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Abstract

The objective of this thesis is to exploit the leaky-wave phenomena to enhance the per-
formance of classical aperture antennas for space applications. Here, we consider planar
configurations where the leaky modes are excited between a ground plane and a par-
tially reflective superstrate, made of impedance sheets or dielectric slabs. Arrangements
of small apertures opening on the ground plane are used to feed the antennas under
study. The superstrate-like leaky-wave structures are developed in array or phased ar-
ray configurations. These solutions are considered of interest in terms of flexibility of
the system for next generation satellite links.

In order to efficiently study planar leaky-wave arrays, we have developed an analysis tool
based on a Green’s function spectral approach. The developed tool allows to precisely
analyze the proposed structure by taking into account the impact of the mutual coupling
among the elements on the radiation performance of the whole antenna. In addition, it
can handle extremely large structures in terms of wavelengths with a small computa-
tional effort with respect to commercial tools. This tool has been used during the thesis
to efficiently analyze the main features associated to the leaky-wave phenomenon, such
as the gain enhancement and pattern shaping, for the improvement of the performance
of the classical array solutions.

In particular, the gain enhancement of leaky-based structures can be an effective way to
reduce the number of elements of the associated phased arrays. In a leaky-wave config-
uration each element of the array will radiate with a larger equivalent aperture allowing
a larger spacing among elements without affecting the final gain of the whole structure.
This aspect is particularly important in the case of phased arrays, where phase shifters
and control cells are, typically, the most expensive components of the system. As ex-
tensively explained in the manuscript, antennas for user segment might find the highest
benefit by using leaky-wave solutions. In fact, the constraints on bandwidth (1 ~ 3 %)
and periodicity (1 ~ 2 wavelengths) make the leaky-wave technology suitable to reach
the high aperture efficiencies required for such applications.

Besides the gain enhancement, the leaky-wave technology can be effectively exploited to
conveniently shape the radiation pattern by properly engineering the design parameters
of the antenna. For superstrate-like structures, as those considered in this work, such
parameters are the reflectivity of the partial reflecting screens and their spacing. This
capability can be used in phased arrays to generate a convenient element pattern to
minimize the scan losses and filter the grating lobes appearing in the visible space when
dealing with periodicities larger than a wavelength. Therefore, a synthesis procedure
for thinned leaky-wave arrays is presented in the manuscript, showing the benefits of

the superstrate configuration. In particular, it is shown that it is possible to design



thinned arrays with a number of elements reduced by a factor 4, if compared with bare
configurations, working in a band of 7%. Also, a novel array configuration, the irregular
superstrate array, is presented. The irregular superstrate allows the reduction of the
side lobes of the antenna below —20 dB in the considered 2.5 % band, using a uniform
excitation. Such solution avoids the use of complicate feeding networks of classical so-
lution. This last configuration clearly shows that the shaping capability of leaky-wave

antennas is the most appealing feature to be used in phased array solutions.



Résumé

Les systemes satellitaires multimédias actuels et de prochaine génération en bandes Ku
et Ka peuvent bénéficier des caractéristiques flexibles des antennes multifaisceaux. Les
spécifications typiques peuvent étre 20 ~ 100 faisceaux simultanés ou multiplexés avec
une largeur de 0.5° ~ 1° et un gain dessus 40 dB, couvrant une zone angulaire régionale
ou continentale de 3° ~ 10° depuis l'orbite terrestre géostationnaire. Compte tenu de
I’évolution rapide des marchés des médias par rapport a une durée de vie typique des
satellites de télécommunication, I'un des aspects les plus importants est la flexibilité du
systeme, i.e. la possibilité de reconfigurer les faisceaux électroniquement pour pointer
vers des zones géographiques présentant la plus forte demande. Les antennes réseau a
commande de phase sont la technique la plus prometteuse pour satisfaire ces besoins
de la mission. Ils permettent de changer la répartition de la puissance aux faisceaux,
la taille du faisceau et la forme du faisceau alors que ’antenne est en orbite, ce qui
représente une excellente solution en termes de flexibilité du systeme. Cependant, I'un
des parametres les plus critiques dans la conception de réseau a commande de phase
est le nombre d’éléments car cela détermine le nombre de déphaseurs et des unités de

commande qui sont souvent les composants les plus chers de ’ensemble.

Ces travaux de these sont centrés sur I’étude de nouveau réseaux a commande de phase.
En particulier, les réseaux d’antennes planaires a ondes de fuite sont exploités pour

améliorer les performances des réseaux d’antennes classiques. Il s’agit d’une solution

xi



extréemement intéressante pour augmenter le gain, diminuer le niveau des lobes sec-
ondaires et, plus généralement, modeler le diagramme de rayonnement des sources sim-
ples. Les antennes étudiées ici sont des structures & ondes de fuite planaires avec super-
strat. Les modes a ondes de fuite sont excités par source située a 'intérieur d’une cavité
résonante, aussi appelé cavité Fabry-Pérot, formée par un plan de masse métallique et
une surface partiellement réfléchissante. Cette derniere est un superstrat placé au-dessus
d’un plan de masse et peut étre réalisé a ’aide de couches diélectriques ou de surfaces

d’impédance. Nous présentons ci-dessous les principales parties de ce travail de these.

Outil d’Analyse

L’étude approfondie des structures réseaux avec superstrat et leurs possibles config-
urations innovantes nécessitent un outil d’analyse rapide. Ce dernier doit permettre
d’évaluer efficacement les propriétés de rayonnement de ces structures de maniere fiable
et rapide. Les simulateurs commerciaux a usage général ne sont pas adaptés a ce besoin
car ils nécessitent des ressources informatiques importantes, méme pour la résolution des
problemes simples. Pour cette raison nous avons développé un outil d’analyse. Cet outil
est basé sur une approche spectrale avec fonction de Green. Il permet d’évaluer les car-
actéristiques de rayonnement (diagramme de rayonnement, parametres S, gain, niveau
des lobes secondaires, largeur de faisceau) pour des réseaux génériques présentant un
arrangement régulier ou irrégulier de sources génériques (ouvertures uniformes, guides
d’ondes, antennes cornets, antennes cornet ondulé) sur un plan de masse, avec ou sans
superstrat. L’algorithme développé a été validé avec les logiciels commerciaux (CST
MWS, HFSS). Un excellent accord a été obtenu avec une réduction considérable du

temps de calcul et d’utilisation de mémoire.

Outil de Syntheése pour le Diagramme de Rayonnement d’Antennes a Ondes
de Fuite

Nous avons également développé un outil de syntheése congu pour générer une structure
a ondes de fuite apte a produire un diagramme de rayonnement demandé décrit ana-
lytiquement. La synthese est réalisée en optimisant opportunément les parametres de
conception de 'antenne. Un prototype, produisant un diagramme de rayonnement sec-
toriel a été fabriqué et testé. Un bon accord est obtenu entre les résultats de simulation

et les mesures.



Diagrammes de Rayonnement Cosécante-Carré

Cette partie concerne la génération d’'un diagramme de rayonnement cosécante-carré,
utile dans les applications ou une illumination de puissance uniforme est nécessaire dans
une certaine région angulaire. Dans la littérature, de tels diagrammes sont généralement
obtenus en utilisant des réflecteurs courbes, des antennes réseau, des réseaux réflecteurs,
des antennes lentilles. Ici, un diagramme en cosécante-carré est obtenu en tronquant op-
portunément le superstrat. La troncature supprime le mode & ondes de fuite magnétique
transversal se propageant le long de la direction y positif sans affecter celui se propageantsur

le coté opposé.

Performance des Réseaux d’Antennes Planaires & Ondes de Fuite

Ici, nous étudions la possibilité d’améliorer le gain de réseaux d’antennes utilisant des
structures a ondes de fuite. L’objectif final est la réduction du nombre d’éléments
du réseau. Cette opération peut étre effectuée en utilisant la procédure de synthese
présentée ci-apres. Une étude paramétrique a été effectué sur les réseaux d’antennes a
ondes de fuite, en faisant varier les characteristiques du superstrat et les grillages du
réseau. Ces résultats ont été utilisés pour concevoir des réseaux d’antennes planaires
a ondes de fuite pour les segments bord et utilisateur, dont les specifications sont tres
différentes (maille de réseau, directivité d’élément et bande passante). Nos travaux ont
montré que les configurations & superstrat sont particuliérement avantageuses pour le

segment utilisateur.

Réseaux d’Antennes Bi-Bande avec Superstrat Echiquier

La nécessité d’élargir la bande passante des antennes a ondes de fuite nous a conduit
a proposer une nouvelle antenne, appelée antenne superstrat-patch. Cette configura-
tion permet d’améliorer le gain avec des antennes de Fabry-Pérot classiques, mais sur
une bande plus large. Etant donné que chaque élément a son propre superstrat, nous
avons décidé de mettre en ceuvre 'antenne superstrat-patch dans un réseau bi-bande
en Ku et Ka. Le réseau d’antenne proposé présente des propriétés tres intéressantes en

comparaison avec les solutions classiques.

Synthése d’Antennes Réseaux Raréfiés a Ondes de Fuite

Ici, nous proposons une méthode de synthese pour concevoir des antennes réseaux raréfiés

a ondes de fuite. Une procédure d’optimisation convexe a été développée pour réduire



le nombre d’éléments du réseau, tout en maintenant le diagramme de rayonnement a
I'intérieur d’'un gabarit prédéterminé. Le couplage mutuel entre les éléments est pris
en compte lors de la procédure d’optimisation. Les résultats finaux conduisent a la
synthese de réseaux comportant un nombre réduit d’éléments et possédant une efficacité

d’ouverture accrue par rapport a la configuration sans superstrat.

Réseau avec Superstrat Irrégulier

Le réseau avec superstrat irrégulier permet de controler le niveau des lobes secondaires du
réseau en utilisant une excitation uniforme, ce qui simplifie la conception du formateur
de faisceau. Un tel superstrat présente un gain différent pour chaque élément du réseau.
Un réseau linéaire avec des lobe secondaires et des lobe de réseau réduits a ainsi été

concu en bande Ku, présentant d’excellentes performances.
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Chapter 1

Introduction

Present and next-generation multimedia satellite systems in Ku- and Ka-bands can
benefit from flexible multiple beam capabilities. Typical requirements can be 20 ~ 100
simultaneous or multiplexed beams with a size of 0.5° ~ 1° and a gain over 40 dB,
covering a continental or sub-continental angular region of 3° ~ 10° from geostationary
Earth orbit (GEO). An example of a multiple beam coverage of the European continent

and the Mediterranean basin is shown in Fig. 1.1.

Considering the fast evolution of multimedia market with respect to a typical telecom-
munication satellite life time, one of the most important aspects is the flexibility of the
system, i.e. the possibility to reconfigure the beams electronically to address geograph-

ical areas with the highest demand.

Active phased arrays are the most promising technique to satisfy such mission needs.
They enable changing the allocation of power to the beams, the beam size and the beam
shape while the antenna is in orbit, representing the best antenna solution in terms of
flexibility of the system. However, the most critical parameter of a phased array design
is the number of elements as it determines the number of phase shifters and control units

that are often the most expensive components of the array.

1.1 Antennas for Satellite Communications

The design of antennas for satellites communication systems is a challenging task. It
involves several considerations that must be handled at different levels. From a system

1
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F1cURE 1.1: Coverage of Europe and the Mediterranean basin by Eutelsat KA-SAT
9A.

point of view, the most important parameters are the Effective Isotropic Radiated Power
(EIRP) for transmitting antennas and the antenna gain to noise temperature G /T for

receiving antennas [1].

Different specifications are needed for the space segment (on-board satellite antennas)
and user segment (terminal antennas). During the last years, the technology dramati-
cally changed the specifications for both parts. The main improvement is related to the
frequency bands shifting upward, with broad bandwidth frequency allocations and more
compact antennas. Frequency and polarization reuse schemes made possible a great

increase in the communication capacity [2].

In the past, satellite antennas were covering the whole Earth visible disk. Nowadays,
the area to be covered is divided in sub-regions (Fig. 1.1), using spot beam and multiple
beam architectures [3]. The directivities that can be reached with these technologies are

very high compared with the older satellite links, as they service smaller areas.

However, the electromagnetic performance is not the only parameter to be considered in
a space link design. In fact, the designer typically faces other unconventional constraints,

related to the size, the weigth, the power and, eventually, the costs.

The user segment takes advantage from the high performing on-board satellite antennas.
Initially, the user segment needed huge dedicated ground terminals, serving as hubs and

communicating with the user through side connections. Today, the general performance
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FIGURE 1.2: Geostationary Earth orbit satellite phone Immarsat IsatPhone 2.

F1GURE 1.3: Estrack DSA in Cebreros, Spain.

enhancement on the space segment allows a reduction of the size of the antenna and/or
a greater data rate. A user segment antenna, in general, has to be small, inexpensive
and reliable to pointing errors from the user. A good example of compact satellite
communication unit is the GEO satellite phone in Fig. 1.2. Huge reflector antennas,
instead, are used just for particular applications, as high data rate links and Deep Space
Antennas (DSA). Fig. 1.3 shows the 35 m-diameter DSA in Cebreros, Spain, part of the
Estrack tracking station. A main design issue in the user segment is the reduction of
the interference with other sources. In particular, a strong regulation in terms of side

lobe envelope has to be respected for the congested C- and Ku-bands [4].
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FIGURE 1.4: Feed system for a Ka-band multibeam antenna (Alenia Spazio).

The antenna types mainly employed for space applications are horn antennas, reflector

antennas and direct radiating array antennas.

1.1.1 Horn Antennas

Horn antennas are the basic antenna solution and they managed to preserve their space
in the modern satellite communication [5]. The reason why horn antennas are so popular

is their simplicity along with the high performance in terms of gain and matching.

In early satellites, horn antennas were used for the global coverage of the Earth from geo-
stationary satellites [6]. The beamwidth required for this application is about 17 degrees

and the horn could easily fit due to its simplicity and electromagnetic characteristics.

Nowadays, Earth coverage applications are not widely used, leaving the scene to highly
directive solutions for spot coverage and multiple beam applications. In these scenarios
horn antennas are still employed as phased array elements or feed for reflector antennas

[7]. A cluster of horn feed is shown in Fig. 1.4 as example.

Dual-Mode Conical Horns

The dual-mode conical horn has been proposed by Potter in 1963 [8]. A TM;; higher-
order mode is excited to symmetrise the aperture distribution given by the fundamental

TE;;. The radiation pattern is nearly symmetric and it presents low side lobe level
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FIGURE 1.5: Corrugated conical horn [5].

(SLL). However, this solution reduces the operational bandwidth of the horn, because

the two modes have to be excited with a precise phase difference.

Hybrid-Mode Corrugated Conical Horns

Corrugated conical horns (Fig. 1.5) provide circularly symmetric radiation pattern, low
SLL and low levels cross-polarization. An HE;; mode is excited in the horn, that is an
hybrid of the TE;; and TM1; modes that would be excited in a smooth waveguide. The
corrugated horn has a larger bandwidth if compared to the dual-mode horn. Contrary
to the latter, the two components of the HE;; have the same cut-off frequency and phase
velocity, allowing the phase relation to remain the same along the frequency. However,
the crosspolar bandwidth is still limited. The main reasons are the loss of the purely

balanced hybrid condition and the excitation of high order modes inside the horn [7].

1.1.2 Reflector Antennas

Reflector antennas are the most common and cost effective high-gain antenna system
for satellite applications. While the equipment for user segment reached extremely low
prices with simple configurations (as for the case of direct-to-home television DTHTV),
the space segment remains a challenging task. The constraints for the launch of the
satellite impose the reflector system to be light and foldable, but once deployed it must

be rigid and reliable despite the demanding in-orbit environment.

Different feed and reflector technologies are used for different scenarios. In the following
we will focus our attention on the space segment, analyzing the spot coverage and

multiple beam designs.
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FIGURE 1.6: A Front-Fed Offset Reflector Antenna with Multiple-Feed Horns (Alenia
Spazio).

1.1.2.1 Spot Coverage Design

Reflector antennas are the main choice for the spot coverage of the Earth, where the

antenna must cover a limited field of view [3].

In a simple scenario, the reflector antenna can be used to illuminate a geographical
region, mechanically tilting the beam to point at the centroid of the coverage area. This

technique also allows the repositioning of the beam during the satellite lifetime.

The designers often face more complex situations. Electromagnetic requirements have
to be respected at the geopolitical boundaries, leading to an irregular coverage regions.
The single spot beam configuration might not be sufficient to satisfy the power density
constraints. In this case, a cluster of feed can be exploited to illuminate a larger re-
flector (Fig. 1.6), increasing the flexibility of the system. The independent beams are
used to produce the contours of the radiation pattern necessary to cover the region. The
larger aperture produces narrower beams, allowing the fine shaping of the pattern. Fur-
thermore, this approach reduces the SLL and the interference with the sources located

outside the covering zone and enhances the overall gain of the antenna.

An efficient but not flexible alternative to the antenna solution described above consists

in the use of shaped reflectors, designed to cover a predefined region [9].
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Triple

5 )

Tangential
Crossover

FIGURE 1.7: Tangential crossover and triple point location [3].

FIGURE 1.8: The hexagonal-grid layout of a four-color reuse scheme [10].

1.1.2.2 Multiple Beam Design

A multiple beam antenna covers the desired region using multiple beams with indepen-
dent data streams. The gain of the antenna is higher, since it has to service a smaller

area, resulting in a higher data rate and reduced user performance requirements [3].

In a multiple beam design, the beams are usually arranged on an equilateral triangular
pattern, as shown in Fig. 1.7. The minimum gain occurs at the center of the triangle,
called triple point. The tangential crossover is, instead, the point corresponding to the

halfway between the centers of two adjacent beams.

A main design challenge in multiple beam designs is to obtain high gain at the crossover
points, illuminating completely the region and, at the same time, minimizing the in-
terference with the adjacent cells. For this scope, the two main design parameters for
multiple beam coverage are the edge of coverage (EoC) directivity and the carrier to
interference ratio (C/I) [10]. The EoC directivity is the directivity of the beam at the

crossover between two cells. At the same time, co-polar component of the adjacent
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FIGURE 1.9: Earth-Facing Panel of GIOVE-B showing the navigation antenna and the
LRR panel.

beams, or C'/I, must be minimized. To have low interference, each beam needs low side
lobes. The SLL is reduced using a tapered amplitude distribution on the aperture of
the reflector which can be obtained through a more directive feed. This characteristic
is obtained enlarging the feed aperture. However this implies a larger spacing between
each feed and a larger angular separation between adjacent feeds, resulting in a gain loss
at the crossover. Several ways have been studied to solve the issue, as a partial overlap of
neighbor feeds or the generation of an additional beam by combining the beams around
the triple point, but the most efficient solution still remains to use multiple reflector

antennas to produce a given multiple beam coverage, typical 3 or 4.

The spatial discretization is not the only way exploited to isolate adjacent beams. In
the multiple beam scenario, adjacent beams typically use different polarization and
frequency sub-bands [2]. Frequency/polarization reuse schemes are employed to reduce
the interference. The four-cell reuse scheme, or four-color topology, is the most exploited
for GEO satellites (Fig. 1.8), dividing the available frequency band in two sub-portions

and alternating left and right circular polarizations.

1.1.3 Phased Array Antennas

Phased array antennas are the most promising technique to satisfy the requirements of

modern antenna systems in space environment. They are the best solution in terms of
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flexibility, allocation of power to the beams, beam size and beam shape [11, 12]. Several
solutions have been studied in the past to make this promising technology suitable for
both space and user segments. As an example, Fig. 1.9 shows the navigation phased array

antenna and the LRR (laser retro-reflector) panel installed on the GIOVE-B satellite.

The main drawback of phased arrays is the complexity of their architecture and the
consequent high costs. Indeed, the most critical parameter of a phased array design is
the number of elements because it determines the number of phase shifters and control
cells, that are the most expensive component of the array [13]. On the other hand, the
number of elements is related to the gain, the side lobe level and the scan capabilities
of the array. The general procedure to design a phased array consist in choosing an
inter-element distance to avoid the appearance of the grating lobes in the real space
while scanning the main beam. However, if the scanning sector is small (5° ~ 25°) it
might be possible to increase the inter-element distance and, consequently, decrease the

number of elements.

Several solutions have been provided in literature to efficiently increase the distance be-
tween elements and/or reduce the number of amplitude/phase controls. In the following

we analyze the phased arrays with irregular lattices and the sub-array technique.

1.1.3.1 Irregular Arrays

The use of half-wavelength spaced fully-populated array might be unacceptable for large
structures with a huge number of elements. The reasons are linked to the complexity
of the resulting array antenna, not just involving the costs, but also electromagnetic
parameters such as the mutual coupling that might degrade the scanning performances
[12]. Furthermore, several applications require a narrow beamwidth and low side lobes,
but not necessarily a high gain. This is the case for satellite receiving antennas operat-
ing against jamming, ground-based high-frequency radars and interferometers for radio

astronomy [11].

For these and other applications it is possible to remove and/or displace some of the
array elements ending up with an irregular array configuration. The beamwidth of the
main lobe is not dramatically perturbed, as the size of the array remains the same. The

antenna gain reduces proportionally to the elements reduction (neglecting the mutual
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FIGURE 1.10: (a) Fully-populated array. (b) Thinned array. (c) Sparse array.

coupling in a first approximation), but a high directive array can be obtained with

important advantages in terms of complexity and costs.

Phased array antennas with irregular element spacings are extensively studied in litera-
ture. In particular, we talk about thinned arrays when removing elements starting from
a regular lattice. We refer to sparse array, instead, when the array elements are displaced
and the optimization is performed on their positions. Fig. 1.10 shows a representation

of the irregular array types starting from a 6 x 6 fully-populated array.

