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“If you have raced with men on foot and they have worn you out, how can you
compete with horses? If you feel secure only in a peaceful land, how will you

manage in the flooding of the Jordan?”

(Jeremiah 12:5)

“Si perde verso il bianco Meridione,
azzurro, rosso, I’Appennino, assorto

sotto le chiuse palpebre, all’alone
del mare di Gaeta e di Sperlonga...

Dietro il Massico stende Sparanise
candelabri di ulivi, tra festoni

di piante rampicanti sulle elisie

radure, dove lucono i lampioni
a San Nicola... Si spalanca il golfo

africano di Napoli, nazione

2

nel ventre della nazione...

(Pier Paolo Pasolini, Le Ceneri di Gramsci)

“Those who crawl on the earth are not exposed to falling as easily as those who
climb the mountain tops. Those who sit by the fireplace are not as easily

exposed to being lost as those who venture into the world. ”

(Sgren Kierkegaard, Aut-Aut)
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Résumé

La demande croissante en systémes de communication par satellite a large bande
a conduit au déploiement de constellations de satellites en bande K/Ka et au
développement de nouveaux terminaux pour les utilisateurs fixes et mobiles
[1, 2]. Les bandes attribuées pour les applications militaires et civiles pour la
réception (Rx) et I’émission (Tx) sont respectivement 17,7-21,2 GHz et 27,5-31
GHz. Dans ces deux bandes, des exigences strictes sont imposées a l'antenne.
L’antenne doit présenter un gain élevé (> 30 dB) et fonctionner en polarisation
circulaire ou double polarisation sur un secteur angulaire couvrant tout le plan
azimutal et un grand angle en élévation (jusqu’a 60°).

Plusieurs solutions ont été proposées au cours des années récentes, telles que
les réseaux « Continuous Transverse Stub » (CTS) [3], les réseaux connectés (en
anglais « connected arrays ») [4] ou les réseaux phasés [1]. Les réseaux connectés
sont des réseaux 2-D alimentés périodiquement a intervalles de Nyquist. Ces an-
tennes présentent des largeurs de bande extrémement importantes, des capacités
de balayage étendues et une pureté de polarisation remarquable. Cependant,
'utilisation de plusieurs alimentations et des modules Tx/Rx associés affecte
la taille finale et le cotit de I'antenne. Les réseaux phasés sont des solutions
extrémement agiles, mais leur coiit et les pertes des éléments actifs sont encore
des facteurs extrémement limitants.

Les réseaux CTS se composent de longues fentes rayonnantes, de hauteur
finie, reliés a un systéme d’alimentation en guide a plans paralleles, en anglais
parallel-plate waveguide (PPW), et rayonnant dans l’espace libre [3, 5]. Les
fentes rayonnantes peuvent étre alimentées en paralléle ou en série par un for-
mateur de faisceau en PPW. Ainsi, lorsque les fentes sont alimentées en par-
allele, les réseaux CTS présentent une trés large bande passante et une large
capacité de balayage [5]. Un autre avantage clé des réseaux CTS par rapport
aux réseaux connectés et aux réseaux phasés est la possibilité d’alimentation

du réseau par des formateurs de faisceau quasi-optiques, comme les systémes
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pillbox [6]. Les systémes d’alimentation avec des formateurs de faisceau quasi-
optiques réduisent drastiquement la complexité globale du systéme antennaire
avec des capacités de balayage améliorées. De plus, un systéme hybride (mé-
canique / électronique) peut étre utilisé pour pointer le faisceau principal de
I’antenne : des solutions mécaniques sont employées en azimut et un systéme
de commutation de faisceaux (« beam switching ») en élévation.

Le principal inconvénient des réseaux CTS est leur fonctionnement en simple
polarisation linéaire en raison de leur mécanisme de rayonnement. La polari-
sation circulaire peut étre obtenue en utilisant des polariseurs classiques avec
un inconvénient sur ’épaisseur et la masse finale de I'antenne [3]. Aujourd’hui
il n’existe pas de solutions connues dans la littérature ouverte concernant des
réseaux CTS a double polarisation.

L’Institut d’Electronique et des Technologies du numéRique (IETR) travaille
sur les réseaux CTS depuis 2012 dans le cadre de deux projets R&T du Centre
National d’Etudes Spatiales (CNES). Ces deux projets CNES ont permis a
I'TETR de développer des outils numériques pour 'analyse de ces réseaux [5].
Les outils ont été intégrés dans le logiciel PROFILE utilisé par le CNES pour
la conception d’antennes. De plus, 'outil développé par 'IETR a été utilisé
pour concevoir un réseau a large bande couvrant toute la bande Ka avec un
champ de vision jusqu’a 45° en élévation avec une efficacité supérieur a 80%
[6]. Cette antenne a suscité un trés fort intérét de la part de I’Agence Spatiale
Européenne (ESA) et de Thales Alenia Space, Toulouse. L’antenne décrite en
[6] a été présentée lors de plusieurs manifestations par Thales Alenia Space. En
outre, le concept développé a été mis en ceuvre et validé pour des applications
5G dans la bande & 60 GHz en utilisant un processus de fabrication LTCC (en
anglais « Low Temperature Co-fired Ceramics ») |7, 8] et dans la bande E en
utilisant des processus de fraisage classiques [9] et en technologies multicouches
PCB (en anglais « Printed-Circuit Board ») [10].

L’objectif principal de cette thése est d’étudier ’analyse et la conception des
réseaux CTS a double polarisation. Un réseau alimenté en paralléle sera consid-
éré pour un fonctionnement large bande. L’idée a la base de la thése est d’utiliser
des réseaux CTS multimodaux. Les réseaux CTS classiques adoptent le mode
principal TEM (« Transerve Electromagnetic ») du guide PPW d’alimentation.

Ici, nous proposons d’utiliser le mode TEM et le mode TE (« Transverse Electric
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»). Ces deux modes sont orthogonaux et, si correctement alimentés, peuvent

générer une double polarisation.

Plan de la thése

Dans ce qui suit, nous proposons un bref résumé du contenu de chaque chapitre.
Au Chapitre 1 nous commengons par expliquer la nécessité d’antennes a
grande couverture et large bande dans des domaines d’applications spatiales.
Le chapitre se poursuit avec un état de ’art et 'introduction de la structure de
référence des antennes CTS qui sont étudiées et développées par la suite.

Au Chapitre 2 nous proposons un code de raccordement modal (« Mode
Matching ») (MM) pour Panalyse et la conception des réseaux CTS multi-
modaux. L’outil prend en compte des guides PPW multimodaux et 1’excitation
des différents modes propageant dans les guides. L’impédance en balayage du
réseau de fentes, éventuellement en présence d’un radome diélectrique multi-
couche, est calculée, dans le cas d’un réseau infini. Nous présentons ainsi une ap-
proche pour évaluer les diagrammes de rayonnement qui repose sur I’évaluation
de I'amplitude et de la phase du champ a la sortie du formateur de faisceaux.
Enfin, & 'aide des outils développés, une conception d’antenne est présentée.
La technologie envisagées pour la fabrication est I'impression 3D.

Au Chapitre 3 nous présentons une étude analytique de la dispersion en
PPW, dont les plaques paralléles ont été remplacées par des surfaces d’impédance.
Le modéle numérique sert a comprendre non seulement comment résoudre les
problémes de dispersion intermodale entre les modes TEM et TE, mais aussi
comment concevoir des structures pour inhiber la propagation du mode TM («
Transverse Magnetic »).

Le Chapitre 4 propose la conception d’'une antenne CTS multimodale qui
génere une double polarisation. Le verrou principal a lever pour la structure
proposée est l'excitation du premier mode TM du guide PPW. Le mode TM
présente la méme fréquence de coupure que le mode TE; il donc pourrait se
propager dans le guide. De plus, il peut se coupler trés facilement au mode
TEM du guide. Une solution possible pour éviter le couplage du mode TEM et
du mode TM est d’utiliser des guides PPW avec des corrugations. La structure

comporte des corrugations le long de la direction de propagation des modes.



Une périodicité des corrugations, proche de la limite quasi-statique (A/10, ot A
est la longueur d’onde) assure une faible anisotropie et une faible dispersion spa-
tiale. Le PPW avec corrugations permet aux modes TE et TEM de se propager
et d’éviter le couplage entre le mode TEM et le mode TM d’un guide PPW
classique. L’antenne a été fabriquée et mesurée dans la chambre anéchoique de
I'TETR.

Au Chapitre 5 nous proposons des radomes polarisants a faible profil et
double bande pour réaliser des réseaux CTS en polarisation circulaire sans mod-
ifier I'architecture de I’antenne. Nous présentons une procédure de concep-
tion systématique basée sur des circuits équivalents qui modélisent le polariseur
par des ondes incidentes en polarisation verticale et horizontale. Le polariseur
génére une conversion de polarisation linéaire a circulaire dans les canaux Tx
et Rx des bandes K et Ka. Les polarisations circulaires générées entre ces deux
bandes sont orthogonales 1'une a I'autre. Nous présentons la conception d’un
polariseur qui comprend trois surfaces d’impédance anisotropes et deux sub-
strats. Les résultats mesurés montrent que le polariseur posséde des bandes
passantes relatives 21% et 6% pour une gamme d’incidence d’au moins £45°.

Au Chapitre 6 nous proposons la conception d’une antenne CTS classique,
entierement intégrés en technologies multicouches PCB. L’antenne génére une
polarisation linéaire sur une large bande. La réalisation des antennes CTS en
technologie planaire favorise la miniaturisation et leur intégration dans les plate-
formes mobiles pour les applications SOTM (en anglais « Satelite communica-
tion on-the-move »). Nous introduisons un guide d’onde vertical entiérement
intégrée dans le substrat qui supporte un mode quasi-TEM, en se rapprochant
donc du fonctionnement d’un guide d’onde a plans paralléles. Enfine, nous
présentons 'intégration du polariseur avec cette antenne CTS.

Au Chapitre 7 nous dressons un bilan global des principaux résultats de
la thése en soulignant aussi quelques questions ouvertes qui restent encore a

résoudre et également de possibles développements futurs.



xi

Abstract

The ever increasing demand for high-data-rate wireless services has boosted the
need for advanced satellite communication (SatCom) technologies. New genera-
tion satellite spacecrafts are now deployed in constellations orbiting in low and
medium Earth orbits, e.g., the SpaceX’s Starlink satellite mega constellation
[11]. To ensure a near-global coverage, the on-board antennas are growingly
quested to provide a multi-beam radiation. As consequence, the ground ter-
minals must provide high-gain radiation over a large field-of-view, to track the
satellites while flying at important angular velocities. A wideband operation is
also required to improve the throughput for high-speed data rates. As a matter
of example, SpaceX’s Starlink constellation will offer speeds of up to a gigabit
per second at a latency ranging from 25 ms to 35 ms [11]. The circular (CP)
or dual-linear polarization also represents a key asset to mitigate the polariza-
tion mismatch that may occur in long-range radio transmissions. Furthermore,
the antenna miniaturization has become mandatory in view of the hardware
integration in a large variety of moving platforms.

In light of the above, the work outlined in this thesis focus on a promising
candidate as a modern terminal SatCom antenna: the continuous transverse
stub (CTS) array fed by quasi-optical beamformers. The CTS arrays are planar
arrays, made of long slots, that have stood out for their broadband and wide-
angle scanning performances during the last decades. The antenna comprises
open-ended stubs, parallel-fed by a corporate feed network in parallel-plate
waveguide (PPW) technology. A two-layer embedded parabola is employed for
the antenna feeding through a focal array of horns. The antenna offers a beam-
steering along with one of the principal planes. A two-dimensional (2-D) scan
range can be attained with an azimuth rotation of the antenna module. As
a drawback, the classical CTS arrays are inherently linearly-polarized. In this
manuscript, an original concept is proposed to overcome this limitation, namely

the dual-mode CTS array. The radiating stubs are enlarged in such a way to
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support the propagation of three modes: the transverse electromagnetic (TEM)
mode and the first transverse electric (TE;) and magnetic (TM;) modes. The
TEM and TE; modes exhibit orthogonally-polarized E-fields in the waveguide
cross-section. If properly excited, they can thus guarantee CP radiation.

In the first part of the thesis, an efficient analysis tool is presented and used
to explore the maximum achievable performance in terms of antenna matching
and radiation properties. Afterward, design guidelines are carried out, through
which a structure is retrieved for operation in Ka-band. The antenna exhibits
a high-gain (around 35 dB) over the 27.5-31 GHz band. Also, the axial ratio
(AR) is below 3 dB all over the same band for a scan range of up to 20°.

After that, an in-depth analytic study is conducted to acquire know-how
for solving dispersion issues suffered by the dual-mode CTS arrays. The modal
analysis reveals that an equi-dispersive, dual-ortho-mode propagation is sup-
ported by PPWs, whose bounding walls are replaced with surface impedance
boundary conditions. In addition, the developed model has been used for design
purposes related to the modal filtering of the TM; mode.

By virtue of the aforementioned analysis, a dual-linear-polarized CTS ar-
ray, based on longitudinally-corrugated PPWs; is designed and fabricated using
stereolithography technology. The measured results establish a proof-of-concept
that dual-polarized radiation is attainable with the dual-mode CTS arrays. The
antenna array is planar and exhibits a low profile. A high-gain, as well as a
wideband operation, is observed for discretely large field-of-views. This pro-
totype also demonstrates that dual-linear radiation can be obtained without
relying on egg-crate configurations that, being based on a traveling-wave work-
ing principle, are usually very narrowband. The antenna array performs over
a 11.6% relative bandwidth with a radiation efficiency higher than 80%. The
antenna scans for polar angles as far as 24°.

A dual-band, linear-to-circular polarization (LP-to-CP) converter with ver-
satile polarization conversion is, afterward, analyzed and synthesized. Firstly,
a systematic model is developed for the design. Secondly, a metasurface-based
screen is designed by means of full-wave simulations. Finally, a prototype is
realized and measured using a quasi-optical test bench. The measurements are
in excellent agreement with the simulations.

In conclusion, an extremely low-profile CTS array is designed. The antenna
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is fully realized in printed-circuit board (PCB) technology and represents an
advanced example of a low-profile antenna. The array is designed to fulfill the
requirements of modern SatCom applications, i.e., full coverage of the K/Ka-
band. Specifically, the antenna is impedance-matched from 19 to 31 GHz and
efficiently performs over a £20° scanning range along the H-plane. The ra-
diation efficiency is found to be higher than 70%. Being so broadband and
compact, the possibility to combine the antenna with a dual-band polarizing
screen is also investigated and discussed.

Keywords: SatCom applications, CTS antennas, quasi-optical beamformer,
wideband, wide-angle scanning antenna, metasurface, dual-band LP-to-CP con-

verter, impedance boundary condition, antenna miniaturization.
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Chapter 1

Introduction

1.1 Overview of SatCom applications and needs

Satellite communications (SatCom) consist of Earth-orbiting systems capable of
receiving electromagnetic signals and relaying them back to the ground. They
have been a significant part of domestic and global communications since the
1970s and have been rapidly evolving over the last decades. The first SatCom
links have been allocated at C-band (4-8 GHz). As an example, the Anik A
have been the world’s first national domestic satellites, launched on November
9t 1972, and retired on July 15", 1982, for Canadian television broadcasting
[12|. Each satellite, equipped with 12 C-band transponders, has been placed
in geosynchronous or geostationary (GEO) orbits, about 36,000 km above the
Earth [13]. Since the rotation period of GEO spacecrafts is the same as the
Earth, they appear to be fixed in a stationary point with respect to the ground.
As consequence, the on-board antennas required to these applications usually
do not perform scanning [see Fig. 1.1] and a maximum of three satellites is
enough for a full coverage of the Earth’s surface. These satellites have been
intensively used for a large variety of conventional services, such as direct-to-
home television and/or broadcasts. Over the years, the quest for big data has
become urgent and, consequently, the run-up to more efficient and complex
technologies. The on-board antennas have been designed to cover narrower
areas on the Earth, as depicted in Fig. 1.1. Specifically, the more directive the
on-board antenna becomes and the bulkier it is, whereas the ground terminal

device reduces its size accordingly, as illustrated in Fig. 1.1.

Nowadays, the huge demand for high-speed links continues growing at an

ever-increasing rate and leads to investigating cutting-edge antenna solutions to
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FIGURE 1.1: Summary of the SatCom links over the years. A
graphic illustration shows the needed antenna modules to guar-
antee the RF communication for the different satellite orbits.

fulfill the modern SatCom requirements. As a matter of fact, GEO solutions are
to be overcome by Low (LEO) and Medium (MEO) Earth Orbit communication
systems, which are based on orbiting spacecrafts flying at a closer distance to
the Earth (<1,500 km for LEO and 6,000-20,000 km for MEO). These SatCom
links guarantee a reduced latency with respect to GEO ones, i.e., 1-4 ms in-
stead of 125 ms. Note that the latency in SatComs has a negligible impact on
standard services, such as TV broadcasting or satellite telephones, etc., whereas
non-negligible effects are experienced for the new millennium applications, e.g.,
internet-of-things, real-time video rendering, navigation, etc. Furthermore, the
LEO/MEO links should also support the frequency and polarization re-use over
different beams. Being closer to the Earth’s surface, LEO and MEO satellites
also require less power as compared to GEO’s and are generally deployed in
satellite constellations. Each spacecraft, in fact, provides a limited coverage
area on the Earth that moves as the satellite flies at a significant angular ve-
locity, needed to maintain its orbit. For instance, the SpaceX’s Starlink mega

constellation of satellites consists of 12,000 internet satellites placed in 550 km
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orbits at the zenith, flying at an angular velocity of 0.79 deg/s [11, 14]. A
further representative example of satellite constellation is the European global
navigation satellite system (GNSS), namely Galileo [15]. The Galileo constella-
tion is a project created by the European GNSS Agency (GSA) and comprises
24 satellites along three MEO planes, plus two spare satellites per orbit [see
Fig. 1.2(a)]. The Galileo space segment takes 14 hours to orbit the Earth and

FIGURE 1.2: (a) Schematic view of the Galileo constellation. (b)
Bottom view of the Galileo satellite system. Images courtesy of
the European Space Agency [15].

