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Resumen

La cantidad de servicios de telecomunicacion se ha incrementado signiticativamente en
las udltimas décadas. El uso de teléfonos inteligentes, asi como el Internet de las Cosas,
estd generando una saturacion del espectro electromdgnetico. Por tanto, los requisitos de los
sistemas de microondas han cambiado para adaptarse a estos nuevos avances.

Para satisfacer estas necesidades, se busca el desarrollo de dispositivos de bajo coste, vol-
umen, peso y consumo. Ademds, interesa que sean espectralmente eficientes y facilmente
integrables con otros dispositivos. Entre todos los dispostivos de microondas, los filtros son
elementos clave dentro de los sistemas de comunicaciones mdviles e inaldmbricas. Es por
ello que el disefio de filtros que cumplan con los requisitos mencionados se ha convertido
en un tema de gran interés. Para dar respuesta a este problema ha surgido la tecnologia de
Guia de Onda Integrada en Sustrato (Substrate Integrated Waveguide (SIW)), que permite la
implementacién de filtros con un reducido tamaiio y facilmente integrables con otros dispos-
itivos en tecnologia planar. Dicha tecnologia presenta unas prestaciones en cuanto a manejo
de potencia y pérdidas mejores que la tecnologia de circuito impreso (Printed Circuit Board
(PCB)), aunque no llegan a ser iguales que las de la guia de onda clasica.

Por otro lado, la saturacién espectral también lleva al estudio de filtros con respuestas
variables en frecuencia, es decir, que puedan cambiar su frecuencia central y ancho de banda
con el fin de adaptarse a las necesidades del sistema.

Por ello, el objetivo general de esta Tesis es el andlisis y disefio de nuevos filtros recon-
figurables en tecnologia integrada. El trabajo empieza con el estudio de los fundamentos de
los filtros de microondas hasta llegar al disefio de resonadores reconfigurables en tecnologia
SIW usando el cristal liquido como material de reconfiguracion.

En primer lugar, se ha estudiado la influencia que los cambios en el valor de la permitivi-
dad dieléctrica en el interior de las estructuras filtrantes pueden tener en la respuesta de las
mismos. En particular, se desarrollan filtros alternando secciones de linea con y sin dieléc-
trico dentro de una SIW vacia, Empty Substrate Integrated Waveguide (ESIW).

Una vez hecho esto, se procede al estudio de materiales que tengan un valor de permitivi-
dad dieléctrica variable de alguna forma. En concreto, se ha realizado la caracterizacion de



VIII

diferentes mezclas de cristal liquido a la frecuencia de microondas. Dicho material cambia
su valor de permitividad cuando se le aplica un campo eléctrico o magnético.

Dado que para la reconfiguracion de la respuesta de los filtros se requiere de una estructura
desacoplada en baja frecuencia, es decir, con mds de un conductor, se ha desarrollado una
estrategia para el desacoplo de la estructuras ESIW, la tecnologia Decoupled Empty Substrate
Integrated Waveguide (DESIW).

Por tultimo, se han disefiado resonadores en dicha tecnologia DESIW, que se han llenado
de cristal liquido y aplicado unos campos de polarizacién, consiguiendo variar su respuesta
en frecuencia. Dichos resonadores constituyen el elemento basico para el desarrollo de filtros
de microondas. Es por ello que el conocimiento obtenido en la Tesis es una buena base para
futuros trabajos esta tecnologia que permitan conseguir filtros de altas prestaciones.



Resum

La quantitat de serveis de telecomunicacié s’ha incrementat significativament en les ul-
times decades. L’ds de telefons intel-ligents, aixi com la internet de les coses, esta generant
una saturacio de I’espectre electromagnetic. Per tant, els requisits dels sistemes de microones
han canviat per a adaptar-se a aquests nous avancos.

Per a satisfer aquestes necessitats, se cerca el desenvolupament de dispositius de baix cost,
volum, pes i consum. A més, interessa que siguen espectralment eficients i facilment inte-
grables amb altres dispositius. Entre tots els dispositius de microones, els filtres son elements
clau dins dels sistemes de comunicacions mobils i sense fil. Es per aixd que el disseny de
filtres que complisquen els requisits esmentats s’ha convertit en un tema de gran interes. Per
a donar resposta a aquest problema ha sorgit la tecnologia de Guia d’Ona Integrada en Sub-
strat (Substrate Integrated Waveguide (SIW)), que permet la implementacié de filtres amb una
reduida grandaria i facilment integrables amb altres dispositius en tecnologia planar. Aquesta
tecnologia presenta unes prestacions quant a maneig de poteéncia i perdues millors que la tec-
nologia de circuit impres (Printed Circuit Board (PCB)), encara que no arriben a ser iguals
que les de la guia d’ona classica.

D’altra banda, la saturaci6 espectral també porta a I’estudi de filtres amb respostes vari-
ables en freqiiencia, és a dir, que puguen canviar la seua freqiiencia central i ’amplada de
banda amb la finalitat d’adaptar-se a les necessitats del sistema.

Per aixo, I’objectiu general d’aquesta tesi és 1’analisi i el disseny de nous filtres reconfig-
urables en tecnologia integrada. El treball comenga amb I’estudi dels fonaments dels filtres
de microones, fins a arribar al disseny de ressonadors reconfigurables en tecnologia SIW usant
el cristall liquid com a material de reconfiguracio.

En primer lloc, s’ha estudiat la influéncia que els canvis en el valor de la permitivitat
dielectrica a I'interior de les estructures filtrants poden tenir en la resposta d’aquestes. En
particular, es desenvolupen filtres que alternen seccions de linia amb dielectric 1 sense dins
d’una SIW buida, Empty Substrate Integrated Waveguide (ESIW).

Una vegada fet aix0, es procedeix a I’estudi de materials que tinguen un valor de per-
mitivitat dielectrica variable d’alguna forma. En concret, s ha realitzat la caracteritzacié de
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diferents mescles de cristall liquid a la freqiiencia de microones. Aquest material canvia el
seu valor de permitivitat quan se li aplica un camp electric o magnetic.

Ates que per a la reconfiguracié de la resposta dels filtres es requereix una estructura
desacoblada en baixa freqiiencia, és a dir, amb més d’un conductor, s’ha desenvolupat una
estrategia per al desacoblament d’estructures ESIW, la tecnologia Decoupled Empty Substrate
Integrated Waveguide (DESIW).

Finalment, s’han dissenyat ressonadors en aquesta tecnologia DESIW, que s’han omplit
de cristall liquid 1 aplicat uns camps de polaritzacio, 1 s’ha aconseguit variar la seua resposta
en freqiiencia. Aquests ressonadors constitueixen 1’element basic per al desenvolupament de
filtres de microones. Es per aixd que el coneixement obtingut en la tesi és una bona base per
a futurs treballs d’aquesta tecnologia que permeten aconseguir filtres d’altes prestacions.



Abstract

The number of telecommunication services has increased significantly in recent decades.
The use of smartphones, as well as the Internet of Things, is generating a saturation of the
electromagnetic spectrum. Therefore, the requirements of microwave systems have changed
to adapt to these new developments and related challenges.

For achieving these needs, the development of devices with low cost, volume, weight
and power consumption is sought. In addition, it interests to be spectrally efficient, to offer
high performance, and to be easily integrated with other devices. Among all microwave
devices, filters are key elements within mobile and wireless communication systems. In this
context, the design of filters that meet the aforementioned requirements has become a topic
of great interest. For solving this problem, Substrate Integrated Waveguide (SIW) technology
has emerged, which allows the implementation of filters with a small size and to be easily
integrated with other devices in planar technology. This technology has better power handling
and loss performance than Printed Circuit Board (PCB) technology, although they do not have
the performance of the classic waveguide counterpart.

On the other hand, the spectral saturation also leads to the study of filters with tunable
frequency response, that is, they can change their central frequency and bandwidth, in order
to fulfil the changing system requirements.

Therefore, the general objective of this PhD Thesis work is the analysis and design of
new reconfigurable filters in integrated technology. The work begins with the study of the
basics of microwave filters until the design of reconfigurable resonators in SIW technology,
using Liquid Crystal (LC) as reconfiguration material.

Firstly, the influence that the change of the dielectric permittivity value inside the filtering
structures have on the frequency response has been studied. Particularly, filters have been
obtained by alternating line sections with and without dielectric material inside an empty
SIW (Empty Substrate Integrated Waveguide (ESIW)).

Once this is done, it is proceed to the study of materials that have a variable dielectric
permittivity value. Specifically, the characterization of different LC mixtures at microwave
frequencies has been carried out. This material changes its permittivity value when an electric
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or magnetic bias field is applied.

A low-frequency decoupled structure is required for the reconfiguration of filters, that is,
structures with more than one conductor. For that, a strategy for decoupling ESIW structures
has been developed, i.e, the Decoupled Empty Substrate Integrated Waveguide (DESIW)
technology.

Finally, some resonators have been designed in DESIW technology, which have been
filled with LC. The use of LC allows to tune their frequency response. These resonators are
basic elements for the development of microwave filters. So that, the knowledge obtained in
this Thesis work is a good basis for future works in this technology that allow for achieving

high performance filters.
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Chapter 1

Introduction

1.1 Motivation

Traditionally, the passive microwave devices of communication systems have been devel-
oped either in waveguide or in planar technology. Each technology has some advantages and
disadvantages. However, in modern communication systems, there is a remarkable demand
for high performance, multi-functional, low cost and compact devices. In this context, filters
have a high impact on the system performance, cost and compactness. The movement to in-
tegrable microwave devices, (with the involved size reduction, low manufacturing cost, high
reliability and low power consumption) has started a long-distance race in the development
of devices based on Substrate Integrated Waveguide (SIW) [2]. This is a rectangular waveg-
uide synthesized in a planar substrate with linear arrays of metallized via holes. The features
of this technology are between those of planar (microstrip or stripline) and non-planar struc-
tures (metallic waveguides), making it a perfect candidate for the development of all sort of
microwave devices.

Traditionally, these devices are designed and work properly for a certain frequency band.
Nevertheless, among the growing demand of communications systems, the reconfiguration
of these devices is an important trend in the microwave world. There is a huge demand on the
possibility of changing the electromagnetic response according to the system requirements.
This is a travel initiated many years ago, but its implementation is not easy. Regarding the
system performance, reconfigurability of RF devices is a key issue, since it enables adapting
the electromagnetic characteristics to the changing environment and evolving requirements.
Different solutions can be applied to achieve the reconfiguration.

This Thesis arises from the need of developing methods for the reconfiguration of mi-
crowave filters on SIW technology, in order to have more tunability together with better
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frequency response, compactness, and integration with other components. The development
core is the analysis of the influence of the dielectric permittivity value in the features of those
SIW filters, and the study of the reconfiguration when the dielectric properties change dynam-
ically, as in the case of Liquid Crystal (LC) [3]. Furthermore, the Thesis presents a significant
contribution in the design of reconfigurable microwave devices: the characterization of LC
mixtures and its use for tuning filtering structures.

1.2 State of the Art

Microwave filters are essential components in any high frequency telecommunications
system, they are present in both transmitter and receiver subsystems. Their basic function is
to remove unwanted frequency components of an RF signal, and to let the transmission of the
desired ones.

The use of SIW technology has become common in many high frequency applications [2].
The SIW technology has appeared in response to the emerging problem of integration of
planar and non-planar circuits for high-frequency applications, since it allows the integration
of waveguides on the same dielectric substrate used for the synthesis of planar transmission
lines and circuits [4]. The advantage of this scheme is clear: the whole circuit (planar circuits,
transitions and waveguides) can be implemented by standard PCB manufacturing techniques.

Although its performance is better in terms of quality factor than other planar circuits,
SIW is not yet comparable with waveguide technology. In order to approach to the quality
factor of the waveguide, different lines of work are being established to remove the dielectric
substrate that provides significant loss. One of these strategies is based on the new Empty-
SIW (ESIW) transmission line [5], consisting of emptying, metallizing, and covering a planar
substrate with top and bottom conductor covers. The structure is completed with a specific
broadband transition from a microstrip line.

The need for reconfigurable devices has also led to different strategies. Many of them
include the possibility of introducing a DC bias voltage in the device, acting on additional
elements capable of modifying their response [6]. For instance, the use of discrete electronic
components (PIN Diodes [7-9], Varactor Diodes [10-12], MEMS Switches [13-15], etc.) is
typically accomplished, since they are small enough to be integrated and can be designed
for several applications. Another method of frequency tuning is the use of tunable mate-
rials [16-19]. They are materials whose electrical properties (permittivity, permeability, or
conductivity) can be controlled by the application of an external bias field (either electric or
magnetic).

In most cases, this involves that the structure must be composed by more than one sin-
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gle conductor. This is not the case of a waveguide structure, which is completely closed
with a single conductor. The decoupling of waveguides has been tried in several ways. The
Corrugated-SIW [20] is a simple decoupled structure which provides similar results to the
standard SIW in terms of insertion loss, because both are supported on a dielectric substrate.
The Groove Gap Waveguide (GGW) [21] is also a promising structure, but its manufacturing
process and integration with planar substrates may be more complex.

LC is a material whose permittivity can be controlled by the application of a bias elec-
tromagnetic field. It constitutes a state of matter between solids and liquids. It has a certain
degree of order like solids and flows like liquids. These facts provide LC its particular prop-
erties: it has a very high anisotropy (electric, optical, magnetic) being a flowing material.
LC mixtures are known for more than 120 years, but their practical application (mainly in the
optic field) has been found in the last 30 or 40 years [22]. They currently dominate the market
of flat screens and hence their economic importance is great. Nevertheless, their applications
at microwave frequencies is very recent [23].

Throughout the last 30 years a great variety of LC displays have been developed with
one thing in common: they all change their optical response by applying an electric field.
In the same mode, LC can be applied at microwave frequencies for developing RF devices,
modifying their frequency response with the presence of an external electric or magnetic
field [24]. The process is achieved by the change of the dielectric properties of the LC,
caused by the variation of the macroscopic organization of its molecules. Strictly speaking,
LC responds at the molecular level, but not as an electronic component. Since it is a flowing
material, LC requires a closed container. So that, the use LC for reconfiguration in microwave
devices is limited to closed structures.

1.3 Objective of the thesis and working plan

The final objective of this PhD Thesis is the development of microwave reconfigurable
filters in Substrate Integrated Waveguide using Liquid Crystal. This topic has been chosen
since it presents two novel aspects that are of great practical application: on the one hand,
the filters based on SIW are smaller and lighter, and easily integrable with other planar struc-
tures, but with better features. On the other hand, the reconfiguration using LC, which so
far has not been widely used at microwave frequencies, allows to have a continuous tunable
filter, obtaining the frequency response of several fixed-response filters in only one device.
The strategy consists of decoupling an ESIW device and filling it with LC. Then, a low fre-
quency electric field is applied to change the dielectric permittivity of the LC molecules and
consequently, change the frequency response of the filter.
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In order to achieve the goal of this thesis, the next work planning is followed:

e Study of the background technology. A comprehensive task of bibliography search
is carried out, which helps to establish the need and relevance of the work to be per-
formed. Specifically, a study of some different types of filters used in high frequency
communications is developed: including classical rectangular waveguide technology,
planar filters, and Substrate Integrated Circuit (SIC) technology. A literature review
about all of them is performed in order to know the possibilities to make a reconfig-
urable filter. The use of Liquid Crystal and its properties is further investigated, since
one of the aims of this thesis is the analysis and design of filters filled with this material.

Moreover, a research about methods of material characterization is completed in order
to select the best for characterizing LC mixtures.

e Analysis of filters filled with a dielectric material by sections. Before designing a
filter with LC, it is needed to know how the partial presence of a dielectric material
inside of an Empty Substrate Integrated Waveguide affects the frequency response. In
this case, filters based on directly coupled resonant sections are implemented, where
resonant sections are obtained with dielectric filled line sections and the coupling be-
tween them is obtained with empty line sections. A filter is obtained that consists of
alternating line sections with and without dielectric material. For the analysis and de-
sign of this type of filters the following activities are proposed:

— Development of a modal analysis tool based on forcing continuity of electromag-
netic fields in the discontinuity between the dielectric material and the air.

— Use of the developed analysis tool in the automated design of filters with alternat-

ing dielectric sections.

— Integration of the tool with the well known optimization algorithms (as genetic
algorithms [25] or the Simplex method [26]) to get a Computer Aided Design.

— Design of filters for different specifications and comparison in terms of accuracy

and efficiency.

e Characterization of the properties of the Liquid Crystal. One of the problems that
appears during the development of the work is the lack a good characterization of the
dielectric properties of LC mixtures at microwave frequencies. So, it is necessary to
perform the characterization of these properties at the desired frequency bands. The
split-cylinder resonator method has been used for this purpose. This method consists of
comparing the measured resonance frequency and (-factor of a resonant cylinder with
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and without a sample of the material under analysis [27]. A modal and a numerical
method have been employed for extracting the dielectric permittivity values and the
loss tangent from these measurements.

e Decoupling of single conductor closed structures. ESIW technology can be em-
ployed for designing filters that can be filled with LC since they are closed and empty
structures. Nevertheless, ESIW is, by definition, a waveguide thus a single conductor
structure. The decoupling of this structure must be conducted to enable the application
of an electromagnetic bias field over the LC molecules for changing their properties.

e Manufacturing, measurement and reconfiguration. Some of the designed proto-
types have been manufactured, considering all the technological issues such as the
filling and confinement of LC and the application of the electromagnetic bias field. A
measuring set-up that includes the RF excitations and bias field is developed, and the
reconfiguration of the frequency response is measured. The results are compared with
simulations to verify the feasibility of the proposed methodology.

1.4 Structure of the thesis

The thesis is divided into the following chapters:

e Chapter 1. This chapter is the introduction to the thesis and presents the motivation
and the state of the art, the detailed objectives to be achieved and the working plan to
accomplish them.

e Chapter 2. This chapter presents the bibliographic search work that has been carried
out, studying the different structures that can behave like filters and the technologies
used for implementing them, as well as the analysis techniques that have been used.
The following technologies have been studied:

— Classic metallic waveguides or new structures as Ridge waveguide [28] and Groove
Gap Waveguide [21]. These structures can be used for developing H-plane di-
rectly coupled cavities filters, either loaded or not with dielectric posts, or even in
evanescent mode.

— Planar structures that implement end-coupled [29], parallel-coupled [30], hairpin-
line [31], interdigital [32], combline [33], and stubs [34] bandpass filters.
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— Substrate Integrated Circuit (SIC) [35] and, inside this large family, the Sub-
strate Integrated Waveguide (SIW) [2], the Empty Substrate Integrated Waveg-
uide (ESIW) [5], and the Empty Substrate Integrated Coaxial Line (ESICL) [36].

Among all these technologies, the SICs, and, specifically, the SIW and ESIW have
been chosen because they are the most suitable for the thesis purpose. The results they
provide, their advantages and disadvantages, the improvements they need and the way
to make them reconfigurable are studied.

A brief review of the reconfiguration methods available for SIW technology is done,
including PIN diodes [7], RF MEMS [13], varactor diodes [10], ferrite sections [37],
and Liquid Crystal (LC) [19]. The LC has been chosen for its novelty and dielectric
properties, moreover a depth analysis of its properties is performed.

Finally, an overview of the different dielectric characterization methods is carried out,
since the dielectric properties of many LC mixtures are not well characterized at mi-
crowave frequencies in the bibliography.

Chapter 3. The influence of a dielectric material inside an empty integrated filter is
studied. For that, a depth description of the analysis, design, and manufacturing of
a new filtering structure proposed in the Thesis is carried out. This filter is based on
alternating line sections with and without dielectric material. The filtering response of
the manufactured prototypes is discussed, studying also their out-of-band response.

Chapter 4. Next, the characterization of the dielectric properties of the LC is per-
formed, obtaining the dielectric anisotropy (extreme values of dielectric permittivity
and loss tangent) of this tunable material. Four different mixtures of LC are measured
at three different frequency points.

Chapter 5. This chapter deals with the last part of the work carried out: the de-
sign, manufacturing and measurement of continuously reconfigurable filters. For that,
firstly, an analysis and design of decoupled microwave structures integrated in a pla-
nar substrate is done. Transmission lines and one-pole filters are manufactured in this
technology. The one-pole filters are filled with different LC mixtures, and biased with
electric and magnetic fields for tuning their response.

Chapter 6. The thesis ends by establishing the main conclusions extracted from the
work performed, as well as the possible future research lines that could be followed as
a continuation of the developed work.



Chapter 2

Theoretical basics of reconfigurable
microwave filters

2.1 Microwave filters

Microwave filters are essential components in the front-end of high frequency telecom-
munications systems. They are two-port networks that allow a signal transmission in a certain
range of frequencies, their passband, and attenuate as much as possible, the signal outside this
range, their stopband [1].

Nowadays, these devices are used in many applications like via satellite television, or
radar systems, but mostly in cellular radio communications. Cellular radio has stringent filter
requirements both in the base stations and in mobile handsets [38].

Moreover, the progressive increase in the electromagnetic spectrum saturation has re-
sulted in a continuous increment of the operation frequency. This increment and the develop-
ment of sophisticated high frequency applications require producing microwave circuits with
advanced performance [39]. Referring to filters, the possibility of minimal insertion loss and
high selectivity on compact circuits has been always a key feature to efficiently remove noise
and interfering signals outside the passband. Other features currently required for these elec-
tronic components, such as agile frequency reconfiguration, are a result of the most recent
trends towards developing high frequency multifunction devices [40].

A lot of research work has been done in the analysis and design of microwave filters,
nevertheless the basics of the analysis and design process is common, regardless either the
filter topology or the technology used for its implementation. There is wide bibliography
about the processes of synthesis and optimization [38,41] and it does not seem appropriate
to do an exhaustive analysis of them. The process of designing any type of filter is composed
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of three fundamental steps.

The first one is to know the specifications that must be always respected. Among all
of them, the most prominent specifications are the number of cavities, the return loss, the
insertion loss in the passband, and the rejected band.

Next, it comes the synthesis process, where the most appropriate topologies and tech-
nologies are chosen to meet the specifications, and the design parameters are determined.
The synthesis process culminates by obtaining an “initial point", it means, the initial values
of the design parameters. These values are generally obtained by using the analytic equations
of the proposed topology.

Finally, the initial values will be modified in the optimization process until the required
specifications are obtained. In this step, all the manufacturing considerations related to the
technology must be taken into account in order to have a design as much similar as possible
to reality. Generally, the optimization process of microwave devices is carried out through an
automated Computer Aided Design (CAD) tool, since the complexity of the structures makes
its manual design impossible. Besides, when designing a complex structure, the number of
parameters increases, making inefficient the optimization of all the parameters at once, so it is
convenient to apply a segmentation strategy. The segmentation strategy consists of dividing
the structure under analysis in a set of blocks, transforming the process of design in a set of
steps, in which a reduced number of parameters are optimized [42]. In this way, the efficiency
of the process is increased (if the structure presents symmetry the efficiency is even higher),
since the number of steps in the process can be reduced. After having optimized the block
structure, the design ends with a last step, in which all the parameters are slightly adjusted at
the same time. This is done through an optimization that starts from the initial point given by
the dimensions obtained in the previous steps.

As mentioned before, the topology and technology of the filter must be chosen in the first
step of the designing process. There are many topologies for implementing filters but they
depend mostly of the used technology. A review of the most common technologies employed
for manufacturing microwave filters (waveguide, planar or Substrate Integrated Circuit) and
their typical topologies is included next.

2.1.1 Waveguide filters

A metallic waveguide is a structure that propagates an electromagnetic wave in a partic-
ular direction by confining its energy. A waveguide consists of either circular or rectangular
hollow metallic pipes of uniform cross-section [38]. Metallic waveguides filters are the most
widely used for satellite communications, since they present great electromagnetic shielding
(radiation loss is completely removed), low insertion loss, ability to carry out high power sig-
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nals and high quality factor [43]. The problem of this technology is that it is not appropriate
to mass production due to the complexity of manufacturing and integration processes.