The synthesis of the array is performed to have the radiation pattern fitting a desired
radiation mask. Depending on the specifications, different approaches can be used for
the array synthesis [14-19]. The description of these methods is beyond the scope of

this manuscript.

1.1.3.2 Overlapped Sub-Arrays

Another way to reduce the number of controls of a phased array is dividing it in sub-

arrays. However, the criterion to group the elements must be carefully studied. The
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authors of [20] show the drawbacks of a simple sub-array. They divide a regular array of
592 elements in “tiles” of 4 x 4 elements, in order to simplify the beam forming network
by a factor 16. This simplification leads to ~ 3 dB scan losses at the edge of coverage

and grating lobes pointing toward the Earth.

Several techniques have been addressed to design an effective sub-array-based system.
Typically, a flat-topped radiation pattern is desired at sector level, filtering the grating
lobes outside the field of view and minimizing the scan losses [21]. The goal is to produce
a sinz/z aperture distribution using the sub-array. The overalapped sub-array is the
most effective way to produce this distribution. A sub-array is called overlapped when

its physical size exceed the distance between sub-arrays.

The price to pay for the enhanced performance of overlapped sub-arrays is a more

complex beam forming network, with respect to the standard sub-arrays.

Multi-Port Networks

The most common method to produce the desired sector aperture field is to use a passive

multi-port network to be inserted between the phase shifters and the radiated elements,
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as shown in Fig. 1.11. The spacing between control cells determines the grating lobe
position. The multiport network generates the desired amplitude distribution of the

sub-array.

The most successful solution implementing this method is presented by Mailloux in [21].
Each sub-array cell is is formed by three dual-mode horns, as in Fig. 1.12. The horns are
connected to the feeding system through power dividers and directional couplers. The
central horn results excited with an even mode, while the side ones with both even and
odd modes. The ratio between the two modes is determined by the directional couplers,
while the phase difference by the horn length. This network provides a good rejection of
the grating lobes, but the sub-array dimension is limited to three elements and it works

only with dual-mode horn antennas.

A similar, but more flexible feeding network allowing the use of any kind of antenna
element was found by Skobelev in [22]. As shown in Fig. 1.13 the “chess network”
consists of IV cascades of directional coupler, each one comprehending a row of couplers
between two adjacent cell and a row within the cell. Every sub-array is composed by

2(2N + 1) radiating element, that can be of every kind.
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FIGURE 1.14: Array of PPW with corrugated structures [13].

Corrugated structures

Overlapped sub-arrays made of corrugated structures consist of a few active radiators,
connected to the array controls, surrounded by an arrangement of passive elements,
connected to a reactive load. The passive elements are excited by the mutual coupling

with the active elements.

A possible implementation is shown in [13], using an array of parallel-plate waveguides
(PPW). A sub-array is formed by one or two PPWs fed by a TEM mode and 10 ~ 20
passive ones, everyone of these with a short circuit at different lengths providing the

reactive load (Fig. 1.14).

1.2 Leaky-Wave Antennas in Space Applications

Leaky-wave antennas (LWAs) have been studied for decades mainly for their capability
to enhance and/or modify the radiation properties of simple sources [14]. Here we
focus our attention on planar 2-D LWAs, typically adopted to increase the directivity of
low-directive sources, such as dipoles, patches and waveguide apertures. The structure
is mainly formed by a ground plane underneath a partially reflective surface (PRS),
forming a resonant cavity. For this reason, these structures are also called Fabry-Perot
cavity (FPC) antennas. The source excites 2-D cylindrical leaky-waves in the cavity,
propagating radially along the interface and leaking upward from the PRS. The effective
area of the source results enlarged by this effect, with an enhancement of the gain [23-28|

and a reduction of the SLL [29, 30].
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FIGURE 1.15: Electromagnetic propagation between a ground plane and a partially
reflective sheet [23].

FIGURE 1.16: Prototype demonstrators of Fabry-Perot cavity antennas showed in [23].

The electromagnetic characteristics and the possibility to manufacture purely metal-
lic structures, makes the planar LWAs suitable for space applications. This was the

motivation that guided an important research branch into this topic.

1.2.1 Introduction to Planar Leaky-Wave Antennas

The first author to exploit the Fabry-Perot cavity configuration was Von Trentini in 1956
[23]. In particular, he used a structure made of a ground plane and a partially reflective
sheet (Fig. 1.15) to increase the directivity of an aperture antenna. He developed a
theory to explain the enhanced directivity, explaining it through the multiple reflections

between the two layers. Eventually he validated the concept by measuring the three
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F1cure 1.18: LWA made of two dielectric slabs above a ground plane. The structure
is fed by a dipole embedded in the first dielectric.

prototypes in Fig. 1.16, made of capacitive and inductive FSS-type (frequency selective
surface) impedance sheets. The measured gain of these antennas was between 14 and

17 dB at the design frequency.

The authors of [31] were the first to identify the excitation of a leaky-wave in this kind
of structure, calculating the complex propagation constant and using the Kirchhoff-
Huygens integration method to predict the radiation pattern. The model has been

eventually validated experimentally.

In [32], the authors present the EBG (electomagnetic band-gap) resonator antenna.
They use an EBG material as a superstrate to enhance the directivity of a simple patch
antenna. In particular, they introduce some defects in the superstrate made of dielectric

rods, creating an allowed band inside the band-gap. The gain of the antenna increases
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FIGURE 1.19: LWA with capacitive and inductive PRS from [35] and [36], respectively.

by 13.5 dB by adding the superstrate. A prototype demonstrator in C-band, shown in

Fig. 1.17, has been manufactured and tested, confirming the numerical prediction.

An important contribution for the analysis of 2-D LWAs has been given in [24, 33].
The authors studied a planar LWA made of a stack of dielectric slabs with different
permittivities above a ground plane (Fig. 1.18). A moment method analysis procedure
has been developed to predict the electromagnetic behavior of the structure with the
aim to find the antenna parameters maximizing the gain. The authors gave, then, the
mathematical expression to evaluate the radiation patterns of this kind of planar LWA,

identifying the contribution of TE and TM modes in the radiation.

An extensive analytical study on 2-D leaky-wave antennas has been presented by the au-
thors of [34-36]. The analytic study is performed on LWAs where the partially reflective
surface (PRS) is formed by the capacitive and inductive impedance sheets (Fig. 1.19).
The authors give closed expressions for the evaluation of the radiated field using a simple

transmission line model.

To simplify the study of planar LWAs, an approximate analytical technique to find the
dispersion equation of multi-layer stratified media is proposed in [37]. The structure
under investigation is a dielectric stratification above a ground plane. The source is
located at the level of the ground plane. This antenna is shown in a single slab con-

figuration in Fig. 1.20. Its equivalent transmission line is reported in the same figure.
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F1GURE 1.22: Measured radiation patterns at the edge of the frequency band: 9.4 GHz
(a) and 10.2 GHz (b) [38].

The approximated approach has found to be very accurate. The comparison with the
numerical results are shown in Fig. 1.21, where they solve the dispersion equation of
the structure in Fig. 1.20. We can see in the figure the inherently dispersive behavior of

leaky-wave. This behavior proves to be enhanced when using more dense dielectrics.

1.2.2 Applications on Reflector Antennas

The authors of [38] presented in 2007 a leaky-wave-based feed to improve the aperture
efficiency of reflector antennas. The goal of their work was to get a radiation pattern
as close as possible to a sec*(0/2), the optimum distribution to illuminate the reflector.
They do it by using two dielectric slabs above a small waveguide opening on a ground

plane. The shaped pattern is obtained changing the leaky-wave modes of the structure,
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FIGURE 1.23: Leaky-wave feed array [39].

by opportunely tuning the parameters of the superstrate. A prototype in X-band has
been tested. In Fig. 1.22 is shown the radiation pattern at 9.4 and 10.2 GHz, edges of

the 8 % frequency band.

The extension to a cluster of feeds is straightforward. In fact, in [39] the authors proposed
a leaky-wave feed array for reflector antennas, aiming to the improvement of the edge of
coverage gain in a multiple beam scenario. The authors considered a single feed per beam
design. In this configuration, the performance is typically attenuated by the reduced size
of the feeds, whose maximum size is imposed by the period of the array. The superstrate,
in this case, increases the effective area of each source. The edge of coverage gain results
improved thanks to the reduced spillover losses due to the focalization of the main beam
of each source at the center of the parabola. A prototype demonstrator has been realized
in X-band and is shown in Fig. 1.23. The radiation pattern of the structure is shown in
Fig. 1.24 in a 10 % band. In particular, the central element of the array is excited and
all the other elements are connected to matched loads. The radiation pattern is stable

in the band and the results are in line with the analytic prediction.

A similar approach is also adopted in [40] to reduce the spillover losses in a multiple

beam reflector system.
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FIGURE 1.24: Measured radiation patterns in a 10% band: E-plane (a), H-plane (b)
[39].

FicUure 1.25: EBG resonator feed for side-fed offset cassegrain antenna in Ka-band
[41].
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FIGURE 1.26: Measured radiation pattern at 30 GHz of the EBG resonator feed [41].

The authors of [41] proposed a feed for side-fed offset cassegrain antenna using an EBG
resonator antenna (Fig. 1.25). They increased the bandwidth of the EBG resonator
antenna opportunely designing the conical horn used as feed. A prototype in Ka-band
has been manufactured and the radiation pattern is shown in Fig. 1.26, exhibiting very
low SLL. The designed antenna has a gain of 24 dB between 29.5 and 30 GHz. The

concept has been extended in [42] to a cluster of feeds for reflector antennas.

1.2.3 Applications on Phased Array Antennas

Planar LWAs have proved to be effective also in the design of array antennas. Here,
multiple radiators share the same resonant cavity, allowing a partial overlap of the
effective radiating surface. In this case, the main advantages of such configurations are

the enhancement of the directivity and the reduction of the level of the grating lobes.

The authors of [29] presented in 2006 an extensive study on the capabilities of the Fabry-
Perot cavities in the array framework. The structures considered are patch antennas on
a ground plane, below a dielectric superstrate. In the first part of the paper, they show
the frequency behavior using a single element, varying the permittivity and the amount
of the dielectric layers. Increasing the reflectivity of the superstrate (i.e. increasing the

number of dielectric slabs and/or their permittivities), the directivity and the effective
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FIGURE 1.27: Sketch of the equivalence between a 2 x 2 array (with no FPC) and a
single patch in an FPC (above), and between a 4 x 4 array and a 2 x 2 sparse array of
patches in an FPC (below) [29].
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FIGURE 1.28: Broadside accepted Gain versus frequency. 2 x 2 array (continuous) and
4 x 4 array (dashed) of patches with no superstrate, single patch, i.e., 1 x 1, (dash
dotted) and 2 x 2 array (dotted) of patches inside an FPC with n = 2 layers [29].

aperture increase. However, the bandwidth decreases as the reflectivity increases. Even-

tually, they apply this study to an array of patch antennas (Fig. 1.27). They conclude

that, using the superstrate, the number of array elements can be reduced of a factor

4 maintaining the gain to comparable levels, as shown in Fig. 1.28. The results can

be also extended to frequency bands other than the Ku and to different superstrate

configurations.

In 2014, the authors of [30] showed the benefits of the superstrate structure applied

to phased array antennas . In particular, their study is focused on the grating lobe

level reduction. The structure considered is a superstrate array of waveguide apertures,
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F1cUrE 1.29: Radiation pattern on the E-plane of the phased array 11x11 elements:
superstrate array (a) and horn array (b) at the design frequency [30].

compared with an array of horn antennas. The superstrate helps in the rejection of the

grating lobe level, as shown in Fig. 1.29.

1.3 Thesis Goal

The thesis is focused upon the study of novel phased array solutions, considered one
of the most promising research field for space applications. In particular, planar LWA
arrays are exploited to improve the performance of classical aperture antenna arrays for

space applications. As shown in the previous section, LWAs are an extremely interesting
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solution to increase the gain, to decrease the SLL and, more in general, to shape the

radiation pattern of simple feeds.

Phased array for space applications are typically made of a huge number of sources.
Analyze these structures through numerical simulations is nearly impossible and the
computational time would make inefficient any kind of analysis and synthesis tool. On
the other hand, a simple approach based on the array factor would not be sufficient,
especially when studying structure with not negligible coupling. For these reasons, as a
starting point we need a fast and reliable analytic tool able to efficiently analyze huge
array structures with the minimum level of approximation. This tool also allows us
to comprehend advantages and limitations of LWA arrays in terms of gain, side lobe

rejection, bandwidth and mutual coupling.

Having an efficient analysis tool to study these structures, we can start to compare the
LWA technology with the widely used aperture antennas. In particular, we want to
understand whether it is possible to reduce the number of elements of classical aperture

arrays, keeping similar performance in terms of aperture efficiency and scan capabilities.

Furthermore, we can exploit the natural characteristic of the superstrate to shape the
radiation pattern, envisaging novel solutions useful for space or terrestrial applications.

The shaping of the radiation pattern is possible both at element and array level.

The work has been developed in cooperation with the antenna and sub-millimetre wave
section of the European Space Agency (ESA/ESTEC, 2200 AG Noordwijk, The Nether-
lands). The Ph.D. activity has been co-funded by ESA (co-sponsored PhD Ref. 267-
2012) and Brittany Region (ARED project 2012).

The manuscript is organized as follows. In Chapter 2 we present the in-house analysis
tool for planar leaky-wave antennas developed during the Ph.D. Activity. It is a fast
analytic tool based on a Green’s function spectral approach capable to evaluate the
radiation characteristics for generic arrays of apertures over a ground plane, with or
without covering superstrate. In Chapter 3 we use the electromagnetic properties of
the leaky-waves to design antennas producing a desired shaped radiation pattern. In
particular, the chapter is focused on the synthesis of the radiation pattern produced by
a single radiator and novel synthesis methods are presented. We present in Chapter 4

a study aiming to understand if it is possible to improve the performance of classic
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aperture arrays for space applications using planar LWA arrays. In this chapter we focus
the attention on the gain enhancement, that can lead to a reduction of the number of
array elements, and bandwidth improvement. In Chapter 5 we present novel synthesis
methods for planar LWA arrays. The goals are the reduction of the number of array
elements and the lowering of the side lobe level envelope. Conclusions are finally drawn

in Chapter 6. This chapter also discusses perspectives and possible future work.






Chapter 2

Analysis Tool for Planar

Leaky-Wave Antennas

The antennas investigated during the Ph.D. activity are planar superstrate-based leaky-
wave antennas. The leaky-wave modes are excited by a small radiator inside a cavity
resonator, also called Fabry-Perot cavity (FPC), formed by a metallic ground plane and
a partially reflective surface (Fig. 2.1). The latter is a superstrate placed above the
ground plane and can be made of dielectric layers or impedance sheets, as shown in

Fig. 2.2.

FIGURE 2.1: Planar leaky-wave antenna.

27
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FIGURE 2.2: superstrate types: dielectric, inductive impedance sheet, capacitive
impedance sheet.

/

2.1 Analytical Model

The deep study of the superstrate array structures and their possible innovative configu-
rations require a fast analysis tool. It has to effectively evaluate the radiation properties
of these structures in an accurate and fast way. General purpose commercial simulators
are not suited for this application, as they require large amounts of resources even facing
simple problems. Furthermore, in this research activity we want to analyze and synthe-
size electrically large arrays, possibly made of thousands of elements. For this reason we

decided to develop an in-house analysis tool.

This analysis tool is based on a Green’s function spectral approach. It can evaluate
the radiation characteristics (radiation pattern, scattering parameters, gain, side lobe
level, beamwidth) for generic arrays made of regular or irregular arrangements of generic
sources (uniform apertures, waveguides, horn antennas, corrugated horn antennas) over
a ground plane, with or without covering superstrate. The developed algorithm has been
validated with general purpose commercial software (CST MWS, HFSS). An excellent
agreement has been achieved with a drastic reduction of computation time and memory

usage.

The antenna in Fig. 2.1 can be effectively analyzed using a Green’s function spectral ap-
proach. To evaluate the Green’s function of such a structure we can use its transmission

line (TL) representation.

2.1.1 Transmission Line Model

The first step to develop an analytical model for planar leaky-wave antennas is a trans-
mission line representation of the structure [43, 44]. The TL model allows the analytical

characterization of the antenna in terms of a dyadic Green’s function.



Chapter 2. Analysis Tool for Planar Leaky-Wave Antennas

29

TE/TM
Z 0

TE/TM | TE/TM
VN ? | il

t, i Z15m

izl
&

TE/TM | TE/TM
Vi ]

H
H

T, \/ TE/TM | TE/TM
Ve R

t 7 SE/TM

RS
, L@J T—Cz Y Ve, |

TE/TM | TE/TM
VN ’ | I

N . . N . . .
tN
O ———— TE/TM | TE/TM
VN—l ! |H—l
-
-
.
- ————— VTE/TM |TE/TI"u'1
1 L
tl

TE/TM | TE/TM
LA

F1GURE 2.3: Transmission line model for the superstrate structure made of dielectric
slabs (a) and impedance sheets (b).



Chapter 2. Analysis Tool for Planar Leaky-Wave Antennas 30

The superstrate of the LWA can be made of dielectric slabs or impedance surfaces.
Fig. 2.3 (a) shows the equivalent TL model for the dielectric case. A TL section is
associated to each layer. The section is characterized by a length, that is the physi-
cal distance between two successive layers, and an impedance, evaluated for transverse

electric (TE) and transverse magnetic (TM) modes as:

k k.
zTE zt™M (2.1)

where ) = /po/€e and k, = /e, ki — k2 [37]. k, = |/k2 + k2 is the transverse component

of the wave number k in the medium, kg is the free-space wave number and ¢, the relative

permittivity of the medium considered.

The equivalent model for the impedance sheet case is reported in Fig. 2.3 (b). Each

superstrate layer is associated to a shunt reactance.

The transmission line model allows an accurate description of the phenomena happen-
ing within the structure. Note that the model considers the structure infinite in the

transverse direction.

2.1.1.1 Input Impedance

Refering to Fig. 2.3, the impedance at the n'” level of the transmission line looking

upward from the generator is:

Zin _ Z ZZLT—li-l +jZ’rlzta’ﬂ’(]'{:,Zn_4_1tn+1)
n =

v , 2.2
" Zn + ]Zg}fltan(kmﬂthrl) ( )

where Z,, is the characteristic impedance of the medium and Z%’jrl is the input impedance

at the n'? + 1 layer [45].

The input impedance of the antenna Z;, can be evaluated propagating the impedance
from the upper-most layer of the transmission line to the generator. Note that the input

impedance is different for TE and TM modes.
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2.1.1.2 Equivalent Voltages and Currents

The equivalent voltages and currents are needed to find the parameters of the Green’s
function to evaluate the radiated field. Refering to Fig. 2.3, voltages and currents at the

source point are related as:
v TE/TM
rEmM T (2.3)
Zi

Voltages and currents at the n'” layer of the transmission line can be evaluated using

the formulation in [45]:

TE/TM

Va cos(kz, tn) —jZnsin(ks,tn)| | Voo (2.4)
[rETM —jiZtsin(k,, tn) cos(k, tn) I '

2.1.1.3 Dyadic Green’s Function for Electric and Magnetic Field Radiated

by a Magnetic Current

The Green’s function is the tool to characterize the stratified media and is a fundamental
building block in the analytic study of FPC antennas. In particular, since the feed is an
aperture synthesizable with a magnetic current, we are interested in the spectral dyadic

Green’s function for electric and magnetic field radiated by a magnetic current.

The expression for the dyadic Green’s function for the electric field G is:

[koky (Ve (ko) = Vrp(ky)  (B2Vra(kp) + kyVre(kp)]
k2 k3
G (kg k. 2) = k2Vre(kp) ;k‘;VTM(kp) kxky(VTE(k;];)Q_ Vru(kp)) | (2.5)
2 2
_ by Vra(ky) ka Vi (k)
L k.o k.o J

as reported in [46]. The couple of spectral variables k;, k, is related to its polar equivalent
k,, o as follows:

ky =k, cos a ky = k,sina. (2.6)

The G“™ depends on the voltages of the equivalent transmission line for TE and TM

modes in (2.4).
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FIGURE 2.4: Example of leaky-wave antenna using a dielectric stratification. The
parameters are: a = b= 0.TAg, €, =4, t; = 0.5\, t2 = 0.25)g and tg41 = tgo = 0.25)\,.

The expression for the dyadic Green’s function for the magnetic field ghm is:

(kgITE(kp) + kZITM(kp) kaoky(Irn (ko) — ITE(Kp))

7 ks
ghm(kz’ ky: Z) = 9 9 (27)
kzky(ITM(kp) - ITE(kp)) kxITE(kP) + k;yITM(kP)
ks - ks

The ghm depends on the currents of the equivalent transmission line for TE and TM

modes in (2.4).

2.1.2 Dispersion Equation

The dispersion equation is useful to get some physical insight on leaky-wave antennas,
as it shows the frequency behavior of the transverse wave-number k,. The solution
of the equation shows the characteristics of the leaky-wave poles of the structure. The
transverse resonance method can be used to solve the dispersion equation of the structure
[44]: we choose a point on the transmission line and we impose the equality between the
impedance seen looking upward and downward once the excitation is suppressed. Since
this point is arbitrary, it is possible to choose it in the position of the ground plane. In
this case, the problem consists in finding the zeros of the input impedance of the antenna.
This task can be efficiently pursued using the Pade method described in [47]. The
solutions of the dispersion equation represent the leaky wave poles k;,, = ko (B + jouw)

of the structure.
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FicURE 2.5: Dispersion diagram of the antenna in Fig. 2.4: pointing angle
O ~ sin~ (B /ko) (a) and attenuation constant ayy,/ko (b).

