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Résumeé

Les communications sans fil, essentielles a notre société numérique, évoluent sans cesse, avec des
améliorations significatives en termes de vitesse et de capacité. L'avenement des technologies
révolutionnaires 5G et 6G redéfinit la connectivité, offraeg dommunications rapides et fiables avec des
délais minimes, tout en prenant en charge la transmission de données a haut débit pour diverses applications
telles que la télémédecine, les véhicules autonomes, les maisons intelligentes et le divertisseensifit i

Ces technologies établissent une nouvelle norme en matiere de connectivité, caractérisée par une vitesse,
une efficacité et une fiabilité exceptionnelles, grace a une faible latence, une capacité élevée et des services

multimédias avancés.

Au <ciur de cette ®volution se trouvent des conce¢
fréquences optimisées, essentielles pour développer des systémes flexibles et rentables capables de répondre
aux demandes croissantes des communicationgilsameslernes, y compris I'Internet des objets (IoT). Cela
souligne la nécessité d'antennes compactes, efficaces et économiques pour les réseaux de nouvelle
génération. Les technologies 5G et 6G exploitent les bandes de fréquences inférieures a 6s@Hdext le
millimétriques pour répondre aux exigences de capacité élevée et de faible latence des futurs systémes sans
fil. La bande inférieure a 6 GHz offre une couverture fiable pour la 5G, tandis que les fréquences
millimétriques, comme 28 GHz, sont crdeis pour atteindre des débits de données plus élBéass.
recherches approfondies ont souligné l'importance des bandes de fréquences inférieures a 6 GHz, notamment
les bandes n41, n78 et n79, dans le développement de la communication sans fil 5G. h@a&h¢3)d8,6

GHz) est particulierement cruciale pour le déploiement de la 5G en raison de sa combinaison optimale de
débits de données élevés, de couverture étendue et d'optimisation de la capacité. Cette bande est essentielle

pour les télécommunicationsaaternes, car elle permet un débit de données élevé et une couverture robuste.

La technologie des ondes millimétriques, opérant entre 30 et 300 GHz, constitue une autre avancée majeure
pour les communications sans fil de nouvelle génération. Elle offre des bandes passantes étendues et des
débits de données ultrapides, en complémedes bandes inférieures a 6 GHz. Le passage aux fréquences

millimétriques, motivé par la nécessité d'obtenir des débits de données plus éleveés et une latence plus faible,

introduit cependant des défis de conception et des défis technologiques considérable

Il est crucial de résoudre les problémes de pertes de transmission accrues typiques de ces fréquences, en
particulier pour les antennes a ondes millimétriques qui nécessitent des lignes de transmission efficaces et a

faibles pertes. Les lignes de transhgsplanaires traditionnelles, telles que les microstrips et leslisteif
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souffrent souvent de rayonnement parasite, de fuites et de pertes ohmiques et diélectriques importantes, ce
qui réduit la puissance du signal et I'efficacité du rayonnement. Au cours de la derniére décennie, des efforts
importants ont été consacrés a letdle la technologie des guides d'ondes a fente en créte (RGW), qui vise

a réaliser des lignes de transmission a haut rendement et a faibles pertes avec une complexité minimale en
éliminant les connexions métalliques, en particulier aux hautes fréquéroeduite en 2009 en tant que
nouvelle structure de guidage TEM a faibles pertes et développée en version imprimée (PRGW) en 2011, la
technologie PRGW offre une solution économique pour la gamme de fréquences millimétriques. Elle offre
de faibles perteg @ne dispersion minimale par rapport aux structures traditionnelles basées sur des circuits

imprimés (PCB), ce qui la rend adaptée aux applications a haute fréquence.

Un défi majeur dans la conception de structures PRGW réside dans le processus de simulation et
d'optimisation, qui est long et consommateur de ressources, généralement réalisé a l'aide de logiciels de
simulation électromagnétique tels que CST MicrowavadiStet HFSS (HigHrequency Simulation
Software). Cette thése introduit une nouvelle méthode qui simplifie considérablement le processus de
conception, en réduisant le temps de simulation et en facilitant I'optimisation. Grace a cette technique, un
coupleu hybride double boite 3 dB PRGW a large bande, un crossover planaire 0 dB et un nouveau circuit
a six ports ont été congcus pour un déploiement aux fréquences des ondes millimétriques, pouvant
potentiellement servir la prochaine génération de systémesndmunication mobile. Cette méthode,
présentée pour la premiére fois dans la littérature, montre que tous les composants ainsi congus affichent
des performances supérieures a celles de composants similaires existants. Les composants congus présentent
d'excdlentes caractéristiques telles qu'un profil bas, de faibles pertes et une intégration transparente avec les
circuits et systéemes miciandes, ce qui les rend appropriés pour la conception desgsigsnes de réseaux

en ondes millimétriques.

De plus, cette thése présente une antenne dipble mageétaque (ME) a polarisation circulaire (CP)

haute performance, spécialement congue pour les applications large bande en ondes millimétriques dans les
réseaux 5G. Fonctionnant dans la bande Katelme présente d'excellentes performances en termes de
polarisation circulaire. En outre, un nouveau réseau d'antennescoudties a double polarisation
circulaire (CP) et a commutation de faisceau est proposé. Opérant dans la bande de fréquéréez Sub

a 3,6 GHz, il est congu pour les applications de communication sans fil de nouvelle génération, intégrant
des éléments doubles CP pour atteindre la diversité de polarisation et la commutation de diagramme,
améliorées par des utilisations innovantekadeatrice de Butler. Une analyse comparative avec des travaux
similaires récents met en évidence la large bande passante de I'antenne, la double fonctionnalité CP et la

haute efficacité de rayonnement.



Abstract

Wireless communication is vital to our digital society aodtinually evolves with substantial speed and
capacity improvementsThe advent of transformative 5G and 6G technologies is reshaping connectivity,
offering rapid, reliable communication with minimal delays and supportingdpgld data transmission

for diverse applications such as telemedicine, autonomous vehicles, lsomes, and immersive
entertainment. These technologies establish a new standard for connectivity characterized by exceptional

speed, efficiency, and reliability, driven by low latency, high capacity, and advanced multimedia services.

