile UWB cavity backed antenna with 2 ports has been fabricated
with two types of materials: copper for the ring, and the two circular patches,
and brass for the cylindrical cavity.

Figure 5.38: Reflection coefficient comparison between simulated and measured
results of the proposed antenna with 2 ports using a differential excitation

152



5.3 Circular waveguide analysis

Figure 5.39: Dual-polarized cavity backed antenna
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Figure 5.40: Reflection coefficient comparison between simulated and measured
results of the dual-polarized cavity antenna

The characterization of the proposed antenna has been carried out using
180◦ hybrid coupler depicted in Fig. 5.37(b). As can be observed, measured
and simulated results are quite similar. The matching band (S11< −10 dB)
extends from 2.8 GHz to 6.45 GHz, which corresponds to 79% bandwidth (see
Fig. 5.38). The biggest advantage of using a differential feed (+1, -1) is that
better bandwidth can be generated compared to using a isolated feed point.
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Figure 5.41: XZ−plane normalized E-field radiation pattern of the antenna
with horizontal polarization: (a) 3 GHz, (b) 4 GHz, (c) 5 GHz and (d) 6 GHz.
Simulated (Sim) and measured (Meas) copolar (Co-pol) and crosspolar (X-pol)
components.

Figure 5.42: XZ−plane normalized E-field radiation pattern of the antenna
with vertical polarization: (a) 3 GHz, (b) 4 GHz, (c) 5 GHz and (d) 6 GHz.
Simulated(Sim) and measured (Meas) copolar (Co-pol) and crosspolar (X-
pol)components

Once the operation and behavior of the proposed structure is clear. Its sym-
metry can be used to generate an antenna with similar properties in impedance
matching but dual in polarization. In Fig. 5.39, the front view and the side
view of the circular cavity with 4 ports have been represented. The materials
used to make the prototype are the same as those used to make the structure
shown in Fig. 5.36.

A comparative graph on the reflection coefficient between the measured and
simulated results of the dual polarized antenna has been shown in Fig. 5.40.
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The results are very similar in both polarizations, the bandwidth that has been
generated is 72%, reaching the frequencies that are between 2.8 GHz to 6 GHz.

In Fig. 5.41 and, Fig. 5.42 show the normalized radiation patterns on the
XZ−plane at four frequencies between 3 GHz to 6 GHz, demonstrating that the
proposed antenna has a unidirectional radiation pattern for both polarizations.
As observed the measured cross-polar radiation pattern is very low in all cases
(below −15 dB). The simulated cross-polar component is negligible, so it has
not been included.

5.4 Conclusion

The objective of this chapter is to analyze cavity-backed antennas and their
extension for multimode feeding. A methodology based on comparing the field
modes of canonical waveguides and cavities with characteristic modes has been
used.

Rectangular waveguides and circular waveguides have been studied. First,
an analysis of the transverse electric TEmn and transverse magnetic TMmn

modes has been carried out in a waveguide, to describe the way in which the
fields propagate inside the waveguides, and using mathematical formulation,
their cutoff frequencies have been calculated.

In microwave analysis, the closed cavities are well known. In this chapter,
the analysis has been extended to different cavities with a combination of a PEC
(Perfect Electric Conductors), equivalent to short-circuited and PMC (Perfect
Magnetic Conductors), equivalent to open circuit, and finally, PMC in both
sides.

These cavities with PMC at one end do not take into account the effect
of radiation losses at the end, and induced currents outside of the cavity. To
perform this study it is necessary to use a full-wave analysis, based on the
integral equations of the electromagnetic field, including the sources.

Another alternative, which is an important contribution of this thesis, is
the use of 3D characteristic modes, which have been compared with previous
results. It has been found that there is a great similarity in the behavior of
the currents with the two analysis methodologies, but the characteristic modes
allow the analysis of the radiation resistance and the coupling of currents.

In section 5.2, rectangular waveguides and cavities have been analyzed ap-
plying this methodology. Based on these results, an square cavity backed an-
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tenna with differential feeding has been designed to demonstrate applicability,
with impedance bandwidth from 3 GHz to 7 GHz and high stability in the
radiation pattern.

In section 5.3, a circular cavity backed antenna with four feeds has been
designed. The shape of the feeding elements have been optimized. Feeding
elements with circular, elliptical and square geometries have been compared.
An impedance bandwidth from 3 to 6 GHz has been obtained.

In order to measure the prototypes in sum or difference mode, a 4-port
microwave circuits has been developed. The 4-port microwave circuit exhibits
better bandwidth performance that the classical 180◦ hybrid coupler, providing
specific radiation modes in the antenna. The antenna has four independent
radiation patterns, allowing it to be used for MIMO systems.

As a final conclusion, the great advantage of analyzing cavity-backed an-
tennas by means of characteristic mode theory has been demonstrated.
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Chapter 6

Applications

“Failure is an option here. If
things are not failing you are not
innovating.”

— Elon Musk

6.1 Introduction

In this chapter some of the manufactured prototypes will be presented, each
one of them has been designed from the information described in the previ-
ous chapters. The prototypes manufactured present very good characteristics
in terms of bandwidth, directivity, and low profile. With these structures, it
has also been possible to demonstrate the use of the Theory of Characteristic
Modes TCM as a great tool to design and to describe the preliminary antenna’s
behavior, the importance of these devices can be easily integrated into applica-
tions of Fifth-generation (5G) and internet of things IoT. The frequencies range
in which two of the presented devices are resonating from 2.5 GHz to 6.7 GHz,
other prototypes are resonating around 5.8 GHz and 6.2 GHz respectively.

The manufacturing and characterisation process of some devices has been
carried out in the Laboratory of the Electromagnetic Radiation Group (GRE)
of the Instituto de Telecomunicaciones y Aplicaciones Multimedia (iTEAM) at
Universitat Politcnica de Valencia. Another antenna measurement laboratory
that has been used is in Antenna and Electromagnetism Research Group at
the Queen Mary University of London. Each of these laboratories is very well
equipped with the necessary measurement devices to validate the results that
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have been generated through electromagnetic simulators such as CTS, and
FEKO.

To manufacture the prototypes, the material properties and the physical
dimensions must be first considered, these characteristics must be equal to
those shown with the design proposed through simulation. The conductive
material that will be used for the manufacturing is copper, it has a conductivity
σ = 5.8x107 [S/m], and in some proposed designs, the rohacell material that
has a dielectric constant of εr = 1.07 have been used, this material has similar
properties to the air.

The characterization devices are normally given by the measurement of the
radiation patterns in an anechoic chamber, and the scattering parameters ob-
tained by a vector network analyzer (VNA). Finally, to validate the behavior
a comparative analysis with the simulated and measured results is carried out.
Therefore, the operation and the results obtained from the different manufac-
tured devices have been described in the following sections.

6.2 Beamforming Network Excitation

With the rise in the development of intelligent antenna systems, the multibeam
and beam-scanning antennas are crucial to modern communication systems
such as Direct- Broadcast Satellite (DBS), Multipurpose Radar, multiple beam
antenna for mobile communications. Therefore, is necessary to implement mul-
tiple antennas in order to create several beams in different directions, either as
a beam switch or even forming a continuous beam. The microwave distribution
networks are the fundamental element for the design of array antennas, there
are some alternatives that are used to achieve this goal.

The most popular microwave distribution networks are divided into three
groups as based on transmission lines (Network BFNS), based on quasi-optical
lenses (Quasioptical BFNS), and based on digital data processing networks
(digital BFN) [153]. All of them are capable of performing multiple beam
scanning by making a selection of one or more input ports [154–156]. Within
the category of transmission line devices, the Butler matrix is broadly used
as it can achieve a large number of switched beams using well-known design
algorithms.

The Butler matrix is formed by a passive network with N input ports and
N output ports, depending on the port through which the signal accesses the
network, the beam that it feeds will be directed towards a space direction. The
most common Butler Matrix is the one with 4 input ports and four output
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6.2 Beamforming Network Excitation

Table 6.1: Theoretical phase value in the outputs ports according to the input
port in a 4x4 Butler Matrix.

