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Resumen

El uso masivo de los sistemas de comunicaciones inaldmbricas y méviles ha tenido un
impacto significativo en nuestra sociedad. Estas tecnologias han experimentado una amplia
adopcion en el mercado, volviéndose totalmente indispensables en nuestro dia a dia y provo-
cando un aumento notable en la demanda de movilidad y ancho de banda. A su vez, esto
ha llevado a la rdpida aparicioén de nuevos sistemas de comunicacion y a la progresiva sat-
uracion del espectro radioeléctrico, lo que conlleva un constante aumento en los requisitos
de los sistemas de radiofrecuencia. Como resultado, los dispositivos que forman parte de es-
tos sistemas (filtros, amplificadores y antenas) se ven sometidos a especificaciones cada vez
mas restrictivas. Estas restricciones se han visto fuertemente incrementadas en las comunica-
ciones espaciales, donde los nuevos sistemas basados en satélite de alta capacidad y grandes
constelaciones fuerzan la reduccion de costes a la vez que requieren de altas prestaciones.

Con el fin de satisfacer las crecientes demandas de los sistemas inalambricos, se busca
el desarrollo de dispositivos de comunicacion que ofrezcan altas prestaciones a bajo costo.
Estos dispositivos también deben ser compactos, ligeros y ficiles de integrar con diversas
tecnologias de guia de ondas, como guias de ondas convencionales, cables coaxiales y tec-
nologias de guia planar. En respuesta a estas necesidades, han surgido dos soluciones tec-
noldgicas: los circuitos integrados en sustrato (Substrate Integrated Circuit (SIC)) y la fabri-
cacion aditiva (Additive Manufacturing (AM)).

La tecnologia SIC permite combinar tecnologias de guiado planares y no planares en un
mismo sistema, lo que resulta en unas prestaciones hibridas entre las guias de onda conven-
cionales y las topologias planares. Ademads, ofrece una notable reduccién de peso y una gran
miniaturizacién y su naturaleza planar permite una integracion nunca vista antes.

Por otro lado, la fabricacién aditiva permite crear dispositivos con geometrias complejas
y bajo peso, lo que proporciona menos limitaciones en el disefio. Esto permite el desarrollo
de dispositivos con caracteristicas avanzadas y la integracion de los diferentes bloques que
conforman la cadena de radiofrecuencia en un tnico dispositivo, mejorando asi las especifi-
caciones del sistema completo y reduciendo su complejidad.

Tanto la tecnologia de substrato integrado (SIC) como la fabricacién aditiva son de gran
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interés para el sector espacial. Sin embargo, la aplicacion de estas tecnologias en el agresivo
entorno espacial ain no ha sido estudiada. Por ello, el objetivo principal de esta tesis es in-
vestigar la aplicacion de estas tecnologias en el disefio de dispositivos de microondas para
aplicaciones espaciales. A través de este estudio, se busca obtener un mayor conocimiento
sobre las capacidades y limitaciones de estas tecnologias en el contexto espacial, y asi explo-
rar su potencial para mejorar y optimizar los dispositivos utilizados en este tipo de sistemas.

En primer lugar, se ha llevado a cabo una comparacién de diferentes topologias de filtros
implementados en tecnologia SIC, los cuales han sido sometidos a pruebas ambientales que
simulan las condiciones reales de operacion en el espacio.

En segundo lugar, se ha estudiado la aplicacion de técnicas de fabricacion aditivas al de-
sarrollo de dispositivos de microondas. Para ello, se ha desarrollado un novedoso método
de metalizacién autocatalitico y un sistema de integracion de filtros de montaje superficial.
Estas tecnologias se han combinado para desarrollar una serie de filtros paso banda de mon-
taje superficial. Finalmente, estos filtros han sido sometidos a pruebas de ambiente espacial,
incluyendo: ciclado térmico, pruebas de vibracion y test de efecto multipactor.

Por ultimo, se ha estudiado el uso de cristal liquido para agregar capacidades de recon-
figurabilidad a dispositivos de microondas integrados en sustrato. Se han analizado las car-
acteristicas mecdnicas y electromagnéticas de estos materiales mediante dos métodos de car-
acterizacion basados en elementos resonantes. Ademas, se ha desarrollado un demostrador
tecnologico basado en la tecnologia Empty Substrate Integrated Coaxial Line (ESICL).

Los conocimientos desarrollados en esta tesis engloban tres &mbitos de gran interés para
la industria: la integracion en sustrato, la fabricacién aditiva y la reconfiguracion mediante
cristal liquido. Este trabajo sienta una s6lida base para futuras investigaciones que amplien
el desarrollo de estas tecnologias en aplicaciones practicas.



Resum

s massiu dels sistemes de comunicacions sense fils 1 mobils ha tingut un impacte signi-
ficatiu en la nostra societat. Aquestes tecnologies han experimentat una amplia adopci6 en el
mercat, perque s’han tornat totalment indispensables en el nostre dia a dia 1 han provocat un
augment notable en la demanda de mobilitat i amplada de banda. Al seu torn, aixo ha portat
a la rapida aparici6 de nous sistemes de comunicacié i a la progressiva saturaci6 de I’espectre
radioelectric, la qual cosa comporta un constant augment en els requisits dels sistemes de
radiofreqiiencia. Com a resultat, els dispositius que formen part d’aquests sistemes (filtres,
amplificadors 1 antenes) es veuen sotmesos a especificacions cada vegada més restrictives.
Aquestes restriccions s han vist fortament incrementades en les comunicacions espacials, on
els nous sistemes basats en satel-lits d’alta capacitat i grans constel-lacions forcen la reducci6
de costos alhora que requereixen altes prestacions.

Amb la finalitat de satisfer les creixents demandes dels sistemes sense fils, se cerca el
desenvolupament de dispositius de comunicacié que oferisquen altes prestacions a baix cost.
Aquests dispositius també han de ser compactes, lleugers i facils d’integrar amb diverses
tecnologies de guia d’ones, com ara guies d’ones convencionals, cables coaxials i tecnologies
de guia planar. En resposta a aquestes necessitats, han sorgit dues soluciones tecnologiques:
els circuits integrats en substrat (Substrate Integrated Circuit (SIC)) 1 la fabricacié additiva
(Additive Manufacturing (AM)).

La tecnologia SIC permet combinar tecnologies de guiatge planars i no planars en un
mateix sistema, la qual cosa resulta en unes prestacions hibrides entre les guies d’ona con-
vencionals i les topologies planars. A més, ofereix una notable reduccié de pes i una gran
miniaturitzacié i la seua naturalesa planar permet una integracié no vista mai abans.

D’altra banda, la fabricaci6é additiva permet crear dispositius amb geometries complexes
1 baix pes, la qual cosa proporciona menys limitacions en el disseny. Aix0 permet el de-
senvolupament de dispositius amb caracteristiques avancades i la integraci6 dels diferents
blocs que conformen la cadena de radiofreqiiencia en un unic dispositiu, que millora aix{i les
especificacions del sistema complet i en redueix la complexitat.

Tant la tecnologia de substrat integrat (SIC) com la de fabricaci6 additiva sén de gran
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interes per al sector espacial. Tanmateix, 1’aplicacié d’aquestes tecnologies en 1’agressiu
entorn espacial encara no ha sigut estudiada. Per aix0, I’objectiu principal d’aquesta tesi €s
investigar I’aplicaci6 d’aquestes tecnologies en el disseny de dispositius de microones per a
aplicacions espacials. A través d’aquest estudi, se cerca obtenir un major coneixement sobre
les capacitats i limitacions d’aquestes tecnologies en el context espacial, i aixi explorar-ne el
potencial per a millorar i optimar els dispositius utilitzats en aquest tipus de sistemes.

En primer lloc, s’ha dut a terme una comparacié de diferents topologies de filtres imple-
mentats en tecnologia SIC, els quals han sigut sotmesos a proves ambientals que simulen les
condicions reals d’operacid a I’espai.

En segon lloc, s’ha estudiat ’aplicacié de tecniques de fabricacié additives al desen-
volupament de dispositius de microones. Per a aix0, s’ha desenvolupat un nou metode
de metal-litzacié autocatalitic i un sistema d’integracié de filtres de muntatge superficial.
Aquestes tecnologies s’han combinat per a desenvolupar una serie de filtres passabanda de
muntatge superficial. Finalment, aquests filtres han sigut sotmesos a proves d’ambient espa-
cial, incloent-hi: ciclatge térmic, proves de vibracio6 i test d’efecte multipactor.

Finalment, s’ha estudiat 1’ds de cristall liquid per a agregar capacitats de reconfigura-
bilitat a dispositius de microones integrats en substrat. S’han analitzat les caracteristiques
mecaniques 1 electromagnetiques d’aquests materials mitjancant dos metodes de caracter-
itzacié basats en elements ressonants. A més, s’ha desenvolupat un demostrador tecnologic
basat en la tecnologia Empty Substrate Integrated Coaxial Line (ESICL).

Els coneixements desenvolupats en aquesta tesi engloben tres ambits de gran interes per
a la industria: la integraci6 en substrat, la fabricaci6 additiva i la reconfiguracié mitjangant
cristall liquid. Aquest treball senta una solida base per a futures investigacions que amplien
el desenvolupament d’aquestes tecnologies en aplicacions practiques.



Abstract

The widespread use of wireless and mobile communication systems has had a signifi-
cant impact on our society. These technologies have been widely adopted in the market,
becoming essential in our daily lives and leading to a notable increase in the demand for
mobility and bandwidth. Consequently, new communication systems are rapidly emerging,
and the radio frequency spectrum is becoming increasingly crowded, resulting in continu-
ously rising requirements for radio frequency systems. As a result, radio frequency devices,
such as filters, amplifiers, and antennas, are subjected to ever more stringent specifications.
These restrictions are particularly heightened in space communications, where high-capacity
satellite-based systems and large constellations force mass and cost reduction while requiring
high performance.

To meet the growing demands of wireless systems, there is a need to develop communi-
cation devices that offer high performance at a low cost. Additionally, these devices should
be compact, lightweight, and easily integrable with various waveguide technologies, such as
conventional waveguides, coaxial cables, and planar waveguide technologies. In response to
these needs, two technological solutions have emerged Substrate Integrated Circuit (SIC) and
Additive Manufacturing (AM).

SIC technology allows the combination of planar and non-planar guiding technologies
in a single system, resulting in hybrid performance between conventional waveguides and
planar topologies. It offers a significant reduction in weight and miniaturisation, and its
planar nature allows for unprecedented integration.

On the other hand, additive manufacturing enables the creation of devices with complex
geometries and low weight, providing fewer design limitations. This allows for the develop-
ment of devices with advanced features and the integration of different blocks of the radio
frequency chain into a single monolithic device, thereby enhancing the performance of the
entire system and reducing its complexity.

Both SIC and AM are of great interest to the space sector. However, the application of
these technologies in the harsh space environment has not been thoroughly studied. The main
objective of this thesis is to investigate the application of these technologies in the design of
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microwave devices for space applications. This study aims to gain a deeper understanding of
the capabilities and limitations of these technologies in the space context and explore their
potential for improving and optimising devices used in such systems.

The thesis first involves the design and comparison of different filter topologies imple-
mented using SIC technology, which has been subjected to environmental tests simulating
real space operation conditions.

Secondly, the application of additive manufacturing techniques to the development of
microwave devices has been studied. For this purpose, a novel autocatalytic metallisation
method and a system for surface-mounted filter integration have been developed. These tech-
nologies were combined to develop a series of surface-mounted bandpass filters. Finally,
these filters were subjected to space environmental tests, including thermal cycling, vibration
tests, and multipactor effect tests.

Lastly, the use of liquid crystal to add reconfigurability capabilities to substrate-integrated
microwave devices has been investigated. The mechanical and electromagnetic characteris-
tics of these materials have been analysed using two resonant element-based characterisation
methods. Additionally, a technological demonstrator based on ESICL technology has been
developed.

The knowledge developed in this thesis encompasses three areas of great interest to the
industry: substrate integration, additive manufacturing, and liquid crystal reconfiguration.
This work provides a solid foundation for future practical research that further develops these

technologies for the space sector.
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Chapter 1

Introduction

1.1 Motivation and Interest of the Topic

There has been a rapid transformation in communication systems in recent years, with a
particular impact on satellite communications. The high demand for data throughput, band-
width and ubiquitous connectivity is pushing microwave technology to its limits. This change
is particularly evident in the space industry, where the business focus has shifted from large
Geostationary Earth Orbit (GEO) satellites to constellations of numerous satellites operating
in Low Earth Orbit (LEO). The concept of large LEO constellations is reminiscent of the
ambitious global phone connectivity projects of the 1990s that include Iridium, Globalstar,
and Odyssey. Most of these systems were ultimately cancelled due to their high costs or
technological limitations, which led the new LEO systems to focus on reducing the cost per
bit.

In this evolving scenario, the feasibility of these new satellite systems heavily relies on
the reduction of production, launching, and operation costs. Microwave devices used in these
space communications systems must not only exhibit high performance and adaptability but
also undergo a drastic reduction in weight, size, and price. These factors are crucial for
the success and sustainability of the new generation of space communication systems, as
highlighted by studies on large LEO constellations and industry reports [1,2].

Different solutions can be applied to improve the performance and reduce the produc-
tion cost and weight of the Radio Frequency (RF) front-ends. One notable solution is the
Substrate Integrated Circuit (SIC) technology, which emerged in the late 1990s to address
similar demands of the industry [3,4]. The SIC technology involves the integration of dif-
ferent waveguide topologies within a substrate stack-up, combining the benefits of planar
transmission lines (e.g., microstrip, coplanar, and stripline) and non-planar technologies (e.g.,
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dielectric structures and metallic waveguides). This hybridisation enables the development
of high-performance devices with relatively low production costs and seamless integration
with planar subsystems [4, 5], effectively filling the technological gap between planar and
non-planar approaches.

On the other hand, Additive Manufacturing (AM) is a versatile technology that offers un-
paralleled design flexibility. It has the potential to revolutionise the production of microwave
devices by simplifying the manufacturing of complex geometries. At the same time, AM
allows the production of multiple devices as a single monolithic part, reducing the assem-
bling complexity and weight of the system. The design freedom provided by AM, along
with the use of lightweight materials, facilitates the production of devices with exceptional
performance, reduced weight, and low production costs for small and medium production
runs [6,7]. These characteristics position AM as a promising candidate for addressing the
current industry needs, especially in the space sector where its lightweight nature and cost-
effectiveness perfectly align with sector requirements [8].

Reconfigurability has consistently been a prominent trend in the RF and microwave sec-
tor. The increasing demand for communication systems has given rise to a dynamic and
congested wireless environment. In such a context, the capability to modify the electrical
response of microwave devices to align with the specific requirements of the system becomes
crucial. Functional materials, particularly Liquid Crystal (LC), offer numerous advantages
in this regard. However, the limited understanding of these materials at specific frequency
bands challenges their widespread utilisation in practical applications.

This thesis addresses the need to develop high-performance and adaptable microwave de-
vices for the space sector while maintaining a focus on reduced weight and cost. The core
of this work is the exploration and development of a novel manufacturing and integration
method that leverages additive manufacturing technology, offering an affordable alternative
for SIC filters. Furthermore, the thesis presents and compares four filter technologies and
three power dividers that are developed using SIC technology. Notably, this thesis makes
a significant contribution to the field of the space industry by conducting the first compre-
hensive qualification of filters developed using the two technologies considered in this study:
SIC and additive manufacturing. Finally, this thesis extends the understanding of liquid crys-
tals as a functional material by characterising their dielectric and mechanical properties at

microwave frequencies, adding these results to the existing body of knowledge in this area.
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1.2 State of the Art

In this section, we will provide a comprehensive review of three key areas relevant to the
research conducted in this thesis. Firstly, we will delve into satellite orbits and constellations.
Next, we will explore the emerging technologies for the development of filters, with a par-
ticular emphasis on the SIC approach and the application of Additive Manufacturing (AM)
techniques to the microwave sector. Lastly, we will present an overview of different tunable
techniques that have garnered attention in recent years.

1.2.1 Satellites Orbits and Constellations

Communications satellites act as radio stations, receiving RF signals from Earth, am-
plifying or processing them, and then retransmitting the regenerated signals back to Earth.
Essentially, communication satellites work as space nodes of a global network, facilitating
the routing of information between remote locations on Earth [9].

The number of artificial satellites orbiting the Earth has grown steadily since the launch
of the first artificial satellite, the Sputnik I, in 1.957 by the USSR. Over 12,000 satellites have
been launched since then, marking a significant milestone in space exploration. Currently,
there are approximately 8.840 operational satellites in orbit, with around 1.700 launched
in 2021 alone [10]. These figures provide insight into the remarkable growth of the space
industry in recent years. Notably, this growth is attributed to a shift of the sector towards
constellations of low-earth orbits as opposed to the traditional focus on Geostationary Earth
Orbit (GEO) satellites. Before delving into this emerging trend, it is essential to provide an
overview of the different types of satellite orbits.

Satellite orbits can be categorised based on various factors such as inclination, height or
altitude, and eccentricity. For communication satellites, altitude is a crucial parameter as it
defines the orbit speed and period of the satellite, which ultimately defines the average delay
of the communication and the coverage area of the system. Satellites can be classified into
the following categories based on their orbit height:

* Geostationary Earth Orbit (GEO) satellites orbit the Earth at an altitude of approxi-
mately 36 000 km [11]. At this altitude, satellites travel at the same rate as the Earth’s
rotation, making them appear stationary in the sky. This characteristic eliminates the
need for complex tracking systems in the ground segment and enables near-continental
coverage. A single GEO satellite can provide coverage from around 20 degrees north
to 20 degrees south latitude [9]. Moreover, due to its high altitude, only three equally
spaced GEO satellites are required to achieve quasi-global coverage. These charac-
teristics make the GEO systems particularly suitable for broadcasting communications
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that require global coverage and simple and cost-effective receivers. This is why these
systems were the most extended during the first times of space communications.

Examples of services that benefit from GEO systems include TV broadcasting, certain
web applications, and more recently, IoT data collection. However, due to the high
distance between user terminals and GEO satellites, the latency can be significant (up
to 300 ms). This latency makes these systems unsuitable for real-time applications such
as voice and video conferences or internet services that require low latency.

¢ Low Earth Orbit (LEO) is an orbit with an altitude between 160 and 1.000 km [11]. The
average orbiting time at this altitude is less than two hours [9], so satellites in this orbit
are in view from a fixed point of the Earth for a few minutes. As a result, Earth termi-
nals must continuously commute from satellite to satellite, needing complex tracking
systems and handover mechanisms. The low height reduces the coverage area, needing
a large number of satellites forming a big space net (constellations) to obtain global
coverage. Deploying such a big constellation may be economically prohibitive, espe-
cially if we consider that the system cannot offer services until numerous satellites are
already operating in orbit. Conversely, the proximity of this orbit gives a low latency
(about 10 ms), being really suitable for interactive applications such as broadband inter-
net access or IoT dynamic control. Additionally, the short distance between satellites
and users’ terminals reduces the needed communication powers, simplifying the RF
front end of both users and satellites.

* Medium Earth Orbit (MEO) satellite operate at an altitude of approximately 10.000 km.
This orbit is allocated between GEO and LEO systems, offering a trade-off between
these two orbits. In comparison to LEO, Medium Earth Orbit systems require a smaller
constellation of satellites to achieve full Earth coverage and offer extended satellite
observation time from Earth. On the other hand, when compared to GEO, Medium
Earth Orbit systems can operate with lower power requirements, allowing for lighter
and smaller satellites.

While this orbit may initially appear appealing, it does not provide significantly more
benefits than the aforementioned orbits, and it has primarily been reserved for global
navigation systems such as Galileo (Europe), GLONASS (Russia), Beidou (China),
and GPS (USA).

Communication systems have traditionally relied on Geostationary Earth Orbit satellites
due to their longer service life and relatively simple user terminals compared to those operat-
ing at lower altitude orbits. Moreover, GEO satellite systems, only three satellites are needed,
and the low operation cost and enhanced service life compensate for the extra launching cost.
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In the past, traditional satellite systems had simpler designs, and their RF front-ends were
designed with a fixed response in terms of coverage, power, and frequency that was tailored
to specific services. In this context, the design and manufacturing of the satellite payload
were somewhat artisanal [12].

In contrast, the emergence of new Low Earth Orbit (LEO) satellite and high-throughput
GEO satellite concepts promise faster communications and higher bandwidth per user than
traditional systems. This enhanced performance results from the use of reconfigurable pay-
loads, advanced modulation schemes, and multi-beam antennas. However, the successful im-
plementation of these new systems requires significant changes in the sector to ensure their
profitability, with a particular focus on cost reduction. Satellite payloads can no longer be
produced in an artisanal manner, and the development of advanced manufacturing techniques
and efficient launching strategies is essential to achieve the long-desired cost reduction.

Regarding the new LEO communication systems, if the proposed satellite constellations
become a reality, it is estimated that over 50.000 LEO satellites will be launched within the
next decade. This represents more than a fivefold increase compared to the current number of
orbiting satellites. Such a massive deployment of Low Earth Orbit satellites has the potential
to lead to a paradigm shift in the space sector, with a significant emphasis on massive con-
stellations of Low Earth Orbit satellites. Consequently, there will be a growing demand for
lightweight and compact microwave devices that offer improved performance while main-
taining low production costs, further highlighting the evolving needs of the sector.

1.2.2 Emerging Technologies

This section explores the emerging technologies that address the requirements of novel
wireless communication systems. Specifically, three key research areas have gained signifi-
cant attention in recent years: Substrate Integrated Circuit technology, Additive Manufactur-
ing and novel tunable techniques. These areas align with the current demands of the space
and mobile communications market, which include enhancing performance, reducing size
and mass, improving adaptability and reconfigurability, and lowering manufacturing costs.
While it is challenging to encompass the scope of these broad fields, this section aims to pro-
vide the reader with a comprehensive understanding of the significance and future prospects

of each research area.

1.2.2.1 Substrate integrated technologies

The integration of planar and non-planar circuits is a critical aspect of microwave and
millimetre wave front-ends. Planar transmission lines (i.e., microstrip, coplanar waveguide,
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and stripline) offer seamless structural integration, topology miniaturisation, broadband de-
signs, and mass production. However, they suffer from high losses, weak shielding, and lim-
ited power handling capabilities. On the other hand, non-planar technologies (waveguides
and coaxial cables) offer improved performance with lower losses and higher power han-
dling capabilities but come with disadvantages that include reduced operation bandwidth and
bulky topologies. Moreover, non-planar technologies are unsuitable for cost-effective mass
production, and integrating active circuits requires complex wire-bounding and intermediate
transitions to planar lines [13].

It is evident that both technologies have complementary strengths, and their combination
in a hybrid system can benefit from their individual advantages. In such hybrid systems, pla-
nar and non-planar technologies can be deployed at will following specific requirements. Pla-
nar technologies are perfect for situations where miniaturisation and seamless integration are
critical, while non-planar technologies excel in areas where performance and power-handling
capabilities are paramount. This flexible approach allows for the creation of advanced mi-
crowave and millimeter-wave devices that can fulfil a wide range of applications, making it a
compelling solution for modern wireless communication systems.

The concept of hybridisation was first introduced in the 1980s with the development of
the fin line technology [14]. The fin line structure involves a slot line embedded within a rect-
angular waveguide. This design aimed to integrate active devices seamlessly into waveguide
systems, eliminating the need for complicated transitions and wire bonding. However, de-
spite its potential, the fin line technology did not succeed due to its bulky topology, complex
assembly and high manufacturing costs.

It was not until the early 2000s that the idea of Substrate Integrated Circuit (SIC) emerged,
primarily with the development of Substrate Integrated Waveguide (SIW) [3]. The substrate-
integrated waveguide implements an equivalent dielectric-filled rectangular waveguide in a
Printed Circuit Board (PCB) by periodically connecting the top and bottom copper cladding
of the substrate with two rows of plated-through holes or trenches, as depicted in Figure 1.1.

The fundamental idea behind SICs is to integrate planar lines and non-planar waveguides
within the same stack-up of substrates. This innovative approach allows for the hybridisation
of planar and non-planar technologies within a unified design and manufacturing platform,
enabling an unseen integration, miniaturisation, and mass production while providing excep-
tional electrical performance [5].

The rapid evolution and success of substrate-integrated circuits is evident in the contin-
uous emergence of novel topologies. Examples of these advancements include the Empty
Substrate Integrated Waveguide (ESIW) and the Air-Filled Substrate Integrated Waveguide
(AFSIW) that implement empty substrate-integrated rectangular waveguides, as well as the
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Figure 1.1: Topology of a Substrate Integrated Waveguide (SIW) consisting of a rectangular
waveguide implemented in a Printed Circuit Board (PCB) by means of two parallel
rows of plated through holes. Copper is depicted in yellow, and the substrate material
is represented in blue.

Empty Substrate Integrated Coaxial Line (ESICL) and Ridge Empty Substrate Integrated
Waveguide (RESIW) that integrate coaxial lines and ridge waveguides in planar substrates.

The significant interest in this technology has also led to the development of a wide range
of devices implemented on these novel lines, including filters [15-19], power dividers [20-
22], and antennas [23-26]. Regarding filters, a topic that is extensively explored in this
thesis, specific topologies have garnered attention, including the alternating dielectric line
section filter topology [27, 28] and the substrate-integrated coaxial filter topology [29, 30].
These topologies are further elaborated upon in Section 2.1.

In conclusion, the integration of planar and non-planar circuits in microwave and millimeter-
wave front-ends presents a good solution to address the challenges of the new wireless sys-
tems. This approach enables a unified design and manufacturing platform that effectively
combines the benefits of planar and non-planar technologies, opening up new design oppor-
tunities for the space sector.

1.2.2.2 New manufacturing techniques: additive manufacturing

Additive Manufacturing, 3D printing and rapid prototyping are synonymous expressions
to refer to a new class of manufacturing techniques through which parts are built by selec-
tively adding material. This approach completely differs from conventional machining tech-
niques, where parts are fabricated by removing material through milling, machining, carving,
shaping or other means. In its early days, AM was used to develop exhibition prototypes
or mock-up models. However, during the last decade, significant improvements have been
made in this field, enabling the use of this new manufacturing technique in the production
of end-user parts, even in demanding scenarios such as the development of RF front-ends
operating at microwave and millimeter-wave frequencies [6, 8]. In this field AM techniques
has several advantages [7]:
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* AM is capable of manufacturing geometries of great complexity that include com-
pletely enclosed cavities and curved geometries that are impossible to obtain with tra-
ditional techniques. Additionally, AM is able to produce such complex geometries
in a single block, reducing the assembling complexity and its associated radiation loss.
This capability is particularly beneficial for integrating cascaded devices such as filters,
feeding networks, and antennas into a single component. This approach enhances the
system performance and reduces the assembling and manufacturing complexity. The
design flexibility and integration provided by this technology help to reduce size and
mass, being particularly interesting for the space industry [6].

» The weight of parts can be drastically reduced by using lightweight polymers instead of
heavy metals. Moreover, the design flexibility of AM allows for the creation of semi-
hollow parts with internal lattice structures, further decreasing weight while maintain-
ing structural integrity.

* The ability of AM to fabricate objects directly from a 3D model results in unbeatable
production lead times, making it highly suitable for time-sensitive research endeavours.

* Most AM techniques eliminate the need for tooling, leading to lower maintenance costs
compared to traditional machining methods. Additionally, the relatively affordable
price of 3D printers enables rapid prototyping in research fields and small companies
that previously relied on outsourcing manufacturing processes.

* Some AM allows using different materials simultaneously, providing unique proper-
ties. This opens many possibilities for creating composite materials or parts with vari-
able characteristics in response to different stimuli. The emerging field of 4D printing,
where objects can change shape or functionality over time, is generating significant
interest in various industries.

Although AM seems to be a promising technique, several technological barriers still need
to be addressed before this novel technology can be widely adopted in the industry [8]. These
challenges include:

* Precision and resolution: traditional manufacturing techniques are significantly more
accurate than AM. As a rule of thumb, the precision of AM is approximately an order
of magnitude lower than the precision of traditional techniques (0.1 mm of the AM vs
0.01 mm of the traditional machining).

* Material limitations: while AM offers a wide range of materials, including polymers,
metals, and composites, there are still limitations in terms of material properties, such
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as strength, durability, and thermal resistance. Developing new materials that meet the
requirements of specific applications remains a crucial area of research.

 Scalability and production efficiency: AM processes are generally slower compared
to traditional manufacturing methods when it comes to high-volume production. Im-
provements in printing speed, build volume, and automation of post-processing steps
are needed to increase the scalability and efficiency of AM production.

» Simplification and standardisation: some AM techniques need post-processing treat-
ments such as sinterisation, curing, hardening, shot-peening, and metallisation. This
could prevent using these techniques for mass production, as these processes are usu-
ally time-consuming and expensive.

* Change of mindset: in additive manufacturing, designers and manufacturers face very
different problems than those they are used to in traditional manufacturing. These prob-
lems include warping, support structure optimisation, surface roughness depending on
the printing orientation, etc. A change of mindset is needed.

Despite its limitations, AM is a very attractive option for industries with a low to medium
production volume. This scenario perfectly suits research groups where low cost, rapid man-
ufacturing, and design flexibility are paramount. The space industry is another sector that can
profit from this new manufacturing approach thanks to its customisation, compactness and
weight reduction, which is evidenced by the large number of scientific texts written on the
subject in recent years [6, 8].

There are numerous recent publications on waveguides, passive devices, and antennas
over a wide range of frequencies and using different AM techniques. Based on our re-
search, two primary approaches can be identified: metallised plastic devices and those di-
rectly printed on metal.

In the first approach, the passive components are fabricated using AM techniques that
use plastic as base material. These plastic materials are then metallised to provide conduc-
tivity and obtain a fully functional device. This approach offers the advantage of lightweight
and cost-effective manufacturing, as plastic materials are typically less expensive and easier
to process compared to metals. However, the thermal and mechanical performance of the
metallised plastic structures may not match those of fully metal-based devices. Moreover,
metallisation processes are generally complex and need extensive study. Despite these prob-
lems, several studies have confirmed the viability of this approach using different AM tech-
niques, including Stereolithography Apparatus (SLA) [31-35], Fused Deposition Modelling
(FDM) [36-41], Selective Laser Sintering (SLS) [42-47], and Material Jetting (MJ) [48].
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In the second approach, the passive components are directly fabricated using metal ma-
terials. This approach achieves better mechanical and thermal performance. However, it
may be more challenging and expensive to print directly on metal substrates compared to
plastic substrates, and printed parts tend to have a rough finish. This and the small electric
conductivity of employed metals limit their practical use.

Despite these challenges, there are several notable examples of this approach success-
fully applied to various passive devices [42—47]. Many of these works have on the space
sector, where mechanical and thermal requirements are overly demanding for plastic pieces.
Swissto12 [49] is the most famous driver of this approach. This company has addressed the
roughness issues by employing a patented chemical post-processing treatment, improving the
surface finish of the printed metal parts. Additionally, the low electrical conductivity of the
base metal is mitigated by applying silver plating, enhancing the conductivity of the printed
components. The expertise and innovative solutions of this company have gained recognition,
leading to collaborations with esteemed space contractors such as ESA, NASA and Hispasat.

Both approaches have advantages and limitations, and the choice between them depends
on the specific requirements of the application. Metallised plastic devices are well-suited
for lightweight and cost-effective applications, while directly printed metal devices offer en-
hanced performance at the cost of increased complexity and potential manufacturing chal-
lenges.

The continuous advancements in AM technologies and materials are expanding the pos-
sibilities for waveguides, passive devices, and antennas, enabling the development of novel
designs and pushing the boundaries of performance. Further research and development in
this field will undoubtedly lead to even more innovative and efficient AM-based solutions for

microwave and millimeter-wave applications.

1.2.2.3 Reconfiguration techniques

Tunable techniques play a crucial role in designing and implementing microwave filters
and other passive devices. These techniques enable the dynamic control of the characteristics
of a device to adapt its electric response to varying requirements. This makes them highly
valuable in modern wireless communication systems that require a high degree of reconfig-
urability and adaptation.

This section offers a brief overview of various tunable techniques used in microwave
filters. We will explore three main technologies: semiconductor-based elements (e.g., PIN
diodes, transistors, and varactor diodes), RF micro-electro-mechanical systems, and func-
tional materials (e.g., ferrites and liquid crystals). Understanding the principles and capa-
bilities of these tunable techniques will provide valuable insights into their applications and
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potential benefits in wireless systems.

» Semiconductor-based tunable techniques provide versatile and efficient solutions for
tuning microwave filters. These elements offer a fast response time, wide frequency
range, compact size, and compatibility with planar circuits, making them attractive
for many applications. However, they do have some drawbacks, including a limited
tuning range, non-linear behaviour, and relatively high insertion losses. Among the
semiconductor elements, the pin diode and the varactor diode stand out.

— PIN diodes are extensively used in microwave filters due to their fast response
time and low insertion loss. These diodes function as variable resistors whose
value can switch between a low series resistance and a high shunt resistance (ef-
fectively an open circuit) by applying a DC bias voltage. This resistance change
allows for the achievement of a reconfigurable response in the filter. In [50], PIN
diodes were employed as switching elements in a combline filter implemented
using SIW technology. These diodes served to connect or disconnect a series
of distributed capacitors, effectively controlling the resonance frequency of the
filter’s resonator across a range of digital combinations.

— Varactor diodes exploit the voltage-dependent capacitance of a p-n junction to
achieve frequency tuning. The capacitance of the varactor diode can be adjusted
by varying the reverse bias voltage, enabling frequency agility in microwave fil-
ters. In [51-54], varactor diodes are employed in different filter topologies to
vary the effective phase of the filter’s resonators. The main advantage of this
technology is its capability to achieve continuous reconfigurability.

* RF micro-electro-mechanical systems offer a promising avenue for achieving recon-
figuration with high precision and reliability. The micro-electro-mechanical technol-
ogy enables the development of miniature mechanical devices whose properties can be
modified through a mechanical movement activated by a DC signal. This technology
presents an alternative to traditional semiconductor devices, offering higher linearity
and lower insertion loss and power consumption than semiconductor elements. How-
ever, they are vulnerable to mechanical stress and vibrations, have a limited lifespan,
necessitate high activation voltages, and are associated with higher costs. Some com-
mon examples of RF micro-electro-mechanical systems include capacitive switches
and varactors.

— Capacitive switches offer an effective solution for achieving tunable filters with
reduced insertion loss and improved linearity compared to their semiconductor
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counterpart. In [55-58], several micro-electro-mechanical switches are employed
to increase the electrical length of filter resonators, enabling tunable responses.
This can be done by connecting transmission line sections or reactive elements to
the resonator, thus changing the resonance frequency. A similar approach is used
in [59], where micro-electro-mechanical switches modify the coupling length in
hairpin filters by connecting sections of microstrip lines. This approach allows
controlling the filter bandwidth while maintaining a constant centre frequency
and return loss.

— Micro-electro-mechanical varactors or tunable capacitors provide an alternative
to traditional semiconductor-based varactor diodes.

* Functional materials provide an innovative approach to achieving continuous reconfig-
uration in microwave devices. These materials exhibit unique properties that allow the
control of their electromagnetic properties through an external stimuli (e.g., magnetic
or electric field, heat, vibration, etc.). Among the functional materials investigated for

microwave applications, two prominent examples are ferrites and liquid crystals.

— Ferrite materials exhibit tunable magnetic properties that can be used for achiev-
ing continuous frequency agility in microwave devices. The magnetic permeabil-
ity of the ferrite changes under the presence of a continuous magnetic field. In
this way, if a small ferrite is introduced in a microwave device, the properties of
the ferrite can be modified at will using a magnet or a coil, resulting in a change in
the parameters of the device. In [60], a filter developed on a substrate-integrated
waveguide is equipped with ferrite slabs located in the side walls of the resonators.
When a magnetic field is applied, the phase of the resonators is altered, resulting
in a change in the resonance frequency of the filter. The same principle was com-
bined with pin diodes in [61] to enhance the reconfiguration range of the device,

further extending its tunability capabilities.

— Liquid crystals offer the ability to change their dielectric properties by applying
electric or magnetic biasing fields. This property can be harnessed to achieve tun-
able devices at different frequencies. This technology has been broadly used at
optical frequencies and is starting to be explored at microwave and millimetre-
wave frequencies. In [62,63], liquid-crystal was used to introduce reconfigurabil-
ity in different filter topologies implemented on inverted microstrips. The inverted
microstrip has proved to be very convenient for liquid crystal applications due to
its planar geometry, although other guiding technologies also show promise. For
instance, in [61], small volumes of liquid crystal were included in the centre of
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rectangular resonators implemented on a groove gap waveguide, resulting in a
tunable filter design.

Functional materials provide a promising approach for implementing reconfiguration ca-
pabilities at microwave and millimeter-wave frequencies. Compared to semiconductor tech-
nologies, these materials offer continuous reconfiguration with lower power consumption and
improved linearity. Moreover, these materials are more robust against vibrations and offer a
longer lifespan than micro-electro-mechanical at reduced costs. Among functional materials,
liquid crystals outperform ferrites due to their lightweight and compact nature. Liquid crys-
tals enable both electric and magnetic control, providing greater design flexibility, and ferrites
are limited to work at lower frequencies. For these reasons, the chosen technique for imple-
menting reconfiguration features in this thesis is the use of liquid crystal. A comprehensive
review of the properties of this material is provided in Chapter 5.

1.3 Objective of the Thesis

Substrate Integrated Circuits (SICs) have proven to be highly suitable for developing ra-
dio frequency devices operating at microwave and millimeter wave frequencies. They exhibit
low losses, seamless integration with planar architectures, and facilitate mass manufacturing.
However, in the context of the emerging space scenarios characterised by large constellations
of high-throughput satellites, additional functionalities become desirable. These include im-
proved performance, enhanced design flexibility, reduced weight and size, and significant
cost reduction.

In this context, the focus of this thesis has been on the exploration and evaluation of
innovative designs and manufacturing technologies for space applications. The aim has been
to lower production costs, enhance design flexibility, and assess the feasibility of proposed
technologies for the space sector. The primary objective of this thesis can be summarised as
follows:

* Development and characterisation of an innovative manufacturing method based on
Additive Manufacturing (AM) that provides greater design flexibility and reduces the
weight and cost of communication filters. The focus will be on developing easily
integrated bandpass filters as a low-cost and time-efficient alternative to substrate-
integrated filters. Finally, the developed prototypes will undergo comprehensive space
qualification tests to demonstrate their suitability for the demanding space sector. For
this purpose, the following second objective can be defined:
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Analysis of additive manufacturing techniques and selection of the most suitable
technique for microwave applications in the space sector.

Developing a suitable metallisation process for the selected manufacturing tech-

nique.

Development, manufacturing and measurement of a classical H-plane rectangular
cavity filter that serves as a technology demonstrator.

Analysis of integration structures between waveguide devices and planar subsys-
tems.

Development of a reliable and easy-to-manufacture integration system between
waveguide filters and planar subsystems implemented on microstrip.

Development, manufacturing and testing of easy-to-integrate filters that combine
the new additive manufacturing techniques and the proposed integration system.

Performance analysis and space qualification of the developed devices.

* One of the challenges encountered during the course of this project was the limited

availability of testing results for Substrate Integrated Circuit (SIC) structures. This

limitation makes it impossible to work with these structures without the confidence of

knowing whether they will survive the orbit positioning and space operation. Conse-

quently, it is crucial to conduct a comprehensive analysis and evaluation of the perfor-

mance of these structures under space conditions. The second objective of this thesis

is to design, manufacture, and measure different filter technologies based on Substrate

Integrated Circuit (SIC) in order to assess their suitability for the space environment.

To achieve this objective, the following activities have been proposed:

Study of different topologies for SIC structures.

Design and manufacturing of the same filter response using different SIC tech-

nologies.

Measurement and analysis of the filters’ performance to identify their strengths

and weaknesses.

Space qualification of the most suitable filters.

* Investigation of the capacities of Liquid Crystal (LC) as functional material to the de-

velopment of reconfigurable devices at microwave frequencies:

One of the problems regarding LC encountered during this thesis was the lack
of information about the dielectric properties of commercial liquid crystals at
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microwave frequencies. Thus, it is necessary to correctly characterise the liquid
crystal samples before designing any tunable device. Three split-cavity resonators
have been used for this purpose, using three different analysis methods to obtain
an accurate permittivity and loss tangent result for the extreme polarisation states
of liquid crystal samples.

— Development of an electrically tunable resonator implemented on a SIC topology.
This resonator will be used to characterise the permittivity of liquid crystal mix-
tures at different polarisation states, the splay deformation constant (/1;), and the
rotational viscosity (I';7).

— Design, manufacturing and testing an electrically tunable phase shifter based on
the combination of liquid crystal and ESICL technology.

1.4 Structure of the Thesis

The thesis is divided into six chapters:

* Chapter 1. The first chapter serves as an introduction to the thesis, providing the
motivation, state-of-the-art, and research objectives.

* Chapter 2. This chapter focuses on the extensive literature review conducted for the
thesis. It begins with a short introduction to the versatile coupling matrix filter de-
sign method to further examine various filter topologies, including non-planar, planar,
and hybrid or Substrate Integrated Circuit (SIC) technologies. This literature analysis
concluded that integration is a crucial property for filters, making SIC the most suit-
able choice for the new space scenario, thanks to their compactness and lightweight
characteristics.

The chapter also discusses the space environment conditions and the required space
qualification tests for microwave components, encompassing thermal, mechanical, and
high-power tests. It is worth noting that while SIC technologies and additive manu-
facturing are seen as disruptive technologies for the space sector, there is no available
information on their space qualification campaigns, being the work developed in this
thesis the most completed study of this topic.

* Chapter 3. This chapter focuses on designing and manufacturing microwave filters
using additive manufacturing techniques. Firstly, the combination of Surface-Mount
Technology (SMT) and additive manufacturing is studied. Afterwards, various filter
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topologies at X and C bands that combine SMT, cavity resonators, and additive man-
ufacturing are proposed and manufactured using Stereolithography Apparatus (SLA)
and novel plastic metallisation techniques. Combining these technologies provides a
low-cost, high-performance alternative to SIC technology.

Finally, the developed prototypes proved their suitability for space applications by sub-
mitting them to a comprehensive space qualification campaign. This represents the
most comprehensive qualification for space applications developed on additively man-
ufactured components documented in the literature. This thorough testing emphasises
the suitability of the filters and their materials for long-distance space communications
systems.

Chapter 4. This chapter focuses on the utilisation of Substrate Integrated Circuit (SIC)
technology in the space industry. It begins with an overview of the most suitable SIC
technologies. Subsequently, four filters are designed and implemented using differ-
ent SIC approaches and similar stack-ups. These prototypes underwent thermal and
mechanical tests for space qualification. Additionally, a theoretical study of the multi-
pactor effect was conducted. The results of these tests highlight the suitability of such
filter topologies for LEO satellite systems. Finally, the development of three power
dividers operating at the C band using ESICL technology is also included in this chap-
ter. The choice of this technology is based on its high bandwidth, compact size at low
frequencies, and the absence of a requirement for good electrical continuity between
layers.

Chapter 5. This chapter explores the development of reconfigurable devices based on
liquid crystal technology. It presents two methods for characterising the most impor-
tant properties of liquid crystals. The first method involves using a split-cylinder-cavity
resonator to obtain precise measurements of the dielectric properties of four different
liquid crystal samples. The second method employs a substrate-integrated tunable res-
onator to approximate the dielectric and mechanical properties of one liquid crystal
sample. Finally, a technological demonstrator of a tunable phase shifter is proposed.

Chapter 6. The final chapter of the thesis establishes the main conclusions of this
work. It also presents potential research and development avenues associated with the
findings of the thesis.
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Theory

2.1 Microwave Filters

Microwave filters are employed in virtually any wireless communication, radar or mea-
surement systems [64]. Filters are passive microwave networks that allow an efficient trans-
mission within a specific frequency range defined by the passband while effectively attenuat-
ing outside this range (stopband) [64]. In the context of the limited electromagnetic spectrum,
where multiple wireless communication and sensing systems coexist, filters play a crucial
role in distinguishing desired signals from undesired ones [65]. Filters are categorized based
on their ability to transmit or reject certain frequencies, leading to the classification of low-
pass, high-pass, band-pass, or band-stop filter responses.

Recent developments in wireless communication systems have resulted in a significant in-
crease in wireless system complexity. As current coding and modulation schemes are reach-
ing the maximum limit established by the Shannon theorem [66], the need for higher data
rates inevitably leads to the development of more complex and sophisticated communications
systems. Therefore, filters should not only fulfil traditional requirements such as low loss,
high isolation, extremely linear phase response, and low cost, but they must also comply with
new requirements, including compactness, lightness, integration and frequency agility [67].

The design of microwave filters involves a series of essential steps to achieve the desired
performance. In general, this process consists of selecting the filtering response, synthesising
a distributed model of the filter, and synthesising the physical dimensions of the filter. Since
several filters have been implemented in this doctoral thesis, it seems appropriate to introduce
the basics of filter design. The following section provides an overview of these processes.
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2.1.1 Filter Design

The first step of the filter design process involves determining the filtering function and or-
der that meets the requirements of a specific application. These requirements involve various
parameters of the filter response, such as Insertion Loss (IL), Return Loss (RL), Bandwidth
(BW), in-band ripple, roll-off, rejection, and filtering function.

There are three widely used filtering functions: Butterworth, Chebyshev, and elliptic.
The Butterworth function provides the flattest passband response but results in less steep
attenuation in the rejected bands [64]. In contrast, the Chebyshev function offers a sharper
cutoff response with higher rejection levels than the Butterworth, but it has a constant ripple
within the passband. It is worth mentioning that the Chebyshev function is especially suitable
for the most stringent applications as the ripple is limited to a certain level, and it can include
transmission zeros even in non-symmetrical dispositions [68]. Lastly, the elliptic function
has equal ripples in both the passband and stopband, resulting in the sharpest cutoff response
without transmission zeros. However, this sharpness comes at the cost of a constant minimum
rejection level within the stopband. Moreover, implementing elliptic filters in distributed
structures can be more challenging, which limits their high-frequency applications [64].

In this thesis, we have selected the Chebyshev filter response for its constant ripple in
the passband, being particularly advantageous for satellite communications. Additionally,
the ability to introduce transmission zeros enables us to enhance rejection levels near the
passband.

2.1.1.1 Synthesis of the Lumped and Distributed Models

Once the order and filter function have been defined, the next step is synthesising the
equivalent circuit that implements the required response. The most extended equivalents in-
clude the coupling matrix M -circuit model and the impedance or admittance inverter circuit
models [69]. These prototype circuits have been extensively used from their first appearance
in [70], as they simplify the filter design process.