At the heart of this evolution are innovative antenna designs and optimized frequency allocations, crucial
for developing flexible, costffective systems to meet the burgeoning demands of modern wireless
communications, including the Internet of ThingsT{. This underscores the need for compact, efficient,
and economical antennas for ngeneration networks. 5G and 6G technologies levesaj® GHz and
mmwave frequency bands to meet future wireless systems' high capacity and low latency requirements
The sub6 GHz band provides reliable coverage for 5G, while-wawe frequencies, such as 28 GHz, are
critical for achieving higher data rates.

Significant research has highlighted the importance of&Gi#Hz frequency bands, particularly n41, n78,
and n79, in advancing 5G wireless communication. The n78 baneéB.@.@H2 is crucial for 5G
deployment due to its optimal blend of high data rates, broad coverage, and capacity optimization. This band

is pivotal for modern telecommunications, supporting high data throughput and robust coverage.

Millimeter-wave technology, operating between 30 and 300 GHz, represents another significant
advancement for nexgeneration wireless communications, offering expanded bandwidths anéasttra
data rates alongside S6iGHz bands. The shift toward milliteswave frequencies, motivated by the need

for higher data rates and lower latency, introduces significant design and technological challenges.

Addressing the increased pass losses typical at these frequencies is crucial, particularlywavenm
antennas that require efficient, ldass transmission lines. Traditional planar transmission,lisiesh as
microstrip and strigines,often suffer from spurious radiation, leakage, and substantial ohmic and dielectric
losses, reducing signal strength and efficiency. Over the past decade, significant efforts have been dedicated
to studying Ridge Gap Waveguide (RGW) technology, which agmachieve higkefficiency, lowloss
transmission lines with minimal complexity by eliminating metal connections, especially at high
frequencies. Introduced in 2009 as a novekloss TEM guiding structure and further developed into the

printed version (PRGW) in 2011, BRV technology offers an economical solution for the millimeter
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frequency range. It provides low loss and minimal dispersion compared to traditional printed circuit board
(PCB)based structures, making it suitable for higgquency applications.

One primary challenge in designing PRGW structures is thedomsuming simulation and optimization
process, typically conducted using fulbve software like CST Microwave Studio and Higlequency
Simulation Software (HFSS). This thesis introduces @hmethod that significantly streamlines the design
process, reducing simulation time and simplifying design optimization. Utilizing this technique, a wideband
PRGW 3dB hybrid doubleox coupler, a planar-8B crossover, and a novel giort are designedof
deployment in mrwave frequencies, potentially serving the next generation of mobile communication
systems. This method, introduced in the literature, shows that all components designed exhibit superior
performance compared to similar components. Th#gded components feature excellent characteristics
such as low profile, low loss, and seamless integration with microwave circuits and systems, making them

suitable for designing miwave network subsystems.

Additionally, this thesis presents a highrformance CP ME dipole antenna tailored for wideband mm
wave applications in 5G networks, operating at thebKiad with outstanding CP performance. Moreover,

a novel multilayered, dual circularly polarized (CB¢amswitching antenna array is proposed. Operating

in the Sub6 GHz frequency band at 3.6 GHz, it is tailored for rgsxteration wireless communication
applications, integrating dual CP elements to achieve polarization diversity and pattern swittlsingeen

by innovative uses of the Butler matrix. A comparative analysis with recent similar works highlights the

broadband bandwidth of the antenna, dual CP feature, and high radiation efficiency.
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SOMMAIRE RECAPITULATIF

A. Titre de la Thése erFrancais:
Conceptions avancées de composants et d'antennes pour les systéemes de

communication sans fil

B. Introduction
Les technologies de communication sans fil, indispensables a notre société numérique, ne cessent de
progresser, offrant des avancées considérables en matiere de vitesse et de capacité. Les derniéres
générations, 5G et 6G, représentent un véritable toyrmamermettant des communications utapides,
fiables et a faible latence. Elles rendent possible la transmission de données a haut débit et offrent des
capacités de réseau flexibles, ouvrant la voie a des applications révolutionnaires telledé&muédatine,
les véhicules autonomes, les maisons intelligentes et les expériences de divertissement immersif, comme le

montre laFigure S.1.

Figure S.1: Vision futuriste d'une métropole connectée grace aux technologies avancées de communication
sans fil.

L'avenement des technologies 5G et 6G révolutionne la connectivité en établissant de nouveaux standards
de vitesse, d'efficacité et de fiabilité, grace a une latence réduite, une capacité accrue et des services
multimédias de pointe. Cette évolution repsse des conceptions d'antennes innovantes et une gestion
optimisée des fréquences, éléments clés pour le développement de systemes flexibles et rentables, capables
de répondre aux besoins croissants des communications sans fil, notamment dans le ddiraeraet
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des objets (I0T). Ainsi, la conception d'antennes compactes, économiques et performantes est cruciale pour
les réseaux de nouvelle génération. Les technologies 5G et 6G exploitent a la fois les bandes de fréquences
inférieures a 6 GHz, pour une couvertétendue et fiable, et les ondes millimétriques, telles que la bande

des 28 GHz, pour des débits de données exceptionnels. L'intégration de ces deux bandes de fréquences dans
des antennes compactes, dotées de fonctionnalités avancées comme la cougerhardat le gain élevé

et le beamforming, est essentielle pour soutenir les applications mobiles de demain. L'avénement des
technologies 5G et 6G révolutionne la connectivité en établissant de nouveaux standards de vitesse,
d'efficacité et de fiabilité, fce a une latence réduite, une capacité accrue et des services multimédias de
pointe. Cette évolution repose sur des conceptions d'antennes innovantes et une gestion optimisée des
fréquences, éléments clés pour le développement de systémes flexibigakdese capables de répondre

aux besoins croissants des communications sans fil, notamment dans le domaine de l'Internet des objets
(IoT). Ainsi, la conception d'antennes compactes, économiques et performantes est cruciale pour les réseaux
de nouvelle géération. Les technologies 5G et 6G exploitent a la fois les bandes de fréquences inférieures

a 6 GHz, pour une couverture étendue et fiable, et les ondes millimétriques, telles que la bande des 28 GHz,
pour des débits de données exceptionnels. L'intégrdti@es deux bandes de fréquences dans des antennes
compactes, dotées de fonctionnalités avancées comme la couverture large bande, le gain élevé et le

beamforming, est essentielle pour soutenir les applications mobiles de demain.