Ports Pout5 Pout6 Pout7 Pout8 β

Pin1 -45◦ -90◦ -135◦ -180◦ -45◦

Pin2 -135◦ 0◦ 135◦ -90◦ 135◦

Pin3 -90◦ 135◦ 0◦ -135◦ -135◦

Pin4 -180◦ -135◦ -90◦ -45◦ 45◦

ports, the angular variation that is generated according to the input port can
be seen in Table 6.1

The physical 4 x 4 Butler matrix structure is designed through a configu-
ration consisting of: 4 hybrid quadrature couplers (90◦) at −3dB; 2 crossover
couplers at 0 dB and, 2 phase shifters at 45◦ as is depicted in Fig. 6.1 (a).
The fundamental element is the hybrid coupler of 90◦, the standard configura-
tion of this element can be seen in Fig. 6.1(b), for its construction it requires
transmission lines in microstrip technology of length λ/4 with impedances of
Z0 = 50Ω and, Z0 = 35,35Ω respectively. On the other hand, the crossover
turns out to be the combination of two 90◦ hybrid couplers cascaded as seen
in the Fig. 6.1(c).

Figure 6.1: Proposed model of −3 dB quadrature (90◦) hybrid coupler, and
description of the optimized parameters.
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Figure 6.2: Proposed model of −3dB quadrature (90◦) hybrid coupler, and
description of the optimized parameters.

Figure 6.3: Manufactured Butler matrix optimized at 2.45 GHz
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6.2 Beamforming Network Excitation

The proposed hybrid coupler used to the Butler Matrix design has been has
been shown, each of the parameters have been optimized to work at a frequency
of 2.45 GHz, where: W1 = 1.9 mm, W2 = 3.1 mm, D = 9.3 mm, R1 = 6.97 mm,
R2 = 11.62 mm, L1= 21.5 mm and, L2= 21.9 mm. The design has been
mounted over a Roger 4003C material with dielectric properties εr = 3.55 and,
thickness h = 0.813 mm. In Fig. 6.3, a picture of the manufactured Butler
Matrix using the referential 90◦ hybrid coupler is shown, it is necessary to
emphasize that due to the dimensions of the coupler, it is impossible to use a
45◦ phase shifter, what has been done is to insert a piece of transmission line
of length 405◦.
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Figure 6.4: Measured Scattering parameters of the Butler Matrix.
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The measured scattering parameters of the proposed microwave distribu-
tion network have been plotted in Fig. 6.4, the physical symmetry that exists
between input ports 1−4 and 2−3 allows the characterization process to be
halved, therefore, only the results of input ports 1 and 2 with respect to the
outputs have been shown in the said graph. Analyzing the transmission co-
efficients (Fig. 6.4(a) and Fig. 6.4(b)) at the resonance frequency, the values
are between around −6 dB, these results are correct because there are 2 power
dividers between an input port and the output ports. In Table 6.2, the phase
variation that is generated between the input and output ports is described.

Table 6.2: Measured phase value in the outputs ports according to the input
port in a 4x4 Butler Matrix.

Ports Pout5 Pout6 Pout7 Pout8 β

Pin1 -134.45◦ 173.25◦ 131◦ 76.68◦ -45◦

Pin2 124.59◦ -91.48◦ 58.65◦ 168.15◦ 135◦

Pin3 168.15◦ 58.65◦ -91.48◦ 124.59◦ -135◦

Pin4 76.68◦ 131◦ -173.25◦ -134.45◦ 45◦

To demonstrate the operation of the manufactured Butler Matrix, it has
been integrated into an array of commercial antenna panels under the config-
uration shown in the photographs of Fig. 6.5, the radiation patterns obtained
for a resonance frequency of 2.45 GHz are described in the Fig. 6.5. Depending
on the input port is used, the radiation pattern will be displaced towards a
specific direction. Using input 1, a variation of −45◦ in the outputs will be
generated between each port, causing the orientation of the maximum power

Figure 6.5: Radiation pattern characterization of the beamforming system in-
side the anechoic chamber.
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Figure 6.6: Radiation pattern generated by the Butler matrix using a commer-
cial antenna.

of the radiation pattern to be shifted to 6.5◦, port 2 generates a radiation pat-
tern with a maximum in −18◦, the other 2 ports are reciprocal i.e. 2 radiation
pattern at −6.5◦ and +18◦.

6.3 Substrate Integrated Waveguide antenna

Low Profile antennas with a very good bandwidth are very necessary for several
types of applications, one of the most used technologies to design this type of
antennas is SIW technology, due to its good efficiency, low profile and cost of
production [157–159]. The design that has been called Air-Filled Substrate
Integrated Waveguide antenna [160] has been inspired by preliminary work
[161], which begins from a prototype composed of a square cavity filled with
air, the dimensions are 30.64 cm on each side and a very low profile, the cavity
consists of 2 orthogonal slots in the upper layer that allow the insertion of the
feeding point with vertical polarization through a microstrip line.
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Figure 6.7: Scalar wave equation solution to the Ez. (a) Full rectangular cavity,
(b) Semi-closed cavity

Analyzing the current distribution and the total electric fields that are gen-
erated in the prototype as shown in Fig. 6.7(a), it can be seen that the maximum
fields are in the middle of the structure (represent the magnetic walls) and the
minimum fields in the short-circuited side walls (depict the electric walls), this
behavior is equal at TM110 mode in the resonator, being the solution of the
Helmholtz equation 6.1 for the field Ez.

∇2Ez + k2Ez = 0 (6.1)

With the information described and taking advantage of the vertical and
horizontal symmetry axes, it is possible to generate a resonance only with the
fourth part of the cavity as can be seen in Fig. 6.7 (b), therefore, now the
structure will now consist of 2 electric walls and 2 magnetic walls, remaining
Ez = 0 for the electric walls and Ez = maximum in the magnetic walls.

Using the excitation mentioned in [162] is the optimal form to feed the
structure and to achieve the mentioned characteristics. However, you must be
very careful because with a minimum variation in the slot dimension between
the structure and the feeding point, the real or imaginary part of the impedance
values can be modified as can be seen in the Fig. 6.8(a), generating a greater
or lesser capacitive effect between the feed and the structure. In Fig. 6.8 (b),
a parametric analysis of the dimensions of the structure can see, thus showing
that the dimensions can be tuned to the desired frequency.
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Figure 6.8: (a) Real part R and Imaginary part X of the impedance obtained
of the Gap g variation, (b) Symmetrically dimensions parametric analysis W
and L.

Therefore, the proposed structure in its first version has been shown in
Fig. 6.9(a) and (b), its optimized parameters are: Xp = Yp = 15.35 mm,
Lf = 3.2 mm, Wf = 1 mm, g = 0.4 mm, h1 = 1.9 mm, h2 = 2.2 mm, and
W = L = 16.75 mm.

Figure 6.9: Optimised Air-Filled SIW antenna. (a) 3D view of proposed an-
tenna V.1, (b) Lateral view of proposed antenna V.1 and, (c) Front view of
proposed antenna V.2
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Figure 6.10: Characteristic modes analysis of the Air-filled SIW antenna V.1.
(a) Characteristic angle, and (b)Power contribution.

Analysing the structure using the Theory of characteristic modes, it is de-
termined that in the frequency range from 4 to 7 GHz, only one mode is found
in resonance at 5.66 GHz, i.e, the characteristic angle acquires a value of 180◦,
while the other modes that appear in the sweep range are purely inductive as
described in Fig. 6.10(a). The power contribution is well defined, the funda-
mental mode (the current distribution flows through inside the structure in
diagonal form) is the more important mode because it is contributing with the
90%, and the remaining 10% are a combination of the higher-order modes (see
Fig. 6.10 (b)).

Then, a semi-cavity has been integrated into the V.1 structure, which has a
similar characteristic but with a rectangular shape, as can be seen in Fig. 6.9(c).
The feeding point must be optimized for each one of the cavities that are part
of the V.2 structure, like this, it is possible to increase the bandwidth by
generating a resonance by each element of the structure.

