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RESUME

Les systémes de communication mobile évoluent rapidement, ce qui engendre une demande
croissante de débits de données plus élevés et de latence réduite, notamment pour les ser-
vices multimédias. Les fréquences millimétriques représentent une solution prometteuse, car elles
offrent une large bande passante disponible et permettent la conception de composants RF com-
pacts et économiques. Malgré ces avantages, les signaux haute fréquence présentent des limita-
tions en termes de portée de propagation et de capacité de pénétration. Ces limitations peuvent
étre surmontées grace aux antennes a formation de faisceau (beamforming). Lintégration des
capacités de commutation de faisceau avec d’autres fonctions dans une structure d’antenne re-
configurable améliore les performances du systéme tout en réduisant 'encombrement et les inter-
férences. Lun des objectifs clés de la recherche pour les systemes 5G futurs est de développer
des antennes de formation de faisceau a faibles pertes, compactes et économiques gréace a l'in-
tégration de métasurfaces. Dans ce contexte, cette thése présente une conception et une analyse
complétes d’antennes transmitarray reconfigurables fonctionnant aux fréquences millimétriques.

Les systémes d’antennes a balayage de faisceau se composent généralement de deux com-
posants principaux : une antenne d’alimentation et un panneau de métasurface. Une antenne a
fentes a guide d’ondes intégré au substrat (SIW) est d’abord proposée comme source rayonnante
en raison de son gain élevé, de ses faibles pertes et de sa grande capacité d’intégration. En pa-
ralléle, une antenne cornet imprimée en 3D est également congue et évaluée comme une solution
alternative bien connue et facilement simulable. Ces deux options d’alimentation offrent une flexi-
bilité de conception : I'antenne SIW est adaptée a une mise en ceuvre finale, tandis que I'antenne
cornet est privilégiée pour les simulations et les prototypes de premiere étape en raison de sa
géométrie simplifiée et de ses temps de simulation plus courts. Les deux antennes sont desti-
nées a fonctionner avec des panneaux de métasurface composés de cellules unitaires a phase
reconfigurable.

Le panneau de métasurface, deuxiéme composant principal, est réalisé a I'aide de cellules
unitaires basées sur deux concepts fondamentaux : I'utilisation du couplage mutuel de maniere
constructive avec la technique d’inversion de courant, et le principe de Huygens. Pour chaque
méthodologie de conception, le processus débute par une cellule unitaire passive. Aprés validation
réussie, une version active est développée afin de permettre une modulation de phase dynamique
et une reconfiguration du faisceau en temps réel.

Pour chaque type de cellule unitaire, une antenne transmitarray compléete, constituée d’un ré-
seau des cellules proposées, est simulée pour démontrer les performances de formation de fais-
ceau. La distribution de phase simulée et les diagrammes de rayonnement en champ lointain
confirment la formation de faisceaux directionnels aux angles souhaités, avec un gain élevé et un
niveau de lobes secondaires acceptable. Une analyse comparative met en évidence I'efficacité
des structures proposées a fournir des performances élevées avec une complexité relativement
faible.

En résumé, les résultats valident les antennes transmitarray reconfigurables proposées comme
une solution viable pour les applications aux fréquences millimétriques, offrant une plateforme a
faible colt, compacte et a haute efficacité, adaptée aux réseaux de communication sans fil 5G et
au-dela.

Xi






ABSTRACT

Mobile communication systems are advancing quickly which creates demand for faster data
speeds and reduced latency especially for multimedia services. Millimeter-wave frequencies re-
present a promising solution because they provide large available bandwidth and allow the crea-
tion of compact and cost-effective RF components. Despite their advantages high-frequency si-
gnals struggle with short propagation distances and weak penetration abilities which beamforming
antennas help to overcome. Combining beam-switching capabilities with other functions in one
reconfigurable antenna structure boosts system performance and saves space while reducing in-
terference. A key research objective for future 5G systems is to develop low-loss, compact, and
cost-effective beamforming antennas through the integration of metasurfaces. In this context, this
thesis presents comprehensive design and analysis of reconfigurable transmitarray antennas ope-
rating at mm-wave frequencies.

Beam-steering antenna systems generally consist of two primary components : a feeding an-
tenna and a metasurface panel. A Substrate Integrated Waveguide (SIW) slot antenna is first pro-
posed as the radiating source due to its high gain, low loss, and high integration capability. In
parallel, a 3D-printed horn antenna is also designed and evaluated as a well-understood and ea-
sily simulated alternative. These two feed options offer design flexibility : the SIW antenna is suited
for final implementation, while the horn antenna is employed in simulations and early-stage proto-
typing due to its simpler geometry and faster simulation times. Both feeds are intended to operate
in conjunction with metasurface panels composed of phase-reconfigurable unit cells.

The metasurface panel, the second main component, is realized using unit cells based on two
core concepts : using mutual coupling in a constructive way with current reversal technique and
Huygens’ principle. For each design methodology, the process begins with a passive unit cell. Fol-
lowing successful validation, an active version is developed to enable dynamic phase modulation
and real-time beam reconfiguration.

For each unit cell type, a complete transmitarray antenna comprising an array of the proposed
unit cells is simulated to demonstrate beamforming performance. The simulated phase distribution
and far-field radiation patterns confirm directional beam steering at desired angles, accompanied
by high gain and acceptable side lobe levels. Comparative analysis highlights the effectiveness of
the proposed structures in delivering high performance with relatively low complexity.

In summary, the results validate the proposed reconfigurable transmitarray antennas as the
viable solution for mm-wave applications, offering a low-cost, compact, and high-efficiency platform
suitable for future 5G and beyond wireless communication networks.

Keywords : Reconfigurable Antennas, Transmitarray Antennas, Beamforming Antennas, Millimeter-
wave Frequencies, Substrate Integrated Waveguide, Metasurface.
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SOMMAIRE RECAPITULATIF

A.1 Titre de la Theése en Francais

ETUDE ET CONCEPTION D’ANTENNES RECONFIGURABLES BASEES SUR DES META-
SURFACES AUX BANDES DE FREQUENCES MILLIMETRIQUES

A.2 Introduction

Les technologies de communication mobile sont devenues de plus en plus omniprésentes dans
la société, grace a I'utilisation répandue des smartphones et autres appareils mobiles. Par consé-
quent, les réseaux mobiles doivent répondre aux exigences croissantes des consommateurs en
termes de débits plus élevés, tout en faisant face a 'augmentation prévisible du volume de trafic,
qui croit a un rythme exponentiel. Dans ce but, les fournisseurs de services cellulaires s’efforcent
d’offrir des applications multimédias et vidéos de haute qualité avec une faible latence pour les dis-
positifs sans fil. Plusieurs avancées technologiques émergent indépendamment afin d’améliorer
de maniére significative les performances des systémes de communication sans fil. Lune de ces
avancées concerne l'utilisation des bandes de fréquences millimétriques (mm-wave), qui offrent
plus de spectres disponibles car elles sont en grande partie inexploitées. De plus, I'utilisation de
fréquences plus élevées permet d’obtenir des antennes et des circuits plus petits, rendant ainsi les
émetteurs-récepteurs RF plus abordables [1-3].

Méme si les hautes fréquences ont le potentiel de transmettre davantage de données, elles
sont limitées par leur incapacité a pénétrer et a couvrir de grandes zones. Ainsi, 'une des fagons
d’étendre la couverture a longue portée consiste a augmenter la puissance d’émission sans ac-
croitre le colt du systéme de communication. Cela peut étre accompli en utilisant un grand nombre
d’antennes, capables de gérer plusieurs utilisateurs simultanément. Ces antennes peuvent étre
pilotées par des systemes intelligents intégrant des techniques de formation de faisceaux (beam-
forming) et de MIMO (entrées multiples, sorties multiples). |l est donc nécessaire de congoir une
antenne capable d’assurer plusieurs fonctions en les intégrant dans un méme élément. Pour ré-
soudre les problémes d’interférence de rayonnement, cet élément doit pouvoir orienter le faisceau
dans une direction précise tout en évitant les faisceaux indésirables dans d’autres directions. Ainsi,
les antennes a commutation de faisceau, couramment utilisées dans les antennes a diagramme
reconfigurable, ont suscité beaucoup d’intérét dans les systémes de communication sans fil. Ces
antennes permettent de réduire significativement les signaux d’interférence et d’améliorer la ca-
pacité du systeme. En les utilisant, des fonctionnalités supplémentaires et des propriétés plus
flexibles peuvent étre obtenues, tout en occupant le méme espace physique, voire moins, que les
réseaux d’antennes intelligentes traditionnels [4-9].

Par ailleurs, pour répondre aux besoins futurs des consommateurs et de la technologie, les
sous-systemes et composants de formation de faisceaux doivent respecter certains criteres, tels
qu’une faible perte, une compacité et une facilité de fabrication. lls doivent également relever les
défis liés a la rentabilité de la conception et a I'utilisation de fréquences élevées. Par conséquent,
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I'objectif principal de cette these est I'étude et la conception d’antennes reconfigurables avec fonc-
tionnalité de beamforming dans les bandes de fréquences mm-wave.

A.3 Motivation

La demande en communication a haute vitesse entre de nombreux utilisateurs et appareils
de I'Internet des objets (loT) est appelée a croitre dans un avenir proche en raison de la montée
en puissance d’applications telles que les voitures autonomes, les vidéos en réalité virtuelle et la
chirurgie a distance. En réponse a ce besoin, une recherche approfondie sera menée sur les an-
tennes reconfigurables a capacité de dépointage de faisceau. Plus précisément, notre objectif est
de concevoir et de développer des antennes transmitarray innovantes a fréquences millimétriques,
en exploitant les propriétés uniques des métasurfaces.

A.4 Probleme

Une antenne reconfigurable est une antenne capable de modifier ses propriétés de rayon-
nement afin d’améliorer les systémes de communication sans fil en offrant des fonctionnalités
supplémentaires. Cette classification dépend du paramétre d’antenne pouvant étre ajusté dynami-
quement, incluant généralement la fréquence de fonctionnement, le diagramme de rayonnement
ou la polarisation. Pour modifier le diagramme, les courants électriques ou magétiques de la struc-
ture rayonnante peuvent étre changés en contrélant les propriétés des matériaux ou en incorporant
des éléments parasites autour de I'antenne principale [10].

De plus, plusieurs méthodes existent pour contrdler la direction du faisceau du diagramme de
rayonnement, notamment les antennes a lentilles intégrées (ILA) [11413], les antennes a onde
progressive [14,15], les réseaux adaptatifs [16], les réseaux phasés [17], et les structures actives
a bande interdite photonique métallique (AMPBG) [18]. Toutefois, chacune de ces technologies
présente des avantages et des inconvénients. Par exemple, les antennes a onde progressive sont
généralement encombrantes lorsqu’elles sont utilisées pour le dépointage de faisceau. Les ré-
seaux phasés requierent un contréle précis de I'amplitude et de la phase de chaque élément pour
orienter le faisceau, ce qui complique leur structure et augmente leur co(t de fabrication. De plus,
les structures AMPBG sont volumineuses avec des lobes secondaires élevés et une forte polari-
sation croissée.

Pour surmonter les complexités, la grande taille et le co(t élevé des techniques précédentes,
les chercheurs se sont réecemment tournés vers les métasurfaces pour le dépointage de fais-
ceau [19-22]. Dans [23], une antenne a dépointage électrique est créée en connectant une mé-
tasurface a des diodes varactors. En manipulant la tension de polarisation, une couverture de
360° du diagramme de rayonnement peut étre réalisée pour les modes a faisceau unique et a
double faisceau. Bien que les diodes PIN présentent un comportement non linéaire, elles sont
couramment utilisées pour reconfigurer la réponse électromagnétique (EM). En contrélant les ca-
ractéristiques de transmission et de réflexion des diodes PIN, il est possible de diriger les ondes
EM incidentes [24-28]. Par exemple, dans [29], 48 diodes PIN ont été utilisées pour réaliser le
dépointage, mais ce grand nombre d’éléments actifs a augmenté la complexité de la conception
et le colt de fabrication. Un autre chercheur a proposé une antenne a dépointage avec moins
d’éléments actifs insérés dans une géométrie cylindrique [30].
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A.5 Obijectif de la recherche

Lobjectif principal de cette thése est le développement d’'une nouvelle classe d’antennes trans-
mitarray reconfigurables avec capacité de formation de faisceaux pour les futurs systemes de
communication sans fil a fréequences millimétriques. Cette recherche est menée dans le cadre
d’'un projet financé par l'industrie, dans lequel I'entreprise partenaire a spécifié des objectifs de
performance clés, incluant une configuration d’antenne beamforming centrée a 28 GHz (fonction-
nant dans la plage 27-29 GHz), un gain réalisé supérieur a 16 dBi, et des lobes secondaires
inférieurs a —10 dB. Pour atteindre ces objectifs, étant donné qu’une antenne transmitarray re-
configurable pour le dépointage de faisceau comprend généralement deux composants principaux
- une antenne d’alimentation et un panneau de métasurface - cette thése se concentre sur la
conception et l'intégration de ces deux éléments. Ces composants sont intégrés pour former un
systéme transmitarray complet capable de dépointage dynamique du faisceau a des fréquences
mm-wave. Ainsi, les objectifs spécifiques de la thése sont :

» Concevoir et évaluer deux types d’antennes d’alimentation :
(1) Une antenne a fente intégrée sur guide d’onde (SIW) pour 'implémentation finale.

(2) Une antenne a cornet pour la simulation simplifiée et le prototypage.

» Concevoir et analyser des panneaux de métasurface composés de cellules unitaires a phase
reconfigurable selon deux principes, en configuration passive et active :

(1) Couplage mutuel avec technique d’inversion de courant.

(2) Principe de Huygens.

A.6 Méthodologie

Sur la base des objectifs de recherche, cette thése sera généralement réalisée en deux princi-
paux volets de travail.

A.6.1 Volet de Travail 1 (Antennes d’alimentation)

La technologie SIW (Substrate Integrated Waveguide) est une méthode efficace pour alimen-
ter des antennes planaires et des réseaux dans la bande des ondes millimétriques. Ces réseaux
d’alimentation seront utilisés pour alimenter des réseaux d’antennes mm-wave a I'aide de fentes
et de patches, comme illustré a la Figure [T.1]a. La conception de réseaux d’antennes basés sur
la technologie SIW promet un gain plus élevé, un fonctionnement a large bande, une faible perte
et une grande efficacité. De plus, I'antenne a cornet constitue une alternative simplifiée et bien
connue. Ces deux options d’alimentation offrent une grande flexibilité : I'antenne SIW est destinée
a I'implémentation finale, tandis que I'antenne a cornet, grace a sa géométrie plus simple et a la
réduction de la complexité de simulation, est préférée pour les premieres simulations et le proto-
typage. Les deux structures d’alimentation sont congues pour fonctionner avec des panneaux de
métasurface.
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FIGURE A.1 : (a) Conception d’un réseau d’antennes utilisant la technologie SIW servant de source pour les
antennes reconfigurables, concept proposé pour les antennes reconfigurables utilisant des structures de mé-
tasurfaces, (b) Vue éclatée, (c) Vue en perspective, (d) Concept de fonctionnement.

A.6.2 Volet de Travail 2 (Métasurfaces)

Dans la deuxieme partie, la recherche proposée se concentrera sur I'étude et I'investigation
de structures périodiques électromagnétiques accordables, notamment les métasurfaces, ainsi
que sur I'exploration de leurs propriétés pour améliorer les caractéristiques de rayonnement et le
gain des antennes reconfigurables mm-wave a diagrammes de rayonnement dynamiques, comme
illustré aux Figures[1.1]b-d.

Récemment, les métasurfaces ont suscité un grand intérét dans le domaine des antennes en
raison de leur capacité a contréler la propagation des ondes électromagnétiques. Ces structures
sont des réseaux planaires diélectriques ou métalliques périodiques qui peuvent effectuer un fil-
trage spectral, spatial ou angulaire des ondes électromagnétiques incidentes. Elles peuvent étre
configurées comme des surfaces transparentes ou opaques aux ondes électromagnétiques dans
une certaine bande de fréquence, ce qui permet de contrbler la propagation des ondes. Cette
technologie fascinante peut fournir des solutions innovantes et trés efficaces a des problémes
critiques de conception d’antennes. Plus particulierement, pour les antennes reconfigurables avec
fonctionnalité de formation de faisceaux, I'utilisation de structures de métasurfaces devient particu-
lierement attrayante [19-22]. En contrélant la propagation des ondes grace a ces structures, nous
pouvons concevoir de nouvelles antennes reconfigurables avec des capacités de beamforming.

A.7 Contributions

Les principales contributions de cette these peuvent étre resumées comme suit :

Stratégie d’alimentation double : Deux antennes d’alimentation différentes, une antenne
compacte a fente SIW et une antenne a cornet, ont été congues et utilisées. Cette approche
double offre une flexibilité pour I'implémentation pratique et I'évaluation par simulation.