Les recherches soulignent I'importance des bandes de fréquences inférieures a 6 GHz, notamment les bandes
n4l, n78 et n79, pour le développement de la communication sans fil 5G. La bande 378 G3:#) est
particulierement cruciale pour le déploiemeatld 5G en raison de son équilibre optimal entre débits de
données élevés, couverture étendue et optimisation de la capacité. Cette bande met en évidence les capacités
avanceées des systemes d'antennes et leur réle essentiel dans I'amélioration des atomssaias fil. La

bande des 3,6 GHz s'est avérée indispensable dans le déploiement des technologies 5G, comme en témoigne
son utilisation intensive par Deutsche Telekom dans 900 villes avec 11 400 antennes, améliorant ainsi les
capacités du réseau et gmt un rdle clé dans la stratégie d'expansion des services mobiles. Cette bande
prend en charge un débit de données élevé et une couverture solide, ce qui la rend essentielle pour les
télécommunications modernes. De plus, elle est envisagée pour deatamsi6G révolutionnaireBien

gue les exemples pratiques d'applications de la band® &Mz pour la 6G soient encore en phase de
recherche et développement, les utilisations futures potentielles pourraient inclure une couverture large et
constante, notamment dans les zonesearet éloignées pour garantir la connectivité la ou les technologies
avanceées sont moins accessibles. Le@@Hz pourrait étre essentiel pour les systemes de communication
d'urgence afin de maintenir des connexions stabledapérnes catastrophes, améliorer les systemes de
transport public intelligents pour une meilleure efficacité et précision des horaires, et faciliter I'agriculture

intelligente grace a une surveillance précise des conditions environnementales et delés sdatdes. De
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plus, il pourrait soutenir les réseaux loT étendus et les communications machine a machine (M2M),
permettant des réponses rapides aux changements climatiques et améliorant les rendements agricoles grace

aux capteurs et dispositifs connectés.

Les technologies de formation de faisceaux optimisent davantage cette bande en dirigeant dynamiquement
les faisceauxaméliorant ainsi la couverture et la capacité, en particulier dans les environnements urbains.
Les progrés dans la formation de faisceaux comprennent une antenne compacte qui utilise un réseau
d'émission basé sur des métamatériaux pour une formatiorsdedfaiefficace sans déphaseurs complexes.

Cette innovation, ainsi que d'autres telles que les conceptions d'antennes plates multicouches et les antennes
a large bande a gain élevé, continuent d'améliorer les performances et I'adaptabilité des réseaux 5G,

garantissant leur viabilité a long terme et leur préparation pour les technologies futures.

La technologie des ondes millimétrigues (mmWave), opérant dans la gamme de fréquences de 30 a 300
GHz, représente un autre pilier essentiel du développement des communications sans fil de nouvelle
génération. Elle permet d'atteindre des bandes passamsdérablement plus larges et des débits de
données ultraiapides, complétant ainsi les bandes de fréquences inférieures a 6 GHz. L'intégration de ces
deux technologies vise a améliorer significativement les performances, la capacité et l'efficacieades ré

sans fil, des éléments cruciaux pour I'évolution de la 5G et le déploiement futur de la 6G. L'adoption des
ondes millimétriques est motivée par la demande croissante de débits de données plus élevés et de latences
réduites, rendue possible par I'eifdtion du spectre des ondes millimétriques, jusqu'alors-silise.

Toutefois, cette transition souleve également des défis majeurs en termes de conception et de développement
technologique. Les réseaux cellulaires a ondes millimétriques présentdott yotentiel, mais leur
déploiement souléve des défis majeurs en matiére de conception d'antennes. Ces défis concernent
notamment l'optimisation de la bande passante d'impédance, l'efficacité énergétique, la miniaturisation, le
choix des matériaux et [@écision de fabrication. Par ailleurs, ces réseaux sont confrontés a des pertes de
propagation élevées, une directivité accrue et une sensibilité au blocage, amplifiées par l'absorption

atmosphérique, l'atténuation due a la pluie et les obstacles plyysique

Dans ce contexte, les antennes a gain élevé jouent un réle crucial. En concentrant les signaux transmis en
faisceaux étroits, elles compensent efficacement les pertes et I'atténuation, améliorant ainsi la fiabilité et la
portée des liaisons. Elles permatteégalement d'optimiser l'utilisation de la puissance, de réduire les
interférences et de mieux gérer les facteurs environnementaux, contribuant ainsi a I'amélioration des
performances globales du systeme. Pour répondre a ces enjeux, des solutiongesnonvarété
développées, telles que les antennes hybrides a résonateur diélectrique et microstrip, les antennes a fente a
guide d'ondes intégré a large bande, ou encore les antennes planes a faisceau conique destinées aux

applications de drones. Ces avagdechnologiques permettent de repousser les limites des réseaux



cellulaires & ondes millimétriques et d'exploiter pleinement leur potentiel.

En outre, les antennes a polarisation circulaire (CP) sont devenues indispensables pour les communications
5G et a ondes millimétriques, notamment grace a leur capacité a réduire les interférendesgataibii a

améliorer la qualité de réception daresdenvironnements dynamiques. Des recherches ont démontré
l'importance cruciale des antennes CP, avec des avancées significatives permettant d'élargir leur bande
passante et leur rapport axial grace a des techniques de conception innovantes. La cdecepiictures

haute fréquence nécessite de prendre en compte l'augmentation des pertes de transmission, en particulier
pour les antennes a ondes millimétriques qui requierent des lignes de transmission efficaces et a faibles
pertes. Les lignes de transnidgsplanaires traditionnelles, comme les microstrips et-Btrgs, sont sujettes

aux rayonnements parasites, aux fuites et aux pertes ohmiques et diélectriques élevées, réduisant ainsi la
puissance du signal et l'efficacité du rayonnement. Bien queuidesgd'ondes creux offrent de faibles

pertes, ils sont encombrants, a bande étroite et sensibles aux imperfections des contacts métalliques. Les
guides d'ondes intégrés au substrat (SIW) présentent également des pertes diélectriques élevées a haute

fréquence.