We introduce here the leaky-wave antenna configuration that will be used in this chapter
as a benchmark. It is shown in Fig. 2.4. the antenna consists of a waveguide aperture
open on a ground plane underneath two dielectric slabs. The ground plane and the
superstrate form a half-wavelength resonant cavity. The two dielectric layers act like
quarter wavelength transformers, decreasing the free-space impedance Zy of a factor €2
[29]. Such a structure respects the splitting condition oy, = B, and radiates broadside

at the design frequency [27]. The parameters of the antenna are: a = b = 0.7\, €, = 4,

t1 = 0.5Xg, to = 0.25)¢ and t4; = tgo = 0.25\4, where )y is the wavelength in the
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free-space and A\g = Ag/+/€; is the wavelength in the dielectric.

The dispersion diagram for this structure is shown in Fig. 2.5 in terms of pointing angle
010 ~ sin"Y(Buw/ko) (a) and attenuation constant ay,/ko (b). The main couple of
leaky poles TE;/TM; is responsible for the near-broadside radiation of the structure.

An additional TMgy mode is radiating close to 60°.

2.2 Single Element Configuration

2.2.1 Radiated Field

The electric and magnetic fields can be effectively expressed using the spectral dyadic
Green’s functions [38]. The electric field radiated in r(r, 6, ¢) by a generic structure as

in Fig. 2.1 can be expressed as follows:

1 1
B0 = 1 ey

2T 00
/ / G (Vi Ve, kp, @) - M(kp, o) e~ kz02g=dkepcos(a=d) g g1 da,.
0 0

(2.8)
V is the reference voltage and it depends on the physical dimension a and b of the feed. As
reported in [48], the reference voltage is V = \/m for a rectangular waveguide. M is
the Fourier transform of the equivalent magnetic currents over the aperture, representing
the feed. It depends just on the aperture field M = —i x E(z = 0) [49]. G°™ is the
spectral dyadic Green’s function for the electric field (2.5) evaluated at the upper most

layer of the TL.

As we are typically interested in the far-field of the antenna, the asymptotic approxima-
tion of the stationary phase can be used to simplify the expression (2.8). In this case,

the radiated field is:

—jkor

E(r) = jkocosf G (Vre, Vru, ky, @) - M(kp, ¢). (2.9)

|V |2mr =
In far-field we can assume k, = kpsinf) and a = ¢.

The radiation pattern obtained through (2.9) is in excellent agreement with the simula-
tion results. We show in Fig. 2.6 the radiated electric field evaluated with the presented

formulation and the results of an HFSS simulation. The structure under analysis is
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FIGURE 2.6: Radiation pattern of the antenna in Fig. 2.4 at the design frequency:
E-plane (¢ = 90°) (a) and H-plane (¢ = 0°) (b)

shown in Fig. 2.4. The comparison shows an excellent agreement between the analytical
procedure and the full-wave simulation. Minor discrepancies can be observed for angles

far from broadside, mainly related to the finite size of the HFSS model.

The accuracy of the analytical tool allow us to generate a large number of radiation pat-
tern in a short time, making possible the synthesis procedures that have been developed

during the Ph.D. activity and that will be presented in the following chapters.
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FIGURE 2.7: Input admittance of the antenna in Fig. 2.4.

2.2.2 Input Admittance

Some of the electromagnetic characteristic of the structure, such as the reflection co-
efficient and the gain, can be evaluated knowing the input admittance. As shown in
[38], the input admittance of a planar LWA can be rigorously expressed in the spectral

domain as:

//M (ks ky)|? GE (kg oy, 2 = 0) dkg ey, (2.10)

—00 —00

Y,
" \V|2 (2m)2

where ghm is the spectral dyadic Green’s function for the magnetic field (2.5) evaluated
at the level of the source (z = 0). The computational time for the integral in (2.10) is

10 ~ 90 ms on our workstation (2 x Intel Xeon E5-2650, 96 GB of RAM).

The input admittance of the structure in Fig. 2.4 is shown in Fig. 2.7. Also in this case,

a very good agreement with the full wave simulation is observed.

2.2.3 Matching Network

The superstrate structure increases the reflection coefficient on the source. We addressed
this problem inserting matching irises inside the feeding waveguide. Fig. 2.8 shows a
matching network made of 2 capacitive irises. The parameters of the network can be

evaluated using our synthesis tool. The network is modeled as a transmission line,



Chapter 2. Analysis Tool for Planar Leaky-Wave Antennas 37

FIGURE 2.8: Section of the feeding waveguide where two irises have been embedded to
match the impedance of the antenna.

where each iris is represented by shunt reactances. The transmission line is terminated
on the input impedance of the antenna evaluated in Sec. 2.2.2. The parameters of the
network are varied using the constrained nonlinear optimization function included in
the MATLAB optimization toolbox, minimizing the reflection coefficient over the desired

frequency band.

The maximum of the reflection coefficient for the test antenna in Fig. 2.4 is —3 dB in
the considered band. Asking the synthesis tool to match the impedance in a 4 % band
using two irises, it returns the following values: [1 = 0.14 A\g, lo = 0.87 Ao, i1 = 0.29 Ao,
irg = 0.22 Ag. In Fig. 2.9 the effect of the matching network are presented. The reflection
coefficient is lower than —10 dB in the requested band. Minor differences can be observed

between the predicted and simulated curves.

2.3 Leaky-Wave Antenna Array

When embedding more than one aperture in an array configuration, the mutual coupling
changes the radiation properties of the isolated element. This aspect is particularly
important in the case of LWA, where the superstrate increases the mutual coupling
between elements. Indeed, the mutual coupling modifies the shape of the radiation
pattern and the radiation characteristics of the isolated element. The effects of the

array must be taken into account to produce accurate results.
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FiGURrRE 2.10: Example of leaky-wave antenna array using a dielectric stratification.

The parameters are: €, =4, t; = 0.5\, to = 0.25)¢ and t4; = tg2 = 0.25A4. The feeds

are two square waveguide apertures with side 0.7 Ay displaced of 1.2 A\g and 0.4 )\g in
the x and y directions, respectively.

For this purpose a set of analytical functions has been developed. As shown in the

following chapters of this thesis, these tools allowed us to reach results that would not

be possible to achieve otherwise.
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2.3.1 Radiation Pattern

The radiation pattern of the array is evaluated as the sum of the contribution of each
element. The element pattern, however, is influenced by the presence of the neighbors

and is different from the one of the isolated element.

Several methods can be used to calculate the array pattern with different degrees of
approximation [11, 12]. The simplest way is to apply an array factor, without considering
the effects of the mutual coupling. The accuracy of this approach is very poor when

dealing with LWA arrays.

A second way, exploitable for regular array lattices, consists in the evaluation of the
embedded element pattern in a periodic environment. The approximation considers all
the elements to radiate the same pattern. An array factor is then applied. This approach
works particularly well with large arrays. However it can not be applied to irregular

lattices.

The most accurate way to evaluate the array pattern is calculating the actual embedded
element pattern for each source. To do so, the scattering parameters of the structure are
needed [50]. The sum of all the element patterns of the array gives as result the actual

array pattern.

2.3.1.1 Embedded Element Pattern

The embedded element pattern of an array element is formally defined as the radiation
pattern of the array when the element is excited and all the other elements are con-
nected to matched loads [11, 12]. Considering a planar arrangement of N elements, the

embedded element pattern of the n elements is:

N
ES (0, 0) = EO(0,¢) - |eholmnutvn) L N g edholmmutynn) | (2.11)
m=1
with u = sinfcos¢ and v = sinfsing. E’ (6, $) is the field radiated by the isolated

element and (z,,y,) its position on the array plane. S is the scattering matrix of the

array. It can be analytically evaluated, as shown later in the text.
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FIGURE 2.11: Embedded element pattern of the antenna in Fig. 2.10 at the design
frequency: E-plane (¢ = 90°) (a) and H-plane (¢ = 0°) (b)

As an example, we evaluate the embedded element pattern of one of the elements of the
array in Fig. 2.10. The distance between the two has been chosen as 1.2 g and 0.4 g
in the z and y directions, respectively. The dielectric stratification and the dimension
of the waveguide is the same as in Fig. 2.4. The embedded element pattern has been
evaluated analytically and the results are presented in Fig. 2.11. Again, a very good
agreement is observed with the full-wave simulation performed on HFSS, with some

discrepancy appearing only at lower levels (20 dB below the peak directivity).
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F1cURE 2.12: Array pattern of the antenna in Fig. 2.10 at the design frequency: E-
plane (¢ = 90°) (a) and H-plane (¢ = 0°) (b).

2.3.1.2 Array Radiation Pattern

The array pattern can be evaluated as:
N
Ea(aa ¢) = Z Efz(ea ¢) * Wn, (212)
n=1
where w, is the excitation of the n'"* array element.

The array pattern evaluated using the analysis tool and the comparison with HFSS is
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FIGURE 2.13: Scattering parameters of the antenna in Fig. 2.10.

shown in Fig. 2.12. As for the previous case, the structure under test is the one in

Fig. 2.10.

2.3.2 Scattering Parameters

The evaluation of the radiation pattern in the array environment requires the calculation
of the S-parameters. These can be evaluated analytically using the Green’s function

spectral approach.
As a first step, the admittance parameters are evaluated using the procedure outlined

in [51]

Yinn = |V|2 27r / / |M (ks ky) PGIT (K, Ky, 2 = 0)eIFedmn gk, dle,,  (2.13)

—00 —O0
where d,, , is the distance between the m! and the nt" element.

Once the Y-parameters are evaluated, the S-matrix can be computed using:
[S] = (U] - YD(U] + YD, (2.14)

with [U] the identity matrix.
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Also in this case, the structure in Fig. 2.10 has been used to test the accuracy of the
analytic approach. Fig. 2.13 shows the good agreement between the analysis tool and

the full-wave simulation.

2.3.3 Gain

The gain of an antenna is defined as:

[E(0, 9)|%/2m0

G(0,9) = 4 P ,

(2.15)

where 1 is the free-space impedance. P;, is the total accepted power. Considering an

array of N elements, the accepted power assumes the following expression:

N
1 .
P, = 7 D Jwal? (1 — |Sgetvef?) (2.16)
n=1

Zy is the impedance of the feeding aperture. In the case of a waveguide excited with its

TE{p mode, the impedance is:

k
57
where 3 = /(k? — (7/a)?) is the propagation constant of the mode. Lastly we define

z3Ew = pq (2.17)

the active scattering parameter for the nt" port of the array as:

N
; w
Saetve = Shm = (2.18)
m=1

n

The radiation patterns in Fig. 2.6, 2.11 and 2.12 have been evaluated using (2.15). In all

the cases presented, the gain value is in excellent agreement with the simulation results.

2.4 Considerations and Limitations

Planar LWAs possess a great potential because of their unique electromagnetic proper-
ties. As presented later in this thesis, several novel applications have been found for this
“classical” structure. However, some considerations have to be drawn to understand the

limitations of these structures.
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FIGURE 2.14: Gain variation with the size of the feed side (HFSS simulation). The
comparison is between the leaky-wave antenna in Fig. 2.4 and an antenna without
covering superstrate.

2.4.1 Bandwidth

The main, well-known drawback of the Fabry-Perot cavity antennas is the reduced band-
width. Using a more reflective superstrate, the effective aperture and, consequently, the
gain increase, but the antenna is more dispersive. Typical operational fractional band-

widths are in the order of 2 ~ 15 %, depending on the requested performance [29].

2.4.2 Feed Size

The feeding aperture of the planar LWA has to be small. In literature, the side of the
aperture is typically about 0.7 ~ 1 Ag. A large aperture (2 ~ 6 )\g) does not allow
the correct excitation of the leaky-wave modes in the cavity resonator, since the ground
plane is heavily modified. A parametric study of the gain of the structure varying the

dimension of the feed is shown in Fig. 2.14.

2.4.3 Mutual Coupling

The introduction of the covering superstrate increases the mutual coupling between the
elements of a LWA array. The level of mutual coupling is mainly related to the reflectivity

of the superstrate and the interelement distance. As shown later in the manuscript,
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sparse array configurations can be useful to reduce the level of mutual coupling keeping

high directivity levels [29].

2.4.4 Superstrate Truncation

For proper operation the cavity requires certain dimensions in the transversal direction.
These dimensions depend on the attenuation constant of the supported leaky-modes.
The dimensions of the overall structure may result quite larger than the equivalent feed

horn.

2.5 Summary

In this chapter we introduced the analytical in-house tool, based on a Green’s function
spectral approach, to study the planar LWA structures. The tool has been proven
to be accurate and fast in the evaluation of the electromagnetic characteristics of the

superstrate structures both for a single element and in array configuration.

All the results obtained though the analysis tool have been validated through full-wave
simulations using HF'SS (Finite Element Method in the frequency domain), showing an
excellent agreement. The advantages in terms of computational time allow us to develop
advanced synthesis tools that will be presented in the following chapters. The two main
achievements are the accuracy in the evaluation of the radiation pattern, performed
in a few milliseconds, and the ability to analyze array made of thousands of elements,

without neglecting the mutual coupling.






Chapter 3

Element Pattern Synthesis

Leaky-wave antennas have been extensively studied in the past years for the enhance-
ment of the gain [23, 33|, the reduction of the side lobe level [29] and, more in general,
for the shaping of the radiation pattern [38, 39, 52]. In this chapter, we exploit the
electromagnetic properties of the superstrate to design antennas producing a desired
shaped radiation pattern. In particular, we focus our attention on the synthesis of the
radiation pattern produced by a single radiator, with the aim to enhance the perfor-
mance of array antennas using such elements when applicable. Novel synthesis methods

have been developed to reach this goal and are presented in the following.

In the fist part of the chapter, we show the synthesis tool designed to generate a leaky-
wave structure producing a requested radiation pattern, given as an input through a
mathematical function. The shaping is performed by opportunely tuning the design
parameters of the antenna. A prototype radiating a flat-topped radiation pattern has
been manufactured and tested and we show the results of the test campaign. In the
second part we show the possibility to produce an asymmetric radiation pattern, such
as a cosecant-squared pattern, using a truncated superstrate. Also in this case, an

analytic procedure is presented.

47
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FIGURE 3.1: Superstrate configuration consisting of N impedance sheets above a
ground plane. The source is a open ended waveguide with side dimensions a and
b.

3.1 Radiation Pattern Synthesis Procedure for Planar Leaky-

Wave Antennas

In this section we propose an optimization procedure based on the Green’s function
spectral approach presented in Chapter 2 to tailor the radiation pattern using planar
multi-layer LWAs in a superstrate configuration. The aim is a fast analysis and design
tool providing the geometrical parameters of the structure radiating the required far
field radiation pattern. The spectral transmission line representation of the superstrate
configuration is adopted for finely tuning the design parameters of the antenna in order
to minimize the mean squared error between the target radiation pattern and the actual
radiated far field. The proposed method does not require the complete knowledge of the
dispersion properties of the structure under investigation [52] or any bending or shaping

of its physical profile [53].

3.1.1 Optimization Procedure

The structure under investigation consists of an arrangement of impedance surfaces
over a metallic ground plane, as shown in Fig. 3.1. The antenna is fed by an open-
ended waveguide with its aperture on the ground plane. The impedance surfaces can be

synthesized using metallic gratings [35, 54, 55|, which are usually preferred to dielectric
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slabs for space applications. However, the proposed procedure can be used with any

kind of partially reflecting screens.

The proposed procedure optimizes the design parameters of the antenna, namely: the
surface impedances Zg;, their spacings t; and the size of the feeding aperture a, b. The
core of the optimization procedure is the minimization of the mean squared error (MSE)

between the actual radiated electric field distribution and a target function:

0.
MSE = / (IF+(0, 60)| — [Fe (6, bo))? b, (3.1)

where 6. represents the angular region under consideration. F.(6,¢g) is the radiation
pattern of the antenna under investigation. It is analytically evaluated through the
equation (2.9), speeding up the computational time of the optimization tool. The target
function F;(0, ¢o) is a mathematical function in the angular domain representing the

ideal radiation pattern.

During the optimization, the parameters of the structure are varied in order to find
a minimum of the MSE. This operation is performed with the aid of the constrained
nonlinear optimization function included in the MATLAB optimization toolbox. An
initial guess is needed to start the nonlinear optimization. In the present work, the
initial guess is found by treating the radiation pattern as the frequency response of a
Chebyshev bandpass filter in the angular domain, as shown in the following. At each
iteration, the radiation pattern of the resulting antenna is evaluated and compared with

the target function. The process ends when a minimum of the MSE is found.

It is worth noting that the number of impedance sheets N could be introduced as a
variable in the optimization process. However, since it affects both the bandwidth [29]
and the complexity of the antenna, it is convenient to define it a priori based on the

requirement of the particular application.

Initial Guess

The evaluation of the initial guess is a preliminary step that takes place before entering in
the optimization loop. The initial solution must provide an acceptable starting point for
the synthesis tool. A procedure similar to the one described in [56] has been implemented

to find the initial guess.
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FIGURE 3.3: Simulated radiation patterns of the filter in E-plane (¢ = 90°) in its

original and modified versions. In the first case, the filter is illuminated by an open

ended waveguide placed at a distance of A\g/2 from the first impedance surface. In the

second case, the distance between the source and the stratification remains the same,

but the waveguide aperture is open on a ground plane. In the third case, the first

impedance is replaced with a ground plane, hosting the feeding open ended waveguide.
In the three cases, the feeding waveguide has a square aperture (a = 0.7 \g).

The superstrate is treated like a Chebyshev-like shunt-inductance-coupled bandpass filter

(Fig. 3.2). The frequency response of the filter is defined as a function of the angular

variable 6 to move the problem from the frequency to the angular domain.

The transfer function of a filter of order N is related to the values of the impedance

inverters Ky, Kji,..., Ky, as in [57]

Ko |7 wx

Zy 2 gog
ﬁ Wy 1
Zolict1won-1 2 VOiG+1
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where the coefficients go, g1,..., gn+1 are given in [57]. wy = 2(Aa — A1)/(A2 + A1)
is the guided-wavelength fractional bandwidth. The terms A; and Ay are the guided
wavelengths at the boundary of the bandpass frequency region. We define these values

as a function of 4, yielding:

Ao

>\1 05 2 COS(HT)’

(3.3)

where )\ is the free space wavelength. The radiation pattern will have an angular range

equal to 20,.. Zj is the waveguide characteristic impedance:

Zo = ’; 9, (3.4)

where 7) is the characteristic impedance of the medium, 8 = /k? — k2 is the propagation

constant and k. = \/(mm/a)? + (n7/b)? is the cut-off wave number.

Fig. 3.2 shows the equivalent transmission line of the shunt-inductance-coupled filter.
The values of the reactances Xg, Xi,..., Xy and the distances t1, to,..., t§ between

them can be evaluated using the well known formulas in [57]:

K]
X _J
=7 — %7 (3'5)
Z0 |j=0 to N 1 (5K
Zo
. Y Ao 1 2X; 1 _1 2X;
tl i=lto N — ? E |:t(ln TO + tan 70 . (36)

The values of the superficial impedances used as initial guess for the leaky-wave structure
correspond to the reactance values in (3.5). In the same way, the distances between the

layers are those obtained from (3.6).

Angular filters designed with this method have radiation patterns in line with the specifi-
cations. Nevertheless, the synthesized structure is not the Fabry-Perot cavity in Fig. 3.1.
Effects and position of the ground plane are not taken into account during the design
process. The insertion of the ground plane dramatically alters the shape of the radiation

pattern.

Let us consider a filter made of three layers with an angular range 6, = 15°. Equations

(3.5) and (3.6) give us the values of reactance and distance between the layer in Table 3.1.
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TABLE 3.1: Parameters of the filter with N = 3 and 6, = 15° (Fig. 3.2) obtained
through equations (3.5) and (3.6).

XO X1 X2 tl t2
115Q 47Q 115Q 0.44 )¢ 0.44 )

8.6°

42,168 km

FIGURE 3.4: Simulat.

We illuminate this structure with an open ended waveguide at a distance A\g/2 from the
first impedance. The simulated radiation pattern of this structure is reported by the
black curve in Fig. 3.3. The effects of the the insertion of a ground plane at the location
of the waveguide leads to a degradation of the filtering characteristics. The radiation
pattern is shown by the dashed curve in Fig. 3.3. Such degradation decreases as we move
ground plane and source closer to the first impedance. In the limit case where the first
impedance (X in Fig. 3.2) is replaced by the ground plane and source, the radiation
pattern will appear as the gray curve in Fig. 3.3. The beam is sharper than requested,

but it is suitable as a starting point for the optimization procedure.

3.1.2 Flat-topped Radiating Structure

The optimization procedure proposed above is used here to design a flat-topped radi-
ation pattern, suited as element pattern of a phased array steering its main beam in
a given field of view. Flat-topped radiation patterns are generally adopted to provide
uniform illumination over a defined angular region and low side lobe levels [58]. Phased
array configurations of sources radiating flat-topped patterns are of interest for the re-
duction of the scan losses and side lobe levels, including grating lobes, over a defined
field of view [30, 59]. These characteristics are suitable for on-board geosynchronous
satellite applications, where a uniform illumination of the Earth and an efficient use
of the available energy are required. The visible surface of the Earth from the GEO

(geostationary Earth orbit) satellite corresponds to an angle gy = £8.6°, as shown in
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FIGURE 3.5: Flat-topped radiation pattern in E-plane (¢ = 90°). The black curve
represents the analytical function to be approximated. The normalized far-field radia-
tion pattern of the optimized structure evaluated using the in-house analysis tool and
full-wave simulations are shown in dashed gray line and solid gray curve, respectively.