Conception de nouvelles cellules unitaires : Deux méthodologies distinctes de conception
de cellules unitaires pour les transmitarrays millimétriques ont été développées, I'une basée sur le
couplage mutuel et la technique d’inversion de courant, et I'autre sur le principe de Huygens.
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Configurations passives et actives : Des versions passives et actives (1-bit) de chaque cel-
lule unitaire ont été réalisées. Les conceptions actives intégrent des diodes PIN pour permettre
une reconfigurabilité de phase et un dépointage dynamique du faisceau a 28 GHz.

Implémentation de transmitarrays : Les cellules unitaires proposées ont été intégrées dans
des panneaux transmitarray complets. Les capacités de beamforming ont été démontrées par des
simulations électromagnétiques complétes, confirmant le contréle directionnel et la manipulation
de phase.

Evaluation compléte des performances : Les systémes d’antennes proposés ont été analy-
sés en termes de gain, de niveau des lobes secondaires, de performance de formation de faisceau
et de compromis de conception. Les résultats confirment la viabilité des structures proposées pour
les futures applications sans fil haute fréquence, y compris la 5G et au-dela.

Ces contributions font progresser le développement d’antennes millimétriques reconfigurables,
offrant des solutions compactes, a faibles pertes et rentables pour les systemes de formation de
faisceau de nouvelle génération.

A.8 Structure de la Thése

La structure de la thése comprend six chapitres principaux, détaillés ci-dessous :

Chapitre 1 (Introduction) : Ce chapitre présente la motivation de la recherche, la probléma-
tique, les objectifs ainsi que la méthodologie. || donne également un apergu de la structure de la
thése avec une liste des publications associ€es et des distinctions regues.

Chapitre 2 (Revue de la littérature) : Ce chapitre couvre les avancées récentes et les résultats
de recherche sur les antennes transmitarray basées sur les métasurfaces. Les concepts clés tels
que les techniques de formation de faisceau, les métasurfaces reconfigurables et les compromis
de conception y sont discutés afin de justifier le travail proposé.

Chapitre 3 (Conception des alimentations) : Ce chapitre présente la conception et le dé-
veloppement de deux antennes d’alimentation différentes, y compris une antenne SIW et une
antenne a cornet, utilisées pour illuminer les structures transmitarray proposées.

Chapitre 4 (Cellule unitaire basée sur le couplage mutuel et I'inversion de courant) :
Ce chapitre introduit une nouvelle cellule unitaire passive 1-bit et une version active basée sur le
couplage mutuel et la technique d’inversion de courant pour améliorer le contréle du faisceau. Leur
performance en configuration transmitarray est évaluée.

Chapitre 5 (Cellule unitaire basée sur le principe de Huygens) : Ce chapitre présente la
conception et I'implémentation d’'une cellule unitaire fondée sur le principe de Huygens. Deux
versions de cette cellule ainsi que leurs configurations transmitarray respectives sont analysées et
compareées.

Chapitre 6 (Conclusion et perspectives) : Ce chapitre résume les principaux résultats de la
thése et discute des perspectives futures dans le domaine des antennes reconfigurables et des
technologies de formation de faisceaux a haute efficacité.
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1 INTRODUCTION

Mobile communication technologies have become increasingly ubiquitous in society, with the
widespread use of smartphones and other mobile devices. Hence, mobile networks have to meet
the increasing demands of consumers for higher data rates, and they will also have to deal with
the predicted surge in traffic volumes, which is growing at an exponential rate. To this end, cellular
providers are striving to offer superior-quality, low-latency video and multimedia applications for wi-
reless devices. Several technological advancements are emerging independently to attain a signi-
ficant enhancement in wireless communication system performance. One of these advancements
involves utilizing the Millimeter Wave (mm-wave) frequency bands, which offer more available spec-
trums since they are predominantly unused. In addition, the utilization of higher frequencies results
in the availability of smaller antennas and circuits, thus enabling RF transceivers to become more
affordable [1-3].

Even though high frequencies have the potential to convey more data, they are constrained
by their inability to penetrate and cover larger areas. Therefore, one way to extend coverage at
longer ranges is by enhancing transmitting power without raising the cost of the communication
system. One way to accomplish this is by using a large number of antennas, which can handle
multiple users simultaneously. These antennas can be operated by smart systems that incorporate
beamforming and Multiple-Input Multiple-Output (MIMO) systems techniques. Thus, it is necessary
to design an antenna that can perform multiple functions by integrating them into a single element.
To tackle the issue of radiation interference, this element should be capable of directing the beam
toward a specific direction while preventing unwanted beams in other directions. Hence, beam-
switching antennas, which are commonly used in pattern reconfigurable antennas, have garnered
a lot of attention in wireless communication systems. These antennas can significantly reduce
interfering signals and improve the system’s capacity. By employing these antennas, additional
functionalities and more flexible properties can be achieved, and they occupy the same or even
less physical space than traditional smart antenna arrays [4-9].

Furthermore, to meet the future needs of consumers and technology, the beamforming sub-
systems and components must fulfill certain criteria, such as being low-loss, compact, and easy
to manufacture. Additionally, they must address the challenges associated with designing cost-
effectiveness and working with high frequencies. Therefore, the primary goal of this thesis is,
study and design of reconfigurable antennas with beamforming functionality at mm-wave frequency
bands.



1.1 Motivation

The demand for high-speed communication between numerous users and Internet of Things
(loT) devices is set to increase in the near future due to the rise of applications like self-driving
cars, virtual reality videos, and remote surgery. As a response to this need, a comprehensive
research will be conducted on reconfigurable antennas with beam steering capabilities. Specifically,
our aim is to design and development novel and innovative transmitarray antennas at mm-wave
frequencies, leveraging the unique properties of metasurfaces.

1.2 Problem

A reconfigurable antenna is an antenna that can modify its radiation properties to enhance wi-
reless communication systems by providing additional features. The classification of this antenna
depends on the antenna parameter that can be dynamically adjusted, usually including operation
frequency, radiation pattern, or polarization. To change the pattern, the electric or magnetic cur-
rents of the radiating structure can be modified by controlling material properties or incorporating
parasitic elements around the primary antenna [10].

Moreover, there are several methods available to control the direction of the radiation pattern
beam, including integrated lens antennas (ILAs) [11-13], traveling-wave antennas [14,(15], adap-
tive arrays [16], phased arrays [17], and active metallic photonic bandgap (AMPBG) [18]. However,
each of these technologies has its own advantages and disadvantages. For instance, traveling
wave antennas are generally large when used for beam steering. Phased antenna arrays require
the precise control of the amplitude and phase of each element to steer the beam, which compli-
cates their structure and increases their manufacturing cost. Furthermore, the AMPBG is a bulky
structure with higher side-lobe levels and cross-polarization.

In order to address the complexities, large size, and high cost of the previously mentioned tech-
niques, researchers have recently started using metasurfaces for beam steering [19-22]. In [23],
an electrical beam-steerable antenna is created by connecting a metasurface structure with varac-
tor diodes. By manipulating the bias voltage, a 360° radiation pattern sweep can be achieved for
both single-beam and dual-beam modes. Although pin diodes exhibit nonlinear behavior, they are
commonly used to reconfigure the electromagnetic (EM) response. By controlling the transmission
and reflection characteristics of the pin diodes, it can direct the incident EM waves [24-28]. For
example, in [29], 48 pin-diodes were utilized to achieve beam steering, but this large number of
active elements increased the complexity of the design and the cost of fabrication. Another re-
searcher proposed a beam-steering antenna with fewer active elements inserted in a cylindrical
geometry [30].



1.3 Research Objective

The central focus of this thesis is development of novel class of reconfigurable transmitarray an-
tennas with beamforming capabilities for future mm-wave wireless communication systems. This
research is conducted within the framework of an industrially funded project, where the collabora-
ting company specified key performance targets, including a beamforming antenna configuration
centered at 28 GHz (operating over the 27-29 GHz range), a realized gain exceeding 16 dBi, and
sidelobe levels better than —10 dB. To acquire this, since a reconfigurable transmitarray antenna for
beam steering typically consists of two main components - a feeding antenna and a metasurface
panel - this thesis focuses on the design and integration of both elements. These components are
integrated to form a complete transmitarray system capable of dynamic beam steering at mm-wave
frequencies. Accordingly, the specific objectives of the thesis are :

» To design and evaluate two types of feed antennas :
(1) A Substrate Integrated Waveguide (SIW) slot antenna for final implementation.

(2) A 3D-printed horn antenna for simplified simulation and prototyping.

+ To design and analyze metasurface panels composed of phase-reconfigurable unit cells ba-
sed on two principles in both passive and active configurations :

(1) Using mutual coupling in a constructive way with current reversal technique.

(2) Huygens’ principle.

+ To integrate the feed antenna and metasurface panel, and to measure the performance of
the fabricated structures.

1.4 Methodology

Based on the research objectives, this thesis will generally be completed in two main work
packages.

1.4.1 Work Package 1 (Feed Antennas)

SIW technology is an impressive method to feed planar antennas and arrays in the mm-wave
band. These feeding networks will be used to feed mm-wave antenna arrays using slots and
patches, as illustrated in Figure [1.1]a. SIW-based antenna array design promises a higher gain,
broadband operations, low loss, and high efficiency. In addition, horn antennas is a simplified, well-
understood alternative. These two feeding options offer flexibility : the SIW antenna is intended
for final deployment, while the horn antenna, due to its simpler geometry and reduced simulation
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FIGURE 1.1 : (a) Antenna array design using SIW technology that will be used as a source for reconfigurable
antennas, the proposed concept for reconfigurable antennas using metasurface structures, (b) Exploded view,
(c) Perspective view, (d) Operating concept.

complexity, is preferred for initial simulations and prototyping. Both feeding structures are designed
to work with metasurface panels.

1.4.2 Work Package 2 (Metasurfaces)

In the second part, the proposed research will focus on the study and investigation of tunable
electromagnetic periodic structures, including metasurfaces, and exploring their properties to im-
prove the radiation characteristics and gain of mm-wave reconfigurable antennas with dynamic
radiation patterns, as shown in Figure[1.1]b-d.

Recently, metasurfaces have attracted a lot of interest in the antenna domain because of their
ability to control the propagation of electromagnetic waves. These structures are periodic dielectric
or metallic planar structures that can perform spectral, spatial, or angular filtering of the incident
electromagnetic waves. They can be configured as transparent or opaque surfaces to electroma-
gnetic waves at a specific frequency bandwidth, leading to control of the wave propagation. This
fascinating technology can provide innovative and highly efficient solutions for critical problems in
antenna design. More specifically, for reconfigurable antennas with beamforming functionality, it
would be more attractive to use metasurface structures [19-22]. By controlling wave propagation
using these structures, we can design new reconfigurable antennas with beamforming capability.

1.5 Contributions

The primary contributions of this thesis can be summarized as follows :

1. Dual-Feed Strategy : Two different feed antennas, a compact SIW-based slot antenna and a
3D-printed horn antenna, were designed and studied. This dual approach offers flexibility for both
practical implementation and simulation-based evaluation
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2. Novel Unit Cell Designs : Two distinct unit cell design methodologies were developed for
millimeter-wave transmitarrays, one based on using constructively mutual coupling and current
reversal techniques, and the other leveraging Huygens’ principle.

3. Passive and Active Configurations : Both passive and 1-bit active versions of each unit cell
were realized. The active designs incorporate PIN diodes to enable phase reconfigurability and
dynamic beam steering at 28 GHz.

4. Transmitarray Implementation : The proposed unit cells were integrated into complete trans-
mitarray panels. Beamforming capabilities were demonstrated through full-wave electromagnetic
simulations, confirming directional control and phase manipulation.

5. Comprehensive Performance Evaluation : The proposed antenna systems were analyzed
in terms of gain, sidelobe level, beam-steering performance, and design trade-offs. The results
confirm the viability of the proposed structures for future high-frequency wireless applications,
including 5G and beyond.

These contributions push forward the development of reconfigurable millimeter-wave transmi-
tarray antennas, offering compact, low-loss, and cost-effective solutions for next-generation beam-
forming systems.
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1.9 Outline of the Thesis

The thesis structure consists of six main chapters, detailed below :

Chapter 1 (Introduction) : The first chapter provides research motivation, establishes the pro-
blem statement, and presents both objectives and methodology. This chapter presents a summary
of the thesis structure along with a list of related publications and notable honors and awards.

Chapter 2 (Literature Review) : The review covers the latest advancements and research fin-
dings in metasurface-based transmitarray antennas. Key concepts such as beam steering tech-
niques, reconfigurable metasurfaces, and design trade-offs are discussed to highlight research
gaps and justify the proposed work.

Chapter 3 (Feed Design) : This chapter covers the design and development of two different
feed antennas, including a SIW antenna and a 3D-printed horn antenna configuration, which are
employed to illuminate the proposed transmitarray structures.

Chapter 4 (Unit Cell Design Based on Using Mutual Coupling in a Constructive Way and Current
Reversal Technique) : This chapter introduces a novel 1-bit passive unit cell and an active unit cell
design that leverages mutual coupling and current reversal techniques to enhance beam control.
Their performance in transmitarray configurations is evaluated.

Chapter 5 (Unit Cell Design Based on Huygens’ Principle) : The design and implementation of
unit cells based on Huygens’ principle are presented. Two versions of the Huygens-based unit cell
and their corresponding transmitarray configurations are analyzed and compared.

Chapter 6 (Conclusion and Future Work) : The chapter presents a summary of the thesis’s main
results and discusses future research possibilities in reconfigurable and high-efficiency beamfor-
ming antenna technology.
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2 LITERATURE REVIEW

This chapter provides a comprehensive review of metasurface-based reconfigurable transmi-
tarray antennas, with a focus on their beamforming capabilities at millimeter-wave frequencies.
Beginning with an overview of conventional beam steering methods, the discussion highlights the
limitations of traditional mechanical, analog, and digital approaches. The chapter then explores
foundational concepts of transmitarrays. Emphasis is placed on the evolution toward reconfigu-
rable metasurfaces, enabled by tunable elements such as PIN diodes and varactors. Recent trends
in analog/digital beam control, phase resolution, material innovations, and hybrid techniques are
studied. Finally, application-specific developments are analyzed across domains such as satellite
communication, vehicular sensing, base stations, and Unmanned Aerial Vehicles (UAV) platforms.

2.1 Introduction

Transmitarray Antennas (TAs) represent an innovative approach to achieve high-gain directional
beamforming in contemporary wireless communication networks. Transmitarray antennas direct
beams electronically by controlling the phase of waves passing through their planar unit cell arrays
without requiring mechanical movement.

There are several methods available to control the direction of the radiation pattern beam, in-
cluding Integrated Lens Antennas (ILAs), traveling-wave antennas, adaptive arrays, phased arrays,
and Active Metallic Photonic Bandgap (AMPBG). However, each of these technologies has its own
advantages and disadvantages. For instance, traveling wave antennas are generally large when
used for beam steering. Phased antenna arrays require the precise control of the amplitude and
phase of each element to steer the beam, which complicates their structure and increases their
manufacturing cost. Furthermore, the AMPBG is a bulky structure with higher side lobe levels
and cross-polarization. However, transmitarray antennas integrate the benefits of phased arrays
and lens antennas but eliminate the bulkiness and complexity found in conventional designs. The
importance of these antennas stands out in mmwave applications because traditional methods
struggle with financial cost and physical dimensions, as well as operational efficiency [31,32].

2.2 Fundamentals of Metasurface-Based Transmitarray Antennas

A transmitarray transforms a spherical wavefront from a feed source into a planar wavefront
using a transmission surface which consists of multiple unit cells. The transmission surface consists
of unit cells that deliver specific phase shifts which enable the creation of focused or steerable
beams. Metasurfaces function as two-dimensional metamaterial versions which enable detailed

13



p
Dq )
X
l.cnI\l ,\\Iull:ll:r g Spherical ens F

wave

| ak/ Li;

B |

Feeding S Feed

Iorn
(@) (b)

FIGURE 2.1 : (a) Sketch of the proposed ultrathin HMTS-based flat-lens antenna, (b) Phase compensation of
HMTS-based flat-lens antenna [35].

electromagnetic manipulation on subwavelength scales and thus prove ideal for high-performance
transmitarrays with reduced profiles [33,34].

2.3 Transmitarray Antennas and Beam Steering Techniques

2.3.1 Concepts and approaches

Transmitarray antennas, also called flat lens antennas or planar lenses, consist of an illumi-
nating feed and a transmissive surface populated with subwavelength unit cells. These elements
convert the feed’s spherical wavefront into a planar wavefront, creating high-gain, focused radia-
tion [35], as shown in Fig. [2.1] There are primarily three methods to design a transmitarray an-
tenna :

1) Receiver-Transmitter (RT) Configuration : Utilizes back-to-back receiver and transmitter
layers composed of unit cells, suitable for broadband and circular polarization, see Fig.