8 active satellites are dedicated to each MEO orbit. Among a prominent RF
hardware, each satellite includes also two phased arrays at L- and C-band, re-
spectively. The antenna array at L-band transmits the navigation signal to the
Earth in the 1.2-1.6 GHz frequency range by means of a multi-beam radiation.
It is the main on-board antenna and it is placed at the bottom of each satellite,
as it can be seen in Fig. 1.2(b). Two sensors are used to ensure that the satellite
is pointing toward the Earth. The C-band antenna receives the navigation mes-
sages from the ground station (up-link), whereas a further L-band SAR antenna
emits distress signals to the rescue coordination centre. This representative ex-
ample is intended to show the complexity of a modern flying SatCom platform.
In general, a LEO/MEO constellation’s satellite must carry multi-beam anten-
nas [see Fig. 1.1], such as phased arrays, lenses or quasi-optical systems [16—
20]. This is to achieve a certain coverage of the Earth’s surface by combining
different beams together. A near-global coverage is usually obtained by placing
these satellites in complementary orbital planes so that at least one satellite is

visible at any time everywhere on the Earth.
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From the ground segment standpoint, the new generation of SatCom termi-
nal antennas must thus ensure a robust link by accurately tracking the satellite
[see Fig. 1.1|. Large field-of-views are usually attained with mechanical solu-
tions, e.g., two-axis positioners that adjust the pointing direction of a fixed-
beam terminal antenna (typically a reflector) toward the satellite. The engine
responsible for the beam steering might degrade the overall performance in
terms of re-positioning velocity, as well as wear and tear. Furthermore, the
bulkiness of such a solution is unappropriated to SatCom on-the-move (SOTM)
applications, e.g., high-speed trains and aircrafts, where lightweight and low-
profile antenna solutions are needed. For these reasons, antenna modules per-
forming a wide-angle scan have been gaining interest during the last years [1].
Hybrid electro-mechanical antennas may also represent an alternative, as they
achieve two-dimensional (2-D) scanning by combining a one-dimensional (1-D)
wide-scanning antenna with a rotating platform.

For high-throughput satellite systems, modern SatCom terminal antennas
are also required to achieve a wideband operation. A large range of SatCom
links is currently allocated at Ku-band (12-18 GHz). Due to frequency chan-

nels saturation, modern communication links start targeting higher frequency

% Satellite frequency bands

LsicCi X | Ku i K | Ka
1248 12 18 26 40 GHz

................. ; [—

Satellite communications

177 212 275 31 GHz
Down-link Up-link
Channel Channel

FIGURE 1.3: Frequency allocation of modern SatCom links for
both civil and military applications.

bands, e.g., K- and Ka-band |21, 22]. As shown in Fig. 1.3, recent K/Ka-band
SatCom applications use the 17.7-21.2 GHz band associated with the up-link
channel, whereas the down-link one is approximately allocated at 27.5-31 GHz.

Gain and directivity being equal, the K/Ka-band antennas exhibit reduced sizes
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with respect to the ones at Ku-band. The drawback lies in the complexity of
designing wideband antenna modules and, in addition, the atmospheric atten-

uation of electromagnetic waves is higher at those frequencies [23].

Last but not least, this generation of SatCom ground terminals is often re-
quested to achieve circularly-polarized radiation. Circular polarization (CP) is,
indeed, essential to increase the link reliability and robustness for long-range
signal transmissions. Circularly-polarized radiation represents a key asset to
suppressing the polarization mismatch, experienced by the signal while prop-
agating in the atmosphere (e.g., Faraday rotation). To demonstrate this, it is

worth defining the polarization loss factor (PLF) [24], as follows
PFL = |prx - prx/’ (1.1)

where pry and prx are the polarization unit vectors of the receive (RX) and the
transmit (TX) antennas, respectively. The PLF attains a value of 1, if there is
no polarization mismatch between the RX and the TX antennas. A PLF equal
to 0 indicates a complete polarization mismatch. As a matter of example, let us
consider a linearly-polarized RX antenna, whose polarization unit vector rotates
from z-axis to a 45°-oriented position with respect to x-axis. Its mathematical

expression is given by the following parametric form:

. T+ prxyY
PRX = —2>
\/ 1 +pRX,y

The PLF is plotted in Fig. 1.4 for three cases of TX antennas with different

0 < pryy <1 (1.2)

polarization vectors: prx = 2, prx = 4, and prx = (& £ig)/v/2. As shown in
Fig. 1.4, the PLF ranges from 0 to 1 when the TX and RX antennas are both
linearly-polarized. Specifically, a complete polarization mismatch is achieved
for the orthogonal orientation of TX and RX antennas. On the other hand, if
the TX antenna is circularly-polarized, at least half of the conveyed power is
constantly received by the terminal. This simple example clearly shows that
the CP enhances the reliability of the communication link. The mitigation
of multipath fading and errors, resulting from misalignment between TX and
RX antennas, represents a further reason to use CP [16]|. Reversely, linear po-

larization is sometimes preferred to CP as it is less sensitive to atmospheric
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FIGURE 1.4: Polarization loss factor for three different cases of
transmit antenna. The receive antenna is rotated from z-axis to
a 45° orientation.

effects (rain attenuation), as reported by the International Telecommunication
Union (ITU) recommendation BO.791 [25]. However, in the Annex 1 of ITU-R
BO.791 [25] is also stated that this advantage of CP may not be significant if
compared with linear polarization transmission on or near a 45° plane. Fur-
thermore, it may be difficult to produce good cross-polar response with linear
polarization (particularly for elliptical beams) and to transfer to a spare satel-
lite at a different orbital position because of the need to realign the polarization
plane [25]. All these reasons lead to the conclusion that circularly-polarized
antennas are more suitable for the new generation of high-throughput SatCom
terminals whose priority lies in guaranteeing the robustness and versatility of
the long-range link.

A table summarizing the requirements of modern SatCom era is shown in

Table 1.1. The design of high-efficiency antennas fulfilling the requirements

TABLE 1.1: SUMMARY OF MODERN SATCOM REQUIREMENTS.

\ \ SPECIFICATION |
Circular polarization Axial ratio below 3 dB
Frequency range Down-link: 17.7-21 GHz  Up-link: 27.5-31 GHz
Field-of-view Elevation from horizon: 20° to 90°  Azimuth: 360°
Gain 30 dBi at 20° above the horizon
Low-profile Body height below 15 cm

in Table 1.1 is non-trivial. Therefore, the work presented in this manuscript
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aims at investigating novel antenna solutions performing highly-pure circular

or dual-polarized radiation with a low-profile and wideband operation.

1.2 State-of-the-art: SatCom terminal antennas

The aim of this Section is to provide an overview of the state-of-the-art of
antennas currently used in the ground segment. In the frame of the SatCom
applications, a very large range of antenna solutions can be found in the liter-
ature. Given the aforementioned SatCom constraints, an assortment has been
done among existing solutions and, particularly, the attention is paid on an-
tennas attaining broadband operation, wide-angle scanning capabilities, and
polarization diversity. Two families of antenna devices result to be appealing
candidates for the ground segment of modern SatCom links. The first group
comprises reflector and lens antennas, whereas the second one is constituted
by phased arrays. Both antenna solutions show pros and cons, whose trade-off
solution can be engineered accordingly to the specific applications and require-
ments. From this study, it emerges that the research of novel ground terminals
still constitutes a hot topic nowadays; an intense research activity is thus nec-

essary to further enrich the current state-of-the-art solutions.

1.2.1 Reflector and lens antennas

Reflectors constitute a well-known family of antenna systems. A horn antenna
is usually employed as feeder, to obtain high directivity after a reflection from a
parabolic mirror. They can ensure a broadband operation over a large field-of-
view. Reflectors are also very versatile in terms of polarization agility, as they
depend on the feeder’s characteristics. Wide-angle scanning performance is
achieved either with mechanical supports, used to adjust the pointing direction
of a fixed beam [26, 27|, or by employing feed-through lens combined to an
array as feeder [28]|. A fixed-beam reflector that attain scanning performances
through a mechanical support [26] is shown in Fig. 1.5(a). As it can be seen in
Fig. 1.5(a), reflector antennas are very bulky and, consequently, expensive to
build. Their field of usage thus reduces, since their encumbrance makes them

inappropriate to several SatCom applications, e.g., SOTM.



Chapter 1. Introduction 8
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Teflon Lens

(b)

FIGURE 1.5: Overview of the reflector and lens antennas, (a)

Photograph of a high-gain reflector antenna at Ka-band. (b)

Illustration of the homogeneous lens providing circular polariza-
tion. Pictures courtesy of [26, 29].

Lens antennas may represent an alternative to reflectors in terms of compact-
ness. They have recently arisen interest from the scientific community, owing to
their ultra large field-of-view (£75°) [18], simplicity to design with tools based
on geometrical optics [17], or easy integration as beam-forming network [30].
However, their are mostly known to operate in linear polarization. This point
represents a big limitation for modern SatCom applications. The CP can be
achieved by designing a homogeneous lens fed by an array of septum polarizers
[29], as shown in Fig. 1.5(b). The latter solution is very cumbersome and in-
appropriate to the ground segment purposes. As for reflectors, the fabrication

costs of lens antennas are usually rather high.

1.2.2 Phased arrays

Phased arrays represent an agile solution as antennas for the ground segment.
In general, antenna arrays are made of radiating elements, arranged in a planar
periodic (or non-periodic) configuration. Each element is connected to a phase
shifter, used to provide a certain phase distribution for achieving beam scanning.
Generally, this type of antennas can achieve 2-D scanning, without relying on
any mechanical beam steering support. On the other hand, the planar feed
network usually increases the antenna complexity and degrades its efficiency.
In the following, a sorting of phased arrays is investigated and discussed to

highlight eventual potentialities and limitations.
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Vivaldi arrays

Vivaldi arrays are well-know for their ultra-wideband properties (easily in the
order of 120%). They can be also designed to attain dual-polarized radiation
with a discrete scan coverage (around £30°), as reported in [31]. As for most
of the phased arrays, their main limitation lies in the feeding system complex-
ity, which limits the ideal achievable bandwidth of the array stand-alone. In
fact, slotline-to-microstrip transitions are usually needed in the feed network to
lower the antenna profile. A solution to overcome these issues may be found
in the balanced antipodal Vivaldi antennas (BAVA) [32]. These antennas are
nonetheless too bulky and exhibit relatively high costs. In fact, each radiating
element is associated with an active component within the feeding network.

Vivaldi arrays usually exhibit also high cross-polarization.

PUMA arrays

The planar ultra-wideband modular antenna (PUMA) arrays represent a clever
way to realize the concept of the Wheeler’s current sheet [33|. They consist

of planar dipoles printed on a ground-backed substrate [see Fig. 1.6(a)]. Each

€2 v

Feed Line
Vias =

En

A

7
Shorting Via
(optional)

(a) (b)

FIGURE 1.6: Overview of the PUMA arrays, (a) Schematic of

the array unit cell. (b) Fabricated prototype. Pictures courtesy
of 34, 35].

dipole exhibits a strong capacitive reactance that is used to counteract the
inductive one, resulting from the ground plane placed at Ag/4 (Ao is a wavelength
of reference) away from the dipoles. The egg-crate dipole array is fed by an
unbalanced feeding mechanism through a pair of shorting vias [refer to Fig.

1.6(a)]. Unbalanced feed lines that feed the balanced dipole arms may result
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in a "catastrophic" common-mode resonance, occurring in the middle band.
Shorting vias connect the dipole arms to the ground, in such a way to enforce
the vertical E-field component to zero. A strategical location for the vias is,
hence, selected in order to shift this resonance out of the targeted band. In [35],
the proposed PUMA array achieves an ultra-wideband performances, e.g., 7-21
GHz (100%). This antenna also offers a significant field-of-view (up to £45°)
and can be realized by employing only one printed-circuit board (PCB) layer
[34]. The prototype in [35] attains also a dual-polarized radiation. The work in
[36] presents an enhancement in PUMA architectures by adding a sub-array as
a portion of the periodic original array. This solution reduces the costs and the
overall profile of the antenna. Finally, a new class of PUMA arrays has been
recently proposed in [37] for attaining a further enhanced bandwidth operation,
ie., 142%.

The drawback of these antennas lies in the feeding network that, in addition
to being very costly (a phase shifter is required for each radiating element, as
shown in Fig. 1.6(b)), requires also the use of baluns to suppress the common-
mode resonance. Furthermore, the small thickness and the low permittivity
of the substrate usually result in surface wave phenomena that lead to scan
blindness at high frequencies. Finally, PUMA arrays usually suffer from high
cross-polarization levels in the D-plane (45°-rotated with respect to the principal

planes).

Connected arrays

Among recent phased array solutions, an interesting architecture is offered by
connected arrays. They consist of electrically-small dipoles or slots, which are
connected and parallel-fed by coaxial cables, arranged in a double mesh grid
through a transition from vertical co-planar strip to vertical microstrip lines
[see the array unit cell shown in Fig. 1.7(a)]. Connected arrays can efficiently
operate over wide impedance-matched bands (around 30%) and can attain dual-
polarized radiation [4]. The wideband performance derives from a strong mutual
coupling between the connected radiating elements that results in a frequency-
independent current, smoothly-distributed over the aperture [38, 39]. Con-
nected arrays often offer good performances while scanning as far as 60° [4]. As

shown in Fig. 1.7(a), their design is however non-straightforward, given that
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FIGURE 1.7: Overview of the Connected arrays, (a) Schematic
of the array unit cell. (b) Backside of a fabricated prototype.
Pictures courtesy of [4].

various vertical cross-connected PCB boards are required for the fabrication. In
addition, common-mode rejection loops are needed in combination with baluns
for the feeding of each array cell. Radiation leakages may be present too, due
to the propagation of undesired surface waves, and artificial dielectric layers
(ADL) have been proposed as a solution in [40]. For the sake of completeness,
these problems have been overcome by a low-cost planar structure, proposed in
[41]. The array exhibits an impedance bandwidth in the 6-15 GHz band and
offers a dual-linear polarization for scan angles up to 60° in the H-plane, as well
as 80° in the E-plane.

As a drawback, several feeds (one for each radiating element) are required
for the antenna supply [see Fig. 1.7(b)|, which increase the costs considerably.
A transmit /receive module is associated with each feed, thus increasing the

number of active devices and related costs.

TCDA arrays

As for connected arrays, the tightly coupled dipole antenna (TCDA) arrays ex-
ploit the coupling between horizontal dipoles, placed above a conducting ground
plane, and extends the bandwidth and scanning capability of the current sheet
array (CSA), previously proposed by Munk [42]. These phased arrays exhibit
ultra-wideband and very wide-angle scanning capabilities. Over the years, sev-
eral architectures have been proposed to work both in single [43] or dual [44]

linear polarization. For instance, the prototype in [44] covers the frequency
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range from the upper-S to Ku bands (142%) and performs dual-polarized ra-
diation up to 60°. Owing to their lightweight, TCDA arrays suit well as the
replacement of multiple antennas. Also, spectral efficiency is possible by re-
using intermediate frequencies for inter-satellite communications. As for all
phased arrays, the main shortcoming lies in the complexity of the feeding sys-
tem. Each set of cross-connected dipoles, in fact, requires the use of Marchand

baluns, printed on vertical PCB boards, as well as a dedicated coaxial cable.

1.2.3 Continuous transverse stub arrays

From the study outlined in Section 1.2.2, it emerges that phased arrays of-
fer an electronic 2-D scanning, which suits well to the real-time control of the
beam direction of the antenna. However, their main shortcoming lies in the
feeding system, deemed unsuitable as SatCom terminal due to costs and bulki-
ness. Attractive alternatives are broadband antennas, used in combination with
beamformers or quasi-optical systems as feeding network. Specifically, a large
variety of switched-beam devices are now available in the literature, such as
beamforming networks (e.g., Butler or Nolen matrices |45, 46]) and/or quasi-
optical systems (e.g., Rotman lenses [47] or pillbox couplers [19, 48]). This
class of devices can provide a multi-beam radiation without requiring an ele-
vate number of active elements. They can also be used to generate a continuous
line source, which is employable to feed various types of antenna’s radiating
elements, e.g., long slots, metasurfaces, leaky-waves, etc. The following of this
manuscript will focus on a class of antennas, the continuous transverse stub
(CTS) arrays, that merges the simplicity of quasi-optical beamformers to the
broadband and wide-angle scanning capabilities of phased arrays. Note that
this antenna solution can offer the scanning along one plane only. The 2-D
scanning capabilities are achieved by means of mechanical rotation of the over-
all module. The main focus of this thesis will be on the engineering of these

structures in such a way to achieve circular or dual-linear polarization.

The parallel-fed CTS arrays have been receiving large attention for decades
due to their inherent properties, suitable to fulfill the modern SatCom require-
ments. In 1948, the concept of multiple-slot antenna was patented by Linden-

blad [49], whose antenna architecture is shown in Fig. 1.8(a). In 1993, Milroy
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(a) Lindenblad’s structure [49].
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(b) Milroy’s structure [50].

FIGURE 1.8: Continuous transverse stub architecture proposed
by (a) Lindenblad [49] and (b) Milroy [50].

granted a patent on CTS devices [50], as shown in Fig. 1.8(b), and his struc-
tures demonstrated wideband capability with a contained overall profile [50—
53]. Starting from the patents [50-53], the most evolved industrial products are
today proposed by an American company founded in 2000, namely ThinKom
[3]. The latter develops antenna solutions for the aeronautic and space market.
In 2018, one of their product has been the first antenna able to track MEO
satellites. In the same year, the module Ku3030, shown in Fig. 1.9(a), has been

(a) ThinKom Ku3030. (b) ThinKom Ka2517.

F1GURE 1.9: CTS antenna arrays proposed by ThinKom. Pic-
tures courtesy of [3].
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proposed as an airborne antenna, able to track LEO/MEO satellites. In 2018,
the product Ka2517 (shown in Fig. 1.9(b)) has been designed as a solution
for LEO/MEO/GEO SatCom applications, attaining a 97.5° field-of-view with
switchable circular polarization. The latter is achieved by means of a wideband
circular polarizer placed in the very proximity of the radiating aperture. In the
open literature, recent contributions [6, 9, 54| have proposed analytic tools to
design CTS arrays, achieving wide-angle scanning performance by combining
parallel-fed architectures with a continuous line source, i.e., a pillbox system
[19, 20, 48|. The proposed antenna architecture consists of long radiating slots,
parallel-fed by a corporate feed network (CFN) made of 1-to-2 way T-junctions
in parallel plate waveguide (PPW) technology [refer to Fig. 1.8]. Unlike the
structure in Fig. 1.8(a), the CFN in [6] is connected to a pillbox system, in
such a way that each slot is illuminated by a uniform field distribution with
a progressive phase. This feeding system enables the long slot array to steer
the beam along the H-plane. Moreover, the architecture recently proposed in
[55] has demonstrated a drastic reduction of the sidelobe levels (SLL) in the
E-plane as well. Basically, this is achieved by employing a non-uniform CFEN

that provides a Gaussian-like field distribution along the periodic slots.