La technologie des guides d'ondes a fente (Gap Waveguide), développée en 2009, révolutionne le domaine
en comblant le fossé entre les guides d'ondes planaires et non planaires. Cette technologie utilise une surface
conductrice structurée avec un conductaagnétique artificiel (AMC) ou un lit de clous, créant ainsi une
structure a faibles pertes, remplie d'air et sans enceinte métallique complete. Cela simplifie la fabrication,
réduit les colts et garantit des pertes minimales tout en permettant unnfio@ctent a large bande.
Reconnus pour leurs pertes diélectriques négligeables et leur flexibilité mécanique, les guides d'ondes a
fente sont une solution rentable et performante, idéale pour les futures applications haute fréquence, micro
ondes et ondes nithétriques. Plus de dix ans de recherches approfondies ont confirmé leur réle clé dans

I'évolution de la technologie RF et la transformation des systémes de communication a haute fréquence.

L'Université de technologie de Chalmers en Suéde est un leader dans la recherche sur la technologie des
guides d'onde a créte, particulierement pour les communications par satellite et les systemes radar.
L'université se concentre sur I'amélioration dest&sypes de communication grace aux avantages uniques de
cette technologie, tels que les faibles pertes de transmission et le support de hautes fréquences, contribuant

significativement a son développement et son application dans les milieux académigdestietls.

C. Les Principes et I'Efficacité des Guides d'Ondes a Fente
Les guides d'ondes a fente (Gap Waveguides) constituent une technologie révolutionnaire dans la
propagation des ondes électromagnétiques, particulierement adaptée aux fréquences des ondes
millimétriques (mmWave) et de la 5G. Introduits en 2009 par Kildaiharquent une avanceée significative

dans le domaine. Cette technologie innovante se distingue des guides d'ondes traditionnels en utilisant des
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Conducteurs Magnétiques Artificiels (AMC) pour guider les ondes avec des pertes minimales, permettant
ainsi la propagation de modes électromagnétiques-traasiversaux (quaJiEM). S'inspirant des principes

utilisés dans les antennes cornets onduléssguides d'ondes a fente utilisent un chemin de guidage
constitué de broches métalliques placées entre deux plaques paralléles : un conducteur électrique parfait
(PEC) et un AMC.

Un espace d'air crucial est maintenu entre ces plaques pour empécher la propagation non désirée des ondes,
comme illustré dans laigure S2. Les AMC, créés a partir de structures périodiques telles que des réseaux

de broches métalliques, réfléchissent efficacement les ondes, formant ainsi une bande interdite qui bloque
les modes indésirables. Cette configuration unique permet une propagfitiace des ondes sans
nécessiter de structure entierement fermée, ouvrant ainsi des perspectives considérables pour les

communications a haute fréquence de nouvelle génération.

I Surface PEC I I Surface PEC
o Trou d'air Propagation le Trou d'air
Aucune propagation H < \/4 long de la x H < \/4
bande 1
| Surface PMC | [ pmc | Strip | PMC

(@) (b)

Figure S.2: Propagation du champ (a) entre deux plaques paralléles constituées d'une plaque PEC et d'une
plague PMC, et (b) d'un c6té a texture unique d'un guide d'ondes rectangulaire rainuré (RGW) idéal.

Les guides d'ondes a fente constituent une avancée significative dans la technologie des ondes
millimétriques en réduisant efficacement diverses formes de pertes de transmission. lIs minimisent les pertes
diélectriques en utilisant principalement l'air leuvide comme milieu de propagation, ce qui améliore
considérablement I'efficacité a hautes fréquences. De plus, les pertes par conduction sont réduites car les
ondes électromagnétiques sont confinées a un chemin a faibles pertes, défini par la sedadadeur
magnétique artificiel (AMC), évitant ainsi tout contact avec des matériaux dissipatifs. L'effet de bande
interdite de I'AMC agit comme des parois virtuelles, réduisant drastiguement les pertes par rayonnement et

par fuite.

De plus, les guides d'ondes a fente tolérent des tolérances de fabrication moins strictes, réduisant ainsi les
pertes liées a I'assemblage puisque le confinement des ondes ne dépend pas d'un comtetahpééais.

Gréce a ces caractéristiques, leslgaid'ondes a fente sont tres efficaces pour les fréquences ou les guides
d'ondes traditionnels sont moins performants. Les ondes électromagnétiques sont ainsi contraintes de se
propager le long de chemins prédéfinisrétes, rainures ou bandeavec degertes minimales et sans

déviations indésirables. Ce mécanisme de guidage et de confinement des ondes caractérise différents types
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de guides d'ondes a fente, tels que les guides a créte, a rainure et microstrip, chacun exploitant les propriétés
uniques de la surface AMC pour une propagation efficace et dirigée des ondes dans les applications a haute
fréquence.

Les différentes configurations des guides d'ondes a fente sont illustréeguréaS 3.

I mmsm Cuivre |
(a) (b)

a

e Cuivre
Substrat

(© (d)

Figure S.3: Différentes géométries de guides d'ondes a fen{@) guide d'ondes a fente en créte, (b) guide
d'ondes a fente en rainure, (c) guide d'ondes a fente microstrip inversé, (d) guide d'ondes a fente en créte
imprimé.
Guides d'ondes a fente en cr&@(re S.3(a)) : Cette géométrie (RGW) utilise une créte métallique entre
deux plaques paralléles pour guider I'onde. La plaque inférieure présente souvent un motif texturé, tel qu'un

lit de clous, agissant comme un conducteur magnétique artificiel (AMC) pour eenpésifuites d'ondes.