In [36], several transmitarray antennas operating at 60 GHz were designed and evaluated for
both linear and circular polarization, using a new three-layer unit-cell structure based on standard
PCB technology. Experimental results demonstrated gains of 22—23 dBi, a 1-dB bandwidth of 7%,
and a power efficiency of 50%, making these antennas promising candidates for low-cost, high-
data-rate applications in the V- and E-bands.

2) Metamaterial Transformation Lenses : Employ gradient index profiles inspired by transfor-
mation optics, offering broadband performance and wide-angle scanning.

As shown in Fig. a two-dimensional broadband low-loss Luneburg lens was designed using
complementary I-shaped metamaterial units, providing nearly constant effective parameters at low
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FIGURE 2.2 : Operation principle of a transmitarray based on RT configuration [36].

frequencies. Numerical simulations established the link between unit geometry and refractive in-
dex, and experimental validation showed good agreement with simulations, confirming strong fo-
cusing performance [37].
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FIGURE 2.3 : Experimental setup for the 2D Luneburg lens based on complementary I-shaped metamaterials,
and the fabricated sample of the Luneburg lens. [37].

3) Multilayer Frequency Selective Surfaces (M-FSS) : Stacked resonator layers providing
broadband and wide-angle beam steering, typically requiring three or more layers , as shown in
Fig.[2.4

In [38], a four-layer transmitarray operating at 30 GHz was designed using dual-resonant double
square ring unit cells, with a detailed procedure for both single-layer and cascaded four-layer confi-
gurations. The final design achieved a 7.5% -1 dB gain bandwidth and 47% radiation efficiency,
demonstrating a 50% improvement in bandwidth compared to previous transmitarrays.
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FIGURE 2.4 : Arrangement on multilayer transmitarray. .

2.3.2 Conventional Beam Steering Techniques and Limitations

Effective beam steering is crucial for mm-wave systems, where high path loss and blockage
sensitivity occur [31}/32]. Traditional techniques face several limitations :

1) Mechanical steering : Slow response time and mechanical wear [39H41], see Figure 2.5

(b) (c)
FIGURE 2.5 : Manufactured three lens antennas for mechanically beamsteering (a) [39], (b) and (c) [41].

A millimeter-wave indoor wireless system to support multi-Gbps data rates as a replacement for
short-range technologies like Bluetooth and PANs was investigated in [39]. To address the mobility
limitations of high-gain (20 dBi) directional antennas, a new antenna concept with automatic beam
tracking was developed. The system integrated the antenna with a simplified RF front-end and
tracking control algorithms, enabling low-cost and fully operational video transmission. In [40], a
steerable beam antenna was proposed based on a mechanically pivoting dielectric lens placed in
front of a stationary moderate-gain feed. The lens enabled beam steering in both elevation and
full azimuth while enhancing the gain up to 21 dBi over a wide bandwidth from 57 to 66 GHz. A
fabricated prototype demonstrated beam tilt from -45°to +45°in all azimuth directions, with scan
loss below 1.1 dB and radiation efficiency above 95%. The design was compact, low-cost, and did
not require rotary joints, with a total volume of approximately 3x3x3 cm? and lens weight under 10
grams.

2) Analog beamforming : High insertion losses and phase inaccuracies at higher frequencies

[42,/43], see Figure[2.6] a.
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3) Digital beamforming : High complexity, power consumption, and cost, particularly at mmwave
frequencies [42]/44], see Figure [2.6] b.

The analog beamforming technique uses one signal input per antenna through phase shifters
to direct the beam direction just like phased arrays do. Digital beamforming operates by sending
distinct digital signals to each antenna which enables precise control of power levels, phase set-
tings, and frequency adjustments.

Digital Digital 4
baseband [ baseband !

LKL

@ (b)

FIGURE 2.6 : (a) analog (b) digital beamforming.

(8]

4) Switched-beam and integrated lens antennas : Limited resolution and redundant hardware
[45].

In [46], a 16-switched-beam lens-based antenna was designed for smart repeaters in 5G wi-
reless systems operating from 24.25 to 27.5 GHz. The antenna achieved a coverage of +30° ho-
rizontally and from 0° to -20° vertically. Implemented with advanced materials and components,
the antenna demonstrated an overall loss of approximately 8 dB and maintained a realized gain
exceeding 11 dB across 80% of its coverage area; see Figure

FIGURE 2.7 : Switched-beam lens antenna [46].
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2.4 Emergence and Advances of Reconfigurable Metasurfaces

Metasurfaces consist of engineered subwavelength resonators capable of imparting abrupt
phase discontinuities. Huygens’ metasurfaces exploit electric and magnetic resonances, offering
complete phase control with negligible reflection, ideal for transmitarrays [33,/47,/48]. Recent ad-
vancements demonstrate that these metasurfaces can be dynamically reconfigured by integrating
tunable elements such as PIN diodes and varactors, enabling programmable beamsteering, as

shown in Figure [2.8/and [2.9][49-51].

Reconfigurable Flat Lens

; 3T o Power
Transmitter =) e Antenna
! ! : 4

Supplies.
9

' antenna

B f intine
\ = ’,' Radinting &
4 aperture
A -
-~
k]

1

USB Cable
To PC

Inductors

Zoom-in of RTA

Bias lines PIN diodes

Bias line control
board

FIGURE 2.9 : Photographs of (a) fabricated reconfigurable transmitarray prototype .
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2.5 Key Research Trends and Developments

2.5.1 Fixed vs. Reconfigurable Transmitarrays

The design of traditional fixed transmitarrays restricts them to static beam directions which
results in reduced adaptability for dynamic environments. Reconfigurable transmitarrays utilize tu-
nable components like PIN diodes and varactors to enable instantaneous beam steering while
dynamically adjusting radiation patterns. New developments show electronically reconfigurable
transmitarrays that direct beams without mechanical movement which improves their usefulness in

contemporary communication networks, see Figure [2.11][52,53].
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FIGURE 2.11 : Electronically reconfigurable transmitarray @I
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2.5.2 Analog vs. Digital Beam Control

Analog beamforming in transmitarrays offers continuous (or nearly continuous) phase control,
enabling fine-grained beam steering. However, it often suffers from complexity in control circuitry
and susceptibility to non-linearities. Digital beamforming, employing discrete phase states (e.g.,
1-bit, 2-bit), simplifies the control mechanism and enhances robustness but may introduce quan-
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tization errors. Hybrid approaches combining analog and digital techniques are being explored to
leverage the advantages of both methods [54}55].

2.5.3 1-Bit vs. Multi-Bit Phase Designs

The resolution of phase control in transmitarray elements significantly impacts beamforming ac-
curacy. 1-bit designs, offering two phase states (0°and 180°), are simpler and easier to implement
but provide limited beam steering capabilities. Multi-bit designs (e.g., 2-bit, 3-bit) offer finer phase
resolution, enabling more precise beam control at the cost of increased complexity and potential
insertion losses [56].

In [57], a broadband 1-bit reconfigurable transmitarray antenna (RTA) utilizing polarization ro-
tation elements was proposed. Each transmitarray unit cell consisted of two split circular rings
connected by narrow strips integrated with p-i-n diodes, sandwiched between orthogonal pola-
rizers serving as DC bias lines. By switching the diode states, the polarization orientation of the
emitted waves was rotated, resulting in a broadband 180 ° phase difference. A prototype with 16x16
elements was designed, fabricated, and measured. The measured results indicated a 3 dB gain
bandwidth of 45%, a 1 dB gain bandwidth of 17%, and a peak gain of 16.8 dBi with an aper-
ture efficiency of 18.4%. Additionally, the proposed RTA demonstrated effective beam-scanning
performance within a £40°range in two dimensions. In [58], an electronically steerable transmitar-
ray antenna operating at Ka-band, featuring 2-bit phase quantization per cell, was reported. The
transmitarray was composed of 14 x 14 unit cells, each incorporating four p-i-n diodes for phase
control. Experimental results demonstrated a scanning capability over a 120° x 120° window, with
a maximum gain of 19.8 dBi at broadside and a 3 dB fractional bandwidth of 16.2%. In [59], the
authors presented a 2-bit electronically reconfigurable transmitarray unit cell operating at Ka-band
was presented. The design consisted of six metal layers and three dielectric substrates forming
an antenna-filter-antenna structure, with two p-i-n diodes integrated on each patch for 2-bit phase
resolution. Fabrication and waveguide-based characterization demonstrated minimal transmission
loss between 1.5-2.3 dB and achieved a 3 dB fractional bandwidth of 10.1-12.1%.

2.5.4 Material Innovations in Transmitarrays

Material advancements significantly improve transmitarray performance :

1) Graphene-based metasurfaces offer dynamic control at THz frequencies due to tunable
conductivity.

In [60], a graphene-based metasurface for broadband mid-infrared cross-polarization conver-
sion was demonstrated. The design featured periodic graphene patterns on a metal-backed silicon
dioxide substrate and achieved a polarization conversion ratio exceeding 0.9 over a wide frequency
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range. The structure offered a 41.98% full-width at half-maximum bandwidth centered at 5.98 THz
and maintained effective performance up to a 40°incident angle for both TE and TM polarizations.
Field distributions and electromagnetic parameters supported the conversion mechanism, while
the ultrathin unit cell design confirmed its classification as a metasurface.

2) VO2-based metasurfaces enable thermally-triggered switching at THz applications.

In[61], a programmable vanadium dioxide (VO2) metasurface for terahertz (THz) beam steering
was proposed, utilizing the phase-change property of VO2 controlled by electrical stimulation. By
using a field-programmable gate array (FPGA), dynamic phase gradients were achieved across
the metasurface. In 1-bit coding, both periodic and aperiodic 24 x 24 configurations enabled wide-
angle beam scanning from -60° to +60°, while 2-bit coding with 18 x 18 sequences allowed finer
phase control and improved 3 dB diffraction efficiency. This programmable metasurface concept
offers strong potential for dynamic THz wave manipulation in future 6G wireless systems.

3) Multilayer Huygens’ metasurfaces achieve broadband, low-loss transmission.

In [62], a comprehensive overview of bandwidth-limiting factors in metasurfaces was provided,
and a semi-analytical broadband design methodology was also introduced. By integrating network
analysis with a genetic algorithm, the approach enabled the optimization of frequency-independent
circuit parameters for multi-layer transmissive metasurfaces, achieving desired complex transmis-
sion coefficients over a wide bandwidth. The method was demonstrated through the design of
quarter- and half-waveplate metasurfaces, showing improved bandwidth and efficiency. The ap-
proach also showed potential for mechanically tunable or reflective metasurfaces by modifying the
substrate structure or accounting for interlayer coupling effects.

2.5.5 Application-Specific Transmitarray Designs

Transmitarrays are increasingly tailored for specific applications, including :
1) Satellite communication : Compact, high-gain designs suitable for satellite terminals [63,64].

As shown in Figure a high-gain multi-beam transmitarray antenna operating at 30 GHz
was designed using a passive metasurface composed of three Rogers 5880 layers and four etched
copper layers. Beam steering was achieved through two-dimensional displacement of multiple feed
radiators, allowing independent control of beams in both azimuth (0°-360°) and elevation (0°-40°)
planes. The metasurface, initially synthesized with a uni-focal phase profile and later optimized
using a bi-focal distribution, achieved a peak measured gain of 34.2 dBi. The passive, low-cost,
and foldable design with no active components, makes it suitable for robust deployment in deep
space and next-generation satellite or mmWave 5G communication systems [65].

2) Vehicular Sensing and Communication : Fast switching arrays providing real-time object
detection and tracking [66,67].
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FIGURE 2.13 : Transmitarray antenna in vehicular sensing and communication .

In [68], a multi-bit transmitarray for Ka-band vehicular sensing applications was proposed, fea-
turing 400 unit cells with independently controlled phase and amplitude. The beam steering was
achieved through cell-specific phase compensation and amplitude tapering, optimized using a Ge-
netic Algorithm to minimize gain loss and side-lobe levels. Simulations and measurements showed
peak gains up to 27.2 dBi with side-lobe levels below -22.1 dB and cross-polarization levels below
-44 dB, confirming the TA’s effectiveness for high-gain, low-SLL millimeter-wave vehicular commu-
nication, see Figure[2.13]

3) Base stations : Beam-steerable and reconfigurable designs for dynamic user tracking and
interference reduction in mmwave communication systems [69}(70].

Figure [2.74] illustrates a transmitarray antenna with beam scanning capability for enhancing
communication in systems involving base stations. It adjusts the beam direction to maintain strong,
reliable links with other base stations and communication users. This capability improves the si-
gnal strength, reduces interference, and ensures robust connectivity within cellular networks. This
demonstrates the critical role of managing the beam direction for reliable communication [71].
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4) UAVs and drone communication : Lightweight and low-profile antennas with beam agility for
maintaining stable high-throughput links in mobile aerial platforms [72,/73].

In [74], the authors reviewed recent advances in conformal transmitarrays for UAV-based wi-
reless communications, emphasizing their potential for high-gain, multi-oeam performance in 6G

networks. It highlighted design challenges and emerging solutions for integrating efficient, aerody-
namic antennas on UAV platforms to support high-speed, millimeter-wave connectivity, as illustra-

ted in Figure 2.15

2.6 Conclusion

In this chapter, we presented a detailed literature review by exploring key papers, research
studies, and recent advancements in the field of transmitarray antennas. We examined various
beamforming techniques, highlighted the limitations of conventional approaches, and reviewed the
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evolution of metasurface-based transmitarrays with reconfigurable and application-specific desi-
gns. This comprehensive review provides a solid foundation and highlights the importance of trans-
mitarrays for high-performance millimeter-wave systems. With this knowledge, we now proceed to
the design and development of transmitarray antennas for beamforming purposes in the following
chapters.
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3 FEED ANTENNA

3.1 Introduction

Based on the research objective and methodology outlined in Chapter 1, beam-steering an-
tenna systems typically consist of two main components : a feeding antenna and a metasurface
panel. This chapter focuses on the design and development of the feed antennas required for
the proposed reconfigurable beamforming system operating at 28 GHz. Developing efficient and
practical feed solutions is a critical first step toward realizing the complete transmitarray system,
ensuring high gain, low loss, and effective excitation of the metasurface panel.

Two types of feed antennas are explored to address different design needs and implementation
stages. The first is a Substrate Integrated Waveguide (SIW)-based slot antenna array, selected for
its high gain, broadband operation, low loss, and excellent integration capability in millimeter-wave
systems. The SIW feed is intended for the final deployment of the beamforming system, where
compactness, performance, and integration are key.

The second is a 3D-printed horn antenna, designed and evaluated as a simplified, well-understood
reference configuration. Thanks to its straightforward geometry and reduced meshing complexity,
the horn antenna offers faster simulation times, making it a practical choice for early-stage testing
and prototyping.

By leveraging these two complementary feed options, the system offers flexibility in both si-
mulation and practical implementation. Both antennas are designed to operate in conjunction with
metasurface panels composed of phase-reconfigurable unit cells, as will be discussed in the follo-
wing chapters.

3.2 Proposed SIW Antenna

In the first part of this chapter, we focus on the study and investigation of SIW technology to
design mm-wave antenna feeding networks with low loss and high efficiency. This section intro-
duces the fundamental concepts of SIW , including key formulas and primary design guidelines. In
alignment with the project objectives of the industrially funded project presented in Chapter 1, the
target is to design an SIW antenna that achieves a gain greater than 16 dBi within the 27-29 GHz
frequency band.

It is important to note that although the general performance target for the complete transmi-
tarray system is a realized gain exceeding 16 dBi, the design goal for the SIW-based feed antenna
(intended for final implementation) is set above this threshold. This ensures sufficient margin to
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compensate for the potential gain reduction that may occur after integrating the feed with the me-
tasurface panel in practical scenarios.

SIW stands for Substrate Integrated Waveguide, which is a rectangular waveguide-like structure
in an integrated planar form, that is created by utilizing slots and two rows of conducting cylinders
embedded in a dielectric substrate that is electrically sandwiched by two parallel metal plates [75].
The modes of the SIW practically coincide with a subset of the modes of the rectangular waveguide,
namely with the T'E,,o modes, with n =1, 2, ... In particular, the fundamental mode is similar to the
T E19 mode of a rectangular waveguide, with vertical electric current density on the side walls. TM
modes cannot exist in the SIW, due to the gaps between metal vias : in fact, transverse magnetic
fields determine longitudinal surface current. Due to the presence of the gaps, the longitudinal
surface current is subject to strong radiation, preventing the propagation of TM modes [76-78].
Figure[3.1]a depicts the basic structure of SIW. The key design parameters of the SIW slot antenna
can be calculated by the following equations :

o= s (i) + (5)
e =0 — - 9§d2 . (3.2)

vg < /1\—8 (3.3)

vs < 20g (3.4)

Where, fcny, is the cutoff frequency for T'E,,,, mode, vd is via diameter, vs is via spacing, and
a.f f is the effective SIW width. The gap between center to center of slots has been considered as
Ag/2 whereas the gap between the last slot, and the closing face has been taken as \,/4 [2,78,79].