In this technology, the traditional structures are H-plane directly coupled cavity filters
[44], as shown in Figure 2.1. These filters are based on half-wavelength resonators coupled
through shunt inductive irises symmetric to both E- and H-plane. There are also other kind
of irises that are only symmetric to the E-plane [45].

Figure 2.1: H-plane directly coupled cavity waveguide filter.

Different approaches are developed to reduce volume and mass [46]. For example, H-
plane filters loaded with dielectric posts inside the cavities that act as resonators (see Figure
2.2). They can be either cylinders or square posts passing completely through the guide,
with a stable permittivity for the operation bandwidth. At the operating frequency, most
of the electromagnetic energy is stored within the dielectric. This causes the fields outside
of dielectric worsen rapidly with distance. The resonance frequency is strongly controlled
by both the dimensions and the electric permittivity of the dielectric material, whereas the
quality factor is determined by the loss tangent of the dielectric.

Another topology for the coupling windows in rectangular waveguide filters consists of
inserting screws or posts in the waveguide. They can be metallic or dielectric and act as
inductive irises. The waveguide sections between the screws operate as half-wavelength res-
onators [38]. The operation principle is the same one that in the H-plane directly coupled
cavities filter, consisting of bandpass resonators separated by shunt inductive posts.

Evanescent H-plane filters are a breakthrough in the design of high-performance filters.
They are smaller and provide significant improvements in bandwidth rejection regarding di-
rectly coupled cavities filters [47,48]. These structures work below the cutoff frequency of
the waveguide. For theses H-plane filters, the single existing mode in the waveguide is an
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Figure 2.2: H-plane directly coupled cavity waveguide filter loaded with dielectric posts.

evanescent 7'Fqy mode. They can be obtained thanks to the insertion of capacitive elements
(metal or dielectric posts) introduced at appropriate intervals within the evanescent waveg-
uide as depicted in Figure 2.3. These elements act as resonators in the cutoff waveguide,
while the distance between them behaves as the coupling element [49]. The resonators can
be positioned centred or off-centred on the longitudinal axis of the filter. The off-center posts
enable crossed coupling between non-consecutive posts, allowing to implement transmission
zeros. The dielectric posts can also be made double, thus obtaining a different field distribu-
tion inside the structure [50].

Figure 2.3: H-plane evanescent waveguide filter loaded with posts.

The ridge waveguide [28] is an alternative that has lower cut-off frequency and greater
higher-mode separation than a plain rectangular waveguide of the same dimensions. A higher
monomode bandwidth can be obtained using this technique. The ridge waveguide is per-
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formed by adding conducting ridges along the longitudinal axis of the top and/or bottom
walls of a rectangular waveguide (see Figure 2.4).

Figure 2.4: Ridge waveguide.

Recently, in order to solve the problem of electric contact in the joints between the two
parts of a hollow waveguide when the frequency increases, Groove Gap Waveguide (GGW)
technology has been developed [21]. In this technology, electric contact between the two
metallic surfaces is not needed. The basic geometry of the GGW, shown in Figure 2.5,
comprises two parallel conducting surfaces separated by a small gap. One of them is a Perfect
Electric Conductor (PEC) surface, and the other one is a Perfect Magnetic Conductor (PMC)
surface. The PMC surface can be implemented by periodic metallic pins [5S1]. The waveguide
is formed inside the gap between the two surfaces. The gap is usually filled with air, but it
can also be, fully or partly, filled with a dielectric material.

All of the aforementioned waveguide filters have excellent behaviour, but usually there is
a slight deviation in the frequency response due to manufacturing tolerances. This deviation
can be corrected by using tuning screws to adjust the frequency response. However, the
problem of all these waveguide topologies is the difficulty to integrate the devices with power
circuits. In order to solve this problem, and due to the need for low-cost technologies with
high performance and suitable for mass production, planar technology (Printed Circuit Board
(PCB)) was arisen.

2.1.2 Planar filters

A planar device is manufactured by using a PCB. This structure consists of a conducting
strip on the top of a dielectric substrate and a metallic layer on the bottom of the substrate
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Figure 2.5: Layout of the Groove Gap Waveguide.

acting as ground. The field propagates in two media: the air and the dielectric substrate.
This technology has many advantages for implementing microwave filters, since it reduces
the volume, weight, and power consumption of telecommunications equipments.

There are several filtering topologies that can be implemented in a planar structure [52],
some of them are reviewed next.

One of the most common planar filter is based on end-coupled half-wavelength microstrip
resonators. The general configuration of these filters consists of a series of capacitively cou-
pled resonant elements. These resonators are open-end microstrip transmission lines of half-
wavelength [29], see Figure 2.6. The capacitive coupling from one resonator to the other
appears in the gap between the two adjacent open ends. In this case, the gap can be repre-
sented by admittance inverters. They tend to reflect high impedance levels at the extremes of
each resonator. This causes the resonators to exhibit a shunt-type resonance [53].

Input | | | | | | | [ Output

Figure 2.6: General end-coupled microstrip bandpass filter.

In order to have filters with a wider bandwidth than the described end-coupled microstrip
filters, there is an alternative consisting of parallel-coupled microstrip resonators. The general
structure of these microstrip bandpass filters uses half-wavelength line resonators positioned
parallel to each other along half of their length [30], see Figure 2.7. This parallel arrange-
ment gives relatively large coupling levels for a given spacing between resonators, hence the
bandwidth can be increased.
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Figure 2.7: General parallel-coupled microstrip lines bandpass filter.

For reducing the size and the loss of the previous filters, there are other topologies such
as the ones of the the hairpin filters. On the one hand, these filters are compact because
conceptually they are obtained by folding the resonators of the parallel-coupled lines filter
into a “U" shape [31], see Figure 2.8. However, to fold the resonators, it is necessary to take
into account the reduction of the coupled-line lengths, which reduces the coupling between
resonators. Also, if the two arms of each hairpin resonator are closely spaced, they operate
as a pair of coupled lines themselves, which can have an effect on the coupling as well. On
the other hand, they have lower insertion loss because the radiation field in folded resonators

is cancelled out [54].

Input [ | Output

Figure 2.8: General hairpin-line microstrip bandpass filter.

Another structure is the interdigital filter. This filter configuration consists of an array
of transmission line resonators, each one of them has a quarter-wavelength length at the
midband frequency [32], see Figure 2.9. The resonators are short-circuited at one end and



14 Theoretical basics of reconfigurable microwave filters

open-circuited at the other end, with alternative orientation. In general, the physical dimen-
sions (length and width) of the resonators can be different. Coupling is achieved by means of
the fringing field between adjacent resonators.

less than a quarter-wavelength by the presence of the capacitors [33].
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Figure 2.9: General interdigital bandpass filter.

One step further on planar filters is the design of combline filters. In this topology, the
resonators consist of transmission line elements short-circuited at one end and terminated

with a lumped capacitance at the other one, see Figure 2.10. The resonators length will be
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Figure 2.10: General combline bandpass filter.



2.1 Microwave filters 15

Finally, the last presented topology is the stub filter [34]. These stubs can be shunt
short-circuited stubs of a quarter-wavelength length or shunt open-circuited stubs of half-
wavelength length, see Figure 2.11. These stubs act as resonators and they are connected by
transmission lines of a quarter-wavelength length for short- and open-circuited stubs.

Inppterrneinom&oeno oo oo — Output

Figure 2.11: General bandpass filter with stubs.

However, all of these planar filters have worse performance than waveguide technology
filters, such as high loss, low quality factor, and hence low filtering selectivity. In order
to overcome weaknesses and limitations of both waveguide technology and planar circuit
technology, and to ease the integration between both technologies, a new generation of high-
frequency integrated circuits was proposed: Substrate Integrated Circuit (SIC).

2.1.3 Substrate Integrated Circuits

In 2001, an ingenious and revolutionary concept known as Substrate Integrated Circuit
was proposed [2]. The foundation of the SIC is to synthesize non-planar structures with
planar dielectric substrates. Within this large family of integrated circuits, the Substrate Inte-
grated Waveguide (SIW) can be found.

SIW is a mixed technology waveguide-printed circuit which solves perfectly the short-
comings associated with traditional technologies. It integrates a rectangular waveguide in a
planar substrate [2]. This is an “artificial" waveguide synthesized by two parallel rows of
metallized via holes, joining two planar conductors separated by a dielectric substrate, see
Figure 2.12. If the pitch between consecutive posts is smaller or equal to twice the vias di-
ameter, the leakage loss is negligible. In this case, the SIW can be replaced by an equivalent
rectangular waveguide filled with dielectric of permittivity &,.

SIW combines the best features of both metallic waveguide and planar structures. It re-
spects the original specifications of the waveguide filters but getting integrated structures,
which are much smaller, significantly cheaper, and easier to manufacture. The SIW devices
have lower loss and higher quality factor than their equivalent ones in traditional planar tech-
nologies. In addition, the synthesis of SIW enables the efficient realization of broadband
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transitions with planar circuits [4,55]. So that, the integration of planar circuits and SITW cir-
cuits in the same substrate can be achieved using a low cost planar technique production [56].
Moreover, SIW structures have the advantage of fast full-wave simulation, as PEC bound-
ary conditions can be applied during calculations. This is not possible for open structures,
where a radiation boundary condition is necessary. This fact considerably reduces the com-
putational time, which is of great importance during optimization in the design process.

Figure 2.12: Layout of Substrate Integrated Waveguide.

The filter topologies that can be used in this technology are the same ones employed with
rectangular waveguides [57]. The traditional H-plane directly coupled cavities filter is the
most extended topology, where cavities and irises are performed by equispaced metallized
via holes. Different shapes of these cavities are proposed in the bibliography: the classical
rectangular ones [58], circular cavities [59], hexagonal cavities that combine the flexibility of
rectangular cavities and the performance of circular ones [60], or isosceles triangles [61].

Evanescent H-plane filters can also be implemented in SIW techonology [62]. These
filters have better performance in spurious suppression and smaller size than conventional
coupled cavities SIW filters.

Recently, a new technology has appeared, the Empty Substrate Integrated Waveguide
(ESIW) [5], which is an improvement of SIW. In this case, the body of the waveguide is
performed by emptying a rectangular hole in a planar substrate, which is metallized. So, the
side walls are continuous metallic walls instead of rows of metallized via holes, see Figure
2.13, a top and a bottom metallic covers close the three layered structure. The electromagnetic
field travels in the vacuum confined by upper, lower and lateral metallic walls.

The absence of substrate, increases the quality factor and selectivity of the devices, so
that, the performance of the ESIW is very close to that of the rectangular waveguide. More-
over, the advantages of low cost, easy manufacturing, and integration with planar circuits are
maintained.

The design equations of waveguide technology for filter design [53] can be used, since
ESIW is a perfect rectangular waveguide embedded in a PCB. The method based on equiv-



2.1 Microwave filters 17

Figure 2.13: Layout of an Empty Substrate Integrated Waveguide.

alent circuits with inverters and resonators for designing H-plane directly coupled cavities
filter is widely used for this structure.

Following the same idea, an empty coaxial line integrated in a substrate is proposed in
[36], the Empty Substrate Integrated Coaxial Line (ESICL). This coaxial line is entirely built
using PCBs. The integration of a coaxial line into an empty substrate permits to obtain
non-dispersive and shielded lines with low loss, low radiation, and suitable for wideband
applications. The layout of this structure is depicted in Figure 2.14.

Figure 2.14: Layout of an Empty Substrate Integrated Coaxial Line.
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In order to design filters with this configuration, the traditional wideband bandpass filters
with planar lines can be applied [52]: the resonators of the filter are implemented with shorted
stubs of a quarter-wavelength length. These resonators are coupled through impedance in-
verters, which are synthesized with quarter-wavelength length line sections.

A common problem for all of them (waveguide, planar structures and SICs) is that the
manufactured device may not have the desired frequency response. This may be caused by
the manufacturing tolerances or by the electromagnetic features of the employed materials.
Therefore, it is desirable to tune the device response after manufacturing, that is, to adjust the
center frequency and the bandwidth to meet the initial specifications.

Additionally, all the filters mentioned so far are designed to operate at a single frequency
and bandwidth. The tuning only allows adjustment of the frequency response to meet specifi-
cations, i.e, they cannot change the electromagnetic response over a certain frequency range.
These filters do not have the ability to reconfigure their operating parameters, i.e. center
frequency and bandwidth.

In the high demanding communication systems scenarios, it is useful that the main fil-
ters features can be adjusted in a controlled manner, such as the center frequency, bandwidth
and/or selectivity, thus replacing the need for multiple devices and improving system relia-
bility as a whole. In addition, this permits reduction in size, weight, complexity and cost of
the systems. Since the reconfiguration feature of filters is one of the fundamental pillars of
this work, different possibilities to achieve a reconfigurable filter are studied below.

2.2 Reconfiguration methods

For reconfiguration in SIW technology, different elements can be used, as integrated elec-
tronic devices or tunable materials [6].

On the one hand, the use of discrete electronic components has been popularized due to
advances in packaging and miniaturization, which allow its integration in RF devices.

e PIN Diodes. They are semiconductor elements [7] that can act as a variable resistor in
RF frequencies. Its resistance varies as a function of the applied voltage. On the one
hand, if the PIN diode is in forward bias mode (positive voltage), it is equivalent to a
series resistor with a small inductance behaving as a short circuit. On the other hand,
if the PIN diode is in reverse mode (negative voltage), it is equivalent to a capacitor in
parallel with a resistor behaving as an open circuit.

In [8, 9], posts are introduced inside the SIW cavities to achieve a fully tunable filter.

There is an optimum location for the posts that provides fine tuning and allows adapta-
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tion of several states. Such requirements are achieved by connecting and disconnecting
the posts to the top metal layer of the SIW. The PIN diodes located in this layer are
responsible for that switching task. To achieve this switching a Direct Current (DC)
with different polarization is applied to the diodes. The activation of the posts in a
symmetrical way achieves a greater tuning range.

e RF MEMS. Radio Frequency MicroElectroMechanical Systems are actuators that can
change certain parameters using the mechanical movement of certain microscopic parts
of the device, which is activated by an electric signal [13]. They can be used for ohmic
or capacitive contact with the RF circuit.

RF MEMS have some advantages regarding PIN diodes, as lower insertion loss, higher
isolation, lower DC power consumption, and relative power handling [6]. However,
there are some disadvantages, as higher cost, lower reliability, and high activation volt-
ages.

In [14], RF MEMS are used as variable capacitors to change the electric length of
the filter stubs and, consequently, the central frequency and the bandwidth. In the
case of SIW technology, its usage is similar to PIN diodes. For instance, in [15], a
tunable filter is developed by using via-posts and RF MEMS switches placed at various
locations within the cavities. To change the resonance frequency of the cavity, the
tuning posts are connected and disconnected from the top wall, by properly closing RF
MEMS switches. This provokes a cavity field perturbation that changes the resonance
frequency.

e Varactor Diodes. They are variable capacitors whose capacitance can be controlled
through a bias voltage. As in previous cases, one or some varactor diodes are inserted
in the cavity of a filter for tuning it. This diode is connected to a variable DC voltage.
Depending on the applied voltage, the capacitance varies and, therefore, the resonance
frequency, as developed in [10,11]. They can also be used for other microwave devices
as phase shifters [12].

On the other hand, the employment of tunable materials avoids the drawback of the place-
ment of discrete elements over a circuit. These materials change their electromagnetic prop-
erties (permittivity, permeability or conductivity) when a bias electric or magnetic field is
applied.

e Ferrite Sections. Ferrite slabs are used in recent years for designing many compo-
nents, such as phase shifters [63], isolators [64], tunable filters [65], and so on. In
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these components, a small section of ferrite is introduced, on which an external mag-
netic field is applied. This produces a variation in the inductance of the ferrite and
thus a variation in the parameters of the device (propagation constants, resonance fre-
quency, etc.). Hence, devices can be reconfigured only by applying a DC bias field
to the ferrite section. This reduces the complexity of the control system compared to
traditional methodologies. This approach has numerous applications in advanced RF
devices whose essence is stability and simple tuning.

In [66], a ferrite-loaded SIW switch is proposed. It consists of rectangular ferrite slabs
loaded on the sidewall slots of a SIW. When a DC magnetic bias is applied to the
ferrite slabs, the equivalent width of the ferrite-loaded SIW is changed, contributing to
the tuning. In [67] and [37], the same principle is used for designing a tunable resonator
and a bandpass filter, respectively.

e Liquid Crystal. LC is a material that can change its permittivity when an electric
or magnetic field is applied. LC is located in the cavities of the filters, in order to
reconfigure their electromagnetic response. By applying an electric or magnetic field,
the permittivity of the LC varies and therefore parameters such as central frequency
and bandwidth change. In [16-19], LC is used for developing phase shifters or tunable
resonators.

Moreover, a combination of different tunable methods can be used. In [68, 69], a com-
bination of varactors and ferrites is used inside a SIW cavity. By applying a bias voltage in
the varactor and a current in the ferrites, several parameters are improved at the same time.
This enables greater control over parameters such as resonance frequency, bandwidth or the
phase-shift of the resonator.

In this work, the method that has been chosen for implementing the reconfiguration fea-
tures is the LC, thus a depth review of this material is done next.

2.3 Fundamentals of Liquid Crystal

Liquid Crystal (LC) is an anisotropic liquid material that presents an intermediate matter
state between crystalline solids and isotropic liquids, called mesophase. In this state, the LC
mixtures designed for the telecommunications sector present a series of properties of molec-
ular mobility. These properties, together with their dielectric anisotropy, allow to adjust their
dielectric permittivity within a range of continuous values, by using an electric or magnetic
biasing signal.
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The reason of these properties is due to the inner construction of the LC molecules, in par-
ticular its great asymmetric shape [3]. These organic molecules present asymmetry between
their two main axis, having a rod-like shape (calamitic LC) or a disk-like shape (discotic LC),

as shown in Figure 2.15.
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Figure 2.15: Molecules of the two main types of LC used in telecommunications applica-
tions. (a) Calamitic LC . (b) Discotic LC.

In this section, the fundamental properties of the calamitic or rod-like shape LC are pre-
sented, since they are the most commonly used in telecommunications applications.

As mentioned before, the characteristics of the mesophase state provide multiple proper-
ties for implementing reconfigurable microwave devices, since this state has certain features
from solid and liquid states.

On the one hand, in the crystalline solid state, the molecules present great intermolec-
ular forces that hold them together in a well defined position (positional order) and have a
tendency to maintain an orientation (orientational order).

On the other hand, when the temperature increases, the matter transforms into a liquid
state, where the molecules can freely move, thus not presenting either positional or orienta-
tional order.

LC presents, within a certain temperature range, an intermediate state where the molecules
still have orientational order but no positional order. Thanks to the asymmetry of the molecules,
the matter presents non-homogeneous intermolecular forces in all directions of space. This
allows the molecules to freely move in certain dimensions like a liquid, but prevents their
rotation in certain axes, since the molecules lay down on each other, limiting the movement
and causing an orientation in a specific direction as in the crystalline solid state.

Since the properties of this type of material are mostly caused by the characteristics of its
molecules, it is interesting to know their parts and their implication in the different properties.
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The molecules of an LC of calamitic type are formed by three well differentiated parts (see
Figure 2.16), which allows to obtain the orientational and positional orders, while enabling
the orientation with an electromagnetic field.

e Head: the molecule has a permanent dipole in its upper part. This enables the induction
of an electrostatic force that can rotate the molecules of an LC bulk in the direction of
this field. In short, this head gives the ability to control the pointing direction of the
molecules of a volume of LC by the application of an electric or magnetic field.

e Core: the head is attached to a rigid core of a cylindrical shape, which provides a high
orientational order. The molecules, minimizing the total matter energy, tend to stack
in parallel, although they can rotate around, and move along the direction of their long
axis.

e Tail: the molecule has a flexible tail that diminishes intermolecular forces in certain
directions, thus increasing the freedom to move in different directions. This provides a
low positional order to the matter. Without this part, the matter would simply transform
from crystalline solid to isotropic liquid without the mesophase state.

In conclusion, the rigid parts favours both orientational and positional orders while the
flexible parts do not. With balanced rigid and flexible parts, the molecule exhibits LC phases.

Figure 2.16 shows a typical calimitic LC molecule: the three parts of the molecule, the
chemical formulation and a graphic representation of the 4-Octyl-4-biphenylcar- bonitrile or
CH;3(CHy);CsH,CsH,C'N LC molecule. The biphenyl is the rigid core and the hydrocar-
bon chain is the flexible tail.

Each part of the the molecule is essential to achieve the mesophase state. On the one
hand, a high asymmetric core would result in a significant increase in the positional order
(restricting the molecule orientation), and a high symmetrical core would result in a decrease
in orientational order. On the other hand, a too flexible tail decreases the orientational order,
but a rigid one increases the positional order.

The same LC presents different intermolecular force distributions as a function of the
temperature. These states are considered subphases within the mesophase. In the specific
case of calamitic LCs there are two phases: smectic and nematic. The smetic phase appears at
a lower temperature than the nematic one and, the particles are oriented by domains or zones.
The nematic phase is the common and simplest LC phase. In this case, at the macroscopic
scale, the long axes for all the molecules are oriented in one direction, designated by a vector

called director 77 .
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Figure 2.16: Calamitic LC molecule. (a) Scheme of the three parts of the molecule. (b)
Schematic formulation. (c) 3D representation of the molecule.

In practice, nematic LCs are used, since it is possible to control the orientation of their
total set of molecules. However, both the mesophase and its nematic subphase are limited in
temperature, hence an important characteristic to take into account in the choice of an LC is
precisely its temperature range in the nematic phase.

2.3.1 Polarization and dielectric anisotropy

The shape of the molecules of the LC does not only allow them to have a mesophase
state, but also having different values of permittivity depending on their orientation. This
anisotropy of the material can be explained in a very graphic way regarding the distribution
of charges that are induced in the LC molecules under the presence of an electric field, since
the mechanism of dielectric polarization that predominates at microwave frequencies is the
polarization by dipole alignment.

As illustrated in Figure 2.17, the application of an electric field to two LC molecules
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oriented perpendicularly, would cause the movement of the free charges of their core. This
movement will excite a dipole moment in opposition to the field that has created the charges.
In an LC volume, as depicted in Figure 2.18, the interaction of the sum of each dipole moment
with the electromagnetic field that has created them is modeled in Maxwell Equations as
dielectric permittivity. As can be seen in Figure 2.17, these dipole moments are clearly
different in the two orientations of the molecule. The dipole moment excited in a molecule
oriented parallel to the electric field is greater than the one excited in a molecule oriented
perpendicular to the electric field [70]. This difference in dipole moments (relative orientation
between the molecule and the electric field) is translated into different values of dielectric

permittivity and, therefore, in the dielectric anisotropy.
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Figure 2.17: Induced charges distribution in an LC molecule by the presence of an electric
field in its main axis. (a) Minor axis. (b) Major axis.
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Figure 2.18: LC bulk in its two extreme polarization states or dielectric permittivity. (a)
Perpendicular dielectric permittivity (¢, ). (b) Parallel dielectric permittivity (¢, ).
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Since the permittivity of an LC material depends on the orientation of its molecules with
respect to the electric field, two extreme permittivity values can be defined.

On the one hand, the propagation of a wave whose electric field ﬁ is orthogonal to the
director 7 (see Figure 2.18(a)) will result in the lowest extreme permittivity. This is the
relative orthogonal dielectric permittivity, €, .

On the other hand, a wave with a polarization of the electric field B parallel to the director
T (see Figure 2.18(b)) will result in a higher permittivity value. This is the relative parallel
dielectric permittivity, €.

Any change in the direction of propagation or polarization of the field will result in a
relative intermediate value between the two extremes. With these parameters, the dielec-
tric anisotropy of the material is defined in (2.1) as the maximum variation of the dielectric
permittivity.

Ae =, — &1 (2.1)

This property, together with the positonal and orientational orders of the molecules of the
LC in mesophase, provides a material with tunable permittivity.