Using the characteristic modes, it has been possible to identify that in
the structure composed of 2 semi-cavities there are 3 types of modes in the
frequency range from 4 to 7 GHz (see Fig. 6.11(a)), the first ones are the
fundamental modes J1 and J1’ that are generated throughout the complete
structure (the current flow throughout the lower layer), the mode J1 mode
has resonated at a frequency lower than 4 GHz, and J1’ would resonate at a
frequency higher than 7 GHz.
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Figure 6.11: Characteristic modes analysis of the Air-filled SIW antenna V.2.
(a) Characteristic angle, and (b) Power contribution.

The resonant modes have been generated by each one of the semi cavities,
the cavity with the largest area produces a resonance at 5.22 GHz and has been
called J1(2), meanwhile the cavity with the smallest area is resonated at 5.86
GHz represented in mode J1(1), this can be clearly seen in the characteristic
currents distributions of the Fig. 6.12. The percentage of power that contribute
in each of the 2 resonances represented in Fig. 6.11(c) have been summarised
in table Table 6.3.

Table 6.3: Power contribution percentage of modes that participating in the
dual semi-cavity antenna

Mode 5.22 GHz 5.86 GHz

J1 14.2% 0.97%

J ′1(2) 71.4% 47.1%

J1(1) 9.55% 29.6%

J1’ 1.85% 10.3%

Then, once it has been seen that each of the elements of the cavity of the
structure generate a resonance, 2 additional cavities have been integrated as
can be seen in Fig. 6.13. The gap between the lines of the feeding port and
each of the elements does not have symmetry, in fact, for cavity number 4 it
has even had to be over-mounted to achieve the impedance coupling necessary
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(a) (b)

(c) (d)

Figure 6.12: Characteristic current distribution of the dual semi-cavity an-
tenna. (a) Mode J1(2), and (b) Mode J1 at 5.22 GHz; (c) Mode J1(1), and (d)
Mode J1 at 5.86 GHz.

for resonance. In the Table 6.4, all the optimized parameters for the proposed
design have been described.

Figure 6.13: Proposed Substrate Integrate Waveguide antenna parameters de-
sign.
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Table 6.4: Optimized parameters of the proposed antenna.

Par.
Value
(mm)

Par.
Value
(mm)

Par.
Value
(mm)

Par.
Value
(mm)

Xp1 16.50 Xp2 21.30 Xp3 17.20 Xp4 22.90

Y p1 16.50 Y p2 16.50 Y p3 25.0 Y p4 25.90

Wf1 2.0 Wf2 1.5 Wf3 1.0 Wf4 1.5

Lf1 2.2 Lf2 2.2 Lf3 2.7 Lf4 2.7

H1 1.5 H2 2.0 X 41.2 Y 44.2

The S-parameters obtained through the full wave analysis of the structure
composed of 1 to 4 elements have been shown in Fig. 6.14. As anticipated,
it can be verified that each element that makes up the cavity generates a
resonance, so with a structure composed of a semi-cavity it has a reduced
bandwidth, meanwhile, the complete cavity (4 semicavities) generates a very
large bandwidth from 3.3 GHz to 5.7 GHz.

In Fig. 6.15, the photograph of the manufactured propotype in its front and
side view have been shown, the rohacell dielectric material has been used as
the central element, surround the rohacell the conductive material has been
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Figure 6.14: Reflection coefficient of the proposed antenna with a progressive
increase from 1 to 4 elements.
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mounted, the feeding point has been inserted from the bottom to top with a 50
Ohm coaxial cable. A comparative analysis of the measured and simulated re-
sults has been plotted in Fig. 6.16, it can clearly be seen that the measurements
have shifted towards the low frequencies, the variation has been generated by

Figure 6.15: Photograph of a Substrate Integrate Waveguide antenna proto-
type. (a) Frontal view and, (b) lateral view.
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Figure 6.16: Reflection coefficient comparative analysis between simulated and
measured results of the SIW antenna.
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Figure 6.17: (a) Radiation patterns at different frequencies, and (b) Total
efficiency of the proposed SIW antenna.

the precision with which the device and the length of the shorts located on the
edges. Remaining the final dimensions of the structure for the lowest frequency
as 0.41λ x 0.45λ x 0.02λ, being evident that it is a very low profile antenna.

The radiation patterns for each of the well-marked resonance frequencies
in the proposed structure have been represented in Fig. 6.17(a), each of them
has a different direction of polarization generated by the sense in which the
currents flow in each semi-cavity. Due to the asymmetry of the structure with
respect to the feeding point, it causes the maximum propagation direction to
deviate slightly from the broadside direction. The antenna efficiency is good
in the range frequency analyzed, each of them have been better than the 80%
value such as described in Fig. 6.17(b).

An alternative application in which this type of configuration and the char-
acteristics mode can be used is in smart watches [163], because it has limited
spaces and require compact devices. The design of this kind antennas will be
mounted on a circular plate of radius R. In the same way that the Substrate
Integrate Waveguide SIW antenna was designed at the beginning of this sec-
tion, the dimensions of structures between the upper layer and the lower layer
will be used to generate a resonance.

In Fig. 6.18, the configuration of some antennas that can be integrated into
a smart watch is shown. The structure consists of 4 antennas, 2 antennas that
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Figure 6.18: Parameters of 4 ports MIMO Antennas with SIW technology for
smart watches applications.

work at a frequency of 2.45 GHz and 2 antennas that work at 5.8 GHz. Low-
frequency resonance antennas are those that limit the physical dimensions of
the complete structure, the shape that these have. Structures are a quarter of
a circle, on the line edges 2 electrical walls made with SIW technology have
been located. The form of excitation is through capacitive transmission lines
separated through an air gap g, the length optimization of the feeding point
allows to achieve the necessary coupling so that the antenna is in resonance.

The other 2 pieces that integrate the structure are designed under the same
criteria, to resonate at a higher frequency, the dimensions must be reduced
as seen in Fig. 6.18, the length of the feeding point will be greater than the
used for low frequency antennas. The final dimensions for the proposed an-
tenna are: R1 = 29.5 mm, Lp = 17.18 mm, h = 1.6 mm, g = 0.4 mm, θ1 =
8.45◦, θ2 = 38.85◦. The antenna has been designed over FR-4 material with a
dielectric permittivity εr = 4.3.

Using the full wave analysis, the scattering parameters of the proposed
structure have been obtained, the reflection coefficient of ports 1 and 2 are
coupled at 2.45 GHz, generating an additional frequency at 5.3 GHz, however,
this second resonance is not in our interest. Parameters S33 and S44 are in
resonance at 5.6 GHz, the isolation between the ports is very good, for all
cases there are values lower than −30 dB, therefore, in this way it has been
possible to meet the objective of generate a MIMO antenna with resonance at
2.45 GHz and 3.6 GHz. Finally, in Fig. 6.20, the radiation patterns for each of
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Figure 6.19: Scattering parameters of 4 ports MIMO Antennas with SIW tech-
nology for smart watches applications

Figure 6.20: Radiation patterns of 4 ports MIMO Antennas with SIW technol-
ogy for smart watches applications.

the resonance frequencies are shown, each one with a characteristic behavior
according to its configuration.
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6.4 MIMO antenna for handset applications

Since the appearance of portable mobile phones in 1983 with the launch of
the Motorola DynaTAC 8000X, researchers and technology developers from
companies that manufacture mobile devices realized that the antenna had a
physical limitation [164,165], understanding this criterion undoubtedly helped
the complete elimination of external antennas for mobile telephones and the
development of a great variety of telephones with a revolution in their designs,
in addition to the integration of new wireless services [166]. Every time mobile
devices are scaled-down and compacted, the bandwidth and directivity of the
antenna also suffer from reduction [167].

A good solution to mitigate the reduction of these parameters is to consider
that the same chassis is part of the antenna [167, 168], then, based on this
concept and using the theory of characteristic modes, several types of antennas
that after are integrated into the chassis have been designed [169–172].