Standard CTS arrays exhibit wideband capabilities, due to the mono-modal
property of the CFN. Indeed, the working principle of CTS arrays relies on
the radiation of a transverse electromagnetic (TEM) mode, which is the only
field distribution supported by the radiating slots. TEM modes do not exhibit
cut-off frequency [56], thus the active impedance of the long slots remains fairly
constant over a very large frequency range [5]. This is the consequence of the
inherent ultra-wideband property of long slot arrays [57]. In fact, the active

impedance of a generic long slot array is given by

T - sinc? (kpmt/2)
Zlong slot:_y 0 Z xm (13)

act d 2
My==00 V kg_k%m_kgm

T
Mg=—00

where Jy(k,) is the Bessel function of first kind (order zero) and d, and d, are
the double array periodicity. Also, ky and 7y are the free-space wavenumber
and impedance, respectively, t is the width of the line source and w that of
the radiating slots. Finally, k., and k., are transverse eigenvalues associated

to the corresponding Floquet modes. When the attention is restricted at low
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frequencies, equation (1.3) can be simplified [57|, thus yielding to

Zlong slot f—=0 @ @ cos 0 (1 4)
act d, 2 1 —sin?6fsin? ¢ '

where 6 and ¢ indicate the elevation and azimuth pointing angle of the array,
respectively. Equation (1.4) shows that the active impedance of the radiating
slots is constant in low frequency ranges, thus achieving “infinite” impedance

bandwidth in theory [58]. It is possible to achieve the impedance matching

Zlong slot

condition, by playing with the array dimensions d, and d,. Given that Z

is frequency-independent at low frequencies, the impedance matching is thus
valid over a large frequency range.

Although the mono-modal operation of CTS arrays broadens the impedance
matching, it also represents a limitation in attaining CP. Standard CTS arrays
are, indeed, inherently linearly-polarized. Existing solutions to provide CP
typically rely on add-on linear-to-circular polarization (LP-to-CP) converters,
placed in proximity of the radiating aperture [59]. This solution is straightfor-
ward but can degrade the overall performance of the CTS array, by increasing
insertion losses and narrowing the field-of-view of the antenna. An alterna-
tive solution is proposed in [60]. This consists of two orthogonally-oriented,
series-fed long slot structures. The array resembles egg-crate configurations
that radiate dual-polarized fields using two separate apertures. The solution
proposed in [60] represents a step forward in this field of study, yet it is ex-
tremely narrowband (~ 1 % of fractional bandwidth) and does not perform

scanning.

1.2.4 Summary

The reported state-of-the-art has extensively detailed a limited range of Sat-
Com terminal antennas among a large set of existing solutions. In particular,
the main focus has concerned two types of solutions: phased arrays and long
slot arrays fed by a quasi-optical beamformer. A comparison between the var-
ious solutions is summarized in Table 1.2. Phased array solutions show very
good performances in terms of bandwidth and scanning range. Different types
of wideband arrays are present in the literature [4, 31, 35, 37, 41, 44], but all of
them are limited by the complexity of the feeding system. The latter, in fact,
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TABLE 1.2: STATE-OF-THE-ART OF SATCOM TERMINALS.

REF. ARCHITECTURE PoL. BANDWIDTH | FEEDING SYSTEM | SCAN RANGE | POWER | COSTS | YEAR
[31]* Vivaldi array Dual LP 120% Grid of connectors +30° (2-D) o N? High 2016
[35]* PUMA array Dual LP 100% Grid of connectors +45° (2-D) x N? High 2012
[37]* PUMA array Dual LP 142% Grid of connectors +60° (2-D) o N? | Medium | 2018
[4]* Connected array Dual LP 30% Grid of connectors +60° (2-D) x N? High 2016
[41]* Connected array Dual LP 85.7% Grid of connectors +60° (2-D) oc N2 | Medium | 2018
[44]* TCDA array Dual LP 142% Grid of connectors +60° (2-D) o N2 | Medium | 2015
Ku3030 [3]** CTS array Single LP 30% n.a. 97.5° (H-plane) x N High 2018
Ka2517 [3]** | CTS array + polarizer | Switchable CP 54% n.a. 97.5° (H-plane) x N High 2017
[6]** CTS array Single LP 40.6% Pillbox system +45° (H-plane) x N Medium | 2015
[7] CTS array in LTCC Single LP 27.5% Pillbox system Fixed beam x N Medium | 2017
[9]* CTS array Single LP 19.1% Pillbox system Fixed beam x N Medium | 2017
[60]* Cross-connected slots Dual CP 1.6% Traveling wave Fixed beam x N Low 2017

* A phased array made of N x N radiating elements is assumed.
** N indicates the number of coaxial connectors. A single coaxial connector is associated to a single beam.

usually consists of a double mesh grid of connectors. Each radiating element
is fed by a dedicated connector, thus increasing the number of active elements
considerably. Particularly, if we assume phased arrays having N x N elements,
the associated power consumption is thus proportional to N2?. Owing to the use
of a quasi-optical beamformer, a promising solution is offered by CTS arrays.
Wideband performance are achieved, as well as a large field-of-view along one
principal plane. A 2-D scanning can be also achieved by relying on an azimuth
rotation of the antenna module. Commercial modules [3| are available on the
market and they represent the most evolved CTS array solution as industrial
product. In the open literature, several prototypes have been proposed |6, 7, 9|
and demonstrated an excellent performance to fulfill modern SatCom require-
ments. The limitation of the CTS arrays is that they do not usually perform
polarization agility. The CP is generally achieved by means of an add-on po-
larization controller, placed in front of the radiating aperture. So far as we
know, the work in [60] is the only antenna solution, based on cross-connected
long slots, that achieves the CP by relying on two separate apertures. As for all
traveling-wave antennas, the solution in [60] is however very narrowband and

scarcely efficient.

1.3 Novelty of the thesis

In this Section, the underlying idea of the thesis is outlined. In particular, two
antenna solutions are proposed as terminal devices that fulfill modern SatCom

requirements. The first idea is based on the novel concept of the dual-mode
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CTS arrays, whereas the second relies on a dual-band polarizing screen, to be

used in combination with an extremely low profile and wideband CTS array.

1.3.1 Dual-mode CTS arrays

A novel concept of CTS arrays, to achieve circular or dual-linear polarization,
is proposed in this thesis. The underlying idea is based on the over-moded op-
eration of the long slot arrays. The width of the slots is enlarged to propagate
higher-order transverse electric (TE) and magnetic (TM) modes. Specifically,
long slots of width A/2 < a < A (where X\ is the operating wavelength) can
support three modes: TEM, TM; and TE;. Fig. 1.10 depicts the E-field distri-

TEM mode « TE; mode __,\S TM; mode
>2/2 A A A A A A ) SR ) T T T T T T >}/2
i = R L 154

FIGURE 1.10: E-field distribution in the cross section of an over-
moded PPW. From left to right: TEM, TE; and TM; modes.

bution over the cross-section of an over-moded PPW, whose height is comprised
between a half and one wavelength. Fig. 1.10 shows that TEM and TE modes
exhibit orthogonally-oriented E-fields in the waveguide’s cross-section, able to
radiate CP waves if properly excited. The novelty, introduced by this class of
arrays, lies in providing CP radiation by resorting to a single radiating aperture
that supports two orthogonally-polarized modes. Such a structure preserves all
the advantages of parallel-fed CTS arrays, i.e., wideband, large field-of-view,

low profile, line source, etc.

The main drawback of this class of CTS arrays is twofold. Firstly, the
TEM and TE; modes exhibit different dispersive behaviors. Also, the TM;
mode is undesired and, being degenerate with the TE; mode, can propagate
in the structure. Throughout the manuscript, several paths will be explored
to stem these issues. For instance, specific kinds of PPWs will be engineered
and integrated into the antenna design, showing results of great interest to the

scientific community:.
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1.3.2 CTS arrays combined with circular polarizers

As mentioned in Section 1.1, modern K/Ka-band SatCom terminals operate
in two separate frequency bands: 17.7-21 GHz and 27.5-31 GHz, associated
with the down-link and the up-link, respectively, as shown in Fig. 1.3. Or-
thogonal CPs are preferred in these two bands to further improve the isolation
between the transmit and the receive signal. The design of antennas, providing
orthogonal CPs in two non-adjacent bands, is thus becoming of increasing in-
terest and represents a future challenge for the scientific community. However,
the dual-mode CTS arrays cannot straightforwardly address this problem. As

consequence, other solutions have to be investigated.

Nowadays, there are two main approaches to fulfill the above-mentioned Sat-

Com requirements, as shown in Figs. 1.11(a) and (b). A first solution makes

Down-link of K/Ka-band
17.7-21.2 GHz

Down-link of K/Ka-band
17.7-21.2 GHz

N\ /j‘
P
RHCP or LHCP
&%‘.‘" CP or LHC
pSe SN
LHCP or RHCP <

SatCom Terminal

Dual-band, Dual-CP

LP-to-CP converter

Up-link of K/Ka-band
27,531 GHz

Up-link of K/Ka-band
27.5-31 GHz

SatCom Terminal SatCom Terminal

(a) Double apertures. (b) Single aperture.

FIGURE 1.11: Dual-band, orthogonally-polarized SatCom sys-

tems. (a) Two apertures are used to receiving/transmitting

LHCP and RHCP radiations separately in two non-adjacent

bands. (b) One only aperture covering the K-/Ka-band is used
in combination of a dual-band circular polarizer.

use of two separate apertures that radiate CP waves in the up- and down-link
channels of the K-/Ka-band [refer to Fig. 1.11(a)]. This solution is the one
typically employed and it is based on two highly-efficient SatCom terminals,

e.g., reflectors using dual-CP feeders |61, 62|. A recent solution is based on
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continuous parallel-plate waveguide lenses and achieves multi-beam CP radia-
tion [63|. Each beam is alternately right or left hand circularly-polarized and
may represent a way to address the dual-band SatCom requirements. How-
ever, even though this antenna is very broadband, efficient, and reliable, it also
exhibits high costs and fairly complex design. Also, the dual CP operation is
only guaranteed at different pointing angles. On the other hand, an alternative
solution is shown in Fig. 1.11(b). One only linearly-polarized SatCom aperture,
that covers the K-/Ka-band, is used in combination with a dual-band linear-to-
circular polarization (LP-to-CP) converter. This solution would help in strongly
reducing the encumbrance of the overall SatCom system, as well as the costs.
To date, the research activity on these applications is still at an early stage.
Therefore, this thesis will focus on this solution and, particularly, on the design
of dual-band planar polarizing screens. The combination of the polarizer with
a very broadband CTS array (K and Ka bands) will be an additional subject
of study.

1.4 Outline of the thesis

The aim of this thesis is to propose the study and the design of a novel antenna
architecture, suitable to fulfill advanced SatCom requirements. As mentioned
earlier, the antenna is based on the dual-mode operation of enlarged PPWs. It
can attain wideband performance, as well as beam switching capability along
one plane. A 2-D scan range is obtained by virtue of a hybrid electro-mechanical
solution. Specifically, an azimuth rotation of the antenna allows a conical sector
of scanning by means of an electrical one, resulting from the quasi-optical feed
system. The work was funded by Direction Général de I’Armament (DGA) and
Région Bretagne. Specifically, the thesis is structured into three major blocks.

The first research activity has focused on the development of an in-house
tool and related analytic studies about the analysis of dual-mode CTS arrays,
achieving circular or dual-linear polarization. A possible design is also proposed
and is currently under fabrication using 3-D printing technology.

The second part is about the analysis and synthesis of a dual-band linear-to-
circular (LP-to-CP) polarization converter that attains polarization diversity in

the up-link and down-link channels of the K/Ka-band. This six-months work
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has been carried out in collaboration with Prof. Anthony Grbic at the Radiation
Laboratory, University of Michigan, Ann Arbor, USA. The dual-band polarized

has been fabricated and measured using a quasi-optical test bench.

The third and last part concerns a research activity inserted in the con-
text of a collaboration with Thales Communication and Security (TCS), in the
framework of the R&D activity of the ANR-ASTRID-MATURATION project
named RAFQO [64]. The goal of this collaboration is to develop a CTS array,
that covers the K and Ka bands, with an extremely low-profile to target SOTM
applications. A CTS array in PCB technology has been prototyped and tested
to evaluate its performance. This antenna is also intended to be integrated with

a dual-band LP-to-CP converter.

A more detailed explanation of the manuscript’s organization is reported

hereinafter.

Chapter 2 comprises two main parts: numerical modeling for the compu-
tation of the active impedance of over-moded, open-ended stubs and a possible
design at Ka-band. An original numerical modeling, consisting of a mode-
matching technique based on a spectral Green’s function approach, is presented
and intensively validated with full-wave simulations. The versatility of an in-
house tool is fundamental to execute fast and accurate multi-parametric studies.
The goal is to gain insights by exploring the antenna’s potentialities and lim-
itations. After being accurately validated, the code is used to retrieve design
guidelines. A possible design of the dual-mode CTS array at the Ka-band is af-
terward proposed. The laser selective melting technology is selected for the fab-
rication and subjected to a feasibility test. To the moment of this manuscript’s
redaction, the antenna is under fabrication. Future works will focus on antenna

testing.

Chapter 3 proposes an analytic study of PPWs with reactive walls. From
this study, it emerges that the dispersion of reactive-loaded, open-ended stubs
can be engineered in such a way to achieve an equi-dispersive, dual-mode prop-
agation. This provides insights into solutions that overcome the issues of inter-
modal dispersion (between TEM and TE; modes), experienced by the dual-
mode CTS arrays introduced in Chapter 2. Also, the developed theory can
be used to engineer structures that inhibit the propagation of the TM; mode,
thus mitigating the undesired coupling that occurs between the TEM and TM;
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modes.

Chapter 4 introduces the design of a dual-linear-polarized CTS array. The
antenna is made of over-moded stubs that support a dual-mode propagation,
exhaustively studied in Chapter 2. The dispersion of each radiating stub is
engineered ad-hoc by using the model developed in Chapter 3. A prototype has
been fabricated in stereolithography technology and, afterward, tested in the
anechoic chamber. The antenna array constitutes an important proof-of-concept
that strengthens the usability of dual-mode CTS array for SatCom links. Specif-
ically, the antenna array is designed at Ka-band and achieves an 11.6% fractional
bandwidth of operation. It performs high-gain dual-polarized radiation while
scanning up to £25° with a radiation efficiency of 85%. This work is positioned
as the first successful attempt to overcome the inherent linearly-polarized work-
ing principle of standard CTS arrays. Up to date, dual-polarized CTS arrays
have indeed been proposed only in traveling-wave configurations, whose band-
width of operation is very narrow. In addition, a quasi-optical beamformer
has been used, for the first time, as a feed system to provide a dual-polarized

multi-beam radiation.

Chapter 5 proposes an original design procedure to realize dual-band,
orthogonally-polarized LP-to-CP converters. The model is based on equiva-
lent circuit models and allows approaching the design without relying on any
multi-parameter optimizations. A metasurface-based polarizer has been de-
signed using two PCB boards and a prototype has been fabricated. Its perfor-
mance has been intensively measured with a quasi-optical test bench, showing
an excellent agreement with the predicted results. Among existing solutions,
this polarizer constitutes the state-of-the-art, in terms of efficiency and purity
of the polarization conversion. Also, the proposed model significantly eases in
the design process that is carried out without massive optimization routines.
The advantages and limitations of such a design procedure are also highlighted

and exhaustively discussed in the last part of this Chapter.

Chapter 6 is about the design of a very broadband CTS array with an ex-
treme low-profile. The antenna is fully realized in nine PCB layers and exploits
a layer-to-layer capacitive coupling that enables the propagation in the vertical

direction. The design has been carried out by means of full-wave simulations
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and a prototype has been fabricated. The antenna demonstrates very broad-
band capabilities (50% of relative bandwidth) and achieves scanning agility.
Also, an antenna efficiency higher than 70% is attained. The prompt for the
antenna miniaturization is required to fulfill the demanding requirements of
SOTM applications. The proposed solution proves that these specifications can
be accomplished by a single device. The developed antenna architecture stands
out not only for its compactness, but also for its simplicity to be integrated with
add-on components. In fact, the combination with the dual-band polarized, in-
troduced in Chapter 5, is seen to be feasible, so that a dual-band operation with
high CP discrimination, between the two non-adjacent bands, can be performed
by a single extremely-compact device.

Chapter 7 reviews the contributions of the thesis and discusses the to-do

list and future developments.
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Chapter 2

Circularly-Polarized CTS Arrays

An efficient numerical tool is crucial to explore the potentiality of the antenna
described in Chapter 1.3.1. In this Chapter!, a spectral mode-matching tech-
nique (MMT) is introduced to investigate the maximum achievable performance
of the proposed structure. The numerical model builds on the work in [5], ex-
tending it to over-moded structures. Closed-form expressions are provided for
the active admittance of an infinite, over-moded, long slot array. In particular,
the active reflection coefficient of over-moded CTS arrays is calculated, when
the open-ended stubs are parallel-fed by the TEM and TE; modes, respec-
tively. The insight, given by dedicated numerical analyses, is of considerable
importance to study the antenna’s potentialities and limitations. The in-house
tool, indeed, offers extreme versatility for the analysis of the array under vari-
ous and precisely controlled excitations (e.g., single-mode, multi-mode), which
is fundamental to perform fast and accurate parametric studies. The impact
of the array parameters on the antenna’s matching and radiation performance
will be exhaustively displayed and discussed, thus easing a possible design of
circularly-polarized SatCom terminal antenna at the Ka-band.

In the following, the impact on performances resulting from TM; mode
propagation will be excluded. Except for broadside radiation, the TM; and
TEM modes may generally occur in mutual coupling, while the array performs
scanning. This unwanted effect is nonetheless negligible when considering that
the E-field distribution of TM; mode exhibits null amplitude at the center
of each radiating slot [see Fig. 1.10]. This means that the radiated power,
associated with TM; mode, is small when compared to that of both TEM
and TE; modes. Also, the dispersion of the radiating PPWs can be further

!This Chapter is an extended version of the article [J-1]. The list of the author’s publica-
tions is included at the end of this Ph.D. dissertation.
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engineered, in order to inhibit the TM; mode propagation within the operating

frequency range. This point will be touched in Chapter 3.

2.1 Numerical model of over-moded CTS arrays

Fig. 2.1 shows the geometry of the problem under consideration. The planar
array is infinitely extended in the xy-plane. The infinite array approximation

turns out to be excellent while studying very large arrays [65]. The width of
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FIGURE 2.1: Geometry of the problem under analysis. The array

consists of open-ended stubs, parallel-fed by over-moded PPWs.