2.3.2 Alignment methods

As mention before, the dielectric permittivity depends on the angle between the director
7 and the electric field ﬁ For that reason, it is necessary to have a mechanism for con-
trolling the direction of 7, i.e., the LC molecules must be properly oriented to get a tunable
dielectric material.

For illustrating the methods to align the LC molecules to achieve different states, a cell of

LC formed by two parallel plates is used. The scheme is shown in Figure 2.19.
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Figure 2.19: Scheme of a Liquid Crystal cell.

There are two alignment methods:
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e Alignment by surface anchoring. The surface anchoring consists of a set of micro-
scopic grooves performed on the inside walls of the containers of the LC bulk. If these
grooves have the optimal size, distribution and direction, the LC molecules will tend to
stack on these grooves to decrease their free energy, inducing an anchoring force that
allows a uniform orientation throughout the entire volume of LC.

There are two types of alignment by surface anchoring, either parallel (homogenous
alignment) or orthogonal (homeotropic alignment) to the surface. The choice depends
on the requeriments. In the scope of this work, the first one will be used. For the
construction of this alignment layer, these grooves can be made directly on the sup-
porting material surface (glass, plastic, copper...) rubbing with some fabric like cotton.
Nevertheless, this generates an anchoring force too weak (10~ J/m?) for the handled
volume [3]. Therefore, the material is usually spin coated and cured with polyimide
and then, the anchoring surface is created on the polyimide by rubbing with velvet.
This material is not only more resistant than the background material, but rubbing with
velvet creates very effective microgrooves and the polymer chains are aligned increas-
ing the anchoring force in two orders of magnitude [3]. The thickness of the polyimide
layer is very important, since a thick layer will affect the RF signal, and a thin one will
result in a low anchoring force.

e Alignment by electromagnetic fields. This technique consists of applying a very low
frequency electric field or a static magnetic field to orient the LC molecules. These
fields must be high enough to induce forces in the permanent dipole moment of the
molecules for orienting them. The electric field amplitude needed for the alignment
of a small volume of LC would be around 30 kV/m [23]. The magnetic field is rarely
used, especially for LC devices, because of the need of heavy and bulky magnets.

These techniques only allow to orient the LC in one direction and not in a continuous
set of directions to obtain reconfiguration. For this reason, a combination of both methods is
usually employed. Figure 2.20 shows a typical LC cell formed by a layer of nematic LC, the
molecules are represented as ellipses and they are confined between two conductive parallel
plates separated by a height 4. Considering that the conductive plates are perfectly covered
with treated polyimide, it can be assumed that the director 70 is oriented in the direction of
the grooves.

When applying a low frequency or static electric field to the conductive planes of the
cell of Figure 2.20(a), a force is induced in the molecules to rotate them in the direction
of the field. This force finds the resistance of the dipole—dipole intermolecular interactions
which is strong. In other words, the local electric field on a molecule is the sum of the
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Figure 2.20: Process of alignment change with EM bias field.

externally applied electric field and the electric field produced by the dipole moments of other
molecules [3]. If the applied field is not high enough, the molecules will mantain their initial
position determined by the anchoring force of the alignment layer. The threshold voltage is
known as the threshold voltage of Fréedericksz, and follows equation (2.2):

T K22
Ey = — 2.2
= V eoAe 2.2)

where h is the height of the LC cell, K, is the elastic constant of Frank [71], ¢ is the vacuum

permittivity and Ae is the LC anisotropy.

When the applied voltage is above the threshold, the molecules start rotating in the di-
rection of the applied voltage until the energy is minimum. When the applied bias voltage is
increased, the alignment by the external field dominates and the angle between the director
7 and the bias voltage decreases, achieving a saturation state (molecules are parallel to the
electric field).

It should be noted that the anchoring force that opposes to the electric field is not dis-
tributed uniformly throughout the cell. Nevertheless, this force is more intense the closer the
molecules are to the alignment layers. This makes the orientation of the molecules of the LC
not homogeneous throughout the entire height of the cell, as shown in Figure 2.20(b).

With this mechanism, an RF signal with the electric field in direction z will find, in

absence of polarization voltage, the lowest permittivity value, i.e., the orthogonal permittiv-
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ity €, (Figure 2.20(a)). When the polarization voltage increases (Figure 2.20(b)), the RF
wave will find the highest permittivity, a value similar to the parallel permittivity €, (Figure
2.20(c)). This feature can be used to design devices with a reconfigurable response.

For new LC mixtures, the dielectric permittivity values are not well defined in the bibli-
ography at microwave frequencies. For this reason, a goal of the thesis is the characterization
of this material for its usage in microwave devices. A review of the available methods for
the dielectric characterization of materials, together with its applicability for LC materials, is
done below.

2.4 Dielectric characterization methods

The dielectric permittivity is the constant that models how an electric field affects and
is affected by the matter. The interaction of matter with electromagnetic fields may result
in the variaton of permittivity. In the microwave range this phenomena is mainly caused by
dipolar relaxation, and the absorption peaks in the infrared region and above are mainly due
to atomic and electronic polarization [72]. The main mechanism of dielectric polarization at
microwave frequency is dipole polarization.

Throughout this section, the main electromagnetic characterization methods of materials
will be analyzed. In particular, the dielectric characterization of LC. These methods are
usually organized regarding the electromagnetic structure used, thus obtaining a classification
of four categories: parallel plates, coaxial probe, transmission line and methods based on
resonant cavities.

The LC is an anisotropic dielectric material, thus its characterization requires to obtain,
at least, its two extreme polarization states. That is, a complete dielectric characterization

of this material requires the calculation of real and imaginary parts of its permittivity ¢, =

/
rl

not a problem, since its molecules are kept oriented in a fixed direction. However, in the LC

et jz—:;’H and ¢,; = ¢/, + je!',. In an anisotropic crystalline solid this characterization is
material some mechanism of alignment or polarization of its molecules must be implemented.
Linearly polarized electric fields in a well-defined direction are needed to obtain the results
of permittivity in both axes of the material.

2.4.1 Parallel plates method

This method, shown in Figure 2.21, is based on a capacitor formed by two parallel plates
separated by the material that must be characterized (height /). The capacitor capacity (C')
shows a linear dependence with the permittivity (¢,) and the area of the its plates (A) so, to
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measure the capacity and solve for the permittivity, equation (2.3) can be used.

e, =(C-h)/A (2.3)
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Figure 2.21: Schematic overview of parallel plates for characterizing LC permittivity.

Although this method of measurement is simple, cheap and fits perfectly to the geometry
of an LC cell, it has several drawbacks. The capacity equation considers that the electric field
is constant between the parallel plates. This assumption is only valid up to 1 GHz, which
greatly limits its application scope. Moreover, the field used to measure the permittivity of
the material is low frequency and, depending on its intensity, it could rotate the molecule in
the measurement process by switching the state of the LC. This would make impossible the
characterization of the dielectric anisotropy.

The simplicity of this method has led the manufacturers to use it to characterize LC at
very low frequency values. Since manufacturers usually provide this value in the data-sheets,

the analysis at low frequency is not necessary.

2.4.2 Coaxial probe method

This measurement method uses a coaxial cable terminated in open circuit, like an antenna
that radiates a wave over the material to be characterized, as shown in Figure 2.22. The
permitivity and/or permeability of the material is obtained from the analysis of the reflec-
tion experienced by the wave. This reflection is analyzed through the measurement of Si;
parameter with a Vector Network Analyzer (VNA). The analysis bandwidth is limited to the
bandwidth of the coaxial cable, which centers its operation range between 1 and 50 GHz.
This makes it a good method to characterize materials in a wide bandwidth.

A solid coaxial cable can be introduced in the liquid of a container, which makes it one
of the most used methods for the characterization of non-corrosive liquids. However, this
method is not suitable for the measurement of materials with high or medium loss, such as
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Figure 2.22: Outline of a coaxial probe used for measuring the LC permittivity.

LC, since the precision of the measurement decreases with the increment of the material loss
due to the low efficiency of the coaxial cable as an antenna.

In addition, the characterization of LC with this method would require the preparation
of two cells with orthogonal alignment layers to characterize the two states of polarization.
An alignment layer to orientate the molecules radially to the coaxial cable, and another that
orientates them perpendicularly. So that, the electric field lines and the LC molecules are
arranged parallel and orthogonally, respectively. This layer of alignment is not only very
difficult to implement, but any variation of the coaxial position introduces large deviations.
These disadvantages advise against the use of this method for the characterization of the

anisotropy of LC.

2.4.3 Transmision line method

This method uses a transmission line or a waveguide. These lines are partially or fully
loaded with the material to characterize. It is possible to analyze the electromagnetic proper-
ties of the material: permittivity, permeability and losses, by studying the tranmision and/or
reflection parameters measured with a VNA and knowing the materials and dimensions of
the guide.

This method is one of the most used for the characterization of LC mixtures. In the
bibliography, there are examples that use different types of transmission lines: planar lines,
such as the inverted microstrip [73], coaxial lines [74] and some types of SIW [75].

«— Upper plate
«— Lower plate
Figure 2.23: Schematic overview of an inverted microstrip. In green the supporting substrate,
in yellow the conductive copper (line and ground), and in blue the spacers.
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The most popular is the inverted microstrip (depicted in Figure 2.23), which is composed
by an LC cell on which a conductive material has been deposited, usually copper, to shape the
line and the ground of the microstrip. The supporting material is typically glass. The use of
glass allows to verify optically the presence of bubbles and the correct orientation of the LC
molecules created by the alignment layer. Another solution is the use of conventional sub-
strates for microwave circuits (PCB), since they are perfectly characterized at the frequencies
of interest. Nevertheless, these materials are not transparent and do not allow to observe the
correct filling of the device.

An alternative line used for the characterization of LC is the circular coaxial line. How-
ever, as in the case of the coaxial probe, it presents a serious problem with its electric polar-
ization. The parallel and perpendicular states correspond to the orientation of the molecules
radially and longitudinally. This is difficult to get since the cylindrical surface makes impos-
sible the application of an anchoring layer. For this line, toroidal magnets or coils around
the coaxial line are used to induce a magnetic field high enough to polarize the LC in its two
positions [24,74].

These methods have been widely used to characterize LC materials because they can get
results in a relatively large bandwidth, normally related to the mono-mode bandwidth of the
line. However, the precision of the obtained results is not very high for materials with low
or medium loss, since it is difficult to discern among the different sources that introduce
loss (deposited metal, glass or substrate, LC loss). Moreover, in most cases, the method
requires a complex design of the polarization networks (biasing), and the manufacturing of
these transmission lines is not trivial, requiring a high analysis and design effort.

2.4.4 Resonant cavities method

In the methods based on resonant cavities, the material is part of a resonant structure,
hence its electromagnetic properties can be characterized thanks to the resonant properties of
the measured structure. The dielectric properties of the material can only be characterized at
one or a few discrete frequencies, corresponding to the resonance frequency of the different
modes of the structure. However, these methods are widely used due to its great accuracy and
sensitivity [72].

These methods are usually classified into resonant methods and perturbational methods.
In the first ones, the material is the resonator itself, or an important part of it, and the proper-
ties of the sample are determined with the resonant properties of the set. In the perturbational
methods, the material is not part of the resonator, but it is introduced in some way inside it.
The electromagnetic properties of the material are calculated making use of the deviations in
the resonance properties of the structure.
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In [76] a rectangular cavity perturbation method is proposed for characterizing a polyte-
trafluoroethylene (PTFE) tube filled with LC, and in [77, 78] a split-post dielectric resonator
technique is used for characterizing LC mixtures in silicon cells. There are also examples of
resonator methods in planar structures as in [79], which uses a patch resonator.

The great possibilities offered by these methods make them optimal for characterizing
the different LC mixtures. Since for the characterization of LC mixtures the resonant cavity
method is used in this work, it is explained in depth in chapter 4.



Chapter 3

Analysis and design of filters based on
alternating dielectric line sections

As mentioned before, Substrate Integrated Waveguide (SIW) technology [2] and H-plane
directly coupled resonant cavities topology are widely used for the implementation of filters.
Their design combines resonant cavities and impedance inverters. These impedance inverters
are implemented by means of coupling windows whose width values change depending on
the desired impedance value [38].

Nevertheless, this is only a way to implement the resonant inverter topology. Recently,
the preliminary research of a bandpass filter based on a periodically drilled SIW structure has
been proposed in [80], where perforations in the dielectric substrate allow to reduce the local
effective permittivity, thus creating waveguide sections below cutoff.

In this chapter an alternative solution to the previous layout is proposed. It consists of
alternating waveguide sections with and without dielectric material, keeping constant the
width of the whole structure. In other words, for reducing the permittivity of the sections
below cutoff, they are completely emptied instead of perforating some holes. The empty line
sections implement immittance inverters and the dilectric filled lines act as resonant sections.
This allows to study the variation of the frequency response of a filter when it is filled with a
dielectric material in alternative sections.

There are several commercial tools, like Ansys HFSS and CST Studio Suite, based on
numerical methods that enable to carry out the analysis and design of these structures, but
they require a very high computational time during the analysis process. This negatively
affects the automated design of these devices, since the optimization process of the design
requires a huge number of iterations for the analysis of the structure. In order to solve this
problem, firstly, an efficient and accurate multimodal analysis method of the device has been
developed. Moreover, its efficiency and accuracy have been compared with a commercial
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software. Afterwards, the filter layout is depicted and the tool is used for designing a proto-
type that is finally manufactured and measured. Finally, the out-of-band response is analyzed
in depth, and two more filters are manufactured to prove the behaviour of the rejected band
for the new proposed topology.

3.1 Analysis of the filter

The developed method allows calculating the scattering parameters matrix of one filtering
structure based on alternating dielectric line sections considering M modes. This multimodal
scattering matrix gives, for each mode or solution of the wave equation of the electromagnetic
fields, the transmission and reflection parameters of the structure, i.e. its electromagnetic
behaviour.

The device under analysis is considered as a waveguide with N different sections of
length [ and N — 1 dielectric discontinuities as shown in Figure 3.1. On the one hand, the
sections filled with a dielectric material, <,, which are the odd sections in the figure (except
the first and the last one that are the input and output sections) behave as resonant cavities.
On the other hand, the empty sections, €y, (even ones in the figure) are the coupling sections.

For the analysis, the input and output normalized electric and magnetic fields are defined
for each section and mode. At each discontinuity, the continuity of electric and magnetic
transverse fields is forced for the M considered modes, obtaining 2(N — 1) equations for
each mode. These equations are solved recursively obtaining the relationships between the
input and output voltages of the first and last sections. The relations of these normalized
voltages determine the scattering matrix (S) of the whole device.

1 2 3 4 N -1 N
Vn—i_(l) VT;L*‘(N)
a Vr;(l) Ep €0 Ep €0 . €0 £, VT;(N)
[r(;) i\ [7(nN)
B s 4 N S N
; A\ [N 1
| : : : R : :
@ @ e e @ CIN=1) 0 p(N)

Figure 3.1: Alternating dielectric line sections waveguide filter and its reference system.
In gray the dielectric filled resonant line sections. In white the empty coupling line
sections.
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Since both the geometry and the excitation are invariant in height (axis ), for the analy-
sis, only T'F,,o modes are considered. Furthermore, although there are infinite modes, only
the first M modes (ordered according to increasing value of each cut-off wavenumber) are
selected.

The electric (ﬁﬁ“) and magnetic (ﬁﬁ“) transverse fields for these T'FE,,,o modes of each
section ¢ of the waveguide are defined by (3.1) and (3.2), respectively [81].

M
EP =S V()20 () 3.1)
m=1

M
2O =3 1970 (@) (3.2)
m=1

where V;{)() and I\ () are, respectively, the amplitude of the E-field and H-field compo-
nents of the m-th mode of the i-th waveguide i;action composed by the incident (V;, (z)) and
reflected field (V,,, (z)). Additionally, ?ﬁﬁ) and h %) are the m-th modes in the ¢-th section:

Vrg) (Z) — ni‘(i)ef'y,(,i)z + VT;(i)e’yy(yiL)z
(3.3)
—(4) . [az{D
210 = —gy/Z s (222)
i (@) (2) =) @)
I7(rzl) z) = V’; e ImE Vin__ erm =
&) =" 7
(3.4)

In these equalities:

— m and 7 are, respectively, the index of the correspondent guided mode and the index of
the section.

— M is the number of guided modes.

— a is the width of the structure. In the structure considered in this work a is the same for
all the sections <.

- ZéQL is the modal characteristic impedance of the T'E},, mode in the i-th section.

- %(7? is the propagation constant of the 7'F,,,o mode in the i-th section.

These expressions are the result of the solution of the basic electromagnetism equations
in a rectangular waveguide [81].
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For an even section, the dielectric permittivity of the medium is that of the vacuum (&),
but in odd sections, there is a different dielectric (g,.), so that:

dup for even i
X Ym
Zip, = (3.5)
J o5 for odd ¢
Ym

2
2n ( o ) -1 for even i

2o 2a/Xo
" = (3.6)
2
?\—75 <_2a77,\0> — &, for odd i

In these equalities:

— w is the angular velocity.

—  is the magnetic permittivity of the medium (in this case p=p).

— Ao is the wavelength of the electromagnetic wave in the vacuum.

After the analysis of these equalities, the next problem is obtained:

— 2N unknowns, since there are Vi @ and Vin @ fori = 1,2,...N

— 2(NN —1) equations, since transverse fields continuity is forced, in N — 1 discontinuities

There are 2(N — 1) = 2N — 2 equations for 2N unknowns, so Vit and Vi, ™ have to
be figured out. They are given by:

V) = ZAD M) 4 ZLN) (V) (3.7)
V) — Z(ND )y 7 (NN) p(N) (3.8)

where Vn(ll), l}(,p depends on Vir (1), Vi (1), in addition VTEN), L%N) depends on Vir (N), Vin (V)
as seen before.

To obtain the S matrix, Vir (N), Vin ™) have to be related with Vir (1), Vin ) by forcing
continuity of electric and magnetic transverse fields on each discontinuity.

As € (2, y) and €, (z,y), as well as ﬁm(x, y) and ﬁn(x, y), with m##n are orthogo-
nal, when the equalities of electric and magnetic fields are scalarly multiplied by h (z,y)
and ﬁn(x, y) respectively, it is obtained:
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Doing (3.9) + (3.10)-Z4) and (3.9) — (3.10)-Z{"V):

an(iﬂ) . Vg(i)
(Vm(i+l) =AY p 0 (3.11)

where

(3.12)

@) 7(i Z(H_l) ©) (i Z(H—l)
g1 (1 - S | [ (14 S
ZOm ZOm

The number of discontinuities is a multiple of 2 and N is odd, since the first and the last
mediums are different from vacuum. The relation between the input and output waves in the
first and last section is:

Vm Vyj{(l)
( ) H FNCRVNC ( ) (3.13)

1

~~

Am
The resulting A,, is a 2 X 2 matrix of elements a1, ai2, as; and ass . As mentioned
before, the scattering matrix (S) relates the input and output voltage waves [1], considering
the diagram in Figure 3.1, the values of the elements of this matrix can be expressed as:

V*( —51V +312v

(3.14)
Vm = 521Vm + 322Vm

By operating the expression (3.13) in order to get similar equations to (3.14), it is obtained
that:

— ~~

S11 512
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VT:(N) = a1 — CL126L2_21CL21 Vni_(l) + CL12CL2_21 Vn:(N) (316)

Vv
521 522

By comparing (3.15) and (3.16) with the equations in (3.14), the values of the matrix S,,
may be determined, as indicated in the above expressions. Thus, each mode of the S matrix
is finally expressed as follows:

Sm:< —a2_21a21 ‘ 02_21 ) (3.17)

-1 -1
a11 — Q12095 A21 ‘ 12099

The multimodal S matrix can be written as:

st o s o ... 0

0 sV 0 0 s 0
. .
0 S0 |0 sS20
g_|_0 0 syYl oo 0 s G18)
S sBY o 0o [P o 0 '

0 s 0| 0 7
0 s 0 |0 @20
0 .- 0 2V 0 .. 0 s

This matrix is 2M x 2M, since each block is composed by one M x M matrix. Moreover,
they are diagonal matrices, so S is a tri-diagonal matrix (composed of 4 diagonal matrix
blocks).

3.2 Design method

In this section the design process is described in detail. The filter is designed forcing the
structure to match the behaviour of an ideal network composed by resonating sections (of
half-wavelength length) plus inverters (or coupling sections), as shown in Figure 3.2.

This is a classical representation of an ideal filter prototype, as it is detailed in [53],
where the expressions for computing the values of all the involved network elements (in
order to implement, in this case, a standard Chebyshev response with constant ripple in the
pass-band) can be found.

In the proposed structure, the function of the ideal impedance inverters is accomplished
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Figure 3.2: Ideal network of a filter based on resonators and inverters.

by the line sections without dielectric accessed with lines filled with dielectric (see Figure
3.1). The length of each one of these empty sections is optimized, so that the amplitude of
the refection coefficient matches that of the corresponding ideal inverter that the empty line
section has to implement. It is important to note that the empty line sections are simulated
here with ports of line sections filled with dielectric. That is, the steps from filled to empty
line are included in the simulation.

The previous optimization goal is done by seeking the zero of the equation (3.19):

1 —|Sn]
1+|Sn|

where |S1;| is the reflection coefficient of the empty line section with ports of line sec-

— (Kii+1)* =0 (3.19)

tions filled with dielectric, and K, is the normalized constant of the corresponding ideal
impedance inverter.

Once the length of the empty line section is fixed, this section provides the same amplitude
of the reflection coefficient as that of the corresponding ideal inverter. But the phase is not yet
the same. So, additional sections of lines of length /;, filled with dielectric, have to be added,
before and after the empty line section, in order to recover the ideal inverter behaviour, in
terms of both the amplitude and the phase of the reflection coefficient.

The phase of the refection coefficient of an ideal inverter is 7, so the length [; of the lines

added before and after the empty line section can be obtained with equation (3.20).

XS] — 28l =7 (3.20)
This gives:
<):|511| — 7T
li = —7+— 21
i 55 (3.21)

Once the additional lengths required by each empty line section to behave like an ideal
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impedance inverter are determined, these lengths have to be added to the lengths of the res-
onators placed at both sides of the empty line section. Initially, each resonator length was
Ago/2. After the addition of these extra lengths corresponding to the preceding and subse-
quent empty line sections (acting as inverters), the length of each resonator i-th will be:

5 A
O 790 Fl+ L (3.22)

In practice, the lengths /; and [, are negative, which means that the lengths of the res-
onators are shortened. This explains why the line sections with dielectric material are shorter
than half-wavelength, although they act as resonators. In this case, the final lengths of the
line sections acting as resonators are even shorter than those of the conventional designs
based on classical half-wavelength SIW resonators, due to the different values obtained for
the additional lengths to be placed before and after each section that acts as inverter. This is
better illustrated in the following section with details of the dimensions obtained in different
phases of the design of the filter presented in this work. Therefore, using a different prac-
tical implementation of the inverter in the proposed filter (empty line section between two
dielectric-loaded lines), provides different length corrections to the resonator line sections
than in the conventional SIW filter (where inductive coupling iris between adjacent cavities

act as inverters).

3.3 Validation of the tool

The analysis and design theories are implemented in MatLab and fully integrated into a
Computer Aided Design (CAD) tool, in order to have a software able to calculate the dimen-
sions of a filter given certain specifications as central frequency, bandwidth, ripple, number
of cavities, permittivity values and so on.