Then, based on these concepts, a couple of proposals for antennas have been
made that are integrated into a mobile device chassis, the reference chassis is a
rectangular metallic material with dimensions W = 75 mm and L = 150 mm.
The first option consists of 2 antennas optimized at 2 specific frequencies, the

Figure 6.21: Semi-elliptical antennas optimized at 2.5GHz and 3.6GHz for a
tablet chassis.
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first will resonate at 2.5 GHz and the second at 3.6 GHz. The antenna has been
designed based on the information generated in the Chapter 4, basically, the
results of an ellipse folded on itself. The folding is carried out in the section
of the semi-major axis, in order to reduce the mutual coupling between the
antenna ports that will be integrating the MIMO antenna, their electrical wall
using SIW technology placed between the upper and lower layer has a limited
dimension, It will be a half-length of the semi-minor axis. Later, to achieve the
resonance at 3.6 GHz, the structure will be optimized in its horizontal section.

The impedance matching necessary to achieve resonance is directly related
to the shape of the excitation, therefore, the feeding point must be treated
with great care, in this proposal a capacitive feeding has been used through
a piece of the transmission line, this transmission line induces currents to the
plate, generating a current distribution that flow from upper plate bordering
the sidewall to the lower layer. The length of the feeder and the air gap is the
critical matching area, so a lot of emphasis should be placed when designing
it. In Fig. 6.21, it can see the configuration of the proposed antennas, their
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Figure 6.22: S-Parameters of Semi-elliptical antennas optimized at 2.5GHz and
3.6 GHz
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Figure 6.23: Radiation Pattern of Semi-elliptical antennas optimized at 2.5GHz
and 3.6 GHz

optimized parameters are: W1 = 26.45 mm, W2 = 13.95 mm, Lp = 28 mm, lf
= 1.2 mm , g = 0.5 mm, h2 = 0.93 mm and, θ1 = 6.43 mm.

The scattering parameters of the 2 prototypes mounted on the chassis have
been represented in Fig. 6.22, the reflection coefficients of each of the antennas
show that the two structures are resonant at the frequencies that were initially
established i.e. at 2.5 GHz and 3.6 GHz, the isolation generated between the
ports are very good, for all cases there will be values lower than −30 dB. The
radiation patterns obtained are unidirectional with a directivity of 3.9 dBi for
2.5 GHz, and 6.21 dBi for 3.6 GHz respectively, a 3D view of the two generated
patterns is displayed in Fig. 6.23.

Once the structures have been designed in isolation and demonstrated that
they work at the 2 necessary frequencies, 6 more antennas with the same char-
acteristics have been integrated into the mobile platform, to avoid mutual cou-
pling between the ports, the antennas have been placed in an interleaved as
seen in Fig. 6.24. After submitting to a full-wave analysis, the scattering pa-
rameters allow us to demonstrate that the antennas are really resonant at the
desired frequency, however, in the reflection coefficients for the antennas de-
signed at 3.6 GHz (the small ones that are located in the extremes) it is seen
that there is a shifter frequency towards a lower frequency, this variation in
frequency is due to the change of the boundary conditions that were used to
design the antenna as an isolated element, then, a minimum reduction of the
dimension W2 in the antennas that are fed by port 4 and 8 can be adapted as
a solution to force the resonances will be 3.6 GHz.

176



6.4 MIMO antenna for handset applications

Figure 6.24: 4x2 MIMO antennas optimized at 2.5 GHz and 3.6 GHz for a
tablet chassis.
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Figure 6.25: S-Parameters of 4x2 MIMO antennas optimized at 2.5GHz and
3.6 GHz.
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In the array antenna generated, the worst scenario that has been presented
is the interaction between similar continuous elements, for example, the an-
tenna excited by port 1 and 7, causing the isolation between these ports to be
affected compared to the isolated elements of la Fig. 6.22, for the other cases
the isolation is much better with values lower than −15 dB. To increase the
isolation that has been considered critical, all antennas that are mounted on
the platform can be moved towards the edge of the chassis. In order to achieve
that the platform works as beamforming, a distribution network described in
Section 6.2, power dividers with phase shifter or Radio defined by Software can
be used to excite the 4x2 MIMO antennas optimized at 2.5 GHz and 3.6 GHz.

The configuration of the second option proposed in this section can be seen
in the Fig. 6.26, the chassis in which the structure will be mounted maintains
the same characteristics and dimensions as that shown in the first proposal
(W = 75 mm and L = 150 mm). If we focus on the design, the antenna that
is proposed at this point is very similar to the previous proposal, part of an
ellipse that folds on itself in the direction of its semi-major axis, in the lower
layer the ellipse comes to be modified until it has the shape of a rectangle.
The first resonance frequency will be produced by the total dimensions on the
x − axis of the ellipse, the currents will go from the upper layer to the lower
layer passing through the electrical wall cast at the linear edge.

Figure 6.26: Dual band semi-elliptical antenna optimized at 2.5 GHz and 3.6
GHz.
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To add an additional frequency and convert the antenna into dual band, a
slot is inserted in the upper layer, this slot has the shape of an elliptical half-
ring. The proposed way to excite the structure is to use a capacitive element,
this element has a circular shape with radius R3 = 1 mm and, is located in the
area of maximum radius of the semi-elliptic ring slot. In this way, an induction
of currents can be forced, the first one that travels along the edge will generate
the lowest frequency, and the high frequency that is produced by the currents
that flow through the central zone. In any case, the optimized parameters that
have been used to design the antenna would be: W1 = 28 mm, Lp = 26 mm,
g = 0.3 mm, R1 = 13 mm, R2 = 5 mm, s1 = 2 mm, and the height between
the lower and higher layers is h2 = 0.93 mm.

The reflection coefficient that has been generated in the structure through
the full wave analysis has been plotted in the Fig. 6.27, it can clearly be seen
that for values S11 < − 6 dB there is a coupling, although this is true the
bandwidth being very limited, the resonances are very well fixed at the design
frequencies. One way to improve these S−parameters is by inserting coupling
circuits through concentrated elements. The radiation patterns at 2.5 GHz and
3.6 GHz can be seen in Fig. 6.28, for both cases the patterns are unidirectional,
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Figure 6.27: S-Parameters of Dual band semi-elliptical antenna optimized at
2.5GHz and 3.6 GHz for a tablet application.
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Figure 6.28: Radiation Pattern of dual-band semi elliptical antenna optimized
at 2.5GHz and 3.6 GHz.

and the maximums are being shifted in the opposite direction to the excitation
point in the form of a travelling wave.

6.5 Boeing 737 Analysis

During the process of academic preparation and development of this thesis, I
have been concerned about the possibility that a arbitrary structure can be
resonant, even having the ability to select the directions of the currents and
radiation patterns independently of the excitement. As each of the analyzes of
the various structures shown in this document has been carried out, this concept
has been gradually clarified. However, the structures presented are generally
homogeneous, so in this section, with the help of the Theory of characteristic
modes, an arbitrary shape will be analyzed. Also, it will try to propose the
best way and the best place to be able to excite certain modes, and achieve the
radiation characteristics very good controlled as well.

Thus, to achieve our stated objective, from the web, the free access model
of a scale Boeing 737 airplane has been taken. To be able to analyze it, the
structure has been re-scaled to a frequency of interest, the length of the air-
plane that goes from the nose to the tail is approximately a wavelength at the
frequency of 2.45 GHz, this dimension is linear length, i.e. the dimension is
not consider the shape of the aircraft’s fuselage.

Illuminating with a plane wave and, carrying out the analysis with the
characteristic modes theory, the result of the characteristic angles of the first
4 modes has been shown in Fig. 6.29. The natural modes will go from the
nose to the tail of the airplane and the degenerate ones will go from the right
wing to the left wing (or vice versa). The intention was that the fundamental
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mode resonates at a frequency of 2.5 GHz as it was thought when the air-
plane was scaled. However, due to the curved shape of the structure, the
resonance frequencies of the characteristic angles have shifted towards a lower
frequency, for the case of the fundamental mode J1 the resonance is at 1 GHz.
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Figure 6.29: Characteristic Angle generated by scaled Boeing 737 airplane.

Figure 6.30: Characteristic Current distributions presented in a scaled Boeing
737 airplane.
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It is important to say that as Increasing the order of the mode will generate
a better bandwidth, whether in the case of natural modes or for degenerate
modes. The characteristic currents for each 1 of the modes at their resonance
frequency has been shown in Fig. 6.30.