Fig. 3.4. The flat-topped characteristic is particularly useful in arrays with a periodicity

larger than \ affected by the appearance of grating lobes in the visible range [59].

One of the first attempts to synthesize a flat-topped radiation pattern using a layered
dielectric structure has been performed by Mailloux in [60]. In this work, a dielectric
stratification was employed as a spatial filter in order to obtain a Chebyshev-like radi-
ation pattern. Franchi and Mailloux followed a similar approach to obtain an angular
filter using metallic grids [56] instead of dielectric slabs. In both cases, the design was
performed using classical filter design techniques that did not take into account the ac-
tual nature of the sources used in the design. The idea was to apply the well-known
formulas for Chebyshev band-pass filters, moving the problem from the frequency to the
angular domain to derive the design parameters of the radiating structure. The solution
proposed in [56], presented in Section 3.1.1, is the starting point of our optimization
procedure for the flatted-topped case. However, as a difference with [56], the real spec-
tral transmission line representation of the superstrate configuration is adopted for the
evaluation of the radiated far field taking into account the position and nature of the

feeding sources, leading to more accurate results and general procedure.

In the present case, the angular range to be uniformly covered is g = £8.6°, which

corresponds to the visible surface of the Earth on geostationary satellites. The operating
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FIGURE 3.6: Dispersion diagrams for the LWA generating a flat-topped radiation pat-
tern. (a) Real part of the propagation constant expressed in radiation angles. (b)
Normalized attenuation constant.

frequency is chosen equal to fo = 10 GHz. The number of layers N has been set equal
to 2, allowing good performance over a fair bandwidth as well as a suitable roll-off.
The latter determines the grating lobe rejection, once the feed is used in the array
framework. Note that the following requirements has been chosen as an example and

other specifications may be provided based on the considered application.
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FIGURE 3.7: (a) Realized prototype. (b) Pictorial view of the radiating aperture and
corresponding matching network.

The target function F;(6, ¢p) to be approximated in the angular range up to 6, = 40°

by the radiation pattern, has been chosen equal to

1
1+AT2N(Sm9)

sinb,

Fi(0,¢0) = (3.7)

with Tony the Chebyshev polynomial of the first kind and order 2N. In the following,
N corresponds to the number of impedance sheets. The amplitude of the ripple of the

target function is equal to 2A, while 6, corresponds to half of the equal-ripple band edge.

Here, we consider N = 2, with 6, = 15° and 2A = 0.12, corresponding to a ripple of
~ 1dB. The target function F; evaluated with these parameters is shown in Fig. 3.5. The

value of 6., selected at the design frequency, has been chosen larger than the requested g
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in order to account for the dispersive behavior of the structure and resulting beamwidth
variation with frequency over a typical operating band of about 7%. This is further
discussed at the end of this section, based on the dispersion analysis results. The values
of the initial guess of the optimization are reported in Table 3.1. The corresponding
radiation pattern is shown by the gray curve in Fig. 3.3. Note that the optimization
has been performed in E-plane (¢g = 90°) of the LWA. This plane is the most critical
one for superstrate configurations due to the presence of a leaky-wave mode radiating
close to endfire [25-27, 29, 30, 33, 35, 36, 38—40, 61]. On the other hand, the azimuthal
symmetry of the configuration will assure good radiation performance in all field cuts

once the E-plane fulfills the imposed requirements on the radiation pattern [38, 40].

The computational time necessary to perform the whole optimization is less than two
seconds on our workstation (2 x Intel Xeon E5-2650, 96 GB of RAM). The structure
generated by the optimization process consists of two impedance sheets with Zg; =
j34.8 Q, Zs = j115.2 ) separated by distances t; = to = 13.52 mm (Fig. 3.1). The
feed is a square waveguide [30, 38-40] whose side has a length of a = 27 mm. Fig. 3.5
shows the normalized electric field evaluated by the optimization tool and by the full-
wave simulator ANSYS HFSS in E-plane (¢ = 90°). A good agreement is observed
between our tool and full-wave simulations. The simulation has been performed using
two ideal impedance sheets. The lateral size of the antenna is equal to 30 Ay (with Ag

free-space wavelength) with negligible edge effects.

To gain a better understanding of the physical operation of the antenna, the dispersion
diagrams for the proposed structure are illustrated in Fig. 3.6. These curves have been
obtained by deriving the solutions of the dispersion equation associated to equivalent
transmission line representation of the structure. The procedure is extensively discussed
in Section 2.1.2. In particular, the real and imaginary part of the transverse propagation
constant k, = Re{kjyp}—j Im{kp,p} are plotted. Several TE/TM leaky-wave modes are
found. In particular, the couple of leaky-wave modes TE; /TM; radiates close to 15° at
the design frequency (0, ~ sin~1(8/ko)) and is mainly responsible for the shape of the
pattern. In fact, the couple TE2/TM; is in cut-off at the central frequency, whereas the
TMy mode is radiating endfire in E-plane. Additionally, the variation of the radiating
angle with frequency for the modes TE; /TMj, as reported in Fig. 3.6(a), clearly indicates
that the lower operating frequencies are driving the minimum achievable beamwidth.

Oversizing the field-of-view at the design frequency enables to remain compliant with a
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FIGURE 3.9: Simulated and measured reflection coefficient.

uniform coverage over the Farth at the lowest operating frequencies, around 9.6 GHz

for the proposed design.

3.1.2.1 Prototype and Measurements

The flat-topped antenna designed in the previous section has been manufactured and

tested at IETR. The prototype is shown in Fig. 3.7.
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FIGURE 3.10: Simulated and measured radiation patterns at the design frequency
(10 GHz). (a) E-plane (¢ = 90°). (b) H-plane (¢ = 0°).

The impedance sheets have been synthesized using a periodic arrangement of metallic
rods. HFSS full-wave simulations have been used to synthesize the required value of
reactance for each layer. The simulation setup is shown in Fig. 3.8 (left). A single
metallic rod is embedded in a cell with periodic boundary conditions in the transverse
direction. The cell is fed in the longitudinal direction by two Floquet-ports with the
reference plane at the center of the rod. This setup is equivalent to transmission line in
Fig. 3.8 (right). The Z-parameters of the simulation correspond to the impedance of the

rod. The metallic rods used for the protoype are made of copper with a diameter equal
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FIGURE 3.11: Simulated and measured radiation patterns at 9.6 GHz, the lower edge
of the band of operation 10.2 GHz. (a) E-plane (¢ = 90°). (b) H-plane (¢ = 0°).

to 3 mm. The final periodicity for the required impedance sheets are d,.; = 12.25 mm
and dro = 15.48 mm for the first and the second layer, respectively. The behavior of
these impedance layers is therefore inherently dispersive. In particular, the reactance of
the sheet impedance varies by less than 10 % (with respect to the nominal value at the

operating frequency) within the considered band. Such a variation does not affect the

overall performance of the antenna.
A metallic box has been placed around the antenna to support the rods. The height

of the box is H, = 31 mm and the lateral size is L, = 408 mm. The latter has been
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FIGURE 3.12: Simulated and measured radiation patterns at 10.2 GHz, the upper edge
of the band of operation. (a) E-plane (¢ = 90°). (b) H-plane (¢ = 0°).

chosen through a parametric analysis in such a way to minimize the SLL in E-plane.
A metallic box has been placed around the antenna to support the rods. Two bars of
Rohacell (relative permittivity €, = 1.067) have been placed within the metallic box of

the final prototype to reduce the bending of the rods.

Fig. 3.7(b) shows a pictorial view of the feeding structure. The square waveguide used
as source is connected to a standard WR-90 waveguide through a matching iris. The
thickness and length of the iris are ¢;.;s = 1 mm and I;;s = 1.54 mm, respectively. The

height of the square waveguide section is 1 = 4.17 mm. The simulated and measured
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reflection coefficients are shown in Fig. 3.9. In both cases, the reflection coefficient is
lower than —10 dB over the same 7.5 % band. However, we observe some discrepancies
between the two curves that can be attributed to manufacturing imperfections and

residual bending of the copper rods. Nevertheless, the results are considered acceptable.

In Fig. 3.10 we compare the simulation results with the measurements at the design
frequency. A good agreement is obtained between the curves. A flat-topped radiation
pattern has been achieved with a good roll-off figure. Small asymmetries can be observed
in the measured radiation patterns attributed to the residual bending of the copper rods.
The measured gain is equal to 12.1 dB at broadside, 1.8 dB lower than the simulated

one. The discrepancy is mainly related to the beamwidth, larger in the measurements.

The comparison between simulated and measured radiation patterns at 9.6 GHz and
10.2 GHz, the edges of the considered band, are shown in Fig. 3.11 and Fig. 3.12,
respectively. Also in this case, a good agreement is obtained between the predicted
and measured results. The flat-topped shape is preserved within the considered band,
with the beamwidth increasing with the frequency. Side lobe levels and roll-off values

maintain excellent performance within the band.

The measured broadside gain is reported in Fig. 3.13 with value of 14.2 dB and 11.5 dB
at the lower and upper edges of the band 9.6 — 10.2 GHz, respectively. The gain remains
quite stable in the band.
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FIGURE 3.14: Structures of the 5 x 5 elements LWA array (left) and 5 x 5 elements
benchmark horn array (right).

3.1.2.2 Array Performance

Finally, we simulated using HFSS the radiation pattern of an array of 5 x 5 square
waveguides (a = 27 mm) arranged in a square lattice with periodicity d = 1.5\ =
45 mm in the superstrate configuration analyzed in the previous sections. The outer
dimensions of the antenna are the same as the one in Fig. 3.7(a). The structure is shown
in Fig. 3.14 (left). The array patterns for a beam pointing at broadside and at the edge
of coverage (0 = 8.6°) are shown in Fig. 3.15. Limited scan losses are observed in the
considered region. When scanning toward the edge of coverage, a grating lobe appears
at Ogr, = sin~(sinfy — A\o/d) = —31.1°, but its amplitude is below the side lobe level,
by virtue of the synthesized pattern. In particular, the grating lobe levels are —15.8 dB
and —12.7 dB for the E- and the H-planes, respectively.

As a benchmark solution, we took an array of 5x5 horn antennas without the superstrate
and with the same periodicity d = 45 mm of the previous example. We refer to this
configuration in the following as bare case. The side of the square apertures of each horn
is a = d = 45 mm, in order to maximize the aperture efficiency. The tapering length of
the horns has been chosen equal to 108 mm, maximizing the broadside gain for the given
aperture [49]. The benchmark array is shown in Fig. 3.14 (right). Fig. 3.16 shows the
array pattern in E- and H-planes. The antenna performance is degraded with respect to
the superstrate configuration. In addition to the presence of scan losses on both planes,
the grating lobe level is very high. Comparing the two solutions, the superstrate array
provides a reduction of the grating lobes of 4.5 dB and 7.5 dB in E- and H-planes, with
respect to the bare case. Even if not reported for brevity, similar performances have

been obtained over the considered band of operation.
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3.1.3 Isoflux Radiation Pattern

We synthesize here an isoflux radiation pattern for medium Earth orbit (MEOQ) satellites
using the procedure in Sec. 3.1.1. The isoflux pattern is exploited to compensate the
path loss due to the curved surface of the ground, providing an homogeneous power
density over the visible surface of the Earth. The isoflux pattern is a function of the
geometrical parameters of the system. Approximating the shape of the Earth by a sphere

with radius R, = 6,371 km, the gain distribution of an antenna generating an isoflux
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FIGURE 3.17: Isoflux radiation pattern in E-plane (¢ = 90°). The black curve rep-

resents the analytical function to be approximated. The normalized far-field radiation

pattern of the optimized structure evaluated using the in-house analysis tool and full-
wave simulations are shown in dashed gray line and solid gray curve, respectively.

As an example, we design an antenna for MEO applications circling at a height h =
23,222 km, like the GIOVE-A satellite of the Galileo satellite system. In this case, the
visibility angle is equal to 6, = 12.4°. The following target function has been chosen to

perform the optimization:

h h\?
|cosf] | 1+ ) 1—(1+ A sin?0 , for 0 < 0,
Fi(6, do) = ‘ ‘ (3.9)

)
670-0

, for 0 > 6.

e—Ge-c

where c is a constant. An exponentially decaying function has been introduced for 6 > 6,

to make the target function continue and manageable by the optimization tool.

Using a number of impedance sheets N = 2 and a design frequency equal to fy =
10 GHz, the optimization process generates a structure where the impedance values are
Zs = j22.5 Q, Zsy = j86.8 Q. Referring to Fig. 3.1, the spacings between each layer
are t1 = 14.42 mm and t2 = 13.92 mm. The source is a square waveguide with side

a = 27 mm.

In Fig. 3.17 the analytical and simulated radiation patterns are shown together with the

target power distribution. The full-wave simulation has been performed using HFSS,
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FicUure 3.18: Dispersion diagrams for the LWA generating a flat-topped radiation
pattern. (a) Real part of the propagation constant expressed in radiation angles. (b)

Normalized attenuation constant.

considering the same simulation setup as for the flat-topped case. We remark a good

agreement between the three curves.

In Fig. 3.18 the solution of the dispersion equation is displayed for the structure under

analysis. The direction of the couple of the leaky wave poles TE;/TM; is close to 13°.

The second couple TEy/TMsy is in cut-off at 10 GHz, but it weakly contributes to the

radiation. We still have a single TMy mode pointing endfire.
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FIGURE 3.19: Simulated radiation pattern of the LWA generating the isoflux shape in
a 4% bandw.

Fig. 3.19 shows the frequency behavior of the designed structure. The antenna is dra-
matically frequency dependent. The radiation pattern exhibits important variations

even in a narrow band.

3.2 Cosecant-Squared Radiation Pattern

In this section we focus our attention on the generation of cosecant-squared patterns,

useful in applications where a uniform power illumination is required within a certain
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FI1GURE 3.20: Leaky-wave antenna with truncated dielectric superstrate.

angular range [5]. In literature, cosecant-squared radiation patterns are typically ob-
tained using curved shaped reflectors [63], phased array antennas [64], reflectarrays [65],
shaped lenses [66] and also leaky-wave antennas [67]. Here, we present a simple design
methodology to shape asymmetrically the radiation pattern of a low-cost superstrate-like

configuration.

The basic idea consists in properly truncating the superstrate in such a way to shape
asymmetrically the radiation pattern to achieve a cosecant-squared pattern or other

functions required by the particular application.

3.2.1 Antenna Design

The proposed antenna architecture is represented in Fig. 3.20. The design frequency
has been chosen equal to fo = 10 GHz. The source is an open waveguide on the ground
plane with a lateral side a = 21 mm and with the electric field polarized along the y axis.
The superstrate is made by a dielectric slab with relative permittivity €, = 10. However
other solutions can be envisaged as F'SSs, metasurfaces, etc. The superstrate is placed
at a height 0.55 \g (free-space wavelength Ao = 30 mm at the operating frequency) over
the ground plane and its thickness is A\y/4, where )4 is the wavelength in the dielectric.
This superstrate configuration has been chosen in such a way to generate a couple of
leaky-wave modes pointing at 23° as shown in the dispersion diagram in Fig. 3.21.
The dielectric slab is then truncated in the E-plane (yz-plane), in order to generate an
asymmetric radiation pattern. The truncation is performed in such a way to suppress

the Transverse Magnetic (TM) leaky-wave mode traveling along the positive y direction
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FIGURE 3.21: Dispersion diagram of the structure without truncation.

FIGURE 3.22: Section of the structure in Fig. 5.1 exposing the matching iris. The
green arrow represents the direction of the electric field.

without affecting the one traveling on the opposite side. At the same time the pattern

is shaped to fulfill the required radiation pattern.

A metallic capacitive iris has been introduced inside the waveguide for matching pur-
poses. The structure is shown in Fig. 3.22. The distance of the iris from the aperture
plane is d = 5.54 mm, while the dimension of the flap is ir = 5.4 mm. The reflection
coefficient is reported in Fig. 3.23 as a function of the frequency. As we can see, the Sq1
is lower than —10 dB in a 12 % band centered at 10 GHz. This bandwidth is acceptable
for many applications. If needed, it could be extended or achieved return loss improved

by implementing a more complex matching network (e.g. multiple irises).

The radiation pattern of the antenna has been simulated using ANSYS HFSS and the
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FIGURE 3.23: Reflection coefficient of the designed structure.
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FIGURE 3.24: Simulated radiation pattern in E-plane (y,z plane). A the cosecant-
squared function is shown for comparison.

resulting radiation pattern on the E-plane is shown in Fig. 3.24. The ideal cosecant-
squared function is shown for comparison. A good agreement is achieved between the
ideal function and the actual radiation pattern in an angular range of approximately 71°

(for 0 within —23° and 48°).

The 3-D radiation pattern in Fig. 3.25 gives us a clearer understanding of the capabilities
of the antenna. The beam is broad along the z-axis. This characteristic is typically
appreciated in this kind of antennas. It is worth noting that a linear array of sources

could be placed on the z-axis in order to scan the beam, increase the gain and/or shape



Chapter 3. Element Pattern Synthesis 71

FiGurE 3.25: 3-D radiation pattern.
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F1cUre 3.26: Radiation pattern of truncated and non-truncated superstrate antennas.

the pattern in the H-plane without perturbing the cosecant-squared shape in the other

plane.

A comparison between truncated and non-truncated superstrate structures is reported
in Fig. 3.26. The radiation patterns of the two antennas are similar for angles close to
the pointing direction of the leaky-wave modes. This comparison confirms how such a

truncation allows the correct excitation of the leaky-mode in a single direction.

The frequency behavior of the antenna can be described using the dispersion diagram

in Fig. 3.21. In particular, the position of the maximum directivity in the radiation



Chapter 3. Element Pattern Synthesis 72

20

1
10:

s

e

ain [dB]

Y

G

80 -60 -40 20 0 20 40 60 80
0 [deg]

FIGURE 3.27: Simulated radiation pattern in a 4 % bandwidth.

pattern corresponds to the the pointing angle of the leaky-wave mode.

The antenna bandwidth is here defined as the frequency band for which a variation of
1 dB is observed in the radiation pattern. In this particular case, the gain varies of 1 dB
over a 4 % bandwidth. The pointing direction varies of about 5.5° within this band.

The cosecant-squared shape and the roll-off are preserved in the whole band.

To have a better understanding of the frequency behavior of the antenna, we report in
Fig. 3.28 the maximum gain and its position in a 20 % band. Again, the leaky-wave
changes its pointing angle 6., varying the frequency. Nevertheless, it is remarkable for

such a directive structure how the 3 dB gain variation bandwidth is larger than 17 %.

3.2.2 Analysis and Recommendations

An analytic procedure has been developed to study the radiating characteristics of such
a truncated structure. It is based on the spectral approach described in Chapter 2. The
aim is to predict the radiation pattern of the structure without the use of numerical

simulators.

The first step of the procedure consists in the evaluation of the near-field in the spectral

domain of the antenna with the full-covering superstrate:

E"? (ke ky) o< G (ky, ky) - M(kg, ky). (3.10)
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FIGURE 3.28: Maximum gain (a) and its position 0y, (b) as a function of the fre-
quency.

G (ky, ky) the spectral dyadic Green’s function of the structure evaluated at the height
of the superstrate. M(ky,k,) is the Fourier transform of the equivalent magnetic cur-
rent representing the feeding aperture (Sec. 2.1.1.3). The near-field for the antenna in

Sec. 3.2.1 with a full-covering superstrate is shown in the spectral domain in Fig. 3.29 (a).

With an inverse Fourier transform we move from the frequency to the space domain:

ES"(2,y) = [FT [By(ke, k). (3.11)
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FIGURE 3.29: Analytic procedure to predict the radiating properties of the truncated

superstrate structure: near field in the spectral domain with a fully-covering superstrate

(a), near field in the space domain (b), substitution of the field on the truncated region

with the field of the bare configuration (c¢), near field in the spectral domain after the
substitution (d).

We obtain the field distribution in Fig. 3.29 (b).

In the space domain, we substitute the field on the truncated region with the field of

the bare configuration:

Ezup(xv y) for —oo< ) S Ytrunc
Ey(z,y) = (3.12)

El;are(x’ y) for Ytrune < Y < 400

The result is shown in Fig. 3.29 (c).

Eventually, we move back to the frequency domain though a Fourier transform. The
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FIGURE 3.30: Analytic procedure for truncated superstrate structures: comparison
between HFSS simulation and analytic approach.

new field distribution is reported in Fig. 3.29 (d). An asymptotic approximation can be
now used to evaluate the radiated field. The result is shown in Fig. 3.30. We remark a

good agreement between the proposed method and HFSS simulations.

Note that this approach does not take into account the edge effects of the truncation.

3.3 Summary

In this chapter we presented novel ways and methodologies to efficiently shape the

radiation pattern of planar leaky-wave antennas.

In the first part we presented a universal analytic synthesis tool to obtain a desired
radiation pattern giving as input a mathematical function. Different kind of shapes can
be obtained using this tools. In particular, we analyzed two structures radiating a flat-
topped radiation pattern and an isoflux radiation pattern, respectively. The structure
radiating a flat-topped shape has been manufactured and tested. A good agreement is

shown between the simulation results and the measurements.