The design process is carried out in four stages:

e Theoretical synthesis. The first step is the theoretical synthesis of a starting point
based on the ideal network, in order to extract the values of the inverters and resonators
for the Chebyshev prototype. This is a well known theoretical process [53].

o Initial value. Once the values of the ideal network have been obtained, these are used
to calculate an initial point of the physical parameters of the structure, i.e. the lengths of
the resonant line sections and the coupling line sections. The mode-matching method
has been used to simulate the reflection coefficient of the empty line sections, in order
to find the optimum length of these sections that provide the same amplitude and phase
of the reflection coefficient of the corresponding ideal inverter [38].
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Modal optimization. When the previous procedure is complete, and initial values are
obtained for all the dimensions of the structure, a fine-tuning optimization of these de-
sign dimensions is done to get a frequency response as much similar as possible to the
ideal response. The optimization process is based on several iterations of the analy-
sis of the structure. In each iteration, the analysis tool calculates the electromagnetic
response of the structure. Then it is compared to the desired response; if the differ-
ence between them does not reach a predefined minimum, the structure parameters
are slightly changed and the process is repeated. Obviously, the strategy for chang-
ing these physical dimensions is not random, but a set of optimization algorithms are
used [25]. The whole process is described in [42], where its efficiency and robustness
are improved by using the adequate combination of algorithms, i.e. the hybridization
of Direct Search with Coordinate Rotation [82], Downhill Simplex Method [26] and
Broyden Fletcher Goldfarb Shanno (BFGS) [83] methods.

Realistic optimization. Finally, a design of the realistic filter is done. The employed
mode-matching method assumes that the lateral walls are solid, but in the proposed
structure, the walls of the dielectric-filled sections are rows of metallized vias. Thus,
the mode-matching model is not enough accurate for these sections, so the CST full-
wave simulator is used during this last optimization process, thus ensuring that the final
design is fully accurate. Moreover, all other technological issues concerning manufac-
turing of a real filter have been taken into account in this stage: transition to microstrip
access lines and height of soldering layers.

In order to test the validity of the proposed structure as a filter, and to establish a consistent

design procedure, a simple filter with only one resonator is first designed using the standard

procedure of [53], which uses an equivalent ideal network composed of ideal inverters and

resonators as a reference. In Figure 3.3 the equivalent network for this 1-pole filter is shown,

designed for providing a Chebyshev response with the following specifications:

Number of cavities: N =1 cavity.
Central frequency: fy =11 GHz.
Bandwidth: 300 MHz.

Dielectric permittivity: ¢, = 6.

Cavities width: ¢ = 8 mm.
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The input and output lines of the resonator are lines filled with dielectric. The desired
response is achieved with the ideal equivalent network when the inverters have normalized
inversion constants FOJ = KLQ = 0.3529 (first stage).

Considering the topology described above (Figure 3.1 with N = 1), the resulting res-
onator layout is shown in Figure 3.3. The ideal inverter of the resonator will be implemented
with an empty line section of length l%/)m. So, an empty line section below cut-off of width
a = 8 mm, accessed with filled lines, is simulated using the fast mode-matching method
described before, which considers the filled line sections as closed rectangular waveguides
filled with dielectric. The length li(,‘l,)m is optimized until the amplitude of the refection co-
efficient is the same than that of the ideal inverter, which happens when léll/)m = 3.204 mm.
The next step is to find out where the reference planes have to be placed along the filled
accessing lines, in order to have the same phase of the reflection coefficient than that of an
ideal inverter (i.e. phase 7). This happens when 1), = —2.1661 mm. So, the empty line
section together with two accessing lines filled with dielectric of lengths I{1), behaves as an
ideal inverter. When both adjacent inverters are connected to the resonator (a filled line sec-
tion of length A, /2), the total length of the filled line between the two empty sections is
1) = Np/2+2-18%), = 7.7414 — 2 - 2.1661 = 3.4092 mm. These values of I}); and
lge)s are used as an initial point (second stage), and are fine optimized with the developed
mode-matching method to have a frequency response as much similar as possible to the ideal
one (third stage).

Figure 3.4 shows the relation between the dimensions of the filled line sections and the
air filled sections with the resonance frequency and the coupling coefficient, respectively.

Figure 3.5 shows the reflection and transmission coefficients of the single resonator filter
with the values of ll(,‘l,)m and z;}gs obtained with this procedure. These parameters are compared
with those of the ideal network, and a very good agreement can be observed.

The electric field distribution inside the single resonator filter is also included in Figure
3.6. It can be observed that the electromagnetic field is concentrated in the line sections filled
with dielectric, which validates the idea that it behaves as a resonator, and that its short length
is consequence of the negative lengths that have been added in order to implement the ideal
inverter with the empty line section. The field distribution also proves that the empty line
sections behave as the filter coupling elements.

This structure can be repeated for filters with any arbitrary number of resonators (/V),
with the exception that, in the optimization processes, the segmentation technique described
in [42] is used in order to speed up the overall process, optimizing only a small amount of
design parameters in each step of the segmentation.

The results show that the procedure used for the synthesis and design of a traditional H-
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Figure 3.3: Network of a resonator. (a) Ideal network based on resonators plus inverters. (b)
Ideal network based on filled and empty line sections.

plane directly coupled cavities waveguide filter can also be used to synthesize and design the
alternating dielectric line sections filter presented in this work, stating that the filled dielectric
sections act as the resonators and the air-filled sections act as inverters.

Finally, the resulting optimized values with the mode-matching method are then used as
an initial point for a new optimization with the commercial electromagnetic software (CST
Studio Suite). It simulates a realistic and manufacturable prototype, and adjusts the response
to that of the ideal network as much as possible (fourth stage). This is explained in detail in
the following section.

Furthermore, in order to evaluate the efficiency (computational time) and the accuracy
(frequency response) of the analysis tool, several filters with different number of cavities (2,
4, 6, 8, and 10 cavities) have been designed. The number of modes used in the analysis
tool for all design cases is M = 11. This value is a trade-off, and it was selected after some
research concerning its impact on two parameters: the computational time and the accuracy
of the response. More information about the maximum number of modes used in modal
analysis can be found in [50]. The specifications of these filters are detailed below, being
the same for all the number of cavities. The dimensions (see Table 3.1) and the frequency
responses of three of them are presented.
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Figure 3.4: (a) Relation between dielectric filled line sections length and the resonance fre-
quency. (b) Relation between empty line sections length and the normalized inversion
constant.

Number of cavities: N =2, 4, 6, 8, and 10 resonant sections.

Central frequency: fo =11 GHz.

Bandwidth: 300 MHz.

Ripple: 0.01 dB.

Return loss: 25 dB.

Dielectric permittivity: €, = 9.2.

Cavities width: a = 6.25 mm.

Filter height: h = 1.27 mm.

Figure 3.7 shows the frequency response of a filter of two cavities, when it is analyzed
with the developed modal tool, versus a commercial software (CST Studio Suite). Both
modal and numerical analysis are compared to the ideal frequency response of a two cavities
Chebysev filter. It is observed that there is a very good agreement between all of them. It

means that the developed analysis tool is accurate enough.
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Figure 3.5: Frequency response comparison for 1-pole basic filter.

Figure 3.6: Electric field distribution at 11 GHz for 1-pole basic filter.

Figure 3.8 and Figure 3.9 show the same comparison that the previous figure but for a
filter of four cavities and ten cavities, respectively. In these cases, it is also observed the very
good agreement between all the frequency responses. The analysis tool can be used for filters
of any order value.

Once the accuracy of the tool is checked, the efficiency is also tested. The computational
time for the analysis of filters from two to ten cavities is shown in Table 3.2 for the modal
method and CST commercial software. This time is calculated under the same conditions for
both tools: computing processor, start and stop frequencies and number of sample points. All
the materials used in CST are loss free, since the modal method does not take into account
the loss. Moreover, the simulation boundary conditions have been applied as electric (£, =
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Filter 2 cavities Filter 4 cavities Filter 10 cavities
1@, z<7> 10.000 mm | (@D, 70D 10.000 mm | (@, 23 10.000 mm
@10 33621 mm | [@, 109 38364 mm | (@, 27824 mm
13160 30673 mm | (3,1  3.0628 mm | {®, (2D 3.0766 mm

l<4> 6.6046 mm | [@,[® 82163 mm | ¥, 129 6.1136 mm
G 30576 mm | {®), (19 3,0610 mm

1(6) 8.8717 mm | [®, 108  6.9589 mm

1D, 107 3.0581 mm

[®, 106 71551 mm

l<9> 115 3.0582 mm

[ g ), 1049 72139 mm

(D) 7133) 30590 mm

z( 2) 7.2225 mm

Table 3.1: Dimensions of the line sections of filters of 2, 4, and 10 cavities, according to
Figure 3.1.
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Figure 3.7: Comparison of frequency responses for a filter of two poles.

0) in all directions and the background properties as PEC, in order to have the most similar
analysis conditions between both tools. The obtained times are plotted in Figure 3.10. It is
observed that the computational time of the commercial software based on numerical meth-
ods increases linearly with a sharp slope when the number of cavities increases. However, in
the case of the developed modal method, the time increases very slowly. It shows the advan-
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Figure 3.8: Comparison of frequency responses for a filter of four poles.
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Figure 3.9: Comparison of frequency responses for a filter of ten poles.

tage of the new method versus the commercial one, which proves the convenience of using

the modal analysis tool in the first stages of the design process.
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Cavities | Modal Method CST
2 2.70's 40.00 s
4 4.28 s 80.00 s
6 579 s 130.00 s
8 7.15s 160.00 s
10 8.85s 194.00 s

Table 3.2: Computational time for the analysis of the filter.
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Figure 3.10: Computational time comparison between both methods.

3.4 Filter topology and design

Once the efficiency and accuracy of the developed modal method has been assessed, and
an equivalent waveguide filter is obtained, a manufacturable real prototype can be designed
and fabricated.

The strucutre is based on a combination of SIW [2] and ESIW [5] technologies. The line
is developed into three different layers, two of them are the top and bottom covers of the line,
and the other is the body of the transmission line. The top and bottom covers are just two
metallic layers, and the body of the line contains the microstrip access line, the filter itself
and the transition between microstrip and SIW.

The layout of the central layer is shown in Figure 3.11, where it can be seen the succession
of substrate integrated line sections with and without dielectric. In the empty line sections,



3.4 Filter topology and design 49

the field is confined laterally using metallized walls. And in the dielectric filled line sections,
metallized via holes, as in the traditional SIW, are used. As in the ESIW case, metallic
top and bottom layers are finally added for confining the field in the empty line sections
vertically. For a filter of order NV, with N reflection zeros, /V line sections with dielectric
of lengths l%és (2 € 1---N) are used, acting as resonators. The empty line sections, where
the fundamental mode is below cut-off, act as inverters, implementing the coupling between
resonators and with the input and output lines. This gives N + 1 empty lines sections of
length I\, (i€ 1--- N +1).
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Figure 3.11: Layout of the central substrate of the filter based on alternating dielectric line
sections (with V = 4). In black the metallized vias and the border copper metallization,
in dark gray the copper metallization on top of the layer, in light gray the dielectric
substrate, and in white the air-filled sections and the fastening screw holes. To close
the air-filled sections, top and bottom copper covers are used.

Following the procedure described in the previous section, a Chebyshev response band-
pass filter with the following specifications is designed:

— Number of cavities: /N = 4 resonant sections.

Central frequency: f, = 11 GHz.

Bandwidth: 300 MHz.

Ripple: 0.01 dB.

Return loss: 25 dB.
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— Dielectric permittivity: €, = 6.
— Cavities width: ¢ = 8 mm.

— Filter height: h = 1.27 mm.

As mentioned before, this prototype of the proposed filtering device must be re-optimized
in CST Studio Suite considering all the fabrication aspects, obtaining the resulting dimen-
sions (considering the symmetry) shown in Table 3.3.

Parameter | Dimension
Lin 10.000 mm

£ | 3708 mm
(2| 8366 mm
(2 | 9.283 mm
1), 3.011 mm

12 2.943 mm

Table 3.3: Dimensions of the bandpass filter.

On the other hand, a detailed view of the tapered transition from microstrip to SIW is
shown in Figure 3.12. It has been synthesized as proposed in [84], where the transition is
divided into two sections: the tapered microstrip line and the step between the microstrip and
the rectangular waveguide (see Figure 3.12). The combination of these two parts provides
a good matching over the complete SIW bandwidth, since microstrip matches very well the
field distribution of the fundamental mode TE;, in the SIW. The obtaining dimensions (as
shown in Figure 3.11) are depicted in Table 3.4, and the simulated frequency response is
shown in Figure 3.13.

Parameter | Dimensions
Wy 3.084 mm
Wns 1.800 mm
l; 2.201 mm
lins 5.000 mm

Table 3.4: Dimensions of the tapered transition.

Finally, both the filter layout and the transition are simulated together and its frequency
response is shown in Figure 3.14. The simulation only considers the bandpass, whereas an
analysis of the out-of-band behaviour is done in the following section.
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>

Figure 3.12: Layout of the tapered transition from microstrip to SIW.
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Figure 3.13: Simulated frequency response of the transition from microstrip to SIW.

3.5 Study of the out of band response

The out-of-band frequency response of microwave bandpass filters is degraded by the
excitation of higher order modes in the resonators. Also, for most of the filters, the first
spurious band due to the excitation of the second mode is relatively close to the frequency
of the interest region. These undesired responses degrade the filter performance and may be
critical in some applications, where high rejection and spurious-free out-band response are
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Figure 3.14: Simulated frequency response of the filter with transition from microstrip to
SIW.

required. A study of the out-of-band behaviour is performed considering two parameters: the
width and the depth of the rejected band.

3.5.1 Depth of the rejected band

The depth of the rejected band is related to the order of the filter, as stated in the study
performed in [85]. By increasing the number of the filter sections, the value of the cited
parameter can be increased. Figure 3.15 shows the depth of the rejected band for a filter
with the same specifications than the previous one, i.e. centred at 11 GHz, with 300 MHz
bandwidth, 0.01 dB ripple in the passband, and the same substrate with permittivity value ¢,
=6.

In this case, it has been designed with 2, 3, 4, 5 and 6 resonant sections. As it can be
seen, the rejection band is deeper for the higher order filters. It is noticeable that the width
of the rejected band is not related to the order of the filter, but to the permittivity value of the
substrate (as it will be studied next). With the considered substrate, the second spurious is at
1.5 fy, no matter the number of resonant sections.
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Figure 3.15: Impact of the filter order on the depth of the rejected band.

3.5.2 Width of the rejected band

Different substrates have been used for designing a filter with four resonant sections and

the same specifications as in the previous one (centred at 11 GHz, with 300 MHz bandwidth,

and 0.01 dB ripple in the passband). The dielectric permittivity and, consequently the cavity

width (a) are the parameters to be changed. The values used for the different designs and the

dimensions of the filter obtained with those specifications are shown in Table 3.5. It can be

seen that the higher the permittivity value, the smaller the size, where the reduction of filter

footprint between the biggest and the smallest filters is about 80% (see Figure 3.16).

Substrate gy Width (a) Total length (1) Thickness (h)
RT/duroid 5880 | 2.20 | 12.50 mm (0.5)g) | 98.497 mm (3.6\) 0.787 mm
RO4003C 3.55 | 10.50 mm (0.4)p) | 68.379 mm (2.5)\g) 0.813 mm
TMM6 6.00 | 8.00 mm (0.3)\g) | 47.170 mm (1.7)) 1.270 mm
TMM10i 9.80 | 6.00 mm (0.2)\g) | 34.352 mm (1.3)\g) 1.270 mm

Table 3.5: Dimensions of the bandpass filters for the different substrates.

The frequency responses of these filters have been analyzed. The first maximum (circle

1) in all the frequency responses is the desired response of the filter, its passband (see Figures
3.17, 3.18, 3.19, 3.20). The electric field at this frequency is shown in Figures 3.21(a),

3.22(a), 3.23(a), and 3.24(a).
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Figure 3.16: Scaled size comparison for ADLS filters with different substrates. Black are
the metallized via holes of the filled sections and the border copper metallization to
implement empty sections, gray is the copper metallization on top layer, and white are
the empty sections (also metallized on top) and the fastening screws holes. (1) ¢, =2.2,
(2)e,=3.55,3)e, =6,(4) e, =9.8.

Even when the passband of all these realizations is the same, the out of band rejection is
different depending on the selected permittivity. The increment of the dielectric permittivity
allows to control the width of the rejection band. In the responses, some different local
maxima of the transmission parameter are presented. For that, an analysis of the electric field
inside the filters at each frequency peak can give a clearer idea of the working principle of
the out-of-band behaviour (see Figures 3.21, 3.22, 3.23, 3.24).

On the one hand, for substrates with a dielectric permittivity value of ¢, =6 and ¢, = 9.8,
the cut-off frequency of the spurious band appears at the second resonance of the resonators,
whose mode is T'E'jp2. The frequency of this mode depends on the resonator length, permit-
tivity and width. In these particular realizations the length of the resonators is very short, as
explained in the design section, thus increasing the cut-off frequency of this spurious band at
2 fo. This behaviour can be appreciated in Figures 3.19 and 3.20, with circle number 2, around
20 GHz. Furthermore, the electric fields of this mode are shown in Figures 3.23, where the
second resonant mode appears in the filled sections showing two maxima of electrical field
inside each resonator.

Nevertheless, there is another spurious in the rejection band. In this case, the electric
field indicates a different working principle: the empty line sections propagate at those higher
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frequencies and concentrate the electrical field; they do not behave as inverters but as resonant
sections of mode 7' F'jp;. This is shown in Figure 3.24, where the maxima of the electric field
are placed in the empty sections. This mode is represented by circle 3 in all the frequency
responses.

On the other hand, for substrates with a dielectric permittivity value of ¢, =2.2 and ¢, =
3.55, the spurious band behaviour is alternated: the first spurious is related to the second and
higher order modes of the empty line sections, and the second mode of the filled line sections
remains fixed at 2 f,, around 20 GHz.

As it can be seen, the resonance of the empty line sections is achieved at different fre-
quencies depending on the filter width, which is conditioned by the substrate permittivity
value. The cut-off frequency of the empty sections is shown in Table 3.6 together with the
permittivity values and the width of the filters. The lower the permittivity value, the wider
the filter, and consequently the lower the spurious frequency.

g, | Cavity width fe
220 | 12.50 mm | 12.00 GHz
3.55 10.50 mm | 14.29 GHz
6.00 8.00 mm 18.75 GHz
9.80 6.00 mm 25.00 GHz

Table 3.6: Cut-off frequency for the TE;;; mode of the empty line sections.

Therefore, it is noticed that the width of the rejected band is is not related to the order
of the filter, but to the permittivity value of the substrate. Additionally, the spurious band
is a combination of the two aforementioned effects, and both can be properly tuned by the
permittivity of the substrate to ensure the out of band behaviour of the filter, reaching values
up to 2 fy, instead of 1.5 f; of conventional SIW realizations [57]. The tuning of the rejection
band is limited by two reasons. On the one hand, the change of permittivity cannot modify
the position of the second mode of the dielectric filled sections beyond 2 f; and, on the other
hand, the values of dielectric permittivity are conditioned to the available substrates.
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Figure 3.17: Out of band response for the filter with substrate RT/duroid with €, = 2.2.
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Figure 3.18: Out of band response for the filter with substrate RO4003C with £,=3.55.
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Figure 3.19: Out of band response for the filter with substrate TMM®6 with ¢,=6.
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Figure 3.20: Out of band response for the filter with substrate TMM10i with £,=9.8.
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(f) f=17.80 GHz. TEq> in the empty line sections.

T

(g) f=18.25 GHz. TE;(3 in the empty line sections.

(h) f=21.31 GHz. TE; in the dielectric filled line sections and TE(3 in the empty line

sections.

Figure 3.21: Electric field for the filter with substrate RT/duroid 5880 with ¢, = 2.20.
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(b) f=16.47 GHz. TE;(; in the central empty line sections.

(d) f=17.93 GHz. TE;¢; in the central empty line sections.
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(h) f=23.97 GHz. TE;( in the dielectric filled line sections.

Figure 3.22: Electric field for the filter with substrate RO4003C with ¢,=3.55.
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(a) f=11 GHz. TEj; in the dielectric filled line sections (pass-
band).

- |

(b) f=20.69 GHz. TE; 3 in the dielectric filled line sections.
0SS (3 1)

(¢) f=21.40 GHz. TE(> in the dielectric filled line sections.
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(d) f=22.32 GHz. TE;3 in the dielectric filled line sections.
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(e) f=22.99 GHz. TE(> in the dielectric filled line sections.

(g) f=27.46 GHz. TE;(; in the empty line sections.

(h) f=28.32 GHz. TE;(; in the empty line sections.

Figure 3.23: Electric field for the filter with substrate TMM®6 with ¢,=6.
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(a) f=11 GHz. TE;jg; in the dielectric filled line sections
(passband).
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(h) f=33.55 GHz. TE;(3 in the dielectric filled line sections.

Figure 3.24: Electric field for the filter with substrate TMM10i with £,=9.8.
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For a deeper analysis, a filter of higher order and with a different central frequency has
been designed. The purpose of this design is to ensure the previous statements about the
out-of-band behaviour (the variation of the depth and the width of the rejected band). In this

case, the specifications are:

Number of cavities: /N = 5 resonant sections.

Central frequency: fy = 13 GHz.

Bandwidth: 300 MHz.

Ripple: 0.01 dB.

Return loss: 25 dB.

Dielectric permittivity: ¢, = 3.55.

— Cavities width: ¢ = 8 mm.

— Filter height: A =0.813 mm.

The specifications have been chosen for different reasons: the increase of the number of
resonant sections will test the improvement of the depth of the out-of-band response, and
a different central frequency will prove that the width of the stopband is achieved at any
frequency band. Following the same design procedure, the resulting dimensions of the filter
are depicted in Table 3.7 and the frequency response is plotted in Figure 3.25.

Parameter | Dimensions

lin 10.000 mm
4.878 mm
121 10.655 mm
19| 12.059 mm
Res 3.181 mm
lge)s 3.104 mm
12 3.099 mm

Table 3.7: Dimensions of the bandpass filter centred at 13 GHz.
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Figure 3.25: Out of band response for the 5-pole filter with substrate RO4003C with ¢,=3.55.

3.6 Results

In order to verify all the simulations carried out, different filters have been manufactured.
A prototype of the 4-pole bandpass filter has been manufactured using Rogers TMM6 sub-
strate with a thickness of 1.27 mm and a copper cladding of 17.5 um, as shown in Figure
3.26. The fabrication process for producing the body consists on drilling the vias in the filled
sections, and cutting the walls in the empty ones. Then, the substrate is metallized, and the
top metallic layer is milled to form the transition and the microstrip line. The top and bottom
covers are just two metallic layers with alignment holes and fastening screws. Finally, the
device is cut and separated from the substrate sheet, and layers are duly fastened and welded
in order to ensure electric continuity.

Figure 3.27 shows also a detailed view of the alternating dielectric sections, the metallized
sidewalls of the empty sections, as well as the arrays of metallized via holes of the filled
sections. It can also be checked that the front walls of the empty sections are not metallized.

In Figure 3.30, the measured frequency response of the manufactured prototype is com-
pared with the simulation data obtained with CST.

In order to fairly compare the proposed topology with other available SIW realizations,
the parameters of similar filter implementations are shown in Table 3.8. The same filter
specifications and substrate are used in all of them: 11 GHz of central frequency, 2.7% of
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Figure 3.27: Detailed views of the manufactured filter (on the left with bottom cover) show-
ing the discontinuities between sections and the side wall conductors

relative bandwidth, and dielectric substrate TMM6 (g, = 6, tand = 0.0023), except for the
case of ESIW, which is empty. The ()-factor has been estimated applying the formula (3.23)
in [38].

N

4343f,
3.23
@ Ty ) 27 (329

where fj is the center resonant frequency, fz — fr is the filter bandwidth, I L is the insertion
loss at fy, and g, are the element values for the low-pass filter Chebysev prototype.

In order to verify the study of the out-of-band response, the measured rejected band is
compared with the simulation in Figure 3.31. Additionally, 4-pole filter has been manufac-
tured using Rogers TMM10i substrate with a thickness of 1.524 mm and a copper cladding of
35 pm, as shown in Figure 3.28. The manufacturing process is the same one. In Figure 3.32,
the measured frequency response in the passband and stopband of the manufactured proto-
type is compared with the simulation data obtained with CST. Additionally, it is presented
the frequency response of an equivalent filter in conventional SIW technology with the same
characteristics.
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Figure 3.28: Central layer of the 4-pole manufactured filter on substrate TMM10i.