The long slots radiate into a multi-layered medium. Only three

dielectric slabs are shown for the sake of clarity. (a) Perspective
view. (b) Cross section in the xz-plane.

slots is a and the inter-element spacing is d. In order to maintain the propaga-
tion of only three modes (TEM, TE; and TMj), the slots’ height a is comprised
between A/2 and A, where A is the operating wavelength in the medium filling
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the PPWs. This setting informs us that the maximum operating bandwidth
of the antenna is 66.6% (i.e., fmar = 2fmin) theoretically. This result repre-
sents the first drawback when compared to mono-modal long slot arrays, which
achieve “infinite” bandwidth in principle [58]. The proposed structure can how-
ever be classified as a broadband array. The PPWs are filled with material of
relative dielectric constant €,;. The modes propagate in the direction of z-axis.
The metallic part is considered lossless and, hence, modeled as a perfect elec-
tric conductor (PEC). The open-ended stubs radiate into a planar multi-layered
medium. The number of dielectric layers can be arbitrarily chosen. Each di-

electric layer has height h, and dielectric permittivity €, 4.1, where ¢ € N*.

The electromagnetic problem is studied by virtue of the equivalence theorem
[24]. A magnetic field integral equation (MFIE) is derived by enforcing the

continuity of tangential component of the magnetic field on the slots:
zx [Hi(z,y, 2) + He(z,y, 2) — He(2, 9, 2)] |ono=0 (2.1)

where © = {(z,y,2) € R® : nd < 2 < a+nd with n € Z,—00 < y <
+00, z = 0}. The entries H;(z,y, 2), Hp(z,y, z) and H¢(x, y, 2) are,respectively,
the incident, reflected, and transmitted magnetic fields at the discontinuity
z = 0. A simple graphical representation of these fields is shown in Fig. 2.1(b).
Given the structure is periodic, each field contribution in (2.1) is expressed
exploiting the Floquet theory [66]. Specifically, the total field is rebuilt by

expanding in Floquet’s modes the field distribution over the central slot.

As it is well known, the general electromagnetic field in a hollow, lossless
PPW can be expressed as a series of normal modes. The theory of waveg-
uides is well established and is documented in various books [56, 67-70]. Given
the absence of source, the problem reduces to solving Helmholtz equation and

searching for the corresponding eigenvalues [71]. In formulae:
H{ptTETMIL = (2.2)

2 o 5 2
mmﬂH:W+@?W§:%+%+@fmﬂmmmmmw
{TE,TM}
t

operator and m € NT. The eigenvalues k),

are calculated enforcing the

boundary conditions (BC) over the waveguide cross-section contour. Assuming
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the contour C'is PEC, TE and TM modes fulfill the following BCs, respectively

8¢TE
=0 onC
“on
PpIM =0 onC (23)

where C' = {(z,y,2) € R® : z = {0,a} with n € Z, —0c0 < y < 400,z = 0}
and a_an = n -V is the directional derivative along the normal to the contour C.
The modal vectors for TE and TM modes are obtained from the corresponding
scalar potential, as follows

TE 3 TE
e, —==<X Vﬂb

™ _ _y, ¢TM (2.4)

€m

As mentioned earlier, the fields in a hollow waveguide can be thus expressed
as a superimposition of TE and TM modes. Hereinafter, we will refer to the
formulation proposed in [70]. After some algebraic manipulations, the formal

expression of the transverse fields in PPWs can be arranged in the form:

. YTE m YTM m a
m= (2.5)
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+ Z YTM Vm - ﬁVm Sin (T.CE) e Yy

+00
bTE bTM )
Eppw = Z ( LU v VTM) cos (mx> e~ thwoy

+oo
. mm —q A
Hppw = E (CQEV,::E — cﬁMVTZM) sin (—x) e~ hvoy 3
a

”;:01 (2.6)
pLEY/TM _ My TM <m > —ikyoy 5
+ Z ( e Vo, e Vi ) Ccos . x)e Y

where VIE and VIM are scalar modal functions of TE and TM modes, re-
spectively. The entries b1E 0IM  cTE and ¢I'™ are calculated by enforcing the

ortho-normalization property of waveguide modes |71], thus yielding to

brE  IM ikyo/Vm/a 1 if m=0
YTE> yTM - 2 27 Um = 5 0 (27)
me Y Jk + (mm/a) if m#
crE M mm/ar/Vm/a L if m=0 2.8)
= Vi = .

YIE'YTM \/k’go—i-(mﬂ/a)Q 2 if m#0
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where ko = kosinfysingy and (6, ¢o) is the pointing direction of the array
[see Fig. 2.1|. Furthermore, Y2¥ and Y™ represent the modal admittances of
TE and TM modes, respectively. Since the structure is periodic, the Floquet’s
theory [66] can be applied to equations (2.5) and (2.6) to express the fields in
(2.1).

Given the linearity of the problem, we will consider two separate modes to
excite the stubs: TEM and TE;. The incident magnetic field H;(x,y, 2) in (2.1)

takes a different form according to the feeding mode, as follows

+oo
H™M = " HESW (z —nd, y)[], (¢ — & — nd)e "= (2.9)
+oo
H™ = Y Higw(z —nd y)[], (r — & —nd)e ™o (2.10)

where k.o = kg sin 0y cos ¢ and

-~ TEY/TEo
FTEM 1Yy "V,

Phw = Tamce—kyoyg (2.11)
YIEVIES [orm moN T\ .
HglED%V = 1]{;# a |:5 Sin <EfL’> T+ Z]Cyo COS <EfL’> yi| (212)

where V;'P0 and V;IF' are the known scalar mode functions of the incident
field under TEM and TE; mode operation, respectively. Moreover, kI¥ is the
eigenvalue associated to TE; mode and the rectangular function [], (z) =1 for

—a/2 < x < a/2 and null elsewhere.

In turn, the expression for the reflected and transmitted magnetic fields in

(2.1) are given by

“+oo

H, = - Z Hppw(z — nd, )], (z — ¢ - nd)e_ikw”d (2.13)
Ht:/ &HM (Q?—l‘l,y—y/)Mt (x’,y')dx’dy’ (2.14)
R2 —

The reflected field H, is found by inserting (2.6) into (2.13). The field trans-
mitted over the slots Hy is calculated as convolution of the transverse dyadic
Green’s function @H M for a layered medium with the transverse magnetic cur-

rent My (z,y) distribution on ®. Guidelines to derive the transverse dyadic
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Green’s function @H M can be found in [70], whose approach is based on equiv-
alent transmission line (TL) models. A systematic procedure to evaluate this
class of Green’s functions is outlined in Appendix A.2. The transverse magnetic

current My (z,y) is given by

Mt('r7y) = —ZX EFloquet(xa Y,z = O) (215)
where
+oc0 ‘
Ertoquet = Y Eppw(z — nd,y)[], (z — & — nd)e *om (2.16)

By inserting (2.5) into (2.16), the magnetic current in (2.15) is obtained. Note
that Mg(z,y) is function of the scalar mode functions VI'¥ and V.I™. The
Fourier transform is then performed to compute the convolution integral (2.14).

For the sake of brevity, we directly report the extended form of Hy, given by

ety X TV ™ Ol TE HM —ik
He o= d Z <YTMVm YTEVm ) Z I G (Kan, kyo)e™ "
m=1 n=-—00

e~y X pTM ™ TE HM ik
+ Y (e YTEvm)zAmG (i e

m=0 n=-—00
(2.17)
ety I aM v Sl rE HM —ikona
H-y= d Z(YTMVm YTEVm ) Z P (Kion) Gy (Kam, Fyo)e ™"
m=1 n=-—00

e ikyoy +0o bTM

m=0 n=-—o00

(2.18)
where ky, = kyo—2nm/d and G7" is the Fourier transform of the (4, j)-th entry
of the Green’s dyad gH M The functions T, (k,) and A,,(k,) are defined as

(k) = %ei(k$%+mg) |:SiIlC (k: -+ %) — e "M sinc (/{:x% - %)} (2.19)
Aky) = %e“km%mg) [sinc (k 5 + %) + e sinc (kxg — %)} (2.20)
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where the unnormalized sinc(-) function is defined as

sinc(z) = ERA (2.21)

1 if z=0

By inserting (2.17), (2.18) and (2.13) into (2.1), the MIFE is found as func-
tion of the unknown scalar mode functions V¥ and VI'™. This equation can be
approximately solved by truncating the series to 2M-1 PPW modes and 2N;+1
Floquet modes, and applying the Galerkin projection to (2.1). Two different lin-
ear problems arise for the two selected modes. For each mode, the matrix-based

form yields

XTE,TE ZTE,TM VTE 101
= = = (2.22)
gTM,TE LTM’TM VTM 102

where VI® = [VFE VTP .. VEE ] and V™M = [VIM  VIM] are the

scalar mode functions of TE and TM modes in the PPWs, respectively. De-
pending on the type of impinging field we consider, i.e., TEM (2.9) or TE;
(2.10), the known terms Ip; and Ipp take different forms. The mathematical

expressions of the admittance matrix in (2.22) can be found in the Appendix
Al

2.1.1 Active admittance under TEM excitation

The constant term in (2.22) is given by

[iVieM Jay, e .
0 .
Ip; = ] , To2= | (2.23)
' 0
- 0 -

where VIEM = 1(V/\/m) and Y{'¥ = 1/¢ with ¢ the intrinsic impedance of

inc
the medium inside the PPWs. By inverting (2.22), the scalar mode functions
expressed in a closed-form. The active admittance of the radiating slots can be

then derived considering the power of TEM mode flowing through the slots. The



Chapter 2. Circularly-Polarized CTS Arrays 30

mathematical expression of the normalized active admittance Y ZFM is given by
_ 1 *
YIEM — ——/ H;-M dzdy 2.24
t |V0TE\/E|2 @ t t, TEM ( )
M T a) e hvovg) (2.25)
t, TEM — Ja Ha(a:—i) 7 .

In (2.24), Hy takes into account the contribution of higher order modes in the
PPWs and the mutual coupling between the feeding waveguides [see (2.14)]. In
(2.25), Mg, tem considers only the effect of the fundamental mode within the
PPWs. After computing the integral in (2.24), Y,LEM can be arranged in the

act

form
_ 1
YQ];EM - _ \I/TEM+\IITEM 226
t |‘/OTE\/E‘2|: 1y 2y j| ( )
where
TEM i(‘/f)TE)* — CgM ™ C%E TE
vy, :—d\/a 2 Yn{MVm __YW{EV’”
N (2.27)
X Z Fm(kmn)Gfo<kxn7kyO)AO(_kxn)
n:fo
TEM Z'(VOTE)*Mi1 oM ™ br P TE
YT Taya 2\ T ypEt
a (2.28)

Ny
X Z Am(kxn)Gg/M(kxnaky[))AO(_kam)

n=—Ny

2.1.2 Active admittance under TE; excitation

When the array is excited by the TE; mode, the incident field is (2.10). In this

case, the known term of the linear system (2.22) is given by

0 -, 1T E -
VincYTP g %"Z;?TE Nen
i/ 5k 0
Ior = 0 . Iop = _ (2.29)
0
e O — ) )

where VT2 = 1 (V/y/m), Y{TP = \/k2 — (KTE)?/(Ck), and K]P =\ /(m/a)? + k2.

mnc

In (2.29), the non-null entry of Iy, takes into account the coupling between TE
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and TM modes which occurs when the antenna beam is steered in the planes

6 # {0°,180°}.

77777

and VIM are found. The electromagnetic field on the plane of the slots

.....

is therefore completely-determined. The active admittance Y, can be then

expressed as

1 *
Yaggl = —W /@ Hi - M, 1y dzdy (2.30)

where

Mt, TE1 — MfTEli + Mty,TElg (2-31)

with

N ﬂ'VTE —ikyoy +OO
Mg, = - sin ( T — nd))
1 /]{Z 7T/a n=—00 (232)

XL, (¢~ § — n) b

25k VTE —ikyoy +OO
Mg =— \/72 M| cos( x—nd))

\/m el (2.33)

% H (l’ _a _ nd) —ikgond

The normalized active admittance Ygt ! is calculated from (2.30) and can be

arranged in the following mathematical form:

_ 1
Yoo ' = VAEgT (WlE L glB  gTE | ylB] (2.34)
1
where
- \/g s (V1TE M-1 (TE
1z d k-2 (Tr/a YTM m YTE m
m=1

(2.35)

X Z m zn GHMFl( kxn)

n=— Nf
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27 (\VTEN* M-1
\Ingl _ \/;a (Vl ) ( bﬁM VIM _ b%E VTE)

dy ko + (7/a)? m=o (2.36)

Ny
X A (kian) GEMT 1 (< Kinn)

n=—Ny

2, TE\* M-1
GTE _ \/:Zkyo (Vi) ( Com VM _ Cm VTE)

TM "™ TE m
Ym Ym

dy [k + (n/a)? i o)

Ny
X > Tolkan) M Ay (= ki)

n=—Ny

2, TE\* M-1
GTE — \/:Zky0 (Vl ) < oiM V™ _ br” VTE)

2 - m m
' dy [k + (/@) m=o Yt Yo (2.38)
Ny '
X > Ag(ban) G Ay (ki)
n—fo

2.2 Numerical validation

The numerical model presented in Section 2.1 reports closed formulae to com-
pute the active input impedance Z,, = 1/ Y,.. per unit length of open-ended
stubs. The width of the slots is comprised between \/2 and A, thus the prop-
agation of higher-order modes is supported. Particularly, two scenarios will be
considered: over-moded long slot array parallel-fed by TEM mode and by TE;
mode. The model has been extensively validated using the commercial full-wave
simulator CST STUDIO SUITE® [72]. The setup of the simulation is depicted
in Fig. 2.2. An open-ended stub radiates into free space. A dielectric layer
of relative permittivity €5 and height hy = 0.5¢/(fmin+/€2) is placed on the
top of the radiating slot. A waveguide port is used to launch the TEM and
TE; modes into the feeding PPW. Unit cell boundary conditions are enforced
on the lateral faces of the model. The reference plane of the derived active
parameters is located over the slot. The main parameters of the structure are
set as frin = fgfioff, fmaz = 2fmin, and a = 0.5¢/( fmin+/€1). These settings
guarantee that only the fundamental (i.e., TEM) and the first two higher order
modes (i.e., TE; and TM;) can propagate into the PPWs. Finally, the spatial
periodicity of the array is d = 1.07a and the length of the slot is d, = Apa2/30.
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Floquet port
Unit-cell )
Boundary Condition 7 . Unit-cell
/ Boundary Condition
.‘\
t < air &
A"l(b\’/z

t TEM mode
1 TEi mode

X WG port

FIGURE 2.2: Simulation setup of the unit cell of over-moded

CTS arrays. The structure is periodic along z- and y-axes. One

dielectric layer of relative permettivity €.9 is placed on the top
of the radiating slots.

Note that CTS arrays are one-dimensional periodic structures based on long
slots. In this case, such a very small periodicity along the slot is only used
to validate the proposed tool numerically and avoid possible artifacts due to
periodicity along the slot using [72]. Several combinations of €1 and €2 have
been considered in order to exhaustively validate the numerical tool and provide

some design guidelines in various scenarios.

2.2.1 TEM operation

The number of Floquet’s modes required to get a stable convergence is Ny = 10,
whereas the number of PPW modes is M > 5 both for the E-plane (i.e., ¢ = 0°)
and the H-plane (i.e., ¢ = 90°). The real and the imaginary parts of the
normalized active impedance versus frequency are shown in Fig. 2.3 along
the H-plane. Likewise, the real and the imaginary parts of the normalized
active impedance versus frequency are shown in Fig. 2.4 along the E-plane.
An excellent agreement is observed between the proposed tool and the full-
wave simulations. From this initial analysis, we start observing the wideband
capability of the proposed radiating structure. As shown in Fig. 2.3, a broad
impedance bandwidth is observed when the array is scanning along the H-
plane. Particularly, the active S-parameter, corresponding to the case €, =

€2 = 1, is found to be below -10 dB over a 66.6% band (which is the maximum
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FIGURE 2.3: Active impedance for TEM-mode excitation versus

frequency along the plane at ¢ = 90° for g = 30°. The parame-

ters used in the simulation are a = 0.5¢/ (fmm\/a), d=1.07a,
h = 0.56/ (fmm\/%)a and ZTEM = C

2 1 ,
- e CST s o CST
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FIGURE 2.4: Active impedance for TEM-mode excitation versus

frequency along the plane at ¢ = 0° for 8y = 30°. The parame-

ters used in the simulation are a = 0.5¢/ (fmm\/eTl), d =1.07a,
h = 0.5¢/ (fmin\/&2), and Zrpy = ¢.

achievable), when the array is pointing at 6, = 30°. We can thus conclude that
the impedance bandwidth, resulting from TEM excitation, is infinitely-extended

at lower frequencies in the case of over-moded long slots yet.

2.2.2 TE; operation

In this section, we validate the active impedance calculation for the TE; mode
excitation. Fig. 2.5 depicts the real and imaginary parts of the normalized
active impedance versus frequency along the plane ¢ = 0°. A stable convergence
is obtained considering M > 8 and Ny > 10. This method has been validated
for several combinations of €,1 and €,5, showing always an excellent agreement
in comparison to full-wave simulations. For the sake of completeness, Fig. 2.6

plots real and imaginary parts of the active impedance, normalized to the wave
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FIGURE 2.5: Active impedance for TE;-mode excitation versus

frequency along the plane at ¢ = 0° for 89 = 30°. The parame-

ters used in the simulation are a = 0.5¢/ (fmm\/a), d=1.07a,
h =0.5¢/ (fminy/&2), and Zrg, = 1/Y{'E.
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FIGURE 2.6: Active impedance for TE;-mode excitation versus

scan angles 6y along the plane ¢ = 0° at fo = (finin + frnaz) /2.

The parameters used in the simulation are a = 0.5¢/ (fmm \/a),
d=1.07a, h = 0.5¢/ (fmin\/€2), and Zrp, = 1/YIE.

impedance Zrg, = 1/Yrg, of the TE; mode versus the scan angles along the

plane ¢ = 0° at fo = (fimin + finaz) /2.

Finally, we also report the active S-parameter S,y = (Zoet — aZ7g, )/ (Zaer +
aZrg,) along the E-plane (i.e., ¢ = 90°) versus frequency (Fig. 2.7(a)) and
scan angles 6y (Fig. 2.7(b)). A stable convergence is achieved by considering
M > 10 PPW modes and Ny = 10 Floquet modes. As shown in Fig. 2.7, a very
wideband performance is obtained for the TE; mode in both E- and H-plane.
To give an example, for the case €,1 = €, = 1, the active S-parameter is less
than -10 dB over a 48.8% band [refer to Fig. 2.7(a)| along the E-plane, i.e.,
at ¢ = 90°, when the array is pointing at 6, = 30°. On the other hand, Fig.
2.7(b) shows that the proposed radiating structure attains a stable impedance

matching over the +52° field-of-view.
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FIGURE 2.7: Active S-parameters for TEj-mode excitation ver-
sus frequency (a) and scan angles 6y (b) along the plane ¢ = 90°
at fo = (fmin + fmaz) /2. The parameters used in the simulation
are a = 0.5¢/ (fmin\/r1), d = 1.07a, and h = 0.5¢/ ( fmin\/Er2)-

2.3 Radiation pattern

The computation of the radiation pattern has been carried out by considering
the embedded element pattern of the array [73]. The goal of this section is
to analyze the advantages and limitations of the proposed CTS array for the
CP generation. It is worth mentioning that no pure CP can be achieved by
employing the TEM and the TE; modes in the PPWs. In fact, as detailed
in |74], the transverse E-field profile of the TE; mode exhibits a cosine-like
distribution with respect to the z-component, whereas the E-field profile of the
TEM mode is uniform all over the slot. This means that only at the center
of each radiating slot the TEM and TE; modes can have equal amplitude.