In the second section of the chapter we analyzed the possibility to produce a cosecant-
squared radiation pattern conveniently truncating the superstrate and generating an
asymmetric radiation pattern. The truncation suppresses the transverse magnetic leaky-

wave mode traveling along the positive y direction without affecting the one traveling
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on the opposite side. An analysis method has been also proposed, showing a good

agreement with the simulation results.



Chapter 4

Leaky-Wave Antenna Arrays

One of the most interesting aspects of leaky-wave antennas is the possibility to increase
the effective aperture of small sources through a superstrate and consequently enhance
the gain [23, 25-27, 33]. In doing so, an electrically large antenna can be substituted

with a smaller one, with advantages in terms of weight and size.

These advantages are particularly evident when using the superstrate in array config-
urations [29, 30, 39, 40]. Here, the enhanced gain at element level can be exploited to
reduce the number of array elements, keeping the same overall maximum gain. In the
complex scenario of space applications, even minor reductions of elements translate into

significant improvements in terms of simplification and cost-effectiveness of the system.

In this chapter we want to investigate the possibility to improve the performance of
classic aperture arrays for space applications using planar LWA arrays. In particular,
the studies presented in the following are centered on the gain enhancement, that can,
then, lead to a reduction of the number of array elements. In the first section we study
the effects of the leaky-wave structures in the array environment, performing parametric
studies on superstrates and array lattices. The results are used to design LWA arrays for
space and user segment, analyzing their performance. The two segments have different
specifications in terms of array lattice, element directivity and bandwidth. The trade-
off between gain and bandwidth is considered. In the second section we introduce a
novel configuration, the patch-superstrate antenna, where we make use of a truncated

superstrate for the band enlargement. This antenna is, then, used to design a dual-band

7
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array in K- and Ka-bands for on-board satellite applications. The performance of the

proposed array is compared with the ones of dual-band aperture arrays.

4.1 Planar Leaky-Wave Antenna Arrays Performance

The superstrate configuration is used here to increase the effective area of small aperture
antennas and, consequently, aperture efficiency and gain. The goal is to find array
configurations more directive than the existing classical solutions, so that the number
of array elements can be reduced, guaranteeing the same link budget. However, in
this chapter we will not quantify the reduction of number of elements. In fact, simple
thinning procedures would lead to incomparable results: an array with reduced size has
a different beamwidth, while a rearrangement of the elements shifts the position of the
grating lobes. A synthesis procedure is needed to achieve a significant reduction of array

elements and will be presented in Chapter 5.

In order to understand the effects of the superstrate on the broadside directivity, we
present in this section a parametric study in the array configuration, varying the reflec-
tivity of the PRS (partially reflective surface) and the distance between the elements
of the array, monitoring the effects on mutual coupling and frequency behavior of the
antenna. Following the conclusions of the parametric study, we analyze the leaky-wave

technology applied to space and user segments.

All the radiation patterns shown in this section are evaluated using the in-house anal-
ysis tool presented in Chapter 2. The structures (superstrates and ground planes) are

considered infinite in the transverse direction.

4.1.1 Parametric Study in Array Configuration

We present here the results of a parametric study addressed to understand the elec-
tromagnetic behavior of the LWA array varying the characteristics of superstrate and
array lattice. In particular, we study arrays of apertures on a square lattice underneath
a superstrate made of a single quarter-wave long dielectric slab. The conclusions hold
using different kind of superstrates, such as impedance sheets [43], and number of slabs

[29]. The parametric study is performed on the permittivity of the dielectric and the
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b

FIGURE 4.1: Setup of the parametric study: array of 3 x 3 square apertures in a square
lattice with periodicity d, underneath a dielectric slab with relative permittivity e,.

distance between the elements. The array elements are square waveguide apertures on
the ground plane. The side of the waveguide is not a parameter of the study because, as
discussed in Section 2.4.2, it is generally useful to use small/low directive radiators. The

following results have been evaluated using the analysis tool presented in Chapter 2.

The structure under analysis is shown in Fig. 4.1. It consists of an array of 3 x 3 square
apertures with side @ = 0.7 ¢ in a square lattice. The interelement distance d and the
relative permittivity of the dielectric €, are parameters of the study. The dielectric slab
is placed at height of \g/2 above the ground plane. Its thickness is A\y/4 at the design

frequency, where Aq = A\o/\/€ is the wavelength in the dielectric.

The results of the parametric study are reported in Fig. 4.2. Here we show the gain
(a) and the mutual coupling (b) with varying interelement distance and permittivity of
the dielectric slab. Note, that we reported in Fig. 4.2 (b) the strongest level of mutual

coupling, between neighbor elements of the array.

For small interelement distances, the broadside gain is reduced by the high level of
mutual coupling. Separating the elements, the gain increases up to a point where it gets
steady. In this point, the mutual coupling is below —30 dB. A denser dielectric increases
both the gain and the coupling between the sources. Therefore, the interelement distance
needed to maximize the gain increases. Using a dielectric with relative permittivity

€, = 4 allows the maximization of the gain for distances of about 1.5 A. For a dielectric
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FIGURE 4.2: Gain (a) and mutual coupling (b) varying the interelement distance and
the permittivity of the dielectric superstrate.

with permittivity €, = 32, this distance increases to about 4 \. On the other hand, also
considering an interelement distance equal to 1.5 A, the denser dielectric produces a gain

almost 4 dB higher than the low-permittivity solution.

To have a wider view of the performance of this antenna we have to investigate its
frequency behavior. The study is reported in Fig. 4.3. Here the broadside gain is
plotted as a function of the frequency for the different permittivities of the dielectric

slab. Three interelement distances are plotted: 1A (a), 2 (b), 4 A (¢).
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FIGURE 4.4: Phased array for the space segment [68].

The gain of the array with the low-permittivity dielectric increases of about 2 dB in-
creasing the distance from 1 to 2 A, while there is almost no difference comparing 2 A
with 4 A. The gain of the high-permittivity configuration, instead, keeps increasing while

spacing the elements up to 4 .

The dispersive behavior of the structure appears enhanced using a more reflective su-
perstrate. It is worth noting how the gain variation is just moderately affected by the
interelement distance, while the strongest contribution is given by the choice of the

permittivity of the dielectric.

This parametric study shows how it is necessary to increase the distance between the
elements to fully exploit a highly reflective superstrate. Once the array lattice is set,
the permittivity of the superstrate rules the directivity and the gain variation over the

frequency.

4.1.2 Space Segment

Using the information acquired through the parametric study, we can now efficiently
design the arrays for space and user segments. The space segment is the most chal-
lenging one, as it requires high gain and wide bandwidths. Typical phased arrays for
geosynchronous satellites can be made of 1,000 ~ 1,500 elements in a square lattice with
periodicities of 3 ~ 4 A\, percentage bandwidth of 8 — 14 % and gain higher than 40 dB, as
for the case in [68] (Fig. 4.4). These highly directive phased arrays are typically used for
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FIGURE 4.5: 4 \g X 4 Ao bare aperture (on the left) and LWA (on the right).

multiple beam applications, providing user links over a regional or continental coverage.
The size of a continent like Europe seen from a geostationary orbit corresponds to a
3° ~ 4° angular region. The antenna is designed to produce multiple fixed or steerable
beams with a beamwidth of about 0.5 degrees or less within the angular range defined

above.

We analyze, here, the possibility to replace standard aperture solutions with LWA arrays
in the space segment and, potentially, to reduce the number of elements maintaining the

link budget.

A benchmark solution has been chosen to understand if the superstrate structure can
be used for the reduction of the number of elements. It consists of an arrangement of
18 x 18 square apertures on a square lattice with periodicity 4 A\g. It is worth noting
that the conclusions in the following hold also changing the number of elements. The
side of each waveguide (Fig. 4.5, left) is 4 A\g. The apertures are excited with a single

TE10 mode.

A LWA array has been designed to have approximately the same gain at the design
frequency. As we have shown in Secion 4.1.1, the gain of a LWA array element is
modified by the presence of the neighboring elements. Therefore, the design of the
superstrate must be done in the array environment. Such a LWA array can be designed
using a square waveguide aperture with side a = Ao (excited with a single TE;y mode)
below a quarter-wave dielectric slab with permittivity e, = 38 (Fig. 4.5, right). The

superstrate forms an half-wavelength cavity with the ground plane.

As clear from the parametric study in Secion 4.1.1, this antenna is extremely narrow
band. We are going to analyze now the radiation properties both at element and array

levels.
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4.1.2.1 Single Element Performance

Before analyzing the array performance, it is interesting to compare the performance
of the radiating elements of the designed arrays. In Fig. 4.6 we compare the radiation
pattern of a single bare aperture (with a side of 4 \g) with the isolated LWA aperture
(with a side of 1 )\¢ underneath the superstrate). In particular, the comparison is

performed over a 8 % band, suitable for space applications.

At the central frequency, Fig. 4.6 (c) and (d), we notice how the superstrate structure
suppresses the side lobes in the radiation pattern and makes symmetric the HPBW
(half-power beamwidth) on the two main planes. It is worth noting that the asymmetric
HPBW of the reference solution depends on the choice of the single-mode horn and
alternatives (dual-mode) horns would provide more symmetric patterns, as discussed in

Chapter 1.

The drawback of this particular highly directive leaky-wave structure rises up when
we look at the frequency behavior. In the lower part of the band (Fig. 4.6 (b)), the
leaky-modes are in cut-off and the gain drops of almost 10 dB. At higher frequencies
(Fig. 4.6 (f)), the main couple of leaky-modes are not pointing broadside, where a local
minimum occurs. The gain of the benchmark solution, instead, remains stable in the

considered band, as we can see in Fig. 4.6 (a) and (e).

4.1.2.2 Array Performance

We analyze here the performance in the array configuration (18 x 18 elements). As
reported in Fig. 4.7 (d), at the central frequency the LWA array proves to be a solid
alternative to the benchmark solution (Fig. 4.7 (c¢)). In fact, the gain is comparable
and the first grating lobes is reduced of about 3 dB on the H-plane. The superstrate
structure provides a rejection of the grating lobes thanks to the higher roll-off figure at
element level with respect to the bare aperture. No grating lobes appear in the E-plane
of the benchmark solution, because their positions is the same as the zeros of the element

pattern. This property, however is not preserved while scanning.

The issues of the LWA array appear, also in this case, when we look at the frequency

behavior. In the same way as for the isolated element, the LWA array has a strong
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FIGURE 4.6: Radiation pattern of the isolated element of the array designed for the
space segment in a 8% band: bare aperture at 0.96 fy (a), LWA at 0.96 fy (b), bare
aperture at fo (¢), LWA at fy (d), bare aperture at 1.04 fy (e), LWA at 1.04 fy (f).
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FIGURE 4.8: Arrays with 4 \g periodicity and single aperture: broadside gain versus
frequency.

gain variation with the frequency (Fig. 4.7 (b) and (f)). Moreover, the level of the first
grating lobe is higher than the one of the benchmark solution (Fig. 4.7 (a) and (e)).

To have a clearer view of the frequency performance of the array, we report in Fig. 4.8
the broadside gain as a function of the frequency. The gain of a single aperture with the
dimension of the array fed by a uniform field distribution is also reported for comparison.
The broadside gain of the bare array is stable in the whole band. The leaky-wave array

has a strong gain variation, 3 dB in a 3.5 % bandwidth.

We report, for completeness, the scanning performance of the two arrays. The scanning
capabilities of phased arrays must be exploited when using them on GEO satellite sys-
tems. Indeed, phased arrays are typically used in multiple beam applications, where we
are interested in scanning the beam over small angles, such as a continent like Europe,
corresponding to a 3° ~ 4° angular region. We analyze here the performance of the

designed arrays while scanning this angle.

Fig. 4.9 (a) shows the performance of the bare array at the design frequency scanning
at 4° on the E-plane. For such a small angle, the scan losses are low. Nevertheless,
the grating lobes appear in the visible space, as their position is no more on the zeros
of the element pattern. The superstrate array enhances the radiation properties while
scanning, if compared with the bare configuration. The radiation pattern is reported in

Fig. 4.9 (b). The scan losses are 0.7 dB lower and the first grating lobe is reduced by
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FIGURE 4.9: Radiation pattern of the 18 x 18 elements array for the space segment at
the design frequency scanning at 4°: bare apertures (a), LWA array (b).

FIGURE 4.10: 1.8 ¢ x 1.8 A\¢ bare aperture (on the left) and LWA (on the right).

3.5 dB in the superstrate array case. However, these properties get lost once we consider

a frequency band of 8 %.

To conclude, the LWA can not be efficiently used in the space segment for the gain
enhancement without releasing some of the constraints. Its most relevant drawback is
the dispersive behavior of the structure, if we want to obtain extremely high gain levels,
as in this case. However, some interesting properties in the pattern shaping of the LWA

arrays can be exploited, as shown in this manuscript.

4.1.3 User Segment

If the LWA arrays are not the best solution to fulfill the requirements in gain and

bandwidth on the space segment, they represent a solid alternative to the horn antennas
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in the ground segment. In fact, the ground antenna arrays use periodicities smaller than
the ones for on-board satellite antennas and the bandwidth requirements are much less
demanding. Typical percentage bandwidth are 1 ~ 3%. In the following, we compare a
LWA with a benchmark bare array to understand the capabilities of the system for this

application.

In this study we consider as benchmark solution an array of 18 x 18 square apertures
on a ground plane, disposed on square grid with interelement distance 1.8 A\g. The
conclusions hold changing the number of array elements. Also in this case, the size of
the side of each aperture (Fig. 4.10, left) is equal to the periodicity of the array (1.8 Ag).

All the array elements are excited with the TE;y mode.

A LWA array has been designed to produce a broadside gain comparable to the bench-
mark solution, while using the same number of elements and periodicity. Again, a square
waveguide with the side a = A\g has been used. This time, a less reflective superstrate
can be used, as the benchmark aperture is less directive than for the space segment. In
particular, a quarter-wave dielectric slab with permittivity ¢, = 10 has been selected to
form the resonant cavity with the ground plane. The choice of the dielectric superstrate
has been done in array configuration because the mutual coupling alters the value of the

broadside gain, as seen in Secion 4.1.1.

Such a LWA is not extremely narrow band, as we can see from the parametric study in

Secion 4.1.1.

4.1.3.1 Single Element Performance

We show here the radiation properties of the array elements in their isolated configu-
ration. In Fig. 4.11 we report a comparison between the radiation pattern of the bare
aperture (side of 1.8 \g) and the LWA (side of 1 Ay underneath the superstrate). The

comparison is performed over a 3% band, sufficient for user segment.

The superstrate structure provides an higher gain at the central frequency (Fig. 4.11 (d)),

if compared with the bare aperture (Fig. 4.11 (c)). Also, the side lobes are reduced.

Conversely to the space segment case, here the variation of the radiation pattern in the
considered bandwidth is moderately low (Fig. 4.11 (b) and (f)), and presents similar
gain and lower SLL compared with the benchmark solution (Fig. 4.11 (a) and (e)).
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FIGURE 4.11: Radiation pattern of the isolated element of the array designed for the
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FIGURE 4.12: Embedded element pattern for the element at the corner of an array of
apertures (A\g X Ag) on a ground plane underneath a dielectric stuperstrate (e, = 10)
forming a Fabry-Perot cavity.

It is worth noting that the effects of the coupling are not negligible once the aperture
is embedded in an array configuration [51]. Even though the mutual coupling is lower
than —25 dB, it dramatically modifies the shape radiation pattern. As an example,
Fig. 4.12 shows the embedded element pattern of the element at the corner of the array,
also evaluated with the analysis tool presented in Chapter 2. A clear asymmetry can be

noticed along the #-axis on both E- and H-planes.

4.1.3.2 Array Performance

The performance of the arrays designed for user segment (18 x 18 elements) are reported
in Fig. 4.13. In the whole band, the filtering properties of the leaky-wave solution are
fully exploited, as the grating lobe on the H-plane decreases of 7 to 10 dB if compared
with the bare case. In the E-plane, the grating lobes of the bare solution are suppressed

by the zeros of the element pattern, as also seen in the previous case.

Conversely to the space segment comparison, here the dispersive behavior appears mit-
igated and the gain remains stable in the whole considered band for the two configura-
tions. Fig. 4.14 reports the broadside gain as a function of the frequency for the bare
and the leaky-wave arrays. Also in this case, the gain of a single aperture with the di-
mension of the array fed by a uniform field distribution is reported. The gain of the two

array configurations is comparable in a 8 % bandwidth. Since the bandwidth required
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for ground terminals is much narrower, a more reflective superstrate could be used to
further enhance the gain or to remove some of the elements, reducing the complexity of
the system. To quantify the reduction of elements we need a synthesis tool, that will be

presented in Chapter 5.

We will not discuss the scanning performance for the array designed for user segment, as

in this circumstance it is typically more convenient to perform the scanning mechanically.

To conclude, the superstrate array represents a solid alternative to the classical antenna

solutions for ground applications.

4.2 Chessboard Superstrate Dual-Band Array

As clear from the analysis in the previous section, a main design issue when dealing with
planar LWAs is the bandwidth limitation. In fact, as the gain of the antenna increases,
the bandwidth decreases [29]. Part of the research studies performed during the Ph.D.

activity have been devoted to find a way to improve the bandwidth of planar LWAs.

These studies ended up in the patch-superstrate antenna, a novel LWA configuration
obtained truncating the superstrate of a regular planar configuration. A similar work
has been eventually published by Al-Tarifi et al. in 2015 [69]. The antenna shares the

gain enhancement property with the regular Fabry-Perot antennas, but on a larger band.
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FIGURE 4.15: Patch-superstrate antenna.

The implementation in array configuration is not straightforward and needs a careful
design, as a non-negligible empty space must be kept around the element to make it
work properly. Since every element has its own superstrate, we decided to implement
the patch-superstrate antenna in a dual-band array in K- and Ka-bands, corresponding

to the transmit and receive bands of standard broadband satellite communications.

4.2.1 Patch-Superstrate Antenna

The patch-superstrate antenna is shown in Fig. 4.15. As in the classical case of a Fabry-
Perot cavity, the antenna is formed by a small aperture on a ground plane underneath a
superstrate. In this case, however, the superstrate is truncated. The truncated structure
act as a filter for the counterproductive modes not radiating broadside (such the TMjy
typical of these structures) [38]. In fact, the reduced length of the superstrate does
not allow the correct excitation of these modes. Furthermore, the gain of the antenna is
enhanced by the edge effects [69]. The design parameters of the antenna remain the same

in the longitudinal direction, while the size of the patch becomes a design parameter.

The main advantage of this truncated superstrate solution is the increased bandwidth, if
compared with the infinite case. Also in this truncated case, an equivalence can be done
between structures having different number of layers and permittivities. As an example
we consider the antenna analyzed in Chapter 2 (Fig. 2.4), made of two dielectric layers
with relative permittivity €, = 4 . We optimize here the length of the dielectric slab
using HFSS. The goal is to get the smallest gain variation with the frequency, preserving

a similar gain.
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The impact of the length of the superstrate has been simulated on HFSS and is shown
in Fig. 4.16, where a square patch-superstrate is employed. Using a short superstrate
we increase the bandwidth, but the gain is not maximized. On the other hand, a longer
superstrate has an higher gain, but it might lead to a narrow band, tending to the

infinite case as expected.

A trade-off between gain and bandwidth is needed. We select the patch-superstrate with
the size of the side equal to 2.1 \g. The curves in Fig. 4.17 show the frequency depen-

dence of the gain for a classical infinite superstrate and for the truncated superstrate
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FIGURE 4.18: Simulated radiation pattern of the optimized patch-superstrate antenna
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configuration, simulated with HFSS. The peak gain of the patch-superstrate is slightly
lower, but the 3 dB gain variation bandwidth passes from 3 % to 16 %.

Fig. 4.18 shows the radiation pattern of the proposed structure along a 14 % band. The
dispersive behavior of the infinite superstrate case is no more present. As a drawback,
the filtering effect on the SLL is mitigated if compared with the classical leaky-wave

solution, but the bandwidth is tremendously enlarged.

The performance of a single radiator are outstanding and this solution seems to solve
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FIGURE 4.19: Unit cell of the dual-band chessboard array (size 41.74 mm x 41.74 mm).

the main issues of the Fabry-Perot cavity antennas, i.e. the narrow bandwidth. How-
ever, the implementation in an array configuration is not straightforward. In fact, the
antenna needs to be surrounded by an empty region. A trade-off between the size of the

superstrate and the interelement distance is needed.

4.2.2 Dual-Band Array

A useful characteristic of the patch-superstrate antenna is that, in array configuration,
each element can have a different superstrate. It is interesting to exploit this peculiarity
in the design of a dual-band array. In particular, two frequency bands used in satellite
communications have been chosen for the design: 17.7 — 20.2 GHz for Tx (K-band)
and 27.5 — 30 GHz for Rx (Ka-band). Since this array could be used as an on-board
satellite antenna, we prefer to move from the dielectric superstrate to a configuration
made of impedance sheets, synthesizable using metallic grids. Furthermore, we move to
a configuration with a single-layered superstrate, to minimize the interference between

elements.

4.2.2.1 Unit Cell Design

Fig. 4.19 presents the unit cell of the dual-band array. The smaller element covers the
Ka-band, while the bigger one covers the K-band. The size of the waveguide apertures
is 0.7 X at the central frequency of the respective band. The dimension of the unit cell
is equal to 41.74 mm ~ 4 A at 28.75 GHz, central frequency of the higher frequency

band. The two elements are disposed in a cater-cornered position in the unit cell,
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FIGURE 4.20: Optimization setup: the central element is excited and the other elements
are connected to matched loads.

minimizing the coupling between the two apertures. Nevertheless, an optimization of
the dimension of the superstrate is needed in the embedded configuration. All the
following optimizations are performed on the high frequency element, because it is the

most sensible to the presence of the neighbors.