The proposed SIW slot antenna is designed based on the basic configurations, as shown in
Figure[3.1]b. In order to have a desired far-field characteristic, the array of four elements is formed,
as given in Figure [3.1lc. Then, the feeding network is designed for the proposed structure while
the elements are brought closer to each other, as just one column of vias is between elements for
making a panel of the proposed SIW slot antenna smaller, as shown in Figure d. In the last
step, the designed panels are placed in a form of a hexagonal shape, as given in Figure [3.1]e.

3D Radiation patterns of the proposed antenna for different excitations are demonstrated in
Figure Note, one panel of the proposed antenna configuration is excited at a time in the
hexagonal structure. This arrangement is suitable for achieving 360-degree coverage.

27



(e)
and (e) step 4 of the

Farfield Realzed Gain Abs (Phi=0)
Theta / Degree vs. dBi

(R
0100
0{030
0030
(R
01030
(R
0030
I{0j0
000
LR
01030
I{0j0
0040
(LKL
01040
(LRI
01030
{0
01030
1
01030
I
0040
I{0j0
01040
iy
Y
5]
Q

(©)

: (a) Basic structure of SIW slot antenna (b) step 1, (c) step 2, (d) step 3,

|
3“
u"
:
u"
:
"..
ﬂ"
|
E'
[
:
;HH:
()

z a -

5 5 5

= £ =

0 =0 =2

A & A
— e~ == ~ - - ~ a
WOOOOOQ 00000QO00000 m
9 YT £ 26
8 S m

o % i el

0O = e » + ~ 1W
0000000Y | 00000000000 =2
w @
e o
D Q
)
L o

FIGURE 3.2 : Radiation patterns of the proposed SIW antenna for different excitation ports.
It should be pointed out that the conventional microstrip line has been used to feed the pro-
posed structure. The part of the microstrip line that connects to the radiating section has been
28
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tapered to achieve better impedance matching. This design is referred to as the microstrip to SIW
transition [80]. Besides, the connector’s effect is considered during the design steps. To measure
the antenna performance, the designed SIW slot antenna is fabricated on a Rogers 5880 with a
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FIGURE 3.5 : Radiation pattern of the proposed SIW slot antenna in the E-plane at (a) 27 GHz, (b) 28 GHz, and
(c) 29 GHz, H-plane at (d) 27 GHz (e) 28 GHz (f) 29 GHz.

FIGURE 3.6 : Configuration of the beamforming structure using proposed SIW slot antenna.

relative dielectric constant of 2.2 and a thickness of 0.508 mm. Figure[3.3a and Figure [3.3]b show
the configuration and the prototype of the proposed SIW slot antenna, respectively.

The measured S, for different panels are shown in Figure[3.3]c, along with the simulated result.
Moreover, the transmission coefficients and gain are also provided in Figure [3.4la and Figure
[3.4lb, respectively. The simulated and measured results show a good agreement. Although the
reflection coefficient of the proposed antenna extends from 26 GHz to higher frequencies, our
focus is specifically on the 27 to 29 GHz range, as defined by the project objectives. All six panels
were measured individually; each time, one panel was excited while the remaining five panels were
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terminated with 50-ohm loads. Some differences between the measured results were observed,
mainly due to fabrication tolerances. Additionally, the isolation between the six ports was measured
and found to be better than -26 dB. Furthermore, the gain of the proposed configuration was
measured and compared with the simulated results for one panel. The maximum simulated gain
for a single panel is 20.2 dBi, and the gain remains above 18.7 dBi across the 27 to 29 GHz
frequency range. In addition, the corresponding radiation patterns are shown in Figure [3.5, where
the simulated and measured results agree well.

As explained earlier, an SIW slot antenna was designed and measured. To create the source for
the beamforming system, six of these SIW antennas were arranged in a hexagonal configuration.
This hexagonal assembly serves as the primary source antenna. Subsequently, a metasurface
panel is placed in front of each SIW antenna, also arranged in a hexagonal layout. Together, the
six SIW antennas and six metasurface panels form the complete transmitarray for beam-steering
system, enabling symmetrical and efficient control over the direction of the transmitted beam, as
illustrated in Figure [3.6]

3.3 Proposed Horn Antenna Configuration

In the previous section, the detailed design and validation of the SIW-based slot antenna array
were presented. This antenna is intended for the final implementation of the beamforming system
and serves as the primary radiating source in the proposed reconfigurable transmitarray configu-
ration. However, due to the complex geometry of the SIW structure, full-wave simulations in CST
Microwave Studio require a fine mesh and thus result in increased computational time. To address
this limitation and facilitate faster and more efficient simulations, a 3D-printed horn antenna is also
designed, fabricated, and evaluated. The proposed horn antenna serves as the second option
and acts as a simplified and reliable reference feed. Its well-known radiation characteristics, broad
bandwidth, and lower meshing complexity in CST make it an ideal candidate for early-stage simu-
lations, rapid prototyping, and experimental testing of the metasurface panels. Later in this section,
we demonstrate how six horn antennas can be used to achieve 360-degree beam control within
the beamforming system.

It should be mentioned that while off-the-shelf standard horn antennas are commercially avai-
lable and can be used in such test setups, their relatively large physical size poses integration
challenges in compact beamforming systems. In this project, where a 360 degree beam cove-
rage is targeted using a multi-panel transmitarray configuration, the physical footprint of the feed
antenna becomes a critical factor. Therefore, a custom compact horn antenna is designed and
fabricated to reduce the overall size of the complete system without compromising performance.
To this end, a 3D-printed WR-series waveguide horn antenna is developed. This design provides
high directivity, low insertion loss, and a well-controlled radiation pattern, ensuring effective and
uniform illumination of the transmitarray aperture.
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FIGURE 3.8 : Fabricated prototype of the proposed 3D-printed antenna.

TABLEAU 3.1 : Realized Gain of the proposed 3D-printed horn antenna.

26 GHz | 28 GHz | 30 GHz
Simulated Realized Gain 13.2 13.9 13.8
Measured Realized Gain 13 13.3 13.1

The configuration and fabricated prototype of the proposed 3D-printed horn antenna are shown
in Figure [3.7|and Figure [3.8] respectively. The proposed horn antenna is designed based on stan-
dard horn antenna principles, with specific modifications to suit the project requirements. The de-
sign process begins with the selection of a WR-series waveguide aperture. From this foundation,
the flare dimensions (the width and height) are optimized to achieve the desired radiation characte-
ristics while minimizing the overall physical length. This compact design enables fabrication using
PLA material via 3D printing. After fabrication, the horn is coated with copper to ensure proper
electromagnetic performance and is then connected to the WR waveguide interface. This approach
allows for a reduced-size horn antenna that remains effective for beamforming applications while
being suitable for integration within the limited space of the overall transmitarray system.

Figure[3.7]depicts the reflection coefficient and measurement setup of the proposed 3D-printed
horn antenna. The results indicate that the simulated S1; is below -18 dB, while the measured one
remains below -12 dB within the frequency band of interest.

The proposed antenna is specifically designed to operate at a center frequency of 28 GHz,
making it suitable for applications at mm-wave frequencies. At this frequency, the feed provides
a measured gain of 13.3 dBi, as given in Table which ensures a transmitarray a narrow and
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FIGURE 3.10 : The radiation pattern of the proposed 3D-printed horn antenna for different frequencies.

focused beam that can adequately illuminate the entire aperture of the transmitarray with minimal
spillover. High-gain feeds are essential in transmitarray designs because they reduce the amount
of energy radiated outside the aperture, thereby increasing the usable energy directed toward the
main beam and improving the overall aperture efficiency. The physical length of the feed antenna
is 26 mm, which reflects a compact form factor suitable for integration into planar or low-profile
array structures. Despite its compact size, the antenna maintains excellent performance which can
be seen from Figure This compactness is especially valuable when space constraints are
present or when the feed needs to be embedded into a conformal or portable system. One of the
most important aspects of feed design is its radiation pattern, which must be tailored to match
the focal geometry of the transmitarray. Uniform or properly tapered illumination is essential for
minimizing amplitude taper loss and suppressing side lobe levels. In this case, the feed exhibits a
very low side lobe level of —31.5 dB, indicating that the energy radiated into undesired directions
is significantly suppressed. This contributes to a cleaner main beam and reduces interference or
coupling with adjacent elements or devices.
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(d)

FIGURE 3.11 : (a) Proposed configuration of the transmitarray antenna, (b) etched layout for connections and
wiring, (c) proposed antenna enclosed with radome, (d) standalone radome structure.

To achieve full 360° azimuthal beamsteering using a transmitarray architecture, the system is
modularly designed by replicating a single panel that can steer beams within a +30° angular range.
As shown in Figure the complete configuration is composed of six identical transmitarray
panels arranged cylindrically around a central support structure. Each panel is optimized to operate
independently and steer the beam within its 60 ° field of view, ensuring seamless 360° coverage
when all six panels are integrated. The base plate provides mechanical stability and acts as a
shared platform for mounting all unit cells, feed elements, and control circuits. The configuration
supports electronic beamsteering across each sector, offering the potential for continuous scanning
without mechanical movement.

For practical deployment, especially in outdoor or mobile environments, the system is enclo-
sed within a hemispherical radome, as illustrated in Figure 3.71lc—d. The radome serves multiple
purposes : it offers environmental protection against dust, wind, and precipitation, while also pre-
serving the structural integrity of the transmitarray panels during operation and transport. Designed
with minimal electromagnetic interference, the radome material and shape are selected to ensure
negligible impact on the transmitted and received signals across the operating frequency band.
The dome’s geometry also supports uniform radiation across all panels by minimizing multipath
effects and preserving beam shape integrity. Additionally, enclosing the system in a radome en-
hances its stealth and mechanical robustness, making it suitable for real-world applications such
as wireless communication hubs, or satellite terminals that require both mobility and full azimuthal
scanning capability.
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3.4 Summary

This chapter presented the design, fabrication, and experimental validation of two feed anten-
nas operating at a center frequency of 28 GHz : a SIW-based slot antenna array and a 3D-printed
WR-series waveguide horn antenna. The SIW antenna was chosen for its compact size, low loss,
and high integration potential, making it the preferred solution for final deployment in the beamfor-
ming system. Meanwhile, the 3D-printed horn antenna was developed as a reference feed, offering
advantages in simulation and measurement due to its simplified geometry, broad bandwidth, and
reduced meshing complexity.

Both antennas were fabricated and characterized through full-wave simulations and measure-
ments. The results showed agreement, confirming the validity and robustness of the designs. The
dual-feed approach ensures flexibility in both experimental validation and practical integration.

These feed antennas can be easily employed to excite the metasurface panels introduced in
the following chapter. Next chapter (Chapter 4) will begin the design process of the reconfigurable
metasurface, starting with the unit cell, which serves as the fundamental building block of the
proposed beam-steering transmitarray system.
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4 UNIT CELL DESIGN BASED ON USING MUTUAL COUPLING IN A
CONSTRUCTIVE WAY AND CURRENT REVERSAL TECHNIQUE

Following the design and validation of the feed antennas in the previous chapter, this chapter
focuses on the development of the metasurface unit cell, the fundamental element enabling phase
manipulation in the proposed beamforming transmitarray system.

In this chapter, we explore a technique for unit cell design that leverages constructively mutual
coupling and current reversal techniques. This approach exploits the strong electromagnetic inter-
action between closely spaced radiating elements to manipulate the direction of the main beam.

To systematically understand and evaluate the beamforming mechanism, we begin by desi-
gning a passive unit cell. This helps establish the baseline phase response and transmission per-
formance without active components. Using the passive unit cell, we build a metasurface panel and
validate its beamforming capability in simulation. After confirming the functionality of the passive
system, we extend the design to a reconfigurable (active) unit cell by integrating tunable elements,
enabling real-time beam steering. A new metasurface panel is then constructed using these active
unit cells, and its performance is evaluated to demonstrate dynamic beam control. This chapter co-
vers both stages, passive and active unit cell design, and sets the foundation for full transmitarray
implementation.

4.1 1-Bit Passive Unit Cell Configuration

This section is based on the following publication :
P. PourMohammadi, H. Naseri, N. Melouki, F. Ahmed, Q. Zheng, A. Igbal, and T. A. De-

nidni, “A Wideband Beam Steering Transmitarray Antenna for Ka-Band Applications,” AEU-
International Journal of Electronics and Communications, 2025.

4.1.1 Introduction

Mobile communication technologies are now omnipresent in our society, thanks to the wides-
pread adoption of smartphones and similar devices [81,[82]. Hence, mobile networks face the chal-
lenge of meeting rising consumer expectations for faster data speeds while also coping with the
anticipated surge in data traffic, which is rapidly growing [83,84]. As a result, cellular providers are
working towards providing high-quality, low-latency video and multimedia applications for wireless
devices [85], [86]. Several technological advancements are emerging independently to enhance
wireless communication system performance significantly. One of these advancements involves
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utilizing the millimeter-wave frequency bands, which offer more available spectrums since they are
predominantly unused. In addition, the utilization of higher frequencies results in the availability
of smaller antennas and circuits, thus enabling RF transceivers to become more affordable and
compact [87], [88].

While high frequencies offer the potential to transmit greater amounts of data, they are limited
by their inability to penetrate and provide coverage over larger areas [89]. Therefore, one way to
extend coverage at longer ranges is by enhancing transmitting power without raising the cost of the
communication system. One solution to accomplish this, is by using a large number of antennas
that can handle multiple users simultaneously [27], [90], [91]. These antennas can be operated
by smart systems that incorporate beamforming and multiple-input multiple-output (MIMO) sys-
tems techniques [92,93]. Therefore, it is essential to design an antenna capable of multitasking by
consolidating various functions into a single component. Addressing the challenge of radiation in-
terference necessitates an element capable of directing the beam toward a specific direction while
mitigating undesired beams in other directions [4], [94]. Consequently, beam steering antennas,
frequently employed in reconfigurable pattern antennas, have garnered considerable attention in
wireless communication systems. These antennas offer a significant reduction of interfering signals
and enhancement of the system capacity. Integration of these antennas enables additional func-
tionalities and greater flexibility, often within the same or even smaller physical footprint compared
to traditional smart antenna arrays [95], [96]. Furthermore, to meet the future needs of consumers
and technology, the beamforming subsystems and components must fulfill certain criteria, such as
being low-loss, compact, and easy to manufacture. Additionally, they must address the challenges
associated with designing cost-effectiveness and working with high frequencies [97], [98].

Transmitarray antennas, also known as discrete lenses or flat lens arrays, have emerged as
a highly promising antenna architecture for a wide range of millimeter-wave applications to ad-
dress the above-mentioned limitations. This is primarily due to their impressive attributes, such as
high gain, beam-scanning, and beam-forming capabilities, along with their relatively low cost and
seamless integration into base stations [99].

There are two primary approaches for designing transmitarray antennas : the multilayer-frequency
selective surface method [100-103] and the receive/transmit method [36,/104]. The multilayer-
frequency selective surface method stacks multiple frequency selective surface layers, typically
more than three, which leads to a relatively high profile for the transmit array, as each layer is
usually thicker than 0.1 Ag. On the other hand, the receive/transmit approach only necessitates the
receive and transmit layers, which can result in a potentially thinner unit-cell thickness [[105./106].
Also, increasing the bandwidth is predominantly accomplished through the receive/transmit me-
thod. The structure of a transmitarray antenna in the receive/transmit approach consists of two
main components : a transmitter layer and a receiver layer, in which two layers are connected
by a circuit that controls the direction of those signals. The entire setup is powered by a central
focal source. Instead of using a separate circuit such as a phase shifter, the unit cells can be
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designed to fulfill the required phase. indeed, through precise control of the transmission phase
introduced by each unit cell, the transmitted signal from the focal source can be focused and
manipulated, facilitating beam-forming and beam-steering functionalities. However, a significant
challenge in the development of transmitarrays lies in designing unit cells capable of indepen-
dently varying their transmission phase across different frequency bands while minimizing insertion
loss [107], [108], [109,/110].