The synthesis of the immittance inverter prototype begins with the design of the nor-
malised low-pass prototype. This circuit has a normalised source impedance ([2; = 1) and
cutoff frequency (w. = 1rad/s). Figure 2.1 shows the two possible implementations of the
low-pass prototype of an N-order all-poles filter response. Both implementations are equiv-
alent and have the same response. The values of the network elements (i.e. go,91,92, - .- Gn)
can be easily obtained from the desired transfer function using equations or tables [64,65].

Once the elements of the low-pass prototype have been determined, impedance or admit-
tance inverters can be used to transform it into another circuit where all elements are either
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Figure 2.1: Two different implementations of the low-pass filter prototype.

series coils or parallel capacitors with arbitrary L;/C; values.
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The low-pass prototype can be used to implement various filtering responses (e.g. low-

S
I

pass, high-pass, band-pass, or band-stop) by applying a frequency transformation. For in-
stance, the following frequency transformation can be used to achieve a band-pass response
with a lower cutoff frequency w; and an upper cutoff frequency ws.

. 1 Q wWo
=359 2

where:

e A= “’QW;O“” denotes the fractional bandwidth
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* wy = /wiws is the centre pulsation

More accurate frequency transformations have been developed to consider the non-ideal
effects of the final transmission lines [71,72], but they will not be discussed in this thesis as
they are beyond its scope.

Ideal immittance inverters are frequency invariant. Therefore, it is possible to determine
the filter elements of a pass-band filter by transforming only the reactance or susceptance of
the low-pass prototype, using equation 2.3. As a result, inductive/capacitive elements (L;, C;)
are transformed into series/parallel LC resonators, while ideal inverters remain unchanged.
Finally, the lumped elements of the resulting band-pass prototype should be replaced by
distributed elements, such as dielectric resonators, resonant cavities, or planar resonators, to
obtain a fully implementable prototype for microwave frequencies.

Alternatively, microwave filters can be modelled in matrix form through the coupling
matrix (M) [68,69]. This approach is particularly useful for simplifying the synthesis and
reconfiguration of the filter topology as it allows the application of matrix operations. Ad-
ditionally, the physical elements of the final filtering structure (i.e., resonators and coupling
elements) can be directly identified with the elements of the coupling matrix. This is espe-
cially interesting for designing and evaluating filter elements separately [68].

The circuit prototype of the coupling matrix consists of series resonators intercoupled
through transformers, as shown in Figure 2.2. This circuit only supports symmetric filter-
ing responses, but it can support an asymmetric response by including a frequency-invariant
reactance within each resonator.

o—rrr—] —r—o0
L Ly Ly
1) My, (2) My N)
IBf /B> /By

Figure 2.2: Prototype of the low-pass coupling matrix model for an equivalent bandpass
filter using inverters as coupling elements [69].

The coupling matrix is represented by a N x /N matrix where NN is the order of the filter,
and its elements represent the value of the coupling between resonators (M (; ;) elements) and
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the self-coupling of each resonator (M; ; elements). The transformers can be replaced by
immittance inverters with the same values as they approximate the characteristics of many
microwave coupling elements and provide the same amount of coupling energy between res-
onators. Then, to represent input and output coupling, additional inverters are included at
each end of the network. Therefore, the size of the matrix increases to (N + 2) x (N + 2).
The elements of the coupling matrix can be extracted from the desired filter response by
equating the Y-matrix of a canonical coupling matrix to the Y-matrix of the rational polyno-
mials of the desired filtering function [68]. This method requires several matrix transforma-
tions to obtain a coupling matrix whose structure reassembles the desired filter topology [68].
These transformations are complex and may not always produce the desired matrix routing,
so other synthesis methods based on computer optimization are preferable [65]. In this ap-
proach, the coupling matrix of an in-line filter topology is optimised using an analytical or

numerical model to achieve a more advanced response with the specific routing scheme [65].

2.1.1.2 Synthesis of the Physical Dimensions of the Filter

The design process is completed by obtaining the actual dimensions of the filter. In this
stage, a numerical EM simulator is used to determine the dimensions of the distributed ele-
ments that realise the elements of the filter prototype, either the immittance inverter topology
or the coupling matrix prototype. For this purpose, the CST Studio Suite (CST) was selected
due to its ability to evaluate arbitrarily shaped structures, providing the necessary flexibility
to evaluate the hybrid technologies developed in this thesis.

For the sake of clarity, we will describe the synthesis process for a four-poles band-
pass filter with a Chebyshev response. The filter is implemented on a standard rectangular
waveguide WR75 with 19.050 mm of width and 9.525 mm of height.

As depicted in Figure 2.3, the filter comprises four rectangular resonant cavities operating
in single T'F¢; mode, with inductive apertures providing the resonator couplings. The syn-
thesised filter response is a band-pass filter centered at 11 GHz with a bandwidth of 300 MHz
and a 20 dB of in-band RL. The values of the normalised inverters FUH for the specified
filter response are: Kg; = K, = 0.2143 and K| = K34 = 0.0390, K43 = 0.0300. The
elements of the coupling matrix are Ms;) = M 4y = 1.035, M(12) = M34) = 0.911 and
M3 3y = 0.700, while all other elements of the matrix are zero.

Dimensions of Cavities The first step consists of obtaining the initial dimensions of the
resonant cavities. The initial lengths of the cavities can be calculated using the equation
for the T'E,,,,,, resonant modes of the rectangular waveguide. Considering that the filter is
going to operate with T'E’j o, the length of the cavities for a resonant frequency of 11 GHz is
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Figure 2.3: Layout of the X-band H-plane directly coupled cavity filter designed within a
WRT75 rectangular waveguide.

19.500 mm. It is essential to note that this length serves as a starting point and will require
adjustments during the design process to compensate for the impact of the coupling elements.

Dimensions of the Inter-resonator Coupling In the proposed structure, the inter-resonator
coupling was implemented using centred inductive apertures of thickness ¢ and width W; ;1 1).
Apertures are small discontinuities where evanescent higher-order modes are excited. These
modes allow the coupling of a controlled fraction of energy between resonators defined by
the coupling coefficient (M (; j)). The magnitude of the coupling is determined by the width
and thickness of the aperture.

According to [69], the coupling value between two resonators can be calculated by sim-
ulating two inter-coupled resonators that are weakly coupled to the input/output ports. The
coupling coefficient can be obtained from the resonant frequencies of the simulated structure
as follows.

2=
Kiiy1 =
TR

Where f; and f; are the two resonant frequencies extracted from the full-wave simulation.

2.4)
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From this result, the normalised coupling element M can be obtained as:

- fo
M H=|==) K 2.5

Several simulations with different aperture width and thickness values were conducted to
obtain the result of Figure 2.4 (a). The dimensions required to achieve the desired coupling
elements can be determined using the previous graph and a fine optimisation. For an aperture
thickness of ¢ = 2mm the corresponding widths are W} 9 = W3, = 6.8 mm, and W3 =

6.4 mm.
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Figure 2.4: Design curves of the X-band WR75 filter: (a) Coupling as a function of aperture
width W;;, (b) External Quality factor as a function of aperture width Wg;.

Dimensions of the Input/Output Coupling The dimensions of the input and output cou-
pling can be related to the external quality factor ().,; of the first and last resonators of the
filter. The relation between the ()., the bandpass filter bandwidth (B1/), and the normalised
input impedance (R;) is defined as follows [69]:

_Jo
Qezt - BWR

Thus, the required external quality factor for the proposed implementation (/25 = M, (25’1) =
1.0715, fo = 11 GHz, and BW = 300 MHz) is Q..+ = 34.215.
The process for determining the dimensions of the input/output coupling elements is sim-

(2.6)

ilar to that used for determining the inter-resonator coupling. The dimensions of the coupling
aperture are determined by simulating a singly loaded resonator. The external quality factor



24 Theory

of the simulated structure can be obtained from the group delay of the reflection coefficient
(Ts,,) of the simulated structure [69].

2
oo = T S0t0) @7

Figure 2.4 (b) shows the external quality factor as a function of its design parameters,
i.e., the aperture width (1) and thickness (¢). For this design, a thickness of ¢ = 2 mm was
chosen, and the required width for this thickness is W ; = 10.2 mm.

Fine-tuning and Final Optimisation In this design approach, it is particularly important
to consider the loading effect of the coupling elements on nearby resonators. As depicted
in Figure 2.5, the coupling loading leads to a deviation in the resonant frequency of the
resonator. This frequency drift must be compensated by precisely adjusting the dimensions
of the resonators to ensure optimal filter performance.

t = 2mm t = 4mm
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Af/ fo [%]
.

_8 | | | |
4 6 8 10 12

Iris Width [mm)]

Figure 2.5: Resonant frequency of a single loaded rectangular cavity in WR75 versus the
width of the input coupling aperture (IWg ;).

In order to consider the resonant shift caused by coupling loading, we can either derive an
empirical formula or simply adjust the dimensions of the cavities using a full-wave simulator.
The latter approach involves solving the eigenvalue of a doubly coupled resonator, which
includes the cavity resonator with its two adjacent irises and two detuned adjacent cavities.
We opted for this approach, using the CST eigensolver simulator to fine-tune the length of
each cavity.

It is noteworthy that the frequency shift also affects the coupling values of the adjacent
irises, as their coupling values are not constant across frequency. Thus, an iterative process of
adjusting both the dimensions of the resonators and coupling elements is required to achieve
the desired filter response. This recursive process is especially crucial for the input irises
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and resonators, as they tend to exhibit the highest coupling values and, therefore, the most
substantial loading effect.

The simulation result of the filter structure, after fine-tuning, is close to the desired re-
sponse but may not meet the desired specifications. Thus, the proposed filter design must be
optimised, obtaining the response shown in Figure 2.6.
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Figure 2.6: Simulated response of the 4-pole X-band filter designed within a WR75 rectan-
gular waveguide.

2.1.2 Filter Topologies

This section presents a brief analysis of the most commonly used filter technologies to
give the reader an overview of their advantages and disadvantages. The technologies have

been organised according to their manufacturing technology into non-planar, planar and hy-
brid filters.

2.1.2.1 Non-planar technologies

Non-planar technologies are normally based on metallic waveguides and coaxial lines.
Waveguides are metallic structures with a rectangular or circular cross-section that confine
and guide the Electromagnetic (EM) fields. Despite the industry trend towards miniaturisa-
tion and mass production, waveguides are the most widely used technology in high-power
and high-performance systems. This is because they have very low losses, perfect electro-
magnetic shielding (there is no radiation loss), and high power handling capabilities [73].
Moreover, waveguide resonators, key elements of microwave filters, achieve higher Q-factor
than coaxial and other Transverse ElectroMagnetic (TEM) resonators.
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The classic topology of waveguide filters is the directly coupled monomode resonators
filter. This topology uses half-wavelength cavity resonators coupled through inductive or
capacitive apertures; see Figure 2.7 (a). There are also similar topologies that use different
coupling elements, such as metallic posts or bolts. In general, this type of filters have an
excellent performance, although they tend to be significantly bulky and heavy. This limits
their use in many scenarios, such as cellular communications and small satellites.

Numerous approaches have been proposed to minimise the mass and size of conventional
waveguide filters. One of them consists of loading the resonator of the filter with dielectric
materials; see Figure 2.7 (b). The idea is that the dielectric material strongly concentrates the
electric field of the resonator, reducing its resonant frequency without increasing its size [74].
Another approach consists in directly using dielectric resonators, i.e. pieces of a dielectric
material that resonates when they are correctly fed with an electromagnetic field. Both ap-
proaches considerably reduce the size of waveguide cavities when the dielectric parts are
made of high-permittivity materials. However, they are more prone to spurious modes, have
a lower power management capability and are more sensitive to manufacturing tolerances.

(a) (b)

Figure 2.7: Waveguide cavity filters: (a) H-plane directly coupled cavity filter, (b) H-plane
directly coupled cavity filter loaded with dielectric posts. Filter prototypes are from
[74].

Another topology employs multi-mode cavities to reduce the size of the filters at the cost
of increased design complexity. Multi-mode filters use resonant cavities with two or more

degenerate resonant modes, so each cavity implements more than one resonator; see Figure
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2.8 (a). Multi-mode filters drastically reduce volume and weight and ease the introduction
of cross-couplings, introducing transmission zeros at specific frequencies. However, these
kinds of filters need an extensive design process, and they are susceptible to manufacturing
tolerances.

At low frequencies, 5 GHz or less, waveguides are usually not used, as their size becomes
impractical. In these cases, combline filters are often preferred. These filters use coaxial
resonators loaded with high capacitance capacitors to reduce their length below a quarter
wavelength. Although the size of these filters is much smaller than their waveguide counter-
part, they are only used when very low loss and high isolation requirements are needed since
there are planar alternatives with significant advantages at these frequencies.

On the other hand, waveguide structures have many problems at very high frequencies,
mm-wave and above. The most critical problem is the poor electrical contact in the joints
between the different parts of the waveguide structure. In order to solve this problem, the
Groove Gap Waveguide (GGW) technology was developed [75]. The geometry of this waveg-
uide comprises two parallel metallic surfaces separated by a small gap that does not require
electrical contact between these two parts. One parallel surface implements a perfect mag-
netic conductor surface by using periodic structures, normally pins or patches [76,77], see
Figure 2.8 (b).

Transitions

Cavity
Resonators

_— WR5
(a) (b)

Figure 2.8: (a) Structure of a dualmode filter of 4" order implemented within a circular
waveguide [78]. (b) Structure of a GGW filter of 5" order [77].

All of the aforementioned technologies have excellent performance, but they are very sen-
sitive to slight manufacturing tolerances, and the manufacturing devices tend to have slight
deviations in the frequency response. If deviations are minor, they can be corrected by using
tuning elements that adjust the frequency response of resonators and the coupling magnitude
of the coupling elements. However, all these devices have difficulties concerning the integra-
tion of active and tunable devices, and their fabrication could be more complex, which makes
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them not suitable for mass production. The need for low-cost and scalable technologies led
to the development of planar technologies.

2.1.2.2 Planar technologies

Planar filters use transmission line structures implemented on a flat substrate or Printed
Circuit Board (PCB). This technology has emerged as a viable alternative to waveguides
as it has a compact size and is relatively easy to fabricate using standard PCB manufac-
turing techniques. Planar filters also have a lower profile and can be easily combined with
other components, such as amplifiers and mixers, on the same substrate to create Monolithic
Microwave Integrated Circuits (MMIC). This technology can implement integrated circuit
devices combining active and passive components in a monolithic part.

Next, some of the several filter topologies that can be implemented in planar transmission
lines will be reviewed. For the sake of simplicity, filters implemented on microstrip will be
used as examples, but all the presented topologies are easily extrapolated to other topologies
of planar transmission lines.

One of the simplest and most common implementations is based on the use of directly
coupled resonators. The structure of this filter is based on open-ended microstrip resonators
with a length of half-wavelength. The resonators are positioned in such a way that the gap
between them acts as a capacitive coupling. There are two main configurations: end-coupled
and parallel-coupled filters; see Figures 2.9 (a) and (b). In end-coupled filters, the resonators
are arranged one behind the other, and in parallel coupled filters, they are arranged in parallel,
side by side. The latter configuration is often preferred as it results in higher coupling values
and, hence, a wider bandwidth and a shorter overall length of the filter [65].

The need for miniaturization drove the development of other filter topologies, such as
hairpin, interdigital, and combline filters, which basic structures are depicted in Figures 2.10
(a), (b), and (c), respectively. In the hairpin filter, the resonators are folded into a “U” shape.
This reduces the filter footprint but also implies some problems, e.g. the two arms of the
folded resonator can act as a pair of coupled resonators themselves. In interdigital filters,
resonators are open-ended at one end and short-circuited at the others, and hence, the length
of the resonator is about a quarter-wavelength. This implementation not only reduces the
filter size but also increases the stopband between the desired (first) and undesired (second)
passband. The second passband normally appears at 2 f,, whereas in this filter, it appears at
3 fo. The resonators’ length can be further reduced by including a capacitor in the endpoint, as
in the case of combline filters. It is interesting to know that increasing the loading capacitance
not only shortens the resonator but also increases the stopband between the first and second
resonant modes of the filter.
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Figure 2.9: Structure of: (a) end-coupled and (b) parallel coupled microstrip filters.
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Figure 2.10: Structure of: (a) hairpin, (b) interdigital, and (c) combline microstrip filters.
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While these filter technologies provide satisfactory performance, they generally do not
perform as well as non-planar structures. Planar filters typically have higher losses due to the
presence of dielectric and radiation losses, lower selectivity, and lower Q-factor compared to
waveguides. To address the limitations of both planar and non-planar technologies, a hybrid
technology called Substrate Integrated Circuit (SIC) technology was proposed.

2.1.2.3 Hybrid technologies

The idea behind SIC is to develop hybrid integration structures in which non-planar struc-
tures (waveguides and coaxial cables) are implemented in a single layer or a stack of multi-
layer microwave substrates [79]. This approach allows the development of hybrid circuits in
which TEM and non-TEM modes can be wisely used without difficulties.

The breakthrough came in 2001 when the Substrate Integrated Waveguide (SIW) was first
proposed in different implementations [3], demonstrating that the hybridisation of planar
and non-planar structures was possible and indeed very useful. The Substrate Integrated
Waveguide (SIW) is a rectangular waveguide implemented in a microwave substrate using
standard PCB fabrication techniques. This equivalent waveguide is formed by two parallel
rows of PTH connecting the top and bottom copper cladding of the PCB, see Figure 2.11 (a).
If the distance between the plated holes is small enough, the radiation loss is negligible, and
both rows of holes behave as solid metal surfaces. The SIW can, therefore, be modelled as a
rectangular waveguide filled with dielectric.

SIW has features that are between waveguides and planar transmission lines. It has a
smaller size and lower manufacturing costs than waveguide technologies and exhibits lower
losses and higher Q than its planar counterpart. In addition, this technology allows the
hybridisation of waveguides and planar structures on the same substrate, creating hybrid
MMICs.

There are numerous examples in the literature of filters implemented in SIW. As with
waveguides, the most widespread topology is the cavity-coupled filter with capacitive aper-
tures, where the apertures are implemented with rows of Plated Through Hole (PTH) [3].
The high design flexibility of SIW allows the implementation of resonant cavities with di-
verse shapes (circular [80], triangular [81] and half-mode and quarter-mode cavities [82,83]).
These cavities allow the development of filters with different characteristics such as higher
Q-factor, multimode response, or compactness. SIW can also implement something similar
to dielectric loaded filters, which are implemented by emptying or drilling some areas of the
SIW; see Figure 2.11. The holes reduce the effective permittivity and implement the coupling
elements, while the undrilled areas implement the filter’s resonators [27,28].

On the other hand, there are several SIC structures that have been developed in an attempt
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(a) (b)

Figure 2.11: (a) Basic structure of a Substrate Integrated Waveguide, (b) Inner layer of a SIW
filter based on alternated dielectric line sections. Copper components are illustrated in
yellow, while the substrate material is represented in green.

to reduce the size of the SIW even further. In this area are the folded and half-mode SIWs
with half the width of the traditional implementation [84], and the ridge SIW, which reduces
the cut-off frequency of the fundamental 7'F;y, mode by introducing a central ridge [85].
Also fascinating is the development of coaxial SIW filters [29], which uses the SIW structure
to develop the combline filter topology. This is done by adding a PTH in the centre of a
SIW cavity and milling a circular isolation on the top copper. This structure can be modelled
as a coaxial resonator (with a circular inner conductor and a rectangular outer conductor)
that is short-circuited at one end and loaded with a capacitor (the circular isolation) at the
other. This filter topology provides extreme size compaction at low frequencies and allows
the easy integration of lumped elements that can improve the filter performance and add
reconfigurability [86].

It is worth mentioning the recent development of low-loss empty SIC structures, such
as the Air-Filled Substrate Integrated Waveguide (AFSIW) and Empty Substrate Integrated
Waveguide (ESIW). In the former, a rectangular hole is performed in the area between the
rows of PTH, see Figure 2.12 (a). Then, a top and bottom metal cover closes the structure,
leaving a partially empty rectangular waveguide. As the electric field of the fundamental
T F concentrates in the centre and decreases rapidly toward the sides, the effective dielectric
permittivity of this waveguide is very close to the air, resulting in a virtually empty waveg-
uide. In the case of ESIW, the walls of the rectangular hole are metallized, thus replacing the
PTH row, see Figure 2.12 (b). As in the previous case, the structure needs top and bottom
COVErs.

We can find other structures in this line, such as the Empty Substrate Integrated Coax-
ial Line (ESICL) or the Ridge Empty Substrate Integrated Waveguide (RESIW). The former
structure realises an empty rectangular coaxial line in a stack of 5 substrates; see Figure

2.12. The resulting transmission line is non-dispersive, low loss, and has a wide mono-mode
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(a) (b)

Figure 2.12: Layout of the different implementations of an Empty Substrate Integrated
Waveguide: (a) Air-Filled Substrate Integrated Waveguide and (b) Empty Substrate
Integrated Waveguide. Copper components are depicted in yellow, the substrate mate-
rial is shown in green, and empty areas are illustrated in blue.

band [87]. The latter structure integrates an empty ridge waveguide in a stack of 4 or more
substrates, somewhat reducing the ESIW footprint while increasing the single-mode band-
width [88]. Both technologies are suitable for broadband applications, although the ESICL
is more appropriate for low-frequency applications while RESIW can operate at higher fre-
quencies.

An incredible variety of Substrate Integrated Circuit technologies and topologies has
emerged in just 20 years. This is proof of the incredible versatility and design flexibility of
this type of structure. However, these types of substrate-integrated structures present critical
problems that need to be addressed in the coming years. SICs are generally more sensitive to
manufacturing tolerances due to their reduced size. In addition, the standard PCB fabrication
processes, although affordable, generally have loose dimensional tolerances, which severely
affects the performance of devices developed in this technology, in which tuning techniques
are not as developed as in waveguide technology. This makes it difficult to operate at high
frequencies, such as the mm-wave band, where GGW are gaining ground. In addition, due
to their higher losses and smaller size, substrate-integrated circuits have a reduced power
handling compared to waveguides, which limits their GEO satellite and radar applications.

2.1.2.4 Comparison

As can be noticed, the above technologies are a trade-off between the key features that
are required by today’s communications systems. Figure 2.14 compares the performance of
these three technologies in terms of size, cost and loss [4].
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Figure 2.13: Layout of most-extended transition between the coplanar waveguide and the
Empty Substrate Integrated Coaxial Line. The first and fifth layers are covers, while
the second, third, and fourth layers assemble the ESICL. The coplanar line is developed
in the third layer.
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Figure 2.14: Comparison graph showcasing the performance of various microwave tech-
nologies [4].

It can be observed that planar structures achieve the most compact structures at a re-
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duced cost but also exhibit a higher loss. Waveguides achieve low loss but have a large
size and higher manufacturing costs, at least for high-volume production. Finally, substrate-
integrated filters are a compromise between the previously mentioned technologies, allowing
the development of relatively compact devices with low losses at a moderate cost.

According to the previous analysis, substrate-integrated filters are a good candidate for
the new space scenario since they achieve good performance in a compact and light form.
However, as the previous comparison does not consider the power handling capability, the
substrate integration, or the high-frequency working capability, so it should be taken criti-
cally.

2.2 Qualification for Space Applications

Communication satellites are exposed to unique and aggressive conditions from their
launching to their operation time in orbit. During orbit positioning, satellites are exposed to
strong vibrations, mechanical shocks, and thermal stress. Moreover, even when satellites are
allocated in a stable orbit, they face a very aggressive medium. They are working under vac-
uum or low-pressure conditions, are exposed to high-temperature gradients and are impacted
by high-energetic particles.

Satellites cannot be repaired once they are in space, so it is imperative to ensure that
their equipment is designed to operate effectively and withstand the conditions of both the
launch and space environments. Additionally, since the launching process is as expensive as,
or even more expensive than, the satellite itself, it is crucial to ensure that satellites have a
relatively long lifespan. The average lifespan of satellites varies, ranging from 5 years for a
LEO satellite (based on the expected life of SpaceX’s satellites) to 15 years for the average
GEO satellite, as reported by [2]. In order to do so, the space agencies, launcher companies,
and satellite operators define a series of conditions and technical details of tests for "space
qualification". According to the ECSS E-ST-10-03C standard [89], electronic, electrical and
RF equipment of the space segment should undergo the following test:

* Functional and performance tests: have to be defined by the project team to ensure
that the devices are operating correctly under laboratory conditions.

» Physical properties tests: the following physical properties should be determined by
measurement or simulation: dimensions and interfaces, mass, the centre of gravity, and
momentum of inertia.

* Mechanical tests: the following vibration tests should be performed: random vibra-
tion, sinusoidal vibration, and shock tests.
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* Thermal/temperature tests: thermal vacuum and thermal ambient tests shall be per-
formed for satellite equipment that will be exposed to high-temperature gradients in
vacuum conditions for any period of its lifespan.

* Electromagnetic Compatibility (EMC) tests: the satellite equipment should pass a
EMC to ensure that not undesired electromagnetic couplings are generated.

* Corona and multipactor discharge tests: shall be performed on dedicated models
and only when necessary, i.e. when the Device Under Test (DUT) operates close to the
particular conditions that can ignite these phenomena.

Among these tests, passive microwave devices, and specifically microwave filters, are
suitable for testing in the following areas: functional and performance testing, physical prop-
erties inspection, mechanical tests, thermal tests and corona and multipactor discharge pre-
dictions. The following pages will discuss the characteristics of the space environment and
the associated testing characteristics.

2.2.1 The Thermal Environment

Satellites are generally exposed to heat radiation without the protection of the atmosphere.
This, combined with the satellite’s orbit movement, can cause significant temperature varia-
tions. A satellite orbiting the Earth is generally exposed to three primary heat sources; see
Figure 2.15.

* Direct Solar: sunlight is the most significant heating source on most communication
satellites. Fortunately, this source is relatively constant and predictable.

* Albedo: Sunlight reflected by a planet or space body, i.e. the Earth and the Moon. This
is an important heating source for LEO satellites but is much less important for GEO
satellites. Moreover, it is much more variable than solar radiation and depends on the
satellite’s orientation, orbit, and surface properties of the Earth. Clouds, water, sand,
cities, and forests have different reflection factors.

* Earth IR: The Earth absolves part of the incident sunlight that eventually is re-emitted
to the space as infrared radiation. However, this source of heat is negligible in the case
of satellites orbiting the Earth [90].

 Satellite subsystems: internal parts of the satellite (high-power amplifiers, attenua-
tors, antennas, etc.) generate heat that has to be considered in thermal analyses. The
satellite’s thermal control systems should manage and radiate this residual heat.
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Figure 2.15: Scheme of a satellite’s most usual heat exchange mechanisms. Image is from
[90].

Satellites and Earth are not static in the space, presenting periods of light and shadow
(eclipses caused by the Earth or the Moon). When the satellite is in a light period, it is directly
exposed to the direct solar and Albedo heat sources, causing an increase in temperature.
Meanwhile, the satellite has to face the cold space in an eclipse zone, causing its temperature
to decrease. This cycle produces a huge variation in the satellite temperature that depends on
various factors, such as the satellite size, its materials and the performance of its temperature
control system. This makes it difficult to define standard temperature gradients for orbits in
general, and each mission needs a specific temperature analysis.

However, the temperature control subsystem of most communication satellites can miti-
gate the temperature variation of some parts of the satellite. In this respect, there has been
a general agreement on typical operation temperatures for the different pieces of satellites
equipment. The typical operational temperature ranges, as outlined in [90,91], are typically
as follows

Electronics: —20 to 40 °C

TTC and special electronics: 0 to 40 °C

Solar panels: —100 to 100 °C

Antenna dish: —80 to 60 °C

Inactive structures: —100 to 100 °C



2.2 Qualification for Space Applications 37

As can be noticed, although the thermal control systems mitigate the temperature vari-
ation in critical parts of the satellite, the expected variation for electronics or antennas is
high enough to influence the performance of very sensitive equipment such as transponders
and the RF subsystem. This is especially important in microwave filters since their electric
response is strongly influenced by temperature changes, even if it is small.

2.2.2 Effect of Temperature Gradient on Passive Microwave Compo-

nents

Temperature fluctuations have a detrimental impact on the different subsystems of the
satellites. Abrupt temperature changes can lead to material fractures or cracks in different ma-
terials, causing mission failure. Additionally, continuous exposure to temperature variations
can accelerate material ageing, ultimately reducing the satellite’s lifespan. Leaving these ef-
fects aside, it’s important to note that temperature gradients significantly influence the func-
tioning of passive microwave components such as directional couplers, phase shifters, and
filters. The electrical response of these devices depends on their dimensions/geometry and
the electromagnetic properties of their materials, both of which are temperature-dependent
factors.

On the one hand, temperature changes can cause alterations in the shape, volume, and
density of matter. When a material is heated, its molecules vibrate and move faster, leading
to an increase in the distance between them and resulting in changes in the geometry of
the device. This variation in size can negatively impact the electric response of devices,
potentially leading to critical failure in satellite subsystems. Fortunately, the size change can
be easily characterized by the Coefficient of Thermal Expansion (CTE) and the deviation in
the devices’ performance can also be predicted through simulations.

On the other hand, the EM properties of matter (conductivity, dielectric permittivity and
magnetic permeability) also change with temperature. The drift of the metal conductivity
with temperature is not a critical parameter in most passive devices as it only impacts the
transmission loss and can be easily compensated. However, the drift of dielectric permittivity
and magnetic permeability significantly impacts the electric response of resonant devices
such as microwave filters. In fact, this property has been extensively used as a compensation
mechanism to reduce the drift caused by thermal expansion deformation [92,93].

2.2.3 Temperature Tests

Temperature tests shall be performed on the different subsystems of the satellite to ensure
their correct performance under the expected thermal environment. The purpose of these
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tests is to demonstrate that the different satellite parts would survive the thermal stress of
space, demonstrating the proper performance of the satellite over a wide temperature range,
and obtain information on the heat propagation through the heat control system.

Concerning passive microwave devices and bandpass filters in particular, these tests eval-
uate the variation of their frequency response (IL, RL, BW, stopband rejection, and group
delay (7)) within the expected temperature range. Last but not least, these tests also evaluate
that the thermal stress does not induce any permanent change or critical failure in the DUT.

These tests consist in setting the Device Under Test at the different temperatures under
a specific atmosphere while a functional test is conducted. Governmental space agencies
establish the general requirement to perform a coherent and realistic test. In particular, the
European Space Agency through the European Cooperation for Space Standardization secre-
tariat states in the ECSS-E-ST-10-03C standard [89] the general requirements for spacecraft
thermal testing [94]. The most important requirements of the tests defined in this standard

are summarised below.

1. The test temperatures of the satellite equipment shall be defined for the minimum and

maximum qualification and acceptance levels.
2. The rate of temperature change shall be limited at 20 K /min.

3. Functional test shall be performed as a minimum at hot and cold operating temperatures
after a proper dwell time.

4. DUT shall be submitted to functional test before and after the thermal tests.

5. The test method and setup shall be defined according to the thermal environment char-

acteristics.

Accordingly, to the last requirement of the previous list, the European Cooperation for

Space Standardization secretariat defines two types of temperature test:

* Thermal ambient test, also known as thermal cycling: is a temperature test carried
out in the presence of a particular atmosphere. The atmospheric pressure shall be
adapted to the expected level during the operation of the space mission. Although the
ECSS-E-ST-10-03C standard establishes that this test is only mandatory for satellites
operating in a non-vacuum environment during its entire lifetime, the NASA standard

includes it as mandatory for every mission [90].

* Thermal vacuum test: shall be performed for satellite equipment operating in a space
vacuum environment at any time of its lifespan. DUT shall be tested at a maximum
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pressure of 1 x 107°hPa, and the test condition should avoid contamination of the
equipment. As we stated in [95], there are no significant differences in temperature
testing results for passive microwave devices in the presence or absence of an atmo-
sphere. The primary purpose of this test is to verify the heat management system’s
effectiveness without the presence of convection rather than verify the proper operat-
ing condition of isolated devices.

2.2.4 Vibration Environment

The positioning of a satellite into a stable orbit is typically facilitated by a rocket. This
process exposes the spacecraft and its payload to extreme accelerations and vibrations that
can be caused by several transportation-related factors, such as rocket stage detachment, aero-
dynamic effects, and the activity of the propulsion system [96]. Although orbital positioning
is staggered by using the Hohmann transfer orbits [91], see Figure 2.16 (a), the spacecraft ex-
periences huge accelerations and shocks. This is evident in the spectral density of vibrations
observed during a typical Soyuz launcher flight to GEO, illustrated in Figure 2.16 (b).

The mechanical stress of the launching can result in irreversible deformations that can
damage the satellite equipment, including the communication devices. Therefore, these de-
vices must be designed to withstand this hostile environment, and their survival should be
proven through several vibration and shock tests.

Regarding communication and RF equipment, mechanical tests should include random
vibration, sinusoidal sweep and shock test. These tests generally consist in submitting the
DUT to the high power vibrations and shocks. In order to do so, the DUT is fastened to a me-
chanical, and similar vibrations to those expected during the orbit positioning are stimulated
over the DUT. Some accelerometers are placed on specific positions of the DUT and the test
bench to monitor the applied vibration.

During the sinusoidal sweep test, narrow-band vibration waves are excited in the DUTs.
During this test, the device is subjected to a sine vibration, whose frequency increases with
time. This test tries to assess the behaviour of the devices under the stress waves that manifest
during the atmospheric flight of the launching process. The different launcher companies
specify the typical values of the spectral density of vibration of their space launchers, and the
governmental space associations define a Minimum Workmanship (MW) in the case of the
NASA [98], and safety margins in the case of ESA. The MW defined by the NASA consists
of a sweep from 4 to 140 Hz with an amplitude of 1.25¢g and a sweep speed of 2 octaves
per minute. Figure 2.17 shows this minimum workmanship of the most widely used space
launchers after applying the safety margin defined by the ESA.

On the other hand, the random vibration test assesses the feasibility of the DUTs under
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Figure 2.16: Standard geostationary transfer orbit flight manoeuvre of Soyuz launcher: (a)
scheme of the mission profile and (b) typical longitudinal acceleration. Source [97].

the broadband vibrations generated by the propulsion system of the launcher. During the
test, the DUT is subjected to a pseudo-random vibration with a specific Amplitude Spectral
Density (ASD) defined by the launchers company and the governmental space agencies.

According to the ECSS-E-ST-10-03C standard [89], the test bench must avoid reso-
nances to the extent possible, and the applied vibration should not present slopes greater
than 25 dB/octave. The standard [89] also states a safety margin of 3 dB above the vibration
levels established by the launcher company. Conversely, NASA specify their own MW for
random vibration tests [98]. Figure 2.18 shows the MW defined by the NASA, as well as the
ASD of the most used launchers of the market considering the 3 dB security margin defined
by the ESA.
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Figure 2.17: Minimum workmanship for sinusoidal sweep tests derived from measurements
taken during the operation of commonly-used space shuttles.
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Figure 2.18: Minimum workmanship requirements for random vibration tests derived from
measurements taken during the operation of commonly-used space shuttles.

The random vibration test has been replaced by an acoustic test in Ariane group launchers
(Ariane 5, Ariane 6, and Vega). Unfortunately, since we lack access to a test bench capable
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of conducting this type of test, it will not be studied.

The vibration tests should be performed for the three main axes of the parts, and the
natural resonance frequency of DUTs shall be characterised before and after each test. The
natural frequency is a key parameter of the mechanical reliability of the DUT as any change
in the part geometry (e.g. cracks, bends or parts displacements), no matter how small it is,
produces a substantial change in its natural frequency. The standard ECSS-E-ST-10-03C [89]
specifies the success criteria for the natural frequency as a maximum variation of less than
5% in frequency and less than 20 % in amplitude.

2.2.5 Power Handling Issues

Communications satellites have to work with high-power signals to compensate for prop-
agation losses. This is especially important for high-altitude orbits where the distance be-
tween the transmitter and receptor is very high. However, new LEO constellations also need
to handle high-power signals to boost the channel capability. Thus, when designing commu-
nication devices for the satellite output chain, designers have to consider the harmful effects
of high-power RF signals: heating problems, multipactor effect and corona discharge.

2.2.5.1 Heating problems: average power handling capability

The different loss mechanisms of communication devices produce heat when they are fed
by a continuous-wave high-power signal. This heat increases the temperature of the devices,
which could generate a high thermal stress that can destroy or deform them. The increase in
heat depends on several factors, such as the loss mechanisms of the DUT, input power, and
the temperature control system, making its study quite complex.

2.2.5.2 Peak power handling capability: multipactor phenomenon

The multipactor effect refers to an avalanche increase in the number of free electrons that
occurs in devices that operate with high-power signals under low pressure. This phenomenon
only occurs under vacuum or very low-pressure conditions, where the free electrons can travel
through the "empty" volume of the device without impacting any atom. When a high-power
electric field accelerates free electrons under vacuum conditions, they can impact the metallic
walls of the device. This impact can start three different reactions in the conductor, depending
on the energy of the impact and the properties of the material: the material might absorb the
incident electrons, the electron might be reflected, or more electrons may be released from
the surface, see Figure 2.19.
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Figure 2.19: Four possible interactions between electron and matter: (a) Electron absorption,
(b) Elastic reflection, (c) Inelastic reflection and (d) True secondary emission.

If the power of the RF signal is high enough to release more electrons from the material
(secondary electrons), and it occurs when the harmonic field reverses direction, the process
is in resonance with the RF signal and the free electrons are accelerated towards the opposite
direction, impacting other surfaces and releasing more electrons. If the process is sustained
in time, more electrons will be released in each cycle, producing a self-stimulated growth of
free electrons as seen in Figure 2.20.

The resulting cluster of free electrons produced by the multipactor phenomenon can result
in several harmful effects [99]. Free electrons generated by multipactor increase the electric
noise, reducing the signal to noise ratio. This is significantly negative for small satellites
with limited power and modulation schemes. The cloud of electrons can behave as a short
circuit reflecting the input power, which is especially dangerous when it happens in devices
of the output stage since a high power can be reflected to the output amplifier resulting in its
destruction. Ultimately, the impact of electrons generates heat with the consequent thermal
problems. If this heat evaporates part of the device, the multipactor phenomenon can trigger
an even more destructive corona discharge.

Multipactor may damage vital communication equipment putting at risk the survivability
of the satellite. For this reason, satellite equipment susceptible to multipactor discharge needs
extensive analysis and testing of this phenomenon. However, multipactor is a very complex
phenomenon that depends on several factors, and the prediction of its threshold power is a
complex process that requires extensive analysis.

Traditionally, the theoretical study of the multipactor phenomenon has been simplified
to obtain an analytical solution. One of the most popular models of the two-surface multi-
pactor interaction is the parallel-plate model depicted in Figure 2.20 and studied by Hatch
and Williams in [100]. This model is particularly useful for predicting multipactor discharge
in rectangular waveguides and capacitive parts of combline filters and, being more general, in
any device where the impacting surfaces are two parallel plates. This model allows us to the-
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Figure 2.20: Scheme of a multipactor discharge. Blue circles depict free electrons, while the
arrows E and F represent the electric field and Lorentz force, respectively. The bot-
tom figure shows the exponential evolution of the electron population in a multipactor
discharge.

oretically determine the threshold power needed to obtain a sustained multipactor discharge
as a function of the material properties, the gap between the two plates and the signal fre-
quency. In practice, the parallel-plate case has been solved for a series of materials obtaining
the Hatch and Williams chart shown in Figure 2.21.

The Hatch and Williams chart has been employed to define safe multipactor limits in the
NASA and ESA standards [101] due to its simplicity. However, this methodology provides
a very conservative prediction for most applications since it considers a continuous wave
excitation, a homogeneous distribution of the electric field within the plates, and a perfect
resonance of the electrons and the RF signal. This implies over-demanding design specifica-
tions for microwave devices, increasing the design complexity, cost, volume and weight of
the devices. Although it has not been a problem in the space sector in the past years, it is espe-
cially problematic for new satellites as they increase the transmitted power and push up their
operative frequency to improve their performance. This trend implies a higher concentration
of electric fields in smaller devices, resulting in lower breakdown power thresholds. Thus,
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Figure 2.21: Multipactor susceptibility chart for the constant-k in the parallel-plate model of
standard copper.

particle simulators are more popular nowadays since they provide a more accurate prediction

for a particular structure and modulation.

2.2.5.3 Peak power handling capability: corona discharge

A corona discharge is an electric discharge caused by the ionization of the gas that sur-
rounds the conductors of high-power devices. In this effect, the pressure inside the device
must be higher than in the multipactor discharge. Thus, free electrons inside the device will
hit the gas particles, forcing the release of secondary electrons, which ionize the gas. Un-
der particular conditions, the density of free electrons can increase in an avalanche manner,
turning an isolating gas into conducting plasma.

Since corona discharge occurs at higher pressures than multipactor, it should be consid-
ered for components that are expected to work under low pressure, e.g. ground segment
equipment or satellites orbiting at very low altitudes. In practice, the corona analysis and
prediction are studied using particle simulators, as in the case of multipactor discharge.






Chapter 3

Additive Manufacturing of Microwave
Filters

The spectrum saturation and the rapid development of their competitors have forced the
space sector to reduce costs and increase its data management capability in order to remain
profitable. As a consequence, the focus of the space business is shifting towards new schemes
based on high-throughput GEO satellites or mega-constellations of small to medium size
LEO satellites. These new systems lower the cost per bit, being economically more efficient,
but they also require communication devices with better performance and smaller sizes. Ad-
ditionally, as the number of satellites in mega-constellation increases, all their parts, including
microwave filters, need to be efficiently produced for medium and high volume production.
Traditional filters based on conventional waveguides or planar transmission lines do not meet
these requirements because they are either too bulky or do not have the desired performance
at an affordable price.

The idea of Substrate Integrated Circuit (SIC) was developed in the late 1990s by Ke Wu
and Deslandes, D. in [3] as a solution to the space communications needs of that time. The
general idea behind this technology is to develop waveguide or coaxial transmission lines
using a stack up of PCBs. This approach allows mass production and reduces the mass and
size of devices compared to traditional waveguides while maintaining excellent electrical
performance. However, the stack of PCBs imposes limits in the geometric complexity and
design flexibility, making it difficult to implement the complex designs that require the current
space sector.

On the other hand, Additive Manufacturing (AM) is a straightforward technology that
provides an unprecedented design flexibility. This technology can easily and affordably man-
ufacture complex geometries. AM is particularly well-suited for small and medium produc-
tion volumes and uses lightweight materials. This makes it ideal for both high-throughput
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satellites and smaller and simpler satellites, making it a promising candidate for addressing
the current and future needs of the space industry.

The main objective of this chapter is to explore the application of AM techniques in the
development of low-loss filters, offering significant weight and cost reduction compared to
conventional solutions. The main idea is to combine this new manufacturing technology
with Surface-Mount Technology (SMT) to develop easy integrable filters, thereby leveraging
the design flexibility and lightweight advantages of AM along with the seamless integration
of SMT. This innovative approach has the potential to compete with traditional substrate-
integrated circuits.

The chapter is organised as follows. Section 3.1 provides a comprehensive overview of
additive manufacturing, offering essential background information. Section 3.2 outlines the
manufacturing approach developed throughout this thesis. In Section 3.3, we delve into the
fundamental aspects of the SMT transition and explore the application of different resonant
topologies. Sections 3.4 and 3.5 focus on the design and analysis of various filter topologies.
Lastly, in Section 3.6, we examine the space qualification tests conducted on the developed
filters.

3.1 Additive Manufacturing at Microwave Frequencies

AM offers numerous advantages over traditional manufacturing processes that rely on
subtractive techniques. This relatively new manufacturing technique builds 3D objects by
adding material layer by layer, allowing for a high degree of geometric complexity in the
final part. The use of AM reduces the strict geometrical constraints of traditional manufactur-
ing methods, which have historically limited the electromagnetic performance of microwave
devices. This unprecedented design flexibility allows for the integration of multiple com-
ponents into a single monolithic part and enables the adaptation of parts’ geometry to meet
specific requirements, such as reducing material usage or minimising mass and size while
ensuring correct operational performance.

However, since additive manufactured parts consist of a stack of layers with a finite thick-
ness, they are always an approximation of the original 3D model. This makes the tolerances
of traditional manufacturing processes about one order of magnitude better to AM techniques
(0.01 mm of CNC vs 0.10 mm of 3D printing).

The application of AM in the microwave and RF sector has enormous potential, especially
in the space industry where mass and size are critical. However, the application of this new
manufacturing technology in this field is still in an early stage, presenting a promising area
for future research and development.
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3.1.1 Type of AM Techniques

Additive Manufacturing is a wide-ranging field encompassing multiple technologies, each
with a different working mechanism. The standard ISO/ASTM 52900:2015 [102] defines
five technologies based on the technique used to execute the 3D printing process: extrusion-
based systems, vat photopolymerization, Powder Bed Dusion (PBF), Material Jetting (MJ),
and Binder Jetting (BJ) systems.

3.1.1.1 Extrusion-based systems

Extrusion-based systems selectively dispense the material through a nozzle that traces
the shape of the part layer by layer. The most extended technology is the Fused Deposition
Modelling (FDM), where a plastic filament is melted and extruded through a hot nozzle. The
nozzle moves along the three axes, precisely depositing the melted plastic at specific locations
where it solidifies and bounds to previously printed layers, giving rise to the 3D object.

FDM has been traditionally based on the use of solid plastics, such as acrylonitrile buta-
diene styrene (ABS), polycarbonate (PC), polyamide (PA) and polylactic acid (PLA). Addi-
tionally, there is a wide variety of composite materials that mix plastic and a reinforcement
material that can include copper, iron, and fibreglass, among others.

Fused deposition technology is widely accessible and offers many options for both profes-
sional and amateur users, primarily due to the low cost of its printers and materials. Nonethe-
less, some drawbacks limit its suitability for end-user applications. The layer thickness results
in a poor surface finish and usually provides a low resolution of approximately 150 um. Fur-
thermore, FDM often results in low adherence between layers, leading to parts with highly

anisotropic mechanical properties.

3.1.1.2 Vat photopolymerization processes

This process creates parts by using a Ultraviolet (UV) light to selectively solidify liquid
photopolymer resins. The part is typically built from the bottom up on a building platform
submerged in a vat filled with photo-sensible resin. The building platform leaves a gap be-
tween it and the light source, allowing the selective solidification of the pattern of the layer.
As the building platform is raised, the next layer is cured and fused to the previous one.
Parts printed with this technology normally have to undergo two final post-processing steps:
a cleaning bath to remove excess of uncured resin and a hardening process in an UV oven.