The design parameters of the low frequency element are obtained scaling the dimensions
of the high frequency element by a factor 1.52 equal to the ratio between the central
frequencies of the two considered bands (1.52 ~ 28.75/18.95).

Superstrate Size Optimization

The optimization of the high frequency element is performed using the setup in Fig. 4.20:
the central element (Ka-band) is the only one excited. It is surrounded by a first ring of
4 elements in K-band and an additional ring of 8 elements in Ka-band. The elements on
the two rings are connected to matched loads. This setup allows the evaluation of the

radiation characteristics of the central element in a reliable embedded configuration.

The superstrate chosen for the design is a capacitive reactive sheet with impedance
Zs = —394 Q placed 6 mm above the ground plane. In the infinite case, this structure
presents similar radiation characteristics as the dielectric structure presented above, with
the main couple of leaky-modes radiating at the same angle. The values of impedance
and height have been retrieved using the procedure described in [43]. We consider, here,

a truncated superstrate with a square shape.
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F1GURE 4.21: HFSS simulation of the broadside gain of the element in Ka-band as a

function of the lateral size of the square patch-superstrate in the embedded configura-

tion in Fig. 4.20: the solid gray curve refers to the central frequency, the solid black

and the dashed gray curves refer to the gain at the lower and higher edges of the band,
respectively.

The goal of the optimization is to maximize the gain in the whole band. Fig. 4.21 shows
a parametric study performed with HFSS of the broadside gain value as a function of
the lateral size of the superstrate. The solid gray curve refers to the central frequency.
The other two curves report the gain values at the edges of the band. Increasing the
lateral dimension of the superstrate, the directivity increases up to a point where the
different impedance sheets start to overlap. Note that a variation of length §; of the
superstrate for the high frequency element, corresponds to a variation 1.52 - §; for the

low frequency element.

For the design of the dual-band array we chose a superstrate with a size equal to
32 mm x 32 mm. As shown in Fig. 4.21, this size allows the broadside gain to be

maximized in the whole frequency band.

Impedance Sheet Synthesis

We synthesize the impedance sheet using a thin dielectric slab, metallized on both sides.
Then, the metallizations are opportunely etched to obtain electrically small metallic
square patches. In particular, a thin layer of silicon (relative permittivity e, = 11.9)

has been chosen as a dielectric substrate. HFSS has been used to retrieve the required
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d-cell

FIGURE 4.22: Unit cell of synthesized impedance sheet: square metallic patches etched
on a metallized silicon slab. The parameters of the superstrate are h-diel = 0.203 mm,
d-cell = 0.075 mm, I-cell = 0.5 mm.

FIGURE 4.23: Unit cell of the dual-band chessboard array.

impedance value of Z; = —594 Q at the central frequency. The procedure to synthesize
the impedance has been presented in Section 3.1.2.1: a single unit cell, as the one
shown in Fig. 4.22, is embedded in a cell with periodic boundary conditions in the
transverse direction. Two Floquet-ports, placed in the longitudinal direction, excite the
structure. The reference planes are positioned at the center of the dielectric. Using
this setup, the Z-parameters of the simulation correspond to the impedance of the cell.
Referring to Fig. 4.22, the values needed to synthesize a reactance Z; = —;j 94 Q) are:
h-diel = 0.203 mm, d-cell = 0.075 mm, [-cell = 0.5 mm. The top pattern is the same
as the bottom one, shifted on the transverse direction of l-cell/2. The dispersion of
this structure is moderately low and the impedance changes of 5% in the considered

frequency band.

The impedance parameters for the low frequency element are obtained scaling the pre-

vious ones by a factor 1.52.



Chapter 4. Leaky-Wave Antenna Arrays 101

Element Design

The final design of the unit cell is shown in Fig. 4.23. A re-tuning of the height of the
superstrate has been necessary once the ideal impedance sheet has been substituted with
the real one to recover the radiation performance. The reason is linked to the difference
on the edge effects once we consider a thick superstrate instead of a sheet. The height

of the superstrate for the high frequency element is now 5.5 mm.

The two elements of the unit-cell are connected to standard waveguides, WR-28 and
WR-51, for Ka- and K-bands, respectively. The standard waveguides are connected to
the square aperture through waveguide matching transition. The reflection coefficient
is lower than —10 dB in a 4% band for both sources. A larger band can be obtained

using more advanced passive matching techniques, as the one presented in Chapter 2.

Fig. 4.24 shows the simulated embedded element pattern for the Ka- and K-band ele-
ments at the central frequencies (28.75 GHz for the Ka-band element, 18.95 GHz for the
K-band element) and at the edges of their respective bands (27.5 and 30 GHz for the Ka-
band element, 17.7 and 20.2 GHz for the K-band element). The simulation setups are
the same described before (Fig. 4.20), where the element under analysis is surrounded
by a first ring of 4 elements in the other band and a second ring of 8 elements in its
same band. This setup allows an accurate representation of the element pattern. The
broadside gain proved to be stable in the two bands. All the radiation patterns exhibit

good roll-off figures.

4.2.2.2 Array Performance

We analyze here the performance of the truncated superstrate in the dual-band array
configuration. The goal is to increase the gain of classical dual-band horn arrays, keeping

a large bandwidth.

An arrangement of 20x 20 unit cells has been disposed in a square lattice. The periodicity
of the array is 41.74 mm =~ 4 X\ at the central frequency of the higher band so that the
first grating lobe appears for 657, = 14.5°. Since a geostationary satellite intercepts the
Earth in an angle of £8.6°, this periodicity allows to scan the beam for 5°, approximately

the size of a continent, without having the grating lobes pointing towards the Earth.
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FIGURE 4.26: Sample of the dual-band benchmark bare array (i) (unit cell in red).

A sample of the array is shown in Fig. 4.25. Two benchmark arrays of square horn

antennas have been chosen to test the performance of the proposed array.

The radiation properties of the arrays, shown in the following, are evaluated applying
the array factor to the element pattern. The latter is evaluated in its embedded con-
figuration, as for the case analyzed in Fig. 4.20. This approximation leads to accurate

results, since we are considering large arrays with regular lattices (Sec. 2.3.1).
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FIGURE 4.27: Simulated radiation patterns in Ka-band (28.75 GHz) of patch-
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Benchmark Bare Array (%)

The unit cell of the first test configuration, benchmark bare array (i), has the same

dimension of the patch-superstrate array (41.74 mm).

It is made of two horn antennas with the same electrical size at the respective design
frequency: the horn antenna with a physically smaller aperture is used for Ka-band,
while the horn with a bigger mouth for K-band. For both cases, the length of the flare
of horn antennas is equal to 40 mm. The Ka-band horns are fed by WR-28 standard
waveguides, while the K-band horns are fed by WR-51 waveguides. The size of the
radiating aperture is 1.58 A x 1.58 A at the wavelength of the central frequency of the
respective band. The selected size allows the maximization of the dimension of the
square apertures in the unit cell. Also in this case, an array of 20 x 20 unit cells is

considered. A sample of the array is shown in Fig. 4.26.

A comparison between the radiation patterns of the patch-superstrate array and the
benchmark bare array (i) is reported in Fig. 4.27 and Fig. 4.28 for the central frequency of
the Ka- and K-bands, respectively. For both the bands, the use of the patch-superstrate
array leads to a significant reduction of the side lobe envelope. Also the level of the first

grating lobe is reduced: in K-band the grating lobe level is reduced by 4 dB and 6 dB



Chapter 4. Leaky-Wave Antenna Arrays 105

Gain [dB]
Gain [dB]

5
—— Patch — superstrate array —— Patch — superstrate array
Horn array Horn array
-40 N AN N JNNN N NIRRT N WY1 D G — -40 | I NEYNLIE JJRSEZSIRE N RN BN DRV N
10 20 30 40 0 10 20 30 40
6 [deg] 0 [deg]
(a) (b)

FIGURE 4.28: Simulated radiation patterns in K-band (18.95 GHz) of patch-superstrate
array and benchmark bare array (i): E-plane (a) and H-plane (b).

45

aal
a3t
a2t
[
="
I
S w0/
S
39t
38t
srr —— Patch — superstrate array
Horn array
. ‘ : : :
275 28 285 29 205 30

Frequency [GHz]

FIGURE 4.29: Broadside gain as a function of the frequency for patch-superstrate array
and benchmark bare array (i) in Ka-band.

on E- and H-plane, respectively, while in Ka-band is reduced by 2.5 dB and 3.9 dB on
E- and H-plane, respectively.

The patch-superstrate configuration is, indeed, more directive than the benchmark bare
array (7). The frequency variation of the broadside gain is shown in Fig. 4.29 and
Fig. 4.30 for Ka- and K-bands, respectively. The gain of the proposed array is higher

than the one of the horn array in almost all the desired bands.
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FIGURE 4.31: Sample of the dual-band benchmark bare array () (unit cell in red).

Benchmark Bare Array (i)

A second test configuration, the benchmark bare array (i), has been designed using the
same arrangement of 20 x 20 unit cells in a square lattice with periodicity 41.74 mm.
In this configuration, shown in Fig. 4.31, the unit cell is formed by four horn antennas:
two horns in cater-cornered position are for Ka-band and the remaining two for K-band.

The horn are fed by WR-28 and WR-51 standard waveguides and their length is 40 mm.

The advantage of this solution is that it uses all the available space of the antenna. On

the other hand, the gain is different for the two frequency bands, as the aperture for the
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FIGURE 4.33: Simulated radiation patterns in K-band (18.95 GHz) of patch-superstrate
array and benchmark bare array (i7): E-plane (a) and H-plane (b).

low frequency case is electrically smaller than the aperture for the high frequency case.

The unit cell of the benchmark bare array (i:) has two radiating apertures per frequency
band. The array has the same size, but an amount of elements double with respect to
the patch-superstrate case. For this reason, the position of the first grating lobe of the

benchmark bare array (ii) corresponds to the position of the second grating lobe of the
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patch-superstrate case. The radiation pattern is reported in Fig. 4.32 and Fig. 4.33 for

the central frequencies of the Ka- and K-band cases, respectively.

The gain of the benchmark structure in the Ka-band is more than 1 dB higher than the
one of the patch-superstrate array, as shown in Fig. 4.34. In this band, the two horns
are, indeed, electrically large (2 A x 2 ). In the K-band, instead, the patch-superstrate

array is more directive than the bare array in the largest part of the considered band.

When comparing the proposed patch superstrate array with benchmark bare array (ii),
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the advantages from an electromagnetic point of view are not as strong as for the bench-
mark bare array (7). However, other considerations might be done concerning the in-
creased complexity and bulkiness of the benchmark bare array (4i), which has a number

of elements double compared to the proposed structure.

Array of Dual-Band Horns

An alternative benchmark solution is an array made of dual-band horn antennas. Each
horn fills the 41.74 mmx41.74 mm cell, covering both K- and Ka-bands by using a
diplexer. The effective area of the antenna appears increased and the gain is higher
than the one of the proposed patch-superstrate structure in both the bands. However,
a full comparison with this kind of antenna design should be performed at system level

and is beyond the scope of this study.

4.3 Summary

In this chapter we analyzed the possibility to reduce the number of elements of classical
aperture antenna arrays using arrangements of small waveguide apertures underneath a

superstrate.

A parametric study has been presented in the first section, to understand the effects
of the superstrate structure on the array gain. Interelement distance and permittivity
of the dielectric superstrate are the parameters of the study. The results were needed
to understand and quantify the benefits and the limitation of the superstrate, such as
the reduced bandwidth. Following these results, two LWA array have been designed, for
space and user segments. The large periodicities (3 ~ 4 \) combined to the high aperture
efficiencies make the LWA unsuitable for on-board satellite applications, when comparing
just the broadside gain. In fact, the high reflectivity of the superstrate needed to reach
the high gain value of the benchmark solution, leads to a bandwidth too narrow for the
application. On the other hand, when dealing with smaller periodicities and bandwidths
as for the user segment, the LWA array represents a solid alternative to the benchmark
solutions. In particular, we analyzed a configuration with interelement distance equal
to 1.8 A. The designed leaky-wave-based array has a broadside gain comparable to the

one of the benchmark solution in a 8 % bandwidth. Since we are typically dealing with
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smaller bands, one could increase the reflectivity of the superstrate to enhance the gain of
the structure and, eventually, reduce the number of elements. The reduction of elements
on the regular lattice would increase and/or modify the direction of the grating lobes.
A synthesis procedure, as the one presented in Chapter 5, can be used to maintain the

grating lobes under control.

A novel configuration, the patch-superstrate antenna, has been introduced in the sec-
ond section. This antenna consists of a regular Fabry-Perot cavity with a truncated
superstrate. The main advantage of this solution is the enlargement of the bandwidth,
if compared with fully-covering superstrate structures. A dual-band array for on-board
satellite applications has been designed using the patch superstrate antennas. Each unit
cell is formed by two sources, one for Ka- and one for K-band. The gain performance
of the proposed array has been tested using two horn arrays as a benchmark. The first
benchmark array has been designed to have two apertures, one for each band, with the
same electrical size. The gain of the patch-superstrate array is higher than the horn
array on both the considered bands. The second benchmark array has been designed to
maximize the radiating aperture of the array. The unit cell is formed by four horns, two
for each frequency band. The horns have the same dimension and the electrical size is
different for the two frequency bands. In K-band, the gain performance of benchmark
and patch-superstrate arrays are comparable, but in Ka-band the benchmark array has
an higher gain. However, the horn array might result more complex and bulky, since it

has a number of elements double compared to the proposed structure.



Chapter 5

Array Synthesis

In the previous chapter we have seen how the superstrate configuration can be efficiently
used for the design of antenna arrays for the user segment. As extensively discussed in
Chapter 1, a main design goal for the design of antennas for this segment is the reduction
of the interference with the other Earth equipment. Strict rules have been drawn for

this scope [4], fixing the limits for the maximum accepted SLL (side lobe level).

In this chapter we introduce two of our works addressed to the control of the SLL.
In the first section we present a synthesis method for thinned leaky-wave arrays. An
iterative optimization procedure based on a convex £; minimization is used to reduce the
number of array elements, maintaining the radiated field within a predefined mask and
controlling the SLL. All the embedded element patterns are evaluated for each source
through the fast tools developed in Chapter 2, taking into account the effects of the
mutual coupling during the optimization procedure. The use of a superstrate provides
array structures with a reduced number of elements and enhanced aperture efficiency
with respect to configurations without superstrate. In the second section, we introduce
the irregular superstrate array, a novel technique to control the SLL of the array using
an isophoric excitation. In this work, we recreate the desired power distribution of the
excitation moving it to the directivity of the element. The array is fed with a uniform
excitation and an irregular superstrate is used to change the directivity of each element.
Design techniques are given in the chapter. Finally, a design is performed on a linear

array of 20 elements.

111
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FIGURE 5.1: Planar superstrate array structure.

5.1 Thinned Array Synthesis

Superstrate antennas are suitable candidates for sparse or thinned array configurations.
They allow to mitigate the effects of the reduced aperture efficiency [16], since each
array element possesses a radiating aperture larger than its physical size. However, the
synthesis of a configuration generating shaped or focused beams fulfilling predetermined
constraints is not straightforward. As a matter of fact, the mutual coupling due to the
reflective layers strongly influences the radiation pattern and must be considered during

the thinning procedure [29].

Here we propose a synthesis procedure for the thinning of planar LWA arrays. In par-
ticular, we extend the optimization procedure described in [70] to a more general case
of superstrate configurations, taking into account the mutual coupling between array
elements. The scattering parameters are evaluated analytically with and without the su-
perstrate (in the following we will refer to the latter configuration as bare case) through
the fast Green’s function spectral approach presented in Chapter 2. Thereupon, the
scattering parameters are used in the computation of the total electric field to perform
the array synthesis. The goal of the optimization is to minimize the number of array
elements, while maintaining the radiation pattern within a defined mask. We reach the

target by using an iterative procedure based on a convex ¢; minimization [71].

As shown in this section, the reduced side lobe level introduced by the superstrate
on the element pattern allows to further reduce the number of elements in the LWA

array, if compared with a bare array synthesized with the same constraints. Despite the
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fewer elements, the superstrate array presents an enhanced gain. On the other hand,
the bandwidth decreases as the reflectivity of the superstrate increases [29, 72] and a

trade-off is required, as presented in the followings.

5.1.1 Problem Formulation

An iterative optimization procedure based on the convex ¢; minimization has been
developed to reduce the number of elements in linear and planar phased arrays [70,
71, 73]. This synthesis procedure is applied here to arrays of generic apertures over
a ground plane, with and without covering superstrate. The superstate can be made
of dielectric slabs, impedance sheets or metasurfaces. In the statement of the problem
we consider a square arrangement of N array elements lying on the (x,y)-plane, as
represented in Fig. 5.1. In the following we assume the electric field on the aperture feed

polarized along the y-axis. The extension to other polarizations is straightforward.

5.1.1.1 Evaluation of the Array Radiation Pattern

The radiation pattern of the array is computed considering the effects of the mutual
coupling between elements. This is extremely important for a superstrate configuration

due to the impact of the mutual coupling on the radiation pattern [29].

The electric field radiated by the array can be expressed as
N
EY(0,¢) = > B (0,9) - wn, (5.1)
n=1

where w,, is the complex excitation of the n'® array element to be determined and E¢
is the corresponding embedded element pattern, i.e. the pattern of the array when the
n'h element is excited and all the others are connected to matched loads [50]. The
embedded element pattern can be evaluated using the expression (2.11). The evaluation
of the radiated field through the embedded element pattern allows us to consider the
mutual coupling between the elements. For this purpose, the Y- and S-matrices have

to be calculated. This can be done analytically using the expressions (2.13) and (2.14).
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5.1.1.2 Thinned Array Synthesis

Considering the planar array on the (x,y)-plane represented in Fig. 5.1, we describe the

synthesis procedure on the two-dimensional (6, ¢)-space.

The array synthesis is done by imposing a mask to the normalized total radiated field
E“(0, ¢) given by (5.1): the main beam is pointing at (fp, @), while a maximum side
lobe level (SLL) p(0,¢) is imposed over the angular region 7. We can express these
constraints as follows

Mask o, 40} =1 . (5.2)

[E“(0,0)| < p(6,0),v(0,0) €T

Note that enforcing the real part of the derived field, instead of the amplitude, is nec-
essary to maintain the convexity of the problem [70]. It leads to the same results as

constraining the amplitude, since the excitations are determined up to a phase.

The goal of the optimization procedure is to minimize the number of excitations, de-
scribed in the excitation vector w. This optimization problem can be expressed in a
mathematical form as

min ||wl|g, subject to Mask, (5.3)
w

where ||wl||,, = {7 : w; # 0}| counts the number of non-zero excitations. However,
minimizing the £y norm is not suitable for practical use because it leads to intractable
combinatorial searches [71]. A good and well-known alternative is the minimization of
the #; norm

min ||w||,, subject to Mask, (5.4)
w

with ||w]|,, = ZnN:1 |wy|. Problem (5.4) is convex and can therefore be efficiently solved
[71] using available routines. In our case, the MATLAB convex optimization toolbox

CVX [74] is used.

The minimization of the £; norm leads to one of the following results:

(i) A solution exists and the excitation vector w presents some zeros, i.e. not all the

sources are excited.
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FIGURE 5.2: Optimization procedure: the starting point is a fully populated array. At

each cycle, the embedded element pattern is evaluated for each source. The ¢; norm

minimization is applied on the excitation vector, considering the constraints on the

SLL. If a solution is found, the elements with weaker excitation are removed and the

cycle restart on this new array configuration. If there is no solution, the optimization
ends. The final array structure is the last existing configuration.

(7i) A solution exists and the excitation vector w does not present any zero, i.e. all

the sources are excited.

(#ii) There is no solution, i.e. no excitation set allows the compliance with the mask.

If there is no solution at the first step of the optimization, this means that the constraints

are too stringent for the given array and/or specifications.

An iterative synthesis procedure is used to perform the array thinning. A fully populated
array can be used as a starting point. The periodicity of the lattice is chosen smaller
than the free-space wavelength Ay, to avoid appearance of grating lobes in the visible

region. The optimization process consists of the following steps:

1. Evaluate the S-matrix (formulae (2.13) and (2.14)) and the embedded element
pattern (formula (2.11)) for each element of the array. Then solve the problem

(5.4),

2. If a solution exists (cases (i) and (ii)), remove the elements with the weakest
excitation from the array and move to step 1. If there is no solution (case (ii)),
stop the iterative process and give as output the array obtained in the previous

cycle.
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FIGURE 5.3: Parametric study of the superstrate configuration varying the parameters

of the superstrate. The gain and bandwidth dependencies are shown in (a) for the

isolated element. The results of the optimizations on the superstrate array are shown
in (b) in terms of number of sources and gain.

The optimization routine is graphically represented by the flow chart in Fig. 5.2.

Contrary to [70, 73], the coupling between the elements is considered in this synthesis
procedure. This implies that the element patterns E¢ change at each iteration because

of the array thinning.

The result of the iterative process provides a thinned array with a radiation pattern

fitting the mask.
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5.1.2 Parametric Analysis

The use of leaky-wave sources radically changes the thinning process of a phased array.
In particular, the effective radiating aperture of each elementary source is larger in a
superstrate configuration with respect to the bare case. This provides more degrees of
freedom in shaping the radiation pattern and at the same time reducing the number
of elements with an increased gain and aperture efficiency. On the other hand, highly
reflective superstrates drastically affect the bandwidth of the antenna and the mutual
coupling among the sources of the array [29]. For this reason, a crucial point in the

array design is the trade-off between gain enhancement and antenna bandwidth.