Figure 3.29: Central layer of the 5-pole manufactured filter on substrate RO4003C.

ADLS SIW ESIW
Q-factor 350 273 1226
1%t spurious frequency 2fo 1.5f, 1.5f,
Width 8.65 mm | 8.65 mm | 19.05 mm
Length 45mm | 30 mm 77 mm
Number of layers 3 1 3

Table 3.8: Comparison between the filter based on Alternating Dielectric Line Sections
(ADLS) and SIW filters.

Moreover, the 5-pole filter has also been manufactured using Rogers 4003C substrate
with a thickness of 0.813 mm and a copper cladding of 17.5 ym, as shown in Figure 3.29.
Figure 3.33 shows the measured frequency response and the simulation data, compared to an
equivalent SIW filter with the same features.

In both cases, the simulated and measured results show a good agreement. The compari-
son with the equivalent SIW filter confirms the expected results for the out-of-band behaviour.
The measured insertion loss is higher due to the effect of transitions and connectors. The 13
GHz filter has insertion and return loss of values equal to 4 dB and 25 dB, respectively. In
the 11 GHz case, the insertion loss is around 3 dB due to the substrate features and reduced
center frequency. However, a misalignment between simulated and measured return loss, of
30 dB and 10 dB respectively, can be observed for the 11 GHz filter. This is caused by the
type of employed connectors. The 13 GHz filter uses screwed End-Launch with enhanced
performance, while in the case of 11 GHz filter the height of the substrate forced to employ
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Figure 3.30: Comparison between simulated and measured frequency responses for the 4-
pole filter on substrate TMMG6.

typical welded SMA (see the footprint of both filters in Figures 3.28 and 3.29).

The proposed structure presents several advantages: its associated ()-factor is better than
other SIW filters, it is easy to design and simple to manufacture, and their inverters can
be done more accurately (since the use of vias for implementing narrower SIW widths is
avoided). Obviously, ESIW presents higher ()-factor due to the absence of dielectric substrate
in the whole structure, but the ESIW filter is bigger than the proposed one and requires a more
complex transition [5]. Furthermore, the out-of-band response presents better behaviour than
conventional filters.
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Figure 3.31: Comparison between simulated and measured frequency responses for the 4-
pole filter on substrate TMMG6.
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Figure 3.32: Comparison between simulated and measured frequency responses for the 4-
pole filter on substrate TMM10i.
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Figure 3.33: Comparison between simulated and measured frequency responses for the 5-
pole filter on substrate RO4003C.



Chapter 4

Liquid Crystal characterization

This chapter exposes the theoretical knowledge needed to understand the dielectric char-
acteristics of the LC, and a brief description of the methods of dielectric characterization.
This knowledge will be used and applied to characterize the dielectric anisotropy of four
commercial mixtures of LCs.

On the one hand, an LC widely studied in the bibliography will be characterized: GT3-
23002 from Merck KGaA. Since, both the company and the LC mixture are a reference in
the subject under study, this LC can be taken as a validator of the results obtained by the
characterization method developed in this work.

On the other hand, it was decided to characterize three other LC mixtures of a less known
company, Qingdao QY Liquid Crystal Co, which although presumes to have LC mixtures
similar to those of Merck KGaA at lower prices, has a poorer characterization of their prop-
erties. The chosen mixtures are QYPDLC-142, QYPDLC-36 and QYPDLC-193.

The most suitable characterization method for the purpose of this work is the split-
cylinder, a method based on resonant cavities. For the characterization, three resonators
have been designed and manufactured for operation at 3 different frequencies: 5 GHz, 9.5
GHz, and 11 GHz, representing the bandwidth of the microwave applications considered in
this Thesis work.

This method of characterization is applied to flat thin solids, so for the characterization of
the LC, glass cells are used. A glass cell is a container made of two thin glasses separated by
spacers, inside this cell the layer of LC is placed, as depicted in Figure 4.1(c). As explained
later, the choice for this method of dielectric characterization, together with the anchoring
properties of the LC cells used, allows obtaining the dielectric permittivity values of the two
extreme states (¢, and ¢, ) without the need to apply a polarization electric field. This has
the advantage that the cells do not need to be doped or coated with any conductive material,
no biasing networks are needed, and the orientation of the molecules of the LC is much more
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accurate than that obtained with switching methods.

4.1 Split-cylinder resonator method

4.1.1 Procedure description

This method of measurement is suitable for the characterization of thin and flat material
samples, the main reason why it has been selected as a method for the characterization of
LC cells. In this method a cylindrical resonant cavity is used, which is divided into two
parts across an orthogonal plane to the axis of the cylinder as can be seen in Figure 4.1. The
material under analysis (in this case the LC cell) is located between these two parts where,
according to the resonant mode used, its electrical properties (dielectric permittivity) or its
magnetic properties (magnetic permeability) are measured.

| €0 o i ]
— " Glass %hm
! L Liquid crystal || h7c
I | O ) Er Pr [ [ hs Glass T hg2
H, h | €0 Mo H h

~
oo
~

(b) (©)

Figure 4.1: Transverse section of a split-cylinder cavity: (a) Without dielectric. (b) Cavity
with uniform dielectric material. (c) Cavity with a liquid crystal cell.

In the characterization of isotropic materials, the transverse variation of the electric field
in the cavity is indifferent. However, in the specific case of the characterization of a dielectri-
cally anisotropic material this variation is very important, since the molecules of the material
must be oriented in a specific way with respect to the electric field.

For this reason it is necessary to study the distribution of the transverse field in the cav-
ity. For this purpose, the model is simplified assuming that the cavity does not present any
division, obtaining a regular cylindrical cavity of length L = 2H), and radius a, as shown in
Figure 4.1(a).

In this case, the transverse variation of its fields can be obtained by solving the Maxwell
Equations. The solution is separated into transverse electric (TE) and transverse magnetic
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(TM) modes, applying the boundary conditions of the problem (tangential electric field must
be zero in the conductive walls) [1, 72].
For TE,,,,, modes:

H, = i Tullep) [Asin(n6) + Bcos(ng)]

(4.1)
Hy = —j 125 Ju(kep) [A cos(ng) — Bsin(no)]
E,= ZrpH,
(4.2)
Ey= ZrgH,
X/
= _Anm 4.3
J 2ma/ e *43)
For TM,,,,, modes:
Ep = —jizJulkep)' [Acos(ng) + Bsin(ng)]
(4.4)
Ey = —ji2 % Ju(kep) [~ Acos(ng) + Bsin(ng)]
—E
Hp - Zmd;
(4.5)
Hd’ Z?J)w
Xnm
= Anm 4.6
J 2mwa. /e (+6)

Equations from (4.1) to (4.6) describe the behaviour of electric () and magnetic (H)
fields in their different spatial components. In these equations:

B is the mode propagation constant.

k. is the mode cut-off wavenumber.

J, () is the Bessel functions of order n.

— Xam 18 the m-th root of the Bessel function of order n.

Xhm 18 the m-th root of the first derivative of the Bessel function of order .

— Zrg is the modal impedance of the TE mode.

Zry 1s the modal impedance of the TM mode.
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Using these equations the distributions of the most representative modes of a circular
waveguide can be represented, as shown in Figure 4.2.

The TE(; mode is traditionally used by Kent and Janezic [27, 86] for the characterization
of materials by the split-cylinder resonator method. Nevertheless, in the case of the charac-
terization of an anisotropic material, as the LC used in this work, the transverse electric field
must present a linear polarization, something almost impossible. However, it can be seen that
the field distribution that better fits for the solution of the problem is the TE;; mode, since
it has quite straight field lines in the center of the cavity. In addition, it has the advantage
of being the fundamental mode, i.e. it is excited at the lowest frequency, as it is depicted in

Figure 4.3.

(a) TMo1 (b) TMq2 (c) TMy; (d) TEq; (e) TEq;

Figure 4.2: Field lines for some of the lower order modes of a circular waveguide [1].
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Figure 4.3: Cutoff frequencies of the first TE and TM modes of a circular waveguide, relative
to the cutoff frequency of the dominant TE;; mode.

The main advantage of this method is that, depending on the position of the cells, the two
extreme polarization states of the LC can be characterized. Neither an electric nor magnetic
field are needed for polarization. This avoids the use of decoupled structures or magnets
outside the cylinder. The cell can be inserted with the molecules placed orthogonally to the
electric field, thus measuring the perpendicular permittivity (e, ). Furthermore, just rotating
the cell 90°, the molecules are placed parallely to the electric field, thus measuring the parallel
permittivity (g,).
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Although the equations of the fields in a circular waveguide have been solved, the reso-
nance conditions must be studied. This will determine the necessary length of the cavity to
place a maximum of the electric field in the sample area, which is required to characterize
the dielectric permittivity. For this reason, the longitudinal distribution of the field inside the

cavity has to be analyzed starting from the wave equations.

For TE modes:
Ep: 1p¢ [A* =3Bz 1 A— eaﬁz]
4.7)
Ey = fQT(§¢) [A*e‘jﬁz + A_ejﬁz}
H, = f3b, [ATe 77 — Amel?]
(4.8)
Hy = flF, [ATe 7P — AmelP]
For TM modes, the modal functions and amplitudes change:
E, = i3t [Bte 7% — Bl
4.9)
Ey= 2(p ) [B-i- —jBz _ B_ejﬁz]
H, = fyoh, [BTe 7 + B~el?]
(4.10)

f o [B+e—jﬁz 4 B—ejﬁﬂ

Applying the first resonance condition to these equations (short circuit located at z = 0,
that is, £/, 4).—o = 0) the following field distributions are obtained for TE,,,,, modes:

E,= 1p¢ sen(ﬂz)
@.11)

B, = 1 sen(52)

= JTE, cos(B2)
(4.12)

Hy = [ yc0s(52)
For TM,,,,,,, modes, it is calculated in the same way.

Considering these equations, it can be observed that the electric field maxima occur in po-
sition with magnetic minima and vice versa, which allows to characterize either the dielectric
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permittivity or the magnetic permeability of the material varying the resonant mode.
To obtain the relation of the propagation constant § with the length of the cavity, the
boundary condition is forced in the cover located at z = L. = 2H),, obtaining:

Bum2Hy, = pr forp=1,2,3,... (4.13)

This implies that the cavity length must be an integer of half-guide wavelengths. Thus,
the resonant frequency of the TE,,,,,, mode is detailed in (4.14) and the resonant frequency of
the TM,,,,,, mode is detailed in (4.15) as follows:

1 X 2 pT 2
TE nm
= + | — 4.14
Jr " 2%,/;15\/( a ) <2Hh> (+14)

L Xom\2 |, [ PT ?
o vy = 277\/;75\/( a > +(2Hh> (*+15)

From these equations, it can be concluded that the modes that are useful for the charac-

terization of the LC cells are the TE;;,, modes with an odd p. They present a maximum of the
electric field in the middle of the resonator where the material is placed.

4.1.2 Design and manufacturing of split-cylinder resonators

For achieving the proposed objectives, two split-cylinder resonators have been designed
and manufactured, whereas a previously fabricated split-cylinder has been also used. The
aim is to have three measurement points in the frequency range from 0 GHz to 20 GHz. The
resonators have been designed for presenting the resonance of the mode of interest TE;q; at 5
GHz, 9.5 GHz, and 11 GHz. As mentioned before, these frequency points have been chosen
since the manufactured devices are operating in this frequency band.

Equations of the previous section give a relation between the resonance frequency of the
mode (TE;11), cylinder radius (a), and cylinder length (2/H},). While there are infinite combi-
nations that meet this equation, not all are equally stable in the presence of small variations of
the dimensions caused by the manufacturing tolerances. Through a small analysis of the rela-
tion between radius and length of a cavity that are needed to obtain the resonance frequencies
of interest for the TE;;; mode, the most stable combinations can be observed.

Looking at Figure 4.4 a large peak can be observed in the curves that relate both param-
eters, radius and length of the cavitiy. The most stable combinations are those that are found
as far away as possible from the peaks. The devices that have the peaks inside the stability
ranges have a lower sensitivity to manufacturing tolerances. In Figure 4.4 the chosen values
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Figure 4.4: Comparison between radius and cavity length to excite TE;;; mode at the indi-
cated frequencies.

detailed in Table 4.1 are also plotted. It can be seen how the resonator designed for 9.5 GHz
is inside an area of low stability. This is because the resonator was manufactured before the
project begins and was designed for operating in a different mode. However, it has been used
to obtain an intermediate measurement point between the other two designed resonators.

Resonance frequency

TE;1; mode (GHz) Radius a (mm) | Height /), (mm)

5 20.00 32.00
9.5 15.04 10.00
11 10.00 11.20

Table 4.1: Dimensions of the split-cylinder resonators.

Another parameter to be taken into account is the feeding network of the split-cylinder
resonator. In this case, it has been decided to place two coaxial cables in the same plane with
a feeding loop. The loop is oriented to excite the longitudinal magnetic field of the cavity, as
shown in Figure 4.5. It has been decided to implement these two feeding networks to analyze
the transmission parameters (S12 and S5;) and the reflection ones (57; and Sy5). Furthermore,
the position of the loop inside the cavity can be changed, which allows to adjust the coupling

level of the feeding network depending on the measurement requirements.
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T

(a) (b)

Figure 4.5: Feeding model of the split-cylinder resonator. (a) Longitudinal section with
magnetic field (b) Transverse section with electric field.

Moreover, the structure needs to keep the two halves perfectly aligned. For this reason,
aluminium guide rails have been built to ensure their alignment allowing their movement
to introduce the material. A manufactured design is shown in Figure 4.6. The resonators
have been manufactured on brass and the cylinder guides on aluminium. All parts have
been manufactured with mechanical milling in the workshop of the Technical University of
Cologne.

Figure 4.6: Manufactured split-cylinder resonator.
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4.1.3 Analysis methods

Three methods of analysis of the electromagnetic response have been used for calculating
the permittivity of the different materials. These methods have been combined or used in
different stages of the process in order to obtain coherent results.

All of them use a calibration prior to the measurement of the resonators with the sample.
This calibration consists on measuring the resonator without the sample of dielectric material
to adjust the coupling of the feeding loop, and to measure the real dimensions, characteristics
and configuration of the resonator (radius, height, and conductivity of the walls). This is the
starting point for all the measurements.

e Kent method. This method is described in [27,86,87]. It assumes a homogeneous and
planar sample, hence it is only used for the characterization of the glasses of the LC
cell.

First, when the split-cylinder resonator is empty, the resonance frequency, the insertion
loss at the resonance, and the 3 dB bandwidth of the transmission spectrum are mea-
sured. These measurements are used to calculate the effective radius of the cavity (a)
and the conductivity of the brass (o) using equations (4.16) and (4.17), respectively.

TE 1 Xnm ’ b ’
I nmp_gﬂ\/ﬁ\/( a ) + (Hh> (4.16)

o= 27 f o
2R?

where R, is the surface resistance, BW is the 3 dB fractional bandwidth, f; is the
resonance frequency and A f is the 3 dB bandwidth [1]:

4.17)

2
1

_ (/CCL)B 2Hh 1= ((Xlu)2> (4 18)

T A Qogp an a2 ({1

aHp |1+ 2Hp (x},)* + amad, L (x11)?

Qr
Qo = 1 — 10S21(dB)/20 (4.19)
1

Qr = G = Af_(} (4.20)

After the calibration of the resonator properties, the dielectric material layer (in this
case the glass) is inserted in the middle of the cavity. This means that there are three
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regions, two of them are filled with air and the other is the region where the dielectric
layer is inserted, as shown in Figure 4.1(b). The propagation constant in each medium

is different, as shown in the following equations:

8= \/w%,aouo — (sz) 4.21)
Bo = \/ w2eopo — (XZ’”) (4.22)

The phase shift of the air and the dielectric layer is 6y = SyHj and 6 = Shg/2, re-
spectively. Then, continuity of electromagnetic field must be forced in the boundary.

These boundary conditions at the surface of the dielectric require an eigenvalue, 6, that
satisfies the equation (4.23) where ¢, is the variable to find out.

Otan 6 = (hs/2)Hpb, cot by (4.23)

This procedure for the calculation of the permittivity is an approximation, because the
layer is assumed to be enclosed inside of the cylinder by a conducting ring at the cavity
diameter, thus, loss in the gap region and radiation outside the cavity are neglected [86].

For calculating the loss tangent, the quality factor, (), must be analyzed. @)}, is defined
as the relation between the stored average energy and the dissipated average power.
In the resonant structure under analysis, ()7, can be calculated with the expression in
(4.20).

The insertion loss at the resonance frequency is also needed to calculate (), as detailed
in (4.19). To separate resonator loss from dielectric ones, two functions are defined.
Equation (4.24) calculates the loss tangent of the measured sample. In this equation, U
is the ratio of the electric energy in the cavity outside the sample to the electric energy
in the sample, W is the ratio of end-wall to side-wall loss, and S' is the conductor
loss [86]. They are defined in (4.25), (4.26), and (4.27), respectively.

1+U
Qo

—SU(1+ W) (4.24)

tand =

1 cos® 0 cos 0y(0y — sin By cos by)

U= &, (0 + sin 6 cos ) sin 0 sin® 0,

(4.25)
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. Xom (Z—ﬂ)g

= 4.2
1 — sin 6y cos Gy (4.26)
g_ 1.0422 4.27)
acno(f/ fe)?

where:

— 1 is the free-space wave impedance.
= e = X (22
e Modal method. For the characterization of the LC, the method described in [88] is

employed. It implements a full-wave circuit analysis of the structure (split-cylinder).
It is an analytic method, thereby it is much more accurate and requires a lower com-
putational cost than a numerical method (based on FDTD or FEM), but requires the
resolution of the full analytical problem of each structure in particular. This method
allows to study materials of non-homogeneous construction like the LC cells, although
it is necessary to previously know the permittivity, the loss, and the thickness of the
glasses of these cells, and thickness of each LC sample cell.

The method is based on segmenting the whole structure in canonical circuital elements
that can be solved in a simpler way to obtain the Generalized Admittance Matrix
(GAM) of each element [89]. An equivalent microwave network is obtained, which
represents all the possible modes that can be excited in these elements. Afterwards, all
of them are recursively joined by pairs to obtain one equivalent multimodal network of
two ports of the whole structure. At this point, the complex permittivity (¢, = €. — je!’)
can be obtained [90].

As can be seen in Figure 4.7(a), the split-cylinder resonator with an LC cell has been
split in 5 zones in the vertical direction. In this structure, the upper and lower zones
model the air filled resonator sections (each one is a 3-port network), the second and
the fourth zones model the glass of the cell (two 3-port networks for each one), and
the central region models the LC sample (two 3-port networks). All the dimensions
and two permittivities are known (air and glass) and one is unknown (the complex
permittivity of the LC sample).

Once the structure has been split, each circuit is electromagnetically characterized by
its GAM which is computed by using the mode matching method. With this modal
method, the electromagnetic fields of each port network are approximated by the series
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expansion of equation (4.28). Since the proposed method is a full-wave circuit analysis,
every possible electromagnetic modes inside the structure has been taken into account,
i1.e. TE,,, and T M,,,,.

Eport = Z €n - En ﬁport = Z hn : I—fn (428)
where:

- qpm and Flport are the electric and magnetic fields in the port surface.
— e, and h,, are the amplitudes of each base function.

— En and ﬁn are the base functions for the electric and magnetic fields.

According to equation (4.28), the relation between electric and magnetic fields can be
established by the general GAM matrix for an /NV-port network represented in equation
(4.29).

hy Yii Yi2 ... Yin €1
h Y Y ... Y

h — 2 | _ 21 22 2N €2 —Y.e (4.29)
h Yni Yn2 -0 YN EN

In the GAM matrix, each h,, and e, element is a vector with the coefficient of the
series expansion shown in equation (4.28). Consequently, each element Yj; is not a
scalar value but a matrix. Thus, any Y;; element of each network can be calculated by
forcing the boundary conditions of the particular network and a short circuit condition
in the other ports for every considered base function.

Once every GAM network is calculated, the networks are connected to each other
enforcing the boundary conditions. A recursive method by pairs is used to obtain the
GAM of the whole structure [89]. This new GAM is obtained for only one port (port
1 of Figure 4.7(c)). This port is then connected to ground (port 2 of Figure 4.7(c)) to
force the resonance condition, which leads to solve equation (4.30).

|det (Zr(dim, e, p, f) + Zy(dim, e, p, f))| =0 (4.30)

where:

— Zgr and Zy, are the Generalized Impedance Matrices, defined as the inverse of the
GAM, of each 1-port network (see Figure 4.7(c)).
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dim contains the dimensions of the resonator and LC cells.

¢ is the LC permittivity.

(it 1s the LC permeability.

f is the resonance frequency when the LC cell is placed in the resonator.
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Figure 4.7: (a) Transverse section of a split-cylinder resonator loaded with a LC cell. (b)
Circuital model of the resonant cavity and LC cell segmented into 8 simple circuits.

As can be seen in equation (4.30), every GAM network is a function of the dimensions
of the structure, its electromagnetic properties (permeability and permittivity) and fre-
quency. All these variables are known except the LC complex permittivity, which can
be obtained by forcing this resonance condition [91].
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As in the previous method, a calibration is also done with this method. This calibra-
tion consists on modelling the resonant cavity (without dielectric material) applying
the same analysis method interconnection, in order to adjust the values of the feeding
network, the radius of the resonator and the brass loss that form the structure.

Numerical method. To validate the results obtained with the modal method and an-
alyze its accuracy, a third method of numerical analysis is applied. Once the glass
permittivity and dimensions of the LC cells and the measurement set-up (split-cylinder
resonator and connectors) are known, an electrical model is simulated in a numerical
electromagnetic simulation software: CST Studio Suite, as shown in Figure 4.8. With
this method, the electromagnetic fields inside the structure will be iteratively simulated,
as a function of the permittivity and the loss tangent of the LC or the material to char-
acterize, to get a simulated resonance frequency and quality factor as much similar as
possible to the measured ones in the real resonator. To adjust these values, a hybridiza-
tion of different optimization algorithms is used to select the most suitable in each case.
The process starts with 50 evaluations of a genetic algorithm. Then, the best values are
used as the starting point of a Simplex or Trust Region algorithm. When the error of
the resonance frequency and the quality factor is below 1 MHz and 5 respectively, the
optimization algorithm is finally changed to a Quasi Newton method.

Figure 4.8: Model of the split-cylinder resonator for the numerical method.
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4.1.4 Final adjustment

All these methods allow to extract values of the dielectric permittivity and the loss tangent.
For that, taking into account the field distribution of the mode TE;;; shown in Figure. 4.5(b),
the cell is placed into the resonator with the molecules aligned in the same direction of the
E-field, i.e. parallel to the major field distribution to measure €,,051. Then, it is placed in
the opposite direction (turned 90°), it means, perpendicular to the major field distribution, to
measure €,,052. 1his can be seen, respectively, in Figure 4.25(a) and 4.25(b) of section 4.3,
where the whole process is explained in detail.

Since the E-field vector direction is not ideal for the TE;;; mode, the €,,,51 and €052 do
not correspond to €, and €, |, so the field distribution inside the cell should be considered in
order to extract the precise values, as stated in equation (4.31).

rpont [ | E1dS = &, [ ELdS + =,y [| EydS
4.31)
erposz [ |E|dS = e, [[ ELdS + .1 [ EydS

where:

— Erpost and €,p,s0 are the measured complex permittivities with the cells in position 1
and 2 respectively, assuming an ideal (lineal polarization) E field .

- |E| is the module of the electric field calculated in each point of the cell, with the real
polarization shown in Figure 4.5 (b).

— E) is the component of the electric field in the parallel direction, see Figure 4.9 (a).

— I/ is the component of the electric field in the normal direction, see Figure 4.9 (b).