Guides d'ondes a fente en rainurgg(re S.3(b)) : Les guides d'ondes a fente en rainure (GGW) utilisent

un canal rainuré dans l'une des plaques, face a une plaque plane ou texturée de maniere similaire. La rainure
confine les ondes électromagnétiques, les guidant le long du chemin souhaitéuanaiswgface texturée

garantit que les ondes ne s'échappent pas, permettant ainsi une transmission efficace.
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Guides d'ondes a fente microstrip inverdéigyre S.3(c)) : Cette configuration (IMGW) représente une
évolution de la technologie RGW, incorporant une nouvelle disposition ou une fine couche de substrat est
placée atdessus d'un lit de clous, I'élément de créte étant imprimé sur ce substrat. Cette variante d
conception vise a simplifier le processus de conception, notamment en facilitant I'agencement du lit de clous
autour des résonateurs et des lignes de transmission, une complexité notable dans les conceptions RGW
standard. Cependant, l'introduction dusitdt dans la configuration IMGW entraine certains compromis,
notamment une augmentation des pertes et une taille de structure accrue en raison de la présence du matériau
du substrat. De plus, le positionnement de la couche de substtassus des clolstroduit davantage

d'espace entre le lit de clous et la plague de masse supérieure. Cette augmentation spatiale affecte
négativement la bande passante opérationnelle du guide d'ondes, conduisant spécifiguement & une réduction
de la bande d'arrét. De tethangements soulignent le délicat équilibre entre la simplification de la
conception et l'optimisation des performances dans le développement des technologies de guides d'ondes a

fente.

Guides d'ondes a fente en créte imprintégure S.3 (d)) : Les guides d'ondes a fente en créte imprimée
(PRGW) représentent une évolution de la technologie des guides d'ondes a fente. lls permettent l'intégration
de composants de guides d'ondes a fente en créte avec des circuits intégrés hyperfréquelitbéepues

(MMIC) en utilisant des techniques de fabrication de circuits imprimés (PCB) standard. Cette approche
impliqgue généralement le remplacement du lit de clous par une structure de champignon a bande interdite
électromagnétique (EBG) pour constedie guide d'ondes. Le guide d'ondes a fente en créte imprimé facilite
l'intégration de composants hyperfréquences basés sur la technologie RGW dans les MMIC, combinant ainsi
les avantages de la technologie des guides d'ondes a fente avec la commoditihaldss de fabrication

de PCB.

Les différents types de guides d'ondes a fente, tels que les RGW (guides d'ondes a fente en créte), IMGW
(guides d'ondes a fente microstrip inversés) et PRGW (guides d'ondes a fente en créte imprimés), sont
congus pour supporter un mode quBEM dans leubande d'arrét, facilitant ainsi une transmission efficace

et a faibles pertes des ondes électromagnétiques a hautes fréquences. Ce mo@dMigsasiaractérise
principalement par des champs électrigues et magnétiques transversaux, avec une faiblenteomposa
longitudinale due a la conception structurelle du guide d'ondes, comme la présence de crétes ou de surfaces
texturées. En revanche, les GGW se distinguent en supportant un mode similaire au mode TE10 des guides
d'ondes rectangulaires traditionnels acaérisé par des champs électriques transversaux avec d'importantes
composantes perpendiculaires. Cette distinction entre les modes supportés par les RGW et les GGW
souligne la polyvalence de la technologie des guides d'ondes a fente, permettant uraigmagiagdes

adaptée a une variété d'applications a haute fréquence. Cette adaptabilité constitue un avantage majeur de

cette technologie, ouvrant la voie & de nombreuses utilisations dans divers contextes électromagnétiques.
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D. Avantages etlnconvénients de lal echnologie PRGW

La technologie PRGW (Printed Ridge Gap Waveguide) se distingue parmi les guides d'ondes a fente pour
plusieurs raisons qui conviennent bien a certaines applications. Sa compatibilité avec les processus de
fabrication de circuits imprimés (PCB) standard d@ifie la production et réduit les codts, ce qui est
avantageux pour l'intensification de la production de composants haute fréquence. La conception du PRGW
permet une intégration transparente avec les circuits intégrés hyperfréquences monolithiques ¢®MIC)

qui est essentiel pour construire des systéemes foiwles compacts et efficaces, un niveau d'intégration

plus difficile a atteindre avec d'autres types de guides d'ondes a fente. L'utilisation de la technologie des
circuits imprimés améliore la pré&ibn et la flexibilité de la conception, permettant une personnalisation
souvent limitée dans d'autres conceptions en raison de la complexité structurelle. Les dispositifs PRGW sont
également plus compacts et Iégers, ce qui est idéal pour les applieétioggatiales ou I'espace est limité

et pour I'électronique portable.

De plus, la technologie PRGW minimise les pertes de transmission a des fréquences plus élevées, prend en
charge une performance a large bande pour des débits de données élevés et offre une gestion thermique
supérieure, améliorant ainsi la fiabilité et tndévité des systéemes. Le PRGW permet également la
miniaturisation des antennes et des circuits, ce qui est important pour les communications sans fil de
nouvelle génération et la détection radar. Cette technologie a été appliquée avec succés daptda conce

de divers systemes d'antennes et de composants tels que des coupleurs, des croisenseapsetsdesur

les applications 5G, ce qui en fait une option trés appropriée et rentable pour les systéemes d'antennes a ondes
millimétriques. L'efficacité de la technologie PRGW dans ces applications souligne sa contribution
essentielle a l'avancement de$rastructures de communication sans fil modernes en améliorant les
performances et en réduisant les colts. Un défi important dans la conception deestRRGW réside

dans la complexité de leur processus de simulation, qui est a la fois long et gourmand en énergie. Par
conséquent, il est crucial de développer des méthodes permettant de réduire les temps de simulation afin de
concevoir et d'optimiser$e st ructures bas®es sur cette technolo
limites spécialisées peut considérablement accélérer le processus de simulation tout en fournissant des

résultats tres proches de ceux des structures PRGW réelles.

E.La Th se en un Coup d'iil
Cette these englobe plusieurs taches pour atteindre les objectifs énoncés dans la derniere section. L'objectif
principal de cette recherche est le développement de composants-dgsténes d'antennes rentables et
performants, adaptés aux applications &dbs les bandes de fréquences-6uUbHz et mrmwave. Les
composants congus comprennent des antennes avancées avec des capacités de formation de faisceaux et des

fonctionnalités de polarisation circulaire (CP). De plus, ce travail s'étend a la concegkionedts
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d'alimentation et de réseau RF critiques tels que des coupleurs, des croisements et des mélangeurs
démodulateurs a six ports, qui sont essentiels pour le fonctionnement efficace et I'intégration du systeme

d'antenne dans des réseaux 5G plus larges.