With this information it gives us the idea of where to put or insert the feed-
ing ports, the main objective is to generate a unidirectional radiation pattern,
so that excite the mode J1 would be the most logical thing to do. As we have
seen throughout this thesis, there are two ways of feeding a structure, using
capacitive or inductive elements. To excite inductively, the air-plane should be
cut off in the area where the greatest intensity of currents is generated, this
process being not easy in reality.

Therefore, the best option will be to use a capacitive excitation with a differ-
ential feeding, these elements should be located on the current nulls, however,
due to the shape of the plane it is a bit complicated to introduce capacitive
elements in the nulls, then, a pair of antennas closest to the zero currents have
been located on the roof of the air-plane, the antennas have a shape very sim-
ilar to the surface of the aircraft fuselage with one of its ends short-circuited
towards the structure.

Figure 6.31: The manufactured prototype of a scaled Boeing 737 airplane,
excited by 2 pifa antennas.
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In Fig. 6.31, a side view of the proposed scale prototype has been repre-
sented, the aircraft has been manufactured through 3D printing using the Prusa
I3 Multi Material printer, in view of the need for the structure is conductive,
the air-plane has been painted through a commercial golden sprite doped with
copper particles. The feeding points have been driven through two coaxial ca-
bles that go from the belly of the aircraft to the antenna in the top. In order to
fixed the power ports and weld the coaxial cable, adhesive copper sheets have
been used around the holes made. The final physical dimensions considering
feeding would be 10.8 cm x 11.4 cm.

After the full wave analysis using CST Studio suite and the characterization
of the prototype through a Vector network Analyzer, a comparative graph of
the scattering parameters of the Boeing 737 has been made in the Fig. 6.32,
the simulated S−parameters when the antennas are excited as single isolated
elements, they show 2 resonances that are very close, the first one at 4.8 GHz
for port 1 and at 4.9 GHz for port 2, for both cases with an isolation between
ports lower than −15 dB. However, in the measured parameters it is seen that
there are 2 well-marked resonances that have been shifted to a higher frequency
than those generated by simulation, in the case of the measured S22 parameter
there is an additional resonance at a lower frequency that generates a very good
bandwidth with respect to the simulated S22, these frequency shifts are linked
to the efficiency with which the manufacturing process is carried out.

On the other hand, making a feeding using a combination of ports, the
excitation or exclusion of certain modes can be forced, with balanced supply
(+1, +1) the even modes are forced and, with the differential (+1, −1) the
odd modes. In Fig. 6.32(b), the results of the two types of combination have
been plotted, for both cases, in the simulation a resonance is generated at the
same frequency with a limited bandwidth. However, the measurements have
generated a large bandwidth ranging from 3.6 GHz to a frequency higher than
6 GHz.

The simulations of the total radiation patterns and currents of the prototype
at the frequencies (where the resonance has the better coupling) have been
shown in Fig. 6.33. When a port is excited as single isolated element, it can
clearly be seen that the greatest intensity of currents will be around the excited
feed point, generating a maximum in the radiation pattern in the direction of
the feed point. Using the combination of ports has forced the excitation of
certain modes, with balanced power, the J2 mode is excited on the surface of
the aircraft fuselage, this causes a radiation pattern with 2 lobes in the direction
of the power points. Meanwhile, with differential feeding, the excitation of the
mode J1 was forced, which means that a unidirectional diagram orthogonal
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Figure 6.32: Scattering parameters of a scaled Boeing 737 airplane. (a) With
isolated ports and, (b) With balanced and Differential excitation.
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Figure 6.33: Total current distribution and radiation pattern for a scaled Boe-
ing 737 airplane.

to the structure will be generated. Thus complying with the generation of a
controlled current distribution and radiation patterns using multiple feeding
points.

6.6 Metasurface Antenna Absorber

The stealth technology since the second world war has been one of the most
studied topics because this type of technology allows reducing the observability
of radiant structures through the reduction of the radar cross-section (RCS),
which has been integrated into aircraft, submarines, missiles. The first applica-
tions in fighter aircrafts beyond the angle of the fuselage used a special type of
paint as absorbent, causing electromagnetic waves that reached the object not
to be reflected [173]. Subsequently, structures with corrugated surfaces were
used, generating a deviation from the electromagnetic waves impinging on the
surface of the object [174].

However, in recent years absorbents using metamaterials have become a
structure of great interest, due to their versatility to integrate with several
devices [175,176]. There are some methods to reduce RCS in a structure such
as radar absorbing materials (RAM) [177–179], shaping [180, 181], artificial
magnetic conductive surfaces [182] and meta-surfaces of polarization conversion
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[183, 184]. The most common forms used to design absorbent metamaterials
are split ring resonators [185,186], as well as geometries that have rectangular,
circular or triangular shapes.

In some preliminary studies in addition to using metamaterials as absorbs,
resistive loads have been integrated into the structure. An example of an ab-
sorbent with resistive loads is presented in [187], the electromagnetic waves
inside the structure will be consumed by the resistive loads, generating a max-
imum power transfer, the impedance values have been obtained from the anal-
ysis of full-wave of the analyzed structure as radiator element, afterward the
reciprocity theorem is applied and through it, the load values have been ob-
tained. The bandwidth obtained in the reference work is very large around
105%, however, it cannot be considered a low-profile structure because the dis-
tance between the ground plane and the structure is very large. On the other
hand, the absorber design is optimal, as long as the optimal point of excitation
is known, however, in cases where the structures are arbitrary, a different type
of analysis is required. Thus, the Theory of Characteristic Modes (TCM) is a
great option that can be used to design the structure.

Therefore, in this section, the procedure for the design of the metasurface
material is presented and it has been optimized to achieve high absorption
starting from an arbitrary unit cell formed by 8x8 pixels matrix, each pixel

Figure 6.34: (a) The optimized unit cell metasurface structure of 8x8 pixels,
(b) the proposed unit cell rotated 90◦, completed at its vertices periodically.

186



6.6 Metasurface Antenna Absorber

5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7
90

120

150

180

210

240

270

Frequency [GHz]

C
h
ar
a
ct
er
is
ti
c
A
n
g
le

(α
n
)

α1, α1’ α3, α3’

Resonance

Figure 6.35: Characteristic angle the proposed metasurface unit cell analyzed
such as a periodical structure.

N describes a dimension of A x A, where A = 1.78 mm and can be coded
binary (1 is metal and 0 is air) such as shown in Fig.6.34(a). In order to
facilitate the analysis, the unit cell has been rotated 90◦ and its vertices have
been complimented as a periodic structure, leaving a structure of dimensions
B x B, where B =

√
2(N2)(A2) as seen in Fig.6.34(b).

In Fig.6.35, the characteristic angles of the fundamental modes (mode J1
and mode J1’) that appear in the structure depicted in Fig. 6.34 has been rep-
resented, mode J1 and its degenerate mode J1’ resonates at the same frequency
at 6.23 GHz.

The objective to use the characteristic modes is not only to obtain informa-
tion about the resonant frequency of the structure but also to know how the
characteristic currents are distributed on its surface and to obtain a specific be-
havior, with this distribution it can describe the zones with the optimal points
to insert the feeding to excite the desired mode. Therefore, the intention in
this work is to excite the fundamental mode J1 and its degenerate mode J1’
showing in Fig.6.36.

Then, according to the current distribution that describes the fundamental
mode in the structure, it can be seen that there is a symmetry at -45◦ of the
vertical axis, in this axis of symmetry a pair of nulls is presented. Clearly the
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Figure 6.36: Characteristic current distribution of fundamental mode in the
proposed metasurface unit cell analyzed such as a periodical structure. Vertical
and Horizontal polarization at 6.23 GHz.

currents are distributed throughout the structure, generating in some areas a
greater intensity and describing as an optimal place to insert the feeding point.

Therefore, to excite the J1 modes or their degenerate, the feeding points
must be placed in each of the vertices that have been marked with red circles, as
evidenced in Fig.6.36 (a), the position of each of the feeding points will depend
on the structure area, being able to be located horizontally or vertically, for
both cases an inductive feeding will be used.