Furthermore, all the methods consider the fields in the sample, including the portion of
sample that is located close to the fringing fields. The use of TE,,,,,, modes implies that there
is no propagation beyond the diameter of the upper and lower parts of the cavity. Then, as
explained in classical publications [27, 86, 92], an electric wall is forced in the radius r = b,
where b is the radius of the fringing area (b = a + A, with A being the estimated fringing
length, that usually is about A =2 cm).

Since it is clear that the actual cavity does not have a perfect wall in r = b, then it is impor-
tant to validate that the fringing fields vanish in this area. This has been confirmed in several
previous works [27,93]. Additionally, works [94-97] also validate that the fringing fields
vanish really fast, thus proving that the influence of power leakage onto loss calculations are
practically negligible.
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Figure 4.9: (a) E-field and LC molecules in position 1. (b) E-field and LC molecules in
position 2.

4.2 Liquid crystal cells

The development of LC cells requires a depth study with the aim of getting structures
that allow the characterization of the dielectric properties of different LC samples as accurate
as possible. The processes employed in the construction of the LC cell are not used in the
microwave field and, in addition, minimal errors have hight impact in the results.

The materials used to form the cells are: glasses of 0.410 mm thickness whose dielectric
properties must be characterized, Mylar spacers of 0.100 mm, and optical glue Norland UV
Sealant 91 specially designed for the sealing of LC devices. They are shown in Figure 4.10

— O

Figure 4.10: Outline of the LC cell. In blue the glasses that forms the covers, in gray the
alignment layers, in green the spacers, and in white the hole intended to keep the LC
sample.

The process for the construction of the cells is described below:

e Glass cleaning. The glass should be as clean as possible, for which a meticulous
cleaning process is done in two stages:

— Firstly, the glass is rubbed with a disposable cellulose cloth soaked in organic
solvent (isopropyl alcohol and/or acetone). In this process the fat and larger par-
ticles are removed. The glass may seem clean, although it actually has a lot of
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microscopic particles that could damage the homogeneity of the alignment layer
and even the separation between glasses of the cell.

— Next, a second washing step is carried out in an ultrasound tank. In this process
the glasses are immersed in a special detergent solution for ultrasonic cleaning
(Nahita), and left into an ultrasound tank (Branson 1510) for at least 15 minutes
(Figure 4.11). After this cleaning process the glasses are dried and stored in
hermetic containers to avoid possible contamination.

Figure 4.11: Ultrasonic bath for cleaning the glasses.

e Alignment surface. To characterize the value of the dielectric anisotropy of the LC,
its molecules must present a well defined orientation. For that, an alignment surface is
created in one side of each glass of the cell. The creation of this alignment by anchoring
surface is carried out in three main steps: the deposition of polyimide, the curing of this
polymer and the realization of the microscopic grooves.

— The deposition of the polyimide is done with a centrifuge mechanism: the glass
is deposited on a spinner on which it is maintained by suction, covered with poly-
imide and centrifuged for 10 seconds at 16 revolutions per second, and then at 66
revolutions per second for 60 seconds to get a uniform surface of approximately
100 nm (see Figure 4.12). This thickness is an average value measured with a
contact profilometer.
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Figure 4.12: Spinner coater used for deposition of polyimide.

— After the deposition, the samples are cured at high temperature (90°C) to get the
polymerization of the polyimide, thus, the material is hardened.

Figure 4.13: Curing of the polyimide on a laboratory heating plate.

— Finally, the samples are ready to make the microgrooves that will mark the orien-
tation of the LC molecules. This is done by a rubbing process on a natural silk
velvet, which leaves no residue. In this process the polyimide-covered face of the
glass is rubbed repeatedly (at least 20 times) on a velvet strip. It is very important
to perform rubbing in a unique way, since this will determine the initial inclina-
tion of the molecules. To achieve an homogeneous alignment direction, the velvet
is fastened to a straight tray on which one of the faces of the glass can rest and
move in a specific direction, as shown in Figure 4.14.

The microgrooves created on the alignment layer are of a few cents of nanometers.
The Atomic Force Microscopy (AFM) measurements (see Figure 4.15) show grooves
widths from 150 — 300 nm, similar to values reported in the literature [98]. On these
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Figure 4.14: Set up for velvet rubbing.

microgrooves, the LC molecules lay down creating a perfect alignment of the mate-
rial. It should be mentioned that rubbing process creates, besides unidirectional groove
structures, the ordering of polymer chains. It is described that both effects contribute

to LC preferential orientation [3].

Figure 4.15: Microscopic view of the microgrooves on the polyimide layer of the glass.

e Cells assembly To form the LC cell, 4 Mylar separators are adhered near the corners
of one glass with Norland glue, which is a harmless material for LC, not interacting
with it. This will achieve to separate homogeneously the two glasses that make up the
cell. Another glass is superimposed over the separators, both glasses have the same
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alignment layer direction. A separation between both glasses, acting as a “bed", has to

be left for the filling process, as shown in Figure 4.16. Next, pressure should be applied

on the points of the adhesive to consolidate the structure and minimize the thickness

added by the glue. Finally, the curing is carried out using an ultraviolet light oven

following the indications pointed by the manufacturer.

-/

Spacer

Filling "bed"

(a)

(b)

Figure 4.16: (a) Layout of an LC cell. (b) Real LC cell assembled

As mentioned before, the thickness of the materials used in the characterization presents

a great importance in the obtained results. For that reason, the thickness of the glasses of

each cell has been measured in 8 different points before assembling the cells. To do the

measurement a micrometer screw (Mitutoyo) with an accuracy of £2 pm has been used. For

each glass of the four cells, the average thickness is detailed in Table 4.2.

Cell

Glass 1 (mm)

Glass 2 (mm)

THI
TH2
TH3
TH4

0.410
0.404
0.410
0.409

0.410
0.410
0.410
0.409

Table 4.2: Average thickness of the glasses of the four LC cells.

The thickness of the cavity created between the two glasses of the cell has been measured

by using of a spectrophotometer (Cary 5000 UV-Vis-NIR from Agilent). The measurement

of the gap has been made taking advantage of the Fabry-Pérot resonance that occurs in the

glass-air-glass interface of the LC cell.
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The optical transmission spectrum of each empty cell, recorded as a function of the wave-
length, shows a series of maxima and minima due to the interference phenomena originated
by multiple reflections at the glass-air-glass interfaces. The frequency difference between
consecutive maxima is related to the air gap thickness (), according to the expression (4.32).

C

A= o

(4.32)

where

Af is the frequency space between two consecutive maximums.

c is the speed light in the vacuum. ¢ = 299792458 m/s.

— h is the separation between glasses.

n is the refraction index of the medium (in this case the air: n = 1).

The smaller the spacing, the greater the frequency separation will be, so it will be easier
to distinguish the maxima or minima. For this reason, this method is used for measuring very
small values of thickness (thin samples). The thickness measurements with spectrophotome-
ter are easier to perform in empty cells than in filled cells, because the maxima and minima
are more pronounced, since the difference in refractive indexes between glass and LC is much
smaller than the difference between glass and air refractive indexes.

Taking into account this phenomenon, it can be obtained a relationship between the sep-
aration of the glasses h, and the number m of minima (or maxima) in a bandwidth. This
bandwidth is defined by two non-consecutive maxima (or minima) located at the wavelengths
A1 and Ao

. m/\l)\g
g 2n|)\2 — )\1|

Figure 4.17 shows the interferometric measurement of the four cells. The thickness of the

(4.33)

gaps has been measured using the method described above. Furthermore, to confirm these
results the total thickness of the cells has been measured with a micrometer screw over the
spacers (to prevent warping of the glasses), thereby subtracting the thickness of the glasses of
Table 4.2, the separation of the glasses can be obtained. Both measurement results are shown
in Table 4.3.

After obtaining the measurements of both glasses and the separation between them, the
LC cells can be filled in. They are filled by depositing the material on the “bed" with a pipette
and, this, by capillarity, extends for the whole cell as shown in Figure 4.18. Then, the cells
are sealed with optical glue to avoid emptied during the measurement process.
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Figure 4.17: Optical transmission spectrum for the different cells.

Cell Interferometric Micrometer screw
measurement (xm) | measurement (pm)

TH1 156 155

TH2 151 150

TH3 151 151

TH4 144 145

Table 4.3: Average thickness of the space between glasses of the four LC cells.

One of the great advantages of using LC cells formed by transparent glasses is the pos-
sibility to check the correct alignment of the molecules. The asymmetry of the molecules of
LC and its orientation, parallel to the polyimide rubbing, give the property of birefringence.
When an isotropic medium is placed between two linear polarizers that stand orthogonally
(crossed polarizers) over a source of white light, the light transmission is blocked. This hap-
pens because the polarization induced by the first polarizer is essentially maintained through
the isotropic medium and so, it is totally filtered by the orthogonal second polarizer.

Now, an LC cell (with its axis rotated 45° with respect to the linear polarizers) is intro-
duced between the two crossed polarizers. In this case, the light with linear polarization that
goes through the first polarizer can be decomposed in the axes of the LC molecules into two
orthogonal polarizations that, crossing the same medium, present different refractive indexes
(different permittivity). This makes that the components travel at different speeds and, there-
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Figure 4.18: Filling process of an LC cell by capillarity.

fore, a phase shift between them is introduced. The result is a change in the polarization of
light from linear to elliptical, therefore, when the light crosses the material and reaches the
second polarizer, part of it passes through. This effect can be clearly seen in Figure 4.19,
where the cell appears brighter when the rubbing direction forms 45° to the polarizers than
when it is aligned either parallel or perpendicular to the incident polarization.

LC cells prepared in a similar way, but without any aligning layer, do not behave as
described above. When they are inserted between the crossed polarizers they show similar
light transmission, independently of the orientation relative to the polarization of the incident
light.

() (b)

Figure 4.19: (a) LC cell axis rotated 45° with respect to one of the crossed polarizers. (b)
LC cell axis parallel to one of the crossed polarizers.

The polarizing optical microscopy images in Figure 4.20(a) and (b) correspond to an
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oriented cell with the rubbing direction forming 45° and 0° to the polarizer, respectively.

200 L 200 pm

(@) (b)

Figure 4.20: Microscopic view of a filled LC cell with alignment surface. (a) LC cell axis
rotated 45° with respect to one of the crossed polarizers. (b) LC cell axis parallel to
one of the crossed polarizers.

For non-oriented LC cells, i.e. without polyimide alignment layer (see Figure 4.21),
similar polarizing optical images are obtained for any sample orientation.

() (b)

Figure 4.21: Microscopic view of a filled LC cell without alignment surface. (a) LC cell axis
rotated 45° with respect to one of the crossed polarizers. (b) LC cell axis parallel to
one of the crossed polarizers.
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4.3 Measurements

In this section the permittivity results are shown, together with some measurements and
simulations of the scattering parameters obtained by applying the techniques described in the
previous sections.

The analysis of the permittivity is performed with the TE;;; mode in 3 split-cylinder
resonators with the central frequencies in vacuum at 5 GHz, 9.5 GHz, and 11 GHz. Their
dimensions and design process are described in section 4.1. With these resonators, the dielec-
tric permittivity and loss tangent of four LC samples will be obtained in their two extreme
polarization states.

The acquisition of the scattering parameters response (S-parameters) of the resonators,
both in vacuum and with cells or glass, is perfomed using a VNA. The parameters to be
analyzed are the variation of the resonance frequency of the resonator without any sample
(fo) versus the one of the resonator with some sample (f,). In the same way, the quality
factor must be calculated for the empty case (o) and for the resonator with sample ().

With the objective of removing the systematic uncertainty, both in amplitude and phase,
the VNA is calibrated using a SOLT (Short, Open, Load and Through) calibration set [99,
100]. The VNA has been configured to obtain measurements with the highest signal-to-noise
ratio in order to have precise results for the permittivity values. An output power of 10 dBm
is used, a central frequency and a bandwidth large enough to correctly display the response
of each measurement. Moreover, a bandwidth of the intermediate frequency filter of 1 kHz is
used to increase the accuracy.

In this work, four LC cells have been manufactured, whose dimensions are specified in
section 4.2. The LC mixtures used for filling each cell are detailed in Table 4.4. In this Table
the characteristics and specifications provided by the manufacturers of the LC are also shown.
It is detailed the refractive indexes and the corresponding dielectric permittivity of each one
for its two extreme states (parallel and perpendicular n,, nj, €1, and &,) provided in the
data sheet of manufacturers. These parameters have been measured at a wavelength of 589
nm, thus about 509 THz.

Cell | Liquid Crystal | \,cqs (nm) n, €1 n| gl

TH1 | QYPDLC-036 589 1.5210 | 2.3134 | 1.7710 | 3.1364
TH2 | QYPDLC-142 589 1.5235 | 2.3211 | 1.7745 | 3.1488
TH3 | QYPDLC-193 589 1.5250 | 2.3256 | 1.7770 | 3.1577
TH4 | GT3-23002 589 1.5094 | 2.2783 | 1.7986 | 3.2350

Table 4.4: Summary of the most important characteristics of the considered LC samples.
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4.3.1 Calibration of the resonators

The characterization process begins with the measurement of the electromagnetic re-
sponse of the resonators without any sample. This measurement is used to adjust the the-
oretical model of the resonators, thus helping to fix the effective radius, the feeding coupling
and the loss for the metal of both measurements and model. This measurement of the res-
onator must be performed in the same conditions so that, it can be eliminated the effect of the
feeding network and the losses of the metal over the resonance parameters used to calculate
the electromagnetic properties of the materials. Since the structure does not have a prear-
ranged feeding, but the penetration of the power loop can be modified according any specific
need, the resonator should be calibrated each time this parameter is changed.

5 GHz resonator

All the measurements at 5 GHz have been made at the same time without modifications
in the measurement conditions, therefore, only one calibration has been carried out. The
frequency response of the resonator without any sample and the adjustment of the numerical
method can be seen in Figure 4.22.
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Figure 4.22: Comparison between the measurement of the 5 GHz resonator without sample
and the adjustment of the numerical method (CST).

Once the measurement of the electromagnetic response of the unloaded resonator is made,
the dimensions and theoretical characteristics of the resonators are adjusted to obtain the same
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conditions of resonance frequency and quality factor (()y). The parameters can be adapted
depending on the method used and can be consulted, together with the values obtained for
each model, in Table 4.5, where a.ss is the effective radius of the resonator, 0,44 1s the
effective conductivity of the brass of the walls of the resonator, and f/ is the insertion length

of the feeding loop.
Kent ‘ Numerical ‘ Modal
Qeff 20.0177 mm Qeff 20.0157 mm Qeff 20.0257 mm

Obrass  8.5730-10° S/m | 0pqss  8.5530 - 10° S/m | 0pp0ss  8.5920 - 10° S/m
fl 0.0370 mm

Table 4.5: Parameters of the 5 GHz resonator adjusted according to the method used.

As can be observed in Figure 4.22, when applying the values obtained in the calibration,
the electromagnetic response of the model of the simulated resonator with the numerical
method (CST Studio Suite) fits very well to the real measurement. The same process is
carried out with the rest of the resonators.

9.5 GHz resonator

In this case, all the measurements have been also made without modifications in the con-
figuration of the resonator, with a single calibration of the resonator parameters. The fre-
quency response of the empty resonator and the adjustment of the numerical method can be
seen in Figure 4.23, and the corresponding calculated parameters of the resonators for all the
methods are detailed in Table 4.6.

Kent | Numerical Modal
aepp  15.1014 mm aepp  15.0457Tmm | acpp  15.0572 mm
Oprass  1.7437 - 106 S/m | 0prass 7 - 10 S/m | 0ppass  6.7749 - 10° S/m
fl 0.3000 mm

Table 4.6: Parameters of the 9.5 GHz resonator adjusted according to the method used.

11 GHz resonator

In this case, all the measurements have not been made at the same time, forcing to per-
form 5 different calibrations: one for the measurement of the glasses and the others for the
measurement of each LC cell. The frequency response of the empty resonator and the ad-
justment of the numerical method for one calibration can be seen in Figure 4.24. Only one
calibration is presented, since the others are very similar. As can be observed in Table 4.7, the
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Figure 4.23: Comparison between the measurement of the 9.5 GHz resonator without sample

and the adjustment of the numerical method.

resonance frequencies and the quality factors of the resonator without any sample for each

calibration present a small variation. These variations between all the measurements without

sample are mainly due to changes in the coupling of the feeding loop. The resulting param-

eters of the resonators, after applying all the three considered methods, are detailed in Table

4.8 and Table 4.9 for the calibration performed for the measurements of the glass and of the

different LC cells, respectively.

Calibration | f, (GHz) Qo
1 11.041 | 4380.250
2 11.031 | 3626.850
3 11.035 | 4042.300
4 11.041 | 4380.250
5 11.040 | 3696.840

Table 4.7: Resonance frequency and quality factor of the 11 GHz resonator without samples

for the different performed calibrations.
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Figure 4.24: Comparison between the measurement of the 11 GHz resonator without sample
and the adjustment of the numerical method.

Calibration \ Kent \ Numerical \ Modal
Qeff 10.0023 mm Qeff 9.9989 mm Qeff 10.0033 mm
1 Obrass 84307 - 105 S/m | 0prass 10 - 10° S/m | 0pruss 8.3671 - 10° S/m

fl 0.3000 mm

Table 4.8: Parameters of the 11 GHz resonator adjusted according to the method used for
calibration related to glass measurements.

4.3.2 Measurement procedure

Once the configuration of the resonator and of the VNA are performed, the measurement
of the empty resonator parameters is carried out. This measurement is used for the subsequent
calibration of the aforementioned resonator variables. Then, the LC cells can be measured
and analyzed for the calculation of their dielectric permittivity (real and imaginary part). This
section describes the measurement process carried out.

Once the LC cell is built, filled with the LC mixture and sealed, it is introduced into
the resonator, orienting its molecules parallel to the electromagnetic field in the mode TE;q;
(Figure 4.25(a)) and a measurement of the S-parameters of the resonator is carried out (po-
sition 1). Later on, the cell is rotated 90° by positioning its molecules perpendicular to the
electric field (Figure 4.25(b)) and another measurement is acquired (position 2). This process
is repeated several times obtaining several realizations in its two positions. In this way, the
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Calibration Numerical Modal
Qeff 10.0130 mm Qeff 10.0177 mm
2 Obrass 9 -10S/m | oprass  5.7285 - 10° S/m

fl 0.3090 mm
Qeff 9.9970 mm Qeff 10.0119 mm

3 Oprass 10 - 10°S/m | oppass  7.1199 - 10° S/m
fl 0.3000 mm
Qeff 9.9980 mm Qeff 10.0033 mm

4 Oprass 10 - 108 S/m | opqss  8.3671 - 10° S/m
fl 0.29000 mm
Qeff 9.9970 mm Qeff 10.0119 mm

Oprass 10+ 108 S/m | 0prass 7.1199 - 10° S/m
fl 0.3000 mm

9}

Table 4.9: Parameters of the 11 GHz resonator adjusted according to the method used for
calibrations related to the cell measurements.

accuracy and repeatability of the measurement process can be studied.

(b)

Figure 4.25: Positions of the cell samples: (a) Position 1. (b) Position 2.

The introduction of the sample in any of its positions involves a change in the boundary
conditions of the resonator, which causes consequently a change in its resonance frequency
and quality factor. The changes produced when introducing the sample and even when chang-
ing its position are clearly observed.

The next step is to calculate the resonance frequency and the quality factor of each situ-
ation, and analyze them with the proposed methods to obtain the permittivity values of the
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material under analysis.

4.3.3 Characterization of the glasses

To analyze the permittivity of the glasses, the three analysis methods described in section
4.1.2 have been applied. In this case, as crystalline solids like glass might present a dielectric
anisotropy, it has been decided to perform more than one measurement modifying the orien-
tation of the glass respect the electric field, in a similar way to the proposed procedure for the
measurement of the anisotropy of the LC illustrated in Figure 4.25.

To cover a wider range of results, it has been decided to measure two different samples of
the same glass used to make the LC cells. In this case, they have been denominated G; and
G, with thicknesses equal to 0.394 mm and 0.403 mm, respectively. The following sections
will show the results obtained after the analysis with the three resonators used.

11 GHz resonator

The glasses have been introduced into the resonator several times and in different posi-
tions, obtaining a representative set of measurements, as can be observed in the measurements
related to the sample G; of Figure 4.26.
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Figure 4.26: Measurements of the 11 GHz resonator with the glass G; at different positions.

The parameters of the resonator when the glasses are placed in different positions are
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shown in Table 4.10. The number of position indicates when one of the axis of the glass
is parallel (1) or perpendicular (2) to the major electric field of the resonator and the letter
indicates different realizations of the same measurement, same glass and position. These
values have been analyzed with all the methods described to obtain the permittivity values
shown in Table 4.11.

Position | Resonance frequency | ()-factor | Average f, | Average ()
la 9.8604 GHz 239.00
1b 9.8595 GHz 237.70 | 9.8593 GHz 237.27
Ic 9.8582 GHz 238.11
2a 9.8595 GHz 238.00
2b 9.8589 GHz 237.33 | 9.8588 GHz 237.92
2c 9.8581 GHz 238.45

Table 4.10: Resonance frequency and ()-factor of the 11 GHz resonator with glass G;.

Kent Numerical Modal

Position €y tand Er tand o tand
1 7.148 0.0166 | 7.13 0.0164 | 7.13 0.0168
2 7.152 0.0166 | 7.13 0.0168 | 7.14 0.0168

Table 4.11: Calculated permittivity values and loss tangent of glass G; for 11 GHz.

From these data it can be concluded that the glasses are isotropic dielectric materials.
In the same way, the great repeatability of the results in each measurement demonstrates
that it is not necessary to measure several implementations with sample Go. However, its
dielectric properties will be characterized in order to check whether all the glasses present
homogeneous dielectric characteristics. As in the previous case, the resonance frequency and
the ()-factor are measured (Table 4.12), and the obtained permittivity values and loss tangent
are shown in Table 4.13. Since the error margin of the glass measurements is below 0.1% and
0.001% in terms of permittivity and loss tangent respectively, its effect has been neglected
due to the small influence in the final LC results.

Sample ‘ Resonance frequency ‘ @-factor
Gy | 9.861 GHz | 237

Table 4.12: Resonance frequency and ()-factor of the 11 GHz resonator with glass G;.
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Kent Numerical Modal

o tand €y tand €y tand
7.1202 0.0164 | 7.1095 0.0164 | 6.97 0.0172

Table 4.13: Calculated permittivity values and loss tangent of glass G, for 11 GHz.

5 GHz resonator

The procedure is exactly the same followed with the 11 GHz resonator; however, in this
case only one measurement of each of the two orthogonal positions of the glasses G; and G-
has been made (see Table 4.14), obtaining the results of the Table 4.15.
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Figure 4.27: Measurements of the 5 GHz resonator with G; and G, at different positions.

Sample | Position | Resonance frequency | ()-factor
G, 1 4.7725 GHz 677.34
G, 2 4.7726 GHz 674.75
G- 1 4.7689 GHz 667.11
Go 2 4.7690 GHz 670.11

Table 4.14: Resonance frequency and -factor of the 5 GHz resonator with G; and G,.

In this case, a smaller deviation is observed between the electromagnetic characteristics
measured in the two orthogonal positions of the glasses. Therefore, this variation allows to
assume that it is an isotropic material. In the same way, the error margin is negligible.
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Kent Numerical Modal
Sample gy tand Er tand € tand
Gy 7.287 0.0144 | 7.247 0.0138 | 7.219 0.0155
G, 7.254 0.0144 | 7.220 0.0140 | 7.200 0.0154

Table 4.15: Calculated permittivity values and loss tangent of G; and G, for 5 GHz.

9.5 GHz resonator

As in the previous cases, one measurement for each position of each glass is carried out.

The measured parameters are indicated in Table 4.16, and applying the three methods, the

permittivity values and loss tangent are those indicated in Table 4.17.
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Figure 4.28: Measurements of the 9.5 GHz resonator with G; and G, at different positions.