Conversely, the two modes are in quadrature by default [74].

2.3.1 Embedded element pattern

The far-field polar components of the electric field are given by

E.(r,0,¢) =0
k —ikr
Eo(r.6,6) = “5—— [f2(0,¢) cos ¢ + £, (8, ¢) sin] (2.39)
—ikr
Ednawzfé; cos 0 [—f.(60, ¢) sin & + f,(6, &) cos @]

where 7 is the radial distance [refer to Fig. 2.1(a)] and f(k,, k) is given by

A ~ ikoz NEM Y
f<kxa ky) = fol + fyy = 't g (kxa kya Z)MW(I{M ky) (240)
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that can be asymptotically evaluated in the stationary point (kys, kys, k.s) =
(ko sin @ cos ¢, ko sin 0sin ¢, ko cos 6) [24] at the interface between the uppermost
dielectric layer of the cover and the free-space. The calculation of the Fourier
transform of the dyadic Green’s function QEM in presence of a multi-layered

structure is detailed in Appendix A.2. Finally, My, (k,, k,) stands for the Fourier

transform of the windowed form of the magnetic current on the slots:

My (ke by) = § {Mu(e )L, WDy, 0 (r—af2)}  (241)

where d,, is the dimension of the unit cell along y-axis, N is the number of
radiating slots and My (z,y) is the magnetic current on the infinitely-extended
slots. This approach is generally used for finite periodic structure applied to
large arrays [75|. Given the presence of Floquet’s modes, the windowing tech-
nique accounts for mutual coupling between array’s cells [76].

Fig. 2.8 shows the embedded element pattern obtained by setting fia. =
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0 OO
/M
=
= -5t
=
—
5 Lol o CST
i - — Proposed tool
E 00 %, )

o 60 30 0 30 60 90
Angle 6 (deg)

(b) Eg-component in far-field region.
FIiGURE 2.8: Polar components of the embedded radiation pat-

tern at the frequency fo = (fimin + fmaz)/2. The parameters
used in the simulation are a = 0.5¢/ (fmim/e,«l), and d = 1.07a.
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2 fmin, @ = 0.5¢/(fminv/€1), dy = ¢/(30fmin), d = 1.07a, and ¢, = 1 and
considering no dielectric layer covering the slots. The array is steering the
beam at broadside at the frequency fo = (fimin + fimaz)/2. The full-wave results
were obtained computing the transverse field distribution of the two modes on
the plane of the aperture and making them radiate in the upper half-space. The
simulation setup adopted in the commercial software is shown in Fig. 2.2. As
shown in Fig. 2.8, an excellent agreement appears between full-wave simulations
and the in-house tool.

The embedded element pattern can be used to reconstruct the radiation
pattern of more realistic structures. Considering eight slots of length d,, = 544

and the results are plotted in Fig. 2.9. The radiation patterns are calculated
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(a) a-component of the E-field. (b) y-component of the E-field.
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(c) Phase difference between E, and E,,.
FIGURE 2.9: (a), (b) Cartesian components of the radiation
pattern and (c) their phase difference at the frequency fy =

(fmin + fmaz/2). An array of eight radiating slots has been con-
sidered.

along the plane ¢ = 90°, which is the plane typically used for scanning |[6].



Chapter 2. Circularly-Polarized CTS Arrays 39

As shown in Fig. 2.9(a) and (b), the amplitudes of the components along z-
and y-axes are in very good agreement with full-wave simulations. The phase
difference is reported in Fig. 2.9(c). The TEM and TE; modes radiate two

orthogonal components 90°-phased with respect to each other.

2.3.2 Axial ratio

An important parameter to evaluate the purity of the CP generation is the axial

ratio (AR) [24]

A L YAl
E” + 1By — 7

, 1< AR< 400 (2.42)

where

v = |E" + | Ey|* + 2| EL)?|Ey|? cos 2 (LE, — ZE,)] (2.43)

This preliminary study considers that the input power (i.e., P = 1 W) is
equally splitted into each feeding mode (TEM and TE;). The scalar modal
functions V;'’PM and VIF' in (2.23) and (2.29) are chosen accordingly, yielding

mnc inc

[ 1
m Y

where V;'Fo = VTEM Tt is worth noting that the power ratio between the
two modes can be optimized to improve the polarization purity of the antenna
This study will be presented in the Section 2.5.1. The results in Fig. 2.10 are
obtained for different scan angles along the plane ¢ = 0°. The agreement with
full-wave simulations is very good. The CP performance of the array is stable
over a large field-of-view. For example, the AR remains below 3 dB over a +45°
angular range, while steering the beam at broadside.

The AR has been also validated when calculated versus frequency and scan
angles, as shown in Fig. 2.11. The AR is lower than 1.5 dB over a 39.5%
fractional band [refer to Fig. 2.11(a)] and +60° scanning range [refer to Fig.
2.11(b)] along the plane ¢ = 90° at the central frequency. Table 2.1 presents
a summary of the performance associated to the geometry considered in this
example. The parameters of the array are €,; = €, = 1, a = 0.5¢/ ( fmm\/a),
and d = 1.07a. The script BW; stands for the impedance bandwidth of the
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FIGURE 2.11: (a) Axial ratio versus frequency along the main
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(fmin + fmaz)/2. The parameters used in the simulation are

a=0.5¢/ (fminy/€1), and d = 1.07a.
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infinite array and BW, for the scanning range at fo = (fiin + fmaz) /2. This
summary relates to the beam-steering in the plane ¢ = 90°, which is the one

constantly devoid of grating lobes.

TABLE 2.1: PERFORMANCE OF PROPOSED CTS SOLUTION

| BW; (%) | BW;,
Sact < —10 (dB) | 48.8* [ +51.9° ™
AR < 3 (dB) 581 [ £90°*
AR<15(dB) | 395* | £60°*

* Elevation direction: 6y = 30°;
At fO = (fmzn + fmaaz) /2

2.4 Design guidelines

This section discusses the choice of key design parameters and investigates the
maximum achievable performance of over-moded CTS arrays in terms of band-
width, scanning range, and AR. This study relies on extensive parametric anal-

yses performed using the fast in-house tool presented and validated.

2.4.1 Antenna matching

The impact of the geometry on the antenna matching is the subject of this
section. Over-moded CTS arrays exhibit an active reflection coefficient highly
dependent on the width of the slots and their spatial periodicity. In the fol-
lowing, we will focus on the ratio d/a between the array periodicity and the
width of the slots. A parametric study is performed by sweeping the value of
d/a and observing its impact on the active reflection coefficients under TEM
and TE; operation, respectively. We take as a representative example a struc-
ture comprising air-filled PPWs radiating in free space, i.e., €, = €,0 = 1. The
performance of the array is evaluated for different scan angles in the planes
¢ = 0° and ¢ = 90°. This study is carried out using the numerical tool pre-
sented earlier in this Chapter, which provides fast and accurate results for the
active S-parameters. Assuming the array is fed by either a TEM or a TE;

mode, the active reflection coefficients are plotted in Fig. 2.12. Let us remind
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FIGURE 2.12: Maps of the active S-parameter as a function of
frequency and the ratio d/a for (a), (c), (¢) TEM and (b), (d), (f)
TE;1 modes. The air-filled PPWs radiate in free space. Several
scan angles in the planes ¢g = 0° and ¢g = 90° are considered.

that the width of the slots a of the proposed CTS array must be such that

A/2 < a < A. This fact indicates that the active S-parameters may no longer
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be frequency-independent in the plane ¢ = 90°, as for the case studied in [5].
In fact, the maps in Fig. 2.12 indicate that the best value of the ratio d/a is
strongly dependent on the scanning range and the bandwidth one would like to
achieve.

At broadside, the best matching for the TEM mode is obtained by choosing
d/a — 1, as shown in Fig. 2.12(a), whereas for TE; mode by value of d/a
as large as possible [refer to Fig. 2.12(b)]. In particular, the active reflection
coefficient remains below -10 dB by choosing d/a such that 1 < d/a < 1.4, in
case of TEM mode excitation. When the array is fed by TE; modes, the best
input matching is conversely reached out for d/a =~ 1.92. Thus, the stricter
constraint is imposed by the TEM mode configuration and a good trade-off
sizing is found by choosing d/a ~ 1.4.

In scanning, let us focus on the ¢ = 90° plane where no grating lobes occur.
As shown in Figs. 2.12(c) and (d), the trend is the same as for broadside
radiation. In this case, |Sa| < —10 dB is given by d/a ~ 1.1 for TEM mode
and d/a ~ 1.96 for TE; mode. This means that the ratio d/a, for which
achieving the largest bandwidth operation, is here given by d/a ~ 1.1. For the
sake of completeness, we report also the maps along the plane ¢ = 0° in Figs.

2.12(e) and (f).

2.4.2 Circular polarization

The behavior of the AR, as a function of frequency and d/a ratio, is finally
investigated to outline design guidelines for highly-pure CP radiation. The
slots are still considered as being air-filled and radiating in free space, i.e.,
€1 = €2 = 1. Fig. 2.13(a) reports the parametric study when the array
is steering the beam at broadside, whereas Fig.2.13(b) shows the results for
the pointing angle (¢g,0) = (90°,30°) . We can first notice that the AR
worsens as the scan angle 6 is different than zero. The AR also decreases when
f/fmae — 1, given that the TE; cut-off frequency is enforced at the lowest
frequency. It is also worth noting that this condition mitigates issues due to the
dispersion between the TEM and TE; modes within the PPWs.

The results above imply that the AR performance improves as the ratio d/a
is such that d/a — 1. This intuitive trend is because a smaller array periodicity

implies lower sidelobe levels in the far-field zone. However, as discussed in
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FIGURE 2.13: Maps of the AR as a function of frequency and

the ratio d/a. The air-filled PPWs radiate in free space. (a)

Broadside array. (b) Array steering the beam at 6y = 30° along
the plane ¢9 = 90°.

Section 2.4.1, low values of d/a penalize the input matching when the array is
excited by the TE; mode, especially at low frequencies. Thus, the optimal sizing
relies on specific design goals and a trade-off occurs. A practical case-of-study

is discussed in Section 2.5.

2.5 Over-moded CTS array in Ka-band

The goal of this section is to propose a possible design in Ka-band using the
guidelines provided in Section 2.4. The antenna performance is observed in
the frequency range 20-40 GHz. As a case-of-study, the dual-mode CTS array
consists of four air-filled radiating slots that radiate in free space at first. The
length of the slots along y-axis is dy, = SApes ~ 74.9 mm, whereas their width
is a = 0.5¢/ finin ~ 7.49 mm. About the choice of the array periodicity d, a
trade-off occurs between the input matching and AR performance, as detailed
in the previous Section 2.4. Recalling the argumentation in Section 2.4.1, the
best geometrical sizing in terms of matching is given by 1.1 < d/a < 1.4, while
scanning along the plane ¢ = 90°. On the contrary, the largest AR bandwidth
operation is given by d/a — 1 [refer to Section 2.4.2|. Thus, the best choice
for the array periodicity is d = 1.1a ~ 8.20 mm. A schematic drawing of the
structure is depicted in Fig. 2.14.
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FIGURE 2.14: 3-D view of the finite-size over-moded CTS array.

The active reflection coefficient of the slots is displayed in Figs. 2.15(a) and
(b) as function of both frequency and scan angles under TEM and TE; mode

operation, respectively. Note that the active reflection coefficient is computed in
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FIGURE 2.15: Maps of the input reflection coefficient as a func-

tion of frequency and the scan angles 3. The air-filled PPWs

radiate in free space. (a) TEM and (b) TE; mode operation.
The array is steering the beam along the plane ¢g = 90°.

an infinite periodic environment. This is nonetheless a very good approximation
because the large-array condition is considered [65]. Fig. 2.15(a) confirms the
flat behaviour of the active reflection coefficient under TEM mode operation.
This result is also valid in a monomodal enviroment, as detailed in [5]. As shown
in Fig. 2.15(b), the TE; mode operation limits the antenna performance, as its
frequency response worsens at lower frequencies due to the location of the TE;
cut-off frequency at f,,;, = 20 GHz. Furthermore, the input reflection coefficient

worsens in scanning for both modes. It consequently follows that the largest
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bandwidth operation is reached out at broadside, where the relative bandwidth
is about 52.9%. Besides, a wide scanning range is observed as well. Indeed, the
active reflection coefficient |S,| is below -10 dB over a 40.8% relative bandwidth
when the array steers its main beam at 6y = 45° in the plane ¢ = 90° [see Fig.

2.15).

The E-field polar components are calculated using the windowed approach,
as detailed in Section 2.3.1, and are plotted at the central frequency fy = 30
GHz for different scan angles in Figs. 2.16(a) and (b). The far-field pattern
is calculated at the radial distance r = 2\, [refer to Fig. 2.1]. The AR is
also plotted as function of the scan angle 6, in Fig. 2.16(c). About ~ 3 dB
scan losses are observed while pointing at 45° in the plane ¢ = 90°, as shown in
Figs. 2.16(a) and (b). The proposed dual-mode CTS array is then classifiable
as wide-scanning antenna [77]. It is also clearly shown in Figs. 2.16(a) and
(b) that the two modes radiate two far-field orthogonal components. This is
straightforward when looking at the end-fire radiation: the Ej4 exhibits a null
in the radiation pattern at the end-fire direction, given that the TE; mode has
a cosine-like profile over the x-axis direction of the slots, i.e., null at the edges;
the Fy is conversely non-null at the end-fire direction, since the TEM mode has
an uniform distribution along the radiating slots. Note also that the scanning
range for which AR< 3 dB is up to £76° at 30 GHz in the plane ¢ = 90°, as
plotted in Fig. 2.16(c).

Besides, the AR is plotted as a function of frequency and scan angle 6 in Fig.
2.17. By varying the scan angle along the plane ¢ = 90°, the AR is computed
in the pointing direction of the array. The results show that the AR frequency
bandwidth is stable almost all over the entire scanning range of investigation.
In other words, the AR does not significantly deteriorate while scanning. This
is clearly visible from Fig. 2.16(a) and (b): the maximum amplitude of the
two far-field orthogonal components is reduced simultaneously in scanning. As
shown in Fig. 2.16(c), the AR is generally below 3 dB around the pointing
angle of the array. Finally, dual-mode CTS arrays typically radiate highly-pure
CP waves and its performance is mainly curtailed by the matching due to TE;

mode operation.

In conclusion, it is worth noting that the antenna matching might be im-

proved by placing dielectric layers on the top of the slots. This technique is
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FIGURE 2.16: (a), (b) Polar components of the radiation pattern

at the frequency fo = 30 GHz for different scan angles. (c) Axial

ratio versus scan angle g at the frequency fo = 30 GHz. The
array is steering the beam along the plane ¢g = 90°.

referred to as wide-angle impedance matching (WAIM) and is well established
in the literature [78]. For instance, Fig. 2.7(a) shows that the placement of a
dielectric layer with €9 = 2 slightly enlarges the antenna matching, when the

slots are parallel-fed by TE; mode.
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FIGURE 2.17: Axial ratio as a function of frequency and scan
angle fp. The air-filled PPWs radiate in free space. The array is
steering the beam along the plane ¢¢ = 90°.

2.5.1 Input power division for optimal operation

Hitherto, we have analyzed the radiation properties of over-moded CTS arrays
considering the input power as equally-launched into the feeding TEM and
TE; mode. In this scenario, the voltages used for the excitation are given by
(2.44), corresponding to a unitary overall input power, i.e., Py, = 1 W. It is
worth investigating other scenarios considering a non-balanced distribution of
the input power between the feeding modes. Indeed, the equal power division
might not be the optimum split, achieving the largest impedance bandwidth
and the highest CP purity. To this purpose, the amplitudes of the impinging
modes can be optimized in order to further improve the AR performance of the
antenna. The amplitudes of the voltage waves of the input modes are related

to their power ratio as follows

VTE1 — VTEM lerE / PTEl (2 45)
wmc mnc 770 PTE'M :

where 1y and ZI¥ are the free space and TE; mode characteristic impedances,
respectively, whereas Prpy, and Prg, are the input power of TEM and TE;
modes, respectively. By enforcing the amplitude of TEM mode VZEM such that
the maximum input power is P,y = Prey + Prg, = 1 W, the ratio Prg, /Preu

is varied and the AR monitored. In Fig. 2.18(a), the frequency behaviour of the
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dual-mode CTS array is studied, when the beam is steered at broadside. In Fig.
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FIGURE 2.18: Maps of the AR as function of the power ratio

Prey/Prg, and (a) frequency for broadside radiation or (b)

scan angle 6y at the central frequency fo = 30 GHz. The air-

filled PPWs radiate in free space. The array is steering the beam
along the plane ¢g = 90°.

2.18(b) the AR is plotted versus the scan angle 6 at the central frequency fy =
30 GHz. From Fig. 2.18(a), it turns out that the best power split is achieved
for Prg,/Pren ~ 1.1, which is rather close to the case analyzed previously
(i.e., equal power division between the two feeding modes). While scanning
at a defined frequency of operation, e.g., 30 GHz, it conversely emerges that
the optimum power split for maximizing the antenna field-of-view is given by
Prg, /Prey ~ 0.82; as shown in Fig. 2.18(b). However, the input matching of
the antenna is satisfactory up to 4+45° in the plane ¢ = 90°, as explained in
Section 2.5. Such a scanning range is easily achieved for equal power division
between the TEM and TE; modes. Specifically, the proposed dual-mode CTS
array exhibits an AR lower than 3 dB up to £75.8° at the central frequency fy =
30 GHz when Prg,/Prepy = 1. The setting of the ratio Prg,/Prey depends
thus on the antenna requirements. From the physical design standpoint, an
equal division of the input power represents the easiest solution. This is the

reason why we will focus on the condition Prg, /Prga = 1 hereinafter.
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2.5.2 Swallow-tail feeder

Throughout the analysis up to here reported, the two desired modes are excited
on the aperture and no attention is paid to the design of a dedicated feeder.
Hence, it follows a discussion about structures that realize the feeding of the
over-moded stubs. A three dimensional (3-D) view of the long slot array is

shown in Fig. 2.19. The structure comprises open-ended stubs of width a = 7.2

FIGURE 2.19: 3-D view of the finite-size over-moded CTS array

comprising the structure used to feed the two modes. Geomet-

rical parameters: a = 7.2 mm, d = 1.1a, p = 2.3 mm, a;, = 2
mm, and d, = 229.5 mm.

mm. The stubs are over-moded and support the propagation of the TEM and
TE; modes. The width of the long slots is slightly different with respect to
that considered at the beginning of this section. This is due to guarantee an
optimal operation of the structure in Ka-band in presence of the proposed feeder.
The slots’ length along y-axis is assumed to be dy = 22)\q, with Ay being the
wavelength at 29 GHz. This setting is to ensure a high-gain operation of the
antenna which is mandatory to SatCom applications |1, 16]. Also, the radiating
stubs are arranged in a periodic configuration of period d = 1.1a.