Vat Photopolymerization houses different printing technologies, including Stereolithog-
raphy Apparatus (SLA), Direct Light Processing (DLP) and Masked Stereolithography Ap-
paratus (MSLA). SLA employs a small laser spot that traces the shape of the layers to build
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the object. Although this technique offers high precision, it can be time-consuming as the
laser spot must travel across the entire surface of each layer. In contrast, DLP and MSLA
use a projected image of the desired layer pattern to solidify the entire layer at once. Both
technologies offer a reduced accuracy compared to SLA but significantly shorten the overall
printing time.

Vat photopolymerisation processes can only use photopolymer resins. Similarly to FDM
technology, novel composite materials with a wide range of fillers have appeared on the
market during the last few years. However, the optical nature of Vat Photopolymerization
does not allow the use of metal fillers, a limitation not present in the FDM technology.

Vat Photopolymerization technology offers high printing accuracy of approximately
0.15 mm, high repeatability, and smooth finishing. This printing technique allows using very
thin layers (25 um), resulting in printed parts with surface finishes similar to those obtained
through injection moulding.

However, the technology also has limitations. Parts always need support structures to
attach suspended areas to the existing structure, limiting the geometry complexity of the
printed parts. Additionally, the material of printed parts is normally sensitive to UV light,
leading to variations in their mechanical properties over time.

3.1.1.3 Powder Bed Fusion

In PBF, parts are produced by selectively melting powdered particles to form each layer
of the printed part. First, a thin layer of powder is spread over the building platform, and then
the printing area is heated near the material’s melting temperature. A laser or electron beam
is then used to fuse and bind the powder particles together. Notably, this technology does not
require support structures, as the unused powder material supports the subsequent layers.

PBF can employ a vast range of materials, including nylon, polypropylene, polycarbon-
ate, and polyamide. They are all robust plastics traditionally used for manufacturing func-
tional parts with traditional manufacturing techniques. The technology also allows for using
metal alloys as building material, enabling the production of metal devices.

This technology does not require support structures, allowing for the fabrication of more
complex geometries than vat photopolymerization and extrusion-based systems. However,
this technology offers lower resolutions and accuracies than vat photopolymerization. Ad-
ditionally, since parts are printed from powder material, they have a very rough finishing.
Despite these limitations, the ability to produce strong and durable parts makes PBF the
preferred technology for producing low and medium volumes of end-user parts in many in-
dustries.
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3.1.1.4 Material Jetting

Material Jetting (MJ) works in a similar way as standard 2D ink printers. In this tech-
nology, a printer head selectively jets tiny droplets of a liquid polymer, following the desired
pattern of the layer. The droplets are solidified using ultraviolet light or heat, forming one
layer of the part. Then, a new layer is jetted over the freshly printed layer, and the process is
repeated.

Among the MJ technologies, PolyJet (PJ) is the first to appear in the market and remains
the most widely used, leading to the term PJ being broadly used to describe Material Jetting
as a whole.

PolyJet (PJ) and most material jetting technologies typically utilise acrylic and wax pho-
topolymers as their low viscosity allows precise jetting. Currently, research groups and man-
ufacturers are exploring new materials that include ceramics and metals in their composition.
However, these new materials tend to be too viscous and have large particles, making it chal-
lenging to jet through the small nozzles of the printer head.

Material jetting technique is highly precise, although their surface roughness is typically
higher than the obtained with vat photopolymerisation. One of the strong points of this tech-
nology is that it can print with different materials simultaneously to produce full-colour and
multi-material prints. This allows using soluble material to print easy-to-remove support
structures.

Material Jetting is a costly process and is considered one of the most expensive manufac-
turing techniques. Despite this, it offers high dimensional accuracy and good surface finish,
making it the only viable method when colourful, multi-material printing and good finishing
are required.

3.1.1.5 Binder Jetting

Similarly to PBF, this process spreads a thin layer of powder material on a building plat-
form. Then, a printer head selectively deposits a binding agent in the desired pattern that
binds the powder particles together and forms the layer.

BJ is a versatile technology that can use a wide variety of materials, including metals,
ceramics, sands, and polymers. However, the resulting parts tend to be porous and fragile,
requiring additional processes such as sintering or infiltration to enhance their density and
robustness. Additionally, while BJ can use metal particles, the final product has no electrical
conductivity as the metal particles are bonded with a non-conductive material. The sintering
and infiltration overcome this problem by obtaining fully conductive parts, but these pro-
cesses tend to reduce the dimensional accuracy and repeatability.
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As with other techniques, the unused powder material serves as a natural support struc-
ture, allowing for the creation of complex geometries. Binder jetting can produce parts with
high accuracy, but the final precision is difficult to predict as sintering can cause a substantial
and non-homogeneous shrinkage of up to 40 %. Moreover, although sintered parts are almost
fully dense, their mechanical resistance is not comparable to traditionally machined parts.
The surface roughness is generally better than that obtained with most PBF processes, but it
is lower than that obtained with vat photopolymerization or MJ.

Binder jetting represents a cost-effective alternative to more expensive techniques, in-
cluding MJ and PBF. Although it may offer limited accuracy and mechanical resistance, it is
currently the fastest and most affordable method for producing metal and ceramic parts.

3.1.2 Additive Manufacturing Techniques for Microwave Applications:
Requirements and Considerations.

Since its inception, additive manufacturing has been widely used in both the industry and
research communities for creating conceptual models and exhibition parts. However, over
the past decade, AM has made significant progress, gaining the attention of the industrial and
research communities. Today, AM is no longer limited to producing prototypes [6].

The focus of research in this area has primarily been on the development of micro and
millimeter-wave devices that use bulky guiding technologies such as waveguides and coaxial
cables. In this context, the use of AM can significantly reduce the mass and cost of devel-
oped devices for medium to low production runs while maintaining high-performance levels.
However, the application of additive manufacturing at microwave frequencies requires deal-
ing with stringent requirements in terms of dimensional accuracy, surface roughness, and
some material considerations.

3.1.2.1 Dimensional accuracy

Many passive devices, particularly filters that operate at microwave and millimetre-wave,
require manufacturing techniques with thigh tolerances. Even slight deviations in the di-
mensions of a filter’s geometry can result in significant deviations in its electrical response.
Although the microwave industry has developed various tuning mechanisms to allow for re-
laxed tolerance constraints, the use of more precise manufacturing techniques is preferable
since tuning can be complex and its design process can be challenging.
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3.1.2.2 Surface roughness

The same holds for the surface finish, which can increase the ohmic loss of devices, espe-
cially at high frequencies where the skin depth is comparable to the surface roughness. When
the size of the roughness deformations is small compared to the skin depth, most of the RF
current can flow in a straight line (the wave does not "notice" the deformation), resulting in
no additional losses. However, as the surface roughness Root Mean Square (RMS) value (12,)
approaches the skin depth, the currents are forced to follow a different path than in a smooth
conductor (the wave does "notice" the deformation), causing an increase in ohmic loss. Ham-
merstad and Jensen [103] derived an empirical formula to model this effect, expressing the
increase in ohmic loss as follows:

2 R,\*
al=a.x Kgg where Kgp =14 — x arctan (1.4 (Fq) ) (3.1)
T

, where o, is the ohmic attenuation coefficient including roughness effects, . is the ohmic
attenuation coefficient for smooth perfect conductor, Kgg is the roughness multiplier, and §
is the skin depth. We utilized the aforementioned roughness model to simulate the increase
in ohmic losses of a microstrip transmission line operating at 11 GHz in order to illustrate the
significance of this phenomenon. The results of this simulation are presented in Figure 3.1.
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Figure 3.1: Roughness multiplier for the ohmic loss of a copper microstrip computed at
11 GHz. The markers used to represent the different printing technologies are average
values obtained from personal measurements using printing samples and a contact pro-
filometer.

The roughness multiplier Kgr equals one at low frequencies, where the R, is much
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smaller than J, and asymptotically approaches two at high frequencies where § << R,.
More elaborate roughness models have demonstrated that K gr can take even higher values
when the roughness dimension is much bigger than the skin depth [104,105]. This highlights
the significance of achieving a surface that is as smooth as possible, as roughness can have a
significant impact on the ohmic losses of a device.

3.1.2.3 Material considerations

In addition to surface smoothness, other secondary aspects such as the mechanical prop-
erties, Heat Deflection Temperature (HDT), Coefficient of Thermal Expansion (CTE), and
the outgassing rate of the materials used in microwave devices are also crucial. These prop-
erties need a special attention in highly demanding applications such as the space segment of
satellite communication systems.

3.1.2.4 Conclusion

Based on the requirements of microwave devices and the fundamental properties of each
AM technology discussed in the previous sections, the following conclusions can be drawn.
While FDM is the most affordable technique and can work with a wide range of materials, it
does not provide the required accuracy and finish for the microwave band. Thus, it can only
be used as an auxiliary technology to develop prototypes or sample parts. In contrast, PBF
systems have good dimensional accuracy for microwave frequencies but do not provide a
good surface finish. Moreover, direct metal printing requires expensive equipment and mate-
rials, so we have to discard this type of technology for research purposes. On the other hand,
vat polymerisation and material jetting stand out among the available printing technologies
due to their superior surface finish, moderate pricing, and excellent printing accuracy. Fur-
thermore, their compact size makes them suitable for integration into small laboratory setups.
These two technologies have been specifically chosen for this thesis as they are deemed the
most suitable techniques for developing components with high precision and a superior fin-
ish. Material jetting has been employed to produce exhibition and production prototypes,
while vat polymerisation has been used for the production of final devices with specific high
thermal requirements.

3.2 Propose Manufacturing Procedure

Microwave devices often require the use of metallic surfaces, but only a limited number
of additive manufacturing techniques are capable of printing such materials. Additionally, the
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few techniques that do allow printing with metals or other electrically conductive materials
tend to be expensive. As a result, two alternative strategies have emerged as feasible options
for fabricating microwave devices: direct metal printing and a combination of plastic printing
with supplementary plating or coating processes.

Direct metal printing techniques, such as Powder Bed Dusion (PBF), Binder Jetting (BJ),
and some Fused Deposition Modelling (FDM) methods, have the potential to fabricate mi-
crowave devices directly from electrically conductive materials. This approach may elim-
inate the need for additional metallisation processes. However, direct metal printing tech-
niques tend to be costly and result in looser manufacturing tolerances and rougher surfaces
when compared to their plastic counterparts. Therefore, this solution is primarily relegated to
applications that require exceptional mechanical resistance and where traditional manufac-
turing methods are not feasible due to the geometrical complexity of the part. Nonetheless,
numerous examples of this approach can be found in the literature, and private companies are
currently using these technologies to develop waveguide devices for the space sector [49].

An alternative approach to direct metal printing is to use conventional AM techniques
and materials to print the geometry of the microwave device. Once the plastic part has been
printed, it undergoes a metallisation process that covers the part with a thin layer of an elec-
trically conductive material. Since the skin depth at high frequencies is very thin, only a thin
conductive layer is needed to achieve a device with the same electromagnetic performance as
one entirely made of metal. This approach is popular among academic and research commu-
nities, as it provides a straightforward and inexpensive way of fast prototyping, significantly
reducing the time between design and publication. This thesis focuses on this approach.

3.2.1 Plating of Plastic Materials

The metallisation process for plastic surfaces typically involves two sequential coating
processes. The first step focuses on applying a thin coating layer that adheres well to the
plastic surface, while in the second process, the deposited layer is further stabilised and thick-
ened. The coating material of the last metallisation step can differ from the first process to
meet specific requirements, such as enhanced conductivity and wear or corrosion resistance.

In the initial plating process, a thin layer of conductive material is attached to the plastic
part. This process can be challenging due to the low roughness and surface energy of plas-
tics, resulting in the limited presence of binding sites [106]. This forces the use of additional
surface treatments to enhance the roughness and improve the adhesion strength of the coat-
ing. The most common deposition methods for directly plating plastics include electrically
conductive painting, electroless plating, and Physical Vapor Deposition (PVD).

Physical Vapor Deposition (PVD) is widely used in metallisation processes for AM. It
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compasses various deposition methods, where the material to be deposited transitions from a
solid to a vapour state in a vacuum chamber. The vaporised material is then directed toward
the sample, condensing and forming a metal coating on their surfaces. This method requires a
previous plasma etching as a preconditioning treatment [107] to obtain an excellent adhesion.
However, PVD requires complex and expensive equipment, and the deposition rate is very
slow for medium and high productions. Moreover, while this process is convenient for flat
substrates, it is limited for substrates with complex geometries [108], where it can result in a
non-uniform coating thickness.

Conductive painting is another widely used method in the academic field. This method
involves applying a thin layer of conductive paint to the plastic part. Solvents of the paint
solve the exposed layer of the part, achieving an excellent adhesion. However, the coating
layer obtained with this technique is non-uniform, and the geometry of the part can cause
paint agglomeration in corners or protrusions. Additionally, the conductivity of the paint is
usually moderate, requiring additional plating processes.

Electroless plating, also known as autocatalytic plating, is the most common technique
in the industry for plating plastic parts with complex geometries. This process chemically
reduces metal ions of a liquid solution, allowing them to deposit onto the surface of the
object. The resulting layer is even and uniform for any geometry regardless of its complexity
[109, 110]. This method is typically more cost-effective than PVD as it does not require
expensive equipment. However, the coating may have limited adhesion to certain materials,
requiring additional surface preparation for most plastics.

Once a thin layer of conductive material has been applied to the part, it can undergo an
electroplating process. In this process, the part is placed in an electrolyte solution containing
ions of the metal to be deposited. The part is connected to the negative terminal (cathode), and
an electrode made of the metal to be deposited is connected to the positive terminal (anode).
When an electric current is passed through the solution, metal ions from the electrode are
attracted to the part, giving rise to the coating layer. This last coating process thickens and
stabilises the previously deposited layer.

In this thesis, we have employed a combination of electroless and electroplating, which
offers a cost-effective solution for achieving a uniform copper coating layer on complex ge-
ometries. The optimised process used in this research is described in detail below.

3.2.2 Optimised Electroless Plating Process

We have developed a novel electroless plating process in collaboration with the "Instituto
de Tecnologia Quimica (ITQ)" of the "Universitat Politecnica de Valencia (UPV)" that allows
the attachment of copper particles to polymeric surfaces without the need for an electric
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current. This method is based on the work conducted in [111], and with a few modifications,
it can be applied to various materials. Over a hundred plating processes were performed to
optimise the procedure for three commonly used plastic materials in 3D printing: bronze and
copper-filled PLA, ABS, and different types of SLA resin. This enables us to use different
printing technologies, including FDM, PJ, SLA and MSLA.

Figure 3.2 displays the four phases of the plating process. First, the part undergoes a
surface treatment to increase the nano-metric roughness, ensuring a robust bond with the
metal deposition. Second, a thin layer of a catalytic element is deposited on the surface of
the part. In the third step, the catalytic layer is cleaned and prepared for the final stage, where
a relatively thick layer of copper is deposited onto the part. An optional passivation step can
be applied as a final phase to prevent copper oxidation.

Shot Surface
blasting |::> activation |::> Reduction
+ + reaction

Etching Acceleration
- - -
Surface Surface Copper

preparation sensitisation deposition

(b)

Figure 3.2: (a) Schematic of the electroless plating process. (b) Experimental setup for the
electroless plating.
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1. Etching: Polymer surfaces typically exhibit limited binding sites for metal coatings. In

the industry, chemical etching using strong oxidising compounds like chromium salts
is used to improve the adhesion of the coating. This aggressive etching enhances sur-
face roughness and oxidises the chemical components of the material, creating a strong
mechanical interlocking between the plastic and the coating [106]. However, these
strong oxidising compounds are highly corrosive and environmentally hazardous. In
our research, we have replaced this costly and polluting process with a double etching
technique that consists of shot blasting and chemical etching using a sodium hydrox-
ide solution. The shot blasting process creates a rough surface to improve mechanical
interlocking, while the chemical etching step oxidises certain elements of the polymer,
increasing the chemical interlock between the plastic and the metal coating. Compared
to the conventional approach, this new method is less corrosive and has lower environ-
mental impacts, making it a more sustainable option for industrial applications.

The first shot blasting is needed only for ABS and SLA resin. We conducted several
calibration processes, subjecting different materials to various shot-blasting treatments
to determine the optimal combination. Figure 3.3 illustrates metallisation samples
printed with PJ using ABS material that underwent different shot blasting processes.

W og 'L ,13?

§§ ¢h

Figure 3.3: Metallisation samples, from left to right: shot blasted with corundum, no shot

blasted and shot blasted with glass particles. Samples were made of ABS and were
printed with PJ.



3.2 Propose Manufacturing Procedure 59

Based on the results of our investigation, it was concluded that the corundum shots
produce the best finishing. In contrast, the untreated samples and those subjected to
glass shots exhibited several uncoated areas, as shown in Figure 3.4. This outcome
was consistent across several sample materials evaluated in this study (ABS and SLA
resins). As a result, corundum blasting has been consistently used to treat all parts that
were printed using MJ, SLA, and MSLA technologies.

Figure 3.4: Detail of metallisation sample without shot blasting. Black areas are coated with
the catalytic material but not with copper.

After shot blasting, parts should undergo a chemical etching process. It involves im-
mersing the parts in a solution of sodium hydroxide (NaO H), ethyl alcohol, and dis-
tilled water at approximately 50 °C. After etching, parts must be rinsed thoroughly to
eliminate any possible residues that could spoil the following chemical bath. Notably,
this process is much less hazardous and polluting than traditional methods based on
chromium, reducing the costs associated with safety and waste management.

2. Activation or surface sensitisation: this step involves immersing the part in an activation
solution consisting of PdC'ly, SnC'ls, and HCI. In this phase, a palladium-tin alloy
is attached to the part’s surface. The palladium acts as a catalyst for the metallisation
reaction, while the tin helps attach palladium particles to the plastic surface [111].

3. Acceleration: The tin particles of the previously deposited catalytic alloy can interfere
with the coating reaction. To remove this material and expose the palladium sites, the
sample is immersed in an HC' acid solution at 25 °C.

4. Copper deposition: the part is finally immersed in a copper-formaldehyde solution.
Continuous agitation and intense airing should be ensured to prevent the formation of
hydrogen gas bubbles in the copper coating, which would reduce the adhesion strength.
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Finally, the thickness of the copper coating can be controlled by adjusting the immer-
sion time.

The optimised metallisation process developed in this section enables the development
of passive RF devices using different AM techniques and materials. This method was com-
bined with a final electroplating process conducted on the MiniContact-RS commercial plat-
ing system from LPKF Laser & Electronics. These metallisation processes were employed to
fabricate the different filter topologies that are discussed in detail in the following sections.

3.3 Design of Surface-Mounted Cavity Filters

As discussed in the previous section, additive manufacturing provides rapid prototyping
with reduced mass and cost. Previous studies on this topic have explored the use of this
technology for developing complex geometries that could not be fabricated using traditional
manufacturing techniques. This chapter aims to investigate the application of AM in the
development of Surface-Mount Technology (SMT) filters, combining the advantages of both
technologies.

Surface-mounted filters have been extensively studied in microwave engineering due to
their numerous advantages compared to traditional waveguide or planar filters. These filters
are directly integrated onto a PCB, offering a compact footprint and easy integration with pla-
nar subsystems. The combination of surface-mount technology with additive manufacturing
presents an excellent opportunity to develop highly integrable devices that deliver high per-
formance within tight volume and mass constraints. This section examines the development
of surface-mounted filters using AM technology.

3.3.1 Study of the Surface-Mounted Cavities

Cavity resonators have been widely employed in microwave filters due to their outstand-
ing performance and ease of implementation. They offer a straightforward and economical
solution for designing filters with high selectivity and significantly lower loss when compared
to planar resonators.

In its simplest form, a cavity resonator consists of a closed conductive container designed
to resonate at a specific frequency. The cavity can take various shapes; e.g., rectangular,
hexagonal, circular, and spherical; and the cavity’s size, shape, and material determine its
resonant properties (resonant frequency and unloaded quality factor).

When implemented in a waveguide, cavities exhibit an extremely high quality factor,
making them ideal for low-loss and narrow-response filter designs. However, when used in
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Substrate Integrated Circuit (SIC) technology, they provide a moderate quality factor that is
between that of waveguide cavities and planar resonators while offering reduced size and
easier integration. This trade-off between performance and size has been of great interest for
low-orbit satellite systems.

The integration of cavity resonators with SMT technology combines the high performance
of waveguide resonators with the ease of integration of SIC circuits, being particularly inter-
esting for highly demanding satellite systems. In the subsequent sections, the basic properties
of rectangular and circular cavities will be studied, followed by an examination of their SMT
implementation.

3.3.1.1 Rectangular cavity

The rectangular cavity resonator is composed of a short-circuited rectangular waveguide,
as illustrated in Figure 3.5. This structure has been extensively studied in the literature [64,
69]. However, it is worthwhile to briefly examine its performance in terms of quality factor
and Spurious Free Range (SFR) for a better understanding.

Y Short circuit

/

b

\

Short circuit

7 1

Figure 3.5: Basic structure of a waveguide rectangular cavity.

For standard waveguide structures with b < a < [, the dominant resonant mode is the
T Fho1. Considering this mode, the initial dimensions of the cavity can be calculated using
equation 3.2 form = 1,n =0 and p = 1 [64].

=5 () () () 62

where a, b and [ are the width, height and length of the cavity, respectively. Thus, for a

waveguide with ¢ = 19.05 mm the cavity length for a resonance frequency of 11 GHz would
be approximately [ = 19.5 mm.
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After determining the width and length of the cavity, its height (b) must be chosen to
achieve a balance between unloaded quality factor (()y;), SFR and compactness. A higher
height yields a better (J; but reduces the spurious-free range, while a larger height results in
a more complex SMT assembly.

The example cavity with a center frequency of 11 GHz (¢ = 19.05 mm, and [ = 19.5 mm)
was analysed to demonstrate the balance between quality factor and spurious-free range.

Figure 3.6 (a) shows the multimodal analysis of the cavity, including the resonant frequen-
cies of the first four modes in the proposed cavity and its evolution with the cavity height.
Figure 3.6 (b) shows the unloaded quality factor (Q),) of the rectangular cavity. It was cal-
culated as the relationship between the total stored energy and the power dissipation in the
cavity walls due to ohmic loss by using the well-known expression Q = wo(W, + W,,)/P.
from [64].

(kal)® by 1
212 Rs  (2a3b + 2bl3 + a3l + al?)

where a, b and [ ar the width, height and length of the cavity, k is the wavenumber, R, is

Qu:

(3.3)

the surface resistance, and 7 is the intrinsic impedance of the medium.

—1/a=1.024 ——1/a =0.298 ~ —TE g — TE ¢
1/a=0.182 o= TEy;; --- TM
300 ———— © 95— 0
& \

é 200 | B § 20 [ \\\ i 1
X S 15} SFR .. :
| | o s Seall
o 100 5 10| —

=t

O | | | | | g 5 | | | | |

0 02 04 06 0.8 1 1.2 2 70 02 04 06 08 1 12
~

Aspect Ratio (b/a) Aspect Ratio (b/a)

() (b)

Figure 3.6: (a) Unloaded quality factor of the fundamental mode (TE;(;) of a rectangular
cavity as a function of its height (b) for a resonance frequency of 11 GHz. (b) Reso-
nance frequencies of the first four resonant modes of a standard rectangular cavity with
a width of @ = 19.05 mm and a length of [ = 19.5 mm.

It can be observed that for low b/a ratios, the SFR is limited by the T'E}p2 mode. How-
ever, with increasing cavity height, the resonance frequency of the 7'Fy;; mode decreases,
approaching and exceeding the T'F/(,. The balance between SFR and (), is achieved when
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b = a/2, as the resonant frequencies of the subsequent modes (7' F1p, and T'Ey11) become
equal. Higher cavity heights result in higher Q-factor values, but it inevitably narrows the
SFR.

3.3.1.2 Circular Cavity

Figure 3.7 depicts the fundamental structure of a circular cavity resonator. It consists in a
circular waveguide that has been short-circuited at both ends. The resonance frequencies of
the different T'F,,,,,,, and T'M,,,,,, resonant modes are determined by the following equations:

c 2P 2 P 2
oy = %\/ ( . ) + <T> for Ty, modes. (3.4)
2P\ 2
fonp = “ + <E> for T'M ., modes. (3.5)
2 Qe )

, where a. and [ refer to the diameter and length of the cavity. The parameter c represents
the speed of light in the medium. The terms P/ and P/ are the m-th root of the Bessel
function of n kind and its derivative, respectively.

This type of cavity can only be surface-mounted on one of its two flat faces, i.e., the top
and bottom surfaces of Figure 3.7. This makes the 7'Mj1o and the T'F11; modes the most
relevant for surface-mount technology.
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Figure 3.7: Basic structure of a waveguide circular cavity.
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On the one hand, the 7'Mj;9 mode exhibits a length-independent resonance frequency
that makes it particularly advantageous for SMT applications. The resonance frequency of
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this mode is solely determined by the cavity diameter, while the cavity length must be chosen
to meet the requirements of compactness and quality factor. The resonant modes immediately
above the fundamental one are the T'M;,9 and T'E1g,. For low heights, the SFR is limited
by the T'M;,9 mode, whose resonance frequency only depends on the diameter. In contrast,
the T'Ep2 mode’s resonance frequency is determined by both the diameter and length. As
the length increases, its resonance frequency decreases, ultimately narrowing the SFR as is
illustrated in Figure 3.8 (b). Thus, the height yielding the highest SFR and Q-factor occurs
when the resonance frequencies of bot modes are equal, as per equation 3.6.

prAY = D (3.6)
‘ 2¢/ P} — P
As in the case of the rectangular waveguide, the quality factor of this mode increases with
the cavity length, as demonstrated by the numerical simulations of a weakly coupled cavity
of Figure 3.8 (a).
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Figure 3.8: (a) Unloaded quality factor of the fundamental mode (TMy;() of a circular cavity
as a function of its length (/) where the cavity diameter is fixed at a = 20.87 mm. (b)
Resonance frequencies of the first four resonant modes of the same circular cavity with
a diameter of ¢ = 20.87 mm.

On the other hand, the T'E;; mode is of interest because its surface currents have no
components along the longitudinal axis. This property makes it insensitive to non-perfect
electric connection between parts, thereby reducing the impact of manufacturing and assem-
bling tolerances. However, the practical use of this mode is limited by the large volume it
requires, making it impractical for SMT applications. For this reason, we finally decided to
use the 7'My mode in SMT applications.
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3.3.1.3 SMT transition

This section introduces a novel input/output coupling mechanism developed in this thesis,
which enables the integration of rectangular and circular cavity resonators and filters through
a simple Surface-Mount Technology (SMT). Figures 3.9 (a) and (b) show the proposed cou-
pling structure for a rectangular and circular cavity resonator, respectively.

(a) b)

Figure 3.9: Layout of the SMT assembling: (a) slot coupling for a rectangular cavity res-
onator and (b) slot coupling for a circular cavity resonator. Metallised 3D-printed parts
are represented in brown, dielectric material in green, and copper in yellow.

The coupling element comprises a thin slot aperture fabricated on the ground plane of a
Microstrip Line (MSL) that works as a feeding line. The slot cuts the current return path of the
line, acting as a magnetic monopole that stimulates the desired mode of the resonator [112].

To maximise the power transfer and, therefore, the coupling value, the slot must be placed
at a location where the magnetic fields of both the MSL and the resonator are maximum [113].
Two methods can be used to precisely define a maximum of magnetic field in the the MSL:
either short-circuit the end of the microstrip feeding line at the position of the slot (/;tub = 0)
or add a quarter-wavelength open-ended stub ([;tub = \/4). The position and shape of
the slot depend on the resonator topology and the preferred resonant mode. For rectangular
cavities operating at the T'F/15; mode, the slot should be parallel to and as close as possible to
the short-circuited end (d ~ 0) [113]. In contrast, for circular cavities operating at the 7'My
mode, the slot should draw an arc at approximately p = 0.75a/2, where a is the diameter of
the resonator. In this position, the magnetic field of the 7'Mj;o mode is maximum. There are
no general rules for the other design parameters, [y, and ¢4,;) that have to be optimised in
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order to obtain the desired coupling value.

In order to demonstrate the behaviour of this new coupling, two single-loaded resonators,
one rectangular and another circular, have been simulated using CST Studio Suite. For this
study, the dimensions of the rectangular cavity resonator are 19.05 mm width and 19.50 mm
length so that the T'E';j; mode resonates at 11 GHz. The diameter of the circular resonator is
20.87 mm so that the 7'My;o mode resonates at 11 GHz. The height of both resonators was
set to 2 mm and the slot thickness was fixed to ¢4,; = 0.7 mm. The initial separation between
the slot and the short circuit of the resonators is d = 2 mm, and the initial slot lengths are
chosen to be 3.5 mm for the rectangular resonator and 4 mm for the circular cavity. The
PCB is a RO4003C laminate of 1.524 mm thickness with 17.5 um of copper cladding. The
microstrip is 3.25 mm of width (Zy;5;, = 50€2) and the initial length of the open-ended
stub is approximately one-quarter wavelength in the MSL at 11 GHz (I, = 3.95 mm).
The external quality factor of the resonators was extracted using the group delay method
previously explained in Section 2.1.1.

Figure 3.10 (a) shows the external quality factor of both cavities as a function of the stub
length. As was expected, the higher coupling is achieved for a stub length similar to one-
quarter wavelength in the MSL. Figure 3.10 (b) shows the external quality factor of both
cavities as a function of the parameter d. The highest coupling is achieved when the slot is
near the short-circuited end of the rectangular resonator. Regarding the circular cavity, it is
maximum when the slot is located at 0.75 times the cavity radius, i.e. d = 2.60 mm. Finally,
it can be observed that the coupling value is higher for longer slot lengths for both resonators,
as is depicted in Figure 3.10 (c). This analysis demonstrates the behaviour of the coupling
mechanism, where the slot can be modelled as a magnetic monopole that implements a mag-
netic coupling between the MSL and the resonant cavities.

It should be noted that the proposed structure can also behave as a narrowband transi-
tion for developing non-resonant devices. Huang states the principal working mechanism
of such transition and proposes an equivalent circuit for its design in [113]. This transi-
tion demonstrated a practical operation bandwidth of up to 40 % for 15dB RL [113, 114].
Its performance is relatively inferior compared to more complex transitions implemented in
substrate-integrated circuits, such as those presented in [18, 115]. However, the design and
manufacturing process of the slot transition is much simpler, being very suitable for develop-
ing SMT narrowband devices such as resonators and filters.
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Figure 3.10: Design curves of the slot coupling mechanisms for rectangular and circular
cavities. (a) Variation of external Q factor (Q).,;) with respect to stub length (/s:5). (b)
Relationship between ().,; and short circuit distance (d). (¢) ()..: as a function of the
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3.4 Filter Prototypes

In this section, we present the final prototypes that have been designed and manufactured.
The design parameters are summarised, and the simulated response is compared with mea-
surements. The prototypes consist of a WR75 waveguide filter and three SMT filters with
different topologies. All the prototypes presented in this section were fabricated using the
desktop SLA printer Form 2 from Formlabs [116] using Rigid 10K resin and a layer resolu-
tion of 25 um. The selection of Rigid 10K resin was based on its high content of solid silica
(SiO) particles, ranging from 55 % to 75 %, which effectively reduces shrinkage forces and
enhances printing accuracy [117]. Moreover, this resin offers an exceptionally high Heat De-
flection Temperature (HDT) compared to standard SLA resins, making it highly suitable for
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demanding applications. To further minimise deformation associated with shrinkage, all parts
were printed with a honeycomb reinforcement structure, ensuring acceptable manufacturing
tolerances for the production of bandpass filters at microwave frequencies [33, 118].

The 3D-printed parts were metallised using the double-stage plating process explained in
Section 3.2, involving the newly developed electroless plating method from this thesis and
a final commercial electroplating process. The prototypes were introduced for 15 min in the
final phase of the electroless plating, resulting in a copper cladding thickness ranging from
0.5 to 1.7 um, as shown the Field-Emission Scanning Electron Microscope (FESEM) image
depicted in Figure 3.11 (a). The final copper layer obtained after electroplating was thicker,
ranging from 6.5 to 12 um, as shown in Figure 3.11 (b). Since the skin depth at 11 GHz for
annealed copper (0copper = 58 MS/m) is approximately 0.63 um, the resulting copper layer
thickness is more than sufficient to provide excellent electric performance.

(b)

Figure 3.11: FESEM view of a trench etched on a metallised part. The copper layer is
depicted in white, the SLA resin is shown in dark grey, and the light grey spheres are
particles of Si0O,. (a) Post electroless plating. (b) Post electroplating.

3.4.1 WRT7S Cavity Filter

The first prototype is the four-poles bandpass filter used in Section 2.1.1 to explain the
filter design procedure. It has a Chebyshev response centred at 11 GHz with 300 MHz band-
width and 20 dB in-band return loss. The filter topology is depicted in Figure 3.12. It com-
passes four rectangular resonant cavities and five inductive apertures that work as resonators’
couplings. The resonators are implemented on a standard rectangular WR75 waveguide with
19.050 mm of width and 9.525 mm of height, and operate under the 7'E';p; mode.

The values of the inverters K, for the specified filter response are: Ks; = K4, L =
0.2143 and K, = K34 = 0.0390, K93 = 0.0300. The elements of the coupling matrix
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are M(S,1) = M(L,4) = 1.035, M(LQ) = M(3’4) = 0.911 and M(g}g) = 0.700, while all other

elements of the matrix are zero.

Figure 3.12: Layout of the X-band H-plane directly coupled cavity filter designed within a
WRT75 rectangular waveguide.

The filter has been developed following the design process developed in Section 2.1.1.
Figure 3.13 shows the optimised response, and Table 3.1 list the optimised dimensions.

Table 3.1: Final dimensions of the X-band filter in WR75.

Parameter | Dimension [mm]|
a 19.05

b 9.53

Iy 15.97

lyo 17.74

t 2.00

Wer 10.21

Wi 6.86

Wos 6.37

lin 20.00

Two prototypes of this filter were manufactured and tested; Figures 3.14 (a) and (b) show
one of the manufactured devices. The filters were fabricated in two parts, using the body and
cover strategy. Parts were assembled using bolts and nuts that were specifically located to
minimise the effect of non-perfect electric contact between both parts of the filter. Moreover,
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Figure 3.13: Simulated response of the X-band filter in WR75.

a thin ribbon of indium was located in the perimeter of the filters’ cavities in order to fill the
small gaps and deformations produced during the manufacturing process, see Figure 3.14 (a).

(a) (b)

Figure 3.14: Manufactured prototype of the WR7S5 filter: (a) Top view of the body part show-
ing the filter cavities and coupling irises. (b) Assembled filter showing the waveguide
flange.

The initial structure of the filter shown in Figure 3.12 was modified to fit the require-
ments of the space tests. Two venting holes of 1.20 mm diameter are included in each cavity.
These holes were positioned on the diagonal of the cavity at a distance of 4.50 mm from the
centre, minimising their impact on the electric field distribution of the cavity. Accordingly,
these holes had minimal impact on the response of the resonators, and the design dimensions
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specified in Table 3.1 were still valid for this new design.
Figure 3.15 shows the simulated and measured responses of the two prototypes. They
were measured using a VNA calibrated with a commercial TRL calibration kit for rectangular

waveguide.
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Figure 3.15: Frequency response (simulated and measured) of the X-band filters imple-
mented in WR75 waveguide.

The measurements of both realisations demonstrate an excellent agreement with the sim-
ulated response. The realisation 1 exhibits a slight deviation of —18 MHz in center frequency
and 5.9 MHz in —3 dB bandwidth (BW_345), exhibiting an extremely low IL of 0.29 dB.
In contrast, realisation 2 shows a higher insertion loss (0.45dB) and a larger deviation of
51.3 MHz in center frequency. These slight deviations in frequency and loss could be at-
tributed to potential manufacturing imperfections. Nonetheless, the measured performance
of both realisations is excellent, showing high isolation and low loss, meeting the demands of
highly demanding applications. The excellent results obtained with these prototypes validate
the superior performance of the manufactured technology.

3.4.2 Rectangular SMT (R-SMT) Filter at X Band

To demonstrate the effectiveness of the proposed SMT approach developed in Section 3.3,
we designed a 4-pole Chebyshev filter realisation with SMT assembly. The filter is centred
at 11 GHz, with a 300 MHz bandwidth and 20 dB in-band return loss. The initial dimensions
of the rectangular cavity are a, = 10.05 mm of width and [, = 19.50 mm of length. A low
cavity height of b, = 2.00 mm was selected for this implementation to enable comparisons
with similar structures implemented in SIC technology [18]. Furthermore, the low-profile
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resonators can help reduce the overall size of the device, making it easier to integrate into
planar systems.

Figure 3.16 shows the layout of this filter realisation. It comprises four rectangular cavi-
ties coupled through inductive irises with a thickness of ¢,; = 4.00 mm. This thickness was
selected to place M2 bolts close to the iris walls, improving the electrical contact between the
filter body and the PCB.

The filter is externally coupled to two microstrip feeding lines through the proposed slot
coupling introduced in Section 3.3.1.3. The PCB is a RO4003C substrate with ez = 3.55,
ts = 1.524 mm thickness, and 17.5 um of top and bottom copper cladding. The microstrip
line was designed to have a characteristic impedance of 50 2 (W,,,, = 3.25 mm).

Figure 3.16: Layout of the X-band rectangular Surface-Mount Technology filter. Metallised
3D-printed parts are represented in brown, dielectric material in green, and copper in
yellow.

The inverters values of the proposed response for an input/output impedance Z; = 50 2
are: Kg; = K47 = 02143, K15 = K34 = 0.0390, and K53 = 0.0300. It corresponds with
Qert = 34.22 and the following coupling matrix with Mg 1) = M4 = 1.035, M(;2) =
M(374) =0.911 and M(Q’g) = 0.700.

The dimensions of the slot transition were designed following the guidelines of Section
3.3.1.3, and the length of the slot (I4,;) was modified to obtain the desired value of external
quality factor using the group delay method explained in Section 2.1.1. Similarly, the inter-
resonator coupling was determined from the simulated response of two inter-coupled cavities,
and it was represented as a function of the iris width (1W;;). The curves of Q).,; and k;; for the
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filter design are presented in Figures 3.17 (a) and (b), respectively.
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Figure 3.17: Design curves of the X-band rectangular SMT filter: (a) Variation of external
Q-factor with respect to slot length (I5.). (b) Coupling as a function of iris width
(Wij).

Finally, the complete filter structure was simulated and optimised. The simulated re-
sponse is shown in Figure 3.18, and their final dimensions are depicted in Table 3.2.
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Figure 3.18: Simulated response of the X-band rectangular SMT filter.
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Table 3.2: Final dimensions of the X-band rectangular SMT filter.

Parameter | Dimension [mm]
ay, 19.05

b, 2.00

Iy =14 17.42

lyo =13 16.88

tr1 = t2 4.00

Wi = W34 | 8.19

Was 775
Whsrt 3.25
Lotub 3.58
d 2.35
Lsiot 0.70
lstot 6.95

As shown in Figure 3.16, several holes have been distributed along both parts of the filter
for alignment and assembly purposes. These holes have been placed near the centre of the
cavities and coupling windows, where the vertical components of the electric currents of
the T'E'p; mode are strongest. This arrangement minimises the effect of imperfect contact
between parts. Nevertheless, a thin ribbon of indium was placed along the filter perimeter to
fill any possible gap.

This filter was manufactured using AM and electroless copper plating techniques. Section
3.2 provides a detailed description of the manufacturing process. Figure 3.19 shows the most
representative views of the manufactured part.
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Ref. P1

Ref. Pl

Figure 3.19: Photograph of the manufactured SMT rectangular filter operating at X band.
From left to right: top view of the PCB, bottom view of the PCB, and top view of the
3D-printed filter.

Figure 3.20 compares the simulated and measured response of the SMT rectangular filter.
Measurements were carried out using a microstrip TRL calibration that compensates for the
undesired effects of connectors and feeding lines. The same calibration kit was employed for
all the SMT filter realisations of this research.

~—+—S;; Sim.--- S;; Meas. ¢ Sy; Sim.--- S,; Meas.

=)
=,
w —20
S
L
Q
= ¢ .
- NS

) A —

10 10.2 104 106 10.8 11 11.2 114 116 11.8 12
Frequency [GHz]

Figure 3.20: Frequency response (simulated and measured) of the SMT rectangular filter
operating at X band.

The experimental results of the filter demonstrate noticeable discrepancies compared
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to the simulation outcomes. The center frequency exhibits a deviation of approximately
—57.0 MHz (—0.4 %), and the —3 dB bandwidth shows a variation of 45.3 MHz (15.1 %).
Moreover, the prototype exhibits an average insertion loss of 2 dB, which is approximately
1.5 dB higher than the simulated values. These discrepancies in performance are attributed
to manufacturing variations that are more pronounced in this specific geometry and a sub-
optimal electrical joint between the filter and the PCB. Further details on this matter can be
found in Section 3.5.

Figure 3.21 shows the measured response of the filter in a broader bandwidth. The res-
onance frequency of the second order mode was located at 1.45 times the center frequency.
This indicates that no unexpected resonant modes were excited in the microstrip or the waveg-
uide structures. The filter’s performance was good and demonstrated its suitability for non-

demanding applications.
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Figure 3.21: Out of band response (simulated and measured) of the SMT rectangular filter
operating at X band.

The measured results show a reasonable agreement with simulations, especially if we
consider that the geometry of the filter and the employed manufacturing technique ease the
integration of tuning elements that can easily compensate for observed deviations. These
findings indicate that the filter layout and the developed manufacturing process are appropri-
ate for achieving the desired performance characteristics, and further optimisation could lead

to even better outcomes.
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3.4.3 Circular SMT (C-SMT) Filter at X Band

In this section, a second SMT Filter is proposed. It is a 4-pole Chebyshev filter with the
same filtering response of the previous design, i.e., 11 GHz of center frequency, 300 MHz of
bandwidth and 20 dB of in-band return loss. The coupling matrix and the inverter values are
unchanged and can be found in the previous filter design.

Figure 3.22: Layout of the X-band circular Surface-Mount Technology filter. Metallised
3D-printed parts are represented in brown, dielectric material in green, and copper in
yellow.

The filter layout, as depicted in Figure 3.22, consists of four circular cavity resonators
with initial dimensions of a, = 20.87 mm in diameter and b. = 10.00 mm in height. The di-
ameter was chosen such that the 7'M mode resonates at 11 GHz, and the height was chosen
to achieve the highest possible Q-factor while maintaining the broadest SFR using equation
3.6. The cavities are coupled through inductive irises with a thickness of . = 3.00 mm. The
filter is coupled to the input/output microstrip through the previously introduced slot transi-
tion implemented in a RO4003C substrate with e = 3.55, t; = 1.524 mm thickness, and
17.5 um of top and bottom copper cladding.

Figures 3.23 (a) and (b) show the design curves for the external quality factor and inter-
resonators coupling irises. The optimised dimensions are listed in Table 3.3, and the final
filter response is depicted in Figure 3.24.
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Figure 3.23: Design curves of the X-band circular SMT filter: (a) Variation of external Q-
factor with respect to slot length (/5,¢). (b) Coupling as a function of iris width (I7;;).

S parameters [dB]

0 7811 Sim. 821 Sim.
20|
40|
10 102 104 106 10.8 11 11.2 114 11.6 118 12

Frequency [GHz]

Figure 3.24: Simulated response of the X-band circular SMT filter.
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Table 3.3: Final dimensions of the X-band circular SMT filter.

Parameter | Dimensions [mm]
b, 10.00

Al = Qs 20.48

Apy = 3 20.09

Wio = W3y | 8.23

Was 7.77
ter = teo 3.00
Whst 3.25
Ustup 3.95
d 2.5
Lsiot 0.70
Lsiot 13.80

Assembling holes were homogeneously distributed along the propagation direction. The
filter prototype was additively fabricated with a Form 2 printer, Rigid 10k resin and the met-
allisation process explained in Section 3.2. Figure 3.25 presents a detailed view of the man-
ufactured prototype. The measured frequency response is compared with simulated data
obtained using CST in Figure 3.26. To maintain consistency with the rectangular SMT filter
realisation, the same TRL calibration kit was used in this case.
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Ref. 1_31

Ref. P1

Figure 3.25: Photograph of the manufactured SMT circular filter operating at X band. From
left to right: top view of the PCB, bottom view of the PCB, and top view of the 3D-
printed filter.

Compared to the rectangular filter, the circular filter exhibits smaller measured deviations.
It shows an IL of 1.75dB, which is only 1.25dB higher than the simulated value. The
observed frequency shift is minimal, about —2.2 MHz (—0.02 %), and the 3-dB bandwidth
deviation is also very small, measuring only 16 MHz (4.2 %). These small deviations in the
filter response can be attributed to manufacturing tolerances and imperfect joints between the
PCB and the filter.
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Figure 3.26: Frequency response (simulated and measured) of the SMT circular filter oper-
ating at X band.

3.4.4 Circular SMT Filter at C Band

In this section, we present the design of a passband filter for indoor applications of the
IEEE 802.11a Wi-Fi standard. The filter is designed with a cross-coupled trisection topology
to reject strong interferences from adjacent channels. Refer to Figure 3.27 (a) for the filter
layout. The designed filter has a center frequency of 5.25 GHz, a bandwidth of 200 MHz, and
15dB of in-band RL.

The proposed filter covers the U-NII-1 and U-NII-2 radio-frequency bands, corresponding
to channels O to 9 of the IEEE 802.11a standard. The trisection topology allows including a
Transmission Zero (TZ) at the upper side of the passband to mitigate the potential interference
of the adjacent U-NII-2C band, located from 5.47 GHz to 5.725 GHz. For this reason, the
coupling matrix was optimised to obtain a TZ at 5.492 GHz, resulting in a rejection greater
than 30 dB for the entire U-NII-2C band.

With the given specifications, the required external quality factor and coupling coeffi-
cients are (Q.,; = 29.364, M(l,l) = M(373) = 0.075, M(g,g) = —0.370, M(L?) = M(273) =
0.828, and My 3) = 0.341.

0 Mgy O 0 0
My Mayy Mag Mas 0
0  Musy Mgs Mps 0 (3.7)
0 Mgy Mpag Mssy Mey
0 0 0 Mgy O
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(b)

Figure 3.27: (a) Trisection filter topology. (b) Layout of the C-band trisection circular filter
in Surface-Mount Technology. Metallised 3D-printed parts are represented in brown,
dielectric material in green, and copper in yellow.

The filter is not synchronous due to its asymmetric response, resulting in the following
resonant frequencies: fr.s1 = fress = 5.242 GHz and f,.so = 5.286 GHz. For these resonant
frequencies, the theoretical diameters of the resonators are 21.88 mm for the first and third
resonators and 21.71 mm for the second resonator. The cavity height (b.) was set to 1.524 mm
for comparison purposes with similar filters in the same band [119]. The resonators were
inter-coupled through inductive apertures with a thickness of 2 mm. Thinner apertures were
selected in this filter realisation as the effect of assembling gaps is not significant at this
frequency.