Sample | Position | Resonance frequency | (Q-factor
G, 1 8.3635 GHz 269.92
G, 2 8.3640 GHz 266.66
Gy 1 8.3510 GHz 252.40
Go 2 8.3510 GHz 252.90

Table 4.16: Resonance frequency and -factor of 9.5 GHz resonator with G; and G,.

Analyzing these results, it can be affirmed that the glasses have an isotropic and homo-

geneous permittivity. This permittivity value will be considered for the calculation of the



4.3 Measurements 103

Kent Numerical Modal

Sample gy tand &y tand Er tand
Gy 7.163 0.0142 | 7.24 0.0152 | 7.2213 0.0146
G, 7.090 0.0149 | 7.20 0.0153 | 7.1504 0.0154

Table 4.17: Calculated permittivity values and loss tangent of G; and G, for 9.5 GHz.

permittivity of the LC mixtures.

4.3.4 Liquid Crystal characterization

Now, the measurement of the electromagnetic response of the three resonators with the
LC cells can be performed, in order to obtain the dielectric permittivity and loss tangent
values after their analysis.

The cells are formed by layers of different materials (the two glasses and the LC between
them), thereby the Kent method can not be applied. In this case the measurements have been
only analyzed with two methods: the numerical method and the modal one.

For the analysis of the permittivity it is needed to know: the thickness of the glass and LC
samples measured before, the average values of the dielectric permittivity of the glasses that
form the cell, and the resonator configuration.

There are many error sources that affect the extraction of the complex permittivity: the
features of the cylinder (dimensions a and L, conductivity, feeding loops), the measured EM
response (f,s and (),), the thickness of the glasses (h4; and h42) and the thickness of liquid
crystal (hpc). The impact of the cylinder dimensions and elements (a and L) is calibrated
and compensated with a first measurement of the empty cylinder. However, the tolerance
in the measurement of the other parameters is translated into a set of uncertainties (o;), and
their error contributions to the complex permittivity results are quantified as %. Then, if the
error contribution of these parameters is independent and known, the total uncertainty of the
complex dielectric permittivity can be expressed as the quadrature sum [101] described in
equation (4.34). Finally, once the uncertainty of the complex permittivity is calculated, the
error can be easily propagated to obtain the uncertainty of the real and imaginary parts (as
well as of the loss tangent):
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11 GHz resonator

Several measurements of each cell and position have been repeated. Figures 4.29, 4.30,
4.31, and 4.32 show the frequency response of the 11 GHz resonator when the cell TH1,

TH2, TH3, and TH4 are placed, respectively, in the center of the resonator.

---Pos1la

LETR ---Pos1b
Pos1c |
---Pos1d
—Pos2a
Pos2 b
—Pos2c

| | | | | \\\ | |

—40

o —42)

)

§ 44

Sl

=

<

g

o

)

3

g

3 —48 |
_50 s

8.62

8.64 8.66 8.68 8

7 872 874 876 878 88 882 88
Frecuency (GHz)

Figure 4.29: Measurement of the 11 GHz resonator with cell TH1.
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Figure 4.30: Measurement of the 11 GHz resonator with cell TH2.
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Figure 4.31: Measurement of the 11 GHz resonator with cell TH3.
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Figure 4.32: Measurement of the 11 GHz resonator with cell TH4.

In these cases, it can be seen at least three repetitions of position 1 and three repetitions
of the cell rotated 90°, position 2. Both positions are used together for extracting the parallel
permittivity value (g,) and the perpendicular permittivity value (¢, ;). The data presented in
Table 4.18 shows the resonance frequency (related to dielectric anisotropy) and quality factor
(related to the loss tangent anisotropy).

Position 1 Position 2
Liquid Crystal fus (GHz) (Q-factor fus (GHz) (Q-factor
QYPDLC-036 | 8.7165 + 0.00058 | 127.54 + 1.02 | 8.7539 + 0.00042 | 108.75 £+ 0.58
QYPDLC-142 | 8.7425 + 0.00055 | 129.24 + 1.02 | 8.7675 £ 0.00096 | 115.78 £+ 0.78
QYPDLC-193 | 8.7249 + 0.00035 | 128.15 £ 0.22 | 8.7566 + 0.00016 | 106.19 £ 0.18
GT3-23002 | 8.7350 £ 0.00061 | 133.02 4 1.26 | 8.7667 £ 0.00032 | 124.82 4+ 1.59

Table 4.18: Resonance frequency and ()-factor of 11 GHz resonator with LC cells.

The resulting data from the analysis of the resonance frequency and the quality factor
with the two proposed methods, the modal and the numerical, can be observed in Table 4.19
and Table 4.21 for position 1 and position 2. When these values are corrected with equation
(4.31), based on the non-ideality of the electric field distribution, the resultant values are
shown in Tables 4.20 and 4.22. Moreover, these tables include the uncertainty of the dielectric
permittivity and the loss tangent, calculated as expressed in (4.34).

Some conclusions can be drawn from the obtained results: there is a good agreement in
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Position 1

Position 2

Liquid Crystal

Er

tand

Er

tand

QYPDLC-036

QYPDLC-142

QYPDLC-193
GT3-23002

3.500
3.359
3.563
3.548

0.0139
0.0128
0.0130
0.0063

2.763
2.857
2.920
2.879

0.0579
0.0416
0.0634
0.0224

Table 4.19: Calculated position 1 and 2 permittivity values and loss tangent of LC cells for
11 GHz resonator with the modal method.

Liquid Crystal

Er|

tcm6|| x 1000

Erl

tand | x 1000

QYPDLC-036

QYPDLC-142

QYPDLC-193
GT3-23002

3.22£0.19
3.05 £0.18
3.26 £ 0.20
3.25+£0.21

3.95 £0.67

5.80 £ 1.06

1.97 £0.11

2.50 £0.83

224 +0.15
236 £0.16
240 £ 0.17
2.35+0.17

57.51 £ 6.8
40.88 == 4.92
63.31 =4.40
22.05 £ 3.81

Table 4.20: Adjusted parallel and perpendicular permittivity values and loss tangent of LC
cells for 11 GHz resonator with the modal method.

Liquid Crystal

Position 1

Position 2

Er

tand

Er

tand

QYPDLC-036

QYPDLC-142

QYPDLC-193
GT3-23002

3.505
3.390
3.550
3.559

0.044
0.031
0.036
0.014

2.745
2.823
2.870
2.858

0.160
0.103
0.142
0.048

Table 4.21: Calculated position 1 and 2 permittivity values and loss tangent of LC cells for
11 GHz resonator with the numerical method.

Liquid Crystal

Er

tan(SH x 1000

Erl

tand | x 1000

QYPDLC-036

QYPDLC-142

QYPDLC-193
GT3-23002

3.22+£0.20
3.09 £ 0.21
3.26 £0.16
3.32 £0.20

3.47 £ 0.80
6.63 £1.76
3.58 £0.54
3.70 £ 1.00

223 £0.19
233 £0.15
2.34 £ 0.17
232 +£0.16

71.38 &£ 18.57
43.05 £ 3.77
60.43 +4.75
19.92 £5.20

Table 4.22: Adjusted parallel and perpendicular permittivity values and loss tangent of LC
cells for 11 GHz resonator with the numerical method.

the results of both methods. Moreover, the error of the results is small enough to consider the

results consistent and valid.
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5 GHz resonator

As in the previous case, the frequency responses of the different cells are shown in Figures
4.33, 4.34, 4.35, and 4.36 for TH1, TH2, TH3, and TH4, respectively. In the same mode, the
measured values of resonance frequency and )-factor are shown in Table 4.23.
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Figure 4.33: Measurement of the 5 GHz resonator with cell THI1.

Position 1 Position 2
Liquid Crystal fus (GHz) (Q-factor fus (GHz) (Q-factor
QYPDLC-036 | 4.5283 + 0.13 | 281.61 = 1.5 | 4.5355 +0.28 | 245.30 + 0.51
QYPDLC-142 | 4.5363 4+ 0.07 | 298.94 + 1.49 | 4.5400 4+ 0.07 | 255.60 + 0.21
QYPDLC-193 | 4.5299 4+ 0.18 | 292.99 + 2.11 | 4.5370 4+ 0.09 | 238.94 + 3.30
GT3-23002 | 4.5375+0.07 | 308.51 + 3.76 | 4.5429 + 0.09 | 286.05 + 4.02

Table 4.23: Resonance frequency and -factor of 5 GHz resonator with LC cells.

The difference in resonance frequencies between both positions may seem smaller than in
the previous case (resonator with central frequency at 11 GHz), although the relative change
remains almost the same. It is only an effect caused by the frequency dropping, since the
obtained results demonstrate a similar anisotropy as shown in Table 4.24 and Table 4.26
for position 1 and position 2. Tables 4.25 and 4.27 show the corrected values of dielectric
permittivity and loss tangent together with their uncertainties calculated as in the previous
case.
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Figure 4.34: Measurement of the 5 GHz resonator with cell TH2.

Position 1 Position 2
Liquid Crystal Er tand Er tand
QYPDLC-036 | 3.3675 | 0.0239 | 2.7715 | 0.0648
QYPDLC-142 | 3.0181 | 0.0148 | 2.7020 | 0.0585
QYPDLC-193 | 3.3132 | 0.0171 | 2.7062 | 0.0763
GT3-23002 | 2.8389 | 0.0092 | 2.3555 | 0.0331

Table 4.24: Calculated position 1 and 2 permittivity values and loss tangent of LC cells for
5 GHz resonator with the modal method.

Liquid Crystal Er| tand; x 1000 Erl tand | x 1000
QYPDLC-036 | 3.08 = 0.19 | 17.06 = 2.08 | 2.28 & 0.15 | 75.45 £+ 7.89
QYPDLC-142 | 272 £0.17 | 795+ 1.09 | 227 +0.16 | 58.51 =7.20
QYPDLC-193 | 3.03 £0.19 | 7.14+0.97 | 222 £0.15 | 91.90 £+ 7.55

GT3-23002 |2.594+0.15| 5.13+1.79 | 1.94 +0.14 | 39.33 +10.90

Table 4.25: Adjusted parallel and perpendicular permittivity values and loss tangent of LC
cells for 5 GHz resonator with the modal method.

As in the results obtained with the 11 GHz resonator, the results of the average permittiv-
ity values obtained with the two methods are very similar.
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Figure 4.35: Measurement of the 5 GHz resonator with cell TH3.

Position 1 Position 2
Liquid Crystal | ¢, tand Er tand
QYPDLC-036 | 3.420 | 0.083 | 2.795 | 0.183
QYPDLC-142 | 3.032 | 0.048 | 2.704 | 0.152
QYPDLC-193 | 3.346 | 0.061 | 2.718 | 0.213
GT3-23002 | 2.856 | 0.025 | 2.390 | 0.079

Table 4.26: Calculated position 1 and 2 permittivity values and loss tangent of LC cells for
5 GHz resonator with the numerical method.

Liquid Crystal Exr| tand; x 1000 Erl tand | x 1000
QYPDLC-036 | 3.11 £0.22 | 17.01 £2.67 | 229 £0.19 | 75.61 £9.45
QYPDLC-142 | 2.74 £0.15 | 873 +£2.03 | 226 +0.13 | 65.97 +£6.70
QYPDLC-193 | 3.07 £0.10 | 6.64 =0.70 | 2.22 £0.13 | 94.82 + 14.51

GT3-23002 | 2.63+0.16 | 481 £2.27 | 1.97 +£0.17 | 39.14 + 11.81

Table 4.27: Adjusted parallel and perpendicular permittivity values and loss tangent of LC
cells for 5 GHz resonator with the numerical method.

9.5 GHz resonator

The measured frequency responses are shown in Figures 4.37, 4.38, 4.39, and 4.40, and
the experimental results of resonance frequency and ()-factor can be seen in Table 4.28. As
in other frequencies, these data have been analyzed obtaining the dielectric features of Table
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Figure 4.36: Measurement of the 5 GHz resonator with cell TH4.

4.29.

The values could only be extracted with the modal method, since the numerical method
does not converge to any realistic value. This is caused by several reasons. First, the per-
mittivity obtained for the cells oriented in position 1 is smaller than for position 2, which is
contradictory to the expected results. On the other hand, the loss tangent presents, in some
measurements, not consistent values, even reaching negative values (gain), which is impos-
sible. It is obvious that the results obtained using the 9.5 GHz resonator are not valid. The
source of error must have been systematic and possibly due to the radius and height configu-
ration chosen for this resonator, since the selected working region (Figure 4.4) is very close
to a conflictive point. For this reason, the values for position 1 and 2 are not corrected to
obtain the correspondent perpendicular and parallel values.

Position 1 Position 2
Liquid Crystal fus (GHz) (Q-factor fus (GHz) (Q-factor
QYPDLC-036 | 7.3490 4+ 0.26 | 150.70 + 0.46 | 7.3386 4+ 0.60 | 167.32 + 0.34
QYPDLC-142 | 7.3700 + 0.15 | 161.92 + 1.17 | 7.3572 + 0.20 | 182.37 + 0.40
QYPDLC-193 | 7.3255 +0.24 | 151.06 £ 0.51 | 7.3177 +1.00 | 159.62 + 1.30
GT3-23002 | 7.3710 £ 0.40 | 160.30 £ 1.11 | 7.3606 + 0.18 | 180.66 + 1.59

Table 4.28: Resonance frequency and (Q-factor of 5 GHz resonator with LC cells.
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Figure 4.37: Measurement of the 9.5 GHz resonator with cell THI.

Position 1 Position 2
Liquid Crystal Er tand Er tand
QYPDLC-036 | 2.8725 | 0.0062 | 3.1203 | -0.0123
QYPDLC-142 | 2.6170 | -0.0098 | 3.0104 | -0.0273
QYPDLC-193 | 3.5268 | 0.0055 | 3.7201 | -0.0031
GT3-23002 2.592 | -0.0076 | 2.8579 | -0.0297

Table 4.29: Calculated position 1 and 2 permittivity values and loss tangent of LC cells for
5 GHz resonator with the modal method.

As summary, after the evaluation of the characteristics of the LC mixtures measured at
11 GHz and 5 GHz, the highest values of the dielectric anisotropy are presented for the sam-
ples QYPDLC-036 and QYPDLC-193, together with the highest values of the corresponding
loss tangent parameters. Furthermore, it is observed for all the LCs that the loss tangent
decreases and the dielectric anisotropy increases at higher frequencies, which must be taken
into account in the development of reconfigurable microwave devices.
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Figure 4.38: Measurement of the 9.5 GHz resonator with cell TH2.
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Figure 4.39: Measurement of the 9.5 GHz resonator with cell TH3.
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Figure 4.40: Measurement of the 9.5 GHz resonator with cell TH4.



Chapter 5

Decoupled Empty Substrate Integrated
Waveguide

As described in chapter 2, the reconfiguration of microwave devices is one of the chal-
lenges in the current state-of-the-art of microwave technology. Furthermore, the ESIW is a
promising structure that combines the properties of the waveguide devices and the compact
size of the planar structures. It is a three layered structure (central body and two covers)
of very low height, perfectly integrated in a substrate circuit, and presenting better perfor-
mance in terms of dispersion and loss than planar lines and SIWs. However, the ESIW is
a single conductor structure, i.e. a closed non-radiative transmission line, which has obvi-
ous advantages but also one disadvantage concerning reconfiguration: this structure is not
AC/DC decoupled, thus it cannot be used to integrate elements that need a bias voltage to
be operated. These elements are of great practical interest, since they can provide a certain
reconfiguration range to the devices where they are inserted.

The need of reconfigurable devices has also led to different strategies. Many of them
include the possibility of introducing a DC bias voltage in the device, acting on an additional
element that is capable of modifying its response as explained in detail in section 2.2. Obvi-
ously, this involves that the structure must be composed of more than one single conductor.
This is not the case of the ESIW structure, which is completely closed on itself with a single
conductor.

The decoupling of waveguides has been tried in several ways. The Corrugated Substrate
Integrated Waveguide (CSIW) [20] is a SIW structure where the metallized vias are replaced
by open-circuit quarter-wavelength microstrip stubs to form the sidewalls of the waveguide
[102]. This structure can support the TE;; mode. It can be connected to the SIW with
interdigital capacitors [103] resulting in a structure completely DC isolated from the ground
plane, which allows shunt connection of biased active devices. This simple structure provides
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worse results than the standard SIW case in terms of return loss. Furthermore, both are
supported on a dielectric substrate, thus both have similar levels of insertion loss.

Another alternative in SIW technology is achieve by the structures based on Stop-Band
Response Frequency Selective Surfaces (SBFSS-SIW) [104]. They consist of a conventional
SIW where the side walls are defined by metallized via holes, moreover periodic isolated pads
are made over the top and/or bottom sides of the substrate. This getss AC/DC decoupling but
preserves the propagation properties and dimensions of the traditional SIW [105].

All of these structures make possible the integration of biased active and passive devices
for reconfiguration [6]. However, the presence of dielectric substrate make impossible the use
of reconfigurable material, as the LC. For avoiding this issue, in this chapter a modification
of ESIW transmission line is proposed in order to get its decoupling and transform it in a
potential alternative to previous solutions, i.e. the Decoupled Empty Substrate Integrated
Waveguide (DESIW).

5.1 Topology and design

The basic idea of the DESIW line is to maintain the three layered structure of the ESIW
techonology, but decoupling one of the metallic covers. For the fundamental mode of the
waveguide, the RF electric field currents flow on the surface of the structure. If DC decou-
pling is pursued, the continuity of these high frequency surface currents should be granted.
To avoid cutting the currents and inducing radiation, a square pattern grid is craved on the
surface of the top cover, i.e. a cover divided in several isolated metal squares. Thus, RF
currents can flow through the grid created between the squares, preventing interruption by
the discontinuity as shown in Figure 5.1.

The design of this square grid surface, also called Frequency Selective Surface (FSS)
[106] cannot be random. FSSs have a passband response in a frequency range, so this be-
haviour must be far from the working frequency band of the transmission line. This will
assure the transmission together with an AC/DC decoupling.

Munk [106] states that the resonance frequency of a FSS (formed by loaded square aper-
tures with a solid plate inside as in this case), has its resonance frequency at f. = c/\,,
being c the speed of the light and ), /4 the lateral size of the aperture. The apertures must
be designed small enough to have the resonance frequency out of the desired working band.
Therefore, the cover with the FSS cells will have a reflection parameter high enough to ensure
that the entire structure behaves like a conventional ESIW.

The voltage can be applied between each small inner square and the rest of the structure.
It is expected that this solution, even considering some low radiation loss, has a proper per-
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Figure 5.1: Layout of a DESIW with the top cover cut in small squares. In black the metal-
lized vias and the border copper metallization, in dark gray the copper metallization on
top of the layer, in light gray the dielectric substrate, and in white the air-filled sections.
(a) 3D view of the DESIW line. (b) Top view of the top cover. (c) Bottom view of the
top cover with detail of the squares.
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formance. In order to have access to the decoupled conductors from outside of the structure,
it is needed to drill a set of metallized vias in the center of each square, between the bottom
and top sides of the upper cover of the DESIW. In this way, the bias voltage can be applied
to the top surface of the waveguide. Moreover, different bias voltages could be applied to
different sections of the waveguide, since the squares are accessible separately.

For calculating the dimensions of squares patches, firstly, an initial point is obtained,
following the strategy described by Munk in [106], as explained in detail in section 5.2. Then,
in order to maximize return loss, the dimensions (ac;, ac,, d,, d;, and g) are optimized in CST
Studio Suite using Genetic Algorithms in a first approach, and with the Simplex Algorithm
in a refinement stage. Furthermore, the placement of the square patches is carefully designed
for avoiding short circuit between the transition and the isolated squares. For that, when a
transition from microstrip to DESIW is chosen, the squares are placed properly.

Finally, to show that DESIW has similar propagation characteristics than ESIW, a com-
parison of the E-field distribution for the dominant mode is presented in Figure 5.2. The
dominant mode behaviour of the DESIW line is equal to that of the conventional ESIW,
so the common E-field distribution is not internally modified by the FSS topology. Even
though the DESIW looks like a radiative structure, while it is operating in the FSS stop-
band frequency no radiation exists as it happens in the reference ESIW. However, in the FSS
pass-band frequency range the structure becomes radiative.

(b)

Figure 5.2: Electric field distribution of the dominant mode at 11 GHz. (a) ESIW line. (b)
DESIW line.
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5.1.1 Transitions

Two transitions are studied in order to know which one presents better performance in
terms of return and insertion loss.
Linearly tapered transition

To interconnect the microstrip with the DESIW line, a linearly tapered transition is pro-
posed in [107]. This transition is illustrated in Figure 5.3.
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Figure 5.3: Layout of the linearly tapered transition. In black the metallized vias and the
border copper metallization, in dark gray the copper metallization on top of the layer,
in light gray the dielectric substrate, and in white the air-filled sections.

The transition is composed by a SIW line section fed by a linear taper from the width of
the microstrip line (w,,s) to the width of a microstrip (wy,,s) whose impedance is similar to the
waveguide impedance. This is followed by a taper where the air penetrates into the dielectric
substrate. The equivalent width of the SIW line (w;) and the width of the empty transition
region (ws) are progressively increased along the transition, until the equivalent width of the
empty waveguide (a) is obtained. The longer the transition, the better the matching. This
leads to a tradeoff between total transition length [;,, and return loss. The electric walls of the
taper are formed by metallized via holes of diameter d, and pitch p. However, in the empty
waveguide the walls are fully metallized to get better performance.

The initial point for the dimension of this transition can be obtained using the expressions
given in equation (5.1). The initial equivalent width of the SIW section (w;(z = 0)), and the
width of the ESIW (a) are selected so that both lines have the same cutoff frequency, so they
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are related by the dielectric permittivity of the substrate ,. In the case of ws, it starts as 0
mm or the minimum manufacturable value.

An initial estimation of all these dimensions has been calculated with these expressions
for having a cutoff frequency of 8 GHz. Afterwards, those values have been optimized in
CST Studio Suite for maximizing return loss. The obtained dimensions are depicted in Table
5.1. These dimensions have been calculated for a substrate RO4003C with €, = 3.55, a height
of 0.508 mm, and a copper cladding of 17.5 pym.

I _ Ams(fo)

tms — 4 ’
2Win «

Wims = 3mg )

(5.1
wi(z =0) = a/\/r,

Liw = Ao
Parameter | Dimension
a 19.050 mm
Wins 1.100 mm
lins 10.000 mm
Wems 2.280 mm
lims 3.640 mm
d, 0.700 mm
P 1.170 mm
wWq 8.800 mm
Lsiw 6.750 mm
Liw 30.000 mm

Table 5.1: Dimensions of the linearly tapered transition from microstrip to DESIW.

The obtained reflection coefficient is shown in Figure 5.4, where it can be seen that return
loss are greater than 20 dB, and insertion loss are low (around 0.5 dB).
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Figure 5.4: Simulated frequency response of the linearly tapered transition from microstrip
to DESIW.

Exponential tapered transition

The work developed in [5] presents the opposite to the aforementioned solution. It is a
transition formed by a dielectric substrate slab that penetrates in the empty waveguide. This
slab is of the same substrate as the micorstrip substrate, and its width is exponentially reduced
in order to match to a completely empty waveguide. This exponential taper is improved
in [108] including an additional linear taper in the microstrip line to have better performance
of the return loss. The transition has been also improved in this work with the mechanization
of via holes to prevent possible leaky waves. The layout of this new two steps microstrip to
ESIW transition is presented in Figure 5.5.