Transmitarray antennas have extensively been researched in the literature, focusing on their
performance, design, and applications in modern communication systems. Despite significant pro-
gress in enhancing beamforming capabilities, these antennas often face limitations such as a nar-
row bandwidth and modest gain enhancement. Consequently, developing high-gain and beam-
scanning antennas is essential for advancing millimeter-wave communication technologies. Achie-
ving a wide bandwidth and high aperture efficiency poses considerable design challenges that
must be addressed to meet the demands of modern communication systems [111]. The impe-
dance bandwidth, -3 dB gain bandwidth, and aperture efficiency of existing transmit arrays with
beam-steering capabilities are often suboptimal [112-115]. However, some research has yielded
promising results, though there is room for improvement. For instance, in [116], a transmitarray
antenna has been designed for intersatellite communications, using feed displacement, achieving
a 3-dB gain bandwidth of 19.1% with an aperture efficiency of 35%. In [117], researchers have
introduced a folded transmitarray antenna utilizing a Fabry-Perot polarizer, which exhibited an 18%
3 dB gain bandwidth and an aperture efficiency of 13.8%. The authors of [118] have presen-
ted an innovative Cassegrain-reflectarray-fed transmitarray antenna, incorporating amplitude and
phase distribution synthesis, resulting in a 36.9% aperture efficiency but only a 9.5% gain band-
width. In [119], a two-layer transmitarray antenna utilizing the mutual coupling of vias to collect
the transmission phase without extra substrate layers has been proposed, achieving an aperture
efficiency of 28% and a 3 dB gain bandwidth of 11.2%. In [120], a Ka-band transmitarray antenna
with mechanical beam steering was designed, showing an aperture efficiency of 13%. In [121], a
transmitarray developed using a unit cell featuring crossed-arrow geometry and a two-line sym-
metry structure achieves an aperture efficiency of 28.4% and a 3-dB gain bandwidth of 16.5%. A
planar lens antenna, utilizing metamaterials, was reported for spatial beamforming and multibeam
massive multiple-input multiple-output (MIMO) systems in [122]. The findings have showed that
the presented antenna attained an aperture efficiency of 24.5% within its operating bandwidth of
26.6-29 GHz (12%).

Although there have been significant advancements in designing transmitarray antennas, fur-
ther enhancements are still needed. Therefore, we aim to achieve a wider bandwidth with higher
aperture efficiency. The proposed transmitarray antenna addresses the shortcomings and posi-
tions it as a promising candidate for future wireless communication systems. In this paper, at first,
a wideband unit cell design is presented, strategically leveraging mutual coupling in a construc-
tive manner to form a transmit array. Following this, the source antenna (horn antenna) is excited.
The validity of the beamforming principle is confirmed through the utilization of a fully functional
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FIGURE 4.1 : Configuration of the proposed 1-bit unit cell (Wp = 1.13, Lp = 1.35, L1 = 0.34, W1 = 0.50, L2 = 0.25,
W2 =0.63, Le = 0.88, W3 = 0.38, L3 = 0.24, W4 = 0.7, L4 = 0.93, Lh = 0.46, s = 0.42, dvia = 0.2, dc = 1.17, all in mm).
metamaterial-based system. According to the results, a broad bandwidth of 33.3% is achieved,

with the antenna gain surpassing that of its feed by 12.22 dBi, reaching a value of 25.52 dBi at 28
GHz.

4.1.2 Proposed Passive Unit Cell

The configuration of the proposed passive unit cell is given in Figure 4.1] The unit cell employs
a 1-bit phase quantization (0° and 180°) aiming to decrease the insertion loss and minimize the
overall expense of the antenna system.

The proposed unit cell’s structure involves a modified patch array on top of the upper substrate
(Tx) and two modified patch arrays on the bottom of the lower substrate (Rx). These layers are
interconnected by a metalized via-hole with a diameter of 0.38 mm, centrally positioned within the
unit cell. Both components are fabricated on identical substrates made of Rogers RO3003 material,
featuring a dielectric constant of 3 and a thickness of 0.787 mm. These substrates are separated
by a copper ground plane with a thickness of 0.035 mm.

The method employed to alter the patch in the proposed unit cell involves constructively leve-
raging mutual coupling to achieve a broader bandwidth. Initially, a conventional array, composed
of two patches, is designed. Following this, adjustments are made to the patch shapes, and their
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FIGURE 4.2 : Vector plot of the current distribution on the proposed unit cell (a) top layer, (b) bottom layer at 28
GHz, and (c) the equivalent circuit model of the proposed unit cell.
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FIGURE 4.3 : Electric field on the proposed structure.

proximity to each other is fine-tuned. It is crucial to highlight the need for monitoring the surface cur-
rent between the patches to achieve an optimal distribution of in-phase current in both, as shown
in Figure[4.2]a and Figure [4.2]b. The equivalent circuit model of the proposed unit cell is presented
in Figure [4.2]c. In the proposed design, the patches and short pins act as an inductor, and the
gap acts as a capacitor. It is obvious that the direction of the current on the proposed structure in
both rectangular and half-elliptical patches is the same. To comprehend the operational principles
and assess the mutual coupling comprehensively, it is imperative to scrutinize the electric field
within the modified patch structure. The electric field within the proposed configuration changes
between rectangular and half-elliptical patches across different frequencies, as depicted in Figure
Notably, while the right patch maintains consistent intensity throughout the frequency band,
the intensity of the electric field gradually increases in the left patch (rectangular patch) up to 28
GHz. This phenomenon is also controlled by significant mutual coupling, which can solely be exa-
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FIGURE 4.4 : Simulated transmission results.

mined through full-wave techniques. Subsequently, the electric field intensity diminishes gradually.
Through the integration of these frequency-dependent amplitude variations, a broader bandwidth
is achieved. Note, this enhancement stems from incorporating two unit cells in one unit cell, half-
elliptical and rectangular-shaped patches, forming an array. The proposed structure is applied in
the transmitting layer, while two of the optimized structures, oriented in opposite directions by 180
degrees, are utilized in the receiving layer.

It is worth noting that we devised a unit cell design that combines the receiver-to-transmitter
structure with the current reversal technique. This unique architecture enables 1-bit resolution,
facilitating two distinct states (0° and 180°). This is accomplished by rotating the microstrip line
to patch 2 and patch 3, as shown in Figure The unit cell directs the incoming wave from the
receiving layer to the transmitting layer. By toggling the microstrip line between patch 2 and patch
3, the current direction is reversed, resulting in a phase shift from 0 to 180 degrees. Depending
on the polarity of the bias current, the incident field is transmitted either in phase or with a 180°
rotation, thereby generating a 1-bit phase shift (09180°). In other words, when patch 2 is on,
the current direction results in a phase shift of 0°, and when patch 3 is on, the current direction
produces a phase shift of 180°. This enables a 1-bit resolution, as the phase can either be 0° or
180°, depending on which patch is activated.

The results demonstrate a minimal insertion loss of less than -3 dB from 25.82 GHz to 38.57
GHz, equivalent to 45.53% at 28 GHz, which remains consistently low across both phase states, as
shown in Figure [4.4] The simulated insertion loss for the equivalent circuit model of the proposed
unit cell in ADS is also presented in Figure validating the performance of the design. In the
next section, the proposed unit cell is utilized to build a tranmsitarray antenna.
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FIGURE 4.5 : The schematic of a linear transmitarray antenna.

4.1.3 Transmitarray Configuration

The general schematic of the transmitarray antenna is depicted in Figure This structure
comprises a feeding antenna (source) that emits a quasi-plane wave and a metasurface slab po-
sitioned in front of the feeding antenna with a distance of F’, serving as a modifiable lens. The
metasurface lens with a length of D and a thickness of h is subdivided into N sub-wavelength
segments. Either the effective refractive index or the thickness of individual segments can be in-
dependently adjusted, resulting in varying phase (¢) shifts experienced by the transmitting elec-
tromagnetic wave within these segments. This functionality allows for precise control and radiation
orientation by incorporating phase adjustments among neighboring segments in a certain pattern
as needed. It means each sub-wavelength segment is viewed as a uniform substrate, and the al-
teration of the segment’s refractive index/thickness controls the resulting phase shift. The required
phase difference Ay is correlated with the refractive index difference (An = ny - n9), as shown
in (1). Similarly, the required phase difference Ay is correlated with the thickness difference of
segments (Ah = hy - ho), as shown in (2) :

Ap = ko.h.An (4.1)

Ay = ko.Ah.n (4.2)

in which h represents the thickness of the segments and k is the free-space wave vector. Given
the dielectric constant of the utilized substrate n = /e, .1, it suffices to ascertain for designing a
three-dimensional meta-lens using commercially accessible dielectric materials [123], [51].

However, achieving 1-bit phase quantization by changing the refractive index is not ideal. Fin-
ding two substrates with exactly the desired refractive indices is challenging, as materials with
exact properties are rarely available. Moreover, achieving 1-bit phase quantization by varying the
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thickness necessitates the use of two different material thicknesses. This approach results in a
non-planar transmitarray antenna, which is bulky and costly to manufacture [124].

Instead of relying on altering the refractive index and varying the thickness, a more practical
approach involves designing metasurface unit cells that provide 1-bit phase quantization (0 and
180 degrees) by utilizing mutual coupling and current reversal techniques. With this design, the
transmitarray antenna structure employs the same material and thickness for all unit cells, simpli-
fying the configuration and maintaining a planar structure. The desired phase shifts are achieved
through the interactions between neighboring cells, offering a more practical and efficient solution.

A transmitarray antenna aperture is made up of a planar array with N x N transmitting unit
cells and a source (feeding antenna), which is positioned on the z-axis at the point z = —7%.
Unit cells are utilized as passive phase shifters to steer the beam in the desired direction, thereby
controlling the incident beam produced by the source. Based on the array theory presented in [125]
and [126], the far-field radiation pattern for the transmission mode of the transmitarray antenna can
be represented as

’rmn - 7'3’

N N
_ ) [T
( (|Tmn_78|_rmn U)“‘J‘Pmn)a (4.3)

where 4 = Zsinf cos ¢ + §sinfsinp + 2 cosf. The terms f. (6, ¢) and fs (6, ») denote the unit cell
and source radiation pattern, respectively. The vectors 7, ,, and 75 represent the positions of the
mn-th unit cell and the source, respectively. k stands for the free space wave number. |T;,, ,,| refers
to the transmission magnitude of the mn-th element as determined from unit cell analysis.

To direct a beam to the intended angles iy (6o, ¥0), the phase of each unit cell must be adjusted
accordingly, as given by
7|

Pmn = k(|Fm,n —Ts| — 'Fm,n ’ @0) + @c, (44)

where ¢, is the phase constant, an optimized value for a 1-bit transmitarray antenna. Besides, this
highlights that the design of a transmitarray antenna relies on relative transmission phases instead
of absolute ones. In the proposed 1-bit unit cell design, if ¢, , € [-90°,90°], the phase of each
unit cell is zero, and is 180° for ¢y, , ¢ [—90°,90°].

It should be pointed out that the phase obtained for each unit cell may change as . changes,
leading to phase quantization errors. Therefore, selecting an optimized value for ¢. is essential for
the 1-bit transmitarray antenna radiation performance. By adjusting the phase differences between
rays passing through various segments, the outgoing wave can be aligned to travel in the desired
direction [21], [127], [128].
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4.1.3.1 Verifying the Beamforming Mechanism

To verify the beamforming mechanism, first two-dimensional simulations are carried out in
COMSOL software, where a linear metasurface lens with a length of L = 75 mm, and an array
of N = 15 dielectric unit cells with the size of P = 3 mm (less than \y/2 at 28 GHz). A transverse
magnetic (TM) polarized wave is used to illuminate the proposed meta-lens, with a pyramidal horn
antenna acting as the EM source. It should be mentioned that in this step, different refractive in-
dexes are defined in simulations for each dielectric unit cell column which will be realized later by
DC voltages applied to the PIN diodes in metasurface unit cells, see Eq. 4.1. As an example, the
desired achieved direction of the main beam (Theta = 25 deg.) is given in Figure

2000

(@) (b) (©)

FIGURE 4.6 : (a) Linear Metasurface Lens using single feed antenna (b) electric field at 28 GHz and (c) steering
the beam to Theta = 25 degree, in COMSOL.

(@) (b) (© (d)

FIGURE 4.7 : (a) Linear metasurface lens using the proposed horn antenna as a feed antenna, (b) steering the
beam to Theta = 0 degree, (c) steering the beam to Theta = 15 degree, (d) steering the beam to Theta = -30
degree.

Next, three-dimensional full-wave simulations of a linear metasurface lens are carried out using
the two feed antennas designed in Chapter 3 : the proposed horn antenna and the SIW-based
slot antenna. As shown in and Figure [4.8] the simulations were performed in CST Microwave
Studio to evaluate the beamforming performance at various angles. With the horn antenna as the
feed, simulations were conducted for 0°, +15°, and —30° to demonstrate directional beam steering.
For the SIW slot antenna, simulations were performed at 0° and —30°. The results confirm the
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beamforming principle and validate the operation of the metasurface lens composed of dielectric
unit cell columns, each exhibiting a different effective refractive index. Although both feed anten-
nas confirm the beam steering concept, the SIW slot antenna requires significantly finer meshing
in CST, resulting in longer simulation times. Therefore, to optimize computational resources and
prototyping efficiency, the horn antenna is used in subsequent simulations. However, the SIW an-
tenna remains a suitable candidate for final hardware implementation of the complete beamforming
system, ensuring design consistency with the project’s intended goals.

(@) (b) ©

FIGURE 4.8 : (a) Linear metasurface lens using the proposed SIW slot antenna as a feed antenna, (b) steering
the beam to Theta = 0 degree, (c) steering the beam to Theta = 30 degree.

4.1.4 Results and Discussions

After validating the beamforming concept, custom beam-steering software is employed to ge-
nerate specific phase distributions for beam-steering angles of 0, 30 and 50 degrees, as depicted
in Figure Then, a complete transmitarray antenna, sized at 21 x 21 (88.2 x 88.2 mm), is
considered and constructed using CST Microwave Studio 2022.

180
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FIGURE 4.9 : Initial phase distributions at (a) 0°,(b) 30°, and (c) 50°.
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FIGURE 4.10 : lllustration of (a) illumination loss, (b) spillover loss.

Therefore, a linear metasurface lens with a length of d = 88.2 mm, and an array of N = 21 unit
cells with the size of Ws = 4.2 mm is employed. A transverse magnetic (TM) polarized wave is
used to illuminate the proposed transmitarray antenna, with a pyramidal horn antenna with a gain
of 13.3 dBi at 28 GHz acting as an EM source. To enable beam steering at a specific angle, a
focal distance of 63 mm is set. By adjusting the phase differences among distinct rays traversing
segmented portions, the resultant wave can be precisely directed to the intended beam-steering
orientation.

It should be pointed out that the focus to the diameter ratio (F//D) is a crucial parameter for a
transmitarray antenna. Here, F' represents the distance from the phase center of the antenna feed
to the center of the array’s aperture surface, while D denotes the size of the aperture surface. As
the focal distance changes, the value for . also changes, resulting in quantization error. Thus,
the beam direction, gain, aperture efficiency, and side lobes are also affected. The parameters
that affect the efficiency of the transmitarray antenna are illumination losses and spillover losses.
Therefore, the F'/ D value should be selected carefully by considering low illumination and spillover
losses. Both excessively large and excessively small F'//D values can negatively impact the trans-
mitarray’s performance. To determine the appropriate F'/D, the electromagnetic waves from the
feed antenna should reach the aperture surface’s edge at about -10 dB relative to the center of the
surface. As shown in Figure a, the illumination loss increases as the focal distance decreases
from the optimized value of F' = 63 mm, and vice versa. Similarly, as depicted in Figure 4.10b, the
spillover loss increases as the focal distance increases from the optimized value of F' = 63 mm
and vice versa. To achieve high gain, low side lobes, good aperture efficiency, and to minimize the
illumination and spillover losses, the optimized F'/D = 0.7 value is chosen (at F//D = 0.7, the edge
illumination level is -10 dB).

It should be noted that the focal distance-to-metasurface diameter ratio F'/D directly affects
the phase distribution required for each unit cell in the transmitarray, as determined by Eq. 4.4. A
custom MATLAB code has been developed to calculate these phase values, taking design para-
meters such as the number of rows and columns, unit cell size and thickness, and focal point as
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FIGURE 4.11 : (a) Fabricated prototype with mounting block, (b) the measurement setup in the anechoic cham-
ber.
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FIGURE 4.12 : Simulated and measured normalized radiation patterns of the proposed TA at 28 GHz (a) E-planes,
and (b) H-planes for beam-steered at 0°, 30°, and 50°.

inputs. When the focal point is adjusted (i.e., the F//D ratio changes), the software recalculates
the phase distribution for all unit cells to accommodate the new focal point. This iterative process
ensures precise compensation for feed phase delay, optimizing beam-steering performance. The-

refore, the F'/ D ratio significantly impacts both the phase distribution and the overall transmitarray
performance by influencing illumination and spillover loss.
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FIGURE 4.13 : Simulated and measured peak gains and the corresponding aperture efficiencies.

The proposed transmitarray was fabricated, as illustrated in Figure [4.71la, and subsequently
measured in an anechoic chamber, as depicted in Figure 4.11]b. The outcome reveals that the
proposed unit cell effectively achieved precise beam-steering angles (0°, 30°, 50 °) with only a 1-bit
resolution. The findings from both measurements and simulations are in a good agreement, as

shown in Figure[4.12/and Figure [4.13]

At 28 GHz, the maximum peak gains recorded for 0°, 30°, and 50° beam-deflection angles are
25.52 dBi, 22.94 dBi, and 21.18, respectively. Furthermore, the measurement indicates maximum
peak gains of 24.95, 22.40, and 20.79 at 0°, 30°, and 50°, respectively. The -3dB gain bandwidths
range from 26.8 to 36.1 GHz (9.3 GHz) in simulation and from 26.4 to 35.3 GHz (8.9 GHz) in
measurement. This corresponds to approximately 33.3% and 31.7% -3dB bandwidth around 28
GHz for simulation and measurement results, respectively. In addition, the simulated/measured
levels of side lobes maintain values for the E-plane and H-plane are lower than -15.2/-14.1 dB and
-14.5/-12.5 dB for 0 degree, -13.8/-13.1 dB and -14.1/-13.5 for 30 degree, and -14.8/-14.2 dB and
-12.3/-11.1 for 50 degree, respectively.