The filter was externally coupled to the same 50 {2 MSL designed for the other two SMT
filters. To achieve the desired external quality factor, the length of the slot was modified,
and the other parameters of the slot coupling were kept constant, following the design rules
specified in Section 3.3.1.3. Similarly, the width of the irises was adjusted by changing the
width of the coupling aperture (1/;;) to reach the targeted coupling value (1/;;). The design
curves are presented in Figures 3.28 (a) and (b).

The optimised dimensions of the filter are listed in Table 3.4, and the final filter response
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Figure 3.28: Design curves of the C-band circular SMT filter: (a) Variation of external Q-
factor with respect to slot length (/5,¢). (b) Coupling as a function of iris width (17/;;).

is shown in Figure 3.29.

Table 3.4: Final dimensions of the C-band circular SMT filter.

Parameter | Dimensions [mm|
be 1.53
el = A3 41.57
Q2 41.96
Wig = Was | 14.58
Wis 11.24
t 2
Wharst 3.25
Lstub 8.60
d 3.00
Lsiot 1.25
Lsiot 14.27

Figure 3.30 shows the most important views of the manufactured prototype. This filter
has been measured using the same TRL calibration kit used for the previous SMT devices.
Its frequency response is compared with the simulations in Figure 3.31.

There is a minimal frequency shift due to the manufacturing tolerances of the fabricating
process (3D printing, shot blasting and metallisation). Specifically, the frequency deviation
is 24 MHz (0.46 %), while the shift in the 3-dB bandwidth reaches 13.7 MHz (5.10 %). The
measured response has an in-band insertion loss of 1.43 dB.
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Figure 3.29: Simulated response of the C-band circular SMT filter.

Figure 3.30: Photograph of the manufactured SMT trisection filter operating at C band.

From left to right: top view of the PCB, bottom view of the PCB, and top view of the
3D-printed filter.
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Figure 3.31: Frequency response (simulated and measured) of the SMT trisection filter op-
erating at C band.
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3.4.5 Performance Comparison between Prototypes

This section presents a comparison of the measured results for the additively manufac-
tured filters developed in this chapter of the thesis. Table 3.5 summarises the average losses,

deviation in center frequency and deviation in —3 dB bandwidth of the fabricated prototypes.

Table 3.5: Measured central frequency, bandwidth and insertion loss of additively-
manufactured filters.

Prototype IL fo Afy BW_s45 ABW_s45
WR751 0.29dB | 10.983GHz | —18 MHz (—0.16 %) 391.50 MHz | 5.9 MHz (1.53 %)
WR752 0.45dB | 11.051 GHz | 51.3 MHz (0.47 %) 396.60 MHz | —16 MHz (—4.16 %)

R-SMT (rectangular) | 2dB 10.947 GHz | —57.0 MHz (—0.52 %) | 430.30 MHz | 45.3 MHz (11.77 %)
C-SMT (Circular) 1.75dB | 10.998 GHz | —2.2MHz (—-0.02%) | 401.00 MHz | 16 MHz (4.16 %)
SMT trisection 1.43dB | 11.024 GHz | 24 MHz (—0.22 %) 398.7MHz | 13.7 MHz (3.56 %)

The satisfactory results obtained in these filter realisations validate the performance of
the manufacturing and assembling approach. The classical rectangular waveguide filters,
WRT75 realisations 1 and 2, demonstrate lower frequency variation and higher RL within
the passband than the SMT realisations. This is because their geometry is less prone to
shrinkage deformations that occur during the 3D printing process. Deformations can be more
significant for the flatter geometries of the SMT filters, which may explain why the R-SMT
and the trisection filter showed higher frequency variation than the C-SMT realisation.

Both realisations of the WR75 filter show low insertion losses (ILs), being very close to
the simulated values. However, the SMT filters exhibit higher losses than expected. Specif-
ically, the rectangular filter showed an increase of 1.5dB in IL compared to the simulated
value. These losses could be attributed to radiation losses resulting from imperfect joints be-
tween the filters and the PCBs. Warping deformations resulting from resin shrinkage could
have affected this radiation loss, which would explain why flat devices exhibit higher losses.
The impact of these unexpected issues on the performance of the filters is further analysed in
detail in the following section.

Table 3.6 presents a comparison between the SMT filter realisations and filters from the
existing literature, all of which have been manufactured using AM techniques. X-band filter
realisations proposed in this thesis exhibit moderate losses that are between those expected
by monolithic filters manufactured using SLM and the filters printed with polymeric materi-
als. One significant advantage of our SMT realisations is their significantly lower footprint,
comparable only to the multimode realisations [35,45,46]. It is essential to note that our pro-
posed SMT solution facilitates the integration of the filters into planar systems, while other
filter realisations may require a waveguide for feeding.

In Table 3.7, we compare the SMT filters with SMT and substrate-integrated filter realisa-
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tions from the existing literature. Our filter realisations demonstrate moderate loss values that
are between filled and empty substrate-integrated filters and have a similar footprint to empty
substrate-integrated structures. The proposed SMT solution allows for easy integration with
planar systems, eliminating the need for complex transitions and soldering required by the
proposed SIC implementations. Additionally, 3D printing offers unmatched design flexibility
and reduces manufacturing costs compared to substrate-integrated circuits, thus breaking free
from the design constraints imposed by SIC.



Table 3.6: Comparative analysis of additive manufactured filters and proposed filters in this chapter.

Ref. [35] [34] [46] [47] This work | This work | [45] [37] [38] This work
Manufacturing SLA SLA SLM SLM SLA SLA SLM FDM FDM SLA
technique
Feeding line WR90 WR75 WR90 Coaxial Microstrip | Microstrip | WR112 WRI159 Inverted microstrip | Microstrip
SMT assembly No No No No Yes Yes No No No Yes
Center frequency [GHz] | 10 10 11.5 11 11 11 8.23 5.45-5.89 | 545 5.25
FBW [%] 3 5 0.47 1.82 2.73 2.73 5.6 3.93 55 3.8
Filter Spherical Spherical Spherical | Triangular | Waveguide | Waveguide | Spherical | Waveguide | Ridge Waveguide
technology Multimode | monomode | Multimode | monomode | monomode | monomode | Multimode | monomode | - monomode
IL [dB] 0.25 0.15 1.5 1.75 2 1.43 0.4 2.9-1.6 0.89 1.43
i"rﬁﬁp"m 2280 6800* 1500+ 3300 1550 1800 4500% 8256 3000* 63500
Height [mm] 31 30* 30* 30 4.5 12.5 31 404 5.8% 4
* Estimated values.
Table 3.7: Comparative analysis of substrate-integrated filters and proposed filters in this chapter.
Ref. [120] [121] [18] [18] This work | This work | [122] [123] [124] [119] | This work
: Filt. 1/Filt. 2 SW S Wo
Manufacturing PCB PCB PCB PCB SLA SLA PCB PeB PCB PCB | SLA
technique CNC
Filter Half-mode SIW . . Combline .
technology ESIW SIW ESIW SIW Waveguide | Waveguide | SIW Microstrip SIW SIW | Waveguide
Feeding line Microstrip | Microstrip Microstrip | Microstrip | Microstrip | Microstrip | Microstrip | Microstrip | Microstrip | CPW | Microstrip
SMT assembly No No No No Yes Yes No Yes No No Yes
Center frequency [GHz] | 11 9/9 11 11 11 11 8 4 5.8 5.25 5.25
FBW [%] 3 3.9/4.4 2.73 2.73 2.73 2.73 3.35 6.25 2.1 3.8 3.8
Filter order 4 3/3 4 4 4 4 5 6 4 3 3
IL [dB] 2.15 2.13/1.73 0.9 2.5% 2 1.43 2.15 9k 32 1.5 1.43
Eflflgp"m 1090% 2570%/2450% | 1660% | 430% 1550 1800 - 361 1200% 1880% | 6500
Height [mm] 2.5% 0.6%/0.6* 4.6 1.5% 4.5 12.5 1* 5 2% 1.5% | 4

* Estimated values.
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3.5 Manufacturing Issues

3.5.1 Sensitivity Analysis

In general, the SMT filters exhibit a relatively high variation in their electric response
due to manufacturing tolerances. These tolerances are associated with various fabrication
processes that include PCB milling, 3D printing, copper plating, and part assembling. This
section aims to investigate the impact of these manufacturing tolerances on the frequency
response of the filters.

To accomplish this, we performed several Monte Carlo (MC) analyses, where the re-
sponse of each filter was obtained after randomly varying their dimensions. To ensure real-
istic variations, we treated each dimension as a random variable following a normal distri-
bution. The mean of this distribution was set to the design value of the dimension, and the
standard deviation was derived from the associated manufacturing tolerance.

Since the Protomat 103s milling machine from LPKF was used for the PCB milling pro-
cess, its higher dimensional uncertainty was considered as the standard deviation for the PCB
dimensions. The positioning uncertainty of this machine was found to be £0.02 mm with a
compliance of 95 %. Consequently, a standard deviation of ¢ = 0.01 mm was applied for the
MC analysis of the PCB dimensions.

For the 3D-printed parts, the accuracy data exposed in the accuracy report of the Form
3 printer from Formlabs [125] was employed. This report observed a standard deviation of
o = 0.03mm for details smaller than 9 mm, ¢ = 0.04 mm for dimensions between 10 and
20mm, and ¢ = 0.055 mm for dimensions between 30 and 45 mm.

We first conducted an analysis focusing on the deviations observed on the PCBs. 100
simulations were performed varying the value of the most critical dimensions of the PCB of
each filter (W5, Lstups d, tsior and lgo). The result of this study is shown in Figures 3.32.

As can be noticed, the responses of the filters were minimally affected by the expected
deviations of the PCB machining. Both circular and rectangular X-band filters exhibited
similar frequency deviations, and the circular filter had slightly lower deviations in frequency
and IL. This is probably because this particular realisation has thicker and longer coupling
slots. The trisection filter was even less sensitive to deviations in PCB milling, as it operates
at a lower frequency. The most significant deviation in the frequency response was observed
in the RL levels within the bandpass, with a maximum deviation of less than 1dB for the
X-band filters.

In the second MC analysis, we accounted for the combined impact of deviations in both
PCB machining and 3D printing. We conducted 200 simulations, introducing random devia-
tions in the critical dimensions of the filters listed in Tables 3.3, 3.2, and 3.4. The outcomes
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Figure 3.32: Sensitivity analysis to tolerance deviations of the PCB milling. (a) Circular
realisation of the SMT filter. (b) Rectangular realisation of the SMT filter. (c) SMT
trisection filter.
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of this investigation are depicted in Figure 3.33.

The results indicate that the manufacturing deviations have minimal impact on the electric
performance of the filters. The circular, rectangular, and trisection SMT filters exhibited
standard deviations of center frequency of oy, = 16.8 MHz, oy, = 14.1 MHz, and oy, =
4.4 MHz, respectively. However, the deviations had a strong effect on the position of the
filters’ poles, resulting in an increment of the RL levels within the passband.

The analysis has also revealed that the rectangular cavity filter (R-SMT) is technically
less sensitive to minor manufacturing deviations than the circular realisation (C-SMT). How-
ever, we found a completely different behaviour in the measurements of actual prototypes,
where the R-SMT filter exhibited a much higher deviation than the predicted by the MC anal-
yses. This discrepancy could be attributed to the effect of manufacturing deviations that were
not considered in the MC analysis, such as warping during printing and the presence of an
assembling gap.

A parametric analysis was conducted to investigate the impact of assembling gaps on
filters performance. Both X-band filters (R-SMT and C-SMT) were simulated considering
a homogeneous gap of thickness ranging from 0 to 50 um. Figures 3.33 (a) and (b) show
the simulation results for a gap size of 20 and 40 um. The parametric analysis demonstrated
that even a small variation in gap size could result in significant deviations in center fre-
quency, bandwidth, and insertion loss. It also revealed a linear relationship between gap
thickness and the deviation observed in many of the considered factors, as shown in Figures
3.34 (a), (b), and (c). The circular filter shown a deviation of —0.66 MHz/um in center fre-
quency, 0.29 MHz/pm in BW, and —0.06 dB/um in RL. While the deviations observed in the
rectangular realisation were systematically higher: —2.5 MHz/um for the center frequency,
0.67 MHz/pum for the BW, and —0.13 dB/um for the RL.

Figure 3.34 (d) shows the average loss within the bandpass, which is calculated as 1 —
(]S11)* + S21]?). As can be noticed, there is an exponential relationship between the loss
and gap thickness. However, the radiation loss increases more rapidly in the case of square
cavities, where the imperfect joint causes over 55 % of the total losses for a gap of 40 pm.
This is in contrast to the circular filter, where radiation loss accounts for only 25 % of the
total losses for the same gap.

In addition, it is noticeable that the assembling gap reduces the out-of-band rejection lev-
els of both filters, but this effect is much more pronounced in the rectangular realisation. This
is because the assembling gap acts as a parallel-plate transmission line, increasing parasitic
coupling between the input and output feeding lines, as shown in Figure 3.35.

From this, we can conclude that the rectangular filter is more sensitive to the assembling
gap than the circular filter, producing a greater mismatch in center frequency and insertion
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Figure 3.33: Sensitivity analysis to tolerance deviations of the PCB milling and 3D printing.
(a) Circular realisation of the SMT filter. (b) Rectangular realisation of the SMT filter.
(c) SMT trisection filter.
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Figure 3.34: Effect of gap between filter and PCB on key filter characteristics. (a) Center
frequency (fy) deviation. (b) Passband bandwidth (BW) deviation. (c) Minimum re-
turn loss (RL) deviation within the bandpass. (d) Average insertion loss (IL) deviation
within the passband.
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Figure 3.35: Electric field distribution in the gap between the filter and the PCB for the
rectangular SMT X-band filter. Simulation performed at 12 GHz for a gap size of
50 pm.

loss. This finding helps to explain why the measured response of the rectangular filter de-
viates more from predictions compared to the other two filter realisations. Nonetheless, a
more comprehensive analysis of the non-considered manufacturing tolerances is given in the
following subsections.

3.5.2 Conductivity Analysis

Despite efforts to minimise losses due to assembling gaps, the simulated insertion loss
remains lower than the measured values, indicating the presence of unaccounted loss mecha-
nisms. Some of these mechanisms may include oxidation and surface roughness. To precisely
assess the performance of the copper deposition, considering the degrading effects of oxida-
tion and roughness, a 3D-printed rectangular cavity resonator was designed and printed.

The cavity resonates at the center frequency of the filters with higher deviation in loss
(11 GHz) and operates under the T'F3; mode. The dimensions of the cavity are a width of
a = 19.05mm, height of b = 9.53 mm, and length of [ = 18.46 mm, and it is fed by a
WRT75 waveguide. The resonator was manufactured using the clamshell strategy to minimise
radiation losses resulting from poor electrical connections between parts, as shown in Figure
3.36 (a).

Two resonators were printed under the same conditions as the previously presented filters,
including material (Rigid 10K), printing orientation, and post-processing, resulting in similar
roughness and oxidation finishing.

One of the fabricated resonators can be seen in Figure 3.36 (b), while Figure 3.37 shows
the electric response of both realisations. It is important to note that under-coupled resonators
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() (b)

Figure 3.36: WR75 resonator designed to characterise the electric conductivity of the applied
metallisation: (a) layout and (b) photograph of a manufactured device.
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Figure 3.37: Simulated and measured response of the WR75 resonators.
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are highly sensitive to manufacturing tolerances, which can lead to significant deviations in
measurements of both realisations. However, these deviations in the frequency response have
minimal impact on the effective conductivity results.

The effective conductivity of (o.¢) of the copper surface was computed from the quality
factor of the resonator. The loaded quality factor ()1,) was calculated from the measurements
using equation 3.8.

__fo
BW73dB

, where f is the resonance frequency and BW_3,p is the —3 dB bandwidth.

QL (3.8)

Subsequently, the unloaded quality factor ((),) was determined by using the external
quality factor (Q..), employing equations 3.9 and 3.10.

Qr
ext — 39
Q ! SQlMax ( )
1 1 1
S 3.10
Qu QL Qe:vt ( )

Then, the surface resistivity can be approximated using the well-known expression of
the quality factor for a T'E';p; mode cavity from equation 3.11. Finally, the effective electric
conductivity can be derived under the assumption of the good conductor approximation using
equation 3.12.

(kal)3bm 1
s = 3.11
R = o 3w T 20 + Bl al? G-1D
_ 2@ fpo
Oeff = QRE (312)

, where R, is the surface resistivity, k is the wavenumber, and a, b and [ are the cavity’s
width, height, and length, respectively.

In order to enhance result accuracy, a simulation model was calibrated with the mea-
surement of both resonators. The conductivity of the model was adjusted to align with the
measured (). The initial values for the optimisation process were derived from the effective
conductivity obtained using equation 3.12. Measured resonance parameters and the corre-
sponding conductivities of the two resonators are detailed in Table 3.8.

Both resonators demonstrate similar conductivity values, with slight variations that might
be attributed to differences in oxidation levels and surface roughness. The average effective
conductivity of the coating is 17.7 MS/m, which is 4 to 8 times higher than conductivity
values reported in similar studies [126, 127], and 20 times higher than the obtained with
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Table 3.8: Most important characteristics of the resonators (fy and (),,) along with the asso-
ciated effective conductivity (o).

Resonance Ocff Ocff
Realisation | frequency | (), from eq. (3.11) | from sim.

(GHz) (MS/m) (MS/m)
Resonator 1 | 11.049 3906 | 17.93 18.55
Resonator 2 | 11.065 3747 | 15.67 16.87

binder jetting printed parts infiltrated with copper [48].

3.5.3 Dimensional Analysis of R-SMT Filter

As was depicted in the Monte Carlo (MC) analysis, the measured performance of the
rectangular SMT filter realisation (R-SMT) shows a considerable frequency deviation that
exceeds the predicted values. Therefore, we conducted a series of dimensional analyses
of the filter to identify and understand the cause of these deviations. For the dimensional
analysis, three measurements of each filter dimension were taken using a Rown & Sharpe
Global C/I 091208ROWN coordinate measuring machine. The results of this analysis and its
conclusions are developed below.

3.5.3.1 Erosion of the shot-blasting process

Shot-blasting is an essential step in the metallisation process of SLA resins. This process
enhances the surface roughness of the plastic part, creating binding sites for strong adhesion
of the copper coating. However, it also removes a thin layer of material, causing the cavities
to increase in size and rounding off the sharp corners.

To study the impact of shot blasting on the dimensions of the rectangular SMT filter, we
measured its dimensions before and after the process. The resulting erosion was computed as
the difference between the dimensions before and after shot-blasting. Results are presented
in Figure 3.38.

The analysis revealed that shot-blasting has a different impact on the dimensions of cavi-
ties and protrusions (irises). The erosion observed in protrusions is more significant and has
a wider variation than that observed in the cavities. It was also observed that cavities on the
right-hand side, those with higher n, exhibited systematically higher erosion. This is likely
because the filter was placed closer to the blasting jet on its right-hand side.
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Figure 3.38: Average erosion of the shot blasting: a,,, b,, and /., denote the width, height,
and length of the n'" resonator, while W,, and t,, denote the width and thickness of the
iris between the resonator n and n+1.

3.5.3.2 Manufacturing tolerances

A final dimensional analysis was conducted on the metallised filter, which results are
included in Table 3.9. The average deviations of the most representative dimensions of the
filter are shown in Figure 3.39.

Table 3.9: Results of the dimensional analysis performed on the metallised filter (rectangular

SMT filter).
Variable | Dimension [mm]| | Variable | Dimension [mm]|
ar 19.177 Wi 8.333
aro 19.160 W 8.367
ar3 19.170 tr1 4.023
Qry 19.143 tro 4.040
L1 17.123 tr3 4.037
lra 17.133 b1 1.970
lyo 16.500 bro 2.000
lys 16.483 br3 1.977
Wy 7.903 bra 1.990

Figure 3.39 shows that the error behaviour differs for each of the three axes of the part
being studied. For the dimensions arranged in the transverse axis, including the error in width
of cavities (a) and iris apertures (I11'), the deviation is approximately 120 um. Conversely, the
dimensions arranged in the longitudinal axis, the length of cavities (/; and l5), exhibit a greater
deviation (—0.268 and —0.352 mm), as well as a more significant variation.

The observed variation in width values can be attributed to multiple factors, including
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Figure 3.39: Deviation in dimensions of the metallised filter. Here, a and b represent the
mean width and height of the filter cavities, I/ and ¢ denote the mean width and thick-
ness of the irises, [, represents the mean length of the first and fourth resonators, and [,
the mean length of the second and third resonators.

shrinkage, warping, and the effects of shot blasting. However, the greater discrepancy noticed
in the length of cavities located in the middle of the part (/5) compared to the exterior ones
(l1) suggests that warping may be the primary cause of the error. This phenomenon has been
reported in similar studies [33, 118], and it’s more likely to occur in extremely flat parts like
the one being analysed. Figure 3.40 depicts the warping of two flat devices printed with

different materials, demonstrating the warping effect.

T

()

(b)

Figure 3.40: Warping in rectangular X-band filter prototypes printed with different materials:
(a) filter printed with grey resin from Fromlabs, (b) filter printed with Rigid 10K resin
from Formlabs. Both filters were manufactured under similar conditions, using a Form
2 printer from Formlabs.

Based on the results obtained in this study, we could conclude that the rectangular SMT
filter presents a more significant dimensional deviation than the other filters. This is because
its geometry is more prone to deformations. For future studies, this issue could be addressed



3.6 Qualification for Space Applications 99

by increasing the height of the cavities or the thickness of the reinforcement structure.

3.5.3.3 Impact of manufacturing issues on the filter response

In order to conclude the deviation analysis, a realistic model of the SMT rectangular filter
was simulated in CST. This model assumes all the manufactured issues investigated in this
section of the thesis. It considers a conductivity of 17.7 MS/m, the dimensions obtained
during the dimensional analysis (Table 3.9) and a gap between the PCB and the filtering
part of 40 um. This gap was estimated by measuring the thicknesses of the PCB and the
3D printed parts separately and measuring the total thickness of the assembled device. The
measurements were conducted using a micrometer screw with an uncertainty of £2 pm. The
simulation results can be found in Figure 3.41.

—————— T —

7811 Sim. - - - S]l Meas. Sgl Sim. - -- Sz] Meas.
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Figure 3.41: Simulation of the realistic model for the SMT rectangular filter. This model
includes all the manufacturing issues studied in this section of the thesis, including
effective conductivity, printing deviation and deformations, the impact of shot-peening
in dimensions and the assembling gap.

The simulation results match well with the measurements, suggesting that warping defor-
mation and imperfect electric contact between the two parts of the structure are responsible
for the observed deviations in this particular filter. Additionally, it appears evident that the
R-SMT filter prototype is more susceptible to warping deformations due to its highly asym-
metric shape, which could explain its higher level of deviations.

3.6 Qualification for Space Applications

Satellites and their payloads are subject to harsh conditions such as extreme temperatures,
intense vibrations, and radiation in space. It is crucial that satellites and their equipment
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demonstrate proper operation under such conditions. To ensure the reliability of satellites,
space agencies and satellite contractors establish a series of tests known as the qualification
for space applications. Filters, in particular, must demonstrate their ability to function effec-
tively under extreme vibration, temperature gradients, and high-power operation.

This section will assess the reliability of the additively manufactured filters discussed in
the previous section under space conditions. Specifically, we will conduct a qualification for
space applications on the WR75 filter developed in Section 2.1.1.2, as well as the rectan-
gular SMT filter (R-SMT) and circular SMT filter (C-SMT) prototypes presented in Section
3.3. The first part of this study will be focused on thermal stability tests, while the second
part will cover vibration tests that simulate the extreme vibrations experienced during orbit
positioning. Finally, the third part will address the multipactor effect.

3.6.1 Thermal Stability

Temperature tests are essential to validate microwave devices for space applications [89].
These tests evaluate the ability of satellite equipment to withstand the expected temperature
ranges that it will experience throughout its operational lifetime. The temperature range of a
satellite’s payload can vary depending on factors such as orbit, satellite shape, and tempera-
ture control system efficiency. Based on the investigations reported in Section 2.2.1, we have
determined that filters used in LEO satellites typically operate within a temperature range of
-—20 to 40°C. Howeyver, since the materials used in our filters can withstand more extreme
temperatures, we defined a broader temperature range for testing, from —60 to100 °C. This
test covers a severe thermal environment that is applicable to higher altitude orbits, such as
MEO and GEO. Additionally, to comply with ECSS-E-ST-10-03C, we included measure-
ments at intermediate temperature values, including —60, —40, —20, 0, 20, 40, 60, and
100°C.

3.6.1.1 Theoretical analysis and predictions

Temperature changes can significantly affect the frequency response of filters, sometimes
causing them to stop working. However, in most cases, temperature changes only lead to pre-
dictable changes in the electrical response of devices. In this study, we investigate the impact
of temperature changes on the resonance frequency of filters under study, and propose a the-
oretical analysis that correlates their center frequency drift with their materials’ Coefficient
of Thermal Expansion (CTE) that are listed in Table 3.10. The filter deviations were studied
as the deviations of one of their resonators, following the approach developed in [128].

Considering the WR75 filter, which is entirely made of Rigid 10K resin, we can assume
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Table 3.10: Coefficient of Thermal Expansion (CTE) for the Rigid 10K resin and RO4003C
substrate. The horizontal plane of filter and PCB is defined by X-Z axis

Axis | Rigid 10k | RO4003C
X 41 ppm/°C | 12.5 ppm/°C
Y 41 ppm/°C | 46 ppm/°C
y4 41 ppm/°C | 12.5 ppm/°C

a uniform coefficient of thermal expansion of dr1ox = 41 ppm/°C for all spatial directions.
Assuming that the devices can expand freely, the deformation caused by a change in temper-
ature AT = T, — T} in the length and width of the rectangular cavities are given by equations
3.13 and 3.14.

BHAT — (14 0piox AT) 1 (3.13)

al AT = (14 0piox AT) a (3.14)

T} represents the reference temperature at which the device was manufactured (reference
temperature), and [ and a are the length and width of the cavity at the reference temperature.
By substituting equations 3.13 and 3.14 into the resonance frequency of the T'E;y; mode of
the rectangular cavity, given by equation 3.2, we can derive the new resonance frequency of
the cavity for a given temperature change:

72 = () o o) () ('
= (v 5mar) I 619

Then, the frequency drift Af, = f72 — ft due to the temperature change can be derived
as follows:

_ S ZAT0mok)r
1+ 5R10KAT " 1+ AT’(;Rl()l(

And we can define the frequency variation with respect to the temperature change, or

Af, (3.16)

temperature drift, as follows:

A
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Substituting equation 3.16, the temperature drift can finally be expressed as:

55 = —Oniorc - 10° [ppm/°C] (3.18)
" (Spox AT + 1)

For small CTE, which is the typical case, the denominator of 3.18 is near one, and the
frequency drift is approximately the CTE with an opposite sign.

SMT filters are more complex to analyse because the PCB and the 3D-printed part have
different Coefficient of Thermal Expansion (CTE) values. The RO4003C substrate used in
the PCBs has an average CTE of ; = 12.5ppm/°C for the horizontal plane and oy =
46 ppm/°C for the vertical direction. In contrast, the filter body has a uniform CTE of
driox = 41 ppm/°C. This results in a non-uniform CTE for the SMT filters. As both parts
of the filters can not expand freely, a temperature change may result in deformations similar
to those observed in bimetal unions. However, we can obtain an equation for the temperature
drift of both filters by assuming that screws limit the deformation of the 3D-printed part. In
this case, it can be considered that SMT filters would exhibit the CTE of the PCB for the
horizontal axes, and the CTE of Rigid 10K for the vertical direction.

With these assumptions, the frequency drift of the C-SMT filter can be derived similarly to
the WR7S5 filter. The change in diameter and length of the circular cavity with a temperature
change can be expressed using equations 3.19 and 3.20.

alPTAT = (1 + 65 AT) a, (3.19)
LI+AT — (14 6y AT) L, (3.20)

, where a. and L, are the diameter and length of the cavity at the reference temperature.
As the T'Myp mode of the circular resonator is length-independent, the temperature drift of
the resonance frequency can be calculated using equation 3.21.

1 ¢ 2R, 1
Ti+AT _ 01 — Ty
Jr B <1+§HAT) (27 ac ) (1+5HAT) fr -21)

Finally, the temperature drift can be derived, obtaining equation 3.22. The expression for
the temperature drift is the same for both the C-SMT and WR7S5 filters, which indicates that
the 1'Mjy19 mode of the circular resonator and the 7'E';p; mode of the rectangular resonator
are equally sensitive to temperature deformation.
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The frequency drift of the R-SMT filter can be derived similarly to the previous one,
obtaining precisely the same relationship of the C-SMT realisation, equation 3.22.

Table 3.11 summarises the temperature drifts of the three filter realisations within the test
temperature range. The frequency responses of the different realisations are equally sensitive
to temperature deformation. However, SMT filters exhibit a lower frequency drift than the
WR realisation. This analysis predicts the frequency variation of the filters proposed in this
chapter and can be used to develop temperature compensation systems in future analyses.

Table 3.11: Theoretical predictions for frequency drift resulting from a temperature change
of AT =100 — (—60) = 160°C.

WR?75 R-SMT C-SMT
a = 19.05mm a = 19.05mm — 9087
Dimensions | [ = 19.50 millim [ = 19.50 millim ?__ L0.00 e
b=9.53mm b=2mm '
Horizontal plane: Horizontal plane:
CTE Uniform og = 125ppm/°C | 0y = 12.5ppm/°C
driox = 41ppm/°C | Vertical direction: Vertical direction:
dy =41 ppm/°C dy = 41ppm/°C
AT 160°C 160°C 160°C
Ofy —40.75 ppm/°C —12.48 ppm/°C —12.48 ppm/°C

After analysing the predictions, it was decided to test only one of the two SMT filters as
they have similar temperature drift. The circular design was ultimately selected for testing as
it was found to have superior performance.

3.6.1.2 Experimental setup and measurement procedure

The temperature tests were carried out following the technical specifications for testing
space engineering systems and devices [89] at the high-power radiofrequency space labora-
tory of the European Space Agency (ESA)-Valencian Space Consortium (VSC). These tests
were conducted under atmospheric pressure, as our investigations developed in Section 4.3.1
shown that there is no significant difference in the thermal response of isolated devices be-
tween tests conducted under atmospheric or high-vacuum conditions [95].

The measurement setup for the temperature tests is shown in Figure 3.42 (a). It comprises
a temperature chamber (V6tsch VT70010), a Data Acquisition System (DAQ), and a VNA.
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One device was tested at a time. The DUT was introduced into the thermal chamber and
connected to the VNA, as depicted in Figure 3.42 (b). Several temperature sensors were
placed on various areas of the climatic chamber and devices to monitor the temperature of
the DUTs. The thermal chamber adjusted the temperature of the DUT to a specific profile,
and the response of the devices was measured and stored once the target temperatures were
achieved.

Laptop

Figure 3.42: (a) Measurement setup diagram for vacuum temperature tests. (b) WR75 filter
inside the climatic chamber.

The measurement setup was not calibrated before measuring the filters since the prop-
erties of the test bench can change with temperature. To address this, the standards of the
calibration kits were also submitted to the thermal test, and the resulting measurements were
used to calibrate the response of the two devices by following the procedure outlined in [129].

3.6.1.3 Experimental results

Figures 3.43 and 3.44 illustrate the transmission coefficients of both filters at the different
temperatures of the test. Figure 3.45 shows the temperature drift in center frequency along
with the predicted response. We performed three measurements at 20 °C at the start, middle,
and end of the thermal cycle in order. The results revealed a minimal deviation in these
measurements, providing evidence of no permanent changes in the devices due to the thermal
shock.

The frequency drift of the WR75 filter was inversely proportional to temperature, as ex-
pected. This proportion exhibits a linear relationship, with a temperature drift of
—38.67 ppm/°C, which is very similar to the theoretical value of —40.75ppm/°C. The
predicted deviation in frequency fits very well the measurements except for —60 °C The in-
sertion loss exhibits an inverse relation with temperature (—0.0064 dB/°C) as a result of a
reduction of the assembling gap. An increase in temperature leads to material expansion,
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Figure 3.43: WR 75 filter response during the temperature test.

reducing the gap between both parts and, therefore, the associated radiation loss.

Similarly, the C-SMT filter exhibits a temperature drift of —16.28 ppm/°C, which is
slightly higher than the predicted value of —12.48 ppm/°C. The predicted deviation in fre-
quency, Figure 3.45, fits very well the measured results for low temperatures. Notably, the
IL of the SMT filter increased with temperature with a rate of 0.003 dB/°C. This effect may
be attributed to a warping deformation produced by the non-homogeneous CTE of the filter.
This deformation can result in an increased assembling gap at higher temperatures with the
associated increase in radiation loss and reduction of the resonance frequency.

The WR75 and C-SMT filters showed similar behaviour in the evolution of their center
frequency and insertion loss with temperature. They both showed an inverse linear rela-
tionship between their center frequency and temperature, with values similar to theoretical
predictions. It is worth noting that devices behaved excellently and did not show any failure
that could affect their performance at any temperature between —60 °C and 100 °C.

3.6.2 Vibration Tests

Mechanical vibration tests aim to ensure the integrity of a satellite and its components
when subjected to intense mechanical waves or vibrations. Vibrational stress is an inherent
aspect of any space application due to the intense vibrations that occur during take-off and
orbit positioning.
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Figure 3.44: C-SMT filter response during the temperature test.

3.6.2.1 General test considerations and test bench

For these filters we considered the WR75, C-SMT, and R-SMT filter prototypes developed
for the X Band. The test bench was compliant with the ECSS-E-ST-10-03C standard [89].
Filters were secured to a 25 mm thick aluminium plate in the same manner they would be
fixed in an actual satellite to simulate real working conditions; see Figure 3.46. The dimen-
sions of the vibration plate were chosen specifically to avoid resonances within the frequency
range of the tests, and different mounting fixtures were employed at various positions of the
plate to assess the filters’ performance along their three spatial axes.

The following tools were used for the excitation and measurements:

* Electrodynamics vibration exciter LDS V721: this, combined with a PA1000 amplifier,
served as the vibrating bed that transmitted stress waves to the vibration plate and
filters.

* Triaxial accelerometer PCB 356A16 (100mV/g): this was used to monitor the ap-
plied vibration and was placed either on the vibrating bed or on the aluminium plate,

depending on the test.

* Ultralight accelerometers PCB 352C22 (10 mV /g): we placed this precision accelerom-
eter at the centre of each filter to measure their natural frequency. Although this ac-
celerometer has low vibration sensitivity, its weight of 0.5 g ensures minimal interfer-

ence with the natural frequency of the DUT.
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Figure 3.45: Measured and predicted temperature drift for the center frequency of the WR75
and C-SMT filters.

* National Instruments PCI 4451 card for excitation management and measurement in
the random vibration test.

* P8020 Analyzer and Prosig DATS 7.0 software for measuring natural frequencies.

3.6.2.2 Sinusoidal sweep test

The sinusoidal sweep test involved applying narrow-band stress waves to the filters. This
test simulates the low-frequency vibrations that occur during the atmospheric flight of the
space launcher. This test entails applying an incremental and decremental frequency sine
vibration to the DUTs. The energy of the applied vibrations should surpass those measured
during typical space launcher flights. To this end, we considered the vibration experienced in
Ariane 5 and 6, Soyuz, and Vega shuttles and defined the testing ASD accordingly (refer to
Figure 3.47).

3.6.2.3 Random vibration test

During the random vibration test, the DUTs are subjected to a pseudo-random vibration
signal, which ASD should be above the desired MW. In this test, the MW was designed to
cover the specifications of the NASA and measurements of the Ariane and Soyuz launchers,
resulting in the ASD depicted in blue in Figures 3.48 (a) and (b).



108 Additive Manufactured Filters

Figure 3.46: Setup for vibration tests: (a) SMT filters on Y-axis measurement configura-
tion, (b) WR7S5 filter on Y-axis measurement configuration, (c) SMT filters on Z-axis
measurement configuration, (d) WR75 filter on Z-axis measurement configuration, (€)
SMT filters on X-axis measurement configuration, (f) WR75 filter on X-axis measure-
ment configuration.
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Figure 3.47: Amplitude spectral density of vibration measured during the sinusoidal sweep
test.

WR75, R-SMT, and C-SMT filters underwent the vibration test along their three axes.
The duration of the applied vibration was 2 min for each axis, and the root mean square
power value was 7.5 g. The power of the applied vibration was monitored during the test by
recording the acceleration of the vibrating plate. The results are shown in Figures 3.48 (a)
and (b).

During the tests of both SMT filters, the applied vibration was consistently above the
minimum workmanship, and no resonances were detected in the measurement setup. How-
ever, resonances above 1000 Hz were observed during tests of the WR75 filter for the X and
Z axes. These resonances are probably due to the aluminium supports that hold the device.
Nonetheless, it was concluded that these specific resonances did not significantly impact the

test, and the results were still valid despite them.

3.6.2.4 Experimental results

The resonant mode is a crucial parameter that represents the structural integrity of the
DUT. The ECSS-E-ST-10-03C standard uses this factor as an indicator of test failure, setting
a maximum deviation in the natural frequency of 5 % in frequency and 20 % in amplitude. In
our case, the first mechanical resonant mode of the filters was characterised before and after
undergoing both tests, providing an inherent safety margin to the standard, as the variation is
due to two vibration tests and not only one.

Table 3.12 compares the natural frequency and amplitudes of the mechanical resonant
mode of the three filters. As can be noticed, none of the filters experienced variations greater
than the established limits. The C-SMT filter showed a variation in the amplitude of the
resonant mode close to the limit. However, as this filter had to be disassembled to perform
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Figure 3.48: Amplitude spectral density of vibration measured during the random vibration
test of the: (a) WR75 filter and (b) SMT filters.

the tests in the different axes, the variation was likely due to a change in the tightening torque
of the fixing screws rather than a critical change in the integrity of the device.

The frequency response of each filter was measured before and after the vibration tests
using two TRL calibration Kkits, eliminating the effect of connectors and feeding lines. The
resulting measurements are presented in Figures 3.49 (a), (b), and (c). No significant changes
were observed in any filter response, and minor deviations could be attributed to a repetition
of the measurement rather than the effect of the vibration tests.

In conclusion, the vibration tests performed on the three filters demonstrate that they can
successfully withstand the mechanical disturbances generated by the most widely used space
shuttles. The frequency response measurements also indicated that the different vibrations
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Figure 3.49: Frequency response of the filters under study before and after the vibration
tests: (a) WR75 filter, (b) R-SMT filter, and (c) C-SMT filter.
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Table 3.12: Natural frequency variations of filters after sinusoidal and random vibration tests.

Filter ‘ Natural Frequency ( Hz) ‘ Af (%) ‘ Amplitude ‘ AAmp. (%)

R-SMT 433-432 -0.2 223.4-235.6 5.5
C-SMT 615-621 1.0 198.2-170.0 -14.2
WRT75 1772-1768 -0.2 220.5-202.5 -8.2

did not affect the filters’ performance, demonstrating their suitability for space applications.

3.6.3 Multipactor

The Multipactor phenomenon is a discharge of electrons that occurs in RF devices that
operate with high-power RF signals under low-pressure conditions. In such situations, a
cluster of free electrons can resonate with the RF field, causing a self-stimulated growth in
the electron population. This phenomenon can lead to effects, including increased electric
noise, extreme heating, and the creation of virtual shorts that can cause undesired reflections.
Since this phenomenon is potentially destructive, its prediction and testing are paramount to
ensure the correct operation of the satellite throughout its lifetime.

In this section, we will predict and test the multipactor power threshold of two filters based
on rectangular cavities: the WR75 and R-SMT. To achieve this, we will begin by studying
the properties of the novel materials used in our filters. Subsequently, we will investigate
the power distribution in both filters to predict the power required to trigger the multipactor
discharge. Finally, the predictions will be verified by conducting an actual multipactor test
campaign.

3.6.3.1 Thermo gravimetric analysis

As the multipactor effect occurs under high vacuum conditions, the materials used in the
proposed devices need to prove their viability to work under this specific condition. The most
important concerns when working under high vacuum conditions is the release of volatile
species as they can condense in different places, causing unwanted contamination of sensitive
equipment. Moreover, the presence of gas in an area that is likely to initiate a multipactor
discharge can transform this phenomenon into an even more harmful corona discharge that
can destroy the devices [130].

To determine whether the Rigid 10K resin used in our filters can release contaminating
gases, we performed a Thermogravimetric Analysis (TGA). This test quantifies the gener-
ation of volatile species when a material is heated to a specific temperature. For this test,
we first preconditioned two samples of Rigid 10K resin at room temperature with a relative
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humidity of 55 + 5% for 72 h. The purpose of this conditioning is to achieve a consistent
moisture level in the samples, allowing us to determine the portion of the mass lost during the
test that is attributed to moisture loss. Then, the TGA was conducted in a nitrogen atmosphere
to avoid moisture accumulation. The test consists in heating the piece at 125 °C for a certain
period of time, while the weight of the samples is continuously monitored. The temperature
was held constant at 125 °C until the mass loss stabilized, which took approximately 90 min.

The results of this test are shown in Figure 3.50. Both samples lost a small amount of mass
of approximately 0.11 % during the first few minutes of the test. Then, as the temperature
exceeded 100 °C, the mass rapidly decreased until reaching a steady state, resulting in a total
mass loss of approximately the 0.4 %.

—— Sample 1 - - - Sample 2

100

99.8
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99.6
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0 10 20 30 40 50 60 70O 8 90 100
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Figure 3.50: Mass loss during Thermogravimetric Analysis (TGA) of two Rigid 10K resin
samples. The samples underwent typical postprocessing: UV curing and thermal treat-
ment.

The mass loss experienced by both samples during the TGA was significantly below the
1 % limit established by the ECSS-Q-ST-70-02C standard [131]. Additionally, after a final
conditioning at a controlled humidity level, both samples regained the same amount of mass
lost during the test. This suggests that the loss was caused by moisture evaporation rather than
by the evaporation of the resin itself. The ECSS-Q-ST-70-02C standard indicates that water
vapour is not a significant concern for vacuum instruments as it can be prevented through
proper drying. In light of the results obtained, we can confirm that Rigid 10k resin is suitable

for high vacuum environments.

3.6.3.2 Secondary emission yield measurement

Multipactor is a complex phenomenon that strongly depends on the SEE property of the
surfaces involved in the electron resonance. This effect is challenging to characterise as it
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exhibits a random nature that depends on several factors, such as the material of the surface,
its roughness, and the presence of impurities. This means that Secondary Emission Yield
(SEY) curves for standard materials cannot be generally applied to specific devices, and it
is highly recommended to measure the SEY of the specific materials of the devices under
test [132].

Filters used in the experiment have a uniform height and the 7'F;3; mode exhibits a
vertical electric field polarisation. This makes that free electrons in the device are accelerated
toward the top and bottom surfaces of the filters, interacting with the copper deposition of
the plated Rigid 10K resin and the copper ground plane of the RO4003C substrate. Thus, the
SEY study was focused on the different surface finishing of these materials, resulting in the
study of the following samples:

A sample of RO4003C substrate with a standard 18 um electro-deposited copper cladding.

* A sample of RO4003C substrate with the standard electro-deposited coating that un-
derwent an additional copper electro-deposition in our facilities.

A sample of Rigid 10K resin with a first electroless copper deposition.

A sample of Rigid 10K with the first electroless copper cladding and the additional
electro-deposited cladding applied in our facilities.

The SEY samples were produced following the same processes employed for the filters
under study so that they represent their surfaces accurately. The SEY measurements were
performed in the European high power space materials laboratory of VSC-ESA. Figure 3.51
shows the obtained results.

It is important to note that the SEY curves of the different samples are considerably higher
than the SEY of oxygen-free copper proposed in the ECSS-E-20-01 standard for multipactor
prediction and testing, which underlines the importance of characterising this factor for the
specific surfaces of each DUT. These results will be employed in the following sections for
predicting the multipactor power threshold.

3.6.3.3 Filter analysis and redesign

Observing the SEY results of Figure 3.51, it is expected that the mutipactor power thresh-
old of the R-SMT filter exceeds the average power handling capacity of standard end-launch
connectors. This presented a potential issue, as the connectors could overheat or initiate a
multipactor discharge during the test run. Moreover, the multipactor prediction needs to be
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Figure 3.51: SEY curves of the materials under test for a normal incident angle of the primary
electrons. The SEY curve of standard oxygen-free copper is also depicted.

done on the final design, as it involves several time-consuming numerical analyses. Conse-
quently, it was decided to develop a representative model of the R-SMT filter specifically for
testing purposes.

In the multipactor model of the R-SMT filter, henceforth known as the low-profile filter,
the slot coupling was replaced with an input/output coupling iris. This iris is fed by a WR75
waveguide through a broadband transition. The height of this new filter is the same as the
SMT prototype, and a PCB cover was designed to shield the critical areas for multipactor
discharge. This design replicates the multipactor conditions of the SMT design without the
power limitations imposed by coaxial connectors. Furthermore, because the same guiding
structure feeds both the low-profile and the WR7S5 filters, the same test bench can be utilised
for both filters. Figure 3.52 (a) and (b) illustrate the proposed filter’s structure and the manu-
factured prototype.

The broadband transition of the low-profile filter was designed as a three-stage Chebyshev
matching transformer of third order by following the designing procedure described in [64].
It consists of three waveguide sections whose heights and lengths have been optimised to
achieve an RL of 40 dB within the filter passband. Figure 3.53 presents the simulated re-
sponse of the back-to-back transition.

The PCB cover of the filter was designed with venting holes to ensure proper venting,
reducing the risk of corona discharge during multipactor testing. Additionally, electron seed-
ing areas were included to facilitate the penetration of high-power electrons into the cavities
of the filter, simulating the presence of free electrons in space components. These features
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Figure 3.52: Low-profile filter for multipactor testing. (a) Layout and assembling. Met-
allised 3D-printed parts are represented in brown, dielectric material in green, and cop-
per in yellow. (b) Photograph of the manufactured device.

streamlined multipactor testing, significantly reducing testing time and cost. The final dimen-
sions of the low-profile filter are listed in Table 3.13, and Figure 3.54 shows the frequency
response of the manufactured prototype. As with other filter realisations, a ribbon of indium
was used around the perimeter of the filter to improve the electrical connection at the junction
between the filter body and the cover.