E.1 Conceptions deComposantspour lesOndesMillimétriques

Ce chapitre explore la conception innovante de composants a faibles pertes essentiels pour optimiser les
performances et l'efficacité des systemes de communication sans fil & ondes millimétriques, basés sur la
technologie PRGW (guides d'ondes a fente étedmprimée). Les hautes fréquences sont de plus en plus
privilégiées dans les télécommunications modernes en raison de leur capacité unique a fournir les débits de
données et l'efficacité spectrale nécessaires aux applications telles que le streataingfirtion, la
communication en temps réel et le déploiement massif de dispositifs de I'Internet des objets (IoT). Cette
tendance mondiale vers des technologies a haute fréquence et a haut débit exige le développement de sous
systemes intelligents dats bande des ondes millimétriques afin d'assurer la fiabilité et de maximiser
I'efficacité spectrale des futures applications sans fil. Par conséquent, les structures de guidage, y compris
les composants microndes, doivent encore faire I'objet d'amélianras substantielles pour rester en phase

avec ces avancées technologiques rapides. Parmi les composants clés a considérer pour les systémes futurs,
les coupleurs directionnels hybrides micnades se distinguent. Ces composants, utilisés pour diviser ou
combiner des signaux, en phase ou en opposition de phase, jouent un réle central dansyistesmsde

commutation de faisceaux intelligents mianodes.

Le crossover (croisement) constitue un autre élément essentiel dans la conception de réseaux de
commutation de faisceaux. Grace a ses caractéristiques de faibles pertes, de large bande passante et de
compacité, il contribue significativement a l'améliavatides performances des ssystéemes de
commutation de faisceaux. Sa capacité a permettre aux trajets de signaux de se croiser sans interférence est
primordiale pour garantir l'intégrité et I'efficacité du systéme. Ainsi, la conception de crossovbtssa fai

pertes joue un réle fondamental dans l'optimisation de la disposition des réseaux d'antennes et dans la
satisfaction des exigences de haut débit et de haute fréquence des infrastructures de télécommunications

modernes.

Outre les réseaux de commutation de faisceaux, le circuit interférométrique a six ports joue un réle crucial
dans la conception de systemes complexes a ondes millimétriques. Ce composant a connu une évolution
majeure au cours des deux dernieres décennigamment grace a ses applications en modulation et
démodulation directe dans la bande de fréquences des ondes millimétriques. |l se compose généralement de
plusieurs coupleurs hybrides 3 dB, parfois associés a des diviseurs de puissance, interconrisEsés pa

lignes de transmission et des déphaseurs. Cette configuration permet le traitement simultané de multiples
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voies de signal, essentiel pour synthétiser avec précision des signaux complexes en phase (l) et en quadrature
(Q). Ces capacités sont indispensables dans les applications a ondes millimétriqgues ou la démodulation
précise des signaux est primordiale poaragtir une intégrité élevée des données et une fiabilité optimale

du systeme. La capacité de démoduler les signaux directement au niveau de I'antenne simplifie I'architecture
du systéme, améliore la vitesse de traitement du signal et réduit la consamrdé@&nergie.
L'implémentation de circuits interférométriques a six ports a donc un impact significatif sur les performances
globales des systemes de communication, notamment dans l'optimisation du traitement des signaux haute

fréquence caractéristiques deshnologies sans fil de nouvelle génération.

Ce chapitre comprend trois sections principales, chacune se concentrant sur la conception de différents
composants microndes visant a améliorer les performances du systeme dans les applications a haute

fréquence.

La premiére section explore la conception d'un coupleur hybride PRGWantjeabande, utilisant la
technologie PRGW a faibles pertes. Cette section présente une condition aux limites unique qui simplifie
considérablement le processus de simulation (hellément long et énergivore) et détaille les aspects
pratiques de la conception a travers la fabrication d'un prototype et des tests concluants. Ces étapes valident
les résultats de la simulation et soulignent |'efficacité de la technologie PRGW daaitanae structures
polyvalentes pour les applications en ondes millimétriques. De maniére remarquable, la perte par réflexion
et l'isolation entre les ports adjacents du coupleur restent inférieufds dB sur 46% du spectre de
fréquences, allant d&6Z5Hz a 40 GHz. De plus, le déséquilibre d'amplitude en sortie reste inférieur a 1 dB
dans la bande de fréquences de 26 GHz a 39 GHz, tandis que le déséquilibre de phase en sortie reste dans
les limites de % sur la méme plage. La comparaison de notkatravec les solutions existantes révele des
caractéristiques sans précédent dans le coupleur proposé, ce qui en fait un choix idéal pour les réseaux

d'alimentation nécessitant des composants a large bande.

La deuxiéme section, intitulée « Conception innovante d'un crossover planaire PRGW a faibles pertes pour
les applications 5G », met en lumiere la réalisation d'un crossover planaire 0 dB, reposant sur la technologie
PRGW et spécifiguement congu pour leplagations en ondes millimétriques, notamment dans le spectre

de la 5G. Ce crossover est optimisé pour un fonctionnement efficace & 30 GHz, et les prototypes réalisés ont
confirmé les performances simulées, avec une perte d'insertion minimale et d'exoéliesux de retour

et d'isolation sur sa bande passante opérationnelle de 29 a 31 GHz. Compte tenu de ses performances
remarquables, ce crossover est promis a un bel avenir en tant que composant clé des réseaux de commutation

de faisceaux a haute fréquenrépondant ainsi aux exigences des futures technologies 5G.