A crucial parameter in the performance of antennas, especially in a transmit array antenna, is
aperture efficiency. The aperture efficiency of the proposed transmitarray antenna is calculated as
follows [[129,/130] :

A
I (4.5)
P Ap
2
4, =G (4.6)
41

eqp 1S the aperture efficiency, G is the antenna gain, and A, and A, are the effective and physical
area of the aperture, respectively.

The study presents the aperture efficiency achieved through simulation and measurement, with
values of 41.67% and 36.29% at 28 GHz for 0 °beam steering, 23.11 % and 20.41 % for a 30 °beam
deflection angle, and 15.41 % and 14.09 % for a 50° beam deflection angle. These findings high-
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light excellent, effective radiation performance. Both simulation and measurement results closely
align, with minor deviations attributed to fabrication and substrate tolerance errors. These findings
validate the underlying principle and functionality of the proposed beamforming concept.

TABLEAU 4.1 : Performance Comparison Between the Proposed Transmit Array Antenna and State-of-the-art
Transmit Array Antennas (\;, = Free Space Wavelength at the Lowest Frequency)

Phase Operating Maximum TA Thickness Aperture -3 dB Gain Beam Steering
Ref. Distribution Frequency Gain (dBi)/ (o) Efficiency Bandwidth Capability?/ Range

Range (GHz)  G.E. (dBi) 0 (%) (%) pabliity#//Rang

[117] (2018) 2-bit 28 252/11.2 0.1 13.8 18 No/0

[118] (2019) 360° 12 22.8/N.G. 1.53 36.9 9.5 No/0

[119] (2020) 360° 28 27/125 0.14 28 11.2 No/0

[120] (2023) 360° 30 25 /N.G. 1.6 13 N.G. Yes / 50

[121] (2024) 1-bit 28 20.8/15.6 0.08 28.4 16.5 Yes / 60

This work 1-bit 28 25.5/12.2 0.14 41.6 33.3 Yes / 50

Table provides a detailed comparison of the proposed transmitarray antenna (TA) against
state-of-the-art TAs, focusing on several key performance metrics. The comparison is based on
the phase distribution range, operating frequency, maximum gain (dBi)/gain enhancement (G.E.),
TA thickness, aperture efficiency, 3 dB gain bandwidth, and beam steering capability. The results
show that the proposed transmitarray antenna demonstrates superior performance across multiple
metrics. It excels in aperture efficiency and 3 dB gain bandwidth, indicating a more effective use of
its aperture and a wider operational bandwidth. While its maximum gain and gain enhancement are
competitive, its TA thickness is well-balanced, providing a compact design without compromising
performance. Additionally, its beam steering capability further enhances its applicability in various
advanced communication scenarios.

4.1.5 Conclusion

An innovative wideband 1-bit transmitarray antenna has been presented in this Section. The
key feature of this design is the strategic use of the current reversal technique and mutual coupling
in a constructive way, which significantly enhances the bandwidth within a compact metasurface
unit cell measuring 4.2 x 4.2 mm?2. The design incorporates a microstrip line in the receiving layer,
positioned in opposite directions across two patches, to achieve a 180° phase difference. This en-
sures the unit cell maintains a strong linear phase response throughout the operational bandwidth.
The effectiveness of this unit cell design has been demonstrated through a 21 x 21 transmitarray
antenna, which successfully enables beam scanning capabilities. The antenna has an aperture ef-
ficiency of 41.6%, with a -3 dB gain spanning from 26.8 to 36.1 GHz (a range of 9.3 GHz), resulting
in a bandwidth of 33.3% at a center frequency of 28 GHz. These features mark the high reported
aperture efficiency and gain bandwidth for a transmitarray antenna in the literature. This system
can adjust the beam direction, highlighting its potential as an ideal solution for advanced radar and
satellite communication applications.
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In the next section, we will design the active unit cell based on the proposed passive unit cell.
By "active unit cell", we refer to a configuration that includes PIN diodes, allowing for dynamic
phase control by simply switching the diodes on and off.

4.2 Active Unit Cell Design and Implementation

This section is based on the following publication :
P. PourMohammadi, H. Naseri, N. Melouki, and T. A. Denidni, “A 1-Bit Wideband Electroni-

cally Beam Steering Transmitarray for 5G Communication Systems,”in 2024 IEEE Interna-
tional Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting
(USNC-URSI), 2024.

As demonstrated in the previous section, we successfully designed and proposed a 1-bit pas-
sive unit cell. Using this passive unit cell, the beamforming concept was verified, and we were able
to steer the beam toward the desired direction angles, confirming the feasibility of the proposed
approach. In this section, building upon the validated passive unit cell, we present the design of
an active unit cell. The proposed active configuration incorporates PIN diodes to enable dynamic
phase control by toggling the diodes between On and Off states.

Before designing the proposed active unit cell, it is essential to accurately characterize the
PIN diode that will be integrated into the structure. The active metasurface performance relies on
diode impedance which varies with biasing conditions making precise modeling essential before
simulations and implementation.

4.2.1 PIN Diode Characterization

Two operational modes exist for the diode, ON and OFF states, which align with forward-biased
and reverse-biased conditions respectively. Every state generates a specific complex impedance
that influences both the phase and amplitude of the transmitted signal. To capture this behavior ac-
curately in CST Microwave Studio, the PIN diode is modeled using an equivalent RLC circuit. This
equivalent circuit is extracted based on the manufacturer’s datasheet specifications and verified
through S-parameter measurements where available.

Accurate diode characterization ensures that the simulated phase shift and transmission loss
closely match practical performance, enabling reliable full-wave design of the active unit cell. This
step is thus critical to ensure proper beam-steering functionality in the final reconfigurable trans-
mitarray system. In this work, the MACOM MA4AGFCP910 PIN diode is selected as the switching
element to enable binary phase control within each unit cell. To evaluate the suitability of the selec-
ted PIN diode for high-frequency switching applications in reconfigurable metasurfaces a detailed
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FIGURE 4.14 : (a) microstrip line with gap, (b) micro stripline with diode installed.

characterization is conducted in the K-band (26-30 GHz). The objective is to assess the diode’s
performance in terms of insertion loss (On state) and isolation (Off state), both of which are critical
parameters in dynamic beam-steering structures.

Step 1 : Fabrication and Baseline Measurement A microstrip transmission line was designed
and fabricated with a central gap to accommodate the PIN diode, as shown in Figure [4.14]a. This
initial configuration, without the diode, served as the reference structure. lts S-parameters are mea-
sured using a Vector Network Analyzer (VNA) to establish a baseline for subsequent comparisons.

Step 2 : Diode Integration and Performance Measurement The MA4AGFCP910 diode is care-
fully soldered into the central gap, as depicted in Figure [4.14lb, with appropriate biasing circuitry
implemented to toggle the diode between On (forward-biased) and Off (reverse-biased) states. The
same test structure is re-measured under both biasing conditions.

Insertion Loss (ON State) : The diode demonstrated an average insertion loss of -0.9 dB across
the 26—30 GHz frequency range. This indicates excellent conductivity in the forward-biased condi-
tion, with minimal signal attenuation.

Isolation (OFF State) : In the reverse-biased state, the diode achieved an isolation of approxi-
mately -12 dB, effectively attenuating signal transmission.

4.3 Proposed Active Unit Cell

As shown in Figure [4.15and Figure [4.16], the proposed active unit cell is a modified version of
the proposed passive unit cell in the previous section. The proposed unit cell consists of a modified
patch array located on the top side of the upper substrate (Tx) and two modified patch arrays on the
bottom side of the lower substrate (Rx). These layers are interconnected via a central metallized
via-hole with a diameter of 0.38 mm. Both substrates are fabricated using Rogers RO3003 material,
which features a dielectric constant of 3 and a thickness of 0.787 mm.

Additionally, several structural and functional modifications are introduced in the active unit cell
to enable electronic reconfigurability. On Layer 1 (the lower substrate), the bottom side hosts two
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Patch 1 Patch 2 Pin diode 1

Patch 3 Pin diode 2
(@) (b) (©
FIGURE 4.15 : The proposed active unit cell : (a) top view, (b) bottom view, (c) 3D view.
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FIGURE 4.16 : The stack-up of the proposed active unit cell.

modified patch arrays, each integrated with a PIN diode. The top side of this layer contains all RF
biasing lines. A square biasing pad is placed on the bottom side, and two blind vias connect this
pad to the top side for bias control. The two PIN diodes are oriented in the same direction and are
connected diagonally to the bias pad. The top corner of the square is connected to the cathode
(bottom terminal) of PIN diode 1, and its anode (top terminal) is connected to Patch 2. Similarly,
the bottom corner of the square is connected to the anode (top terminal) of PIN diode 2, whose
cathode is connected to Patch 3. When a voltage is applied from the bottom to the top of Layer
1, one of the PIN diodes becomes forward-biased (ON) while the other becomes reverse-biased
(OFF), due to their uniform orientation and shared biasing network. This configuration enables
a current reversal mechanism, in which the current is directed either toward Patch 2 or Patch 3,
resulting in a phase shift of 0° or 180°, respectively.

The proposed active unit cell builds upon the Rx-to-Tx topology of the passive design. However,
unlike the passive unit cell, where 1-bit phase modulation (0%180°) was achieved by rotating the
microstrip connections between Patch 2 and Patch 3, the active unit cell realizes the same functio-
nality electronically using PIN diodes. This design eliminates the need for rotation and offers fast,
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compact reconfigurability. The unit cell transmits the incoming electromagnetic wave from the re-
ceiving layer (Layer 1 bottom) to the transmitting layer (Layer 2 top). When Patch 2 is activated, the
current flows in one direction, producing a 0° phase shift. Conversely, when Patch 3 is activated,
the current flows in the opposite direction, producing a 180° phase shift. This approach enables
electrical switching between two phase states by simply changing the polarity of the applied bias,
supporting reconfigurable 1-bit beamforming within the metasurface array. Layer 2 (the upper sub-
strate) contains a modified patch array on its top side, while the bottom side is fully copper-clad to
serve as a ground plane. A through-hole via connects the top of Layer 2 to the bottom of Layer 1,
providing a direct signal path. Additional blind vias are used to connect the top and bottom sides
of Layer 2 for grounding, to connect the bottom of Layer 2 to the top of Layer 1, and to connect
the bottom and top of Layer 1 for biasing purposes. To ensure structural and electrical integrity, an
adhesive bonding layer made of Rogers RO4450F with a thickness of 0.1 mm is used to join the
bottom side of Layer 2 to the top side of Layer 1.

ssesceses i
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FIGURE 4.17 : Prototype of the proposed active unit cell (a) front side, (b) back side, (c) measurement setup to
measure the unit cell in the Wr34 waveguide.

Following the simulation step, the unit cell was fabricated using standard PCB manufacturing
techniques and subsequently tested to verify its electromagnetic performance. Measurements
were conducted using a WR34 waveguide setup, covering the target frequency range with high
precision as shown in Figure [4.17] The measured transmission and reflection coefficients sho-
wed strong agreement with the simulated results, indicating accurate realization of the design. The
unit cell successfully achieved the desired phase and amplitude characteristics, confirming the
effectiveness of the structure and the proper integration of its active components. Specifically, in
the desired frequency range from 26 to 30 GHz, the measured transmission magnitude remained
above -2.35 dB in both switching states : when PIN 1 is ON and PIN 2 is OFF, and vice versa.
Furthermore, a 180 degree phase difference between the two states was observed in the same
frequency band, verifying the intended 1-bit phase functionality of the proposed active unit cell. The
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FIGURE 4.18 : Transmission magnitude of the proposed active unit cell.
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FIGURE 4.19 : Transmission phase of the proposed active unit cell.

results of the transmission coefficient (magnitude and phase) are given in Figure and Figure
4.19i

The discrepancy between simulation and measurement results can be attributed to fabrication
tolerances and connector alignment, which remained within acceptable limits. Overall, the experi-
mental validation confirms the robustness, repeatability, and practical viability of the proposed unit
cell for high-frequency beam-steering and reconfigurable antenna applications.

To verify the beamforming concept employing the proposed active unit cell, a metasurface
panel consisting of a 14 x 14 array of unit cells is built. All unit cells in a row share the feeding lines
located on the top side of Layer 1. Each row is divided into two halves, where seven unit cells are
connected to the control board from the right side, and the other seven are connected from the
left side. Two blind vias from the bottom to the top of Layer 1 are employed for biasing. The via
on the right side biases the seven unit cells on the right half of the row, while the via on the left
side biases the seven unit cells on the left. This layout allows for independent and efficient control
of each half of the metasurface row using a minimal number of bias lines, as depicted in Figure
The combination of uniform diode orientation and the current reversal technique provides a
compact and scalable solution for 1-bit electronically reconfigurable beamforming. The complete
metasurface panel with biasing lines are shown in Figure [4.27]and Figure[4.22] illustrating the front
and back views, respectively.
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Front side View

FIGURE 4.21 : The front side view of the proposed beamfroming structure.

The proposed active unit cell was implemented in a 14 x 14 array configuration and simulated
accordingly. The resulting 3D far-field radiation patterns are presented in Figure [4.23 along with
the corresponding phase distributions. The phase distribution map illustrates which unit cells in the
14 x 14 array are assigned a phase shift of either 0° or 180°, thereby forming the metasurface
panel based on the required phase profile for beamforming. Table summarizes the simulation
results for two beam directions : 0° and 30°. At 0°, the structure achieved a peak gain of 19 dBi
with a side lobe level (SLL) of —13.8 dB. For the 30° beam direction, the gain and SLL were 17.4
dBi and —10.7 dB, respectively. The feeding source in these simulations is a horn antenna with a
nominal gain of 13 dBi.
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Backside View

FIGURE 4.22 : The back side view of the proposed beamfroming structure.
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FIGURE 4.23 : (a) Phase distributions and corresponding 3D radiation pattern beam at (a) 0° beam direction and
(b) 30° beam direction.

Furthermore, for practical implementation, two control board options have been considered for
biasing the PIN diodes : the EVAL-ADS5370 evaluation board and a custom-designed control board
developed at INRS. After the fabrication of the proposed structure, one of these control boards will
be selected and employed during the measurement phase.
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The fabrication files for the proposed metasurface panel have already been prepared. However,
as this project is funded by an industrial partner, financial constraints have delayed the fabrication
of the complete metasurface panel at the time of writing this thesis. Nevertheless, the measured
results of the active unit cell validate both the simulation outcomes and the underlying concept.
Additionally, since the passive version of the proposed transmitarray was successfully designed,
fabricated, and measured (as demonstrated in Section 4.1), we are confident that the active version
of the metasurface panel will also function as intended.

Once fabrication is complete, the structure will be integrated with the chosen control board,
followed by full measurement and evaluation.

TABLEAU 4.2 : Performance metrics for intended vs. achieved angles in simulation.

Intended Angle (degree) 0 30

Achieved Angle (degree) 0 28
Gain (dBi) 19 17.4
SLL (dBi) -13.8 | -10.7

4.4 Summary

In this chapter, we investigated a beamforming approach based on mutual coupling and current
reversal techniques. We began by designing and validating a passive unit cell capable of directional
radiation through controlled coupling effects. Building upon this foundation, an active 1-bit recon-
figurable unit cell was developed by integrating PIN diodes to enable dynamic phase switching
between 0°and 180°.

Both unit cells were implemented in full transmitarray panels, 21 x 21 for the passive and 14
x 14 for the active design. Simulation results confirmed the beam-steering capabilities of both
configurations, achieving high gain and low sidelobe levels at targeted angles. The horn antenna
was used as the feed to simplify system integration during validation.

The PIN diode was accurately characterized and modeled, and options for practical biasing
control were discussed. Fabrication files for the active metasurface panel were prepared, with
hardware prototyping and measurement planned for the next phase. These results validate the
feasibility of the proposed design and highlight its potential for compact, cost-effective, and high-
performance mm-wave beamforming systems suitable for 5G and future wireless networks.

A complete transmitarray composed of the proposed active unit cells has achieved directional
beams at 0° and 30° with peak gains of 19 dBi and 17.4 dBi, and side lobe levels of —13.8 dB
and —10.7 dB, respectively. The horn antenna served as the feeding source during the verification
phase to reduce system complexity and minimize the number of PIN diodes required. The perfor-
mance comparison confirmed the effectiveness of the proposed structure in achieving high gain,
wide bandwidth, and beam steering with low complexity.
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Figures to illustrate the configuration of the proposed metasurface panel using the
proposed active unit cell.