A parametric study has been performed in order to understand the effects of the Fabry-
Perot cavity in the optimization process. In this study, an inductive impedance sheet is
placed above the radiating square waveguide apertures (side a = 0.7)\g) etched on the
ground plane. The design frequency is fo = 10 GHz. Note that the following conclusions

still hold choosing different design parameters and/or kind of superstrate.

The properties of the superstrate configurations used in the parametric study are shown
in Fig. 5.3. The values of reactances considered are between 60 €2 and 160 2. The
distances h of the superstrate above the ground plane is within 13.07 mm (least directive
source) and 14.22 mm (most directive source). The heights are selected in such a way
to have the main couple of leaky-poles radiating close to broadside, maximizing the gain
for each surface impedance. The gain of the isolated element and its bandwidth are
plotted in Fig. 5.3 (a). In this case, the bandwidth is defined as the frequency range
with a 3 dB variation of the broadside gain and is reported in its percentage form. A
single antenna in the most directive considered configuration has a gain of 22.6 dB, but
a bandwidth close to 2 %. The gain in the least directive case is much lower, 15.3 dB,

and the bandwidth is almost 13 %.

The results of the thinning process are reported in Fig. 5.3 (b). The starting point is the
same for all the array configurations: an arrangement of 10 x 10 square apertures (side
a = 0.7X\) opened in a square lattice (interelement distance d = 0.8)¢) underneath a
reactive sheet, as in Fig. 5.1. For this parametric study we considered a pencil beam
synthesis. The main beam is pointing at broadside (fy = 0°) and a SLL lower than
—20 dB is required for |@] > 10° on every azimuthal plane. The use of a highly reflective

superstrate allows a greater reduction of the number of array elements and, at the same
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TABLE 5.1: Normalized excitations of the superstrate thinned array in Fig. 5.4.

Element # Position Excitation
x/Xo, y/No | Amplitude
1| 24,00 |0.482
2 1.6, 1.6 0.63
30 32,16 |1
4 5.6, 1.6 0.634
5 0.0, 2.4 0.614
6 4.8, 2.4 0.684
7 1.6, 3.2 0.874
8 3.2, 3.2 0.85
9| 72,32 0432
10 0.0, 4.0 0.432
11| 40,40 |0.85
12| 56,40 |0.874
13 2.4, 4.8 0.684
14 7.2,4.8 0.614
15 1.6, 5.6 0.634
16| 40,56 |1
17 5.6, 5.6 0.63
18 4.8, 7.2 0.482

time, an enhancement of the broadside gain, if compared with a less reflective case,
at the expense of a reduced bandwidth. Even in the most directive configuration, the
mutual coupling remains lower than —15 dB, thanks to the increased distance between
the sources [29]. The limiting factor in the choice of a highly reflective configuration is,

indeed, the bandwidth.

5.1.3 Thinned Array Design

In this section we analyze a single superstrate thinned array configuration in order to
understand its capabilities in a realistic environment. A complete design is performed,
analyzing the reliability of the optimization tool and the effects of the matching network
on the radiation pattern. To underline the benefits of the superstate configuration, the
designed superstrate array is, then, compared with two bare array antennas, synthe-
sized using the same specifications. The use of the superstrate leads to a considerable

reduction of number of elements, if compared with the bare benchmark solutions.
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FIGURE 5.4: Synthesized superstrate array. The array is composed by an arrangement

of 18 square waveguide apertures in a ground plane. The superstrate is a reactive sheet

with surface impedance Z; = j 140 Q placed at an height of A = 13.2 mm above the
ground plane. On the axes, the distance is reported in wavelengths .

Gain [dB]

-40

FIGURE 5.5: Radiation pattern of the superstrate array in Fig. 5.4 at the design

frequency (fo = 10 GHz) evaluated using our in-house analysis tool. The synthesized

array produces a radiation pattern fitting the defined mask. The radiation pattern is
represented in the u/v coordinate system, with u = sin cos ¢ and v = sin 6 sin ¢.

A planar array formed by the same arrangement of 10 x 10 square waveguide apertures
as in the previous Section (side a = 0.7\, interelement distance d = 0.8)¢) has been
selected as a starting point for the optimization. As in the previous cases, the design
frequency is fo = 10 GHz. The specifications of the design are a main beam radiating
broadside 6y = 0°, a SLL lower than —20 dB for |#| > 10° on every azimuthal plane and a
bandwidth of 7%. An impedance sheet has been chosen in light of the trade-off between
directivity and bandwidth. A superficial reactance with impedance Z;, = j 140 ) has
been placed above the array at an height A = 13.2 mm. The height has been slightly
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FIGURE 5.6: Comparison between the radiation patterns of the array in Fig. 5.4 at
the design frequency (fo = 10 GHz) evaluated with the analysis tool (solid curves) and
HFSS (dashed curves) in E-plane (¢ = 90°) (a) and H-plane (¢ = 0°) (b).

tuned (with respect to the optimization performed in Section 5.1.2) in order to further

decrease the number of sources to the detriment of the broadside gain.

5.1.3.1 Synthesis Results

The amount of time necessary to perform the whole synthesis is about 15 minutes on
our standard workstation. The final structure, shown in Fig. 5.4, consists of a sparse
arrangement of only 18 elements. No symmetries have been used during the optimization

process.

It is worth noting that during the synthesis of such a sparse configuration, the optimiza-
tion tool must control also the level of the grating lobes. This is particularly challenging
when designing thinned arrays as the distance between elements remains a multiple of

the original array spacing.

The derived excitations for the elements of the arrays are given in Table 5.1. The
maximum phase difference between the elements of the array is very small (9°) and will

be neglected during the following analysis.
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FIGURE 5.7: Section of the feeding network. Two capacitive irises are used for matching
purpose inside the waveguide.

Fig. 5.5 represents the radiation pattern evaluated by our analysis tool, where the —20 dB
SLL is achieved. The maximum gain is 27 dB. The sparsity achieved through the
thinning process allows a reduction of the mutual coupling, with respect to a fully
populated array with the same superstrate. The maximum level of mutual coupling
is lower than —15 dB. However this value is observed just for three couples of array

elements. The mutual coupling is lower than —23 dB for any other pair of elements.

The radiation pattern of the superstate array in Fig. 5.4 has been, then, simulated using
the full wave software ANSYS HFSS 16. The sides of the array have been extended by
3 )\p in each direction so that the edge effects can be considered as negligible. The HFSS
results are in excellent agreement with the radiation pattern evaluated with our analysis

tool, as shown in Fig. 5.6, proving the reliability of the analysis method.

5.1.3.2 Matching Network

The superstrate layer above the array in Fig. 5.4 dramatically increases the reflection
coefficient on the source. Therefore, a matching network has been designed. As shown
in Fig. 5.7, the network is formed by two capacitive irises, allowing the matching in two
frequency points. Referring to the same figure, the parameters of the matching network
are ir; = 8.22 mm, iro = 5.55 mm, [y = 5.1 mm and lo = 27.7 mm. These values have

been evaluated using the procedure described in Section 2.2.3.
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FIGURE 5.8: Reflection coefficient. Without a matching network (dashed curve) the

S11 is considerably higher than the acceptable level of —10 dB. After the insertion of

the matching network (solid lines, worst case in black), the structure is matched over
a 9 % band.

FIGURE 5.9: Synthesized bare array without gain constraints. It is composed by an
arrangement of 68 square waveguides over a ground plane. On the axes, the distance
is reported in wavelengths Ag.

Fig. 5.8 reports the reflection coefficient for all the elements of the array. The curves
have been obtained using HFSS. The S1; of the structure is lower than —10 dB over a

9% bandwidth.

5.1.3.3 Benchmark Bare Arrays

In order to fully understand the benefits of the superstrate, two bare arrays have been

designed using the same starting configuration.
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FIGURE 5.10: Radiation pattern of the bare array in Fig. 5.9 (48 elements) at the design

frequency (fo = 10 GHz) evaluated using our in-house analysis tool. The radiation

pattern is represented in the u/v coordinate system, with u = sinfcos¢ and v =
sin 6 sin ¢.

The first benchmark array is obtained applying the same procedure and specifications
as for the superstrate array designed above. The resulting array is shown in Fig. 5.9.
The number of sources after the optimization is 48, a number 2.7 times higher than the
superstrate case. Despite the higher number of elements, the gain is 1.8 dB lower at the

design frequency. The radiation pattern is reported in Fig. 5.10.

A second bare array has been designed with an additional constraint on the broadside
gain, allowing the superstrate array to be compared with a benchmark solution charac-
terized by a similar aperture efficiency. A simple but effective method to control the gain
in the optimization process is to stop the iterative cycle once a certain gain threshold
is reached. In this case, we limit the number of elements removed per iteration. The
array resulting from this synthesis process is shown in Fig. 5.11. The number of sources
necessary to reach a broadside gain of 26.7 dB is 68, almost four times more than the

superstrate case (18 elements). The resulting radiation pattern is reported in Fig. 5.12.

5.1.3.4 Performance Comparison

The thinned arrays represented in Fig. 5.4 (with and without matching network), 5.9

and 5.11 have been analyzed with HFSS, to validate the optimization procedure and
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FIGURE 5.11: Synthesized bare array with broadside gain constraint. It is composed
by an arrangement of 68 square waveguides over a ground plane. On the axes, the
distance is reported in wavelengths Ag.
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FIGURE 5.12: Radiation pattern of the bare array in Fig. 5.11 (68 elements) at the

design frequency (fo = 10 GHz) evaluated using our in-house analysis tool. The synthe-

sized array produces a radiation pattern fitting the defined mask. The radiation pattern
is represented in the u/v coordinate system, with u = siné cos ¢ and v = sin sin ¢.

comprehend the effects of the matching network on the radiation pattern in the super-
strate case. All simulations have been performed by extending the side of the array by
3 \g in each direction. The field at the edges can be, then, considered almost attenuated

in all the four configurations.

The analysis highlights an excellent agreement between predicted radiation pattern and
simulation results. The simulated radiation patterns on three different planes (¢ =
0°,45°,90°) are reported in Fig. 5.13 for the four considered configurations. Fig. 5.13
(a) and (b) refer to the superstrate array (18 elements) without and with matching

network. Minor differences are observed between the two patterns. The patterns of the
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FIGURE 5.14: Radiation patterns (HFSS simulations) of the superstrate array with
matching network on the planes ¢ = 0°,45° and 90° at the edges of the considered
frequency band: 9.6 GHz (a), 10.3 GHz (b).

bare array configurations made of 48 and 68 elements are shown in Fig. 5.13 (¢) and (d),

respectively.

We also report in Fig. 5.14 the radiation pattern at 9.6 and 10.3 GHz, edges of the

considered band, for the superstrate array with matching network. We remark how the

SLL remains sufficiently steady in the band.

Fig. 5.15 shows the maximum gain and side lobe level (in the whole two-dimensional
space) as a function of frequency. The solid grey curves correspond to the simulation of
the superstrate array (18 elements) without matching network, representing the same
setup as in the synthesis tool. As we can see, the SLL is —20 dB at fy = 10 GHz. The
broadside gain is 27.3 dB. The aperture efficiency is 70 % considering the physical area
as the surface occupied by the radiating apertures (7.9 A x 7.9\). Then, the matching
network has been added to the structure, and the results are represented by the solid
black curves. In this case the gain is basically unchanged, and the SLL increases only by
0.6 dB at the design frequency. However, we notice that including the matching network
does not have a strong impact on the antenna performance and can be typically overcome
by a re-tuning of the antenna parameters. The dashed black curves correspond to the

bare array design without gain constraints (48 elements). Despite the considerably



Chapter 5. Array Synthesis 127

28

=)
=
£
3
S
Sup. array w/o MN
25| ——Sup. array w/ MN |
' - - -Bare array 48 sources
Bare array 68 sources
%84 05 96 97 98 99 10 101 102 103 104 105 106
Frequency [GHz|
(a)
-12 : E———— :
Sup. array w/o MN
-13r —Sup. array w/ MN
14l - - -Bare array 48 sources |
Bare array 68 sources
)
=,
~
~
©n
_217 : : N u
_29 i
-23

84 95 96 97 98 99 10 101 102 103 104 105 106
Frequency [GHz|

(b)

FIGURE 5.15: Frequency performance of the designed arrays: gain (a), side lobe level

(b). The solid grey curves refer to the superstrate array without matching network

(MN). The matching network was added in the drawing of the solid black lines. The
dashed lines show the performance of the bare arrays used as benchmark solutions.
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higher number of elements, the gain is lower than the one of the superstrate array in
a frequency band of 13 %. The SLL is —19.4 dB at the central frequency. In the case
of the bare array with gain constraint (68 elements) the final results in terms of SLL
and gain are represented by the dashed grey curves. In this case, the gain is slightly
lower than the superstrate case in a 5 % band but the number of elements is almost
4 times larger than the superstrate case. The SLL is —21.2 dB at the design frequency
(fo = 10 GHz).

The analysis of the frequency characteristic of the designed thinned array underlines
how the dispersive behavior of the superstrate structure influences the SLL, especially
in comparison with the bare array case (Fig. 5.15). However, the raise of the side lobes is
fairly low and the variation is within 2 dB over a 7 % band (between 9.55 and 10.25 GHz)
for the case with the matching network. Also the gain variation is moderately low, 1.5 dB
in the considered band, with the benefit of a larger aperture efficiency with a reduced

number of sources with respect to the bare case.

5.2 Irregular Superstrate Array

As discussed above, a main design goal for satellite communication antennas for user
segment is the reduction of the interference with other sources and, because of this, the
side lobe envelope is subject to strict rules [4]. When dealing with antenna arrays, the
reduction of the SLL is generally achieved by applying ad-hoc amplitude laws to elements
of the array. This is also the case for the antennas in Section 5.1. However, in the case
of active antennas with distributed amplification, this approach leads to an inefficient
use of the amplifiers, some of the amplifiers not working at their optimal operating
point due to either reduced input signals in the case of transmitting antennas or to
losses introduced by attenuators in the case of receiving antennas. In the latter case,
the noise figure is also affected. In passive antennas, this also means added complexity
to the beam forming network design as proper custom power distribution needs to be

implemented.

In this section we present an antenna array using isophoric excitations within an irregular
superstrate configuration. The amplitude tapering needed to reduce the SLL is here

achieved by locally changing the reflectivity of the superstrate, so that each element has
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F1cURE 5.16: Working principle: instead of using a different excitation amplitude for
each element (a), we apply a uniform excitation and we use elements with different gain
to recreate the tapering (b).

a different directivity. Using this solution, the amplifiers can work at the same operating
point or, in case of receiving antennas, there is no need of attenuators. In the case of
passive antennas, this drastically simplifies the beam forming network design as only one
component (a balanced power divider/combiner) needs to be optimized and duplicated

as many times as needed to produce the equi-amplitude distribution required.

5.2.1 Working Principle

To reduce the interference with the other equipment on the Earth surface, the side lobe
envelope must be kept under control. In particular, when dealing with periodicities
larger than a wavelength, the grating lobes must be also considered. The reduction of

side lobes and grating lobes has to be addressed in separate ways.

Several techniques are employed in literature to control the SLL of antenna arrays.
The most widely used consists in the application of a particular amplitude distribu-
tion scheme to the elements of the array, such as Taylor or Chebyshev distributions
(Fig. 5.16 (a)) [11, 12]. The proposed solution consist in the use of an irregular super-
strate configuration: the array elements lay underneath the same superstrate. The latter
is divided in tiles and each tile has a different reflectivity. Each array feed “sees” its own

tile and radiates with a different gain. This can be seen as a extension of the solution
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FIGURE 5.17: Irregular superstrate array of 20 elements in a linear lattice.

described in Section 4.2, except that here the inter-element distance being smaller, the
different superstrates are side by side. The innovative idea proposed here is to recreate
the amplitude tapering on the gain of the elements to control the SLL of the array. In
this way, we move this task from the beam forming network to the superstrate, exciting

the array with a uniform amplitude distribution (Fig. 5.16 (b)).

The amplitude tapering does not affect the level of the grating lobes, appearing in the
visible space in array antennas with periodicities larger than a wavelength. Dealing with
antennas for user segment, a high level of grating lobe can not be tolerated, as a main
design goal is the minimization of the interference. General techniques used to reduce
the level of the grating lobes break the array periodicity. This is the case of the sparse
arrays [11, 12, 16]. The drawback of sparse array is the inefficient use of the available
surface and the corresponding poor aperture efficiency. In the present work, we use the
element pattern to filter the grating lobe, using the same principle as in Section 3.1.2.
In particular we exploit the roll-off figure and the reduction of the SLL at element level

to reduce the grating lobes of the array.

The structure of the proposed array is shown in Fig. 5.17. Square waveguide apertures
are used as feed. Fach one of them is underneath a different superstrate tile, represented
in the figure by a different color, leading to a different element gain. Instead of an
amplitude tapering on the sources, the array uses a gain tapering through the irregular

superstrate, reducing the SLL.

5.2.2 Design Procedure

The novelty of the proposed structure is the reduction of the SLL achieved through the
use of an irregular superstrate. We describe here the design procedure, considering a

linear array of N = 20 elements. The procedure holds using different configurations or
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TABLE 5.2: Taylor amplitude distribution for a linear array of 20 elements numbered
from one side to the other.

Element # 1 2 3 4 5 6 7 8 9 10
Excitation [dB] 0 03 1 1.8 27 35 43 49 53 55

Element # 11 12 13 14 15 16 17 18 19 20
Excitation [dB] 5.5 53 49 43 35 27 18 1 03 0
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FIGURE 5.18: Array factor for the linear array of 20 elements fed with a uniform and
Taylor amplitude distribution.

number of elements. The elements of the considered array are regularly spaced and the
interelement distance is equal to 1.5 Ao (with Ao the wavelength at the design frequency
fo). This distance has been chosen in light of a trade-off between the position of the
grating lobe and the mutual coupling: to correctly filter the grating lobe, it must be
sufficiently distant from broadside. On the other hand, the spacing must be sufficiently
large to have an acceptable level of mutual coupling. The goal is to use the irregular

superstrate to get a SLL lower than —20 dB.

The design procedure begins with the definition of an equivalent excitation law. As
shown in the following, the excitation law is not used here to determine the amount of
power to feed the elements of the array, but to choose the parameters of the superstrate.
For this example we choose a Taylor amplitude distribution [11]. The corresponding
excitation vector is reported in Table 5.2. The dynamic of the excitation, i.e. the ratio
between the highest and lowest amplitude, is 5.5 dB. The array factor in Fig. 5.18 shows
that the requested SLL < —20 dB is obtained.
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TABLE 5.3: Gain of the elements associated to the Taylor amplitude distribution in
Table 5.2 and reactance value needed to retrieve it.

Element # 1 2 3 4 ) 6 7 8 9 10
Gain [dB] 12 123 13 13.8 14.7 155 163 169 173 17.5
Reactance [—Q] 1088 742 491 319 242 176 133 111 100 92

Element # 11 12 13 14 15 16 17 18 19 20
Gain [dB] 175 173 169 163 155 147 138 13 123 12
Reactance [—Q] 92 100 111 133 176 242 319 491 742 1088

At this point we move the problem from the excitation to the superstrate. We use
here capacitive impedance sheets as a superstrate, easy to manufacture in PCB (printed
circuit board) technology. The conclusions hold using different kind of superstrates. As
an additional constraint, we set the height of the superstrate to be the same for all
its tiles. This expedient helps the manufacturing process and prevents undesired edge
effects. The height chosen to design this array is equal to 0.53 g, allowing the elements
to reach fairly high directivities even in the embedded configuration. In the following,
we consider waveguide apertures with the side equal to Ay as feeds. The values of the

reactive sheets are, now, the parameter allowing us to tune the gain of each element.

The idea behind the design procedure is to relate the directivity of the elements to the
equivalent excitation vector. Following the notation used in Chapter 2, the directivity

of an array for a fixed ¢ can be evaluated as:

Am |B°(0)?
D)= ——— .
0) = 5 p (5:5)
where |E“| is the field radiated by the array. Its expression is:
N
E*(0) = ) E;(0) - an, (5.6)
n=1

where E¢ is the element pattern of the n!” element and a,, its excitation. In the classical
designs analyzed in literature, the weight of each array element is defined by the term
an. In the irregular superstrate array case, instead, we consider a uniform excitation
and we change, with the superstrate, the directivity of each element. In this case, the

coefficients a,, assume the same value ag for all the elements of the array. The field
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radiated by the array is:

N
E*(0) =ao- » EL(0), (5.7)
n=1
and its directivity is:
N 2
E5(0)
47“-|a’0|2 n=1 "
D) = )
(6) 20 2 (5.8)

If all the elements are matched and the mutual coupling sufficiently low, the accepted

power is the same for all the elements of the array. The total accepted power is:

Py =N - R, (5.9)

Where P is the accepted power for each element of the array. The directivity becomes:

N N
47T|CL0|2 Zl %(0) 47T|CL0’2 Zl |E$z(9)|2 1 N
D) = o= "= = — D; (0 1

where D¢ is the directivity of the n'" element when all the other elements are connected
to matched loads. The directivity of the array can be modified tuning the directivities,
or the gain, of the elements. Note that, under the considered circumstance and for

loss-less structures, we can indifferently talk of gain and directivity.