La troisieme section explore deux conceptions de réseaux a six ports. La premiére concerne un réseau a six

ports a large bande et a faibles pertes, basé sur la technologie PRGW, destiné aux applications 5G. Ce réseau
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couvre une bande passante impressionnante d'environ 8 GHz centrée autour de 28 GHz, offrant une
résolution de phase exceptionnelle & ses sorties et répondant ainsi aux exigences rigoureuses des futurs
systémes de communication sans fil & haut débit. Leiélme conception se focalise sur la réalisation d'un

circuit a six ports sur un substrat a faible épaisseur et faible constante diélectrique (Rogers RT/Duroid 5880).
Cette approche vise a développer une architecture a la fois économique et compadeans'inté
harmonieusement aux antennes pour les applications en ondes millimétriques. La structure du circuit est

congue pour une implémentation directe, sans nécessiter de composants externes additionnels.
E.2 Conception d'Antennes a Polarisation Circulaire pour les Applications en Ondes Millimétriques

Le spectre des ondes millimétriques (mmWave) est un élément clé pour l'avenir des communications
mobiles, car il permet d'augmenter considérablement les débits de données et de pallier les limitations de
bande passante du spectre mionaes traditionnePour répondre a la demande croissante en matiére de
communication sans fil, il est essentiel de disposer d'antennes présentant une efficacité de rayonnement
élevée, un gain important et une large bande passante d'impédance, afin de faciliter desdi#bitede

de plusieurs gigabits par seconde. Dans ce contexte, les antennes a polarisation circulaire (CP) suscitent un
intérét croissant, car elles permettent de minimiser les interférences dues aux trajets multiples et les
désadaptations de polarisationesL conceptions d'antennes CP varient, allant de modéles simples a
alimentation unique avec des bandes passantes de rapport axial (AR) plus étroites, a des modéles multi
alimentations plus complexes offrant une bande passante accrue mais moins adaptégranies

d'espace des applications 5G. Parmi les technologies étudiées pour les antennes CP, l'antenne dipble
magnéteélectriqgue (ME) se démarque par ses performances efficaces, notamment dans les applications 5G
mmWave. Cependant, des défis persistemir pconcilier taille de l'antenne, bande passante AR et
impédance. Les guides d'ondes a fente en créte imprimée (PRGW) offrent une alternative prometteuse grace
a leurs faibles pertes de transmission, particulierement adaptée aux réseaux d'antennes Malyvave.

leurs avantages, les conceptions actuelles doivent encore trouver un équilibre optimal entre bande passante

AR, taille de lI'antenne et complexité de fabrication.

Les travaux présentés dans cetttion introduisent une antenne dipble maggétotrique (ME) a
polarisation circulaire (CP) haute performance, spécifiquement congue pour les applications large bande en
ondes millimétriques (mmWave) dans les réseaux 5G. Cette antenne CP, alimentéepaau PRGW a

faibles pertes, fonctionne en mode qttesnsverse électromagnétique (TEM). Elle surpasse les
performances des antennes CP récentes utilisant d'autres technologies de guidage. L'anterdip@® ME
proposée présente une bande passamgpétiance étendue de 31% (25;234,50 GHz) et une bande
passante de rapport axial (AR) de 24,9% (26,83,91 GHz) pour un AR inférieur & 3 dB. Elle offre

également un gain maximal de 8,4 dB et une réduction significative de la polarisation croistienramt
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dans la bande Ka, cette antenne démontre d'excellentes performances en polarisation circulaire, avec des
bandes passantes d'impédance et AR supérieures a celles des travaux comparables.L'objectif principal de
cette étude est d'élargir la bande passantardenne CP en intégrant une nouvelle antennalié&le dans

un substrat monocouche. Cette approche permet de créer un élément d'antenne CP a large bande sans
recourir a un réseau d'alimentation complexe ni a des couches supplémentaires. Toutes lesleouche

| *'antenne sont con-ues sur un substrat Rogers RT
faibles pertes et son faible codt a hautes fréquences. Grace a son profil bas, ses hautes performances, sa large
bande passante et ses faiblatg® cette antenne CP innovante se positionne comme un candidat idéal pour

les futures applications 5G en ondes millimétriques nécessitant une polarisation circulaire.

E.3 Conception d'Antennes a Formation de Faisceau pour les Applications de Communication sans

Fil

Les récentes avancées dans les technologies de communication telles que WiMAX et WLAN ont accru la
demande pour des systéemes d'antennes compacts et polyvalents, capables de fournir de multiples
fonctionnalités. Ces antennes exploitent différentes formediwagsité, notamment en fréquence, en
polarisation et en diagramme de rayonnement, afin d'optimiser leurs performances. Les antennes
reconfigurables, combinant la diversité de polarisation et de diagramme de rayonnement, jouent un réle de
plus en plus creial, en augmentant la capacité des canaux et en ameéliorant la couverture. La conception de
réseaux d'antennes a commutation de faisceaux repose généralement sur des réseaux phasés avec des
déphaseurs codteux, ou sur des réseaux de formation de faiskeaéggnomiques tels que la matrice de
Butler, offrant de faibles pertes d'insertion et une compatibilité avec la polarisation circulaire. La
commutation de faisceau est essentielle pour réduire I'évanouissement par trajets multiples et améliorer la
mobilité, en particulier dans les conceptions complexes de réseaux d'antennes qui intégrent également la
polarisation circulaire pour optimiser les performances dans diverses conditions opérationnelles. Les travaux
présentés dans cette section introduisent wvesu réseau d'antennes multicouche & double polarisation
circulaire (CP) et a commutation de faisceau. Cette conception innovante intégre des éléments a double CP
pour assurer la diversité de polarisation et la commutation de diagramme, optimisédigatidlutde la

matrice de Butler. L'antenne, fonctionnant dans la bande de fréquene® GHk a 3,6 GHz, est
spécialement congue pour les applications de communication sans fil de nouvelle génération. Elle comprend
un réseau d'inclinaison de faisceau 8&8¢é sur deux matrices de Butler symétriques, agissant comme un
réseau d'alimentation a commutation de faisceau, couplé a un réseau d'antennes 1x4. Cette topologie
d'inclinaison de faisceau est congue pour produire quatre faisceaux a polarisatiomecidcoizs (RHCP)

et quatre faisceaux a polarisation circulaire gauche (LHCP), couvrant ainsi efficacement un champ de vision
de -30° & +30°. Les résultats de simulations et de mesures confirment que ce réseau d'antennes a
commutation de faisceau offre uaig de créte moyen de 9 dBic et une polarisation circulaire pure et stable,
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avec un rapport axial (AR) maintenu en dessous de 3 dB a 3,6 GHz pour tous les angles de balayage et les
ports d'entrée.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Background, Motivation, and Research Problem Objectives

Wireless communication has become the backbone of modern digital society, enabling seamless
connectivity between devices and systems without physical connections. This technology spans several
generations, each marking significant speed, capacity, and functionality enhancements. These developments
have facilitated a broad spectrum of applications, from basic voice transmission to complaxedaiee

applications that power our digital econpm

In this everevolving landscape, the fifth (5G) and sixth (6G) generations mark pivotal junctures where
groundbreaking technology converges with innovation, transforming our interconnected world. These
advancements deliver swift, reliable communication with matihelays, supporting higépeed data
transmission and versatile network capabilities acnemsous applications including telemedicine,

autonomous vehicles, smart homes, and immersive entertajramsesitown ifrigure1l.1[1, 2].