In the next chapter, we explore an alternative approach to unit cell design by Huygens principle,
offering a different perspective for achieving efficient beamforming.
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FIGURE 4.24 : The placement of the biasing lines in the proposed active unit cell in layer 1-top.
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These two vias connect the ground to one port of socket ports

FIGURE 4.26 : The socket ports and ground line in the layer 1-top.
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FIGURE 4.27 : The layer 1-bottom in the proposed active unit cell.
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5 DESIGN OF HUYGENS-BASED METASURFACE UNIT CELLS

In Chapter 4, we designed and analyzed metasurface unit cells (passive and active) based
on using mutual coupling in a constructive way and current reversal technique, enabling effective
control of transmitted phase while maintaining high transmission efficiency. That approach formed
the basis for both passive and active transmitarray implementations with promising beam-steering
capabilities.

In this chapter, unit cells will be designed based on Huygens’ principle, which allows for full
transmission and controllable phase shifts by balancing electric and magnetic responses, making
it highly suitable for millimeter-wave applications. We begin by designing a passive unit cell that
demonstrates beam control. After validating its performance, we extend the concept to an ac-
tive configuration by incorporating tunable components to enable dynamic beamsteering. For both
passive and active designs, full transmitarray panels are constructed and evaluated to verify their
beamforming capabilities.

5.1 Passive Unit Cell Designh and Implementation

This section is based on the following publication :
P. PourMohammadi, H. Naseri, F. Ahamed and T. Denidni, “A Wideband Transmit Array

based on Huygens’ Metasurface for Millimeter-Wave Applications,” in 2024 |IEEE Interna-
tional Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting
(USNC-URSI), 2024.

This section presents a transmit array antenna employing a wideband metasurface with high
gain for effective beamsteering at millimeter-wave frequencies. The proposed unit cell design is
based on Huygens’ principle. The unit cell exhibits minimal insertion loss, consistently maintained
across different phase states, and a transmission bandwidth spanning from 24 GHz to 30 GHz.
Subsequently, a transmit array antenna is constructed. The results indicate successful control of
the beam at desired angles with low sidelobe levels.

5.1.1 Introduction

In the dynamic landscape of modern communication systems, the demand for efficient and
high-performance antennas is ever-growing. Transmit array antennas have emerged as key players
in meeting this requirement, offering a transformative approach to wireless communication. These
antennas are designed to transmit electromagnetic waves in a controlled and precise manner,
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improving beamforming and enabling the antenna to focus its radiation pattern in specific direc-
tions [119]. Moreover, recent advancements in antenna technology have introduced the incorpora-
tion of metasurfaces to further enhance the capabilities of transmit array antennas. Metasurfaces
are engineered structures composed of sub-wavelength elements that manipulate electromagnetic
waves with unprecedented precision. By integrating metasurfaces into transmit array antennas, we
can tailor the antenna’s characteristics to achieve even greater efficiency and performance. The
utilization of metasurfaces allows for the fine-tuning of electromagnetic wave interactions, enabling
advanced control over the transmitted signals. This breakthrough technology enhances the anten-
na’s beamforming capabilities, enabling it to adapt to specific communication needs with exceptio-
nal accuracy [95,131]. The result is a synergy between transmit array antennas and metasurfaces,
leading to heightened signal strength, increased coverage, and enhanced communication reliabi-
lity. This innovative combination not only meets the needs of modern communication systems but
also paves the way for future developments in wireless technology [132].

To this end, the principal objective of this study is to improve and advance beamforming an-
tennas by employing metasurface, thereby facilitating the integration of 5G applications. In this
section, a wideband unit cell is proposed based on Huygens' Metasurface to construct a trans-
mit array. Subsequently, the source antenna (horn antenna) is excited, and the validation of the
beamforming principle is conducted through a fully operational metamaterial-based system. This
validation employs ray-tracing theory alongside the electromagnetic (EM) metamaterial technique.

5.1.2 Proposed Passive Unit Cell

The configuration of the proposed unit cell of Huygens' metasurface is depicted in Figure
[5.1] Based on the Huygens’ theory, a square double-layer metallic unit structure is proposed to
construct the Huygens' metasurface with both electric and magnetic dipole resonances at the
same time. It includes asymmetric square split rings and circular patches printed on two sides of
a Rogers RO5880 substrate with a dielectric constant of 2.2 and a thickness of 1.57 mm. The fre-
quency response of the unit cell is obtained by employing the frequency-domain solver in the CST
Microwave Studio 2022. The unit cell is exposed to a plane wave incident at a normal angle.

It should be mentioned that Huygens’ surface is created with the intention of controlling elec-
tromagnetic wavefronts through the manipulation of surfaces, achieved by engineering orthogonal
subwavelength electric and magnetic dipoles [133]. According to the Huygens theory, a Huygens
resonance can be excited with a total transmission when the orthogonally induced electric and ma-
gnetic currents are in-phase [50]. This requirement forms the basis of the Huygens’ metasurface
concept, which is governed by two key surface parameters : the normalized electric surface ad-
mittance (Ygs - n0) and the normalized magnetic surface impedance (Z;s/n0). An ideal Huygens’
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FIGURE 5.1 : The proposed unit cell (a) top view, (b) bottom view, (c) 3D view (d) transmit array based on the
proposed unit cell.

surface is realized when these two quantities are equal, satisfying the condition :
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This condition ensures that the electric and magnetic dipole responses are phase-aligned and
radiate constructively in the forward direction while suppressing backward reflection, enabling full
transmission with controllable phase.

To verify this condition, the surface parameters were extracted from full-wave electromagnetic
simulations by evaluating the reflection (511) and transmission (.S2;) coefficients of the unit cell. The
normalized admittance and impedance were calculated using the following expressions :

2(1 =521 — S11) Zwms _ 2(1 — S91 + S11)
14+ S +S11 " o 1+ 521 — S

Yes - -no =

These formulas describe the effective boundary response of the metasurface to normally in-
cident plane waves. At the design frequency of 28 GHz, the extracted values show strong agree-
ment : the real parts of Ygg-n9 and Zy,s/no were found to be 0.12 and 0.11, respectively, confirming
low-loss performance. The imaginary parts, 2.45;5 and 2.47j, demonstrate excellent phase balance
between electric and magnetic responses. This close alignment confirms that the unit cell satisfies
the Huygens’ condition at 28 GHz, enabling high-efficiency, reflectionless transmission and full-
phase control across the aperture, which are essential for applications such as flat-lens antennas
and reconfigurable beamforming systems.

Transmission amplitudes for different transmission phases are illustrated in Table These
simulated phases are used to construct the 2-bit transmit array antenna. It shows that by varying
the parameters of the geometry, the proposed unit cell provides 360-phase shift variation with low
transmission loss, as given in Figure 5.2l The configuration used to simulate the transmission cha-
racteristics (both magnitude and phase responses) of the unit cell is based on periodic unit cell
boundaries and Floquet ports. The results indicate minimal insertion loss, which remains consis-
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TABLEAU 5.1 : Unit cells with transmission performance.

Unit cell Tran. Tran. w L g m n r t d
Phase Amp.

#1 0 -0.03 28 | 53 135|108 ]02 15 ]02]0.1

#2 -90 -0.24 28 | 49 |1 08 104 |07 04|15

#3 90 -0.31 57 |53 (25108 |04 |13 (02|01

#4 180 -1.36 28 |53 135108 104 |15 [02]29

#Unitcell1 #Unitcell2 # Unitcell 3 # Unitcell 4

Transmission Phase
Transmission Magnitude

Frequency (GHz)
FIGURE 5.2 : Simulated transmission results.

tently low across four phase states. Additionally, the unit cell exhibits a broad 3-dB transmission
bandwidth spanning from 24 GHz to 30 GHz. Note that all the necessary phase compensation,
ranging from 0 to 360 degrees, can be achieved. Since our objective is to implement beamforming
using a 2-bit transmit array, this leads to the acquisition of phases at 0, 90, -90, and 180 degrees.
In the next section, the proposed unit cell is used to construct the transmit array.

5.1.3 Transmitarray Configuration

As discussed earlier in Section 4.1.3, the schematic of a generalized transmitarray antenna
is illustrated in Fig. It consists of a source antenna that generates a quasi-plane wave and
a metasurface slab located at a distance F' from the source antenna, acting as a tunable lens.
The aperture of a transmitarray antenna consists of a planar array containing NxN transmitting
unit cells, along with a source antenna located on the z-axis at z = —75. The unit cells act as
phase shifters, enabling the beam to be directed toward the desired direction by manipulating the
incident beam generated by the source. According to the array theory outlined in [125] and [126],
the far-field radiation pattern of the transmitarray antenna in transmission mode can be expressed
as
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where 4 = 2 sin 6 cos ¢ + § sin 0 sin ¢ + Z cos 6.

fe(0, ) and f(6, p) represent the radiation patterns of the unit cell and the source, respectively.
The vectors 7, , and ; denote the positions of the mn-th unit cell and the source. The symbol &
refers to the wave number in the free space. |1}, | indicates the transmission magnitude of the
mn-th element, derived from unit cell analysis.

To steer a beam in the desired direction iy (6o, v0), the phase of each unit cell must be appro-
priately adjusted according to the following expression :

Pmn = k (lFm,n - Fs| - Fm,n : '&O) + ©e, (52)
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where ¢, represents a phase constant optimized for a 1-bit transmitarray antenna. This empha-
sizes that the design of a transmitarray antenna depends on relative transmission phases rather
than absolute ones. In the proposed 1-bit unit cell configuration, if ¢, , € [-90°,90°], the phase of
the unit cell is set to 0°, whereas it is set to 180° for ¢y, », ¢ [—90°,90°]. Itis important to note that the
phase of each unit cell can vary with changes in ¢., potentially causing phase quantization errors.
Hence, selecting an optimal value for ¢, is crucial to ensuring the radiation performance of the 1-bit
transmitarray antenna. By fine-tuning the phase differences between rays passing through different
segments, the outgoing wave can be directed to propagate in the desired direction [127], [128], [21].
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FIGURE 5.5 : Beamsteering performance at three different angles at 28 GHz in simulation.

A transmitarray employing a full metasurface structure with a size of 15 x 15 is constructed
using the proposed unit cell. The entire array covers an area of 88.5 mm x 88.5 mm, as illus-
trated in Figure 5.7ld. To verify the effectiveness of the proposed design, the array is subjected
to TM-polarized radiation from a horn antenna in experimental testing. To manipulate the phase
distributions for steering the beam at three different angles (0°, 15°, and 30°), we established a
focal distance of 61.5 mm and adjusted key parameters using CST Microwave Studio 2022. Cus-
tom beam- steering software generates phase distributions for various beam-steering angles, as
illustrated in Figure[5.4] The transmitarray based on the proposed unit cell achieved precise beam-
steering angles with only a 2-bit resolution, as depicted in Figure The summary provided in
Table Il (shown in Figure[5.5) confirms these findings, validating the fundamental principle and ope-
rational mechanism underlying the proposed beamforming concept. Notably, the antenna achieves
a gain of 19.1 dBi at 28 GHz when the beam is steered to broadside (0°), which is 6.1 dBi higher
than that of the feed antenna. The corresponding sidelobe level is —15.8 dB, indicating strong sup-
pression of undesired radiation. When the beam is steered to 15°, the peak gain slightly decreases
to 18.7 dBi with an SLL of —14.2 dB. At a steering angle of 30°, the gain remains relatively high at
18.3 dBi, while the SLL is —12.6 dB. These results confirm the transmitarray’s capability to maintain
high gain and low sidelobe performance across a range of beam-steering angles, demonstrating
the effectiveness of the proposed Huygens metasurface unit cell design.
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5.1.4 Conclusion

In this section, a novel transmissive unit cell has been designed using Huygens’ metasurface.
The proposed unit cell exhibits complete 360° phase control while maintaining high transmission
levels. Simulation results confirm its strong performance across the desired frequency band. This
passive unit cell was then used to construct a transmitarray antenna, demonstrating effective beam-
steering capability, making it a promising candidate for practical applications such as radar and
wireless communication systems.

In the next section, we extend this design to an active unit cell by integrating tunable compo-
nents. Based on this reconfigurable unit cell, a new active transmitarray will be built and evaluated
to enable dynamic, real-time beamsteering.

5.2 Active Unit Cell Design and Implementation

This section is based on the following publication :
P. PourMohammadi, H. Naseri, N. Melouki, F. Ahamed, and T. Denidni, “Single-Layer Elec-

tronically BeamSteering Transmitarray Antenna for the Ka-band Applications,” in 2025 IEEE
International Symposium on Antennas and Propagation and USNC-URSI Radio Science
Meeting (USNC-URSI), 2025.

This section introduces a novel 1-bit single-layer transmitarray antenna that utilizes a wideband
metasurface to enhance gain and enable efficient beamsteering at millimeter-wave frequencies.
The unique design of the unit cell is based on Huygens’ principle and incorporates two metallic
T- and E-shaped patches, printed on both sides of a dielectric substrate. The E-shaped patches
are rotated 90 degrees and positioned above the T-shaped patches. Furthermore, 44 holes are
employed to lower the permittivity of the substrate and improve the transmission efficiency. In ad-
dition, PIN diodes are integrated into the T-shaped patches, and two microstrip lines are added
to the sides of the patches. The microstrip lines act as biasing lines for the PIN diodes, with one
connected to the arm and the other to the bottom of the T-shaped patches. The design exhibits
consistently low insertion loss across two-phase states and supports a broad transmission band-
width from 26 GHz to 30 GHz. Next, the transmitarray antenna (15 x 15) is constructed using the
proposed unit cell, showing effective beamsteering toward the intended angles. The antenna de-
sign achieves low sidelobe levels, which minimizes interference and improves overall performance.
The proposed structure offers a compact and efficient solution for applications requiring high gain,
wide bandwidth, and accurate beam control in a single-layer configuration.
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5.2.1 Introduction

The increasing demand for dynamic radiation control in modern wireless communications has
driven the development of beam-steerable transmitarray antennas. These antennas are specifically
designed to transmit electromagnetic waves with high precision and control, which also enhances
the beamforming process. By optimizing the directionality of the antenna’s output, the design al-
lows the antenna to focus its radiation pattern toward specific directions, thereby improving its
overall performance and efficiency. Furthermore, these antennas surpass the limitations of fixed-
beam designs by providing real-time adaptability and improved performance. In addition, high-gain
transmitarray antennas with electronic beam-steering are ideal for next-generation wireless base
stations [124,134}/135]. Operating at millimeter-wave frequencies, they enable high data rates,
greater bandwidth, and less interference. This helps ensure reliable coverage and makes the most
efficient use of available frequency bands [136].

However, conventional phased array antennas are employed for beamsteering, but they are
often constrained by high costs and losses due to their complex feeding and phase-shifting net-
works [137]. To overcome these challenges, beam-steering transmitarray antennas have emerged
as a promising alternative. These systems offer advantages such as precise phase control over
the aperture of the array, reduced losses, and cost-effective spatial feeding techniques. Using ac-
tive components like PIN diodes, these antennas efficiently manipulate incident electromagnetic
waves, achieving superior adaptability and performance [138,(139].

Metasurfaces, composed of engineered sub-wavelength structures, have recently been em-
ployed in transmitarray antenna design to enhance performance. These artificial surfaces are desi-
gned to manipulate electromagnetic waves with high precision, enabling to optimize the efficiency,
directivity, and overall functionality of antennas. By tailoring the phase, amplitude, and polarization
of the transmitted waves at a sub-wavelength scale, metasurfaces provide a flexible and compact
solution for advanced beamforming, low-sidelobe levels, and wide bandwidth operations, making
them invaluable in modern wireless communication systems and applications. This technology en-
hances antenna beamforming by enabling precise signal direction and adjustment to meet specific
communication needs [140]. By combining transmit array antennas with advanced metasurfaces,
it optimizes signal transmission and reception, improving strength, coverage, and reliability. Me-
tasurfaces offer fine control over radiation patterns, ensuring more efficient use of bandwidth and
energy. This technology supports the growing demands of 5G, IoT, and future wireless systems,
enabling high-speed data transfer, better network efficiency, and improved connectivity for emer-
ging applications [141-143].

Thus, the goal of this section is to enhance the beamforming functionality of transmitarray an-
tennas using a metasurface-based approach. To achieve this, a novel unit cell based on Huygens’
Metasurface is designed. This unit cell is then utilized to construct the transmitarray. A horn an-
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FIGURE 5.6 : The proposed unit cell (a) top view, (b) bottom view, (c) 3D view, and (d) transmitarray antenna
based on the proposed unit cell (w =2.55, k =0.65,t=0.60,a=0.3,b=0.3,m=2.65,1=2.12,n=1.25,g=1,z=
0.15,¢=0.2,h=0.3,r=0.2,d = 0.2, p = 0.1, all in mm).

tenna serves as the source antenna, and the beamforming concept is validated through testing to
confirm the system’s performance.