3.6.3.4 Multipactor prediction analysis

Multipactor analysis involves three main steps — first, identifying the critical frequencies
and regions, which are the regions and frequencies of the device in which the multipactor
discharge is most likely to occur with the lowest input power — second, estimating the worst-
case multipactor power using a simple model—and finally, determining an accurate power
threshold for the critical frequency.

As the Multipactor phenomenon is more likely to appear in small gaps with high field
strength, one way to find the critical regions and frequencies is to numerically obtain the
electric field distribution of the devices at different frequencies. This method is easy but
computationally intensive and time-consuming, requiring multiple simulations.

An alternative and faster method to determine critical frequencies and areas is to analyse
the TASE of individual filter resonators. The TASE describes how the electric and magnetic
energies are distributed across different resonators. For filters with a homogeneous multi-
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Figure 3.53: Simulated response of the broadband transition between the low-profile waveg-
uide and a standard WR75 waveguide.
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Figure 3.54: Frequency response (simulated and measured) of the low-profile filter.

pactor gap, such as those under consideration, the TASE is directly proportional to the volt-
age, so identifying the critical frequencies and resonators can be accomplished by identifying
the highest TASE values.

We used the methodology developed in [66, 133] to compute the TASE distribution of
both filter realisations. The procedure involves extracting the coupling matrix from the mea-
sured filter response, which was accomplished using the filter designer module of CST. The
resulting matrices for WR75 and low-profile filters are shown in 3.23 and 3.24, respectively.
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Table 3.13: Final dimensions of the low-profile filter.

Parameter | Dimensions [mm|
a 19.05
b, 2.00
Ly =l 14.81
Lo = Log 16.82
t 4
Wer =Wy | 11.34
W12:W34 826
Was 7.78
by 2.57
by 4.44
bs 7.60
b 9.53
L 9.52
ly 9.05
l3 9.53
0 1.019 0 0 0
1.019 —0.398 0.868 0 0
0 0.868 —0.413 0.674 0
0 0 0.674 —0.382 0.863
0 0 0 0.863  0.086
0 0 0.008 —0.141 1.045
0 1.083 0 0 0
1.083  0.348 0.939 0 0
0 0.939 0.452 0.730 0
0 0 0.730  0.405 0.930
0 0 0 0.930 0.682
0  —0.001 0.004 —0.133 0.997

0.008
—0.141
1.045

—0.001
0.004
—0.133
0.997

0
0

(3.23)

0

0

(3.24)

0

Then, the admittance matrix of the bandpass prototype (Y') of the filters was computed

as follows:

Y =G+ jw/'C+jM

(3.25)

, where G contains the input/output admittances of the filter (Gs = 1/Rg and G, =

1/Ry), C is a diagonal matrix that represents the capacitors of the low-pass filter prototype;
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which normalised values are one; and w’ denotes the frequency transformation from low-pass
to band-pass of equation 2.3.

Afterwards, the voltage at each node of the circuit can be computed from the excitation
current by equation 3.26.

V=Y'1 (3.26)

V and I are column vectors that denote the peak voltage and excitation current at each
resonator. For a CW excitation of 1 W of mean power at the port one, the only non-zero
element of the excitation current vector (I) is the first one, whose value is I, = v/8Gs.

Finally, the TASE of the n-th resonator can be computed as the stored energy in the
corresponding capacitor multiplied by the scale factor of the frequency transformation [133].
For bandpass filters, the TASE of the n-th resonator reads as follows:

[V |2C,, do'
4  dw
The computed TASE distributions for the resonators of both filter realisations are pre-

TASEyy, = (3.27)

sented in Figures 3.55 (a) and (b). These figures emphasise the non-uniform distribution of
fields, which tend to concentrate on specific resonators near the cutoff frequencies.
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Figure 3.55: Time-Average Stored Energy (TASE) of each resonator for both filters under
study: (a) WR7S5 filter and (b) Low-profile filter.

The energy distribution of the low-profile filter indicates that the critical frequency is
the lower cutoff frequency, and the second resonator is the critical region. However, for
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the WR75 resonator, the critical frequency is not so simple as the upper cut-off frequencies
exhibit a higher energy concentration than the lower ones. Thus, a study of the multipactor
phenomenon at both cut-off frequencies of the WR7S5 filter was undertaken, with the second
resonator identified as the critical region for both frequencies.

After identifying the frequencies and areas where multipactor can appear, the power
threshold needed to trigger a discharge can be estimated using the infinite parallel-plate ap-
proach, referred to Section 2.2.5. To accomplish this, the electric field of both filters was
computed at their respective critical frequencies using CST.

Using the electric field distribution, the Voltage Magnification Factor (VMF) can be easily
calculated as the ratio of the voltage at the critical area and the voltage at the input port
(VMF = V,,,0.:/Vir). With this information, the input power required to produce a multipactor
discharge can be approximated using the following equation [100]:

th |Vth|2

th 3.28
= 2ZVMFE(1 — |Su|)? (3:28)

, where V};, is the threshold voltage needed for a multipactor discharge in the equivalent
parallel plate model. It can be obtained from the multipactor susceptibility chart for pure cop-
per provided by the ESA in the ECSS multipactor tool software [100]. |S1;] is the measured
modulus of the S7; parameter, and Z; denotes the equivalent TEM impedance of the T'F/
mode that can be computed as follows:

Zy = n2—bﬁ (3.29)
a A

, where a and b are the horizontal and vertical dimensions of the rectangular waveguide,
A the wavelength in free space, A, is the wavelength in the waveguide, and 7 is the intrinsic
impedance of free space.

Table 3.14 presents the predicted power threshold values for the critical frequencies of
both filters. Based on this preliminary approximation, the input power threshold for the
WR75 filter is approximately 586 W, whereas for the low-profile realization, it is 242 W.
Furthermore, the analysis indicated that the critical frequency of the WR7S5 filter is the low-
est cutoff frequency, and the hot spot of both filters is situated in the centre of the second
resonator.

The parallel plates approach is a valuable tool for obtaining a preliminary power threshold
and identifying critical frequencies and regions. However, It represents the worst-case sce-
nario for multipactor discharge, providing a very conservative threshold. In order to obtain
a more accurate prediction, we performed a multipactor study on SPAK3D (2021 SP5 - Jun
28 2021). This simulator models the electron movement produced by the electromagnetic
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Table 3.14: Power Threshold values for multipactor effect obtained using the parallel plates

approximation.
Filter realisation | Low-profile filter WRYS filter
Frequency [GHz] 10.744 10.882 | 11.219
Vinaz [V] 63.88 118.49 | 128.11
VMF 3.19 4.74 4.42
Vin [V] 1160 5597 2770
Zy [€2] 116.25 545.76 | 528.88
P W] 242.95 586.34 | 793.95

fields and the SEE of the surfaces of the device to quantify the electron multiplication over

several wave cycles. The simulation parameters and analyse frequencies considered in this

study were the following:

Seeding electrons: this field represents the initial electron population in the simula-
tion, with 30 000 electrons assigned to the low-profile filter and 50 000 to the WR75
filter. In order to ensure that critical areas were identified, the particles were distributed

homogeneously throughout the entire device.

Multipactor discharge criterion: a multipactor discharge was detected by the simu-
lator when the population of electrons was augmented by an automatically determined
factor.

Initial power: 50 W for the low-profile filter and 500 W for the standard WR75 reali-
sation. Both power values were lower than the expected power threshold obtained with

the parallel plates model.

SEY: we utilised the SEY curves shown in Figure 3.51. Specifically, we used the SEY
of the Rigid 10k resin with two plating processes and the SEY of the RO4003C with
the first electro-deposited copper layer.

Frequency: the test bench used for multipactor testing cannot work with RL values
higher than 14 dB as these reflections can produce potentially destructive effects in the
test bench. Based on this criterion and the TASE analysis, we decided to analyse and
test the multipactor effect at the lower edge of the practical bandwidth for RL > 14 dB
and at the center frequency of both filters, i.e. 10.917 and 11.199 GHz for the standard
WR75 filter and 10.775 and 10.940 GHz for the low-profile filter.

Simulated results for both filters at their lowest analysis frequencies are presented in

Figure 3.56. This chart illustrates the evolution of the electron population over time for a
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certain input power. For low input power levels, the electron population decreases, showing
that multipactor did not appear. However, the electron population increases for high input
power levels, indicating the presence of a sustained multipactor discharge. The multipactor
threshold is defined as the minimum input power required to trigger an exponential increase

in the electron population.
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Figure 3.56: Evolution of electrons population at lowest analysis frequency for the: (a)
WRT75 filter and (b) low-profile filter.

The numerical analysis also helps to identify the critical areas of the filters. Figures
3.57(a) and 3.57(b) depict the electron distribution at the start and conclusion of the particle
simulation for the low-profile filter fed by a 10.775 GHz frequency continuous wave signal
with a power of 400 W. Results show a notable increment of the electron population in the
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second resonator while the number of electrons in other areas decreases, indicating that it
is the critical area. Similar results were obtained in the multipactor analyses performed on
the WR75 filter, demonstrating that the critical area of both filters is the centre of the second

resonator.

() (b)

Figure 3.57: Distribution of electrons population in the low-profile filter for an 10.775 GHz
input signal with a power of 400 W. (a) Initial distribution of 3000 electrons. (b)
Electron distribution after 80 nsec. Electrons are depicted in white over the electric
field distribution of the filter.

Table 3.15 summarises the results of the multipactor analysis obtained with the parti-
cle simulations. The analyses show that the WR75 filter has an exceptionally high power
threshold of over 70 MW for all analysed frequencies, while the low-profile version exhibits
a threshold power of approximately 380 W for the critical frequency.

Table 3.15: Power threshold values for multipactor effect obtained using the SPARK 3D
particle simulator.

Filter realisation WRYS filter Low-profile filter
Frequency 10.917 | 11.051 | 11.199 | 10.775 | 10.940
[GHz]

Simulated

multipactor 7TIMW | > 90MW | 83MW | 380W | 844 W
threshold

Critical resonator | 2nd 2nd 2nd 2nd 2nd

3.6.3.5 Multipactor testing and experimental results

The multipactor tests conducted in this work adhered to the technical specifications out-
lined in the ECSS-E-ST-20-01C standard for multipactor design and testing [101]. Tests were
performed in the high power radio-frequency laboratory of the ESA-VSC using the test bench
depicted in Figure 3.58 (a).
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() (b)

Figure 3.58: (a) Multipactor measurement setup. (b) Detail of the low-profile filter in the
multipactor test bench.

The DUTSs were introduced into a high vacuum chamber and connected to the test bench.
Before each test, the test bench was validated and verified using test samples with known
breakdown thresholds. This verification allows for discarding the presence of multipactor
discharges along the test bench. To simulate the free electrons present in space, a strontium-
90 (°°Sr) radioactive source was directed towards the critical area of the filters; see Figure
3.58 (b). DUTs were fed with a pulsed continuous wave of increasing power until some
evidence of multipactor was detected.

Several multipactor detection methods were employed during the tests, including two
General Detection Method (GDM) and two different Local Detection Method (LDM). The
general detection methods were an 1Q detection method and two harmonic detection methods.
Additionally, we employed the following local detection methods: an optical fibre situated
in the second resonator and two electron probes pointing to the second and third resonators.
General detection methods are used to detect the presence of a multipactor discharge within
the entire test bench, while local methods are focused on detecting a multipactor discharge
in specific areas of the device. According to the ECSS standard [101], a combination of at
least one general and one local detection method are needed to confirm the occurrence of a
multipactor even.

The test procedure is as follows. DUTs are fed with a continuous wave signal, with power
gradually increased until a discharge is detected. The power is then reduced until no further
discharges are observed and then increased again until a new multipactor event confirms the
discharge. The lowest input power of both discharges is recorded as the power threshold. If
there is no second discharge, the test should be halted to determine the cause of the initial
multipactor discharge. Table 3.16 shows the results of the multipactor tests.
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Table 3.16: Simulated and measured multipactor threshold power.

Filter realisation WRY7S filter Low-profile filter
Frequency 10.917 11.051 11.199 10.775 | 10.940
[GHz|

Simulated

multipactor 1MW > 90 MW 83 MW 380W | 844 W
threshold

Critical resonator 2nd res. 2nd res. 2nd res. 2nd res. | 2nd res.
Measured 6 kW (only No No

multipactor detected by Discharge Discharge 398W | 950 W
threshold GDM)

Discharge location | Not observed | Not observed | Not observed | 2nd res. | 2nd res.

The power thresholds for the low-profile filter were comparable to the SPARK-3D esti-
mations. The local detection methods located the multipactor events in the second resonator

for both test frequencies, confirming the predictions. For the WR75 realisation, a weak multi-

pactor discharge was detected only by one detection method and for an input power of 6 kW.

This discharge was not identified by any local detection method and it was not confirmed dur-

ing a second multipactor test that was performed as verification. Since simulations indicated

a much higher power threshold and the maximum power capacity of the test bench is 6 kW, it

is inferred that the multipactor event noticed during the WR75 filter test must have occurred

somewhere in the test bench.






Chapter 4

Substrate Integrated Circuits

4.1 Introduction

Radiofrequency circuits are commonly based on a hybridisation of planar technologies,
such as microstrip and coplanar waveguides, and classical 3D guiding structures, like coaxial
cables and hollow waveguides.

On the one hand, coaxial cables and metallic waveguides have very low transmission
loss, high-quality factor, high-power handling, low noise sensitivity, and high electromag-
netic shielding. However, their closed structure hardens the integration of active devices.
Additionally, they are heavy and bulky, which limits their use in the consumer sector and
relegates them to more stringent areas such as space and defence sectors [79].

On the other hand, planar transmission lines (microstrip, coplanar, and stripline) allow
a natural integration with lumped elements and active devices due to their planar topology
and Transverse ElectroMagnetic (TEM) mode. Moreover, the improvements in manufactur-
ing techniques and dielectric substrates have enabled a high degree of miniaturisation and
accurate impedance performance. Nevertheless, planar lines exhibit higher loss (low Q),
strong parasitic couplings (leakage), low power handling, and high sensitivity to manufac-
turing tolerances. These issues become increasingly pronounced at higher frequencies [79].
Consequently, planar transmission lines are a better choice for end-user devices operating at
"low" frequencies in less stringent fields, such as mobile and domestic communications.

Planar transmission lines and 3D guiding structures are complementary and combining
them provides incredible flexibility and performance. However, it was not until the early
2000s that both structures were combined onto the same substrate [3], giving rise to what was
later known as substrate-integrated circuits (SICs). The point of SICs is to develop hybrid
circuits that combine planar and non-planar transmission lines within the same substrate.
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This technology benefits from the low-cost mass production capability of planar transmission
lines and the high electrical performance of non-planar guiding technologies, enabling the
use of waveguides and coaxial lines in end-user applications [79]. Some of the most used
SIC structures are presented below, including descriptions of their structure, fabrication and
design equations.

4.1.1 Substrate-Integrated Waveguide (SIW)

The concept of Substrate Integrated Waveguide (SIW) was first introduced in 2001 [3].
It involves producing a rectangular waveguide structure within a dielectric substrate. This
is achieved by incorporating two rows of periodically metallised holes that connect the top
and bottom ground planes of a PCB. Properly selecting the diameter and spacing of these
metallised holes allows them to function as continuous metallic walls, emulating the charac-
teristics of a dielectric-filled rectangular waveguide.

Figure 4.1 illustrates the fundamental structure of a SIW. It encompasses five essential
design parameters: the relative dielectric constant (&,), the substrate thickness (), the diam-
eter of plated holes (d), the separation between holes (p), and the separation between rows or
SIW width (a). The selection of these parameters determines factors like the cutoff frequency
of the propagation modes, the single-mode bandwidth, wave impedance, and radiation losses.

Figure 4.1: Structure of a Substrate Integrated Waveguide (SIW) consisting of a rectangular
waveguide implemented in a Printed Circuit Board (PCB) by means of two parallel
rows of plated through holes. Copper is depicted in yellow, and the substrate material
is represented in green.

The separation between adjacent plated holes (p) should be minimal to ensure that the
SIW operates as a rectangular waveguide. In the work presented in [134], the concept of
surface impedance was used to model the rows of plated through holes of the SIW, obtaining
the following design guidelines:



4.1 Introduction 129
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0.05 < Aﬁ <0.25 4.2)
4.3)

After the substrate design is finalised and an appropriate combination of hole diameters
and spacing is selected, the subsequent relation can be employed to provide an approximation
for the effective width of the equivalent rectangular waveguide [135]:

Qeff = G — 1.08d—2 + O.lal—2 4.4)
D a

, where a.; denotes the width of an equivalent rectangular waveguide with solid walls
filled with the same dielectric as the SIW structure. This equivalent waveguide serves as a
valuable tool for approximating the wave impedance and the monomode bandwidth of the
substrate-integrated waveguide.

Compared to planar transmission lines, SIW exhibit lower ohmic and leakage loss, and
similar dielectric loss. The substrate-integrated waveguide has improved shielding and simi-
lar integration to microstrip, but has a reduced monomode bandwidth and a larger footprint.
Compared to classical waveguides, SIW has higher losses due to the dielectric substrate.
However, it exhibits an easy integration and low cost.

Over the past decade, various substrate-integrated waveguide configurations have emerged
to enhance the SIW’s performance in terms of its footprint, operational bandwidth, and trans-
mission loss. In pursuit of a narrower profile, the Half-Mode SIW was introduced [84]. Sim-
ilarly, the Ridge SIW, proposed in [85], enhances the single-mode bandwidth of the STW.
Finally, empty and air-filled versions of the SIW appeared as a solution to mitigate or elimi-
nate the dielectric loss [18, 136].

4.1.2 Empty Substrate-Integrated Waveguide (ESIW)

The empty SIW (ESIW) and Air-filled SIW (AFSIW) were introduced in 2014 [18, 136].
Both topologies proposed an empty or quasi-empty version of the SIW topology. The ESIW
uses a stack of three PCBs, in which an empty cavity is milled in the centre layer to synthe-
sise a hollow rectangular waveguide. The side walls of the waveguide can be implemented
by metallising the side walls of the empty cavity (ESIW) or by performing two rows of
metallised holes (AFSIW). When the three layers are assembled and soldered, the structure
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operates as a rectangular waveguide, as illustrated in Figure 4.2.

Figure 4.2: Structure of an Empty Substrate Integrated Waveguide (ESIW) developed in
three layers of PCB. Copper components are represented in yellow, the substrate mate-
rial in green, and empty areas in blue.

The lack of dielectric material in the ESIW results in a significant reduction in transmis-
sion loss compared to the standard SIW. However, this advantage comes at the cost of in-
creased manufacturing complexity and a large footprint. To address these issues, new empty
topologies have emerged, including the ridge ESIW and the half-mode ESIW,

Compared to classical waveguides, the ESIW has higher transmission loss as the electric
currents flow in a reduced area, but it presents a good integrity and an affordable manufactur-

ing process.

4.1.3 Empty Substrate Integrated Coaxial Line (ESICL)

The ESICL technology emerged in 2015 as a promising option for achieving a low-
loss SIC topology suitable for low frequencies where the size of empty substrate-integrated
waveguides makes them impractical [87]. This technology involves implementing a rectan-
gular coaxial cable in a stack of five PCBs, as shown in Figure 4.3. The active conductor of
the rectangular coaxial is located in layer three, while layers two and four act as separators,
and layers one and five serve as the bottom and top covers. Due to the current distribution of
the TEM mode, soldering is not necessary, and the different layers can simply be assembled
using bolts.

As the fundamental mode of the ESICL is the TEM, this transmission line exhibit a very
wide monomode bandwidth and a simple integration with lumped and active devices without
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Figure 4.3: Structure of an Empty Substrate Integrated Coaxial Line (ESICL): a) exploded
view, and b) cross-section view. The first and fifth layers serve as covers, while the
second, third, and fourth layers form the ESICL.

the need for changing to a planar transmission line.

Dimensions of the ESICL; the width of the inner conductor W;,,, the height of the inner
conductor h;,, the width of the outer conductor W,,;, and the height of the outer conductor
hout; control the characteristic impedance of the line (Z;). The expression developed in [137]
can be used to approximate these dimensions without the need for full-wave simulators:

n 1 2 1 T Wout
Zy=—~ —In| —— th { ——— 4.5
0 4 | wour (1_M)+7T n<1_%+co <2h0ut>> ( )

hout hout

This expression is only valid for ESICL and rectangular coaxial structures with a centred
inner conductor.

4.2 Substrate Integrated Filters

In this section, we delve into the design of four Ku band bandpass filters. These filters are
realised within four different SIC topologies and share a common Chebyshev response, en-
abling us to compare their performance. The filter specifications are: order N =5, 13 GHz of
center frequency, 300 MHz of bandwidth, and an in-band ripple of 0.1 dB, which correspond
to a return loss of 25 dB.

The proposed response has the following inverter values: Kg; = K51 = 0.2134, K5 =
K,5 = 0.0353, and Ky3 = K34 = 0.0247. This corresponds to Q.,; = 34.493 and the
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following coupling matrix: Ms1) = M5 = 1.1208, M2 = M5 = 0.9738 and
M3y = M34y = 0.6825. As can be noticed from their coupling matrix, the filters have an
in-line topology.

4.2.1 SIW Filter

As previously stated, the SIW is an equivalent waveguide implemented on a microwave
substrate. Two rows of plated through holes behave as the vertical walls of the waveguide,
while the top and bottom metallic planes of the PCB act as the top and bottom covers of the
equivalent waveguide. For this filter, it was decided to use a SIW with two rows of metallized
vias with a diameter (d,) of 0.7 mm, a separation (p,) of 1.0 mm, and a width (a) of 8.93 mm.
The design was intended for a RO4003C substrate with €, = 3.55, a thickness of 0.813 mm,
and a copper cladding thickness of 17.5um. The dimensions were calculated to achieve
a cutoff frequency of 9.5 GHz for the fundamental mode of the SIW following the design
guidelines presented in Section 4.1.1.

4.2.1.1 Topology and design

A linearly tapered microstrip transition was designed to connect the microstrip line with
the SIW filter. This transition was originally proposed in [3], and its design equations were
introduced in [138]. Figure 4.4 depicts the transition structure.
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Figure 4.4: Layout of the SIW taper transition. The dielectric substrate is shown in light
grey, the copper metallisation on top of the substrate is depicted in dark grey, and the
metallised vias are shown in black.
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To determine the dimensions of the microstrip taper, namely W; and [;, the substrate-
integrated waveguide can be modelled as a TEM waveguide with an equivalent width of 1.
Previous research [138] has established that the optimum adaptation between the microstrip

and the SIW occurs when the relationship between the permittivity and width ratios is given
by:

avev_f = 4.386(‘“'6”%%) (4.6)

, where: a.yy is the effective width of the equivalent waveguide that models the SIW, and
W, is the width of the TEM equivalent of the same SIW.

Now, the width of the tapered microstrip can be calculated by equating the impedance of
the microstrip tapper and the impedance of the equivalent TEM model of the SIW, obtaining
the following expression:

o0 for W, /h < 1
h 2 t
Tt — o 7 = /786ffln<81;v%+0.25WT) A7)
coer We O for Wy/h > 1

VEeff [Wt/h+l.393+0.667 ln(Wt/h+1.444)}

where h is the height of the substrate, 7, is the impedance of the microstrip taper, and
Zrem is the impedance of the equivalent TEM waveguide.

The equations mentioned above provide an estimation of the width of the tapered tran-
sition (W;). The length of the taper (I;) was set to a quarter of the wavelength. Next, the
dimensions (W; and [;) were optimised using CST to maximise the return loss. Table 4.1 lists
the resulting dimensions obtained from this process. These dimensions have been calculated
for a RO4003C substrate with €, = 3.55, a dielectric thickness of 0.813 mm, and a copper
cladding thickness of 17.5 um.

Table 4.1: Dimensions of the linearly tapered transition from microstrip to SIW.

Dimension
Parameter

[mm]
a 8.93
d, 0.70
Do 1.00
Lsinw 10.00
Wins 1.85
lins 10.00
W, 2.81
l; 2.97
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Figure 4.5 depicts the simulated response of the optimised transition. It can be seen that
the return loss exceeds 25 dB for the mono-mode bandwidth of the SIW and is over 30dB
for the filter bandwidth.
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Figure 4.5: Simulated response of the linearly tapered transition from microstrip to SIW.

The layout of the filter is illustrated in Figure 4.6. It consists of five SIW resonators work-
ing under the 7'E;5; mode. Resonators are coupled through inductive irises implemented with
two rows of plated vias.
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Figure 4.6: Layout of the SIW filter. The dielectric substrate is shown in light grey, the
copper metallisation on top of the substrate is depicted in dark grey, and the metallised
vias are shown in black.

The coupling matrix design procedure outlined in Section 2.1.1 was used to design the
filter. Table 4.2 presents the final dimensions of the filter and the optimised response is
illustrated in Figure 4.7.

It can be observed that the SIW filter exhibits higher loss compared to the surface mount
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Figure 4.7: Simulated response of the SIW filter. The ideal response was computed by
considering a quality factor of 300 for all resonators.

Table 4.2: Final dimensions of the SIW filter.

Dimension

Parameter
[mm]

in
resl

res2

o~ o~ o~ o~

res3

Lm@nvl

10

8.08
8.90
8.98
4.28

2.66
2.36

LLanQ
LLanS

technology (SMT) filters developed in Section 3.4. The simulated quality factor of the SIW
filter is 277, which was estimated using equation 4.8 from [139]:

4343f, &
Q= oS, 48
ILfo(fg — fl) 1 g ( )

, where f is the center frequency of the filter, fo — f; is the passband bandwidth, IL
is the insertion loss at the center frequency, and g, are the Chebyshev coefficients of the
low-pass prototype.

4.2.1.2 Experimental results

Figure 4.8 shows the manufactured prototype. The fabrication process consists of drilling
the vias using a mechanical milling machine. Then, the substrate is metallised using an
electro-deposition system, and the top layer is milled to perform the transition layout.
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Figure 4.8: Top view of the SIW filter prototype.

Figure 4.9 compares the measured response of the filter with the simulated results ob-
tained with CST. Measurements were obtained with a vector network analyser and a TRL
calibration kit, which corrects for errors in the measurement system and compensates for the
impact of wires and connectors. This calibration locates the reference plane at the end of
the feeding microstrip line. The measured insertion loss is higher than expected (5.57 dB),
corresponding to a quality factor of approximately 176. The measured results also show a
reduced rejection, likely due to undesired coupling between the input/output microstrip lines.
These deviations are likely due to small manufacturing deviations in both the transition and
filter.
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Figure 4.9: Comparison of simulated and measured response of the SIW filter.

4.2.2 ESIW Filter

The ESIW is an empty variation of the SIW that is implemented on a stack of three PCBs.
In this configuration, the side walls of the equivalent waveguide are formed by metallised cuts
made in the centre layer, while the top and bottom PCBs act as its top and bottom covers.
The resulting structure acts as an empty waveguide that can guide electromagnetic waves in
the same way as the SITW.
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The proposed ESIW was designed to exhibit a cutoff frequency of approximately 9.5 GHz
for a RO4003C substrate of 0.813 mm thickness and a copper cladding of 17.5 pm.

4.2.2.1 Topology and design

It was decided to use the substrate slab transition proposed in [140] to interconnect the
microstrip line and the ESIW. The transition is formed by a linear microstrip taper and a
dielectric slab. The slab penetrates in the ESICL and its width decreases with the distance z
from Wy, to Wy according to the following formula:

B Wti <efclt _ efcz) + Wtfe(fczfl)

e—¢clt — 1

W (z) (4.9)

, where c is the parameter that controls the reduction velocity of the slab width, [; is the
length of the slab, and W,; and W;; are the initial and final width of the slab, respectively.
This dielectric slab, along with the linear microstrip taper, gradually adapts the impedance of
the feeding microstrip line to the impedance of the equivalent rectangular waveguide.

In [115], the transition was improved by including two lateral incisions of width d; and
length ;. These incisions help to delimit the width of the input iris W, that tend to have large
manufacturing tolerances in other configurations. Finally, metallised vias of diameter d,, and
separation p, are included to prevent the propagation of leaky waves outside the ESIW. The
layout of this transition is illustrated in Figure 4.10.
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Figure 4.10: Layout of the ESIW taper transition. The dielectric substrate is shown in light
grey, the copper metallisation on top of the substrate is depicted in dark grey, and the
metallised vias and the border copper metallisation are shown in black.
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Esteban et al., in their work [115], offer equations for deriving a practical initial point for
the design parameters, as elaborated in equation 4.10:

I, = Ag(f())
T
W, = 1.2W,,
W, a—+ Wy
ir 9
9 (4.10)
c= =
It
)\ms
ltms _ 4(f0)
ths - 4Wtf

, Where Ay s,y Tepresents the wavelength at the center frequency within the waveguide,
and Ay, fo) denotes the wavelength in the microstrip at the same frequency.

The transition was initially designed with expressions 4.10 and optimised to maximise
the return loss. The optimised dimensions are listed in Table 4.3, and the simulated response
is shown in Figure 4.11. The final return excess 25 dB for the entire mono-mode bandwidth
of the ESIW.

Table 4.3: Final dimensions of the transition from microstrip to ESIW.

Dimension Dimension

Parameter Parameter

a 15.80 dy 1.00

Lin 10 Ly 0

Wins 1.85 lg 0.50

Lns 10.00 Wi 2.90

d, 0.70 Wiy 0.50

Do 1.00 ly 5.99

Wi, .. 2.45 c 0.26

lt,,. 2.18 Wi, 6.81

The layout of the filter is shown in Figure 4.12. It comprises five ESIW cavities operating
in the T'E¢; mode, which are coupled by inductive irises of thickness l;,,,,, and width W;,,,,,,.
Table 4.4 shows the final dimensions of the filter, and Figure 4.13 depicts the optimised
response. In this case, simulation fits very well the ideal response, showing an unloaded

quality factor of approximately 1500 .
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Figure 4.11: Simulated response of the transition from microstrip to ESTW.
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Figure 4.12: Layout of the centre layer in the ESIW filter. The dielectric substrate is shown
in light grey, the copper metallisation on top of the substrate is depicted in dark grey,
and the metallised vias and the border copper metallisation are shown in black.

4.2.2.2 Experimental results

A prototype of the ESIW filter was manufactured using RO4003C substrate with a thick-
ness of 0.813 mm, and a copper cladding of 17.5 um for all layers. Figure 4.14 shows a
top view of the centre layer of the manufactured device. The fabrication involves drilling
vias using a mechanical milling machine and cutting the ESIW cavities using a laser milling
machine. Then, the substrate is metallised using an electro-deposition system, and the top
copper cladding of the centre layer is milled to create the transition layout. Finally, the differ-
ent layers are fastened and soldered using bolts and tin solder paste to ensure good electrical
contact between layers.

The measured response of the prototype is compared with the simulated response in Fig-
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Table 4.4: Final dimensions of the ESIW filter.

Dimension Dimension
Parameter Parameter
lin 10 linvl = lim}? = lirwS 2
lrest 13.64 Winw1 8.91
lres2 15.35 Winwv2 5.10
lres3 15.53 Winws 5.43
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Figure 4.13: Simulated response of the ESIW filter. The ideal response has been computed
considering resonators with Q= 1000.

ure 4.15. The measurement setup underwent calibration using the same microstrip TRL
calibration kit employed for the SIW, eliminating the degradation effects of connectors and
feeding lines.

The measured insertion loss is 1.21 dB, corresponding to a quality factor of approxi-
mately 644 . The measured return loss shows a significant increase of 5dB compared to the
simulation, which could be attributed to manufacturing tolerances in the dimensions of the
transition. Similarly to the SIW filter, the measured rejection levels are lower than the sim-
ulated values. This is probably due to the propagation of leaky waves between the top and
bottom cladding of the top cover.

Figure 4.14: Top view of the centre layer of the ESIW filter prototype.
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Figure 4.15: Comparison between simulated and measured response of the ESIW filter.

4.2.3 ADLS Filter

The ADLS filter is composed of rectangular SIW resonators operating the 7'F5; mode.
These resonators are coupled by sections of ESIW lines that operate below their cutoff fre-
quency, behaving as immittance inverters. This topology is similar to the dielectric filters
presented in Section 2.1, and it strikes a balance between SIW and ESIW filters, resulting in
a moderate loss and footprint.

4.2.3.1 Topology and design

The layout of the proposed filter is depicted in Figure 4.16. It is composed of five SIW
sections that behave as resonators and six ESIW sections that implement the coupling ele-
ments. The filter uses the same linearly tapered transition developed for the SIW filter in
Section 4.2.1.

Table 4.5 list the optimised dimensions of the filter, and Figure 4.17 shows the simulated
response. The simulations show an insertion loss of 3.45dB at the center frequency, which
corresponds with a quality factor of ) = 319.

4.2.3.2 Experimental results

A prototype was fabricated using RO4003C substrate with a thickness of 0.813 mm and
a copper cladding of 17.5 um for all the layers. The fabrication process consisted of drilling
the vias of the SIW sections and cutting the cavities of the ESIW sections in the centre layer.
Then, the substrate is metallised using an electro-deposition system. Afterwards, the top
copper cladding of the centre layer is milled to perform the microstrip transition. Finally,
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Figure 4.16: Layout of the centre layer in the ADLS filter. The dielectric substrate is shown
in light grey, the copper metallisation on top of the substrate is depicted in dark grey,
and the metallised vias and the border copper metallisation are shown in black.

Table 4.5: Final dimensions of the ADLS filter.

Dimension
Parameter

[mm]
lin 10
lrest 3.19
lresQ 3.11
lres3 3.11
a 8.38
Qvias 8.93
linov1 4.76
linv2 10.64
linvs 11.93

the different layers are fastened and soldered. Figure 4.18 shows the centre layer of the
manufactured prototype.

Figure 4.19 compares the simulated and measured responses. The same TRL calibration
kit employed for the previous filters locates the measurement reference plane at the end of
the microstrip feeding line. The Filter response shows large deviations due to manufactured
tolerances. It is centred at 13.05 GHz, and has an IL of 5.28 dB that corresponds to a quality
factor of approximately 220 . Finally, the return loss excess 15 dB within the filter passband.
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Figure 4.17: Simulated response of the ADLS filter. Ideal response has been computed
considering resonators with Q= 300.

Figure 4.18: Top view of the centre layer of the ADLS filter prototype.

4.2.4 ESICL Filter

The ESICL structure is built by stacking five PCBs, which are processed to form a rect-
angular coaxial line. For this study, RO4003C substrates with a thickness of 0.813 mm and
a copper cladding of 17.5 um were used for all the layers. The dimensions of the resulting
line are 2.65 mm of height and 6.00 mm of width for the outer conductor, and 0.813 mm of
height and 1.82 mm of width for the inner conductor. Dimensions were chosen considering
the final thickness of the stack-up and a characteristic impedance of 50 2 [141].

4.2.4.1 Topology and design

Figure 4.20 shows the most representative views of the transition between microstrip and
ESICL [141]. The design was based on the transition between a grounded coplanar waveg-
uide and a ESICL developed in [87,142]. It consists of a feeding microstrip line connected to
the final ESICL through a two-step transition. The microstrip line is connected to a quarter
wavelength stripline section performed in layers 3 and 4. This stripline feeds a short section
of a suspended stripline performed in layers 2, 3, and 4. Finally, the suspended stripline is
connected to the ESICL. Depending on the material and dimensions of the inner conductor,
several plated vias should be introduced at the beginning of the inner conductor of the ESICL
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Figure 4.19: Comparison between simulated and measured response of the ADLS filter.

to avoid the propagation of undesired leaky waves between the input and output ports.

The design procedure consists of the following steps. First, the dimensions of the ES-
ICL, the microstrip, the stripline, and the suspended stripline are selected to achieve a 50 (2
impedance. The theoretical dimensions can be fine-tuned using a numerical simulator (CST)
to obtain a more precise result. Initially, the length of the coplanar is set to a quarter of the
wavelength in the stripline at the center frequency, and the length of the suspended stripline is
chosen to be as short as possible, typically 5 mm. Next, the parameter b.. is chosen to be lower
than W,,;, and W, is set to a value that can be easily fabricated and ensure the mechanical
stability of the design. Finally, W., W;, and [, are optimised to maximise the return loss in
the desired bandwidth, in this case from 0 to 20 GHz.

The dimensions of the optimised transition are listed in Table 4.6, and its frequency re-
sponse is depicted in Figure 4.21. As can be noticed, the simulated return loss excess 25 dB
for the entire band of interest and 35 dB for the filter passband.

Table 4.6: Dimensions of the transition from microstrip to ESICL.

Dimension Dimension

Parameter Parameter

W 1.82 Do 0.77

hin 0.813 b 3.09

W out 6.00 W, 1.01

Rout 2.65 l, 2.00

Lin 10 W, 0.82

Wns 1.85 ly 0.50

Lns 10.00 d. 0.50

d, 0.50
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Figure 4.20: Layout of the transition between microstrip and ESICL. (a) Top view of the 3"
layer. (b) Bottom view of the 3™ layer. (c) Bottom view of the 4" layer. (d) Top view
of the 2™ layer. The dielectric substrate is shown in light grey, the copper metallisation
on top of the substrate is depicted in dark grey, and the metallised vias and the border

copper metallisation are shown in black.

The layout of the filter is presented in Figure 4.22. The design is based on the filter

developed in [19]. This topology utilises half wavelength short-circuited sections of ESICL

as resonators. These resonators are coupled through shunt inductances that are implemented

by short-circuiting the active and ground conductors of the ESICL in the centre layer (See

Figure 4.22). The shunt inductances act as impedance inverters whose value can be controlled

with the length of the short connection L.

The dimensions of the filter are in Table 4.7, and its results are shown in Figure 4.23. The

simulated response has an insertion loss of 0.90 dB at the center frequency, corresponding to

a quality factor of approximately 1220 .
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Figure 4.21: Simulated response of the transition from microstrip to ESICL.

Table 4.7: Final dimensions of the ESICL filter.

Dimension
Parameter
[mm]
lin 10
lrest 9.19
lres2 9.32
lres3 9.32
Linol 1.32
linv2 5.20
linws 6.02

4.2.4.2 Experimental results

A prototype of the proposed filter was manufactured using RO4003C substrate with a
thickness of 0.813 mm and a copper cladding of 17.5 um for all layers. Figure 4.24 shows a
top view of the centre layer. The fabrication process consists of drilling the vias and cutting
the cavities of all layers. Then, the different layers are metallised using an electro-deposition
system, and the copper claddings of the third and fourth layers are milled and cut to perform
the transition layout. Finally, the different layers are fastened and soldered.

Figure 4.25 compares the measured and simulated response of the prototype. The same
TRL calibration kit used for the other filters was employed, locating the measurement refer-
ence plane at the end of the microstrip feeding line.

The measured insertion loss is 2.11 dB, corresponding to a quality factor of approximately
536. It seems that the manufacturing tolerances strongly impact the return loss within the
filter passband. The filter is centred at 12.97 GHz, exhibits a return loss that excess the
15dB, and has a minimum rejection level of 35 dB.
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Figure 4.22: Layout of the centre layer in the ESICL filter. The dielectric substrate is shown
in light grey, the copper metallisation on top of the substrate is depicted in dark grey,
and the metallised vias and the border copper metallisation are shown in black.

4.2.5 Comparison between Prototypes

This section provides a comparison of the measured results for the four fabricated proto-
types. Table 4.8 provides a summary of the simulated and measured quality factors, as well
as the deviations in central frequency and —3 dB bandwidth of the measurements.

Table 4.8: Measured central frequency, bandwidth and insertion loss of SIC filters.

Center BW
Filter Simulated | Measured | frequency . 3B Footprint
. . deviation
prototype Q. Qu deviation (M) [mm x mm]
[MHz]
SIW 277 176 —26.45 —35.27 25 x 90
ADLS 319 221 48.89 4.96 25 x 113
ESIW 1518 644 —5.00 26.30 40 x 140
ESICL 1221 536 —32.29 8.89 20 x 116

All prototypes have demonstrated good performance. However, there has been a degra-
dation in the simulated quality factor for all the filter realisations. The empty filter structures
(ESIW and ESICL) demonstrate significantly higher quality factors compared to the filled
structures (SIW and ADLS), at the cost of increasing the footprint. Based on these results,
empty filters would be suitable for high-performance applications, while the filled realisations
can be used in applications where miniaturisation is critical.

Considering frequency deviation, the ESIW filter has the lowest frequency shift, whereas
the other realisations show similar deviations. It is interesting to note that the ADLS and
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Figure 4.23: Simulated response of the ESIW filter. Ideal response has been computed
considering resonators with Q= 1000.

Figure 4.24: Top view of the centre layer of the ESICL filter prototype.

ESICL realisations have a significantly lower deviation in bandwidth. This is because these
topologies utilise larger elements for synthesising the coupling elements, making them less
sensitive to manufacturing deviations than the other structures. This effect can be explored in
future works to develop filters with a lower sensitivity to manufacturing tolerances.

4.3 Qualification for Space Applications

This section assesses the reliability and performance of the SIC filters developed in the
previous section under the harshest space conditions. The study is divided into three main
parts: the first section focuses on thermal stability tests, the second covers vibration tests, and
the final part addresses the multipactor effect.

4.3.1 Thermal Stability

In this section, we analyse the effect of temperature gradients in the response of the SIW,
ESIW, ADLS and ESICL filters introduced in the last section. Firstly, we estimate the devia-
tions in the filter response produced by a temperature change using numerical models of the
filter topologies. Then, we present the results of two thermal cycling tests: one performed un-
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Figure 4.25: Comparison between simulated and measured response of the ESICL filter.

der atmospheric pressure and another performed under high vacuum conditions. These tests
were performed per the ECSS-E-ST-10-03C standard [89] and aim to evaluate the ability
of the filters to withstand the temperatures that will experience throughout their operational
lifetime.

4.3.1.1 Thermal analysis and predictions

Temperature fluctuations can significantly impact the frequency response of filters, lead-
ing to predictable changes in their electrical performance. As discussed in Section 3.6.1,
temperature variations can induce expansions and contractions in the filter dimensions, ul-
timately affecting their frequency response. Fortunately, the temperature expansion and its
effect on the filters’ performance can be predicted. In this context, we conducted a series of
numerical simulations to estimate potential deviations in the frequency response of the filters
across a range of temperatures, ranging from —60 to 95 °C. Simulations considered the coef-
ficient of thermal expansion of the RO4003C substrate (6, = 11 ppm/°C, ¢, = 14 ppm/°C,
and 0, = 46 ppm/°C for the X, Y, and Z direction) as well as the thermal coefficient of the
substrate permittivity (0. = 40 ppm/°C for the RO4003C substrate).

Figure 4.26 illustrates the simulated frequency response of the filters, and Figures 4.27 (a)
and (b) depict the frequency and BW—3 dB shifts with respect to temperature, considering a
reference temperature of 25°C. In general, the IL and BW—3 dB exhibit minimal changes
with temperature. The computed frequency drift (¢ f) for the SIW, ADLS, ESIW, and ESICL
filters are —32.75 ppm/°C, —27.95 ppm/°C, —13.36 ppm/°C, and —9.72 ppm/°C, respec-
tively. As expected, the dielectric-filled implementations show a more significant variation in
all the factors due to the variation in the permittivity of the dielectric substrate.



150 Substrate Integrated Circuits

-65°C----40°C 25°C---70°C—95°C

s ] ~ %
= —20|
B g
o —40
g
5 —60
=¥ L
w2 —80 ——— | | | | | | | | |
12 122 124 12,6 128 13 13.2 134 136 138 14
Frequency [GHz]
(a)
-65 °C -40 °C 25°C—70°C—95°C
—~ O T T f _ jp f T
= K
- —20F :
8
o —40 2
g
5 —60| . a
=¥
/9] _80 Z= | | | | | | | |
12 122 124 12,6 128 13 132 134 136 138 14
Frequency [GHz]
(b)
-65°C----40°C 25°C---70°C—95°C
— 0 T T T v i 5 T T
m 8
= —20
% —40
S —60
8
:; _80 | | | | | | | | |
12 122 124 12,6 128 13 132 134 13.6 138 14
Frequency [GHz]
(c)
-65°C----40°C 25°C---70°C—95°C
- O | | | | |
/M
= =20
s —40
Q
g —60
<
g —80
“2 —100 :

12 122 124 126 128 13 132 134 136 138 14
Frequency [GHz]

(d)

Figure 4.26: Simulation results for different temperatures and filters. (a) SIW filter, (b)
ADLS filter, (¢) ESIW filter, and (d) ESICL filter.
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Figure 4.27: Simulated variations in: (a) center frequency and (b) —3 dB bandwidth with
temperature.

4.3.1.2 Experimental setup and measurement procedure

The studied filters underwent two distinct tests: a thermal cycling test conducted un-
der atmospheric pressure and another thermal cycling test performed under high vacuum
conditions. These experiments were carried out at the high-power radiofrequency space
laboratory of the European Space Agency (ESA)-Valencian Space Consortium (VSC), in
compliance with the technical criteria outlined for evaluating space engineering systems and
equipment [89].

The experimental setup for the thermal cycling test under atmospheric pressure was the
same as the one employed for testing the additive-manufactured filters in Section 3.6. This
configuration encompassed a temperature chamber (V"otsch VT70010), multiple temperature
sensors, a Data Acquisition System (DAQ), and a VNA. Numerous temperature sensors were
strategically positioned on the devices to monitor their temperature. The temperature of the
devices was adjusted to a predefined profile using the thermal chamber, and their responses
were measured and recorded once specific temperatures were attained. The temperature range
considered for the thermal cycling under atmospheric pressure spanned from —40 to 70 °C,
while the temperature range for the test under vacuum conditions extended from —60 to
95°C. Both tests included measurements at intermediate temperatures: —40, —35, —25,
25,60, and 70 °C.

To conduct both thermal cycling, the calibration procedure outlined in [129] was fol-
lowed. This procedure necessitates subjecting all standards within the calibration kits to both
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thermal tests and employing the resulting measurements for calibrating the measurement
system. The calibration standards included in the TRL calibration kit are displayed in Figure
4.28 (b).

The vacuum test was conducted within a custom-designed vacuum chamber equipped
with a dual pump system that maintained a pressure below 10~° hPa. Given that conduc-
tion is the primary heat transfer mechanism under vacuum conditions, various test jigs were
meticulously designed to ensure effective heat conduction from the thermal base of the vac-
uum chamber to the prototypes.

* Figures 4.28 (a) and (b) display two aluminium test jigs created to accommodate the fil-
ters. These supports work very well for relatively big devices, but they were unsuitable
for the elements of microstrip TRL as the microstrip could not be covered.

* To resolve this issue, the microstrip TRL calibration kit’s standards were soldered onto
thin copper sheets called thermal "bridges," illustrated in Figure 4.28 (c). Copper was
preferred as it ensured a good heat transfer. Two cuts were performed on the extremes
of the thermal "bridges" to allow fastening them to the thermal plate of the vacuum

chamber.