The proposed design has been mounted over a substrate with the following
characteristics: εr = 4.3 and a height h = 1.6 mm, after to the design in the
simulator the boundary conditions of the sidewalls of the unit cell (X and Y
direction) must be configured as a periodic structure and the Z-axis as open
free space, and taking into account the information provided in the previous
section through Fig.6.36, small slots with a value Gap = 0.8 mm are designed
in the areas that have been considered as optimal points to insert a feeding
port.

In these slots, the sources will be placed such as depicted in Fig.6.37(a), and
through a full-wave analysis the values of the characteristic impedance will be
obtained in the real and imaginary part, these complex values of the impedance
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Figure 6.37: Setup of the unit cell in the simulator. a) In transmission mode
using feeding ports, and b) In reception mode using resistive loads.

will be used to calculate the lumped elements that must be used to design the
absorber that is shown in Fig.6.37(b).

The characteristic impedance of the proposed structure has been plotted in
Fig.6.38 (see right vertical axis). At 6 GHz the impedance is decomposed in
resistance and reactance Z = 422 + j170.79 Ω, using the mathematical formu-
lation presented in [187] the elements can be calculated through its admittance:
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Figure 6.38: Input impedance of the periodical structure and the reflection
coefficient comparison of the structure with port and resistor, respectively.
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Yin =
1

Zin
=

1

422 + j170, 7Ω
= 0, 0020− j0, 0008 (S) (6.2)

The reactance should be cancelled using a capacitive or inductive element
and this depends if the reactance is positive or negative. Hence, for this case,
the element can be obtained according to below:

Cp =
−im(Yin)

(ω)
=

0, 008

2πf
= 0.0218 pF (6.3)

Once the reactance has been cancelled, the value of the input resistance
must be calculated, obtaining it as follows:

Zin ‖ Zc =
1

Yin + Yc
=

1

0, 0020
= 500 Ω (6.4)

Therefore, to obtain the maximum transfer of power in the structure, these
2 calculated elements must be inserted in each of the slots that have been
previously designed. However, obtaining or designing an inductive element
with these characteristics is complicated, hence a frequency will be selected in
which the reactance is equal to 0, so the reference frequency will be at 6.19 GHz,
now according to the Equations 6.2, 6.3, 6.4, the resistance value is equal to
Rin = 446 Ω and the reactance will be zero. The resistance of 446 Ω has been
approximated to a more commercial value that is 500 Ω.

At this point, it is important to highlight that when the structure is analyzed
in transmission mode as seen in Fig. 6.37(a) the power is distributed on both
sides of the top layer, while for the model in reception when the structure
has been illuminated by the floquet port as it is the case of Fig. 6.37(b), the
currents only flow in the surface of the top layer. Then, the value of the input
resistance in reception will be twice that in transmission. The input impedance
for the transmission analysis will be 500 Ω and the load values for the analysis in
reception will be 1K Ω. In Fig. 6.38, in addition to the impedance, the reflection
coefficients for the case in transmission and reception have been shown (see the
right axis of Fig. 6.38). The results are similar in both cases with a small
variation in frequency.

The proposed metasurface has been scaled to a constant K = 1.78 keeping
its original height, increasing the size the problem of milling is avoided, in
addition the spaces to soldering the resistive loads will be optimal, the final
size of the proposed metasurface is: 180 mm x 180 mm x 1.6 mm and its
resonance frequency will be around at 6.1 GHz.
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6.6 Metasurface Antenna Absorber

Figure 6.39: Measured reflection from the metasurface absorber. The insert
shows a photograph of the fabricated absorber with chip resistors.

On the structure, a lot of a number of resistive loads have been soldered,
which have been distributed over each slot as can be seen in Fig.6.39(c), the ab-
sorption parameters of the metasurface has been measured within an anechoic
chamber using a horn-type antenna according to the configuration described in
Fig.6.39(a)(b),

The measurement procedure consists in using the concept of total reflection,
that is, performing a measurement in reception using a perfect reflector and
then comparing it with the reflection value of the prototype. In Fig.6.40, a
comparative graph is shown with the simulated and measured results of the
reflection coefficient of the metasurface. For simulation, it has been considered
only for a polarization (Ein = 0◦), meanwhile, for measurements case, the
metasurface has been characterized in 4 positions when Ein is = 0◦, 30◦, 60◦

and, 90◦ clockwise.

The measurements have a very good characteristics to be a very low profile
device, the bandwidth considered to work in optimal conditions as an absorbent
is 10% (under -10 dB) from 5.8 GHz to 6.44 GHz, and it is also independent of
polarization, however, It has a small variation in frequency with respect to the
simulated results, this variation is produced by the soldering of the load since
it does not coincide with the edges of each of the slots.
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Figure 6.40: Simulated metasurface absorber reflection coefficient for different
incident angles (θ) with adjusted matched load values.

6.7 Conclusion

All the knowledge gained in previous chapters from the modal analysis of the
different structures is applied in this final chapter to propose new antenna
designs for different applications.

Along this thesis, some prototypes have been analyzed and designed, each
one of them operating as an isolated element. The possibility of generating
characteristic modes in arrays using microwave networks such as Butler ma-
trices has been investigated. In section 6.2, a distribution network has been
presented consisting of 4 input ports and 4 output ports that allow generating
4 independent beams. The device has been designed to work at a frequency of
2.4 GHz and optimized so that the structure is as compact as possible. It has
been tested with a commercial array of antennas to demonstrate its optimal
performance.

In section 6.3, the design of an antenna that presents a large bandwidth
has been proposed. The structure is composed of 4 asymmetric cavities. The
external walls of these cavities have been partially short-circuited with the
ground plane. The four asymmetrical cavities are fed with a common optimized
capacitive element. This concept of making a piece of cavity resonate can be
used for any type of shape.
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6.7 Conclusion

Through the thesis development, there has been collaboration with an Inter-
national Mobile Company for the development of new 5G antennas for mobile
devices. Two types of very low-profile antennas have been proposed that can
be integrated into the chassis of a handset device. Each one of the proposals
has been obtained using folded structures, excited with capacitive elements.
Up to 8 antennas have been integrated operating at two different frequencies,
yielding an appropriate solution for MIMO technology.

In section 6.4, a scaled model of a Boeing 737 has been taken as a reference,
in order to demonstrate the utility of TCM to analyze the radiating properties
structure. The structure has been illuminated with a plane wave to determine
a optimum feeding positions. Then, multiple feeding ports have been inserted
to force the excitation or exclusion of certain modes. The device has been
manufactured and it demonstrates that it is possible to generate a radiation
pattern with unidirectional radiation pattern in broadside direction.

Finally, in section 6.5, periodic structure has been analyzed in order to
design an absorbing surface at a fixed frequency. TCM has been used to analyze
the unit cell to determine the optimum position and value of the resistive loads.
With the optimum resistive a maximum power transfer is obtained, the device
has been manufactured and good agreement between the measurements and
simulations has been observed.
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Chapter 7

Conclusions and Future
works

“”Everyday we know more and
understand less.””

— Albert Einstein

7.1 Summary of obtained results

The main objective of this thesis has been to use a methodology to design
antennas that have a high bandwidth using multiple feeds. In recent years, the
theory of characteristic modes has become a great tool that provides important
information for antenna design.

From a general perspective through a mathematical formulation it has been
possible to describe the behavior of arbitrary structures in the absence of power
supply, the characteristic modes start from the definition of an eigenvalue prob-
lem involving the impedance matrix, this impedance matrix can be solved
through integral equations which basically would be the use of the method
of moments.

Each eigenvalue is associated with a characteristic mode, therefore, know-
ing its magnitude can provide information on the resonance frequency, current
distribution and characteristic radiation patterns of the arbitrary structure.
However, eigenvalues are not frequently used, there are other alternatives that
allow providing the physical interpretation of the modes such as modal signif-
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icance and characteristic angles. In addition, by integrating a power source
to the structure and performing the analysis with the TCM, it is possible to
know the modes that participate in the generation of a resonance, and also the
percentage of contribution of each one of them to the generation of the total
radiation.