The feeding structure consists of a periodic grid of period p = 2.3 mm that is
45°-oriented with respect to - and y-axes [see Fig. 2.19]. As shown in the plane-
cut ¥4 in Fig. 2.20(a), the shape of each grid’s element along z-axis resembles
a swallow’s tail. We will thus employ this label to refer to it hereinafter. The

geometry of the swallow-tail transition was obtained through an optimization
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FIGURE 2.20: (a) Geometry of the swallow-tail feeder. The

plane-cut ¥4 is 45°-oriented with respect to z-axis. All dimen-

sions are in given in millimeters. (b) Simulation E-field into the

feeder’s unit cell. The E-fields lines are plotted at several sections
along z-axis.

procedure using [72]. All the details are reported in Fig. 2.20(a). The working
principle of the swallow-tail feeder is shown in Fig. 2.20(b), by simulating the
array’s unit cell using the full-wave commercial software |72]. The bottom-most
PPW is mono-modal (a;, = 2 mm) and supports the propagation of a TEM
mode that is polarized along z-axis. The E-field distribution is plotted on the
plane-cut X3 in Fig. 2.20(a). While propagating along z-axis, the E-field lines
are gradually rotated (plane-cut ¥ in Fig. 2.20(b)) to achieve a 45°-oriented

polarization at the section where the grid meets the open-ended stub [see section
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¥, in Fig. 2.20(b)]. Given the E-field is 45°-polarized with respect to a- and
y-axes, the input power will be approximately equally-launched into the TEM
and TE; modes.

The set-up simulation of the array’s unit cell is shown in Fig. 2.21. A
waveguide port is used to launch a TEM mode into the input PPW of height

@in- The structure is simulated using the commercial software [72] in a periodic

Floquet Port

' d
Periodic BC
S ~ Periodic BC
\ é -
TE,
TEM
aout
“TEM

a

in

FI1GURE 2.21: Unit cell of the over-moded CTS array. The struc-

ture is periodic along z- and y-axes. Period boundary conditions

are placed on the lateral faces of the cell. Finally, a Floquet’s

port is placed on the top of the air box to account for the ra-

diated fields in a periodic environment. Geometrical settings:
a="72mm,d=1.1a, a;, = 2 mm, and @y, = 4.66 mm.

environment. Periodic boundary conditions are, hence, enforced on the lateral
faces of the unit cell. A Floquet’s port was placed on the top of the radiating
box. The radiated fields are then computed considering the radiation of a
single cell and employing a superimposition of Floquet’s harmonics. A graphical
illustration of the E-field line orientation is also reported in Fig. 2.21. The TEM
and TE; modes are polarized along z- and y-axes, respectively, and thus can be
excited using the feeding grid that exhibits E-fields 45°-polarized with respect
to them. The simulated active input reflection coefficient is shown in Fig. 2.22

for broadside radiation. The reflection coefficient is below -16 dB all over the
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FIGURE 2.22: Simulated active reflection coefficient of the CTS

array’s unit cell. The transmission coefficient is also reported in

order to observe the input power’s division between the TEM
and TE; modes. The results refer to broadside radiation.

Ka-band. The transmission coefficient was also computed with respect to TEM
and TE; modes, by using an S-parameters analysis linking the feeding TEM
mode and the two fundamental Floquet’s harmonics. It can be observed that
the transmission coefficient settles around -3 dB, meaning the input power is
equally distributed between the two orthogonally-polarized modes. By post-
processing the radiated fields, the CP purity is estimated in terms of AR. This
analysis was carried out for different scan angles 6, over the frequency band
of interest. The simulated results are reported as a contour plot in Fig. 2.23.
A very high CP purity (i.e., AR > 3 dB) is observed in the Ka-band over a
scanning range up to £20°. Note that the scanning range is found to be very
much reduced with respect to the theoretical one observed in Fig. 2.17. This is
due to the presence of the swallow-tail feeder and of a finite-size height of the
open-ended radiating stubs. As mentioned earlier, dual-mode CTS arrays suffer
from the dispersion behavior of the radiating modes. This effect degrades the
antenna performance in scanning, due to the different electrical path lengths
traveled by the two orthogonal modes. This problem can be solved by a properly
engineered dispersion of this class of arrays. This analysis is reported in Chapter

3.
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FIGURE 2.23: Simulated axial ratio of the CTS array’s unit cell
as a function of the frequency and scan angle #y. The antenna
array is steering the beam along the yz-plane [see Fig. 2.21].

2.5.3 Corporate feed network

The radiating open-ended stubs are parallel-fed by a corporate feed network
(CFN) made of mono-modal PPWs. Specifically, each pair of PPWs is excited
by a 1-to-2 way, equal split power divider. Assuming N slots (N must be a

power of two), the number of power dividers Np_;,, is given by

logy(N)-1
Nrojun= Y, 2" (2.46)
n=0

The antenna architecture recalls that proposed in [6]. Its cross-section along

D i B

Stage #0 -|.,

Over-moded stubs

Swallow-tail feeder
Stage #4
Stage #3
Stage #2

)

FIGURE 2.24: Cross sectional view of the over-moded CTS array

along the xz plane-cut. The antenna architecture comprises N =

32 radiating slots and a parallel feed network made of 1:2 power
dividers in PPW technology.
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the xz-plane is shown in Fig. 2.24. Specifically, the number of radiating slots
is N = 32, in order to achieve a very high directivity around the pointing
direction of the array. In Fig. 2.25, the antenna directivity is calculated using

the in-house tool and the full-wave simulator [72]. Specifically, the patterns
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FI1GURE 2.25: Calculated directivity patterns of the over-moded
CTS array at 29 GHz. (a) yz-plane. (b) zz-plane.

refer to the cuts along the yz- and xz-planes at 29 GHz in Figs.2.25 (a) and
(b), respectively. The array is steering the beam from the broadside direction.
The analytic computation accounts for the model introduced in Section 2.3 and
makes use of a rectangular widowing function to truncate the magnetic current
along y-axis. The agreement is excellent. The directivity peak is found to be
about 39 dBi in the pointing direction of the array.

The number of 1-to-2 way power dividers is calculated using (2.46), thus
yielding to Nr_j,,, = 31. Each power divider exhibits the same topological

structure, whose schematic along the xz-plane is depicted in Fig. 2.26. The

LT 2
lcorner

o
| stuo 197 2 ln X

FIGURE 2.26: 1-to-2 way, equal split power divider. All dimen-
sions are given in millimeters.

| cavity | out

geometrical parameters associated to each stage are listed in Table 2.2. The
design of the 1:2 power dividers is very straightforward. The initial dimensions

are obtained following the approach proposed in [6]. Afterwards, they have been
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tuned to improve the input matching offered by the CFN. The simulations were

carried out in a periodic environment using the commercial software |72].

TABLE 2.2: GEOMETRICAL PARAMETERS OF THE 1:2 POWER
DIVIDERS FOR EACH STAGE. ALL DIMENSIONS ARE GIVEN IN
MILLIMETERS

Stage H lstub ‘ lcavity ‘ lzn ‘ lout ‘ lcm‘ner
# 0 | 60.5 | 1.39 | 4.00 | 3.42 | 1.17
# 1 28.8 | 1.39 | 342 | 2.05| 1.17
#* 2 12.8 | 1.59 | 2.05 | 3.43 | 1.07
# 3 || 488 | 1.59 | 343|207 | 1.14
#4 || 088 | 1.59 | 207 | na. | 1.18

2.5.4 Pillbox beam-former

The antenna array is fed by a quasi-optical system and, specifically, a pillbox
coupler [6, 20, 30]. This is connected to the open-ended PPW of Stage #0
[see Fig. 2.24|. The structure consists of two stacked PPWs. A parabolic re-
flector is embedded in the bottom PPW. Cylindrical waves are launched onto
the parabola using H-plane horns, yet integrated into the bottom PPW. After
being reflected, the field is coupled to the upper-most PPW via etched slots.
The cylindrical waves are so converted into plane ones. This type of feeding
system is very interesting because it allows generating a continuous line source,
with a gradually-phased distribution along the y-axis. The latter is achieved
by displacing the feeding horns in the y-axis direction along the focal line of
the parabola. The structure is not here reported as it is identical to that used
in [6]. From the E-field distribution provided by the pillbox along the y-axis,
one can predict the radiation of the CTS array. For instance, the in-focus horn
illuminates the parabola resulting in a boresight radiation. The E-field distri-
bution along y-axis in the upper PPW of the pillbox system has been carried
out through full-wave simulations and it is reported in Fig. 2.27. The -10-dB-
tapered area indicates the illuminated area on the long slots that contributes
to the radiation. The maximum fluctuation of the E-field phase is found to be
about 25° within the -10-dB-tapered area. The array’s radiation can be pre-
dicted using the model proposed in Section 2.3. Hence, the pillbox’s E-field
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FIGURE 2.27: E-field distribution along y-axis in the upper

PPW of the pillbox system. The parabola is illuminated by

the in-focus horn for boresight radiation. Ag is the free-space
wavelength at 29 GHz.

distribution must be considered as windowing function to obtain more realistic

results. In formulae, equation (2.41) is to be replaced by

My (ko k) = § {Mt (@, ) Evaper () [T, 00 (@ — a/z)} (2.47)

that extends the truncation of the magnetic current to more general scenarios.
By using the E-field distribution in Fig. 2.27 as Eyaper(y) in (2.47), the analytic
prediction of the patterns radiated by the long slot array is reported in Fig.
2.28. The patterns are calculated at 29 GHz for broadside radiation. The co-

yz-plane cut

—Co-pol: TEM
—Co-pol: TE;

-90 -45 0 45 90
Elevation Angle 6 (°)

Normalized Pattern (dB)

FIGURE 2.28: Computed radiation pattern at 29 GHz using an
analytic calculation. The simulated E-field of the pillbox system
has been used as windowing function.

polar components were computed according to the Ludwig’s third definition |79,
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80], yielding

EL(r0,0)

co-pol

ETE (r,0,0)

co-pol

= Ey(r,0,)sin(£)0 + Ey(r, 0, ¢) cos(§)¢ (2.48)

where

¢ = arctan ((cos@tan(gb' — gb))_1> o'=0 if TEM (2.49)
¢ =n/2 if TE;

In Fig. 2.28, the first side lobe levels (SLL) appears to be lower than -30 dB.
The co-polar patterns also exhibit the same beam shape over a field-of-view up
to £40° for both TEM and TE; modes.

For the sake of completeness, we report the same analysis when the antenna
array performs scanning. In Fig. 2.29 the simulated E-field distribution of
the pillbox system is shown. Note that the E-field phase distribution recalls a

180 ¢ : : 0 m
= 9| 10 =
E 2
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-10 5 0 5 10
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FIGURE 2.29: E-field distribution along y-axis in the upper

PPW of the pillbox system. The parabola is illuminated by

a displaced horn with respect to the focus in order to steer the

beam around 6y = 10°. Ag is the free-space wavelength at 29
GHz.

saw-tooth shape within the -10-dB-tapered area. This means that the slots are
progressively phased to achieve beam scanning. The pillbox system is so able to
generate a continuous excitation line by displacing the horn with respect to the
focal point of the parabola. The pointing angle of the array can be computed
as the derivative of the phase distribution in Fig. 2.29, thus yielding to a beam
direction of about 6y = 10°. The computed radiation patterns are reported in
Fig. 2.30. The beams associated to TEM and TE; operations are very clear
and directive. The first SLL is lower than -25.5 dB.
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F1GURE 2.30: Computed radiation pattern at 29 GHz using an

analytic calculation. The pointing angle of the array is about

10°. The simulated E-field of the pillbox system has been used
as windowing function.

Radiating

Pillbox system Input horn

(a)

Over-moded
S CTS array

Input horn

Pillbox system

FIGURE 2.31: 3-D view of the antenna architecture. All dimen-
sions are given in millimeters.
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2.5.5 Antenna performance

The 3-D view of the final antenna architecture is depicted in Fig. 2.31. The
CFN is connected to the pillbox system, whose parabola is illuminated by an
H-plane horn. The horn is fed using a coaxial-to-WR28 connector, whose flange
is shown in Fig. 2.31(b). The scanning performance is achieved by displacing
the feeding horn along the y-axis, as schematically shown in Figs. 2.31(a) and
(b).

The antenna system has been simulated using the full-wave simulator [81].

The reflection coefficient and the axial ratio are plotted in Figs. 2.32(a) and

—e—Broadside —e— (09, o) = (13.8°,90°)
- e~ (bo, po) = (7.5°,90°) - & - (6o, ¢o) = (20°,90°)

R
(e}

-15¢

Reflection coeff. (dB)
N
(6]

275 28 285 29 295 30 305 31
Frequency (GHz)

(a)

——Broadside — (6o, ¢o) = (13.8°,90°)
- = =(6o, ¢o) = (7.5°,90°) - - - (69, ¢bo) = (20°,90°)
~— 7
M
=
9 |-
23 Tl f
=27 i
N | -
Bl S~ T
0 = ‘

275 28 285 29 295 30 305 31
Frequency (GHz)

(b)

FI1GURE 2.32: Simulated results of the over-moded CTS array in

Ka-band. (a) Reflection coefficient. (b) Axial ratio. The antenna

array scans along the yz-plane by displacing the input horn in
the y-axis direction, as indicated in Fig. 2.31.
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(b), respectively. The input reflection coefficient is below -10 dB, everywhere in
the Ka-band. The worst scenario is obtained for the in-focus horn illumination,
due to internal reflections of the quasi-optical system [6]. The pillbox design
can be easily modified to enhance performances. A very high CP purity (AR
below 3 dB) is observed all over the Ka-band. Fig. 2.32(b) specifically shows
that a full coverage of the Ka-band is achieved for a scanning range up to +15°.
When the array steers the beam around 20°, the AR is less than 3 dB starting
from 28.2 GHz. This effect has been exhaustively discussed earlier. It is thus a

|Ey| in yz-plane cut

|Eg| in yz-plane cut

Normalized Pattern (dB)

Normalized Pattern (dB)

— Analytic — Analytic
—HFSS —HFSS
- : : : : : 60 : : : : :
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Elevation Angle 6(°) Elevation Angle 6(°)
(a) Broadside. (b) Broadside.
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-60 ;
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(C) 90 =10°. (d) 90 =10°.

FiGUuRE 2.33: Simulated and computed radiation patterns of
the over-moded CTS array at 29 GHz. (a) and (b) Broadside
radiation. (c) and (d) Pointing angle §y. The antenna array
performs beam scanning along the yz-plane by displacing the
input horn in the y-axis direction, as indicated in Fig. 2.31.
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direct consequence of the variation due to dispersive behaviors of the two modes
in propagation.

The radiation patterns of the antenna were calculated using the analytic
model in Section 2.3 and validated by full-wave simulations. The E-field distri-
bution of the pillbox system was used as windowing function (Eip., in (2.47)).
The polar components are plotted in Figs. 2.33(a) and (b) for broadside ra-
diation and in Figs. 2.33(c) and (d) for beam steering at 6, = 10° in the
yz-plane. The computed main lobe is in excellent agreement with HFSS [81].
Eventual discrepancies are due to the fact that the analytic calculation does not
consider edge effects deriving from the finiteness of the real structure. These
results show that the developed numerical model represents a fast and accurate
tool to predict the antenna performance. Also, these results show that very
clear patterns are obtained in the yz-plane. The proposed antenna is, thus,
able to radiate orthogonal components, without relying on any add-on device
for polarization conversion. Furthermore, two orthogonal components are radi-

ated having roughly the same amplitude, as shown in Fig. 2.34. These results

30

m 20

=

g 10

S0
10|

-30 -20  -10 0 10 20 30
Elevation angle 6 (°)

FIGURE 2.34: Simulated gain at 29 GHz. The pointing angle

of the array is about 10°. The antenna array performs beam

scanning along the yz-plane by displacing the input horn in the
y-axis direction, as indicated in Fig. 2.31.

demonstrate that the proposed antenna can achieve dual-polarized radiation,
by exploiting the electric properties of over-moded PPWs.

The pointing angle of the antenna array is very stable in frequency. Fig.
2.35 report the right-hand circularly-polarized (RHCP) patterns along the yz-
plane as function of the elevation angle 6 and the frequency for four radiated

beam. Each pattern is normalized to its maximum. The simulations refer to
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FIGURE 2.35: Simulated RHCP patterns as function of the el-
evation angle 6 and frequency. The patterns are taken in the
yz-plane cut. (a) Broadside radiation. The array steers the main
beam at the scanning angle 6y (b) 7.5°, (c) 13.8°, and (d) 20°.

the entire antenna architecture [see Fig. 2.31] and are obtained with the full-
wave commercial software [81]. These plots show that the pointing angle of
the array is preserved within the overall Ka-band. The beamwidths remain,
indeed, roughly unvaried in space and frequency. The worst scenario, in terms
of SLLs, appear when the array is pointing at 6, = 20°, as shown in Fig.
2.35(d). In this case, the first SLL is in average lower than -20 dB everywhere
in the frequency band 27.5-31 GHz. The patterns of the cross polarization (i.e,
left-hand circularly-polarized patterns) are not here reported for the sake of
brevity. Their are found to be very much attenuated with respect to the RHCP

patterns. The simulated results show values about -20 dB with respect to the
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RHCP peaks for the outer-most beam.
Finally, it is worth discussing the half-power beam-width (HPBW) of the
array. The -3 dB contour plot of the co-polar radiation patterns is reported in

Fig. 2.36 as a function of the elevation angle § and the frequency. The multi-
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FIGURE 2.36: Simulated half-power beam-width as a function
of the elevation angle 6 and frequency. The patterns are taken
in the yz-plane cut.

beam antenna array was designed in order to have adjacent beams intersecting
each other at -3 dB from their peak level. This condition is to ensure that
the surface, illuminated by the antenna array, will receive constantly at least
half of the maximum radiated power. Fig. 2.36 shows that this requirement is
well fulfilled along the scanning capability offered by the proposed circularly-
polarized CTS array.