Subsequently, we conducted an initial temperature cycling experiment to assess the effi-
cacy of the aluminium jigs and thermal bridges. In this evaluation, mock-up devices were
securely affixed to an aluminium jig and soldered onto a thermal bridge. These assemblies
were subjected to a comprehensive temperature cycling process spanning from —80 to 95°C
under vacuum conditions. The outcomes of this evaluation are depicted in Figure 4.29, pro-
viding valuable insights into the performance of the employed thermal setup.

While the aluminium jigs and thermal bridges demonstrated effectiveness for larger de-
vices, they faced certain limitations in achieving the lowest temperature required for the test’s
open standard of the calibration kit. This led us to limit the temperature range of the vacuum
test to temperatures above —65 °C, ensuring the reliability and accuracy of the test.

4.3.1.3 Experimental results

The measured response of the filters during the thermal cycling is shown in Figures 4.30
(a)-(d) for test under atmospheric pressure, and in Figures 4.31 (a)-(d) for high vacuum.

Figures 4.32 (a) and (b) summarise the evolution of frequency and insertion loss with
temperature observed in the two thermal tests. The deviations observed during both tests
are consistent for all filters, except for the ESICL realisation, which exhibits inconsistent

results under vacuum conditions. Additionally, the results at —60 °C were ignored due to the
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Figure 4.28: Test jigs used for the thermal cycling tests at high vacuum conditions. (a)
Aluminum jig used for testing ADLS and SIW filters. (b) Aluminum jig used for
testing ESICL and ESIW filters. (c) Microstrip calibration kit standards soldered onto
thermal "bridges"; from left to right: through, reflect (open) and line.

deviations observed in all parameters at that specific temperature, which could be due to a
failure of any part of the measurement setup.

Table 4.9 summarises the simulated and measured frequency drift of the filters. As can be
noticed, simulated and measured results are aligned for all filters except for the ESICL reali-
sation that exhibits a deviation closer to the ESIW result. Furthermore, it is worth noting that
there are no significant differences between the results obtained under atmospheric pressure
and high vacuum conditions.

The filled topologies exhibit a higher loss drift compared to the empty realisations. The
maximum deviation observed in the filled filters (SIW and ADLS) is about +1 dB for the
considered temperature range (—40 to 95 °C), whereas for the empty realisations (ESIW and
ESICL), it is around 0.3 dB. This is attributed to the variation of the dielectric loss tangent
of the RO4003C substrate with temperature.
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Figure 4.29: Measured temperature profiles for evaluating the performance of DUT jigs for
the thermal cycling at high vacuum conditions.

Table 4.9: Temperature drift of SIC filters.

Filter . . Atmospheric Vacuum
. . Simulation L.
Realisation pressure conditions
SIW —32.75ppm/°C | —27.21 ppm/°C | —27.42 ppm/°C
ADLS —27.95ppm/°C | —21.93 ppm/°C | —21.43 ppm/°C
ESIW —13.36 ppm/°C | —13.95ppm/°C | —17.18 ppm/°C
ESICL —9.72ppm/°C | —15.35ppm/°C | —7.36 ppm/°C

An iterative optimisation approach was employed to estimate the thermal coefficient of
the RO4003C loss tangent. This process involved conducting 3D electromagnetic simula-
tions of both the SIW and ADLS filters using CST. The aim was to match the observed loss
variation within the temperature range of —40 to 95 °C.

The electromagnetic simulations encompassed the thermal expansion and permittivity
fluctuations of the RO4003C substrate, as well as the thermal coefficient for the resistivity
of standard copper (9, = 3930 ppm/°C). Commencing with the thermal coefficient derived
from the measured insertion loss (i.e., 1700 ppm/°C for the SIW filter and 2000 ppm/°C
for the ADLS variant), we employed the Trust Region Framework to optimise the thermal
coefficient for the loss tangent. This iterative process culminated in a final thermal coefficient
value of 2000 ppm/°C for both filter realisations.

4.3.1.4 Comparison and discussion

Table 4.10 compares the temperature stability of the four SIC filters presented in this
section. It also includes results of similar filters implemented in waveguide and similar SIC

structures.
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Figure 4.30: Measured response of filters during the thermal cycling under atmospheric
pressure: (a) SIW filter, (b) ADLS filter, (c) ESIW filter, and (d) ESICL filter.
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Figure 4.31: Measured response of filters during the thermal cycling under vacuum condi-
tions: (a) SIW filter, (b) ADLS filter, (c) ESIW filter, and (d) ESICL filter.
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Figure 4.32: Induced variation in (a) frequency and (b) —3 dB bandwidth during thermal
cycling for the different filters under test.

The temperature stability exhibited by the filters developed in this section is compara-
ble to that of other filter implementations that do not include a temperature-compensation
mechanism, regardless of the guiding technology employed—whether waveguides [93, 129]
or substrate-integrated technology [93].

Nonetheless, it is worth noting that the frequency shift observed in the proposed filters
is twice that of temperature-compensated implementations detailed in [92,93]. These com-
pensated filters employ a substrate with a negative thermal coefficient of permittivity, so the
effect of the permittivity variation counterbalances the impact of thermal expansion.

Importantly, it should be highlighted that the compensated AFSIW and SIW filters are
not fully integrated into planar technologies, whereas our filters are seamlessly integrated

into such platforms.



Table 4.10: Comparison of deviations due to temperature gradients in different filter implementations.

: . Center
Filter Planar Filter FBW | IL | Temp. Vacuum
Ref. technology | integration | order fre[:glgg]cy (%] | [dB] | [°C] Afo (2] ABW [%] | AL [%] test
[129] WR42 No 2 18.38 247 | 039 | 100 -0.13 0.19 9.78 No
Compensated -40 -0.06 -4.22 -40
[92] SIW Yes 4 10.07 11.6 | 0.5 20 0.05 397 40 No
Compensated 9 -40 -0.02 2.38 -23.14
[93] AFSTW No 4 21.00 1.60 | 1.08 20 0.01 0.60 6.48 No
-40 0.11 -0.90 -12.86
2
[93] ESIW No 4 21.00 1.59 | 0.70 20 011 -0.30 571 Yes
-60 0-17 2.55 -8.35
. 95 -0.19 -2.55 9.06
1
This work SIW Yes 5 12.97 242 | 6.08 40 0.18 45 1108 Yes
70 -0.11 0.20 5.57
-60 0.12 1.48 47.46
. 95 -0.16 0.49 23.77
1
This work ESIW Yes 5 12.99 3.12 | 0.63 40 0.09 1.09 1493 Yes
70 -0.06 -0.24 -3.52
-60 0.15 4.49 -14.22
95 -0.17 -1.68 14.08
: 1
This work ADLS Yes 5 13.21 2.7 | 447 40 0.17 73] 13.62 Yes
70 -0.09 -2.09 5.49
-60 -0.01 -1.57 66.82
. 95 -0.11 -3.66 12.24
1
This work ESICL Yes 5 12.98 2.94 | 0.80 40 011 016 282 Yes
70 -0.05 -0.53 7.43

! The insertion loss due to transitions has been removed from measured data. As was demonstrated by Belenguer et al. in [18],
transitions introduce an average loss of 1 dB.
2 Compensated AFSIW and SIW filters in [93] do not include transition to any planar line.
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4.3.2 Vibration Tests

These tests encompassed sinusoidal sweep and random vibration evaluations, intending
to evaluate the impact of mechanical vibrations on the structural integrity and operational
efficacy of the filters. Through this evaluation, we aim to determine the viability of deploying
these filters within space-based applications.

4.3.2.1 General test considerations and test bench

The SIW, ESIW, ESICL, and ADLS filter prototypes were submitted to two vibration
tests specified in the ECSS-E-ST-10-03C standard [89]: the sinusoidal sweep and random
vibration tests. Additionally, Two prototypes for the ESIW and ESICL realisations were
examined, each featuring different lengths of microstrip feeding lines. This approach allowed
us to comprehensively assess the influence of the length of the feeding line on the overall
reliability of the prototypes. The mechanical stability of all filters was evaluated by measuring
their natural frequency before and after the tests. The test bench was designed in compliance
with the ECSS-E-ST-10-03C standard [89].

The filters were attached to a 21 mm thick methacrylate plate using the holes of their
surface-mounted connectors, as shown in Figure 4.33. To prevent any impacts during the
tests, we bolted the filters to the vibration plate maintaining a minimum distance between
them and the plastic support. As shown in Figure 3.46, we were able to position the methacry-
late support in different orientations to facilitate testing for all the three spatial axes.

The same test bench used for testing additively manufactured filters and described in
Section 3.6.2 was utilised for these tests.

4.3.2.2 Sinusoidal sweep test

To perform this test, we subjected the device to a sinusoidal sweep vibration between
5 and 140 Hz. The vibration amplitude was set at 1 g, while the sweep speed was set at
2 octaves per minute, following the NASA space testing criteria [98]. The maximum dis-
placement amplitude of the vibration actuator was limited to 5 mm between 5 and 7 Hz to
ensure the electrodynamics exciter’s integrity. As a result, the applied acceleration at these
frequencies was limited to 0.5 g, gradually increasing until reaching 1 g at 7 Hz.

4.3.2.3 Random vibration test

In the random vibration test, the devices under test were exposed to a pseudo-random
vibration with a particular ASD. Figure 4.34 displays the measurement of the applied ASD



160 Substrate Integrated Circuits

(©) )

Figure 4.33: Setup for vibration tests with the filters under test bolted to the vibration plate:
(a) vibration on the X-axis, (b) vibration on the Z-axis, (c¢) vibration on the Y-axis, and
(d) vibration of two ESICL filters with different lengths.
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in this test for all three spatial axes. The vibration was applied for 2 min for each axis, with a
root mean square power value of 7.1 g.
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Figure 4.34: Amplitude Spectral Density (ASD) of vibration measured during the random
vibration test of the SIC filters.

4.3.2.4 Shock test

During shock testing, devices under test are exposed to high-energy mechanical vibrations
of up to 1000 g. This test attempts to simulate the mechanical stress experienced during orbit
correction manoeuvres. Due to the high energy needed to perform this test, shock testing
could not be carried out. Instead, we present an analysis of possible structural challenges that
could arise specifically for substrate-integrated filters.

The structure of the SIW filter is unlikely to be damaged, except in the rare case of a
severe breakout of the PCB. Such a strong impact would also affect other parts of the entire
communication system, so the integrity of the filter itself would not be a problem.

In contrast, ESIW and ADLS filters can suffer from a separation of their welded layers.
Even small gaps between layers can lead to significant resonators detuning and increased
insertion loss. On the other hand, the risk of PCB breakout is lower than for the SIW topology
since the stack-up of layers is mechanically more robust than a single layer.

For the ESICL filter, the separation of the welded parts is far less critical since the electric
current distribution differs from ESITW and ADLS topologies, having no vertical components.
This makes the ESICL structure more robust to gaps between layers. Nevertheless, the risk
of a breakout of the PCB layer is always present.
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4.3.2.5 Natural frequency

To comply with the ECSS standard, it is necessary to measure the natural frequency of
the devices under test before and after each vibration test. The standard stipulates that there
should be no more than a 5% deviation in frequency and no more than a 20 % deviation in
amplitude. However, the size of the devices under test was too small to accurately charac-
terise the deviation in the amplitude of the resonance, so only frequency deviations will be
considered in this study.

As in the previous study included in Section 3.6.2, the natural frequency was characterised
before and after conducting both the sinusoidal and random vibration tests. The fact that two
tests were conducted instead of one provides an additional safety margin for meeting the
ECSS standard.

4.3.2.6 Experimental results

The filters’ frequency response was evaluated before and after the vibration test. Mea-
surements were done using the TRL calibration kit designed for the filters, compensating the
effects of connectors and feeding lines. Figure 4.35 shows the frequency response of the
filters. The changes in the frequency response were found to be negligible, only presenting
significant variations in the values of the return loss. No important deviations in frequency or
insertion loss were observed in any case.

To study the effect of the length of the feeding line of the devices on their response under
extreme vibration, the vibration tests were carried out for two different lengths of the ESTW
and ESICL filters. Table 4.11 lists the dimensions and natural frequencies of the filters under
test.

Table 4.11: Natural frequency deviation of the filters after the vibration test campaign.

Filter Height | Width | Total length | Initial Freq. | End freq. | Freq. deviation
(mm] | [mm] [mom] [Hz] [Hz] (7]
SIW 1 25 90 424 425 +0.2
ESIW Short 3 40 130 349 348 +0.3
ESIW Long 3 40 140 303 289 +4.6
ADLS 3 25 113 494 478 +3.2
ESICL Short 4 20 116 435 434 -0.2
ESICL Long 4 20 136 355 345 +0.3

The deviation in natural frequency before and after the tests did not exceed the established
limit of 5 %. The extended length ESIW filter exhibited the highest variation, followed by
the ADLS filter. The remaining filters showed variations below 0.3 %, demonstrating their
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Figure 4.35: Frequency response of filters before and after the test campaign: (a) SIW filter,
(b) ADLS filter, (c) ESIW filter, and (d) ESICL filter.
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structural strength. It is interesting to note that longer versions of the filters exhibited lower
natural frequencies and higher variations after tests, but all results remained under the 5 %
limit. No significant differences were observed between the results obtained for filters of
different lengths in terms of their deviation in natural frequency or frequency response. Thus,
the length of the feeding line is not a significant parameter regarding mechanical reliability.

The vibration tests conducted on the substrate-integrated filters demonstrated their ca-
pability to withstand mechanical disturbances generated by orbit allocation. Additionally,
frequency response measurements showed that the vibrations did not affect the filters’ per-
formance, indicating their suitability for space applications.

4.3.3 Multipactor

As previously mentioned, the multipactor effect can cause a self-stimulated avalanche of
electrons that limits the device’s maximum power handling capability. This section presents
the predictions of the multipactor effect on the substrate-integrated filters developed in this
part of the thesis, including the estimation of maximum input power values, as well as the
identification of critical areas and frequencies. Only the ESIW, ESICL, and ADLS filters that
are totally or partially empty will be studied, as the multipactor effect requires a high vacuum
condition to appear.

The measured response of the SIC filters exhibits a significant deviation that makes it
impossible to accurately approximate them using a circuit-based model (using the coupling
matrix prototype) or a simulation model (using a combination of CST and Spark 3D). As a
result, it is impractical to analyse the multipactor phenomenon using the approaches devel-
oped in Section 3.6.3. In this case, the multipactor power threshold was estimated using the
simple parallel plate model and the ideal response of the filters.

4.3.3.1 Multipactor prediction

For the study of the multifactor effect, the parallel plate model developed by Hatch and
Williams has been used, whose procedure for finding the multipactor threshold is explained
below.

First, the distribution of the electric field along the filters is obtained, and the voltage in
the area where the electric field is at its maximum is calculated as a function of frequency.
The electric field distribution of the ESTW and ADLS filters was examined at the centre of the
waveguide where the 7'Ey; mode has the maximum electric field. In the case of the ESICL,
the electric field was computed at the centre of the top gap, where the electric field intensity
is higher.
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Figure 4.36 illustrates the frequency distribution of the electric field in the different filters.
The different filter implementations show similar electric field distribution. The maximum
field intensity is situated in the centre of the second resonator near the upper (13.2 GHz) and
lower (12.8 GHz) cutoff frequencies.

Next, the maximum voltage in each guided medium (waveguide or coaxial line) was
calculated by integrating the electric field along its trajectory. In the case of the ESIW and
ADLS filters, this voltage was determined by multiplying the waveguide’s height with the
electric field, given that the 7'Fjy; mode’s electric field is uniformly distributed along this
axis. Conversely, for the ESICL filter, the voltage calculation involved integrating the electric
field along its path due to the radial attenuation of the 7'"E'M mode’s electric field. Figures
4.37 (a), (c), and (e) show the frequency dependence of the maximum voltage for the empty
areas of the ESIW, ESICL and ADLS filters. As anticipated, the voltage distribution across
all filter variations exhibits a consistent pattern, attaining its peak near the cut-off frequencies.

Then, the Voltage Magnification Factor (VMF) was calculated for each frequency point.
This factor is defined as the ratio between the maximum voltage at the specific frequency
and the input voltage (V;,,). The voltage at the input of the device (V},,) was obtained by
integrating the electric field at the input port.

Finally, the threshold power can be obtained using equation 4.11. This expression relates
the VME, the characteristic impedance of the fundamental mode of the guide Z;, and the
maximum voltage required for multipactor discharge in the parallel plate equivalent Vth to
threshold input power [74, 143].

th _ |Vth‘2
T 2Z0VMP?(1 — | S11])2
We already know the value of all these variables, except for the threshold voltage Vth
that can be obtained from the Hatch and Williams susceptibility charts provided by the ECSS
multipactor calculator tool of the European Space Agency. Figures 4.37 (b), (d), and (f) show

4.11)

the maximum input and output power for each filter as a function of the frequency. The

maximum input power was computed with equation 4.11, and the output power equation was
calculated as P/, = P! .| Sy |2

Table 4.12 summarises the critical areas and frequencies of the different filter topologies.
The critical area is the centre of the second resonator for the ESIW and ESICL filters and
the interface between the second inverter and the second resonator for the ADLS filter. The
critical frequencies are 13.17 GHz for the ESIW filter and 12.85 GHz for the ESICL and
ADLS filters.

When it comes to critical input power thresholds, the ESIW filter registers 247 W, the

ADLS realisation reads 270 W, and the ESICL topology registers 186 W. Notably, these
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Figure 4.36: Electric field distribution in the different filters along their central line: (a)
ESIW filter, (b) ESICL filter, and (c) ADLS filter. The figures show the distribution of
the electric field for different frequencies along the length of the filters at the position
with maximum field intensity.
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Figure 4.37: (a) Voltage distribution of the ESIW resonators, (b) maximum power of the
ESIW filter, (c) voltage distribution of the ESICL resonators, (d) maximum power of
the ESICL filter, (e) voltage distribution of the ADLS inverters, (f) maximum power of
the ADLS filter.



168 Substrate Integrated Circuits

values were calculated with the parallel plate model, which assumes a uniform electric field
distribution between the two plates. While this assumption aligns well with the field distribu-
tion of the ESIW and ADLS filters, it is less apt for the field distribution of the ESICL filter.
As a result, the prediction for this topology is probably much more conservative than those
of the other filter realisations. However, considering that the parallel plate model sets up a
worst-case scenario, the yielded threshold values (exceeding 200 W) are sufficiently high for
most space communications systems based on LEO and MEO orbits.

Table 4.12: Most important data for multipactor analysis of SIC filters.

Filter ESIW ESICL | ADLS
Critical frequency

13.17 /12.78 | 12.85 12.85

(GHz)
?f;;mum Voltage | o) 24 /5677 | 65.57 | 46.87
Critical resonator 2nd / 2nd 2nd 2nd

Maximum input power

247 /263 186 270
(W)

4.4 Substrate-Integrated Dividers

The low-loss and wide operation bandwidth of the ESICL makes it especially suitable for
low-frequency applications. Compared to other transmission lines, such as the microstrip or
the coplanar waveguide, the ESICL exhibits lower insertion loss and high electromagnetic
shielding. These factors make it very suitable for demanding and high-power applications at
C-band, including research pico- and nano-satellites applications or high-throughput mobile
communication systems operating at low frequencies. This section presents three demonstra-
tor models of redistribution elements broadly used in the industry: a T-junction divider, a
Wilkinson divider, and a 90° hybrid directional coupler. Moreover, a new design of ESICL
with a broader operational bandwidth and its associated transition to coplanar waveguide are
presented.

4.4.1 ESICL Design and Transition

Section 4.1.3 introduced the structure and design equations of the Empty Substrate In-
tegrated Coaxial Line (ESICL). However, this study omits a comprehensive analysis of its
multimode behaviour. While every transmission line inherently supports multiple modes
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of propagation, operating within the single-mode bandwidth is highly recommended. Con-
sequently, this section delves into a numerical multimode analysis of the ESICL structure,
encompassing its associated transition to a grounded coplanar waveguide.

Figure 4.38 depicts the electric field distribution of the first four modes of a square ES-
ICL. The fundamental mode is a T'E' M mode with a cut-off frequency of 0 GHz. The other
three high-order modes that propagate through the structure are 7'F modes, whose cut-off
frequencies mainly depend on the width and height of the inner and outer conductors.

I
i
i

il

(a) TEM b) TE () TEso

Figure 4.38: Field distribution for the four lowest order modes of the Empty Substrate Inte-
grated Coaxial Line.

With this in mind, the dimensions of the ESICL were optimised to obtain not only a 50 €2
line impedance but also a broad monomode bandwidth, resulting in the dimensions of Table
4.13.

Table 4.13: Dimensions for the proposed Empty Substrate Integrated Coaxial Line (ESICL).
Winner 18 the width of the inner conductor, W, ., is the width of the outer conductor,
H,pner 1s the height og the inner conductor, and H,,;., is the height of the outer con-
ductor.

Designed | ESICL design
Parameter | ESICL from [87]
Winner | 0.960 1.917

Hipner | 0.584 0.933

Wouter | 2.124 6.000

Hoyper | 1.748 2.733

The cut-off frequencies (f..) of the first four modes of the proposed ESICL are compared
with a previous design [87] in Table 4.14, whose dimensions are also included in Table 4.13.
As can be noticed, the proposed line exhibits a monomode bandwidth of 58.9 GHz, more
than twice the bandwidth of the previous design.

The proposed ESICL is built in a stack-up of RO4003C substrates with a relative permit-
tivity of €, = 3.55. The layer 3 is 0.508 mm thick, while layers 2 and 4 are 0.406 mm thick.
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Table 4.14: Cut-off frequencies (f.) of the first four modes of the Empty Substrate Integrated
Coaxial Line (ESICL) structures for two designs.

Mode feof the f. of the ESICL
proposed ESICL [GHz] | proposed in [87] [GHZ]
TEM mode | 0 0
2nd mode (TE) | 58.9 21.5
3th mode (TE) | 61.9 39.1
4th mode (TE) | 105.9 51.2

All substrates have a 17.5 um copper cladding on the top and bottom layers that are thickened
during the manufacturing process, obtaining a final metallisation thickness of approximately
57.5 um on both sides.

The proposed design offers an improved single-mode bandwidth, yet it does face a sig-
nificant challenge: the cross-section area of the inner conductor is small, potentially compro-
mising its mechanical strength. To address this concern, the transition developed in [87] was
modified to enhance the mechanical integrity of the junction where the inner conductor and
the transition meet. Figure 4.39 displays the new layout of the transition. Similar to the previ-
ous design, it consists of a grounded coplanar waveguide, a quarter-wavelength stripline, and
a short section of suspended stripline with an input iris for feeding the ESICL. Notably, the
suspended stripline in this version no longer includes the side cuts seen in the earlier design,
which were used to accurately define the input iris’s width. Instead, the new layout employs
a series of metallised vias to implement the input iris, strengthening the connection while
precisely defining the width and length of the input iris.

The transition design procedure is described in [87]. Firstly, the dimensions of the dif-
ferent phases of the transition are chosen to achieve a 50 {2 impedance. The length of the
stripline is selected as a multiple of a quarter wavelength, and the length of the suspended
stripline is chosen to be as short as possible (in this case, 0.5 mm). These initial dimensions
are then fine-tuned using CST to obtain the desired impedance over the operational bandwidth
that, in this case, goes from 0 to 20 GHz. Finally, the transition is optimised to maximise the
return loss, resulting in the dimensions presented in Table 4.15.

A transition prototype was developed using a mechanical milling machine and an electro-
plating system, and the different layers were assembled. This prototype employed no solder-
ing as the distribution of the TEM electrical currents makes this structure insensitive to gaps
between layers.

Figure 4.40 shows the assembled prototype and Figure 4.41 depicts the simulated and
measured response. Measurements results fit the simulations. The transition exhibits a return
loss higher than 14 dB from 0 GHz to 20 GHz. This transition was used in all the technology
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Figure 4.39: Layout of the modified transition between coplanar and ESICL. (a) Top view
of the 3" layer. (b) Bottom view of the 3™ layer. (c) Bottom view of the 4™ layer.
(d) View of the 2" layer. In light grey the dielectric substrate, in dark grey the copper
metallisation on top of the substrate, and in black the metallised vias and the border
copper metallisation.
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Table 4.15: Dimensions for the proposed four-stage transition from grounded coplanar

waveguide to ESICL.
Parameter | Dimension [mm] | Parameter | Dimension [mm]

a. | 0.84 b. | 1.34
L. | 14.70 L. | 3.50
ae | 0.57 b | 1.34
inasl 2.34 Wm’as2 3.24
We | 2.34 dyia | 0.50
ay | 0.92 Wi, | 1.46
Wm’asS 2.46 Puia 0.70

Ly | 1.00

demonstrators presented in this section of the thesis.

Figure 4.40: Manufactured prototype of the back-to-back transition from grounded coplanar
waveguide to ESICL.

4.4.2 ESICL Power Divider

The first technology demonstrator is a T-junction power divider, operating at 5 GHz,
which layout is shown in Figure 4.42.

This divider is composed of two transmission lines with a characteristic impedance of
50 €2 connected to a quarter-wave impedance transformer line with a characteristic impedance
of 50/v/2 € designed to adapt the two output ports to an input impedance of 50¢2. The
impedance transformer features two linear tapers with an angle of & = 27° to enhance the
overall performance. With this configuration, the input port of the divider is adapted to oper-
ate as a divider instead of a combiner.

The three arms of the divider were equally oriented in a 120° disposition [64] to minimise
the capacitive effects of the joint and obtain a wider bandwidth. Finally, the length of the
impedance transformer, the transitions, and the joint angle of the output ports were fine opti-
mised to maximise the return loss while maintaining a good output balance. The final dimen-
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Figure 4.41: Simulated and measured response of the back-to-back transition from grounded
coplanar waveguide to ESICL.

sions of the design are: W;; = 0.96 mm, W;, = 1.88 mm, g = 0.60 mm, L,, = 12.57 mm,
and L; = 0.93 mm.

The same substrates and techniques employed in the ESICL transition were utilised for
the fabrication of this device. The manufactured prototype includes the transition to coplanar
waveguide developed in the previous section. Figure 4.43 shows the most representative
views of the different layers of the divider and provides a general perspective of the assembled
device.

The frequency response of the prototype was measured using a calibrated VNA, and the
results are shown in Figure 4.44. It is worth noting that a commercial SOLT calibration was
employed, which does not compensate for the effect of connectors and transitions. Figure
4.44 compares the measured parameters of the manufactured device with its simulated coun-
terpart.

As observed from Figure 4.44, the power divider demonstrates good matching at the input
port, achieving an optimal match at a center frequency of 4.9 GHz. The practical operational
bandwidth was reduced from a 65 % to an approximately 54.8 % for a return loss of 15dB.
Furthermore, the power division is So; = —3.4dB £ 0.3dB and S3; = —3.5dB £ 0.5dB
across the operational bandwidth.

4.4.3 ESICL Wilkinson Divider

The second technology demonstrator is a Wilkinson power divider designed to operate at
5 GHz. This passive device is ideally reciprocal, matched at all ports, and lossless when the
two output ports are well-matched and balanced [64]. These properties are achieved through



174 Substrate Integrated Circuits

120°

120°

Figure 4.42: Layout of the third layer of the ESICL divider. In grey is the top copper
metallisation of the substrate, and in black is the border copper metallisation.

its unique topology, consisting of a 50 () input line connected to two quarter-wavelength
transmission lines of 71.7 {2, between which a lumped resistor of 100 €2 is connected [64].

Figure 4.45 depicts the layout of the proposed implementation. Implementing the con-
nection of the lumped resistor in shielded transmission lines whose active conductor is en-
capsulated by the ground is challenging. However, as the ESICL technology is composed
of multiple substrate layers, it is possible to mill two striplines in layers three and four that
connect the two output ports, enabling the connection of the resistor. This is one of the advan-
tages of SIC structures as they enable the hybridisation of technologies, i.e., the combination
of planar and 3D transmission lines.

Implementing the Wilkinson divider with the stripline connection complicates the manu-
facturing process and increases reflections. A complex process of milling and metallisation
was necessary to include the stripline and the surface-mounted resistor. The active conductor
of the stripline was milled in the third layer, and the copper cladding of the bottom side of
layer four was milled to prevent short-circuiting the stripline. In addition, a hole was made in
layers four and five to accommodate the surface-mounted resistor, as shown in Figures 4.46
(a) and (b). Figure 4.45 shows the top view of the third layer, and the manufactured device is
displayed in Figure 4.47.

The separation between the output arms was found to be inversely proportional to the

input port’s matching level. So it was decided to set a minimum separation of 5 mm between
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Figure 4.43: Most representative views of the divider: (a) Top view of the first, second and
third layers, (b) top view of the assembled device without the top layer, (c) top view of
the assembled divider, and (d) detail of the device.

output arms and bends at the end of the output lines. These bends were introduced to ac-
commodate the end-launch connectors. Subsequently, an optimisation process was initiated,
prioritising achieving optimal input port matching and effective output port isolation rather
than focusing on output port matching. In this optimisation process, several key parame-
ters were taken into account, including the lengths of the output transmission lines (L.), the
width of the 50 ) characteristic impedance (W},), the resistor position (L), the length of
the transition between lines with different impedance (L,), and the width of the strip line
(Wsma)-

The final dimensions of the Wilkinson power divider are listed in Table 4.16, and its
frequency response is shown in Figures 4.48 (a) and (b).

The frequency response of the manufactured device demonstrates an exceptional perfor-
mance. The relative bandwidth of the input port matching is 20.4 % for a return loss threshold
of 15 dB, while the relative bandwidth for an isolation between the output ports of 15dB is
57 %. The measured insertion loss is below 0.5 dB for the entire bandwidth, and the maxi-
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Figure 4.44: Simulated and measured response of the ESICL divider.

Figure 4.45: Layout of the third layer of the Wilkinson divider. In grey the copper metalli-
sation on top of the substrate, and in black the border copper metallisation.

mum power unbalance is only 0.2 dB. Additionally, the phase unbalance remains below 0.5°
within the entire operational bandwidth.

A comparison between the proposed Wilkinson divider and a prior design based on a
similar substrate-integrated waveguide technology [144] is presented in Table 4.17. The
comparison reveals a noteworthy enhancement in terms of operational bandwidth and loss
in the proposed design. These results clearly demonstrate the potential of ESICL technology
in the development of high-performance components operating in the C band.

4.4.4 ESICL Hybrid Directional Coupler

The third technology demonstrator is a 90° hybrid directional coupler with a branch-line
topology designed to operate at 5 GHz. The layout of this device is presented in Figure 4.49.
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(2) (b)

Figure 4.46: Detail view of the surface-mount resistor: (a) Top view of the third layer and
(b) top view of the assembled device without the top cover.

(a) b)

Figure 4.47: Manufactured prototype of the Wilkinson divider: (a) top view of the device
and (b) detail of the coplanar feeding waveguides.

This four-port network divides the input signal between the direct and the coupling ports
(ports 3 and 4), while isolating port 2. Additionally, it introduces a phase shift of 90° between
the direct and coupled ports. The device comprises four quarter-wavelength transmission
lines, where the two vertical lines have a 50 {2 impedance, and the two horizontal ones have a
50/+/2€) impedance, ensuring equal power distribution between the direct and coupled ports.

The dimensions of the vertical and horizontal transmission lines were optimised using
an ideal transmission line model developed in AWR, prioritising the matching at all ports
and an equal power distribution between the direct and coupled ports. The optimal electrical
response was achieved by selecting a characteristic impedance of 48.26 () for the vertical
lines (1W;,) and 34 €2 for the horizontal lines (1¥;;,). These dimensions were then incorporated
into the 3D model of the ESICL, and the dimensions of the structure were fine-tuned to obtain
the final dimensions listed in Table 4.18.

During the manufacturing of this device, a significant challenge emerged: the disruption



178 Substrate Integrated Circuits

Table 4.16: Final dimensions of the Wilkinson divider.

Parameter | Dimension [mm| | Parameter | Dimension [mm]|
Lin 6 mm W, 0.64 mm
Lout 2 mm W 5.2 mm
Ly 3.63 mm Womd 0.56 mm
Ly 18.63 mm Jin 0.542 mm
Lona 2.76 mm ab 0.704 mm

L, 9.5 mm Gsmd 0.52 mm
Ly 1.41 mm B 10°
Wi 0.96 mm 0 120°

Q 7°

Table 4.17: Performance comparison of the proposed Wilkinson divider.

Parameters ESICL (gl;glyéll‘;:g) ?{ XZ]
Bandwidth for S;; < —15dB 20.4 % not reaching —15dB
Bandwidth for S3» < —15dB 57 % 15.3 %
Bandwidth for Sy, < —15dB | from 1 to 5.2 GHz not reaching —15dB

Insertion loss [dB| 0.5 0.75

Phase unbalance [deg] 0.5 5

Power unbalance [dB] 0.2 Not included
Dimensions [mm] 42.90 x 12.55 x 2.67 | 12.47 x 12.47 x 0.76

of electrical contact between the inner square of the device and the broader PCB, leading
to difficulties in achieving proper metallisation during the fabrication process. This problem
was overcome by producing the inner square as a separate part, which can be affixed later
to the rest of the device using bolts. Other than this challenge, the same substrate materials
and fabrication methods used in the production of the ESICL transition were used in the
manufacturing process of this device.

Figure 4.51 (a) presents a comparison between the simulated and measured results of the
manufactured 90° hybrid directional coupler, demonstrating that the frequency response of
the device aligns with the simulations and exhibits a fractional bandwidth of 22 % for a return
loss higher than 15dB. The average measured insertion loss is lower than 0.7 dB, and the
maximum amplitude imbalance within the operating bandwidth is 1 dB. Furthermore, Figure
4.51 (b) illustrates the simulated and measured phase shift, indicating that the device provides
a phase shift of 89.5° &£ 1° for the operating bandwidth.

Table 4.19 provides a comparison of the 90° hybrid coupler with similar couplers imple-
mented in a waveguide and a substrate-integrated coaxial line [145]. It is important to note
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Figure 4.48: Simulated and measured response of the ESICL Wilkinson divider.

that the reported data for these two references did not include the effect of transitions and
connectors. For a proper comparison, the loss due to connectors (1 dB) has been removed for
the measurements of the ESICL device.

The bandwidth values for the ESICL and substrate-integrated coaxial line devices cor-
respond to return loss values greater than 15dB, while the value for the waveguide device
corresponds to a return loss greater than 26 dB. Compared to the waveguide hybrid, the ES-
ICL hybrid coupler is significantly lighter and smaller. The performance of the ESICL hybrid
coupler is comparable to that of the substrate-integrated coaxial line proposed in [145]. Our
implementation shows lower insertion loss, wider operational bandwidth, and similar unbal-
ance, demonstrating the potential of ESICL technology for applications that require a balance
between electrical performance, size, and mass.
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Figure 4.49: Layout of the third layer of the 90° hybrid directional coupler. In grey the copper
metallisation on top of the substrate, and in black the border copper metallisation.

Table 4.18: Dimensions of the 90° directional coupler.

Parameter | Dimension [mm]
Wi, | 1.05mm
Wi, | 1.98 mm
Wi | 0.96 mm
g | 0.6
Ly | 15.36 mm
L, | 15.94mm
B | 62°

Table 4.19: Comparison of the 90° hybrid directional coupler.

Parameter | ESICL Waveguide | Substrate-Integrated Coaxial Line [145]
Dimensions [mm]| | 20x37x4.8 | 153x267x63.5 14x24x0.5
Weight [g] 48.28 900 (not reported)
Center frequency [GHz] 5 5 5.5
Relative bandwidth [%] 22 14 16
Insertion loss [dB] 0.5 (not reported) 0.8
Power unbalance [dB] | =+ 0.98 +0.25 +1
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Figure 4.50: Most representative views of the 90° hybrid directional coupler: (a) top view of
layers one, two, three, four and five, (b) top view of the assembled divider without the
top cover, and (c) detail of the assembled device.
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Figure 4.51: Simulated and measured response of the ESICL directional coupler: (a) S
parameters and (b) phase shift between direct and coupled port.



Chapter 5

Reconfigurable Devices Based on Liquid
Crystal

As described in Chapter 1, reconfiguration is one of the challenges in the current state-of-
the-art of microwave technology. This need has led to the development of different reconfigu-
ration strategies, as discussed in Section 1.2.2. Among these strategies, functional materials,
and particularly liquid crystals, have emerged as promising candidates. Functional materials
offer the ability to control their electromagnetic properties (permittivity, permeability, or con-
ductivity) through an external stimuli (heat, electric fields, magnetic fields, or biased electric
currents).

Compared to other reconfiguration methods like RF-micro-electro-mechanical systems or
diodes, which offer discrete reconfiguration states, functional materials provide continuous
reconfiguration capabilities. Moreover, while traditional reconfiguration methods are typi-
cally implemented in lumped elements, making their integration into non-planar and multi-
layer structures challenging, functional materials can be distributed throughout the device.
These advantages have generated a growing interest in using functional materials at mi-
crowave and millimetre-wave frequencies, driving the application of liquid crystals at these
frequencies.

However, the application of liquid crystals at microwave frequencies faces a fundamental
challenge: the lack of characterisation. Liquid crystals have been extensively used at op-
tical frequencies, as evidenced by the wide range of liquid crystal displays available in the
market. However, there is limited information available on the behaviour of such materials
at lower frequencies, particularly in the microwave band. This chapter addresses this gap
by presenting two novel characterisation methods that can be used to extrapolate the dielec-
tric anisotropy, splay deformation constant, and rotational viscosity of commonly used liquid
crystal mixtures.
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On the one hand, the anisotropy of the four liquid crystal mixtures will be characterised,
including the GT3-23002 mixture from Merck KGaA and the QYPDLC-142, QYPDLC-36
and QYPDLC-193 mixtures from Qingdao QY Liquid Crystal Co. The dielectric properties
of these mixtures (permittivity and loss tangent) at their two polarisation extremes will be
approximated using a split-cylinder-cavity resonator. For this purpose, three cavities operat-
ing at 5 GHz, 9.5 GHz, and 11 GHz were designed and fabricated. In this method, the liquid
crystal samples are placed in glass cells that enable the orientation of the LC molecules in
a preferred direction. As a result, the dielectric permittivity and loss tangent of the liquid
crystal can be obtained at the two polarisation extremes without the need for external biasing
fields. The cells do not require conductivity, additional polarisation patches, magnets or coils,
simplifying the measurement setup.

On the other hand, some of the most important mechanical properties of the GT3-23002
mixture, including the splay deformation constant (/K1) and rotational viscosity (1), will
be measured using a substrate-integrated waveguide resonator. This resonator includes two
polarisation patches in a substrate-integrated cavity implemented within three PCBs. These
polarisation patches are used in conjunction with an anchoring layer to accurately control
the orientation of the liquid crystal molecules, allowing for a continuous tunability of the
resonator. This structure enables the determination of the dielectric properties of the LC sam-
ple under different polarisation states, as well as the approximation of its splay deformation
constant and rotational viscosity.

Lastly, the concluding section of this chapter presents a new tunable phase shifter im-
plemented with a liquid crystal filled section of an ESICL. This device and the previously
mentioned reconfigurable resonator serve as technology demonstrators to illustrate the bene-
fits of using LC at microwave frequencies.

The structure of this chapter is as follows. The first section delves into the properties
of the liquid crystals. The second section provides a brief introduction to the fundamentals
of material characterisation at microwave frequencies. The third section presents the split-
cylinder-cavity characterisation method, including the obtained results for the samples under
study. In the fourth section, the structure of the substrate-integrated waveguide resonator is
described, along with the methodology employed to approximate the dielectric anisotropy
and mechanical properties of the GT3-23002 liquid crystal. Finally, the fifth section show-
cases the design and results of the LC-filled ESICL phase shifter.
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5.1 Liquid Crystal Theory

The term Liquid Crystal (LC) refers to a class of materials that share properties of both
crystalline solids and isotropic liquids, giving them a liquid-like appearance. Liquid crystal
molecules are purposefully designed to exhibit mechanical, dielectric, electric, and magnetic
anisotropy.

The mechanical anisotropy of their molecules grants liquid crystals both the high fluid-
ity and free molecular mobility of liquids and the long-range orientation order of crystalline
solids. Liquid crystal molecules can be oriented in a specific direction, resulting in high ori-
entation order, while they also can freely move in particular directions, resulting in low posi-
tional order. Additionally, the magnetic and electric anisotropy of liquid crystals can be used
in conjunction with their dielectric and optic anisotropy, resulting in an agile material whose
dielectric properties can be controlled by means of an electric or magnetic field. An external
electric or magnetic field can be employed to rotate and reorient the LC molecules, which al-
lows the control of the electromagnetic properties of the material. These characteristics have
allowed for the creation of agile devices, including liquid crystal displays, optic communica-
tion components, and, recently, millimetre and microwave frequency devices [146].

Liquid crystal molecules have an asymmetric geometry, with calamitic LCs having an
elongated or rod-shaped structure and discotic LCs having a disk-like shape. The asymmetry
in their geometry and molecular construction is responsible for their unique properties. The
molecules of calamitic LCs typically consist of a rigid core, a flexible tail, and a head with
a permanent dipole. The head dipole provides electric and magnetic anisotropy, which is
used to orient the molecules using an external electric or magnetic field. The cylindrical or
ellipsoidal rigid core contributes to the dielectric, optical, and mechanical anisotropy (high
orientation order), while the flexible tail enhances molecular mobility, reducing positional
order. As a result, LC molecules exhibit a combination of properties that make it a func-
tional material. Figure 5.1 shows the simplified scheme of a nematic LC molecule and a
representation of the 4-Octyl-4-biphenylcar-bonitrile molecule.

5.1.1 Anisotropy and Reconfigurability

The LC molecules exhibit a high dielectric anisotropy. The dielectric anisotropy (Ae, =
(¢ — 1)) represents the difference between the dielectric permittivity of a material under
different electric polarisation. When the same electromagnetic field is applied to two LC
molecules that are perpendicularly polarised; one oriented in parallel to the electric field and
the other perpendicular; the free charges of the molecules move, producing a dipole mo-
ment in opposition to the electric field. As can be seen in Figure 5.2, the dipole moment of
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Figure 5.1: Calamitic Liquid Crystal molecule: (a) functional scheme of a typical molecule,
(b) scheme of a molecule of 4-Octyl-4-biphenylcar-bonitrile, and (c) 3D view of a
molecule of 4-Octyl-4-biphenylcar-bonitrile.

the molecule oriented parallel to the electric field is greater than that of the molecule oriented
perpendicular to the field [147]. This difference results in different dielectric permittivity val-
ues for both polarisations. The permittivity of the LC material when its molecules are aligned
with the electric field is denoted by €. In contrast, the permittivity when the molecules are
perpendicular to the electric field is denoted by <, . Intermediate polarisation angles would
result in varying permittivity values.

Macroscopically, the electromagnetic properties of LCs are those of an uniaxially anisotropic
material, whose molecules’ orientation axes are described by the director 77. Therefore, the
dielectric permittivity of liquid crystals can be defined as a tensor. For an x-oriented LC
volume and a y-oriented electric field, the permittivity tensor can be described as follows 5.1:

€H 0 0
=10 €, 0 5.1
0 0 gl

Figure 5.3 illustrates the cross-section of a liquid crystal cell, consisting of two parallel
surfaces separated by a small distance filled with liquid crystal. This topology has been
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Figure 5.2: Dipole moment induced in a molecule of LC under the presence of an electric
field: (a) the molecule is perpendicularly polarised and (b) the molecule is parallelly
polarised.

commonly used in the literature because it is the basic building block of a liquid crystal
display.
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Figure 5.3: Schematic cross-section of an LC cell.

Although liquid crystals exhibit a high order of orientation, the molecules in a high vol-
ume of liquid crystal tend to be oriented in small domains. To achieve a homogeneous align-
ment throughout the entire volume, it is necessary to force the alignment of the liquid crystal
molecules in the desired direction by applying some external force. Otherwise, the different
polarisation domains will result in an equivalent isotropic material with an average effective
permittivity e = (e +€1)/2 [148].

The molecules of a liquid crystal can be aligned using two methods: an anchoring layer
and an electric or magnetic field. The alignment by anchoring layer involves creating a tex-
tured coating layer with microscopic grooves on the walls of the LC cell. The molecules of
the liquid crystal align with the direction of these grooves to reduce their total energy [148].
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In contrast, the alignment by an external field involves applying an electric or magnetic field
that induces forces on the permanent dipoles of the LC molecules, forcing their orientation.
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Figure 5.4: Alignment and polarisation of an LC cell under different bias voltages (V}): (a)
Vi < Vin, (b) Vo > Vi, and (¢) Vy >> Vi

Both alignment methods are typically combined to create a material medium with vary-
ing permittivity. Figure 5.4 depicts the different polarisation states of an LC cell under var-
ious biasing voltages (V;,). The cell is coated with an anchoring layer that enables the LC
molecules to align parallel to the surface. When a voltage is applied between the two sur-
faces, the force induced in the dipole of the molecules causes them to rotate and align with
the field. This force is perpendicular to the alignment force generated by the anchoring layer,
which attempts to keep the molecules parallel to the cell surfaces. When the voltage is null
or very low, the molecules remain parallel to the cell’s surface. However, when the voltage
increases, the electric force exceeds the anchoring force, and the molecules rotate until an
equilibrium state is achieved. The needed voltage to exceed the anchoring force is known as
the threshold voltage or voltage of Fréedericksz and can be determined using the following
expression [148]:

Kll
gole

Vi =m (5.2)

, Wwhere K is the elastic splay constant or constant of Frank, and Ac is the dielectric
anisotropy of the LC at the frequency of the biasing voltage.
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When the voltage is strongly increased, the force induced by the voltage dominates over
the anchoring force, and the molecules are orientated parallel to the voltage. Finally, when
the applied voltage is reduced, the anchoring force begins dominating, and the liquid crystal
molecules reduce their angle with the cell surface.

This mechanism, known as Fréedericksz transition, has been widely used to develop re-
configurable devices at optical frequencies, and it is being explored to develop agile de-
vices at microwave frequencies. However, commercial liquid crystal mixtures are not well-
characterised at such low frequencies. For this reason, one of the objectives of this thesis is to
characterise the most important properties of these materials at low frequencies, specifically
the X and C bands. The following sections present an overview of the existing characterisa-
tion methods, along with the introduction of two novel characterisation techniques.

5.2 Liquid Crystal Characterisation

In the case of dielectric materials, their interaction with electric fields is described by
the dielectric permittivity (¢ = € — j&”). This interaction encompasses various microscopic
and macroscopic phenomena: at low frequencies, the interaction is dominated by ion con-
ductivity, while at higher frequencies, such as millimeter-wave frequencies, it is associated
with atomic and electronic polarisations. In the microwave and millimeter-wave range, dipo-
lar relaxation becomes the main contributor to the permittivity [149]. Consequently, the
permittivity and loss tangent (tand = ¢”/¢’) of materials exhibit a strong frequency depen-
dence. Figure 5.5 depicts the typical behaviour of the complex dielectric permittivity along
frequency.