From a practical point of view, the procedure consists in selecting the element gain
proportional to the corresponding power in the equivalent excitation vector w. This
relation can be written as:

wil* _ Gi
’wn|2 Gn

, for 2<n <N. (5.11)

In such a way, we know the relation between gain of the elements of the array, but we

need to define the absolute values.

Since the ratio between the elements is defined, we need to choose the absolute gain for
a single element to derive the other ones. In this case, we set the gain of the first source
G1. It is worth noting that this value determines the bandwidth and the grating lobe
rejection, as it affects gain associated to all the array elements. If Gy is too low, the
roll-off figures of the element patterns will not be sufficient to reduce the grating lobe

below the desired threshold, as clear from the analysis in Section 4.1. For this example
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we set the first source to have a broadside gain equal to 12 dB. Table 5.3 shows the

derived gain for the other elements of the array.

HFSS is used to tune the values of the impedance sheet tiles. In fact, the analysis tool
in Chapter 2 can not be used in this irregular environment for the evaluation of the
radiation pattern. Note that considering a superstrate with different impedance tiles is
not equivalent to truncate the superstrate as we did in Section 4.2, since each element

radiates part of the energy in the neighbor tiles depending on the interelement spacing.

As shown in Fig. 5.17, the simulated structure consists of a linear array of 20 square
waveguide apertures along the x-axis on a ground plane, underneath the irregular su-
perstrate. The waveguides have a side equal to A9 and they are fed with a single TEq(
mode in y-direction. The interelement distance is 1.5 Ag. The irregular superstrate is
formed by 20 impedance tiles, with a length of 1.5 Ay on the x-axis, centered on the
apertures. Ground plane and superstrate are extended for a length of 4 Ay beyond the
waveguide array in both z- and y-directions. An impedance matching is needed to
correctly evaluate the final gain level of any single element in embedded configuration.
Since each element “sees” a different superstrate, it needs a different matching network.
The matching is performed using a single capacitive iris evaluating its parameters with

the method described in Section 2.2.3.

The tuning of the impedances needs the generation of several different configurations
in terms of impedance sheets and matching networks. For this reason, the HFSS user
interface results impractical. HFSS-MATLAB-API [75] has been used and expanded to
interface MATLAB with HFSS. In this way, MATLAB is used to select the parameters

of the structure, while HFSS is employed as the solver.

The final value of reactances found to synthesize the desired gain at element level is

reported in Table 5.3.

The radiation pattern of the array on the plane of the array (H-plane) is shown in
Fig. 5.19 at the design frequency. All the elements are fed with the same excitation, but
the SLL is close to —20 dB. The small difference compared to the predicted result is
given by the fluctuations of the radiation pattern of the elements in the position of the

first lobe. Also the grating lobe result filtered using this method.
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FIGURE 5.19: Simulated radiation pattern on the H-plane at the central frequency of
the irregular superstrate array of 20 elements fed with a uniform amplitude distribution.
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FIGURE 5.20: Frequency performance (HFSS simulation) of the irregular superstrate
array of 20 elements fed with a uniform amplitude distribution (H-plane).

The drawbacks of this solution arise looking at the frequency performance, reported in
Fig. 5.20. The SLL increases of almost 10 dB in a 4 % band. The bandwidth limitation

will be addressed in the following.

5.2.3 Performance Improvement

In Section 5.2.2 we demonstrate that it is possible to reduce the SLL of a linear array us-

ing the irregular superstrate. However, the structure suffers from important limitations
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in terms of bandwidth. In fact, the SLL quickly increases changing the working fre-
quency. To mitigate the dispersive behavior, the ratios between the gain of the elements

must be preserved along the band.

Two are the main parameters affecting the strong dispersion of the structure. The first
parameter is the dynamic of the equivalent excitation associated to the superstrate.
Having large dynamics, as in this case, let the radiation pattern of the different elements
varying differently with the frequency. On the other hand, a certain dynamic is needed to
bring the SLL from the level of the uniform excitation/regular lattice (—13.2 dB [11]) to
the desired value and to reach a lower SLL we need a larger dynamic. Targeting a fixed
level of side lobes, the dynamic can be reduced having a lower SLL as a starting point
or using a less demanding equivalent excitation law. The second parameter affecting
the dispersion is the gain of the element chosen as starting point. This gain must be
selected sufficiently high to filter the grating lobe [30], but an high gain increases the

dispersion.

In this section we present the most effective paths explored to reduce the dispersion of

the irregular superstrate array.

5.2.3.1 Excitation Law

As shown in Section 5.2.2, a key point in the design of the irregular superstrate array is
the definition of an equivalent excitation law. The latter, is not applied to the sources
but is used to choose the impedance of each superstrate tile. In particular, for a given
SLL, the excitation law determines the dynamic of the excitation. A narrower dynamic

would help to decrease the dispersion of the structure.

The MATLAB convex optimization toolbox CVX [74] is used for this scope. The exci-
tation law is found imposing a mask to the array factor AF(6) = 27]1\[:1 wy, eFkoTnsinb
where N is the number of elements of the array, w, is the excitation amplitude of the

n" element and z,, its position. We consider the main lobe pointing at y = 0, while a

maximum side lobe level p(#) is allowed over the angular region 7" on the plane of the
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TABLE 5.4: Taylor and CVX amplitude distributions for a linear array of 20 elements
numbered from the side to the center.

Element # 1 2 3 4 5 6 7 8 9 10
Taylor excitation [dB] 0 03 1 18 27 35 43 49 53 5.5
CVX excitation [dB] 0 0 0 0 0 25 25 37 3.7 3.7

array. These constraints can be expressed as:

AF(6y) =1
Mask (60) . (5.12)

|AF(0)] < p(0),v(0) €T

In this case, the goal of the optimization is to minimize the dynamic of the excitation,
described in the excitation vector w. The optimization problem can be expressed in a

mathematical form as follows:

min{max(w) — min(w)} subject to Mask, (5.13)

Let us consider, as example, the same linear array of 20 sources with interelement
distance equal to 1.5 )¢ analyzed in Section 5.2.2. Asking for a SLL p < —20 dB in
the angular region between the main beam and the first grating lobe, CVX evaluates
an excitation law with a dynamic of 3.7 dB, 1.8 dB lower than the one of the Taylor
distribution. The values of the excitation are reported in Table 5.4. Note that the
excitation is symmetrical with respect to the z-axis and we report just the values from

the side to the center of the array.

The comparison between the array factors computed with Taylor and CVX distributions
is shown in Fig. 5.21. The pattern evaluated with CVX respects the radiation mask and
the requested SLL is obtained with a sensible reduction in the dynamic of the excitation.

Also the beamwidth remains the same for the two configurations.

5.2.3.2 Element Spacing

Another way to reduce the dynamic and the dispersion of the structure, consists in using

an irregular array lattice.
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FIGURE 5.21: Array factor for the linear array of 20 elements fed with Taylor and
CVX-derived amplitude distribution.

As we have shown above, the SLL of a regular array with uniform illumination is equal to
—13.2 dB [11]. A certain excitation dynamic is needed to decrease the SLL to a desired
value. Having a more advantageous starting point would help to reduce the dynamic.

A way to decrease the SLL of the starting point is the use of an irregular lattice.

The idea is to consider an array of the same length as a reference one but with an
irregular, or sparse, array lattice. In this way, the starting point might have a lower
SLL and grating lobe level [15-17]. A side effect is given by the enhanced coupling due
to the fact that some of the elements of the array will be put closer to each other, as

remarked in Secion 4.1.1.

This method helps to reach the goal of increasing the band of the irregular superstrate
array. However, we do not use it in the following to avoid the mixture of too many

aspects in the design.

5.2.3.3 Beam-Forming Network

As explained above, one of the needs behind the idea of the irregular superstrate array
is to avoid complicated power distributions, simplifying the BFN. In this way, the BFN
might be realized using simple power dividers. However, the introduction of some irreg-

ularities in the BFN might help to reduce the dynamic associated to the superstrate.
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F1GURE 5.22: BFN made of 3 dB power splitters for the linear array of 20 elements.

TABLE 5.5: Amplitude distributions for a linear array of 20 elements with the BFN in

Fig. 5.22.
Element # 2 3 4 5 6 10
BEN distribution [dB] 0 0 0 0 3 3 3
CVX excitation [dB] 02 0 0 0 0 0 1.5 15 15 15
Resulting distribution [dB] 0.2 0 0 0 3 3 45 45 45 45

A way to reach this goal without overcomplicating the BFN consists in the appropriate

redistribution of the power dividers.

Instead of feeding all the elements with the same power, we create a network of simple
3 dB power splitters to feed the elements at the side of the array with a weaker amount
of power. This approach recreates an approximate tapered distribution, without compli-
cating the BFN. The result is a more convenient starting point to define the equivalent

excitation law, lightening the duty of the superstrate.

Considering the same linear array of 20 elements studied above, a possible layout for
a BFN introducing some tapering is illustrated in Fig. 5.22: the four elements at both
sides of the array are fed through an additional stage of power dividers and they receive

half of the power than the elements at the center.

CVX has been used to find the excitation law to apply to get the SLL < —20 dB. It is
reported in Table 5.5. The dynamic of the excitation addressed to the superstrate has

been reduced from 3.7 to 1.5 dB.

Figure 5.23 shows the array factor before and after the application of the excitation law.
Using the additional stage of power dividers, decreases the SLL of the starting point to
—16.6 dB. A reduced dynamic associated to the superstrate is, then, needed to decrease

the SLL below the desired threshold.
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FIGURE 5.23: Array factor for the linear array of 20 elements with the BFN in Fig. 5.22.

TABLE 5.6: Parameters for the irregular superstrate array of 20 elements numbered
from the side to the center.

Element # 1 2 3 4 ) 6 7 8 9 10
Gain [dB] 15 139 139 139 139 139 16.1 16.1 16.1 16.1
Reactance [-Q] 258 315 320 319 311 290 147 135 133 135

5.2.4 Irregular Superstrate Array Design

A new irregular superstrate array has been designed. The requirements are the same as
in Section 5.2.2, with a linear array of 20 elements, interelement distance equal to 1.5 Ao
and a requested SLL lower than —20 dB. Also in this case we use square waveguide
apertures as feeds, with the lateral size equal to A\g. The structure is the same as in

Fig. 5.17.

The array is designed for the band 19.7-20.2 GHz, typically used in the space-to-Earth
link [76].

For this design, the BFN presented in Section 5.2.3.3 is used. To compensate the residual
dispersion, we choose a SLL < —22.5 dB as threshold for the definition of the equivalent
excitation law, obtained using CVX (Section 5.2.3.1). Note that a trade-off is needed
for the choice of the threshold, as a more demanding value would lead to an increased

excitation dynamic.
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The gain value requested to the least directive element has been chosen a posteriori,
selecting the lowest value able to filter the grating lobe. This value is equal to 13.9 dB
with the chosen distribution. As explained in Section 5.2.2, the gain needed from each
element is associated to the equivalent amplitude distribution. These values are reported
in Table 5.6. In the same table, we show the value of reactance associated to each su-
perstrate tile to retrieve the respective gain. The impedance values have been evaluated
using HF'SS simulations with the same setup described in Section 5.2.2. The height of
the superstrate has been tuned to fulfill the requirements, and it is equal to 8.02 mm

(0.53 Ao).

The simulated radiation pattern on the plane of the array (H-plane) is shown in Fig. 5.24.
The side lobes and grating lobe remain below the threshold in the whole considered band.
Note that the radiation pattern remains below —40 dB in the angular region 6 > 50°

and is not shown in the figure.

A benchmark bare array has been designed to compare the performance of the irregular
superstrate array and it is shown in Fig. 5.25. The interelement distance and the overall
dimension is the same as for the irregular superstrate array. The feeds are square
waveguide apertures with side equal to 1.5 g, as the interelement distance, fed with a
single TE;g mode. In this case, a Taylor amplitude tapering has been applied to the
sources to get the SLL < —20 dB. The radiation pattern is reported in Fig. 5.26. The
requested SLL has been reached, but the grating lobe is 9 dB higher.

As shown in Fig. 5.27, the gain of the irregular superstrate array is ~ 1 dB higher that

the classic benchmark solution in the considered band.

To have a clearer view of the electromagnetic characteristics of the proposed structure,
we shown in Fig. 5.28 the matching of the array elements. The reflection coefficient is
lower than —10 dB in the considered band for all of them. Also, the mutual coupling
between neighbor elements is reported in Fig. 5.29. The elements at the center of the
array are the most directive ones and they present the highest level of mutual coupling,

about —18 dB.
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FI1GURE 5.24: HFSS simulation of the linear irregular superstrate array of 20 elements
in a 2.5% band: up to 50° (a) and an enlargement up to 10° (b).

FIGURE 5.25: Benchmark aperture array of 20 elements.
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FIGURE 5.26: HFSS simulation of the benchmark array of 20 elements in a 2.5 % band.
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FIGURE 5.27: Broadside gain of irregular superstrate and benchmark arrays.

5.3 Summary

In this chapter we presented novel techniques to control and reduce the SLL of LWA

arrays, necessary to use this solution for ground applications.

In the first section, a synthesis method for thinned LWA array has been presented. The
optimization procedure is based on the #; minimization of the excitation vector. The
goal is to minimize the number of sources keeping the radiated field inside a radiation
mask. The effects of the mutual coupling are considered during the optimization. The

use of the superstrate provides a reduction in the number of elements of the array. As
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FIGURE 5.28: Matching of the array elements.
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FI1GURE 5.29: Mutual coupling between neighbor elements.

shown in the example, a superstrate array working on a 7% band with the same gain

and SLL of a benchmark array can be designed reducing the elements of a factor 4.

In the second section we proposed the irregular superstrate array, a novel configuration

where the superstrate is divided in tiles with different reflectivity. With this method,

we can create an equivalent amplitude tapering using the different gain at element level,

feeding the elements with a uniform excitation. A linear array of 20 elements with

SLL < —20 dB and a gain 1 dB higher than a benchmark bare solution has been

designed in K-band, exhibiting the filtering performance in the desired 2.5 % band. The

prototype of this structure will be shortly realized and tested at ESA /ESTEC.
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Conclusions

This thesis has dealt with the possibility to enhance the performance of phased arrays
antennas for space application by using superstrate-like leaky-wave structures. The
structures considered are arrays of apertures on a ground plane, exciting leaky-wave

modes between a partially reflective superstrate and the ground plane itself.

This Ph.D. topic has been challenging from several points of view. Leaky-wave structures
are well-known antennas thanks to their capability of gain enhancement and pattern
shaping. However, these advantages come with an inherently narrow-band behavior
(I ~ 8% band) and an increased level of mutual coupling (up to —10 dB) in array
environment. These aspects are very challenging design limitations especially for space
communication applications, where the antenna solutions typically employed have high
aperture efficiency (higher than 80 %) and high-end performance. In addition, space
applications may require antenna with high gain (> 40 dB) and, therefore, electrically

large radiating apertures.

It has been clear since the beginning that studying these electrically large structures
using commercial simulators was not a convenient solution. On the other hand, approx-
imations at array factor level for phased array designs incorporating leaky-wave phe-
nomena could not be applied due to the strong impact of the mutual coupling among
the elements. In addition, periodic boundary conditions can not be enforced when ir-
regular lattices are considered, as in the framework of this thesis. The first part of the
doctorate studies has been devoted to the development of an in-house tool to analyze

these structures. This analysis tool is based on a Green’s function spectral approach

145
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and has been extensively illustrated in Chapter 2. It is capable to evaluate the radiation
characteristics of leaky-wave antenna arrays with the least level of approximation. Most
of all, it can evaluate in a fast and reliable way the scattering parameter of the structure,
so that the real embedded configuration can be studied. The main achievement obtained
through this code has been the ability to generate and characterize a huge amount of
superstrate structures in a short time, opening the way to the development of synthesis

procedures for leaky-wave-based phased arrays.

One of the first example of leaky-wave antenna designed exploiting the capabilities of
the analysis tool is presented in Chapter 3. The tool has been used to develop a uni-
versal synthesis method for the radiation pattern of leaky-wave antennas. Giving as
input a mathematical function, the synthesis tool returns the physical parameters of
the antenna structure with the required radiation pattern. The most interesting struc-
ture synthesized for space applications is an antenna radiating a flat-topped radiation
pattern. A demonstrator in X-band working in a 7% bandwidth has been manufac-
tured and tested at IETR, showing an excellent agreement with the predicted results.
The interest behind this kind of radiation pattern is its adoption as element pattern in
phased arrays for geostationary satellites minimizing the scan losses and suppressing the
grating lobes due to the large periodicity generally adopted for such applications. In the
same chapter, clearly devoted to the element pattern synthesis, a second novel antenna
design has been presented. It consists of a planar leaky-wave antenna using a truncated
superstrate to generate a cosecant-squared radiation pattern. The extreme simplicity of
the antenna makes it a very attractive solution. Also in this case, a design approach is

proposed.

In Chapter 4 we moved to the design of antenna arrays for space applications. In partic-
ular, the gain enhancement in the array configuration and the possibility to reduce the
number of elements of classical aperture antenna arrays are studied using the analysis
tool developed in Chapter 2. The first part of the chapter is focused on the design of
phased arrays for space and user segments. Different requirements in terms of gain,
array periodicity, and bandwidth lead to significantly different results, due to the mu-
tual coupling introduced by the superstrate. A parametric study on the reflectivity of
the superstrate and the interelement distance has been performed to understand and
quantify the effects on the coupling and on the bandwidth, helping us in the design of

the arrays for satellite link. The parametric study clearly shows that leaky-wave-based
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phased arrays are not always the best solution for the space segment. In fact, the com-
bined requirements of broad bands (8 ~ 14 %), large array periodicities (3 ~ 4 ) and
high aperture efficiencies (> 80 %) make the leaky-wave technology difficult to handle.
Conversely, in the user segment the superstrate structure can be fully exploited, be-
cause of the shorter periodicities and the narrower frequency bands of about 1 ~ 3 %.
In particular, it is shown that leaky-based structure with gain comparable with classical
solution can be achieved in 8 % bandwidth with a reduction of the number of elements
of the array. In the second part of the chapter, we presented the patch-superstrate an-
tenna, consisting of a Fabry-Perot cavity with a truncated superstrate able to enlarge
the bandwidth of regular leaky-wave structures. This novel configuration has been used
for the design of a dual-band array in Ka- and K-band for on-board satellite applications.
Comparing it to a classical dual-band horn array with the same periodicity and number
of element, the gain of the patch-superstrate array is 1 ~ 2 dB higher in the most part

of the considered bands.

The strength of the leaky-wave arrays is fully exploited in the two antenna designs pre-
sented in Chapter 5. In the first part of the chapter, the analysis tool developed in
Chapter 2 is used for the development of a synthesis procedure for thinned leaky-wave
arrays. The goal of the procedure is the minimization of the array elements maintain-
ing the radiated field inside a radiation mask, defined through the beamwidth and the
accepted side lobe level. Under those circumstances, the generated leaky-wave solutions
present a terrific reduction of the array elements, keeping gain levels comparable to the
classical aperture solutions. In the example, we designed a leaky-wave-based thinned
array working in a 7% band with a side lobe level lower than —20 dB. Using the super-
strate, we managed to reduce the number of array elements of a factor 4, with respect to
a classical aperture array solution. In the second part of the chapter, a novel configura-
tion, the irregular superstrate array, has been presented. The superstrate is divided in
tiles with different reflectivities and each element of the array presents a different gain.
This peculiarity is used to recreate a power tapering on the superstrate able to control
the side lobe level of the array, while the elements are fed with an uniform amplitude
distribution. A prototype demonstrator in K-band will be shortly manufactured and

tested at ESA/ESTEC.
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Future Developments

In this thesis we focused on the performance enhancement of phased arrays for satellite
applications using superstrate-like leaky-wave antennas. Several interesting solutions

has been studied, leaving space for improvement for both space and user segments.

We proved in Chapter 3 that the shaping capabilities of leaky-waves can be used to
enhance the performance of on-board satellite antennas. The benefits in terms of scan
losses and grating lobe rejection are undeniable, but to satisfy the requirements in terms
of aperture efficiency, the periodicity of the array must not be higher than 1.5 X. As clear
from the analysis in Chapter 4, some of the constraints between bandwidth, periodicity

and aperture efficiency should be relaxed to fully exploit the potential of this solution.

The specification for user segment, instead, allow the complete exploitation of the leaky-
wave technology. The reduced bandwidth needed for this application is the key point.
Besides the unsurprising gain enhancement shown in Chapter 4, the shaping of the
radiation pattern is, again, the most interesting feature. The superstrate structure
helps us to modify the radiation characteristics at element and array level, leading to
novel array configurations. High aperture efficiencies can be reached in narrow-bands

(1 ~3%) and small array periodicities (1 ~ 2 X).

The performance of the leaky-wave technology are exploited in the design of the thinned
array in Chapter 5. Using the tools of this method, the leaky-wave arrays can be finally
compared to classical solutions having the same radiation properties in terms of gain,
SLL and beamwidth. Further improvements are achievable using irregular array element
disposition. The resulting sparse array might reduce the side lobes and/or the number
of elements of the array. The procedures presented in literature for the design of sparse
arrays might be extended using the analysis tool developed in Chapter 2, as we did for

the thinned array case.

Also the irregular superstrate array presented in Chapter 5 makes use of the benefits
derived from the user segment specifications. This array is able to control the side lobes
and grating lobes using a superstrate with different impedance tiles. The array concept
might pave the way to a new branch of isophoric regular arrays with reduced side lobe

level. However, its benefit should be validated in planar configurations, where the effects
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of the mutual coupling become stronger, but a careful design of the the corresponding

feeding network might solve some of the design issues.
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