2.5.6 Fabrication feasibility

A few words are here spent about the fabrication process to realize the antenna
module. Since the swallow-tail feeder is the most challenging part of the antenna
in terms of geometry complexity, only the radiating part of the antenna has been
selected for studying the fabrication feasibility. The full-metal 3-D printing
technology is selected to test fabrication reliability. Specifically, a laser melting

of AlSi;pMg is employed to shape the radiating part of the over-moded CTS
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array [82]. As a representative example, the tests have been executed on a 4-

slot CTS array and the fabricated pieces are shown in Fig. 2.37. The geometry

(a) Perspective view. (b) Lateral view.

FI1GURE 2.37: Fabricated 4-slot CTS array using full-metal 3-D
printing technology. (a) Perspective and (b) lateral view.

of the structure appears to be realized with satisfactory accuracy. Furthermore,
the fabricated piece is very solid and robust. The surface roughness oscillates
between 50 and 80 pm, which is an acceptable range of values for Ka-band
applications.

This type of fabrication process has been thus selected for fabricating the 32-
slot CTS array. At the time of the redaction of this manuscript, the fabrication
of the circularly-polarized long slot array described above is ongoing. Once
fabricated, the prototype will be experimentally tested in the facilities of the
Institut d’Electronique et Technologies du numéRique (IETR).

2.6 Conclusions

In this Chapter, a novel concept of parallel-fed CTS array has been proposed
and studied. This type of antenna array is made of long slots that support the
propagation of the fundamental TEM mode and the first higher-order TE mode
of PPW. Along the waveguide cross-section, these modes exhibit orthogonally-
polarized E-fields, thus able to radiate circularly-polarized waves if properly
excited. First, a numerical modeling of open-ended, over-moded stubs has been
proposed in a periodic environment to investigate the potentialities and limita-

tions of the antenna concept. The model makes use of a spectral mode-matching
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approach that retrieves the active input impedance of the array, as well as cal-
culates the radiated patterns for each mode excitation. This numerical tool is
crucial to get physical in-sights about the antenna’s working principle. It also al-
lows obtaining efficient design guidelines. Secondly, a design has been proposed
at the Ka-band. The feeding system of the radiating modes is realized using
a twisted grid, embedded in the dual-mode PPWs. The antenna performance
has been validated via full-wave simulations, showing an excellent agreement
with the results predicted by the in-house tool. Specifically, the antenna array
exhibits AR below 3 dB all over the Ka-band with scanning performance up to
+25°. Also, the 3-D printing technology has been considered to testing fabrica-
tion feasibility. The antenna module is currently under fabrication and will be
measured in the IETR’s facilities.

This type of CTS antennas is very innovative and ensure great performance
in the framework of modern SatCom applications. In addition to being able to
achieve CP radiation, this class of long slot array retains, indeed, all the valuable
properties of standard parallel-fed CTS arrays, i.e., wide-band performance,
wide scanning, low-profile, etc. For these reasons, they may represent a valid

solution for the next generation SatCom ground terminals.
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Chapter 3

Equi-dispersive dual-mode CTS

arrays

This chapter introduces the modal analysis of parallel-plate waveguides (PPW)
attaining the propagation of two equi-dispersive (ED), orthogonally-polarized
modes. As discussed in Chapter 2, a circularly-polarized radiation can be ob-
tained exploiting the electrical properties of over-moded PPWs. Over-sized
PPWs support, indeed, the propagation of transverse electromagnetic (TEM)
and electric (TE) modes, whose corresponding E-fields are orthogonally-polarized
to each other in the waveguide cross-section [see Fig. 1.10|. If properly paral-
lel excited, an array of over-moded long slots can thus provide radiated waves
with orthogonal components. This property helps in overcoming the limitation
of standard parallel-fed continuous transverse stub (CTS) arrays as inherently
linearly-polarized antennas. However, the main drawback of the over-moded
long-slot arrays lies in the different dispersive behavior of TEM and TE modes,
which makes their design complex. Moreover, this issue limits the scanning per-
formance of the antenna because the modes’ electrical paths respond to different
group velocities [see Fig. 2.1]. The physical insights provided by a complete
study of non-standard PPWs are crucial to grasp the limitations and potential-

ities of guiding structures whose closed domain consists of parallel plates.

The main idea derives from observing that some guiding structures ex-
hibit ED (same group velocity) propagation of two modes, having E-field lines
orthogonally-oriented with respect to each other in the waveguide cross-section.
Microwave components supporting such a modal propagation are largely used as

millimeter-wave antenna feeds or radiating elements to generate circular (CP)
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or dual-linear polarization. Square waveguides are, indeed, used as linear-to-
circular polarizer feeds (e.g., septum polarizers [83, 84]) or unit cell for phased-
array, attaining circular polarization (CP) [63, 85].

Guiding structures, supporting ED propagation of different modes, own this
property to rotational /reflection symmetries along the transversal section of the
waveguide. The contour geometry of a generic waveguide may, indeed, induce to
the existence of degenerate modal branches, appropriate to supporting a multi-
modal propagation with the same dispersive behavior. Some representative
examples are square or circular guiding structures. A different case-of-study
is the parallel plate domain. Standard PPWs, with perfect electric conductive
plates, exhibit degenerate transverse electric (TE) and magnetic (TM) modes.
However, a transverse electromagnetic (TEM) propagation is also supported by
these structures. The latter represents a further source of intermodal dispersion.

In this Chapter!, an analytic study of PPWs with properly engineered purely
reactive walls is proposed. The parallel plate domain is contoured by impedance
boundary conditions (IBM). The modal analysis of the structure is outlined
and analytic closed-form expressions are provided to engineer its dispersion, as
a possible strategy to inhibit the TEM propagation and achieve the aimed ED
ortho-mode propagation. Finally, these waveguides are arranged in a periodic
configuration as open-ended radiating stubs. The latter study is to observe the
radiating properties when exploiting the orthogonality of two ED modes. Very
high CP purity is demonstrated within a broad frequency range.

3.1 Modal analysis

In this Section, the modal analysis of PPWs with purely reactive IBC is re-
ported. The electromagnetic field in a hollow, lossless, sourceless waveguide
can be expressed as a superimposition of orthogonal modes. The modal theory
is well-established and documented in the open literature [56, 70, 74]. In the
following, we will focus on a parallel plate domain, as shown in Fig. 3.1. The
structure is infinitely-extended along the y-axis and the modes propagate along

the z-axis. Moreover, €, and p, are the dielectric permittivity and permeability

!This Chapter is an extended version of the letter [J-2]. The list of the author’s publications
is included at the end of this Ph.D. dissertation.
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F1GURE 3.1: Geometry of the problem under analysis. The

structure consists of two parallel plates, infinitely-extended along

y-axis, modeled as surface reactance with respect to TE and TM
modes. Modes propagate along the z-axis.

of the material filling the PPW, respectively. The bounding walls are modeled
using IBCs. Studying TE and TM modes independently, the two plates have
identical surface impedance. To streamline the maths, a scalar formulation will

be considered hereinafter.

Since the structure is sourceless, the electromagnetic problem reduces to
solving the Helmholtz’s equation and searching for the corresponding eigenval-
ues. Given the quasi-electrostatic scenario, the fields are found as derivative of

an arbitrary scalar potential. In formulae:

H{p"F/TML =0 (3.1)

¢TE/TM

where is an arbitrarily chosen scalar potential and

2
H{Y} = V2 ‘ BT ‘ (3.2)
is the Helmholtz operator with

Vi=09+0;
TE/TM |? 2 2 (3.3)
TE [ e 4 (e

Also, kZE/MM and kL E/TM

- are the transverse eigenvalues for both TE and TM

modes, accordingly. Owing to the infinite extent of the structure in Fig. 3.1
along y-axis, it can be demonstrated that kZ EITM — 0 as detailed in [70]. The
eigenvalues KXEITM are found by enforcing the IBC given by

BT/ TM = 71 P TR/ M (3.4)
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where Ey = E,y + E.2 and 7 is the inward unit vector normal to the parallel

plates (n = +z). Moreover, ZTETM

surf 18 the surface impedance delimiting the

waveguide cross-section for TE and TM modes, accordingly. The latter is as-
sumed to be purely reactive. Also, the same surface impedance is considered

for the two plates for each mode category (TE or TM).

3.1.1 PPW loaded with surface impedances: TE modes

Equation (3.1) can be solved for TE modes, by arbitrarily assuming the scalar
potential ¢TZ. A convenient choice for ¢*F is inspired by [86] and takes the

form

<bTE — ATE |:£TE+ + BTE'&TE'*] (35)

where 7F% = ¢HkI"(@+h/2) and h is the height of the PPW [see Fig. 3.1]. The
parameters AT and BTF are constants to be determined downstream from

enforcing the IBC as (3.4). Considering the field components for TE modes are

E™® = (0,E[",0)

(3.6)
H™ = (HI* 0,H")
the IBCs in (3.4) simplifies to the following form
TE
ZTE _ o Ey
surf HTE
z x=+h/2 (37)
TE = _ E"
sur HZE x:_h/2

Using the modal theory [56], each field component is expressed as function of
the arbitrary scalar potential ¢7%, thus yielding to BTE* = £ei* b A two-
form relation (superscripts +) is adopted to compact the mathematical content.

The characteristic equation (CE) is found to be a function of ZZE " as follows

surfs

ZTE: _ whioply 1 — BTFE
surf k.%“E:I: 1+BTE:I:

(3.8)

where w is the angular frequency. All the details on the derivation of (3.8)
are reported in the Appendix B.1. The obtained CE is transcendental and,

assuming ZTE 1 as input entry, it is numerically solved for the eigenvalues KTE=
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Given that we analyze a closed-domain problem, a discrete set of the eigenvalues
kTE* is found, i.e. kgﬂil 9. +oo- 1O this purpose, a Padé-approximant-based

root-finding algorithm is used [87|. The field modal vectors are calculated using

the scalar potential ¢’ % and, after some algebraic manipulations, can be written

as follows
eZ"Ei - iATET sin (kgEer) J
Y ATE= cos (kI x)
(3.9)
RTEE — jTFE: _ g eTEi/<wluolur)2
RTEE _ NTPEG — 2 % ¢TE+
where
ATEE — /271 (sine (KTPh) 1) (3.10)

which is found by enforcing the orthonormality property of waveguide modes

[56]. Moreover, the sinc(+) is the unnormalized sine function and the propagation

constant is given by kTF* = \/ k2e,pir — (KTE%)? where ko is the free space

wavenumber.

3.1.2 PPW loaded with surface impedances: TM modes

The TM modes are calculated by assuming the following scalar potential

pTM — ATM [gTM+ + BTMfTMf} (3.11)
where £TME = ki (@+h/2) Note that the field components of TM modes are
given by

ETM — (ETM 0 ETM)
R (3.12)
H™ = (0,H,",0)
thus ylelding to the following s simplified form |refer to (3.4)|:
h ieldi he following IBC’s simplified f fi 3.4
ZTM B ETM
surf —  [TM b2
o (3.13)
v ETM

ZSU?“f - +HTM
y

x=—h/2
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Considering each field component can be expressed as function of the scalar

potential ¢ |56], the CE is arranged in the form

TM+ TM+
s MMEL+ B
surf wege, 1 — BTM=

(3.14)

kg}\/fﬂ: h

where BTM* = t¢! . The mathematical derivation of (3.14) is reported

in the Appendix B.2. Solving (3.14), a countable set of solutions is found, i.e.,

kf%ﬁm 400 The TM modal vectors are given by
CATMA+ i (RTM
oTME _ (Tht; _ iATM gin (KTMTz) p
ATM= cos (KIM =)
(3.15)
hZ"M:I: — hZM:tg — 5% eg'M:l:
eITME — TME; i@xthi (weper) 2
where
ATME — /2] (sine (KTM*R) £1) 72 (3.16)

Finally, the propagation constant can be written as 7"+ = \/ k2eppiy — (KTME)?,

3.2 Equi-dispersive ortho-mode PPWs

As discussed in Chapter 2, dual-mode CTS arrays exhibit important perfor-
mances in terms of CP radiation and bandwidth. On the other hand, these
arrays are also strongly dispersive, given that the two propagating modes re-
spond to different group velocities. This issue can be solved by engineering
dual-mode CTS arrays based on ED propagation. This valuable property is
achieved considering PPWs bounded by reactive plates. The desired ED prop-
agation can be linked to the surface impedances (3.8) and (3.14). As shown

ETE and kIM have only two eigenvalues

in Fig. 3.2, the sets of solutions for
in the visible range (|l€f Bl TM| < koy/€-fir) when the surface impedance is in-
ductive and capacitive for TE and TM modes, respectively. The two modes
exhibit orthogonally-polarized E-fields along the waveguide cross-section. Note
that this is only valid when the height of the PPW is smaller than half the
operating wavelength (h < \/2). Also, ZTE. must be inductive, as well as ZZM

surf surf

capacitive. In more general scenarios, surface-wave modes (kX¥ = S{kI¥} and
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FiGURE 3.2: Impedance loci of TE and TM modes when the

PPW’s height is h = A\/2, where A is the wavelength at 40 GHz.

The characteristic equations are plotted at the operating fre-
quency. The PPW is air-filled (i.e., €, = pu, = 1).

EIM = ${kTM}) may be present too [88], although h < A\/2. The possible
presence of purely imaginary eigenvalues EFE/TM s due to the fact that the
Helmholtz operator is no longer Hermitian when it is subject to IBCs. This
propriety is rigorously demonstrated in the Appendix B.3.

Being proved that two ortho-modes may be supported by the considered

5 TE/TM

surf  can be then engineered to support ED

structure, the surface impedance
propagation. Given that Z1”, is required to be inductive and Z); capacitive,

their frequency behaviors are assumed to be as follows

Zlrs =iwL™ (3.17)
ZIa = (iwC™M)™! (3.18)

The ED condition can be obtained by inserting (3.17) and (3.18) into (3.8) and

(3.14), respectively, and enforcing kI~ = k™~ After computing the product

TE— r;TM—
Zsurf Zsurf )

the following ED condition is found
LTE = ¢TMy? (3.19)

where n = no\/pr/€- and ny = 120m Q. To solve equation (3.19), a second
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equation is needed to be solved for C7™. The latter is then determined by

arbitrarily setting the cut-off frequency of TM modes fZ™. In formulae:
CTM = (wCTOMn)_l cot (kh/2) (3.20)

where wIM = 27 fTM and k = koy/€xfir.

As a representative example, ED PPWs are proposed to validate the analytic
formuale reported above. The height of the PPW is chosen to be h = A\, /2,
where A\, is the wavelength at the highest operating frequency (namely f,qz)-
The cut-off frequency fIM is arbitrarily selected between 0 GHz and f,,q,. Let

us then assume f,q0, = 3fL*. The capacitance CTM is calculated using (3.20)

ZTE+ (
3 i 190
2
£ 1 W
b 0%
:E 0 70
% -1
Z 60
2
3 50
-3 0-2 -1 1
&E{km}/kg
(b) TE modes.
TM+ dB
3 Zoury( 100
2
£ 1 W
b 0%
:E 0 60
% -1
o 40
2
3 20
-3 0-2 -1 1
&E{km}/kg
(¢) TM modes. (d) TM modes.

FIGURE 3.3: Characteristic equation for (a),(b) TE and (c),(d)
TM modes at the frequency finez. The plot is shown in dB,
thus the poles are illustrated with dark blue spots. The black
circle indicate the visible range (|k,| = k) and red dot markers
represent the calculated poles using [87]. The PPW is air-filled.
Parameter settings: h = Apin/2 and fiee = 3 g;M )
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and LT% using the ED condition (3.19), consequently. The CEs (3.8) and (3.14)
are so numerically solved using (3.17) and (3.18) as surface impedances. They
are plotted in Fig. 3.3 showing the CEs in dB. The eigenvalues correspond thus
to very low values, i.e., blue spots in Fig. 3.3. It can be observed that the poles
are equally located in the spectral domain for TE and TM modes, respectively.
In other words, TE and TM modes form degenerate modal branches, as con-
sequence of having enforced the ED condition (3.19). Moreover, Figs. 3.3(a)
and (c) show that a dual-mode propagation is achieved, as two eigenvalues are
located within the visible range (|k,| = k). These two modes are orthogonally-
oriented along the waveguide cross-section. For the sake of completeness, the
dispersion diagrams of TE and TM modes are reported in Figs. 3.4(a) and (b),

respectively. Fig. 3.4 shows that two ortho-modes are in propagation in the fre-

3 — 3 —
=== Analytic === Analytic
257 2 HFSS 257 2 HFSS
Zs 2 R{} | 8 2 R{}
= =
— 15 ~ 15
1 A Cx 1 A Cx
' 3{} ag- 3{}
0.5 A 05 A
0O 02 04 06 08 1 0O 02 04 06 08 1
K:l/(27) EYl/(27)
(a) TE modes. (b) TM modes.

FIGURE 3.4: Dispersion diagram of (a) TE and (b) TM modes
for a ED PPW. Parameter settings: h = Anin/2, fmae = 3fLM
and [ = A\n. The PPW is air-filled.

quency range [fLM f,...] and their dispersion curves are identical. The length
of the considered PPW is [ = \,,;,. The analytic formulation is also validated

with a full-wave commercial software [81], showing an excellent agreement.