Frequency [Hz]

Figure 5.5: Evolution of dielectric permittivity with frequency for a typical dielectric mate-
rial. Data extracted from [149].
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As can be noticed, the investigation of the electromagnetic properties of materials is
essential for designing and developing electromagnetic devices across various frequency
ranges. Liquid crystals, which have found extensive applications in the optical domain, are
now being explored for their potential at millimetre and microwave frequencies. However, the
electromagnetic properties of these materials remain relatively unexplored at these frequency
ranges. This section briefly overviews some dielectric characterisation methods employed
for analysing this material in the context of their electromagnetic behaviour.

5.2.1 Dielectric Characterisation Methods

The literature describes various microwave methods for characterising electromagnetic
materials. These methods are based on the principle that the properties of microwave devices
are determined by their geometry and the electromagnetic properties of their materials. Thus,
knowing these properties, it is possible to deduce the electromagnetic characteristics of the
material under test from the measured response of the device. Dielectric characterisation
techniques at microwave frequencies are typically divided into two categories, depending
on the response of the devices used for the assessment: resonant methods and non-resonant
methods.

Resonant methods rely on the measurement of the properties of microwave resonators,
i.e. resonant frequencies and quality factors, to extract the electromagnetic properties of the
material. These methods provide precise results for a single frequency or a few discrete
frequencies at best. Examples of resonant methods include the use of cavity resonators,
waveguide resonators, and dielectric resonators. These methods offer high accuracy but are
limited to specific frequencies or narrow frequency ranges.

In contrast, non-resonant methods provide less accurate results over a broad frequency
range. These methods involve measuring scattering parameters (S parameters) or transmis-
sion/reflection coefficients of the material under test. The electromagnetic properties (permit-
tivity or permeability) can be determined by analysing the frequency-dependent behaviour of
these parameters. Non-resonant methods are often used in conjunction with resonant methods
to obtain accurate results over a wide frequency bandwidth.

The dielectric characterisation of liquid crystals involves obtaining their complex permit-
tivity at a continuous set of orientation states, or at least at their two extreme orientations:
parallel (¢ = 5“ — j€"||) and perpendicular (¢, = €| — je')) to the electric field. In or-
der to do so, molecules of the liquid crystal need to be aligned in a preferred direction and
rotated to achieve different polarisations. Multiple methods can be used to align and rotate
the liquid crystal molecules; including anchoring layers, electric fields, and magnetic fields;
but commonly, a combination of more than one alignment method is needed to control the
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molecule orientation precisely. This anisotropic behaviour and complex polarisation of liquid
crystals make their electromagnetic characterisation more intricate and introduce more sig-
nificant measurement uncertainty. In the following sections, we briefly describe the operating
principles of some permittivity characterisation methods commonly used in the literature to
study the electromagnetic properties of liquid crystals.

5.2.1.1 Resonant method

In resonant methods, the material under test is integrated into a microwave resonator, so
its permittivity and permeability are extrapolated from their resonant properties (resonance
frequency and quality factor). These methods are commonly preferred over their counterpart
due to their high accuracy and sensitivity.

There are several examples of resonant methods applied to characterise liquid crystals
in the literature [150]. In [151], a rectangular cavity resonator with a small dielectric tube
was used to characterise the permittivity of a liquid crystal at 30 GHz. In this method, the
LC was introduced into the tube, and the orientation of their molecules was achieved by
using a strong magnetic field of 0.35 T created by two permanent magnets. In [152], Gaebler
proposed an evolution of the characterisation method. Three orthogonal resonant modes
of the rectangular resonator, TEq;, TE;0;, and TM;5y, were employed to characterise the
dielectric properties of the liquid crystal under three orthogonal polarisations at the same
time. However, a strong magnetic field was still needed to orientate the molecules of the
material in a preferred direction. Both methods introduced a small volume of liquid crystal
in the cavity to apply the perturbation technique, simplifying the analysis. However, this also
reduces the sensitivity of the method, increasing the uncertainty of the results.

In [153], a split-post dielectric resonator was used to extract the dielectric permittivity of a
liquid crystal mixture. It employed LC cells with an anchoring layer that promotes the orien-
tation of the molecules in a linear direction. By applying a significant voltage across the cell
plates, the orientation of LC molecules could be manipulated, thus enabling the characterisa-
tion of parallel and perpendicular permittivity states. However, as the initial orientation of the
liquid crystal is not aligned with the electric field pattern of the resonant mode, the method
yields an average LC permittivity ((e) + €1)/2) at zero voltage. Additionally, the method
appears to be highly sensitive to variations in the thickness of the liquid crystal cells [150],
significantly restricting its practical applicability.

While resonant methods are typically based on high-quality factor resonators, and there-
fore, they are commonly implemented on empty cavities, there are also some examples in the
literature that use planar resonators. For instance, in [154], a ring resonator implemented on

an inverted microstrip was used, while in [155,156], rectangular and circular patch resonators
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were employed. The planar topologies of these structures allow for the use of anchoring lay-
ers to promote the orientation of the liquid crystal molecules along a particular direction. The
two-conductor structures of the inverted microstrip and patch resonators allow for the appli-
cation of a high-voltage biasing signal that rotates the liquid crystal molecules and controls
their orientation. However, these methods generally achieve lower accuracy than the previous
methods based on empty cavities as they exhibit higher ohmic and radiation losses, resulting
in a reduced quality factor. Additionally, planar resonator structures typically lack precise
analytical solutions, requiring accurate simulations to extract the dielectric permittivity of the
material under test.

5.2.1.2 Non-resonant method

In non-resonant methods, the material under test is typically integrated into a transmission
line, and the permittivity or permeability of the sample is obtained from the transmission and
reflection coefficients of the structure [149]. These methods can be used over the entire
operational bandwidth of the transmission line, enabling the determination of permittivity or
permeability over a wide range of frequencies.

There are several examples of non-resonant methods employed for liquid crystal char-
acterisation. In [157,158], a coaxial line partially filled with liquid crystal was proposed.
The coaxial line allows for the extraction of the permittivity over a very wide frequency
range using the scattering parameters of the line. During measurements, the molecules of the
liquid crystals were polarised using a combination of magnetostatic and electrostatic fields.
Toroidal magnets placed around the coaxial structure forced the molecules to align along the
propagation direction while a biasing voltage induced a parallel orientation with the electric
field. The combination of electric and magnetic forces enables a continuous reconfiguration
range of the liquid crystal. This method is convenient for extrapolating the dielectric constant
of the liquid crystal over a broad frequency band. However, the use of bulky and heavy per-
manent magnets and the requirement of a high voltage are practical limitations that limit its
application to laboratory devices.

In contrast, an inverted microstrip configuration was employed in [159]. This method
determines the complex permittivity of a liquid crystal mixture from 15 GHz to 65 GHz.
The flat and homogeneous structure of the inverted microstrip is very convenient for the use
of an anchoring layer, and its TEM mode facilitates the application of a polarisation bias
voltage, allowing a continuous reorientation of the LC molecules. However, the relatively
high radiation loss of the inverted microstrip at such frequencies and its sensitivity to the
substrate thickness strongly affect the accuracy of the results.
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5.2.1.3 Conclusions

As previously mentioned, both resonant and non-resonant methods have advantages and
disadvantages. Resonant methods employ electromagnetic structures whose parameters are
easier to be theoretically analysed than non-resonant methods, offering higher accuracy. On
the other hand, non-resonant methods can provide permittivity data across a broad frequency
band. Moreover, these methods tend to be more compact than the resonant ones and allow
the use of biasing voltage and anchoring layers to achieve a molecule rotation. In this thesis,
two resonant methods are proposed.

In the first approach, liquid crystal is introduced in a liquid crystal cell previously treated
with an anchoring layer. This enables the simple alignment of the liquid crystal molecules,
achieving the use of simple polarisation methods in traditional resonant methods.

In the second method, a substrate-integrated cavity is used as a resonator. This design
facilitates the creation of an anchoring layer and the application of biasing voltages for precise
molecule alignment and rotation. This approach strikes a balance between planar and non-
planar resonators, achieving a higher quality factor than planar resonators while reducing the
size compared to non-planar resonators.

Both methods represent a significant improvement over previous work, which either re-
lied on non-planar resonators necessitating complex polarisation systems or employed planar
resonators with low-quality factors.

5.2.2 Split-Cylinder-Cavity Method

The split-cylinder-cavity method was originally proposed by Kent in 1996 [160]. It uses
an empty cylindrical cavity divided into two sections. When a flat material sample is posi-
tioned between the two parts of the cylinder, as depicted in Figure 5.6, the resonance fre-
quency and quality factor of the cavity are affected by the dielectric properties (permittivity
and loss tangent) of the material. This technique allows the determination of the material’s
dielectric properties by analysing the resonant characteristics of both the empty and filled
cavities. For precise results, an accurate characterisation of the dimensions and properties of
the cavity, as well as the thickness of the material sample during the calibration process, is
crucial.

This method is well-suited for characterising liquid crystal cells due to their thin and flat
nature. Moreover, this liquid crystal cell allows the efficient alignment of the liquid crystal
molecules by including a simple anchoring layer, as depicted in Figure 5.3.

The selection of a resonant mode in the split-cylinder-cavity method is crucial to en-
sure the accurate and reliable characterisation of the material under test. The resonant mode
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Figure 5.6: Cross-section of a split-cylinder-cavity resonator: (a) empty cavity, (b) cavity
filled with a homogeneous material, and (c) cavity filled with an LC cell.

should fulfil two critical requirements: a high-quality factor with low sensitivity to the sepa-
ration between the two parts of the cavity and an appropriate electric field pattern with a high
linearity. Figure 5.7 shows the electric field distribution in the cross-section of the two most
important modes of a cylindrical resonator.

(a) TMg; (b) TEq14

Figure 5.7: Transverse field distribution for the most representative modes of the split-
cylinder-cavity [64]. The electric field is depicted in solid lines, and the magnetic
field is depicted in dashed lines.

For isotropic materials, the 7'My, mode is commonly employed as it exhibits a high
quality factor that is practically unaffected by the gap between the two parts of the cavity.
However, the electric field distribution of the 7'My, mode is radial, as shown in Figure
5.7 (a). This field pattern is impractical for characterising anisotropic materials like liquid
crystals because the electric field would interact with both polarisations of the liquid crystal
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molecules.

To address this issue, we selected the T'F’;1; resonant mode. The transverse electric field
distribution of this mode, depicted in Figure 5.7 (e), is almost linear in the centre of the
cavity, allowing the interaction with only one polarisation of an anisotropic material and
enables the accurate characterisation of the parallel and perpendicular polarisations of the
liquid crystal. Furthermore, the longitudinal field distribution of the 7'E;;; mode exhibits a
maximum electric field and a minimum magnetic field in the region of the sample, facilitating
the characterisation of the dielectric permittivity and minimising radiation losses occurring
in the gap between the two parts of the split cylinder.

By selecting the 7" E';1; mode, the split-cylinder-cavity method offers an appropriate com-
bination of high-quality factor, linear electric field distribution, and reduced radiation losses,
making it a suitable choice for characterising the electromagnetic properties of liquid crystals.

A notable advantage of the split-cylinder resonator is that it allows the determination of
the parallel and perpendicular polarisation states of the liquid crystal by manually rotating
the LC cell. This eliminates the requirement for complex electrical or magnetic polarisers,
simplifying the measurement setup and making it more convenient to obtain the desired po-
larisations.

The electric and magnetic fields of the T'E,,,,,, modes in the empty split-cylinder cavity
can be determined by imposing the boundary conditions of the resonator on the Maxwell
equations. The electric field expression, Erg,,,,, and the magnetic field expression, Hrg,,, .,
for the T'E,,,,, modes can be given as follows:

H, = —j £ Ju(kep) [Asin(ng) + B cos(ng)

(5.3)
Hy=—j kfgp Jn(kep) [Acos(ng) — Bsin(ng)]
E,=ZrgHg
(5.4)
Ey, = ZrgH,

, where 3 stands for the propagation constant, k. symbolizes the cut-off wavenumber,
J,(x) represents the n-th order Bessel functions, .J,,(x)’ represents the first derivative of the
n-th order Bessel functions, and Z 5 is the modal impedance of the T'F’ mode.

The resonant frequency for the T'E,,,,, mode, ( fr)fﬁg””, can be determined using the

following equation:

TEmnp _ 1 B ’ pm? 55
(fr)mnp - 277'\/,[,6_6 a + (i) ( . )
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, where p and ¢ are the magnetic permeability and electric permittivity of the cavity,
respectively, a and L are the radius and total length of the cylindrical resonator, and P, is
the m-th root of the first derivative of the Bessel function of order n.

These equations provide the mathematical expressions for the electric and magnetic fields
and the resonant frequency of the 1'F),,,,, modes in the split-cylinder cavity. By solving them,
one can determine the specific mode characteristics required for the analysis and characteri-
sation of material samples within the split-cylinder cavity. These equations can be simplified
in various ways, leading to the development of different characterization approaches.

5.2.2.1 Design of the split-cylinder cavity

Three split-cylinder-cavity resonators were used to characterise liquid crystal samples at
different frequencies. We designed two Split-Cylinder-Cavity resonators operating at 5 GHz
and 11 GHz, respectively, and used a previously designed cavity resonating at 9.5 GHz.

The equation 5.5 establishes a relationship between the resonant frequency of the desired
mode (the T'E’j11) and the dimensions of the resonator (the radius of the cavity a, and the
length of the cylinder L = 2 - H}). However, one can find multiple combinations of lengths
and radii of the cavity to a specific resonant frequency. We conducted a parametric analysis
to determine a combination of radius and length that exhibited low sensitivity to dimensional
deviations. Figure 5.8 presents the results of this analysis for the resonance frequencies
of 5 GHz, 9.5 GHz, and 11 GHz, along with the designed dimensions of the manufactured
prototypes.

As can be derived from Figure 5.8, there is an instability region for short lengths where
the response of the resonator is highly sensitive to small dimensional deviations. Therefore,
the proposed designs operate within the stable range, where the relationship between radius
and length remains consistent, obtaining designs with a reduced sensitivity to manufacturing
deviations.

The 5 GHz cavity has a diameter of 40 mm and a total length (L. = 2- H}) of 64 mm. The
11 GHz cavity has a diameter of 20 mm and a total length of 22.4 mm. The 9.5 GHz cavity
has a diameter of 30.08 mm and a total length of 20 mm. As can be noticed from Figure 5.8,
the 5 GHz and 11 GHz resonators operate on the above-mentioned stable zone. However, the
9.5 GHz resonator operates near the unstable area. This is because this resonator was initially
designed to operate under a different resonant mode for a previous project.

Cavity feeding was accomplished using two coaxial cables with a final loop that operated
as a spire. The loop acts as a magnetic monopole, exciting the magnetic field of the T'Fq;
mode within the cavity, as depicted in Figure 5.9. By adjusting the penetration of the loop
into the cylinder, the coupling coefficient can be controlled, enabling the adaptation of the
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Figure 5.8: Ratio of cavity radius and height to excite a 7'F/1; mode at the desired frequency.

measuring conditions to the specific requirements of each material sample.

Figure 5.9: Feeding configuration of the split-cylinder-cavity resonators: (a) cross-section
view and (b) longitudinal-section view. The electric field is depicted in red and the

magnetic field is depicted in green.

The prototypes were manufactured in brass, and an external alignment structure was ma-
chined in aluminium, as shown in Figure 5.10. All parts were manufactured in the mechanical

workshop of the Technical University of Cologne.

5.2.2.2 Characterisation procedure

The split-cylinder-cavity resonator technique is based on a simple idea: the dimensions
and electromagnetic properties of the material sample influence the resonant properties of
the resonator. When we insert a material sample in the resonator, its electromagnetic pattern
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Figure 5.10: Manufactured prototype of the 11 GHz split-cylinder-cavity resonator.

changes, affecting its resonant frequency and quality factor. This change can be measured and
analysed to determine the complex permittivity of the material under test using an analysis
method. The most extended analysis method is the Kent method [160]. It assumes some
simplifications, assuming the sample is electrically small and the split cylinder is completely
closed (not considering the gap between parts). This method is highly convenient due to its
simplicity. However, the Kent method can only be used to determine the dielectric properties
of homogeneous materials, being unsuitable for studying non-homogeneous materials like
the proposed LC cells. For this reason, we had to employ different analysis methods. In
particular, we employed two methods: one based on a modal analysis and the other based on
a numerical analysis of the resonator.

The characterisation procedure is as follows:

First, the response of the empty resonators is measured to calibrate the measurement
setup. The calibration involves adapting the dimensions of the analysis models (cavity di-
ameter and length) and their electromagnetic properties (electric conductivity) to correspond
with the actual measured response of the resonators. This calibration aims to align the elec-
trical performance of the analysis models of the split cylinder with its measured response.

Next, the liquid crystal cells were characterised. The thickness of each glass forming the
cells is measured, and their dielectric properties (permittivity and loss tangent) are determined
using one of the previously mentioned analysis methods. In this case, it was employed the
Kent method [160]. Once glasses have been thoroughly characterised, the liquid crystal cells
are assembled, and the thickness of the liquid crystal volume in each cell is measured.

Once the dimensions and permittivity of liquid crystal cells are characterised, they are
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filled with different liquid crystal mixtures. Then, the filled cells are introduced into the
resonator in their two orthogonal orientations, i.e., with their molecules parallel and per-
pendicular to the electric field, allowing for measuring the permittivity of their two extreme
polarisation states. Finally, the frequency response of these two measurements is used to cal-
culate the complex dielectric permittivity of the liquid crystal using a modal and a numerical
analysis method.

5.2.2.3 Analysis methods

We have used three different analysis methods throughout the characterisation process.
The Kent method was employed to obtain the permittivity of the glass plates that form the
liquid crystal cells, and modal and numerical analysis methods were used to compute the
complex permittivity of the liquid crystal samples. Below, we present a brief overview of
these analytical methodologies.

Kent method The Kent method, described in [160, 161], can only be used to characterise
homogeneous samples, so it was only used to compute the permittivity of the glass plates of
the liquid crystal cell.

The analysis process begins with the calibration of the analytical model of the resonator.
To accomplish this, the response of the empty cavity is measured, obtaining its resonant
frequency and loaded quality factor (()1), for which equation 5.6 was employed.

_
QL= 5w (5.6)
Then the unloaded quality factor (();) was computed using equation 5.7.
Qu QL (5.7)

T 1~ 105200/
, where f, is the measured resonance frequency, BW is the —3 dB bandwidth, and Sy,
is the measured Sy; parameter at the resonance frequency in dB.
The resonant frequency obtained from the calibration measurement was used in the equa-
tion 5.8 to estimate the effective dimensions of the analytical cavity.

1 P\? pm 2
TE &= — — 5.8
() 27\/_/%50\/(“) +(Hh> )

Next, an effective conductivity (o.¢) of the cavity metal walls is inferred from the quality

factor. This effective conductivity includes the effect of all loss sources, including the influ-
ence of coupling elements, gap discontinuities, ohmic loss, and roughness. Equations 5.9 and
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5.10 were employed to calculate the effective conductivity (oe¢) and sheet resistance (R) of
the cavity walls, respectively.

2m fu
o= 2R§° (5.9)
3 ()
 (ka)’2H, (Pi) (5.10)

s — 7 \2 2 ?
4(P,)" Qu aHj, [1 + (W)} + (%) (1 B (P{11)2)

After the calibration process, the glass samples are placed in the middle of the cavity, and
the measured response is used to determine its electromagnetic properties. To accomplish
this, the filled resonator was modelled as a cylindrical cavity consisting of three regions: two
regions filled with air and a central region filled with the sample material. It is important to
note that this model is an approximation as it does not consider the effect of the gap between
the two parts of the split cylinder. It has been demonstrated that this assumption is valid for
optically thin samples whose thickness satisfies the following condition [149]:

2
Ve <<l (5.11)

Assuming this simplified model, the permittivity and loss tangent of the glasses can be
obtained by employing the Kent method described in [160, 161].

Modal method In this case, the full-wave analysis described in [162, 163] was employed
to obtain the permittivity of the LC cells through the measured response of the split-cylinder
resonator. In this method, the split resonator is segmented into simpler and smaller net-
works characterised by their generalised admittance matrix computed using the mode match-
ing method. The structure of the split-resonator cavity was divided into eight sub-circuits,
as shown in Figure 5.11. This method can characterise the permittivity of non-homogeneous
sample materials like liquid crystal cells. However, it requires knowing the dimensions of the
LC cells and the permittivity of the glass.

The method considers any possible mode (7'E,,,,, and T'M,,,,,) inside the networks. The
electric and magnetic fields at the ports of each circuit are represented by a series expansion
using base functions:

Eport - Z €En En 5 F[port - Z hn . ﬁn (512)
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Figure 5.11: Simplified model of the split-cylinder-cavity resonator with a liquid crystal cell:
(a) longitudinal cross-section view of the 3D segmented representation, (b) schematic
representation of the segmented structure, and (c) schematic representation forcing the
resonance condition.

, were Eport and H port are the electric and magnetic fields at the ports of each circuit,
e, and h,, are the amplitudes of the base function, and En and Hn are the base functions for
the electric and magnetic fields.

Then, the relationship between the electric and magnetic fields in the network is estab-
lished using the generalised admittance matrix, as demonstrated below.

hy Yii Yiz2 ... Yin €1
h _ h2 _ Y21 Y22 e YZN €9 _ Y e (513)
hn Yni YNz -0 YNN en

, where N represents the number of ports of the network, h,, and e,, are vectors with
coefficients of the series expansion defined in equation 5.12, and each Yj; is a matrix.

After computing the generalised admittance matrix of each network, they are connected
together, forming the matrix of the entire circuit. Finally, the input and output ports of the
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circuit are short-circuited, and the resonance condition is imposed as follows:

‘det <?r(dim,5,u, fr)+ Zi(dim, e, p, fr)>’ =0 (5.14)

, Where ?T and 2 are the generalised impedance matrices of the entire network, dim
represents the dimensions of the resonator and the LC cell, € and p are the permittivity and
permeability of the liquid crystal, and f, is the resonance frequency of the cavity when the
sample is placed in the resonator.

The generalised admittance matrix depends on the dimensions and electromagnetic prop-
erties of the material sample and the split-cylinder cavity. Given that all these parameters
are already known, except for the liquid crystal’s permittivity, we can determine the complex
permittivity by meeting the resonance condition [162].

Numerical method Numerical simulations of the empty and filled resonators were con-
ducted using the CST full-wave simulator. These simulations were used to validate the results
and assess the accuracy of the modal method. The numerical analysis starts by calibrating
a numerical model of the split-cylinder resonator. As with all other analysis methods, cal-
ibration consists in optimising the dimensions and properties of the resonator to match the
simulated response to the measured response of the empty resonator. In this case, the opti-
mised parameters were the diameter and length of the cavity, the penetration of the feeding
loop, and the effective conductivity of the resonator. After calibration, the model was sim-
ulated, including the liquid crystal cells, and the permittivity and loss tangent of the liquid
crystal material were optimised to fit the measured response of the filled resonator. The opti-
misation process was considered complete when the error in the resonant frequency was less
than 1 MHz and the error in the quality factor was less than 5.

5.2.2.4 Post-processing

The proposed approach allows to obtain the values of the two extreme permittivities of
a liquid crystal mixture without the need to apply any polarisation field, whether electric or
magnetic. By positioning the liquid crystal cell at the centre of the cavity in two different
orientations, one parallel and the other perpendicular to the electric field in the centre of the
cavity, the permittivity values €1, and €5 can be obtained. However, as the electric field of
the T'E11; mode is not straight and parallel along the entire section of the cylinder resonator,
the extrapolated permittivity (¢1, and €3) do not directly correspond to the parallel (¢)) and
perpendicular (¢, ) permittivity of the sample. To accurately determine these values, it is
necessary to consider the actual field distribution of the 7'F4;; mode, as expressed in the
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following equation.

oot JJ | E1dS = &, [ ELdS + 2,y [| EydS
(5.15)
erpos2 [ | E1AS = e, [f E1dS + e, [[ EydS

, where &,,,51 and €,,052 are the complex permittivity values obtained with the analyses
methods when the LC cells are oriented at position 1 and 2. |ﬁ] is the module of the electric
field considering the real polarisation of the T'E';1; mode. L) is the component of the electric
field in the parallel direction. F/; is the component of the electric field in the normal direction.

With this equation, the complex permittivity of the liquid crystal samples at their paral-
lel and perpendicular polarisation can be extrapolated from the values obtained through the
modal and numerical analyses. This correction factor helps to account for the assumption of
an isotropic material and provides more accurate estimations of the liquid crystal permittivity
values.

5.2.2.5 Liquid crystal samples

The typical structure of a liquid crystal cell is depicted in Figure 5.3. It consists of two
parallel plates on which an aligning layer is deposited. Spacers separate these plates to create
an empty cavity that can be filled with the liquid crystal sample. The anchoring layer aligns
the molecules of the liquid crystal in a preferred direction, and the top and bottom plates are
coated with a conductor or semiconductor material to apply a low-frequency biasing voltage.
This combination of anchoring layer and biasing voltage allows the orientation of the lig-
uid crystal molecules at different angles between the parallel and perpendicular polarisation
states.

In this particular case, we do not need the cell’s top and bottom plates to be electrically
conductive, as the molecules rotation will be accomplished by physically rotating the cell.
The materials used for the construction of our cells are 0.410 mm thickness glasses, Mylar
spacers with a thickness of 0.100 mm, and Norland UV Sealant 91 adhesive. The anchoring
layer is made of polyimide, and the empty cavity between both plates is filled with the liquid
crystal sample.

The manufacturing process of the liquid crystal cells was as follows:

* Anchoring layer: a thin layer of polyimide with a thickness of approximately 100 nm,
was spin-coated on one surface of each glass. The thickness of this layer was measured

using a contact profilometer by performing a thin dent in the coating.
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The coating process was as follows: the glass was covered with polyimide and cen-
trifuged at 16 rpm for 10 s and then at 66 rpm for 60 s. After the deposition, the poly-
imide was solidified under 90 °C during the time needed for polymerisation.

Finally, the polyimide coating was rubbed with natural velvet. This process creates a
series of parallel grooves on their surface that are used to align the molecules of the
liquid crystal.

Cell assembly: four mylar spacers were adhered at the corners of one of the glasses.
Then another glass was glued on the top of the other one. Both glasses were oriented
so that their alignment layers were parallel, implementing a very effective anchoring
layer. Once the two glasses were correctly positioned, the adhesive was solidified using
an ultraviolet light, consolidating the structure.

Cell filling: the empty cavities of the cells were filled with samples of different liquid
crystal mixtures. After a visual inspection for bubbles, the cells were sealed with more
Norland adhesive to prevent leakage.

Cell inspection: Four liquid crystal cells were manufactured. The thickness of the
glasses was measured at eight different positions with a mechanical micrometer screw
before assembling the cells. The average thickness of the glasses is listed in Table 5.1.

Table 5.1: Thickness of the glass plates (h,;) that forms the different cells.

Cell | Bottom glass [um] | Top glass [um]
Cell 1 410 410
Cell 2 404 410
Cell 3 410 410
Cell 4 409 409

The empty LC cell performs a Fabry-Pérot resonator whose resonant response is pro-
portional to the thickness of the cavity. This allows us to accurately characterise the
thickness of the LC cavity using a spectrophotometer Cary 5000 UV-Vis-NIR from
Agilent. The interferometric results were checked by measuring the thick of each glass
and the thickness of the liquid crystal cell with a micrometer screw. Table 5.2 depicts
the thickness of the LC cavity for the four liquid crystal cells used in this thesis.

After filling and sealing the cells, the correct operation of the anchoring layer was ver-
ified using two linear polarisers. When two orthogonally oriented polarisers (crossed
polarisers) are placed over a light source, the light transmission should be blocked.
However, if an oriented volume of LC is introduced between the two polarisers with
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Table 5.2: Thickness of the liquid crystal cavity (h¢) of the different cells used in this thesis.

Optic Mechanical
Cell
measurement [um| | measurement [um]|
Cell 1 156 155+ 9
Cell 2 151 150 £ 8
Cell 3 153 151 £3
Cell 4 146 144 + 3

the longer axis of its molecules rotated 45° with respect to the light polarisers, the light
with linear polarisation that passes through the first polariser can be split into the ma-
jor and minor axes of the LC molecules. These two polarisations experience different
permittivity, causing a rotation of the polarization from linear to elliptical. This rota-
tion allows part of the light to pass through the second linear polariser, confirming that
the liquid crystal molecules are aligned in the desired direction. Figure 5.12 shows an
example of this phenomenon.

Figure 5.12: LC cell placed between two crossed linear polarisers. Light transmission con-
firms the correct polarisation of the liquid crystal.

The anchoring layer and liquid crystal cells were manufactured and assembled at the
"Departamento de Fisica de la Materia Condensada" of the "Universidad de Zaragoza".
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5.2.2.6 Calibration

The initial stage of the characterisation process involves calibrating the empty resonators
by measuring their responses without any sample material. This calibration step is essential
to ensure the accurate adjustment of the analysis models to the specific measurement condi-
tions. The calibration process entails optimising parameters such as the effective radius, loop
coupling penetration, and ohmic loss in the resonator models. It is important to note that if
any modifications are made to the feeding network of the resonators, a recalibration is needed
to maintain accuracy and reliability in the measurements.

Table 5.3 summarises the calibrated parameters of the split-cylinder-cavity resonators for
the measurements performed at 5 GHz and 9.5 GHz, where a. is the effective radius of the
resonator, o.¢s the effective conductivity of the brass, and ,,, the insertion of the feeding

loop.
Table 5.3: Calibration parameters of the 5 GHz and 9.5 GHz resonators for various analysis
methods.
Frequency | Kent Modal Numerical
Qeff 20.018 mm Qeff 20.026 mm Qeff 20.015mm

5GHz | oy 8573-10°S/m | oopp 8.592-10°S/m | o.pp 8.553-10°S/m
Tioop  0.037mm

aefr  15.1014 mm aefr  15.057 mm aepr 15.046 mm
95GHz | ooy 7.744-10°S/m | oppp 6.775-10°S/m | opp 7-10°S/m
Lioop  0.300 mm

For the 5 GHz and 9.5 GHz resonators, all measurements were conducted using the same
feeding configuration. However, five distinct feeding configurations were utilised for the
11 GHz measurements, necessitating five separate calibration procedures. Table 5.4 provides
a summary of the calibrated parameters for the split-cylinder-cavity resonator corresponding
to the different configurations employed at 11 GHz.

5.2.2.7 Glass characterisation

We used the Kent methods described in [160, 161] to characterise the dielectric permit-
tivity of the glass material used in the liquid crystal cells. Since glass is a crystalline solid
that can exhibit dielectric anisotropy, we decided to determine its permittivity at two orthog-
onal orientations. Additionally, we decided to characterise two glasses with thicknesses of
0.394 mm and 0.403 mm to verify the homogeneity of the results.

The measurement procedure consisted in introducing the glass in the resonator following
a preferred direction and measuring the S parameters. Then, the glass was rotated by 90°,



5.2 Liquid Crystal Characterisation

207

So1 [dB]

S21 [dB]

So1 [dB]

—|S,,| Measured

---|S,,! Simulated (Numerical Model)

—30 ‘
—40 |- ] .
_50 L - \\\\\ N
—60 /’\’ | | | | | | \\\\\\\*\
4.966 4.968 4970 4972 4974 4.976 4.978 4.980 4.982
Frequency [GHz]
(@)
o — |S,,| Measured - - - |S,,| Simulated (Numerical Model)
- I I I I I I
—20 1 i
~301 i
r- | | | | >~ |
9.480 9.485 9.490 9.495 9.500 9.505 9.510 9.515

—10

Frequency [GHz]
(b)

—|S,,| Measured - - - |S,,| Simulated (Numerical Model)
5 I I I I I I

Frequency [GHz]

(©)

Figure 5.13: Comparison between the measured response of the empty resonators and the
adjusted response of the numerical method analysis for the: (a) 5 GHz resonator, (b)
9.5 GHz resonator, and (c) 11 GHz resonator.
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Table 5.4: Calibration parameters of the 11 GHz resonator for various analysis methods and
measurement runs.

Calibration

Kent

Modal

Numerical

Glass measurement
1

Qeff 10.002 mm
Oepp 8.431-10°S/m

Qeff 10.003 mm
Oef 8.367-10%S/m

Qeff 9.999 mm
oerp 10-10%S/m
Lioop 0.3 mm

Cell measurement

Qeff 10.118 mm

Qeff 10.013 mm

5 Not applicable Oepp 5.739-10°S/m | oepp  9.000-10°S/m

Tioop  0.309 mm
Qeff 10.012 mm Qeff 9.997 mm

cell mea;“remem Not applicable Oepp 7.120-10°S/m | oopp  10.000 - 10° S/m
Lioop  0.300 mm
Qeff 10.003 mm Qeff 9.998 mm

Cell mea:“rement Not applicable Oep 8.367-10°S/m | opp  10.000 - 10°S/m
Lioop  0.290 mm
Qeff 10.012 mm Qeff 9.997 mm

Cell measurement | oo blicable Gepp 7120-10°S/m | oupp  10.000 - 105 S/m

5

Tioop  0.300 mm

and the S-parameters of the system were measured again. This process was repeated for

both glasses at the three frequencies of interest. Figures 5.14 (a), (b), and (c) illustrate the

measured response of the split-cylinder resonators when loaded with the thinner glass. The

results of the thick glass were similar.

Once the measurements had been performed, the resonance frequency and quality factor

were calculated and analysed to obtain the associated dielectric permittivity. Table 5.5 shows

the average permittivity for both glasses obtained with the different analysis methods.

Table 5.5: Average permittivity and loss tangent of the two glasses considered for the study.

Gl 5GHz 9.5 GHz 11 GHz

ass g tan o €y tan o gy tan 0
Glass

17287 00144 | 7.163 0.0142 | 7.148 0.0166
Gl;SS 7254 0.0144 | 7.090 0.0149 | 7.120 0.0164

It can be concluded that the employed glasses are isotropic dielectrics and exhibit a very

homogeneous permittivity between samples. These permittivity values of the glass will be

used to compute the dielectric permittivity of the liquid crystal cells.
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Figure 5.14: Comparison between the measured response of the resonators filled with a
homogeneous glass and the adjusted response of the numerical method analysis for
the: (a) 5 GHz resonator, (b) 9.5 GHz resonator, and (c¢) 11 GHz resonator.
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5.2.2.8 Liquid crystal characterisation

It was decided to study four commercial mixtures of LC: the QYPDLC-036, QYPDLC-
142, and QYPDLC-193 mixtures from Qingdao QY Liquid Crystal Co., and the GT3-23002
mixture from Merck KGaA. Table 5.6 summarises the most important properties of these
liquid crystals.

Table 5.6: Most important electromagnetic properties of the considered LC samples.

Cell | Liquid Crystal | \,eqs (nm) o €1 n| g
Cell 1 | QYPDLC-036 589 1.5210 | 2.3134 | 1.7710 | 3.1364
Cell 2 | QYPDLC-142 589 1.5235 | 2.3211 | 1.7745 | 3.1488
Cell 3 | QYPDLC-193 589 1.5250 | 2.3256 | 1.7770 | 3.1577
Cell4 | GT3-23002 589 1.5094 | 2.2783 | 1.7986 | 3.2350

The measurement procedure consists in introducing the liquid crystal cell in the middle
of the split-cylinder-cavity resonator with their molecules orientated parallel to the electric
field and measuring the S parameters of the filled resonator. Then, the cell is rotated 90°
to measure the S parameters of the resonator filled with the molecules of the liquid crystal
perpendicularly orientated with the electric field. This measuring process was repeated three
times per sample and position in order to obtain several realisations and reduce the effect of
measurement errors. Then, these measurements, along with the measurement of the empty
resonator, were analysed using the modal and numerical method to obtain the associated
permittivity and loss tangent of the liquid crystal.

Several factors can introduce errors in the calculation of permittivity. These include un-
certainties in the measurement of the dimensions of the split-cylinder cavity (such as radius
and length), changes in the properties of the resonator (like conductivity of the brass and
penetration of the feeding loop), errors in the measurement of centre frequency and quality
factor, and discrepancies in the dimensions of the LC cell (such as the thickness of the two
glasses, hg1 and hgo, and the thickness of the liquid crystal cavity, hz¢). While the calibration
process can compensate for the cavities’ dimensions and their conductivity and feeding net-
work errors, measurement uncertainties in other parameters can still impact the permittivity
calculation. The uncertainties (o;) in these measurements result in an error contribution to
the value of the complex permittivity (Oc/0i). Supposing the variables are uncorrelated, we
can propagate the uncertainties to obtain the total uncertainty of the complex dielectric per-
mittivity using the equation 5.16. The uncertainty of each variable was estimated based on
the dispersion observed in their multiple measurements and the typical error of the measure-
ment systems, and the error contribution of each variable was estimated using the numerical
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method.
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Figures 5.15 (a), (b), and (c) depict the measurements and adapted responses of cell 4,
which was filled with the GT3-23002 mixture from Merck. As observed in this figure, the
measurements are very consistent for the different measurement realisations of the same cell
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position. Moreover, the resonance frequency of position 1 is lower than that observed for
position 2, which indicates that the parallel permittivity is higher than that of the perpendic-
ular one. This aligns with the typical behaviour of liquid crystals [150]. Similar results were
obtained in the other split-cylinder cavities.

Tables 5.7 and 5.8 present the computed permittivity values of the various LC mixtures
for the 5 GHz resonator, along with their uncertainties. The assumption of dielectric isotropy
has already been corrected using equation 5.15 so that the permittivity values presented in the
tables represent the parallel and perpendicular permittivity. The results obtained using both
analysis methods are consistent, and the computed permittivity and loss tangent values agree
with similar findings reported in the literature [150].

Table 5.7: Calculated permittivity of different liquid crystals at 5 GHz using the modal
method

LC Erl| tand) x 103 ErL tand, x 103
Q036 | 3.084+0.19 | 17.0642.08 | 2.2840.15 | 75.4547.89
Q142 | 2.724+0.17 | 7.954+1.09 | 2.274+0.16 | 58.514+7.20
Q193 | 3.03+0.19 | 7.14+0.97 | 2.224+0.15 | 91.90+7.55
GT3 | 2.594+0.15 | 5.13£+1.79 | 1.94+0.14 | 39.33+10.90

Table 5.9 summarises the computed permittivity of the LC mixtures for the 9.5 GHz res-
onator. Only the modal method could be applied in this case, as the numerical method did
not achieve a valid solution. The data obtained at this frequency are not physically plausible
as the perpendicular permittivity values are higher than the parallel ones, and the loss-tangent
values are inconsistent, with some loss-tangent values being negative, which is absolutely im-
possible. These results are clearly invalid and are likely due to an error in the measurement
setup or in the mechanism used to feed the resonator.

Tables 5.10 and 5.11 display the calculated permittivities of the different LC mixtures
for the 11 GHz resonator. As for the 5 GHz resonator, the permittivity values have already
been corrected using equation 5.15 to obtain the parallel and perpendicular permittivity. The
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Figure 5.15: Response of resonators loaded with Cell 4 (GT3-23002) at different posi-
tions and for different frequencies: (a) 5 GHz resonator, (a) 9.5 GHz resonator, and
(¢) 11 GHz resonator.
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Table 5.8: Calculated permittivity of different liquid crystals at 5 GHz using using numerical

method.

LC

Er|

tan(SH x 103

Erl

tand, x 103

Q036
Q142
Q193
GT3

3.11£0.22
2.74£0.15
3.07£0.10
2.63+0.16

17.01£2.67

8.73+2.03
6.64+0.70
4.81£2.27

2.2940.19
2.26+0.13
2.22+40.13
1.97+0.17

75.61£9.45
65.97+6.70
94.82+14.51
39.14+11.81

Table 5.9: Calculated permittivity of different liquid crystals at 9.5 GHz using the modal
method.

Position 2
tand o tand
0.0062 | 3.1203 | -0.0123
-0.0098 | 3.0104 | -0.0273
0.0055 | 3.7201 | -0.0031
-0.0076 | 2.8579 | -0.0297

Position 1
Liquid Crystal Er
QYPDLC-036 | 2.8725
QYPDLC-142 | 2.6170
QYPDLC-193 | 3.5268
GT3-23002 2.592

results obtained using both analysis methods are consistent and fit similar research reported
in the literature [150].

Table 5.10: Calculated permittivity of different liquid crystals at 11 GHz using the modal

method.

LC Erl| tand) x 10 Erl tand, x 103
QYPDLC-036 | 3.22+0.19 | 3.95+£0.67 | 2.24+0.15 | 57.51+6.80
QYPDLC-142 | 3.05+0.18 | 5.80+£1.06 | 2.36+£0.16 | 40.88+4.92
QYPDLC-193 | 3.26+0.20 | 1.97+0.11 | 2.40+0.17 | 63.31+4.40

GT3-23002 3.254+0.21 | 2.50+0.83 | 2.354+0.17 | 22.05+3.81

Table 5.11: Calculated permittivity of different liquid crystals at 11 GHz using numerical

method.

LC Er tand) x 10 Erl tand, x 103
QYPDLC-036 | 3.22+0.20 | 3.4740.80 2.234+0.19 | 71.38+£18.57
QYPDLC-142 | 3.09+0.21 | 6.63+1.76 2.33+0.15 43.05+3.77
QYPDLC-193 | 3.26+0.16 | 3.58+0.54 2.3440.17 60.434+4.75

GT3-23002 3.324+0.20 | 3.70£1.00 | 2.324+0.0.16 | 19.924+5.20

In conclusion, the study successfully measured the permittivity values of different liquid

crystal mixtures using split-cylinder resonators at two frequencies, 5 GHz and 10 GHz. The
results showed that QYPDLC-036 and QYPDLC-193 had the highest dielectric anisotropy
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but also the highest loss tangent values, while the GT3 mixture presented a good balance
between dielectric anisotropy and low loss tangent. Considering the high loss-tangent values
of the other mixtures, the GT3 liquid crystal is the most appropriate candidate for microwave
applications.

5.2.3 Substrate-Integrated Resonator

Nematic liquid crystals have a significant limitation for microwave applications: the lack
of proper characterisation of commercial mixtures at this frequency band. While the split-
cylinder-cavity resonator method discussed earlier accurately determines the dielectric prop-
erties of four liquid crystals, it does not provide information on important properties such as
the splay elastic constant K;; and the rotational viscosity ~;;. As was introduced in Section
5.1, these parameters are closely related to the threshold voltage and reconfiguration speed of
the liquid crystals, parameters that significantly impact the performance of tunable devices.
This section introduces the design of a tunable resonator implemented on a reliable substrate-
integrated resonator that can be used to compute the dielectric permittivity, loss tangent, K1,
and ~y;; of a liquid crystal sample.

5.2.3.1 LC parameters extraction

The characterisation method is primarily based on the operational mechanism of the LC
cell depicted in Figure 5.16 and explained in Section 5.1. In a liquid crystal cell, the orien-
tation and rotation of the liquid crystal molecules is achieved by combining the effects of an
anchoring layer and a low-frequency bias voltage (typically operating at 1 kHz).
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Figure 5.16: Alignment and polarisation of an LC cell under different bias voltages (V3): (a)
Vo < Vin, (b) Vi > Vi, and (¢) Vi >> Vi,

The behaviour of the liquid crystal molecules in this structure can be effectively modelled

using the analytical solution to the Fréedericksz transition, originally developed in [164]. This

solution accurately describes the electrodynamics of liquid crystals when a strong electric
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or magnetic field is applied to a perfectly aligned volume of liquid crystal. Below a certain
threshold field intensity, the forces of the anchoring layer predominate over the electric forces,
and the orientation of the liquid crystal molecules remains undistorted. However, once the
field intensity surpasses this threshold value, the molecules begin to rotate. The critical field
intensity for this transition can be determined using the following equation:

™ K
Ey = 5.17
th thV o ALT (5.17)

where K1, represents the splay deformation constant, iy denotes the height of the lig-

uid crystal cavity, £y stands for the vacuum permittivity, and Ae™*" represents the dielectric
anisotropy of the liquid crystal at the low-frequency biasing signal.

If the dimensions of the liquid crystal cell and the LC anisotropy are known, the K7,
constant can be determined by characterising the threshold electric field.

The Fréedericksz transition solution also provides an approximation for the response time
of the transition between parallel and perpendicular polarisation states of the LC material.
The switch-on response time (7,,,) required to transition from the steady state (1}, = 0) to the
perpendicular state (V4 = Vj,,4,), and the switch-off response time (7, ) needed to transition
from the parallel state (V}, = V,,,.) to the steady state (V}, = 0) are defined by the following
expressions [148, 150, 164]:

h2
Ton = —— 7O (5.18)
K117T2( {Zé:bx — 1)
Yi1h]
Toff = o5 (5.19)
11

where 77 represents the rotational viscosity of the liquid crystal, V;, is the threshold
voltage applied between two plates of the cell (V;, = Ey, - hre), and V., is the biasing
voltage applied to achieve the switch-on transition. It is important to note that these equations
are valid under the assumption that backflow and inertial effects are negligible [165].

The previous equations can be used to approximate the value of the rotational viscosity 11
after measuring the switch-off or switch-on times of a commutable device. However, equation
5.18 is only valid when the applied voltage V,,,. 1s not much higher than the threshold voltage
Vin [148]. As this condition is difficult to determine in liquid crystal mixtures with unknown
characteristics, it is preferable to use the relaxation time expression given by equation 5.19 to
compute the rotational viscosity 1.

In conclusion, the rotational viscosity 7;; and splay deformation constant /{;; of an un-
known liquid crystal can be estimated by measuring the threshold voltage and switch-on time
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of a tunable device. Provided that the topology of the device resembles an LC cell, including
an effective anchoring layer and two parallel conductors that facilitate the application of a
polarisation electric field. The following section provides a comprehensive description of a
newly developed substrate-integrated cavity specifically designed to fulfil these requirements.

5.2.3.2 Substrate-integrated-cavity resonator

The proposed resonator layout, as shown in Figure 5.17, consists of a rectangular cavity
resonator integrated within a stack of 5 PCBs. The top and bottom covers of the cavity
resonator are implemented in layers 1 and 5, while layers 2, 3, and 4 incorporate the resonator,
which includes two LC cavities, the feeding mechanism, the patch polarisers, and the biasing
network. This structure enables the orientation and rotation of liquid crystal molecules by
combining an anchoring layer and an electric field excited between the LC polarisers and the
resonator’s cavities, implementing a continuous reconfigurable resonator.