First, the transition is made of a linear taper from the width of the microstrip line (w,,s)
to the width of a microstrip (wy,,s) with the same impedance than the waveguide, as in the
previous transition. This is followed by an exponential taper of length [;,,, whose initial width
18 wy; and the end is rounded with a diameter of w;;. The width of the taper exponentially

decreases with the distance z as follows:

wti(efcltp _ efcz> + wtf(efczfl)
e~clw — 1

W(z) = (5.2)

where c is the parameter that controls the velocity of reduction of the taper width. As can be
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Figure 5.5: Layout of the new exponential tapered transition and details of the taper end. In
black the metallized vias and the border copper metallization, in dark gray the copper
metallization on top of the layer, in light gray the dielectric substrate, and in white the
air-filled sections.

seen, at the beginning of the taper, the width is W(z = 0) = wy;, and at the end, W (z =
lip) = wiy.

The mechanization of the two holes of diameter d; with the drilling machine, ensures that
the size of the iris in the back wall of the ESIW is exactly of the desired width (w;,.). This
avoids large tolerances in the drilling process and deviations between the measurements and
the simulations. Finally, via holes of diameter d,, and pitch p are mechanized in order to pre-
vent possible leaky waves travelling through the substrate outside the ESIW. The parameters
d, and p are chosen to avoid radiation leakage with the same design rules as for the vias in a
standard SIW.

In order to design the proposed transition, it is convenient to find a good initial point
for the design parameters. The expressions that provide good approximations for the design
parameters, and that can be used to obtain a good initial point, are detailed in (5.3). These
expressions have been obtained experimentally after designing the transition for different
frequency bands and different substrates, with long optimization processes using the robust
genetic algorithms. The proposed initial point can speed up significantly the optimization
process for new designs, regardless of the frequency band, or the specific substrate that is
chosen for each case. The initial point of the microstrip taper (/;,,s and wy,,s) take the values
given by the expressions of (5.1), and the rest of parameters are described in (5.3).



5.2 Design and manufacturing of a transmission line 123
[, — 2a(f0)
tp 4
Wy = 1.2W4ns,
(5.3)

Wiy =

atwe;

2 Y

c=2.

It

The transition has been designed with the initial point of expressions (5.1) and (5.3) and,

afterwards, optimized to maximize the return loss. The calculated optimum values are de-

tailed in Table 5.2. The obtained reflection coefficient is greater than 20 dB, as shown in
Figure 5.6, for the substrate RO4003C of ¢, = 3.55, height of 0.508 mm, and copper cladding
of 17.5 pm; whereas the insertion loss value is about 0.5 dB in the whole frequency range.

Parameter | Dimension
a 19.050 mm
Wins 1.100 mm
Lns 10.000 mm
Wems 2.280 mm
Lims 3.640 mm
Wiy 12.915 mm
dy 1.000 mm
d, 0.500 mm
D 1.320 mm
Wy 2.574 mm
lep 10.088 mm
Wyy 0.500 mm

Table 5.2: Dimensions of the exponential tapered transition from microstrip to DESIW.

5.2 Design and manufacturing of a transmission line

An X-band DESIW transmission line has been designed for testing the performance of

the proposed structure. The design of the line only consists of calculating a width that enables

the propagation of the fundamental mode over 8 GHz. For an empty waveguide, a = 19.05

mim.

Moreover, concerning the patches, they are not completely squared, so their sides can

have different lengths. As mentioned before, the length of the patch sides must achieve
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Figure 5.6: Simulated frequency response of the exponential tapered transition from mi-
crostrip to DESIW.

the passband of the FSS to be outside the desired passband of the transmission line. The
mono-mode frequency band of the designed line is from 8 to 16 GHz, so in order to have
a guard band, the passband of the FSS should be over 20 GHz. Therefore, the biggest side
length of the patch must be smaller than 3.75 mm. However, there are some limitations
for manufacturing the cover that must be taken into account in the design process: the size
of the squares and the diameter of the via holes cannot be as small as desired, since the
milling machine has some limitations in the accuracy and the diameter of the drill bit. The
patches length in both dimensions must be greater than 0.5 mm. Thereby, these are the two
optimization maximum and minimum values, respectively.

Considering all the limitations described above, the starting point of the dimensions of
the squares is the average of the minimum and maximum size. The length of the squares can
be different in the transmission line itself (acl) and the squares placed around the transition
(aclinput), while the width is the same to ensure a flowing straight way for the surface currents
as depicted in Figure 5.7(a). Other parameters to be optimized are the distance between
adjacent squares in both directions (d, and d;). Finally, the gap (g) used to isolate the inner
squares is fixed to the minimum manufacturable. All these dimensions are optimized in
CST Studio Suite obtaining the results depicted in Table 5.3 for the linearly and exponential
tapered transitions. The placement of the patches is different for each transition, as shown in
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Figures 5.7 and 5.8.

Exponential taper Linear taper
Parameter | Dimension | Parameter | Dimension
acg 1.421 mm acg 1.335 mm
acq 1.220 mm ac; 1.068 mm
d, 0.950 mm d, 0.980 mm
d, 0.700 mm d; 0.700 mm
g 0.150 mm g 0.150 mm

Table 5.3: Dimensions of the square grid of the DESIW transmission line.

(b)

Figure 5.7: Layout of the DESIW line with the linearly tapered transition. (a) Bottom view
of the top cover. (b) Top view of the central body.

Moreover, before manufacturing, it must be considered the possible influence of the top
cover substrate in the structure behaviour due to the leakage through the squares. For that,
the electromagnetic response of the line has been simulated for different cover substrates:
FR4 with €, = 4.7, RO4003C with €, = 3.55, TMM6 with ¢, = 6 and TMM 101 with ¢, = 9.8.
These simulations, shown in Figure 5.9, demonstrate that the substrate of the top cover barely
influences on the performance of the line.

With all the previous aspects, a DESIW transmission line is manufactured for each tran-
sition. For the central body, Rogers RO4003C substrate with height A = 0.508 mm, ¢, =
3.55, and copper cladding of 17.5 pm is used. For both (top and bottom) covers of the line, a
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(b)

Figure 5.8: Layout of the DESIW line with the exponential tapered transition. (a) Bottom
view of the top cover. (b) Top view of the central body.

Rogers RO4003C substrate with height 2 = 0.813 mm, ¢, = 3.55 and copper cladding of 17.5
pm has been finally chosen because its influence in the response is negligible.

During the manufacturing procedure, the first stage is related to the DESIW body: the
substrate is partially emptied to conform the line and its sides are covered with copper by
electro-deposition, then the transition is milled. Next, the top cover is manufactured: the
via holes that connect the inner squares to the outside of the cover are drilled and electro-
deposited with copper. Then, the inner squares are milled, as well as the decoupling big
square of the upper side. The bottom cover acts just as a whole copper foil. The structure is
welded to ensure electric continuity and it is fastened by screws. Figures 5.10 and 5.11 show
the manufactured layers (central body and two view of the top cover) of the structure before
assembling for both linearly and exponential tapered transition, respectively. It is remarkable
that the line with linear taper is longer since the length of the transition is three times the
length of the exponential taper.

The frequency responses of the manufactured prototypes of the new DESIW line are
compared with the simulated data obtained with CST Studio Suite.
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Figure 5.9: Simulates frequency response of a DESIW line with different cover substrates.

Figure 5.12 shows the comparison for the linearly tapered transition. The measurement
does not match with the simulation, since return loss are only greater than 15 dB in a small
bandwidth, and IL values are greater than simulation, around 1.5 dB.

Figure 5.13 shows the frequency response of the exponential tapered transition . As it can
be observed, simulation and measurement are in good agreement. In the whole frequency
range the return loss are greater than 15 dB, and IL values are lower than 0.5 dB.

A comparison between the results of the DESIW line with exponential tapered transition
and previous works in the field is provided in Table 5.4, since the linear tapered transition does
not meet the specifications and was dismissed. It can be seen that DESIW results are similar
to those of the ESIW, and much better than the results of other integrated decoupled lines.
The low attenuation of the line ensures a good performance of this structure for different

applications.
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(b)

Figure 5.10: Layers of the manufactured DESIW line prototype with linearly tapered transi-
tion. (a) Top view of the top cover. (b) Bottom view of the top cover. (c¢) Central body
of the line.
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Figure 5.12: Comparison between simulation and measurement results for the DESIW line
with linearly tapered transition.
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(b)

(©)

Figure 5.11: Layers of the manufactured DESIW line prototype with exponential tapered
transition. (a) Top view of the top cover. (b) Bottom view of the top cover. (c) Central

body of the line.
AC/DC decoupled | Return Loss | Insertion Loss
DESIW Yes 15dB 0.5dB
ESIW [5] No 20dB 0.3dB
CSIW [102] Yes 10 dB 3.5dB
SBEFSS-SIW [105] Yes 12 dB 1dB

Table 5.4: Comparison of scattering parameters between DESIW and other SIWs.
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Figure 5.13: Comparison between simulation and measurement results for the DESIW line
with exponential tapered transition.

5.3 Design and manufacturing of a resonator

In order to test the validity of the proposed structure as a filter, and to establish a consis-
tent design procedure, a simple filter with only one resonator is designed using the standard
procedure of [53], which uses an equivalent ideal network composed of ideal inverters and
resonators as a reference. Exponential tapered transition is used for its better performance.
The layout of this 1-pole filter is shown in Figure 5.14. In this case, the layout of the squares
grid follows the shape of the resonator. The squares with the gaps in the coupling windows
have the same length than the iris (acl,, + 29 = l,;,). Furthermore, there are no squares in
the zone of the iris, as in the case of the transition, for avoiding short-circuits.

The optimized dimensions detailed in Table 5.5 for both the square grid and the central
body are calculated for providing a Chebyshev response with the following specifications:

— Number of cavities: [NV = 1 cavity.
— Central frequency: f, =11 GHz.
— Bandwidth: 300 MHz.

— Dielectric permittivity: air — ¢, = 1.
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Parameter | Dimension
a 19.050 mm
Qwin 8.000 mm
lin 12.000 mm

lres 15.975 mm
Luwin 1.000 mm

g 0.150 mm
acg 1.336 mm
ac; 1.216 mm

AClinput 0.918 mm
aCly 0.700 mm
da 0.950 mm
dl 0.670 mm

Table 5.5: Dimensions of the the central body and the square grid of the DESIW resonator.

For manufacturing the central body and the covers, Rogers RO4003C substrate with
height 2 = 0.813 mm, ¢, = 3.55, and copper cladding of 17.5 pum is used. Figure 5.15 shows
manufactured layers of the structure before assembling. In this case, in the central body layer
there is a footprint for using an end-launch connector [109] instead of a welded connector.

This prototype has been measured and its frequency response is compared with the sim-
ulation in Figure 5.16. There is a slight frequency shift due to the manufacturing tolerances
and the galvanic metallization thickness. This thickness influences the size of the resultant
structure, hence modifying the final frequency response.

Once the performance of a transmission line and a resonant structure based on DESIW
technology is validated, the next step is the use of these prototypes to get reconfigurable
devices. As stated in previous chapters, the reconfiguration method utilized in this work is
the Liquid Crystal (LC), analyzed in depth before.

5.4 Reconfiguration of the resonator with Liquid Crystal

5.4.1 Filling process

One important issue is how to fill the reconfigurable devices with LC. This process is not
trivial since it cannot be done by capillarity from one side of the device, as in the case of LC
cells, and the devices are not transparent, not being able to see if the device is completely full
or not. In order to check the best method to fill the devices, a line and a two poles filter im-
plemented in ESIW have been manufactured. Instead of using a metallic cover, a transparent
glass has been used for covering these structures as shown in Figure 5.17. Different patterns
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Figure 5.14: Layout of a DESIW resonator with the top cover cut in small squares. In
black the metallized vias and the border copper metallization, in dark gray the copper
metallization on top of the layer, in light gray the dielectric substrate, and in white the
air-filled sections. (a) Top view of the top cover. (b) Bottom view of the top cover with
detail of the squares. (c) Top view of the central body.
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Figure 5.15: Layers of the manufactured DESIW resonator prototype. (a) Top view of the
top cover. (b) Bottom view of the top cover. (¢) Central body of the resonator.

of holes have been made in the glasses to test how the LC flows inside the device. Figure
5.17 shows the distribution that achieves a better filling of the whole device. It consists of two
holes, one for filling and the other for allowing the air to get out. These two holes are placed
in the center of the line and in the center of each resonant cavity in the filters. Additionally,
four holes can be made in the four corners of each resonator to improve the filling, although
the field in these zones is negligible. The maximum of electric field is placed in the center
of the cavity, so this is the important zone that must be filled to get better frequency response
and reconfiguration features.

Furthermore, to get the highest available anisotropy of the LC molecules, the initial align-
ment is essential. In this case, polyimide should not be used since it produces an isolation
between the layers and, consequently, the conduction currents are cut avoiding wave propa-
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Figure 5.16: Comparison between simulation and measurement results for the DESIW res-
onator.

gation. However, if no alignment surface is implemented, the dielectric permittivity of the LC
could only vary from a random value to the parallel case. Therefore, a velvet rubbing strategy
has been followed to achieve the maximum initial alignment. As in the case of the polyimide
of the LC cells, the metallic covers are rubbed with a natural silk velvet. It is very important
to perform rubbing in a unique way, since this will determine the initial inclination of the
molecules. The microgrooves implemented in copper do not have the same anchoring force
than the ones of polyimide because of the characteristics of the material. Copper surface is
harder, so the velvet does not produce the same effect.

Finally, the filling process is finished by the sealing of the device. The via holes of the top
cover are sealed with high temperature solder wire for keeping the electric contact between
all the squares. The via holes pattern indicated before is not sealed in order to use it to fill the
device with LC, as shown in Figure 5.18.

After soldering, the decoupling is again checked, and the device can be assembled and
welded. For this welding, a low temperature soldering paste is used, to avoid the cover
sealing to melt. For assuring that there are not leaks, the borders are sealed with optical glue
(Norland UV Sealant 91). Furthermore, after filling the structure with LC, the filling holes
are also sealed with optical glue. In this moment, either solder paste or wire can not be used
since the temperature needed for soldering is over the clearing temperature of the LC, i.e.,
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(b)

Figure 5.17: Filling process of the reconfigurable DESIW devices. (a) Transmission line.
(b) Two poles filter.

the temperature at which the transition between the mesophase and the isotropic phase occurs
(about 150°C).



136 Decoupled Empty Substrate Integrated Waveguide

Figure 5.18: Soldering process of the top cover of a DESIW structure.

5.4.2 Biasing

Taking into account the behaviour of the LC molecules, the dielectric anisotropy of the
material is achieved by applying an external DC (or low frequency) bias field, either electric
or magnetic.

The ¢, state is achieved by using the anchoring force (physical alignment) or a magnetic
bias field, while the €, state is achieved by applying electric or magnetic bias field [3].

Magnetic biasing

Two magnets can be used for obtaining the two states, since the molecules are aligned par-
allel to the magnetic field lines. First, the perpendicular permittivity (¢, ) is achieved by two
magnets repelling each other, as shown in Figure 5.19(b). Then, the molecules are aligned
orthogonally to the RF electric field (B). Next, the molecules can be aligned vertically, i.e.
parallel to the same RF electric field (¢,)), if the two magnets are placed in attracting mode,
as shown in Figure 5.19(a). When the device is placed between the two magnets, the perpen-
dicular and the parallel LC states can be alternatively measured, by changing the position of

the magnets.
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() (b)

Figure 5.19: Cross section of magnetic field biasing states. (a) Attract: parallel permittivity.
(b) Repel: perpendicular permittivity.

Electric biasing

For electric biasing, a low frequency voltage is applied between the grid of squares and
the rest of the structure. When no voltage is applied, the molecules are in repose state,
forced by the anchoring surface, obtaining a pseudo-perpendicular permittivity value. When
starting to apply a voltage higher than the threshold value (which is different for each LC
mixture) [3], the molecules start rotating to the vertical position. Depending on the applied
voltage, continuous values of permittivity can be obtained, until &, is achieved.

5.4.3 Reconfigurable resonator results

In order to test the variation of the frequency response, two manufactured DESIW res-
onators are filled with QYPDLC-036 and GT3-23002. The first resonator has been measured
applying both magnetic and electric bias fields, but the second one has only been measured
applying magnetic field since its practical realization was short-circuited unintentionally. The
measurement set-up is shown in Figure 5.20.

Figure 5.21 shows the frequency response for the two states of the magnetic biasing, and
the continuous reconfiguration response for the electric biasing of the resonator filled with
QYPDLC-036 mixture.

The repose measurement, without any biasing field, shows a resonance at 6.74 GHz.
There is a frequency shift with regard to the simulation data, due to the non-perfect perpen-
dicular alignment of the LC molecules, thus decreasing the resonance frequency. When the
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Figure 5.20: Measurement set-up using electric bias field.

bias voltage (from 25 Vpp to 100 Vpp in 25 Vpp steps) is applied, the molecules start rotating
from the repose state to the parallel position, where the resonance frequency is located at 6.52
GHz. The tuning achieved is continuous in a frequency range of 220 MHz, which in relative
terms corresponds to 3.38%.

Alternatively, a magnetic biasing field is applied, as shown in Figure 5.19. For the per-
pendicular mode, the resonance frequency is 6.85 GHz, and for the parallel one it is 6.3 GHz.
This tuning range of 550 MHz corresponds to a relative value of 8.5% that compares rather
well with the simulated value of 11%.

The magnetic biasing achieves a wider tuning range (extreme states) than the electric
one (continuous intermediate states). There are two main reasons for such results. For the
parallel case, the voltage is not applied between the whole top cover and the bottom cover, but
between the squares and the bottom cover, leaving some spaces without polarization. For the
perpendicular case, non electric field can be applied, so the alignment is limited to the repose
state configuration. In the magnetic case, the polarization is applied in the whole surface of
the device and for both states.

The measured IL are between 5.7 dB and 7.4 dB in the passband over the whole tuning
range, including the loss of both transitions and connectors. The extracted unloaded quality
factor (), ranges between 80 to 30, as shown in Table 5.6.

Figure 5.22 shows the frequency response for the two states of the magnetic biasing of
the resonator filled with GT3-23002 mixture.

The repose measurement shows a resonance at 7.27 GHz. As in the previous case, there is
a shift with regard the simulation due to the non-perfect initial alignment of the LC molecules.
When the magnetic biasing field is applied, the two extreme states are achieved. For the
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Figure 5.21: Measurement results for the DESIW resonator filled with QYPDLC-036 apply-
ing magnetic and electric biasing fields.

perpendicular case, the resonance frequency is 7.3 GHz, and for the parallel one it is 6.7
GHz. This tuning range of 600 MHz corresponds to a relative value of 8.5% that compares
rather well with the simulated value of 13.85%. The measured IL is between 4.3 dB and 6.8
dB in the passband over the whole tuning range, including the loss of both transitions and
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connectors. The extracted unloaded quality factor (), ranges between 190 and 172, as shown
in Table 5.6.
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Figure 5.22: Measurement results for the DESIW resonator filled with GT3-23002 applying
magnetic biasing field.

These results are mostly determined by the LC properties, so that for a fair comparison
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with other works, the LC mixture should be the same one. However, a comparison with other
tunable resonators using LC material is included in Table 5.6. The use of other LC mixtures

can change both the tunabilitiy range and the insertion loss of the proposed structure.

Work f (GHz) | Tunability (%) | IL (dB) | Q,-factor

DESIW (QYPDLC-036) 6.5 8.50 5.7-74 80-30
DESIW (GT3-23002) 7.0 8.50 4.3-6.8 190-172
Waveguide [110] 23.5 2.10 Not given | 256-170
SIW [18] 23.5 1.75 27-28 105-102
Microstrip [19] 2.8 8.20 0.97-1 Not given

Table 5.6: Comparison of tunable LC resonators on planar technology.






Chapter 6

Conclusions and future research lines

Current communication systems face the advent of spectrum saturation caused by new
applications, like Internet of Things (IoT) or 5G access technology. They are defined to
provide extremely high capacity, high bandwidth, and robust integrity. Thereby, RF and
microwave systems must provide, among others, enhancements in terms of spectral efficiency
and adaptable resource management. The thesis arises from this increasing need in recent
years for development of reconfigurable microwave devices (i.e. devices with a frequency-
agile response).

The work starts with an exhaustive bibliography search of the microwave filter topologies
and the technologies for implementing them. It has been concluded that SIW technology is
the perfect candidate for developing new filter structures. Since these devices are integrated
on a dielectric substrate, it is possible to use manufacturing processes based on milling tech-
niques. This allows to reduce costs and guarantee excellent mechanical tolerances, together
with high performance characteristics. The achieved features are between those of classic
metallic waveguide and planar technology.

In the literature review the possibilities to reconfigure these integrated filters has also
been studied. There are many possibilities in the bibliography, but the LC features, molecular
behaviour, and macroscopic properties have been further investigated, since it is a promising
material for reconfiguration of filters, phase shifters and other microwave devices.

The dielectric properties of LC mixtures are not well characterized at microwave fre-
quencies due to their recent use in this frequency band. As a solution to this problem, four
different LC samples have been characterized for obtaining their dielectric permittivity and
loss tangent. For this purpose, a research about methods of material characterization has been
completed in order to select the best one for characterizing this particular material.

It has been concluded that the split-cylinder resonator method is the best candidate. It is
based on the measurement of the resonance frequency and the ()-factor of the two states of
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the LC molecules. For achieving these two states, no electric or magnetic fields are needed,
just the cell is physically turned 90° inside the cavity. The values have been extracted by
using two techniques, a modal method and a numerical one. The values of the dielectric
anisotropy are presented for the considered samples, together with the values of loss tan-
gent factors. Furthermore, it is observed that the loss tangent decreases and the dielectric
anisotropy increases at higher frequencies.

Next, the influence of the dielectric permittivity in the frequency response has been stud-
ied, obtaining a promising filtering structure based on alternating dielectric SIW sections.
One of the advantages of the proposed topology is that it can be easily analyzed with a full-
wave modal technique, thus allowing its fast and accurate CAD design. As it was proved,
using the modal method for obtaining an optimized point instead of a commercial software,
a drastical reduction of the computational cost is achieved. The new proposed filter topology
provides an enhanced ()-factor when compared to a classical SIW technology (due to the
absence of dielectric material in coupling sections), is smaller than the same filter in ESIW,
and presents a good out-of-band response. The study of the out-of-band response shows that
the width of the rejected band can be controlled by the substrate permittivity, reaching values
up to 2 fy, moreover its depth can be controlled by the filter order. The results are consistent
for different frequencies, substrates and filter orders.

Finally, an evolution within the development of reconfigurable devices has been carried
out. It has been presented a decoupled topology (DESIW), that has two isolated conductors.
This allows for performing a tunable resonator using LC. Two concepts for polarizing the
LC molecules into the resonant cavity have been presented for achieving a wider tunability
range. A combination of both magnetic and electric biasing fields have been used. The
magnetic biasing allows to get the extreme states, whereas the electric biasing achieves the
continuous intermediate states. The results are very satisfactory, achieving a tunability range
of 8.5% with unloaded quality factor values between 190 and 172 in the best case.

The results obtained in this work validate the followed design procedures and confirm the
use of DESIW technology and LC as an excellent alternative to conventional technologies
and topologies for implementing reconfigurable filters.

In conclusion, all the main goals initially proposed for this PhD Thesis have been ac-
complished successfully. As a result, this Thesis work has generated multiple international
publications in relevant journals and conferences dedicated to microwave engineering, as it
is summarized in Appendix A.

This work lays the foundations of a new research field in the development of reconfig-
urable high frequency devices. Among the many future research lines related to this work,
it should be noted the study of either alternative LC mixtures or other decoupled structures
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for their biasing. There is a continuous advance in the development of new LC mixtures with
better performance in terms of higher dielectric anisotropy and lower loss tangent.

Concerning the reconfigurable topologies, the design of bandpass filters with dynamically
adjustable permittivity by sections is of great interest. Theoretically, it could control the
central frequency and the bandwidth independently.

Furthermore, the development of new empty decoupled structures, where the polarization
surface is wider without cutting the RF currents, is a promising research area. For instance,
a preliminary study has been performed to implement a structure with three layers, where a
decoupled metallic layer is introduced in the middle of the device to have a fully polarizable
sheet.
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