3.3 Quasi-equidispersive 90°-phase delayed line

To attain a CP radiation, the ED PPWs must behave as an anisotropic crys-

tal, meaning that two orthogonal components are 90°-phased with respect to
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each other, while maintaining their amplitudes equal. This propagation charac-
teristic is achieved from a suitable engineering of the dispersion. Let us begin
observing that the eigenvalues kX%~ are frequency-independent, as consequence
of having modeled Z[)/; as (3.18). By equaling equations (3.18) and (3.14), the
angular frequency results, indeed, simplified to the left and right hand sides
when solving for kM=, Once kI™~ is found, the eigenvalues of TE modes
kTE= are not automatically obtained, as they are dependent on the desired

phase delay A¢ = 7/2. They are thus enforced to be as follows

@E—:%¢prﬂ2+A¢eA¢+m@M1 (3.21)

where [ is the length of the PPW [see Fig. 3.1]. The ED condition reduces then
to a different form than (3.19), thus yielding to

TM— TM— TE—
ng = C’TMI;:TUQ tan (kx 5 h) cot (kgC 5 h) (3.22)

where C™ is calculated as (3.20). The main drawback of (3.22) is that L37

might be strongly frequency-dependent. Since it has been demonstrated that

kM~ is constant, the term responsible for the frequency dependency of L1 is

kTE= as it can be seen in (3.21). This issue can be mitigated calculating the

limit of (3.21), when the length of the PPW tends to infinity. In formulae:

ETM=1)2 4 A (—A¢ + 21kTM-
lim k2" = lim \/< ) ( i = kM~ = const
=400 l—+o00 l

(3.23)

An estimation of the order of magnitude of the PPW’s length [ in terms of

the smallest wavelength can be obtained by plotting (3.21) as a function of the
frequency for increasing values of [. This study is reported in Fig. 3.5. The

numerical results show that kI~

starts being a slowly-varying function with
frequency when [ is as big as a few smallest wavelengths. In this scenario, the

value of LZ% as (3.22) can be approximated by its mean, thus yielding to

— 1
[N I —— R V| 3.24
Ad meas{Af} Jas aodf ( )

where Af = [fmax, CTOM}
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FIGURE 3.5: Parametric plots of the eigenvalue using
equation (3.21) for increasing values of the PPW’s lemgth [.
The eigenvalue kI~ starts being a slow-varying function with

frequency when [ is as big as a few wavelengths at the highest
frequency. Simulation settings: fiaz = 2 g;M and h = Apin/2.

TE—
kx

Finally, we can validate the dispersion engineering reported above by con-
sidering a representative example. The cut-off frequency of TM modes is set
at 20 GHz. We consider a PPW having height h = \,,;,/2. The capacitance
CTM can be thus calculated using (3.18). The maximum operating frequency
is chosen to be twice the cut-off frequency fL™. The length of the PPW is
[ = 3Amin. The dispersion analysis of the structure is reported in Fig. 3.6.
Specifically, the dispersion diagram using the non-approximated form of L1}
[see equation (3.22)] is plotted in Fig. 3.6(a). It can be observed that the

two modes are perfectly ED (same frequency dependency of their propagation

constants) and 90°-phased one another all over the band [ (?;M , fmax]. On the

other hand, Fig. 3.6(b) reports the dispersion when the inductance L}J is ap-

proximated by (3.24). In this case, the two modes end up being no longer ED
all over the frequency band [ fEM fmax}. In fact, the use of (3.24) results in
enabling the propagation of two quasi-ED ortho-modes. In other words, their
phase difference equals 90° at only one frequency within the range [fZM, fia.].
The analytic dispersion diagrams are also validated using the full-wave sim-

ulator [81], showing an excellent agreement. Finally, the surface impedance
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FIGURE 3.6: Dispersion diagram for (a) Zﬂ?f = iszg and
(b) ZSTu]ff = iw@. Parameter settings: fLM = 20 GHz, h =

Amin/2, fmae = 2fEM and | = 3\;in. The PPW is air-filled.

ZLr. is plotted in Fig. 3.7 with the corresponding circuit elements. When the
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FIGURE 3.7: Plot of the surface impedance Z1E . using the cor-

surf

responding circuit elements as (3.22) and (3.24).

L

N

PPW’s length is | = 3\, the surface impedance Z1Z. given by (3.22) is a

surf

slowly-varying function of the frequency, as LZ% is still frequency dependent
[see orange solid line in Fig. 3.7]. When using the approximation (3.24), the
surface impedance Z[”: shows a linear behavior in frequency. In the latter
scenario, the two modes will be perfectly ED at the frequency point for which

the surface impedance Z]7; equals its mean (square marker in Fig. 3.7).



Chapter 3. Equi-dispersive dual-mode CTS arrays 79

3.4 Equi-dispersive open-ended radiating stubs

The aim of this Section is to show the achievable radiating performance of
ED open-ended stubs. The dispersion of ED PPWs is analytically studied and
radiating stubs are organized in a periodic environment, aiming to achieve CP
radiation at the Ka-band. The unit cells of the ED CTS array are shown
in Figs. 3.8(a) and (b) for TE and TM modes, respectively. A waveguide

Radiation BC R"“]"“‘“”” BC o
Periodic BC Periodic BC PCI‘I(“\]LC BC ! Pcl'lodlc BC
v o L
- )
~< - - d >
p.€.C. (/ Z m Z
‘L/ iy g~ iy
p.e.c. i [ X p.e.c. ‘Z [ X
TE _. TTE ” i E—— TM__ ;. ~TM)-1 i} [ I
Z_yuyf_le,\(lx é 0 N Zsu’f—(la)c ) é y 0 ‘
WG port WG port

(a) TE modes.

(b) TM modes.

FIGURE 3.8: Unit cell of the ED CTS array for (a) TE and (b)
TM modes. The width of the slots is @ = 4.28 mm and the array
periodicity is d = 1.1a.

port is employed to launch the two modes into the feeding PPW. Periodic
boundary conditions are enforced at the lateral faces of the unit cell along the
xz-axis for both TE and TM modes. Perfect electric and magnetic conductors
are considered along the y-axis for optimal operation of TE and TM modes,
alternately. Finally, radiation boundary conditions are enforced on the top of
the radiating box. The width of the slots is set as a = A\ /2 = 4.28 mm
(Amin is the wavelength at 35 GHz) for optimal operation at Ka-band. Also,
the array inter-element spacing is d = 1.1a to broaden the bandwidth [refer to
Section 2.4|. The considered IBCs are considered using the circuit elements as
(3.20) and (3.24). The cut-off frequency of the TM mode is set at 20 GHz. The
PPW’s length is [ = 5\, [see Figs. 3.8(a) and (b)].

The phases of the two modes are plotted in Fig. 3.9 as a function of the
spatial variable z at 29 GHz. The two modes are equally phased at the input
of the radiating stubs (z = 0). While propagating in the positive direction of z-
axis, the TE and TM modes start phasing out each other. At the aperture level
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FIGURE 3.9: Phases of TE and TM modes as a function of the
variable z. at 29 GHz

(z = 1), the two modes are 90° out-of-phase with respect to each other. The
radiating field exhibits thus two orthogonal components, whose phase difference
is 90°. The CP purity can be estimated in terms of the axial ratio (AR). A
very high CP purity (AR below 3 dB) is achieved over the band 26.8-32.2 GHz
(22.3% fractional bandwidth), as shown in Fig. 3.10. The simulated AR in Fig.
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FIGURE 3.10: Simulated AR as a function of frequency for ED

open-ended stubs. The AR is computed both analytically and

using the full-wave simulator [81], showing a very good agree-
ment.

3.10 is computed both analytically and by post-processing the radiated fields
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using [81]. The analytic computation is obtained by means of the windowing
approach outlined in Section 2.3.1. The magnetic current over the slots has been
calculated considering the amplitude and phase E-field distribution provided by
the two modes propagating within the ED PPWs. For the sake of simplicity,
the employed windowing function is the rectangular one. The numerical results
are found to be in excellent agreement with the full-wave simulator [81] up to
35 GHz. Beyond that frequency, higher-order modes start propagating as well
for a total of four modes. The corresponding transverse eigenvalues of the two

higher-order modes are exactly twice those of the fundamental ones.

3.5 Possible ways to design ED PPWs

This Section aims to shortly argue about possible ways to synthesize ED PPWs.
Physical structures, that may realize reactive sheets, rely on metallic patterns
printed on grounded dielectric slabs, as done in [89, 90|. These structures
resemble anisotropic meta-waveguides and can be designed by following the
approach outlined in Chapter 5 for frequency selective surfaces (FSS). Basically,
equivalent circuit models can be employed to design the surface impedance for
each field’s component separately. Since the surface impedances are demanded
to be inductive and capacitive for y- and z-polarized E-fields, respectively, their
physical realization can be approached separately. Owing to their geometrical
shape, meandered Jerusalem crosses [refer to Chapter 5| may represent a valid

candidate as meta-waveguide’s unit cell.

<

FSS—= Port 2

Port 1 )

Periodic BCs
XTAIZ
y

FI1GURE 3.11: Simulation setup to synthetize the equi-dispersive
dual-mode PPWs.

Periodic BCs
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A successful synthesis method is the one employed in the work [91]. The
simulation setup is shown in Fig. 3.11. Periodic boundary conditions are consid-
ered at the lateral faces of a parallel-plate structure, i.e., along the y-axis. Two
waveguide ports are used to excite the two desired modes and the S-parameters
are exported to reconstruct the desired propagation constant within the waveg-

uide, by using the following formula [74]:

JTE/TM \/kQG'er _ (ka/TMy = % arccos(A) (3.25)
where
4 (14 S11)(1 — Sa2) + S12591
25 (3.26)
D— (1 = S11)(1 + Sa2) + S12591

The geometrical parameters of the FSS’s unit cell are to be tuned to obtain
the desired propagation constant. As mentioned earlier, the design is carried
out using two distinct circuit models. The E-field lines of the TE mode are y-
oriented, whereas the TM ones are polarized along z-axis. Also, inductive reac-
tive sheets are demanded to y-oriented fields and capacitive walls to x-oriented
ones. Therefore, meandered Jerusalem crosses suit well as meta-waveguide’s
unit cell. The reactive impedances are not spatial-dependent, thus their de-
sign relies on the spatial homogenization, i.e., unit cell dimension electrically-
small with respect to the operating wavelength. Two simulation setups [see
Fig. 3.11] are then considered for the two field orientations. At the time of this
manuscript’s redaction, the design of this type of meta-waveguides has been not
retrieved yet. Future research activities will focus on its design and integration

within the antenna architecture of dual-mode ED CTS arrays.

3.6 Conclusions

In this Chapter, the modal analysis of PPWs with purely reactive walls has been
reported. This type of waveguides can achieve an equi-dispersive, dual-mode
propagation. The two modes are orthogonally-oriented along the waveguide
cross-section and are employed to radiate circularly-polarized fields. Accurate

analytic expressions are obtained for a proper dispersion engineering of these
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structures. Specifically, the two modes are sought to exhibit the same dispersive
behavior. The problem is studied by means of a dedicated eigenvalue analysis,
leading to simple formulae to be employed in the model synthesis. An optimal
operating point is thus easily attained. As a result, important physical insights
are obtained and the analysis is extended to equi-dispersive, dual-mode PPWs
that behave as an anisotropic crystal (i.e., 90° delayed anisotropic line). After-
ward, these structures are arranged in a periodic environment as open-ended
stubs, to investigate the radiating performance in terms of circular polarization.
The numerical results demonstrate wideband capabilities (the axial ratio is be-
low 3 dB over a fractional bandwidth of 22.3%). Given the arbitrariness of the
cut-off frequencies, this bandwidth can be further enhanced. Equi-dispersive
PPWs represent thus a valid solution to issues experienced by dual-mode CTS
arrays (e.g., limited scanning range), due to a considerable inter-modal disper-
sion [refer to Chapter 2|. In conclusion, a short discussion about possible ways

to address physical design is also reported.
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Chapter 4

Dual-Polarized, Dual-Mode CTS
Array in Ka-Band

As discussed in Chapter 2, dual-mode CTS arrays are able to provide the ra-
diation of orthogonally-polarized fields by exploiting the electric properties of
dual-mode parallel-plate waveguides (PPW). Specifically, arrays of long slots,
whose width is comprised between a half and one operating wavelength, sup-
port the TEM and the first transverse electric (TE;) modes. These two modes
are orthogonally-polarized each other in the waveguide cross-section, as shown
in Fig. 1.10, and can thus radiate dual-polarized fields. The main drawback
is given by the presence of the first transverse magnetic (TM;) mode, which is
degenerate with the TE; mode. Since TM; and TEM modes exhibit E-fields po-
larized in the same direction, they may occur in strong mutual couplings along
discontinuities. This problem is solved by employing anisotropic waveguides,
whose dispersion behavior has been properly engineered. The basic idea lies in
manipulating the boundary conditions (BC) of the feeding PPWs, in order to
obtain ad-hoc engineered waveguide propagation [92]. The physical realization
of the BCs relies on electrically-small periodic structures (e.g., corrugations,
bed of nails, frequency-selective structures, etc.), employed as PPW’s walls. By
modeling these structures as equivalent surface impedance [88; 93], their dis-
persion can be tuned by playing with the geometrical parameters. This Chap-
ter! proposes a solution relying on the use of longitudinally-corrugated PPWs
(LCPPW). The work is the result of the research activity carried out at Insti-
tut d’Electronique et des Technologies du numéRique (IETR), in the frame of
a collaboration with Centre National d’Etudes Spatiales (CNES). The antenna

!This Chapter is an extended version of the articles [J-4] and [J-5]. The list of the author’s
publications is included at the end of this Ph.D. dissertation.
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performs dual-polarized radiation, attaining wideband and high-gain operation
over a large field-of-view. A ten-fold bandwidth enhancement is demonstrated
with respect to previous dual-polarized antennas based on cross-connected ar-
chitectures. Two separate feeding systems (i.e., pillbox couplers) are used to il-
luminate the slots under TEM and TE; illuminations, respectively. The demon-
stration of a unique dual-mode line source is currently under investigation and

is out the scope of this manuscript.

4.1 Analysis of longitudinally-corrugated PPW

An over-moded PPW of height comprised between a half and one wavelength
supports the propagation of three modes (i.e., TEM, TE; and TM;), whose
transverse field profiles are shown in Fig. 1.10. The eigenvalues of metallic
parallel-plate domain are found by solving (3.1) and enforcing (2.3), yielding to
the following propagation constant [74]

2
KM k?—(ﬂ), neN
“ (4.1)
2
KTE — kQ—(T), n e N*
a

where £k is the wavenumber in the medium filling the PPW and a is the height of
the PPW. Equation (4.1) tells us that the TE,, and TM,, modes are degenerate,
thus they exhibit same cut-off frequency:

TEn, _ TM, _nc +
JeuZos = Jeut—ory = QCL—\/E’ neN (4.2)

where c is the speed of light and ¢, the relative permitivity of the material filling
the PPW. The frequency range in which the PPW remains bimodal is given by
c
fmin - fgfioff P —
2a\/er (4.3)
fmaz = 2fmm,

The height of the PPW is thus set as a = A\jaz/2, where A4, is the wavelength
in guide associated with the minimum frequency. Using these settings, over-

moded PPWs are fully characterized. This type of waveguides usually suffers
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from strong mutual coupling between the TEM and TM; modes. Fig. 1.10
indeed shows that E-field lines are orthogonally-oriented for the TEM and TE;
modes. Their mutual coupling is, therefore, roughly negligible and the cor-
responding analysis can be carried out independently for each mode. On the
other hand, the TEM and TM; E-fields are polarized in the same direction,
meaning they may occur in strong coupling with respect to one another. As a
case-of-study, we consider a dual-mode T-junction, which is a basic component
within the corporate feed network (CFN) in parallel-fed architectures of CTS
arrays |6]. The considered T-junction geometry is shown in Fig. 4.1. When the

PEC/PMC

Port2 -
Port3

Port1

FIGURE 4.1: 3-D view of a T-junction comprising over-moded

PPWs. The height of each PPW is 7 mm. The structure is in-

finitely extended along y-axis. PEC/PMC boundary conditions

are assumed along the xz-planes to take into account the pe-

riodicity of the structure along the y-axis. Studying TE, and

TEM/TM,, mode excitation requires the use of PEC and PMC
boundary conditions, respectively.

structure is excited by a pure TE; mode at Port 1, the output field at Port 2
and 3 is plotted in Fig. 4.2(a). It can be observed that the field profile remains
almost unperturbed considering this type of T-junction. On the contrary, when
Port 1 lunches a pure TEM mode, the field observed at Port 2 and 3 is a super-
imposition of the TEM and TM; modes, since non-negligible coupling effects
occur at the section of the T-junction corners [see Fig. 4.2(b)|. As it is clearly
visible in Fig. 4.2, the use of T-junctions made of over-moded PPWs is not
suitable for our problem.

As mentioned earlier, a solution is to modify the BCs enforced on the

parallel-plate domain, by placing electrically-small periodic structures on the
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(a) TE; excitation. (b) TEM excitation.

FIGURE 4.2: Simulated amplitude of the E-field at 30 GHz. The
height of the T-junction is 7 mm. (a) TE; mode excitation. (b)
TEM mode excitation. The simulations were carried out using

81].

waveguide contour. In particular, we use longitudinal corrugations that aim
to create a quasi hard-waveguide, as described in [93]. The perspective and

cross sectional views of a LCPPWs are depicted in Fig. 4.3. The structure

X L A
L W¢
—— hTEM
R -
n h
(a) Cross sectional view along zy-plane. (b) Cross sectional view along yz-plane.

B

(c) Perspective view.

FIGURE 4.3: Cross sectional view of LCPPW along (a) xy- and
(b) yz-plane. (c) 3-D view.

is infinite along y-axis and the modes propagate in the z-axis direction. The
two metallic plates are spaced apart by hrg, whereas the distance between the
corrugations is hrgys along the x-axis. The width of the corrugations is w. and

their linear spacing is p.. Given p. is electrically-small, the structure in Fig.
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4.3 supports the propagation of two orthogonal modes (quasi-TE; and TEM),

when the following settings are enforced

hrem < hre < Apaz/2 (4.5)
We < Pe K A (4.6)
fmax - 2fm'm (47)

Specifically, the propagation of the quasi-TEM mode is confined in the section
x € [—hrem/2, hrean/2]). On the contrary, the quasi-TE; mode E-field profile

is extended to the whole waveguide cross-section = € [—hrg/2, hrg/2].

The proposed geometry of LCPPW can be easily understood by modeling
the LCPPW as standard PPW, whose parallel plates are replaced with sur-
face reactances. Basically, the corrugations are modeled as equivalent surface
impedance accounting for TE and TM modes, respectively. The dispersion
analysis of such structures follows the analytic model presented in Chapter 3.
In particular, the surface impedance of longitudinal corrugations for TE modes
is calculated using asymptotic corrugation boundary condition (ACBC) [94-97|

and can be expressed in closed-form, thus yielding to

, — w, tan (kS h,.)
ZTE — gyl — e T 48
1 — il (4.9
where
KT = \ SR (e — 1) 4 k2 (4.9)

corr

¢ is the dielectric constant of

where kg is the free-space wavenumber and €
the material filling the corrugations. Moreover, the surface impedance of lon-
gitudinal corrugations for TM modes is calculated by considering a plane-wave
equivalence of the PPW modes |74] and by studying the reflection properties of

artificially hard-surfaces [98]. In formulae

ZM = % sec (6] ) (4.10)
0
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where

Zy = —z’pc Zicwcng \/eff””’” — sin? (07M) cot (k’ohc\/efﬁ’“’“ — sin? (QlTM)> (4.11)

where 7, is the free space impedance and 67 is the incident angle of TM modes

in PPW by equivalence with the plane wave theory [74]. It can <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>