Using all this mathematical formulation described and that comes developed
in some commercial electromagnetic simulators, it has been made of the analysis
of modes of several planar structures where their resonance characteristics,
radiation patterns and current distributions have been shown, it is important
to mention that there will be an infinite number of modes, but can be limited
to a minimum number according to the frequency range of analysis, for most
of the examples shown in this thesis only the first 4 or 5 modes are considered.

When two or more flat elements interact, for example two circular plates
separated by an air gap, they generate 2n fundamental modes (J1) that res-
onate at the same frequency, where n is the number of elements, each of them
with a specific nomenclature (J1 antenna mode, J1 transmission line mode,
J1’ antenna mode, J1’ transmission line mode). As they are isolated elements,
they need a feeding ports, for which there are two alternatives: capacitive ex-
citation or inductive excitation, the capacitive form can be placed at the point
where the currents are zero, while the inductive feed can be inserted where the
currents are maximum.

Therefore, to know the location of the feeding point, a short circuit has
to be placed between the two elements, this modification allows to generate
a resonance at a lower frequency, since the length of the structure has been
increased to double, degenerating not those of current and the two ends of
the plates and a maximum in the short circuit, Therefore, the short circuit
can be replaced by an inductive excitation, to improve the bandwidth can be
used 2 power supply points as presented in the example of the 2 ellipses, the
interesting thing about this is that it has been shown that not only one mode
can generate a resonance, if not it turns out to be the combination of some.

On the other hand, circular and square rings have also been analyzed, taking
into account the direction of the currents and their intensity, one or more power
supply points can be inserted, making a combination between ports can force
the excitation of certain modes and the exclusion of others. Using the balanced
excitation (+1, +1) with 2 ports forces the excitation of the even modes, while
using the differential excitation (+1, −1) will excite only the odd modes. For
the purpose of this thesis the ideal has been to force the excitation of the odd
modes, because it allows to generate a radiation pattern in broadside direction.
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7.1 Summary of obtained results

Once arbitrary 2D structures have been studied, their information and phys-
ical dimension can be taken advantage of to generate a resonance, for this these
structures are folded on themselves until they reach the point where their ends
come together, as the folding of the structure is performed, the current dis-
tribution will be modified. For example, in the fundamental mode, the null
currents of the planar plate will no longer be at the edges of the structure
when folded, these nulls have been shifted to the side walls, this shifted of the
nulls allows to insert a feeding port inductively between the two edges of the
structure, thus achieving a unidirectional radiation pattern.

As the height between the top layer and the bottom layer decreases, the
characteristic angle tends to have a steep slope, in other words the bandwidth
will be reduced, an alternative to improve the bandwidth is to slightly deform
the edges that are between the feed point. Using this type of configuration a
couple of prototypes have been fabricated, the measured and simulated results
are similar allowing us to validate this design concept.

Subsequently, using the same waveguide, the study of the characteristic
modes has been presented, in this case the distribution of currents on the sur-
face of the waveguide and the resonances through the analysis of the character-
istic angles, in addition a study of the modes that would be excited and their
power contribution when the waveguides are illuminated for a plane wave has
been shown. By analyzing the structure as a resonator of length L/2 in open
circuit configuration at one end and short circuit at the other, it is possible
to discriminate half of the current distribution on the surface of the structure,
making the modes more capacitive than those generated in the waveguide.

Then, once the modes have been obtained in the structures and in the
same way as for the planar plates, the waveguides can be excited capacitively
or inductively. Two devices have been designed based on the circular and
rectangular waveguide of length L/2 with open circuit at one end and open
circuit at the other end. The structures have been fed with two capacitive
elements, combining the ports has generated unidirectional radiation patterns
and also with a large bandwidth, one of them has been fabricated and its results
are close to those obtained in simulations.

Finally, in chapter 6, some devices have been designed using the concepts
that have been shown throughout the development of the thesis. Although
antennas have been designed as simple and isolated elements, it has also been
necessary to design a device to feed a, array antennas and get multiple in-
dependent beams or called beamforming, therefore, it has been designed and
manufactured a compact Butler matrix at 2.4 GHz.
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Based on the concept of cavities, a very low profile antenna has been de-
signed, the antenna consists of 4 semi-cavities with open circuits in the center
and short circuits at the ends, each of the semi-cavities share the capacitive
feed point that was located in the center, generating a wide bandwidth. Under
this same criterion has been designed an antenna capable of working in two dif-
ferent frequencies and that can be integrated into a smart watch, the antenna
consists of 4 semi-cavities, two resonating at one frequency and two at another,
the isolation between the ports is less than −15dB.

Using the concepts of structures folded on themselves, a pair of antennas
have been designed that work in the WIFI bands, because of their low profile
they have been integrated into a tablet chassis. To achieve multiple beams, the
prototype consists of 4 antennas resonating at 2.4 GHz and 4 antennas at 3.6
GHz.

Throughout the development of the thesis, structures with homogeneous
surfaces have been analyzed, however, it has not been possible to study non-
homogeneous surfaces, therefore, to complement the study we have analyzed a
structure that has the shape of an airplane, through a mode analysis we have
located the feeding points, and using a combination of ports we have generated
radiation patterns in the broadside direction.

And finally, a meta surface of periodic characteristics has been analyzed,
this antenna works as an absorber, its impedance values have been changed by
resistive loads generating a maximum power transfer, i.e., the waves incident
on this surface will not be reflected but consumed by the loads.

7.2 Conclusions

The general objective of the Thesis is to apply the Theory of Characteristic
Modes for the design of antennas. The antennas, that will be based on planar or
three-dimensional structures, should be broadband, with multiple simultaneous
radiation modes and dual in polarization.

The specific objectives that were raised at the beginning of the thesis were:

• Analysis of three-dimensional structures with characteristic modes

• Multi-port structure feeding with orthogonal radiation patterns

• Design of antennas for applications in 5G systems, at the user level and
MIMO multibeam base stations and in the WiFi bands and other inno-
vative applications.
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7.2 Conclusions

The objectives of the thesis have been fully met, using new analysis method-
ologies and proposing multiple innovative designs, with applications for the new
communication standards.

The most relevant contributions of the thesis are the following:

1. The most relevant contribution includes the study of structures of dif-
ferent shapes interconnected with each other. Such as combinations of
loops with circles, squares or triangles, shapes or semi-elliptic shapes with
multiple feeding points and parallel or coplanar 3D structures.

2. Structures with multiple feed points have been shown to have relative
bandwidth characteristics in excess of 100% in same cases, due to the
combination of modes that compensate for electrical and magnetic ener-
gies.

3. The folded planar structures have been proven to maintain the current
modes of the planar original structure and are well suited as antennas,
due to the ease of feeding, their compact size and the integrated design
of the ground plane and matching elements.

4. Low-profile, high-bandwidth 3D radiating elements designed from folded
structures have been integrated into a compact base station structure
with multiple independent beams.

5. Waveguides and cavities have been extensively studied in the literature.
In this thesis we present for the first time in a unified way the radiation
of open cavities and open guides from the characteristic modes analysis.

6. It has been verified that the characteristic modes of open canonical struc-
tures, calculated numerically by integral equation methods, have a direct
correlation with the analytical modes TEmnl and TMmnl of closed cavi-
ties.

7. Multi-fed cavity antennas have been designed in rectangular and cylin-
drical geometries, obtaining adaptations in large bandwidths.

8. Newly developed concepts have enabled the design of antennas in differ-
ent frequency bands and applications, such as airplane radiation, smart
watch, absorbing metasurfaces or multiple coupled resonators with ex-
ceptional bandwidths.

As a general conclusion, a design methodology based on the analysis of char-
acteristic modes in complex 3D structures, with efficient coupling to multiple
input ports and optimized radiation parameters, has been employed.
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7.3 Future work

The Ph.D. Thesis has opened up new perspectives for antenna design, but some
issues have been left open and are considered to be of strategic importance for
future research.

The topics to be investigated are as follows

• Analysis and design of antennas including dielectrics using characteris-
tic mode theory. This study is necessary since most antennas include
dielectric substrates.