5.2.2 Proposed Active Unit Cell

The configuration of the proposed unit cell with dimensions of 5.92 x 5.92 mm? is given in Fig.
[5.6] a-c. Based on Huygens’ theory, two metallic T-shaped and E-shaped patches are printed on
the top and bottom sides of a Rogers RO5880 substrate with a dielectric constant (¢,.) of 2.2 and a
thickness of 1.57 mm. The E-shaped patches are rotated by 90 degrees and positioned above the
T-shaped patches. The integration of active elements allows for real-time beam reconfiguration and
enhances the overall adaptability of the beamforming system. In addition, two microstrip lines are
added on the sides of the patches. The microstrip lines act as biasing lines for the pin diodes, with
one connected to the arm and the other to the bottom of the T-shaped patches. The selected PIN
Diode (MACOM MA4AGFCP910) has been characterized in Section 4.2.2. Moreover, 44 holes
are employed to lower the permittivity of the substrate and increase the transmission efficiency.
This structure is proposed to construct a Huygens’ metasurface with simultaneous electric and
magnetic dipole resonances. Note, a Huygens’ surface is designed to control electromagnetic wa-
vefronts by manipulating surfaces, accomplished through the engineering of orthogonal subwave-
length electric and magnetic dipoles. As per Huygens’ theory, a Huygens resonance achieves total
transmission when the induced orthogonal electric and magnetic currents are in phase [99}/133].

The unit cell’s frequency response is analyzed using the frequency-domain solver in CST Mi-
crowave Studio 2022. The configuration used to simulate the transmission characteristics (both
magnitude and phase responses) of the unit cell is based on periodic unit cell boundaries and
Floquet ports. A plane wave is applied with normal incidence to the unit cell during the simulation.

Fig. shows that by turning ON and OFF two PIN diodes, the proposed unit cell provides
0 and 180-degree phase variation with low transmission loss below -2.4 dB in the Ka-band at the
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FIGURE 5.7 : Simulated transmission results of the proposed unit cell with both PIN diodes in the ON state and
both PIN diodes in the OFF state.

center frequency of 28 GHz. The results indicate minimal insertion loss, which remains consistently
low across two phase states. Since the objective is to implement beamforming using a 1-bit trans-
mitarray, this leads to the acquisition of phases at 0, 180 degrees. The proposed unit cell is utilized
in the building of a metamaterial-based transmitarray antenna in the next section, as depicted in

Figure [5.6]d.

As explained in the previous section, a metasurface must simultaneously support both tan-
gential electric and magnetic dipole moments within each unit cell to achieve high transmission
efficiency and minimal reflection. This requirement defines the operational foundation of a Huy-
gens’ metasurface, where the electromagnetic behavior is governed by two equivalent surface
parameters : the normalized electric surface admittance Yzg - o and the normalized magnetic sur-
face impedance Z);s/n9. A metasurface behaves as an ideal Huygens surface when these two
parameters are equal, satisfying the condition Yzs - no = Zars/no. This equality ensures that the
electric and magnetic responses are in phase and balanced in magnitude, which leads to construc-
tive interference in the forward direction and destructive interference in the backward direction. As
a result, the metasurface enables full-power transmission with low reflection, which are essential
characteristics for beam-steering antenna applications.

To verify this condition, full-wave electromagnetic simulations are conducted, and the relevant
surface parameters were extracted using the reflection and transmission coefficients of the unit cell,
denoted by Si; and Sei, respectively. The normalized surface admittance and impedance were
calculated using the standard expressions Ygg - 79 = % and Zyrs/no = %
which characterize the metasurface boundary response under normal plane-wave excitation. At
the design frequency of 28 GHz, the extracted values for the proposed unit cell were Ygg - o =
0.13 4+ j2.36 and Zy;s/m0 = 0.14 + j2.34. The close agreement between these values confirms
that the electric and magnetic responses are both well-matched and in phase. The small real parts
indicate minimal loss, while the closely aligned imaginary components confirm that the structure

exhibits strong reactive behavior, consistent with low-reflection and high-transmission performance.
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FIGURE 5.8 : Current distributions on the proposed unit cell (a) t =0, (b) t =T/4, (c)t =T/2 and (d) t = 3T/4.

This alignment demonstrates that the unit cell satisfies the Huygens condition at 28 GHz and is
capable of providing efficient wavefront manipulation with broadband phase control.

To further validate the electromagnetic behavior of the unit cell, the time-domain evolution of
surface currents was analyzed as shown in Figure[5.8] Over one complete sinusoidal period 7', the
direction of surface currents on the top and bottom metallic layers alternates in a manner consistent
with Huygens metasurface operation. At time instants ¢t = 0 and ¢ = T'/2, the surface currents on
the top and bottom layers flow in the same direction. This in-phase current configuration results
in the accumulation of surface charges on opposite layers, thereby establishing a strong electric
dipole moment across the metasurface. In contrast, at time instants t = 7'/4 and ¢ = 37'/4, the
surface currents flow in opposite directions between the two layers, creating a closed-loop pattern
characteristic of a magnetic dipole. This temporal alternation between electric and magnetic dipole
dominance, occurring every quarter cycle, ensures the necessary 90-degree phase shift between
the two contributions. The presence of both dipole types confirms that the unit cell exhibits the
defining properties of a Huygens’ metasurface. This behavior enables the structure to operate with
high transmission efficiency and accurate phase control, making it well-suited for integration into
advanced millimeter-wave beam-steering and flat-lens antenna systems.

5.2.3 Transmitarray Configuration

Building on the beamsteering principles outlined in section 5.1.3, a complete transmitarray an-
tenna with dimensions of 15 x 15 is designed and simulated using CST Microwave Studio 2022
to validate the beamforming mechanism, incorporating the proposed unit cell. A linear metasur-
face lens, with a length of D = 88.8 mm, is used, and custom beam-steering software generates
phase distributions for various beam-steering angles, as illustrated in Fig. For proof of concept,
simulations are performed at angles of 0°, 10°, 20°, and 30°. A transverse magnetic (TM) polari-
zed wave is employed to illuminate the transmitarray antenna, with a pyramidal horn antenna (15
dBi gain) serving as the EM source. To facilitate beamsteering at specific angles, a focal distance
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FIGURE 5.9 : Phase distributions at (a) 0°, (b) 10°, (c) 20°, (d) 30°.

of 65 mm is chosen. By adjusting the phase differences between rays passing through different
segments, the resulting wave can be precisely directed to the desired beam-steering direction.

It should be pointed out that a key factor in the performance of a transmitarray antenna is the
ratio of the focal distance to the aperture diameter (/D). Here, F is the distance between the
phase center of the source antenna and the center of the array’s aperture, while D refers to the
size of the aperture. Variations in the focal distance affect the value of the phase constant (¢.),
leading to quantization errors. This, in turn, impacts the beam direction, gain, aperture efficiency,
and side lobes. Factors such as illumination and spillover losses influence the efficiency of the
transmitarray antenna. Therefore, it is important to carefully select the F'/ D ratio to minimize these
losses. Both very large and very small F'/D values can harm the antenna’s performance. To opti-
mize the F'/D ratio, the electromagnetic waves from the feed antenna should ideally illuminate the
edge of the aperture at a level of around -10 dB relative to the center. Reducing the focal distance
from the optimal increases the illumination loss while increasing it leads to higher spillover losses.
For optimal performance, the F'/D ratio of 0.7 is chosen, where the edge illumination level is -10

dB [144).

As shown in Fig.[6.10] the radiation patterns in the H-plane and E-plane demonstrate that the
transmitarray antenna utilizing the proposed unit cell successfully achieved accurate beam-steering
angles with just a 1-bit resolution. Beamsteering was achieved for the desired angles of 10°, 20°,
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FIGURE 5.10 : Radiation patterns of the proposed transmitarray antenna in the H-plane and E-plane.

TABLEAU 5.2 : Beamsteering performance at four different angles of 0°, 10°, 20°, 30° at the center frequency of
28 GHz in simulation.

Beam Steering Peak Gain Side Lobe Level | Number of

Angle (degree) (dBi) (dB) Elements
0 21.2 -17.6 15 x 15
10 20.7 -15.8 15 x 15
20 18.9 -12.5 15 x 15
30 18.1 -12.1 15 x 15

and 30°. Additionally, the antenna’s gain exceeds that of its feed by 6.2 dBi, reaching a peak value
of 21.2 dBi with a low side lobe level of -17.6 dB at 28 GHz. The gains for the beam-steering
angles of 10°, 20°, and 30° are 20.7 dBi, 18.9 dBi, and 18.1 dBi, respectively. Corresponding
side lobe levels are -15.8 dB, -12.5 dB, and -12.1 dB, respectively. The data summarized in Table

5.2 supports these findings, confirming the core principles and operational mechanism behind the
beamforming process.
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5.2.4 Conclusion

A novel single-layer 1-bit transmitarray antenna has been presented in this section. The design
is based on Huygens’ principle and utilizes a metasurface unit cell with dimensions of 5.92 x 5.92
mm?. To achieve a 180° phase difference, two PIN diodes are integrated into the design, ensuring
a linear phase response across the operational bandwidth. Simulation results confirm the excellent
performance of the proposed unit cell. This unit cell is then implemented in the construction of a
15 x 15 transmitarray antenna, demonstrating effective beam-scanning capabilities.

5.3 Summary

In this chapter, we explored the design and development of Huygens-based metasurface unit
cells for use in beamforming transmitarray antennas. The chapter began with the design of a 2-bit
passive transmissive unit cell, which demonstrated full 360° phase coverage and high transmis-
sion efficiency. A transmitarray panel was constructed using this unit cell, and simulation results
confirmed its effectiveness in achieving fixed-beamsteering, validating the feasibility of the passive
design for mm-wave applications. Building on this foundation, we then developed an active recon-
figurable unit cell using PIN diodes to enable 1-bit phase control. This design was integrated into
a 15 x 15 transmitarray panel and shown to provide dynamic beam-steering functionality in simu-
lation. The structure maintained strong transmission characteristics while achieving a 180° phase
shift, making it suitable for real-time directional control. Together, these two stages, passive and
active metasurface designs, lay the groundwork for the realization of a complete, reconfigurable
transmitarray antenna system.
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6 CONCLUSION AND FUTURE WORK

6.1 Conclusions

This thesis presented a comprehensive design and analysis of reconfigurable transmitarray
antennas operating at 28 GHz for millimeter-wave beamforming applications. The proposed sys-
tem addresses key challenges in 5G and future wireless communications by combining compact
design, high gain, and reconfigurable functionality.

Two types of feed antennas were developed and analyzed : a compact Substrate Integrated
Waveguide (SIW)-based slot antenna, and a 3D-printed horn antenna for validation and simpli-
fied simulation. For the metasurface panel, two distinct design approaches were explored : one
based on Huygens’ principle and another based on mutual coupling and current reversal tech-
niques. These complementary methods demonstrate the versatility of unit cell design strategies in
achieving efficient phase control and beam steering.

Each approach began with the design of a passive unit cell, which was optimized for transmis-
sion performance and phase response. Building upon these designs, active unit cells were deve-
loped by integrating PIN diodes, enabling dynamic 1-bit phase modulation between 0° and 180°.
Full transmitarray panels were constructed and simulated using these active unit cells. The results
confirmed effective beam steering, achieving directional radiation with high gain and acceptable
sidelobe levels. The horn antenna was employed as the feed during simulation and verification
phases to simplify the system and reduce the number of active components required.

To support practical realization, the PIN diode was accurately characterized and modeled in
the CST environment. The EVAL-AD5370 evaluation board was considered for biasing control,
with final integration decisions to be made during the hardware implementation phase. Although
the fabrication files for the metasurface panels have been fully prepared, financial constraints (due
to the nature of the industrial funding) have delayed the fabrication of the complete active meta-
surface panel at the time of writing this thesis. Nonetheless, the passive version of the proposed
transmitarray was successfully designed, fabricated, and experimentally validated, as detailed in
Section 4.1. Additionally, the measured results of the active unit cell closely match the simulation
outcomes, reinforcing confidence that the full active metasurface panel will perform as intended
once fabrication and integration are completed.

At a higher level, this work delivers several original contributions to the field of millimeter-wave
antenna design :

» A dual-strategy methodology was employed for unit cell design, leveraging two distinct elec-
tromagnetic principles : Huygens’ principle and mutual coupling with current reversal. This

80



approach provided two effective and complementary design pathways for realizing phase-
reconfigurable metasurface unit cells tailored for dynamic beamforming applications.

 Both passive and active reconfigurable transmitarrays were developed and analyzed, offering
a complete path from fundamental unit cell design to full array implementation.

+ A systematic integration of feed types, active switching elements, and phase modeling stra-
tegies was conducted, with attention to practical implementation and simulation fidelity.

» This research also provides theoretical insight into how mutual coupling and current rever-
sal can be leveraged as design tools for simplified beamforming architectures; an area less
explored in conventional transmitarray literature.

From a broader perspective, the work advances the state-of-the-art in compact, reconfigurable
mm-wave antenna systems that are well-suited for next-generation wireless technologies such as
5G and 6G. The proposed transmitarray designs are not only cost-effective and highly directional
but also scalable and adaptable, making them viable candidates for intelligent communications
infrastructure, smart radar, and emerging high-data-rate applications like autonomous vehicles.

In addition, the simulation models, design methodologies, and performance results presented
in this thesis offer valuable benchmarks for future researchers and serve as a practical foundation
for hardware prototyping and real-world integration.

6.2 Future Work

The outcomes of this thesis provide a solid foundation for the continued development of high-
performance reconfigurable transmitarray antennas for millimeter-wave applications. While the pro-
posed designs have demonstrated strong beamforming capabilities through simulation, several re-
search directions can be pursued to extend the impact, applicability, and functionality of the system.

The most immediate next step is the fabrication and experimental validation of the designed
active transmitarray structures. This includes hardware realization of the metasurface panel, inte-
gration of the biasing network, and complete radiation characterization in an anechoic environment.
These measurements will serve to verify simulation results and identify any discrepancies due to
manufacturing tolerances, parasitics, or environmental factors.

Beyond experimental validation, several strategic research directions are proposed :
+ Enhanced Phase Resolution : Future work may explore multi-bit unit cell designs like 2-
bit and 3-bit to enhance beam-steering precision while minimizing sidelobe intensity and

achieving better angular resolution. Advanced applications like user tracking systems and
high-precision radar imaging depend on this technology.
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Alternative Tuning Mechanisms : Research should explore alternative reconfigurable tech-
nologies including MEMS devices, liquid crystals, tunable dielectrics and phase-change ma-
terials such as VO,. The materials provide benefits for switching speed efficiency while main-
taining low insertion loss and power consumption together with precise phase control.

Machine Learning-Based Beamforming : Real-time feedback and data-driven strategies in
intelligent control systems improve system responsiveness and adaptability. Dynamic beam
management becomes feasible through learning-based approaches in environments with
high variability.

Wideband and Multi-Band Operation : Expanding the metasurface design to support broad-
band or multi-band operation will increase its utility in heterogeneous wireless systems and
frequency-agile platforms required for 5G and emerging 6G applications.

Energy-Aware Control Architectures : To enable deployment in energy-constrained plat-
forms such as 10T nodes or UAVs, low-power control schemes and energy-harvesting-enabled
systems should be explored. These can extend operational lifetime and reduce reliance on
external power supplies.

System-Level Integration : Moving beyond antenna-level validation, future research may
involve co-designing the transmitarray with RF front-end circuits, including amplifiers, mixers,
and digital control logic, to develop a fully functional reconfigurable antenna module.

Compact and Conformal Implementations : Miniaturization of control circuitry and integra-
tion into flexible or conformal substrates can expand deployment to new application domains
such as wearable electronics, automotive platforms, and aerospace systems.

Security and Multifunctionality : The reconfigurable nature of the system can be exploited
for advanced applications such as physical-layer security (e.g., beam randomization), multi-
beam generation, and joint communication—sensing functionalities.

Software-Defined Metasurfaces (SDMs) : Enabling software-driven control over unit cell
states through programmable interfaces can transform static designs into intelligent, adap-
table platforms. This would allow centralized beam control and real-time reconfiguration in
response to network demands.

Exploration of New Unit Cell Architectures : While this thesis focused on Huygens-based
and mutual coupling-based designs, future work could explore hybrid configurations, tunable
metamaterials, or optimization-driven inverse design to achieve improved performance me-
trics such as reduced loss, wider scanning range, and enhanced gain.

Real-World Deployment and Field Testing : Finally, extensive evaluation in realistic opera-
ting environments including urban, vehicular, and industrial settings, is essential to assess the
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robustness of the system under multipath, blockage, temperature variations, and interference
scenarios.

By addressing these directions, the proposed reconfigurable transmitarray system can be evol-
ved into a scalable, cost-effective, and intelligent beamforming solution, aligned with the perfor-
mance and adaptability requirements of next-generation wireless technologies in the 5G, 6G, and
beyond landscape.
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