The resonator design consists of three stacked rectangular cavities: two empty cavities
implemented in layers 2 and 4 and a thin rectangular substrate-integrated waveguide cavity
implemented in layer 3. The empty ESIW cavities implemented in layers 2 and 4 house
the liquid crystal, while the SIW cavity implemented in layer 3 incorporates two inductive
feeding apertures and the LC reconfiguration system. This configuration synthesises a non-
homogeneously filled cavity (as depicted in the cross-section depicted in Figure 5.18), where
the top and bottom regions are filled with liquid crystal, and the middle region is composed of
RO4003C substrate. This arrangement difficulties the electromagnetic analysis but enables
the convenient polarisation of the liquid crystal using two polarisation patches milled into
the top and bottom cladding of the third layer, as shown in Figure 5.17. These patches are
electrically isolated from the rest of the structure and connected to the biasing system through
a specially designed biasing network. The biasing network consists of a high-impedance
strip line and an open-ended \/4-stub line, as illustrated in Figure 5.17 (¢) and (d). This
configuration serves as a stop-band filter, effectively blocking the transmission of the RF
signal through the biasing system.

The proposed resonator behaves as an inhomogeneously filled rectangular cavity res-
onator, allowing the determination of the dielectric properties of a liquid crystal sample
(er(L,)) and tan o, j)) through its resonant parameters. Additionally, by introducing an-
choring layers in layers 1, 3, and 5, the liquid crystal cavities resemble the structure of two
liquid crystal cells, facilitating the characterisation of mechanical parameters of the liquid
crystal sample, including the splay deformation constant (/K7;) and the rotational viscosity
(711) of the sample.

The resonator was designed to operate under the 7' F¢; mode at 11 GHz when both cavi-
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(b)

© ()

Figure 5.17: Layouts of the proposed resonator: (a) top view of layer 1, (b) top view of layer
2, (c) top view of layer 3, (d) exploded view of the resonator, (e) bottom view of layer
4, and (f) top view of layer 5. Copper is depicted in dark grey, substrate in light grey,
empty areas in white, and plated through-hole holes and plated cuts are shown in black.
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Figure 5.18: Cross-section of the substrate-integrated resonator. Copper is depicted in yel-
low, substrate in green, plated through holes in grey, and liquid crystal is represented
in blue.

ties are filled with the GT3-23002 liquid crystal (¢ = 3.25 and e, = 2.35). Layers 1 and 5
were implemented on FR4 substrate, while layers 2 and 4 use RO4003C substrate with a di-
electric thickness of 0.305 mm. Layer 3 was also developed on RO4003C substrate but with a
thickness of hro = 0.508 mm. All substrates included top and bottom copper claddings with
a thickness of 17 um. The biasing network employed a Phoenix connector with a maximum
operation voltage of 300 Vpp, and end-launch SMA connectors were soldered at the input
and output feeding lines of the resonator.

Table 5.12 provides the main design parameters of the structure. Figure 5.19 depicts
the simulated response of the resonator under different polarisation states of the GT3-23002
liquid crystal. These simulations considered the liquid crystal permittivity and loss tangent
values obtained with the split-cylinder resonator method developed in the previous section of
the thesis (¢ = 3.25, tan ¢ = 0.0025, e, = 2.35, and tand; = 0.02205).

Table 5.12: Dimensions of the substrate-integrated resonator.

Parameter | Dimension [mm] | Parameter | Dimension [mm]|
W, 12.7 lyes 10.15

Wwin 3.48 W, 1.5

W, 8.5 L, 3.8

d 0.5 P 0.7

5.2.3.3 Anchoring layer

To ensure an effective anchoring layer, a homogeneous polyimide layer is required. How-
ever, the copper surface of layers 1, 5, and 3 of the proposed structure is not as smooth as
glass, and the copper roughness can diminish the effectiveness of the anchoring layer, po-
tentially causing malfunctions. Other studies have solved this problem by applying a denser
polyimide deposition, resulting in a thicker coating [150, 155]. However, polyimide is very
expensive and achieving a sufficiently thick layer can dramatically increase the final cost of
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Figure 5.19: Simulated response of the substrate integrated resonator filled with GT3 liquid
crystal.

the device. In this work, we proposed using a double deposition that combines a first poly-
carbonate coating before the polyimide deposition. In this solution, the first polycarbonate
layer reduces the roughness of the material and prepares the sample for the final polyimide
deposition. The deposition process of both layers is described below.

To prepare the substrates for the anchoring layer deposition, the areas that should not
be covered by the layer are masked using Kapton tape. Next, a solution of polycarbonate
dissolved in chloroform (methylene chloride) is prepared with a concentration of 15 mg of
polycarbonate per 100 uL of solvent. This solution is then applied to the substrates using a
coating blade, and it solidifies within a few seconds at room temperature.

Figure 5.20: Top view of the third layer of the resonator with the Kapton mask.

After applying the polycarbonate coating, we performed several profilometric measure-
ments to assess the thickness of the deposited layer and the reduction of surface roughness.
Roughness measurements were taken perpendicular to the propagation direction of the mi-
crowave field, and the thickness of the deposition was determined by measuring the surface
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profile of a small dent performed in the polycarbonate layer using the profilometer. Figure
5.21 provides the roughness profiles of two substrates: one without the polycarbonate depo-
sition and another with the deposition.

—— Profile without PC —— Profile with PC
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Figure 5.21: Surface roughness profiles before and after the deposition of polycarbonate.

It is important to distinguish between waviness and roughness in the measurements shown
in Figure 5.21. Waviness represents gradual depth variations that, in this particular case, are
caused by sanding the copper surface with 400-grit sandpaper. These low-frequency vari-
ations are difficult to be eliminated, but they do not compromise the effectiveness of the
anchoring layer. In contrast, the roughness, characterised by rapid depth fluctuations, does
impact the performance of the anchoring layer. The measured copper surface roughness is
approximately 417 nm, which is reduced by around 26 % through the polycarbonate depo-
sition. This decrease ensures a smoother substrate for anchoring layer application, thereby

facilitating an effective anchoring.

Figure 5.22: From left to right: layers 1, 3, and 5 of the resonator after the application of the
double deposition and removal of the Kapton mask.

Once the copper surface had been smoothed, the polyimide was deposited onto the poly-
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carbonate deposition by spin coating, using the same profile used for the liquid crystal cells
of the split cylinder. Subsequently, the surface of the polyimide layer underwent a series
of microgrooves through a rubbing process with a velvet cloth. Finally, the Kapton mask
was meticulously removed by delicately cutting the polymeric coating; see Figure 5.22. No-
tably, the temperature treatment during polyimide solidification contributed to strengthening
the adherence of the polycarbonate deposition to the substrate and facilitated the unmasking
procedure.

In order to evaluate the efficacy of the double polymeric anchoring layer, it was applied
to a glass cell that was subsequently filled with a small volume of GT3 liquid crystal. Light
transmission measurements were conducted by positioning the cell between crossed light
polarisers. As illustrated in Figure 5.23 (a), blocked light indicates the parallel alignment of
the liquid crystal molecules with one of the polarisers. On the other hand, Figure 5.23 (b)
displays transmitted light, which occurs when the angle between the liquid crystal molecules
and the polarisers is approximately 45°. Notably, Figure 5.23 (b) also reveals the visible
grooves of the anchoring layer.

(@) (b)

Figure 5.23: Visual inspection of the liquid crystal polarisation: (a) LC cell aligned with
crossed polarisers, (b) LC cell rotated 45° with respect to the crossed polarisers. Light
transmission in (b) confirms the correct polarisation of the liquid crystal.

5.2.3.4 Assembling and filling

After applying the anchoring layer, the five layers of the substrate-integrated resonator
were assembled and fastened. The five layers of the prototype were soldered using low-
temperature, no-water-washable solder paste SMDLTLFP10TS5 from Chipquik. Subsequently,
the frequency response of the empty resonator was measured to verify the proper function-
ing of the device and detect any potential manufacturing anomalies. This measurement also
served to calibrate the analysis model of the resonator, where the width and length of the
cavity model were optimised to fit the measured response. Finally, the cavities in layers 2
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and 4 were filled with GT3-23002 liquid crystal using a syringe, and the device was sealed
using Norland adhesive.

5.2.3.5 Measurement setup

The measurement setup is shown in Figure 5.24. The biasing system consists of a signal
generator and a low-frequency amplifier connected to the Phoenix connector of the biasing
network. The biasing signal is a sinusoidal wave with a frequency of 1kHz, which ampli-
tude can vary from 0V, to 300 V},. The resonator’s frequency response was measured for
different bias voltage levels using a calibrated VNA that included additional DC blocks for
protection.

Figure 5.24: Measurement setup: (a) signal generator, (b) low-frequency amplifier, (c) de-
vice under test and (d) Vectorial Network Analyser (VNA).

5.2.3.6 Results and discussion

The characterisation procedure consisted in measuring the S parameters of the device
under different biasing voltages. The biasing voltage was gradually increased, and when
a noticeable change in the resonance frequency of the resonator was detected, the applied
voltage was considered as the threshold voltage (V;;). This result was used in equation 5.17
to calculate the /(;; constant. Afterwards, the bias amplitude was gradually increased until
reaching the maximum voltage threshold of the Phoenix connectors (300 V,,,). Finally, the
bias voltage was disconnected, and the switch-off time was measured to determine the liquid
crystal’s 7y, factor using equation 5.19. Table 5.13 compares the results obtained with this
method with the manufacturer’s data.
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Table 5.13: Threshold voltage and response times with their related parameters.

Parameter | Measured Data sheet
Vin 248 Vs 29V
Ton 2.20s 1.19s
Toff 426.68 s 258.50 s
A&y 1k - 2.6
K 14.35 pN 20.90 pN
Y11 393.1 mPa-s | 347.0 mPa-s

The computed values demonstrate a reasonable fit with the manufacturing data. The
observed discrepancies can be attributed to uncertainties in measuring the liquid crystal cavity
height, imperfections in the alignment layer that are not accounted for in the Fréedericksz
solution (which affects the /(;; calculation), and the omission of backflow and inertial effects
in the 7, transition within the Fréedericksz solution.

The resonator can also be used to extract the permittivity of the liquid crystal at different
polarisation states. In order to do so, the S parameters of the resonator under different biasing
voltages were obtained. These polarisation states encompassed the extreme states of the
liquid crystal (g(,,v,—0) ~ €(r,1) a0d € Vy=Vina) = E(ry)))> as Well as several intermediate
polarised states (0 < V;, < Vinaz)-

As a resonator-based method, the complex permittivity of the liquid crystal sample was
determined by analysing the resonance frequency and quality factor of the resonator. Since
the proposed resonator is non-homogeneous, an equivalent theoretical solution is not avail-
able. Instead, a realistic numerical model of the devices was modelled and simulated in the
CST simulation software. The dielectric properties of the liquid crystal were obtained by
adjusting the simulated responses to the measured responses. To improve the accuracy of the
method, the numerical model was firstly calibrated by fine-tuning the length and width of the
cavity, as well as the width of the coupling apertures, to align the simulated and measured
responses of the empty resonator (without liquid crystal).

The measured and adapted responses of the empty prototype are shown in Figure 5.25.
While there is some deviation between the simulation and measurement outside the resonance
frequency range, the resonance frequency and quality factor remain consistent between the
two models. This slight discrepancy can be attributed to two factors: the omission of SMA
connectors in the numerical model and the potential manufacturing tolerances in the transi-
tions and resonator feeding networks.
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Figure 5.25: Comparison of the measured empty resonator with the adapted response from
the numerical simulation.

After calibrating the simulation model, the response of the model filled with liquid crys-
tal was optimised to match the measured responses under different bias voltages, obtaining
the complex dielectric permittivity of the GT3-23002 liquid crystal at different polarisation
states.

The optimisation process began by computing the dielectric properties at the extreme po-
sitions (&, y,—0 and €, y,-v,,..). The optimisation process started with the permittivity and
loss tangent values obtained from a theoretical model based on a 7'F4y; mode rectangular
resonator. The resonance frequency and quality factor of this theoretical model can be com-
puted by equations 5.20 and 5.21, respectively. Since these equations relate the resonant
frequency and quality factor of the resonator with the relative permittivity and loss tangent of
the material, the value of these parameters can be directly derived from measurements.

1 T 2 T 2
TE101 4 5.20
7 2 u.geff\/(m) (lres) ( )

1
B tand - ef f

As the actual resonator is not homogeneously filled, the permittivity value obtained with

Qu (5.21)

equation 5.20 represents the effective permittivity (e.¢s) of an equivalent material that homo-
geneously fills the resonator. Assuming that the electric field inside the resonator is evenly
distributed in height, the permittivity of the liquid crystal can be approximated using the
following equation:

Ereff = (2-hro - e 4 hpo - €Y /(2 hro + hro) (5.22)
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, where ¢, .¢s 1s the effective permittivity of the equivalent homogeneous material of
the theoretical model, h ¢ is the thickness of one of the liquid crystal cavities, hro is the
thickness of the substrate in the centre layer of the resonator, and 550 is the relative dielectric
constant of the RO4003C substrate.

Similarly, the loss tangent can be approximated using equation 5.23.

tanéeff = (2 . hLC : tcmdLC + hRO . tandRO)/(2 . hLC + hRO) (523)

, where tand.;; is the effective loss tangent of the equivalent homogeneous material of
the theoretical model, h ¢ is the thickness of one of the liquid crystal cavities, hro is the
thickness of the substrate in the centre layer of the resonator, and tand?© is the loss tangent
of the RO4003C substrate.

It should be noted that the theoretical model did not account for the ohmic loss in the
resonator and the radiation loss of the SIW cavities and assumes that the electric field is
homogeneously distributed in height. However, the results obtained with this model were
used as starting points for the optimisation process, not impacting the final accuracy of the
method.

Figure 5.26 shows the frequency response of the resonator at steady (1}, = 0) and parallel
( Vo=Vinaz) polarisation states versus the adapted simulations. The simulated response of the
resonator for a parallel and perpendicular polarisation permittivity obtained with the previous
split-cylinder-cavity method listed in Table 5.10 have been included for validation purposes.
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Figure 5.26: Frequency response of the resonator at its two extreme polarisations (V, = 0
and V, = V},4,) versus the simulation with £, and £ obtained from the split cylinder
analysis.

As observed in Figure 5.26, the frequency responses of the simulated structure closely
match the measurements, and both are in good agreement with the validation results. How-
ever, there are slight differences between the measured and validation responses, being the
resonance frequency of the unbiased state above the simulated result for the perpendicular
polarisation and the simulated frequency of the biased state below the simulated results for
the parallel polarisation.

Regarding the differences between the unbiased results and the simulations for the per-
pendicular polarisation state (¢, 1, V;, = 0), the observed differences are likely attributed to
the non-perfect orientation of the liquid crystal molecules in the resonator. Under no bias-
ing signal, the liquid crystal molecules are aligned with the anchoring layer following the
direction of the microgrooves. Since the height of the liquid crystal volume is approximately
400 um, and the roughness of the copper surface was not completely corrected, it is possible
that the alignment of the LC molecules was not fully achieved.

On the other hand, the discrepancies related to €, (V, = Vj,,42) can be attributed to the
simplification of the molecule orientation in the numerical model. In the simulations, the
liquid crystal director was assumed to be parallel to the microwave electric field in the patch
area and perpendicular to the electric field in the surrounding areas. However, this assumption
is not entirely accurate due to the fringing effect experienced by the electric polarisation field
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at the border of the patches. For future work, it is recommended to consider the actual director
distribution to further improve the method’s accuracy.

Despite these limitations, the proposed resonator demonstrates a reconfigurability range
of 6.73 %, resulting in a frequency variation between f(y,—o) = 11.51 GHz and fy,—v;,..) =
10.76 GHz, and showing an unloaded quality factor that ranges from 55.60 to 139.58.

The permittivity characterisation begins by determining the dielectric properties of the
parallel and perpendicular polarisation states (€(1,—0), €(Vy=Vinas)» taN0(v,—0), and
tan d(y;,—v,..,))- These values are then used to approximate the permittivity and loss tan-
gent at intermediate polarisation states (V,,, < V, < V,,4,) using the frequency dependence
shown in equation 5.20. Given that the resonance frequency (f,) of a rectangular resonant
cavity is inversely proportional to the square root of the permittivity (,/¢,), and that the qual-
ity factor (()) is proportional to the loss factor (tand), it is possible to infer curves for the
resonance frequency versus permittivity and quality factor versus loss tangent, obtaining the
results depicted in Figure 5.27.
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Figure 5.27: Permittivity and loss tangent of the GT3-23002 liquid crystal at different bias
voltages.

The extracted values of ¢, (relative permittivity) and tan d (loss tangent) obtained using
the resonator-based method are consistent with the values obtained with the split-cylinder
method. Furthermore, the variation of permittivity and loss tangent with bias voltage aligns
with the expected behaviour, as reported in previous studies [150]. These results validate
the accuracy and effectiveness of the resonator-based method for characterising the dielectric
properties of the liquid crystal sample.
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This study presented a comprehensive characterisation method for determining the dielec-
tric properties of a liquid crystal material under different polarisation states. By employing a
substrate-integrated resonator and numerical simulations, the effective permittivity and loss
tangent of the liquid crystal at extreme polarisation points were accurately determined. The
method was further extended to calculate the dielectric properties at intermediate polarisa-
tion states. The results demonstrated a close agreement between the measured and simulated
responses, validating the accuracy of the approach. Despite certain limitations, such as imper-
fect molecular alignment and simplifications in the numerical model, the proposed resonator
exhibited a significant reconfigurability range. Overall, this characterisation method provides
valuable insights for understanding the behaviour of liquid crystal materials that can be useful
for the design and optimisation of reconfigurable microwave devices.

5.3 Tunable Phase Shifter

Phase shifters are essential components in radar systems, electromagnetic sensors, phased
array antennas and beamforming. These elements enable the control of the phase of the RF
signal, allowing for beam steering and beamforming of phased arrays and signal cancellation
in notch filters and interferometers. Several technologies are available for implementing
phase shifters, each with its own advantages and characteristics.

One widely used technology for phase shifters is based on semiconductor switches, such
as PIN diodes or field-effect transistors. These devices offer fast switching times and wide
bandwidth. They allow discrete phase shifts in fixed increments, providing a precise control
over the phase shifts. However, digital phase shifters have a limited number of selectable
phase states, resulting in a discrete phase response instead of a continuous range of phase
shifts (digital phase shifter). Additionally, phase shifters based on these elements normally
require complex topologies involving loaded lines or commutable matrices.

Another technology used in phase shifters is the analog phase shifters based on varactor
diodes. These devices provide a continuous range of phase shifts by varying the control
voltage, offering a high phase resolution and low harmonic distortion. However, they have
higher insertion loss than the previously mentioned technologies and can be more susceptible
to variations in the temperature and control voltage.

Micro-Electro-Mechanical Systems phase shifters are another technology gaining popu-
larity. These phase shifters utilise micro-scale mechanical structures to achieve both analog
and digital phase control. Micro-Electro-Mechanical Systems offer fast switching times, low
power consumption, and good linearity. However, they may have a limited phase range and
can be sensitive to mechanical vibrations or shock. Moreover, this technology offers a finite
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number of actuation cycles, reducing the lifespan of the system.

Functional materials have emerged as a promising technology for phase shifters. These
materials exhibit unique properties that allow the control of their electromagnetic properties
through an external stimuli. Ferroelectric materials have been traditionally used for imple-
menting tunable devices at microwave frequencies, including phase shifters. They provide
fast response times, low power consumption, and a broad range of phase shifts. These mate-
rials can work at high frequencies and offer wide bandwidth. However, they are very suscep-
tible to temperature variations, have limited power handling capabilities, and their integration
in planar circuits is complex.

On the other hand, liquid crystal phase shifters offer continuous and wide-range phase
shifts with relatively low insertion loss and power consumption. They can be easily integrated
into planar transmission lines, which makes them suitable for compact designs. Moreover,
they offer wide bandwidth and work at high frequencies, which makes them particularly
suitable for the new scenario of the space sector.

This section emphasises the design and measurement of a line-based phase shifter using
liquid crystal. These phase shifters are attractive due to their straightforward design, involv-
ing a transmission line section filled with the functional material. Liquid crystal enables a
continuous tuning of the phase shift and does not need a complex design based on loaded
lines or switching matrices like other technologies. Moreover, several studies have demon-
strated the reliability of liquid crystal under space ambient conditions, with no significant
issues reported [166—168]. The following section provides a comprehensive explanation of
the phase shifter’s topology, the design process, and the measurement results.

5.3.1 Phase Shifter Structure

The proposed phase shifter is a section of an Empty Substrate Integrated Coaxial Line
(ESICL) line filled with liquid crystal. In this configuration, the phase shift of the transmis-
sion line can be controlled by changing the permittivity of the liquid crystal, enabling con-
tinuous tunability. The ESICL line was selected because it has very low losses, a broadband
single-mode operation bandwidth, and easy integration to planar subsystems. Moreover, as
the ESICL line propagates a TEM mode, their two conductors can be used to excite the po-
larisation voltage needed to configure the LC. This eliminates the need for complex polariser
structures, enormously simplifying the design.

A cross-section of the phase shifter is shown in Figure 5.28. It illustrates the typical
stack-up of 5 PCBs required to create an ESICL line.

The phase shifter was designed to have a characteristic impedance of 50 €2, a square ge-
ometry, and a small and uniform spacing between conductors. The 50 (2 impedance facilitates
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Figure 5.28: Cross-section of the ESICL phase shifter, illustrating the different components.
The copper layers are represented in orange, the substrate in green, and the liquid
crystal in blue.

the integration into communication systems, while the square geometry enhances the single-
mode bandwidth, as was studied in Section 4.4.1. Finally, as the inner and outer conductor
of the line serve as LC polarisers, the uniformity and small separation between conductors
ensure a consistent polarisation of the liquid crystal for low biasing voltages.

Another important factor when designing the line is the selection of the substrate. The
permittivity variation of the liquid crystal can impact the performance of the ESICL transi-
tion. In order to mitigate this effect, a substrate with a relatively high dielectric permittivity
was chosen. Among the available options, it was decided to use the RO4360G2 substrate
with a permittivity of €, = 6.15. This substrate offers the advantage of having a permittivity
that doubles that of the liquid crystal. Additionally, it is easier to process than Teflon-based
substrates, which can be challenging to mill and metallise despite having a higher dielectric
permittivity.

The chosen stack-up consisted of a 0.305 mm thick RO4360G2 substrate for layer 3,
0.508 mm thick RO4360G?2 substrates for layers 2 and 4, and a 1.5 mm thick FR4 substrate
for the top and bottom covers (layers 1 and 5). Each layer includes a top and bottom copper
cladding of 17.5 um thickness. Moreover, layers 2, 3, and 4 underwent an additional met-
allisation during manufacturing, adding an 30 um of copper, and a solder paste layer of ap-
proximately 50 um thickness was applied between the different layers of the structure. With
the defined impedance and substrate stack-up, the final dimensions of the ESICL line are:
Wi, = 0.430 mm, W,,;, = 1.838 mm, h;, = 0.400mm, h,,; = 1.809 mm. These dimen-
sions were calculated using equation 4.5, considering an average permittivity of e.;¢ ~ 2.9
for the liquid crystal.
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5.3.2 Transition

Due to the reduced cross-section of the inner conductor of the designed ESICL line, the
transition developed in Section 4.4.1 was chosen. This new transition replaced the lateral cuts
of the previous design [87] with a row of plated bias, enhancing the mechanical reliability of
the structure. The layout of the transition can be seen in Figure 5.29, it consists of a coplanar
feeding line, a quarter wavelength stripline, a suspended stripline section, and the feeding
iris mentioned earlier. Additionally, a tapered transition was incorporated into the suspended
stripline to improve the matching between the high permittivity substrate and the LC-filled
ESICL.
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Figure 5.29: Layout of the ESICL phase shifter: (a) bottom view of layer 4, (b) top and
bottom view of layer 2, and (c) from top to bottom, the top and bottom view of the
third layer. Copper is depicted in dark grey, substrate in light grey, empty areas in
white, and plated through-hole holes and plated cuts are shown in black.

The design procedure followed a similar approach to that described in [87] and explained
in Section 4.4.1. Initially, the dimensions of the coplanar waveguide and stripline were chosen
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to achieve a 50 €2 impedance. The coplanar waveguide was chosen to have a length of 15 mm
to facilitate the end-launch connectors assembly, and the initial length of the stripline was
A/4. The widths of the tapered suspended stripline were adjusted to match the width of
the stripline and the inner conductor of the ESICL. For simplicity, the length of the tapered
suspended stripline was initially set to 1 mm. Finally, the width and length of the stripline,
and both widths of the tapered suspended striplines were optimised to achieve a minimum
insertion loss of —15dB from 0 Hz to 20 GHz. The final dimensions of the phase shifter and
transition are provided in Table 5.14.

Table 5.14: Dimensions for the coplanar to liquid crystal ESICL transition

Parameter | Dimensions [mm)] | Parameter | Dimensions [mm]|
ac 0.40 W, 1.838
be 1.30 Wiast 2.300

act 0.25 Wias2 3.200
bet 1.30 Whiass 2.300
Q1 0.36 We 2.300
() 0.44 L, 14.700
b1 0.95 L 3.500
biro 1.10 Ly, 1.000
Wiy 1.30 Licsicr 20.000
Wi 0.43 Ayias 0.500

Figure 5.30 illustrates the frequency response of the optimised transition for an inter-
mediate polarisation state of the liquid crystal, characterised by an average permittivity of
e, = (g) +€1)/2 = 2.8. It can be observed that the return loss remains above the 15dB
specification across the design bandwidth, having a maximum insertion loss of 1.92dB at
20 GHz.

Thanks to the liquid crystal, the phase shift of the line can be directly controlled through
a biasing voltage (V}) at 1 kHz applied between the inner and outer conductor of the ESICL.
The following expression can determine the maximum achievable phase shift:

AQ =, — g, = ZLECSICL (o (5.24)

Co
where: A6 is the relative phase shift between the two extreme polarisation states of the
liquid crystal, f stands for the frequency, L;csror is the length of the liquid crystal filled
ESICL, ¢y is the speed of light in vacuum, ¢; is the relative permittivity of the liquid crystal
at steady state (1, = 0), and &5 is the relative permittivity of the liquid crystal under a high
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Figure 5.30: Simulated frequency response of the ESICL phase shifter at an average polari-
sation state, i.e. €, = () +£.)/2 = 2.8 and tané = (tand) +tand, )/2 = 0.01121.

polarisation voltage (V;, = Vi42)-

Due to the geometry of the line, the effective anchor layer in this design was infeasible.
In the absence of a proper anchoring layer, the liquid crystal molecules arranged in small
domains, macroscopically behaving as a dielectric medium with an average relative permit-
tivity of €1 = (¢ +¢1)/2 [148]. As the biasing voltage is gradually increased, the molecules
start rotating to orientate their major axis parallel to the polarisation field. Eventually, at a
sufficiently high voltage, all the molecules align with the low-frequency field of the biasing
signal, resulting in a parallel orientation characterised by the following relative permittivity:
ey = €. Thus, the total reconfiguration range goes from ¢ = (g + €1)/2to g2 = ¢,
reducing the reconfigurability of the phase shifter by a 50 %. Moreover, since the anchoring
forces of the liquid crystal without an anchoring layer are very small, the relaxation time
(Tof¢) increases extraordinarily. Despite all this, the proposed configuration also reduces the
threshold voltage required for the phase shift [148]. Figure 5.32 illustrates the expected max-
imum phase shift when the ESICL line is filled with the GT3-23002 mixture from Merck
KGaA (g = 3.25, tan ¢ = 0.0025, ¢, = 2.35, and tan ¢, = 0.02205).

A typical figure of merit (FoM) for phase shifters can be defined as follows for comparison

purpose.

FoM, 1, — 200 5.25)
ST ®:

With the simulated results, the phase shifter is expected to have an FoM of 14 deg/dB for
an ideal reconfiguration range and 7 deg/dB for the expected range.
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5.3.3 Results and Discussion

A prototype of the ESICL phase shifter with a length of L;csrcr = 20.00mm was
manufactured and tested. The manufacturing process was the same as that of a conventional
ESICL line. First, the coaxial cavities were cut, and the plated-through holes were drilled.
Afterwards, the PCBs were plated, and the transition layout milled. The different layers
of the prototype were then soldered together using a non-water washable solder paste from
Chipquik, conforming a layer of soldering material with a thickness of 50 um. Finally, the
layers of the line were sealed using Norland adhesive, and the cavities of the coaxial line
were filled with the GT3-23002 liquid crystal through two filling holes located at the corners
of the ESICL.

Figure 5.31 presents the measured response of the prototype under steady-state condi-
tions, i.e., V4, = O and ¢, = (¢ 4+ £.)/2. Notably, the measured return loss deviates sig-
nificantly from the simulated values, adversely affecting the insertion loss and impacting the
figure of merit. This disparity can be attributed to manufacturing variations, increased by the
reduced cross-section of the inner conductor of the line. Furthermore, the presence of Nor-
land adhesive on the coplanar line can introduce unexpected reflections, further increasing
the return loss. The prototype achieves a minimum insertion loss of 0.11 dB and a maximum
value of 4dB. The return loss remains above 5 dB across the frequency range from 0 Hz to
17.5 GHz.
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Figure 5.31: Simulated and measured frequency response of the ESICL phase shifter at the
steady polarisation state, i.e., V;, = 0.

The phase of the devices under different biasing voltages (0 < V}, < V},,4,) was measured
using a VNA. Two DC blocks and a bias tee were used to protect the biasing system and the
VNA. Since the bias signal follows the same path as the RF signal in this device, the DC
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blocks and bias tees must withstand very high voltages. This forced us to use capacitors with
a higher capacitance than those used in the integrated resonator developed in Section 5.2.3.
The use of these DC blocks results in increased insertion losses that make it impossible to
calibrate the measurement test bench. As a result, obtaining reliable S-parameter modulus
measurements was not possible. Nevertheless, the measurements of phase shift were reliable,
they can be found in Figure 5.32. This figure depicts the phase shift of the line between the
steady state (V;, = 0) and the polarised state (V, = 200V,,) of the liquid crystal. It is
important to note that the DC blocks and bias tee, designed to block high voltages, affected
the accuracy of the measurements. Therefore, the observed ripple in the measurement results
shown in Figure 5.32 can be attributed to the influence of these components.
30 Theoretical Shift--- Theoretical Shift 50% —— Measured Shift

T T T T T T T T T

20

Phase shift [°]

Figure 5.32: Simulated and measured phase shift between the two extreme polarisation states
of the ESICL phase shifter, assuming a perfectly parallel orientation of the LC, ¢, for
Vi = Vinae and an average polarisation, (g +¢,)/2, for V, = 0.

The prototype achieves the expected efficiency of 50 % in phase shift due to the absence
of an anchoring layer, resulting in a maximum phase shift of 15.4° at 20 GHz. The insertion
loss remains below 3 dB across the entire operational bandwidth, yielding a maximum figure
of merit of 8°/dB. Although this figure of merit is too low for practical applications, it is
important to highlight that the cause of the high reflections has yet to be determined, offering
potential avenues for improvement in future works of similar nature.

The phase shift can be enhanced by implementing a polarisation mechanism based on
magnetic fields. Toroidal magnets or coils can be used to force an anchoring layer in op-
position to the electric biasing, achieving the maximum reconfigurability range of the liquid
crystal. This approach can significantly increase the figure of merit, making the phase shifter
suitable for being used in real communication systems. However, magnetic alignment may
not be desirable in certain applications due to the weight and bulkiness of magnets, as well
as the relatively high power consumption of coils.
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In conclusion, the development of the liquid crystal-filled ESICL as a phase shifter has
shown both potential and challenges. The prototype implementation has established the fea-
sibility of utilising the ESICL for reconfigurable microwave devices, albeit with deviations
between the measured and simulated results. The limitations in achieving a complete po-
larisation of the liquid crystal and the impact of manufacturing deviations on performance
were identified. Despite these challenges, the proposed phase shifter exhibits low losses and
suggests the potential of employing magnetic field alignment to improve performance. Fur-
ther research and analysis efforts are required to address these limitations and unlock the full
potential of liquid-crystal-filled ESICL technology in practical communication systems.



Chapter 6

Conclusions and Future Work

The landscape of satellite communications is facing a changing scenario with a saturated
spectrum and new competitors driving the development of new communications systems.
Much has changed over the past decades in the space industry. The demand for bandwidth
and ubiquitous connectivity has skyrocketed, showing no signs of slowing down. Private
companies have identified this market opportunity and have proposed new business models
based on high-throughput satellites and big constellations. Consequently, the satellite tech-
nology must advance to meet the evolving requirements of an industry that is experiencing
its first significant transformation in decades.

In this evolving context, RF and microwave systems play a pivotal role. They are expected
to provide not only improvements in terms of spectral efficiency and adaptability but also a
high degree of integration and a significant reduction of cost and weight. This thesis arises
from this growing need for cost-effective, lightweight microwave devices with improved per-
formance and seamless interconnection.

This work starts with an extensive literature review, encompassing the current state of the
space industry, the most employed microwave filter topologies, and the unique space condi-
tions discussed in Chapters 1 and 2. The findings indicate that there are excellent options for
developing communication filters with optimal performance and cost-effectiveness: the Sub-
strate Integrated Circuit (SIC) technology and the combination of Additive Manufacturing
(AM) and Surface-Mount Technology (SMT).

The SIC topologies allow seamless integration with planar circuits, delivering commend-
able performance while minimising weight and offering moderate production costs. On the
other hand, Additive Manufacturing (AM) filters using Surface-Mount Technology (SMT)
enable effortless connection with planar systems, resulting in an excellent performance, a
significant reduction of weight, and a reduction of cost for small to medium production sizes.
In summary, the SIC technology proves to be more suitable for constellations involving a
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high number of satellites, while Additive Manufacturing (AM) filters are better suited for
small constellations and high-throughput GEO satellites.

The first objective of this thesis was to develop and characterise a novel manufactur-
ing technique using Additive Manufacturing (AM) and to apply it to the development of
high-performance filters with easy integration with planar systems. This objective has been
successfully achieved, as outlined in Chapter 3. Section 3.1 provides an extensive literature
review on additive manufacturing and its application to microwave and RF devices. This
investigation concluded that a combination of Stereolithography Apparatus (SLA) printing
technology and electroless metallisation is the ideal choice for developing microwave de-
vices.

The SLA printing technology enables the utilisation of lightweight materials with medium
to high mechanical resistance while ensuring the good dimensional accuracy and surface fin-
ish required at microwave frequencies. Moreover, it was determined that composite materials
with a high concentration of solid particles exhibit superior printing precision, as these mate-
rials exhibit minimal shrinkage deformation and have a higher Heat Deflection Temperature
(HDT) compared to their 100 % plastic counterparts.

The proposed manufacturing process is thoroughly explained in Section 3.2. A classical
H-plane bandpass filter was designed, manufactured, and extensively tested to validate the
suitability of the proposed manufacturing methods. The results, presented in detail in Sec-
tion 3.4, demonstrate excellent performance, further supporting the efficacy of the developed
manufacturing techniques.

After proving the suitability of the proposed manufacturing method, Section 3.3 delves
into the investigation and design of Surface-Mount Technology (SMT) transitions for rectan-
gular and circular cavity filters. The proposed SMT assembly facilitates the seamless integra-
tion of waveguide devices with planar subsystems, predominantly microstrip, although it can
be readily adapted to cope with coplanar and stripline circuits. Three SMT filters were de-
signed and manufactured To demonstrate the practicality of the proposed approach, yielding
highly promising results as discussed in Section 3.4.

During the testing phase, it was noted that flat devices exhibited significant deformations.
Consequently, a sensitivity analysis and an in-depth examination of manufacturing issues
were conducted, with the findings summarised in Section 3.5. This study revealed that thin
geometries were more prone to manufacturing deviations due to the shrinkage contraction
of the printing material. Moreover, it was observed that rectangular resonators were more
susceptible to assembling gaps compared to their circular counterparts.

Furthermore, the study concluded that the proposed combination of AM and SMT is
ideally suited for relatively low frequencies, specifically C-band and below. However, for the
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X band and higher frequencies, the successful application of this approach necessitates the
incorporation of tunable elements to deal with the observed manufacturing tolerance.

Finally, the SMT filter prototypes underwent a series of space qualification tests, as de-
tailed in Section 3.6. Despite being constructed of plastic, the prototypes successfully passed
rigorous thermal cycling and vibration tests, demonstrating the viability of additive manufac-
turing technology for space missions without apparent problems.

Furthermore, the tested multipactor threshold confirmed that the SMT filters could be ef-
fectively utilised in the output RF chain of LEO and MEO satellites, and the classical waveg-
uide filters developed using additive manufacturing exhibited a comparable power threshold
to their metal counterparts, reinforcing their suitability for high-power applications.

The second objective of this research was to analyse and evaluate the performance of
various Substrate Integrated Circuit (SIC) filter topologies. Four different filter topologies
(SIW, ESIW, ADLS, and ESICL) were developed and described in detail in Section 3.4.
Subsequently, the effect of manufacturing deviations was thoroughly analysed in Section 3.5.
The results were satisfactory, and the observed deviations can be attributed to manufacturing
deviations.

The study revealed that the empty structures demonstrated lower sensitivity to manufac-
turing tolerances, and particularly the ESICL topology exhibited extremely low sensitivity to
assembling gaps. The developed prototypes underwent thermal cycling and vibration test-
ing to validate their suitability for space applications, as outlined in Section 4.3. The results
demonstrated the viability of SIC filters in withstanding the extreme conditions associated
with space and launch scenarios. Notably, the performance of SIC filters remained consis-
tent under temperature gradients and mechanical vibrations, obtaining comparable results to
the additively manufactured prototypes developed in Chapter 3. A multipactor analysis was
performed on the empty topologies (ESIW, ADLS, and ESICL), indicating that Substrate In-
tegrated Circuit (SIC) filters can withstand the high power requirements associated with LEO
applications. Additionally, based on the promising results observed with the ESICL topology,
several power divider topologies were developed as a proof of concept using this technology.
The outcomes of these prototypes are included in Section 4.4, demonstrating that ESICL is
an excellent candidate for implementing wideband, low-frequency applications.

Finally, the final objective of this thesis focused on exploring the reconfiguration capa-
bilities of Liquid Crystal (LC) and its application in the development of reconfigurable SIC
devices. Given that the electromagnetic properties of liquid crystal mixtures are not well-
characterised at microwave frequencies, two characterisation methods were developed and
employed during this thesis.

Firstly, in Section 5.2.2, the split-cylinder-cavity-resonator method was used to deter-



240 Conclusions and Future Work

mine the dielectric permittivity and loss tangent of four commercially available liquid crystal
mixtures. The samples were introduced into LC cells with mechanical anchoring layers to
achieve the two extreme polarisation states of the LC. Thus, the two extreme polarisation
states could be easily obtained by rotating the sample within the split resonator. Two differ-
ent analysis methods were employed to obtain the two extreme values of permittivity and loss
tangent for the four samples at 5 and 11 GHz. Based on the results, it was concluded that the
GT3-23002 liquid crystal from Merck KGaA exhibited the most favourable characteristics
for tunable applications at microwave frequencies.

Secondly, in Section 5.2.3, a SIC resonator was employed to approximate the dielectric
permittivity and loss tangent of the GT3 liquid crystal under various polarisation states. The
resonator utilised a combination of an anchoring layer and a biasing voltage to enable a
continuous range of polarisation states. The biasing signal was applied to two polarisation
patches implemented within the resonator layout. The resonator patches were also designed
to serve as DC blocks, safeguarding the measurement system from the high-voltage biasing
signal. A distributed bias tee was incorporated into the resonator to prevent the RF signal
from propagating into the biasing network. Leveraging the characteristics of this resonator, it
was possible to estimate the splay deformation constant and rotational viscosity of the GT3
liquid crystal.

As the final aspect of this thesis, a tunable phase shifter based on a liquid crystal-filled
ESICL was developed in Section 5.3. The two-conductor structure of the ESICL allowed for
applying the electric biasing fields needed to polarise the liquid crystal molecules. However,
the square geometry of the line restricted the use of mechanical anchoring layers, reducing
the expected phase shift by half. Unfortunately, the prototype exhibited higher return losses
than anticipated, significantly impacting insertion losses and diminishing the device’s figure
of merit. Nonetheless, the results obtained in this research validate the potential of ESICL
technology and LC as a viable option for implementing reconfigurable devices.

In conclusion, all the main goals of the thesis have been successfully accomplished. As
a result, numerous publications in reputed journals and conferences dedicated to microwave
engineering have been produced, as summarised in Appendix A. Furthermore, the additive
manufacturing method and SMT assembly of microwave devices developed in this thesis
granted a patent in 2018. This recognition highlights the novelty and potential impact of the
proposed techniques in the field of microwave engineering.

This thesis has started several new research lines that need to be further explored in the
future. The most important ones are summarised below:

* Evolution of the metallisation technique for additively manufactured devices. As
stated in Chapter 3, the developed metallisation process allows plating the entire sur-
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face of additively manufactured devices. In this context, it would be interesting to
explore the use of high-performance metals such as gold, silver or nickel. It would also
be interesting to adapt the autocatalytic deposition method to enable a selectable met-
allisation. This can be done by selectively applying the surface treatment using a laser
or plasma etching, allowing the sensitisation of specific surface areas. This selectable
metallisation can also be done by employing a polymeric mask that prevents the depo-
sition of copper in certain zones. This would enable the development of planar circuits
in arbitrary geometries, directly integrating the RF systems into their packaging.

Improvement of the SMT devices developed in this thesis to make them less sen-
sitive to manufacturing and assembling tolerances. The performances of the SMT
devices developed in this work were affected by manufacturing tolerances, and espe-
cially by the assembling gaps. These effects need to be more deeply studied in order
to compensate them in the design stage. In this context, a set of SMT resonators could
be developed to clearly quantify the effect of the assembling gap in the performance
of resonant devices. Once the undesired effects of the gap have been identified, the
design dimensions of the resonators and coupling elements of a filter can be tuned to
compensate for them. Another option is to study the use of tuning elements, such as
tuning screws, in resonators and coupling elements. Introducing these elements should
be simple and could compensate for the effect of gaps and manufacturing tolerances.
Finally, the use of groove gap waveguides should be studied, as these structures are
not sensitive to gaps between their two parts, and they can benefit from the design slot
transition to achieve a SMT assembly.

Complete the multipactor analysis on SIC filters. The preliminary analysis proved
that SIC filters can withstand signals with more than 250 W of power. As the analysis
was very conservative, it is expected that real prototypes support even higher power,
which makes the use of coaxial connectors impractical. Thus, it is necessary to develop
transitions between the proposed structures (ESIW, ADLS, and ESICL) and a rectan-
gular waveguide. For ESIW and ADLS filters, the transition can consist of a Cheby-
shev impedance transformer as the one employed in the multipactor test prototype of
the rectangular SMT filter developed in Section 3.6.3. Regarding the ESICL filter, the
transition can reassemble the classical E-plane transitions between coaxial cables and
rectangular waveguides, where the inner conductor of the coaxial cable penetrates in
the centre of the waveguide. Finally, the structure of filters should be redesigned to
fit the outgassing and electron seeding properties of the multipactor test. After this re-
design, more accurate analyses of the multifactor effect should be performed to narrow
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down the test case.

Study of new SIC topologies for liquid crystal devices. The ESICL technology has
demonstrated to be of interest for the development of tunable devices using liquid crys-
tal. The line provides a two-conductor structure that can be used to rotate the liquid
crystal molecules using a low-frequency biasing signal. However, the square geometry
of this line makes it difficult to build an effective anchoring layer, reducing the reconfig-
urability range of the liquid crystal by half. Although this problem can be solved using
a static magnetic field to orientate the molecules of the liquid crystal, the generation
of such fields needs big and heavy magnets or power-consuming coils, which makes
its use difficult in the industry. It is necessary to explore new SIC topologies with two
conductors that allow the integration of an anchoring layer. For instance, a preliminary
study has been performed to implement a tunable phase shifter and bandpass filter in a

microstrip-ridge gap waveguide.
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2019-03-26, Original Assignee: Universitat Poliecnica de Valeéncia.



Acronyms

ABS Acrylonitrile Butadiene Styrene.

ADLS Alternating Dielectric Line Sections.
AFSIW Air-Filled Substrate Integrated Waveguide.
AM Additive Manufacturing.

ASD Amplitude Spectral Density.

BJ Binder Jetting.

BW Bandwidth.

CNC Computer Numerical Control.
CST CST Studio Suite.
CTE Coefficient of Thermal Expansion.

CW Continuous Wave.

DLP Direct Light Processing.

DUT Device Under Test.

ECSS European Cooperation for Space Standardization.
EM Electromagnetic.
EMC Electromagnetic Compatibility.

ESA European Space Agency.
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ESICL Empty Substrate Integrated Coaxial Line.

ESIW Empty Substrate Integrated Waveguide.

FDM Fused Deposition Modelling.

FESEM Field-Emission Scanning Electron Microscope.

GDM General Detection Method.
GEO Geostationary Earth Orbit.

GGW Groove Gap Waveguide.
HDT Heat Deflection Temperature.

IEEE Institute of Electrical and Electronics Engineers.
IL Insertion Loss.

IoT Internet of Things.

LC Liquid Crystal.
LDM Local Detection Method.

LEO Low Earth Orbit.

MC Monte Carlo.

MEQO Medium Earth Orbit.

MJ Material Jetting.

MMIC Monolithic Microwave Integrated Circuits.
MSL Microstrip Line.

MSLA Masked Stereolithography Apparatus.

MW Minimum Workmanship.

NASA National Aeronautics and Space Administration.
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PBF Powder Bed Dusion.
PCB Printed Circuit Board.
PJ PolylJet.

PLA Polylactic Acid.
PTH Plated Through Hole.

PVD Physical Vapor Deposition.
Q-factor Quality factor.

RESIW Ridge Empty Substrate Integrated Waveguide.
RF Radio Frequency.
RL Return Loss.

RMS Root Mean Square.

SEE Secondary Electron Emission.
SEY Secondary Emission Yield.
SFR Spurious Free Range.

SIC Substrate Integrated Circuit.
SIW Substrate Integrated Waveguide.
SLA Stereolithography Apparatus.
SLM Selective Laser Melting.

SLS Selective Laser Sintering.

SMT Surface-Mount Technology.

TASE Time-Average Stored Energy.
TE Transverse Electric.

TEM Transverse ElectroMagnetic.
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Acronyms

TGA Thermogravimetric Analysis.

TRL Thru Reflect Line.

TZ Transmission Zero.
UV Ultraviolet.

VNA Vector Network Analyzer.

VSC Valencian Space Consortium.
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