• Scalar formulation of potentials and calculation of currents from electric
fields normal to metallic surfaces. This study is justified by the informa-
tion obtained from the modal near fields and by the simplification of the
vector sum of currents.

• Proposal of new design parameters, such as stability of patterns, correla-
tion of modal fields (ECC), decoupling of modes, etc.

• Antenna design for new 5G systems in the millimeter frequency bands
using characteristic modes.
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[160] C. R. Peñafiel-Ojeda, M. Cabedo-Fabrés, E. Antonino-Daviu, and
M. Ferrando-Bataller, “Air-filled substrate integrate waveguide antenna
analyzed with theory of characteristic modes,” in 2019 13th European
Conference on Antennas and Propagation (EuCAP). IEEE, 2019, pp.
1–5.

[161] C.-M. Liu, S. Xiao, Z. Zhang, and J. Feng, “Low profile SIW slot antenna
with wide beam-width radiation pattern,” Electronics Letters, vol. 54,
no. 3, pp. 116–118, 2017.

[162] S. X. Ta and I. Park, “Crossed dipole loaded with magneto-electric dipole
for wideband and wide-beam circularly polarized radiation,” IEEE An-
tennas and Wireless Propagation Letters, vol. 14, pp. 358–361, 2014.

[163] D. Wen, Y. Hao, M. O. Munoz, H. Wang, and H. Zhou, “A compact and
low-profile MIMO antenna using a miniature circular high-impedance
surface for wearable applications,” IEEE Transactions on Antennas and
Propagation, vol. 66, no. 1, pp. 96–104, 2017.

[164] L. J. Chu, “Physical limitations of omni-directional antennas,” Journal
of applied physics, vol. 19, no. 12, pp. 1163–1175, 1948.

[165] J. S. McLean, “A re-examination of the fundamental limits on the radi-
ation Q of electrically small antennas,” IEEE Transactions on antennas
and propagation, vol. 44, no. 5, p. 672, 1996.

[166] W. Hong, “Solving the 5G mobile antenna puzzle: Assessing future di-
rections for the 5G mobile antenna paradigm shift,” IEEE Microwave
Magazine, vol. 18, no. 7, pp. 86–102, 2017.

[167] E. Antonino-Daviu, M. Cabedo-Fabres, M. Ferrando-Bataller, and
J. Herranz-Herruzo, “Analysis of the coupled chassis-antenna modes in

215



REFERENCES

mobile handsets,” in IEEE Antennas and Propagation Society Sympo-
sium, 2004., vol. 3. IEEE, 2004, pp. 2751–2754.

[168] P. Vainikainen, J. Ollikainen, O. Kivekas, and K. Kelander, “Resonator-
based analysis of the combination of mobile handset antenna and chassis,”
IEEE Transactions on Antennas and Propagation, vol. 50, no. 10, pp.
1433–1444, 2002.

[169] E. Safin and D. Manteuffel, “Reconstruction of the characteristic modes
on an antenna based on the radiated far field,” IEEE Transactions on
Antennas and Propagation, vol. 61, no. 6, pp. 2964–2971, 2013.

[170] Y. Park and Y. Sung, “A reconfigurable antenna for quad-band mobile
handset applications,” IEEE Transactions on Antennas and Propagation,
vol. 60, no. 6, pp. 3003–3006, 2012.

[171] H. Li, Z. T. Miers, and B. K. Lau, “Design of orthogonal MIMO handset
antennas based on characteristic mode manipulation at frequency bands
below 1 Ghz,” IEEE Transactions on Antennas and Propagation, vol. 62,
no. 5, pp. 2756–2766, 2014.

[172] C. Deng, Z. Feng, and S. V. Hum, “MIMO mobile handset antenna merg-
ing characteristic modes for increased bandwidth,” IEEE Transactions on
Antennas and Propagation, vol. 64, no. 7, pp. 2660–2667, 2016.

[173] B. Sweetman, “Stealth aircraft-history, technology and outlook,” in
ASME 1990 International Gas Turbine and Aeroengine Congress and
Exposition. Citeseer, 1990.

[174] W. Jiang, H. Ma, L. Yan, J. Wang, Y. Han, L. Zheng, and S. Qu, “A
microwave absorption/transmission integrated sandwich structure based
on composite corrugation channel: Design, fabrication and experiment,”
Composite Structures, vol. 229, p. 111425, 2019.

[175] S. U. Rahman, Q. Cao, I. Gil, M. Sajjad, and Y. Wang, “Design of
wideband beamforming metasurface with alternate absorption,” IEEE
access, vol. 8, pp. 21 393–21 400, 2020.

[176] C. M. Watts, X. Liu, and W. J. Padilla, “Metamaterial electromagnetic
wave absorbers,” Advanced materials, vol. 24, no. 23, pp. OP98–OP120,
2012.

[177] Y. Liu and X. Zhao, “Perfect absorber metamaterial for designing low-
RCS patch antenna,” IEEE Antennas and Wireless Propagation Letters,
vol. 13, pp. 1473–1476, 2014.

216



REFERENCES

[178] T. Liu, X. Cao, J. Gao, Q. Zheng, W. Li, and H. Yang, “RCS reduction of
waveguide slot antenna with metamaterial absorber,” IEEE Transactions
on Antennas and Propagation, vol. 61, no. 3, pp. 1479–1484, 2012.

[179] Y.-Q. Li, H. Zhang, Y.-Q. Fu, and N.-C. Yuan, “RCS reduction of
ridged waveguide slot antenna array using EBG radar absorbing ma-
terial,” IEEE Antennas and Wireless Propagation Letters, vol. 7, pp.
473–476, 2008.

[180] W. Jiang, Y. Liu, S. Gong, and T. Hong, “Application of bionics in
antenna radar cross section reduction,” IEEE Antennas and Wireless
Propagation Letters, vol. 8, pp. 1275–1278, 2009.

[181] W. Wang, S. Gong, X. Wang, Y. Guan, and W. Jiang, “Differential
evolution algorithm and method of moments for the design of low-RCS
antenna,” IEEE Antennas and Wireless Propagation Letters, vol. 9, pp.
295–298, 2010.

[182] Y. Zhao, X.-y. Cao, J. Gao, and W.-q. Li, “Broadband RCS reduction and
high gain waveguide slot antenna with orthogonal array of polarisation-
dependent AMC,” Electronics letters, vol. 49, no. 21, pp. 1312–1313,
2013.

[183] Y. Liu, Y. Hao, K. Li, and S. Gong, “Wideband and polarization-
independent radar cross section reduction using holographic metasur-
face,” IEEE Antennas and Wireless Propagation Letters, vol. 15, pp.
1028–1031, 2015.

[184] Y. Liu, K. Li, Y. Jia, Y. Hao, S. Gong, and Y. J. Guo, “Wideband rcs
reduction of a slot array antenna using polarization conversion metasur-
faces,” IEEE Transactions on Antennas and Propagation, vol. 64, no. 1,
pp. 326–331, 2015.

[185] B.-X. Wang, G.-Z. Wang, L.-L. Wang, and X. Zhai, “Design of a five-band
terahertz absorber based on three nested split-ring resonators,” IEEE
Photonics Technology Letters, vol. 28, no. 3, pp. 307–310, 2015.

[186] Y. Cheng, H. Yang, Z. Cheng, and N. Wu, “Perfect metamaterial ab-
sorber based on a split-ring-cross resonator,” Applied Physics A, vol.
102, no. 1, pp. 99–103, 2011.

[187] X. Q. Lin, P. Mei, P. C. Zhang, Z. Z. D. Chen, and Y. Fan, “Development
of a resistor-loaded ultrawideband absorber with antenna reciprocity,”
IEEE Transactions on Antennas and Propagation, vol. 64, no. 11, pp.
4910–4913, 2016.

217



REFERENCES

218



Related Publications

JCR indexed journals
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• C.R. Peñafiel-Ojeda, S. Rashid, M. Ferrando-Bataller, L. Jofre, M. Cabedo-
Fabrès, J. Romeu, “Antena UWB de ranuras sobre cavidad cargada para
radiación en el cuerpo humano,” in XXXII Simposium Nacional de la
Unión Cient́ıfica Internacional de Radio, Sep. 2017.
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