Figure 1.1 : Futuristic cityscape demonstrating advancedext-generationwireless communication
technologies

The introduction of 5G and 6G heralds a new era of connectivity characterized by unprecedented speed,
efficiency, and reliability. To achieve these goals, industry initiatives focus on features such as low latency,
robust reliability, capacity for numerosgmultaneous users, consistent quality during high mobility, and
enhanced multimedia servid@}. At the heart of thisransformative journey is the crucial interplay between
advanced antenna designs and the spectrum of frequency ranges. This introduction sets the stage for a

1
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comprehensive exploration of the future trajectories of wireless communications, emphasizing the critical
role that innovative antenna technologies and strategic frequency allocations will play in shaping the
communication landscapes of tomorrpil. For example, Figure 1.2 shows Montreal transformation into a
smart city, seamlessly interconnected by the advanced networks afemextation and WiFi technology,
highlighting the future of urban communication and connectivity.

b
»

g
|y, gy,
I,mu" N

Figure 1.2: The futuristic cityscape of Montreal demonstrates advanced nexdeneration wireless
communication.

The design of flexible, cosiffective antenna systems for 5G and 6G presents ehallgnge that must be
addressed to meet the next generation's heavy reliance on these advanced tecfmd@pdiasthermore,
there is a need for compact, lmest, and efficient beam steering antennadrftarnet of Things16T)
devices, which can be achievég designingnovel antennaconfigurations[6]. 5G and 6G wireless
communication technologies utilize s6bGHz and millimeter wave (miwave) frequency ranges, which

are critical for achieving high capacity and low latency in future wireless systems.

The sub6 GHz band is widely employed in 5G communications for its reliable coverage. In contrast, the
mmwave band, including frequencies like 28 GHz, is being explored to accommodate higher data rates and
capacities. Designing compact antenna structarése sub6 GHz and mrrwave bands is crucial fahe

next generation of mobile applicatioriBhese antennas offer wideband coverage, high gain, and beam
steering capabilities, making them suitable for B@bile communication terminalg-11]. Numerous

studies have underscored the potential of-&@Hz frequency banda4l (2.5152.675 GHz), n78 (314
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3.6 GHz), and n79 (4i% GHz) which holds significant promise for the next generations of wireless
communication in 5G networkBurther advancing the application of these critical frequency bands, a recent
study introduces a novel compacttiend filtering antenna designed specifically for 5G-8uBHz bands

n4l, n78, and n7A82]. The n78 frequency band (3346 GHz) stands out among the SufBHz bands for

its notablefeatures This bands especially critical for 5G deploymebécause it offera superior balance

of high data rates, extensive coverage, and capacity optimizdsorg this bandnighlights the advanced
technology of the antenna systems and emphasizes the important role of this frequency band in the

development of wireless communicatigas].

In practical applications, the 3.6 GHz band has already demonstrated its vital adplaying 5G
technologies with extensive reabrld usage. For instance, Deutsche Telekom, a major telecom operator in
Germany, reports that 11,400 of its 5G antennas currently utilize the 3.6 GHz spectrum across 900 cities,
significantly enhancing the network'spadility. This deployment is part of a broader strategy to expand
mobile services, having upgraded numerous sites with LTE and 5G in recent weekd la¢doBe5 GHz

band supports high data throughput, which consistently exceeds one terabit per secenslr@sdobust
coverage and highpeed internet in densely populated af@ds14, 15] The extensive application of this
frequency band underscores its critical importance in providing balanced coverage and capacity, making it
a cornerstone of modern telecommunications infrastructure in the era ff6hGvoreover, alongside
frequencies above 100 GHz, this b#&nd8) present®pportunities for revolutionary applicatioasobeing
considered for the development of 6G netwofkg, 18] While practical examples of St GHz
applications for 6G are still in the research and development phase, potential future uses could include wide
and consistent coverage, particularly in rural and remote areas to ensure connectivity where advanced
techrologies are less accessible. SulisHz could be vital for emergency communication systems to
maintain stable connections during disasters, enhance intelligent public transportation systems for improved
efficiency and timing, and facilitate smart agricoéuthrough precise monitoring of environmental

conditions and plant health.

Additionally, it couldsupport expansive 10T networks and mackimenachine (M2M) communications,
enabling rapid responses to climatic changes and improving agricultural yields through connected sensors
and devicesThese studies collectively demonstrate the suitability ®G3z for 5G antenna design, with

a focus on different applications and performance metrigsarallel, beam steering antennas enhance 5G
networks operating at 3.6 GH¥loreover they can enhance the widagle scanning matching impedance,
further improvng the antenna performance in the 5G frequency ha8 These antennas optimize
frequency spectrum utilization by dynamically directing radio frequency beams toward specific users or
areas, thus boosting coverage and capacity, especially in densely populated urban settings where 5G

deployment is commqj20, 21] These antennas are essential for implementing advanced technologies such

3
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as Massive Multiple Input Multiple Output (MIMO), which contribute to higher data rates and greater
spectral efficiency22, 23] Their versatility also supports the letgrmyviability of 5G networks, allowing

them to adapt to emerging technologies and evolving spectrum allocations, thereby enhancing network
performance and scalability over tirae shown in Figure 1.3

Figure 1.3: A beam-steering antenna dynamically directs 5G signals across Montreal, optimizing
communication in the bustling urban landscape.

A particular advancement in beam steering technology is evident in a compact antenna optimized at 3.6
GHz for 5G applications, which eliminates the need for complex phase shifters by using a metamaterial
based transmit array for efficient tvdimensional bam steering. This antenna offers a gain of 13.@ dBi
and a steering range of +20 degrees in both elevation and azimuth[p&nEarther developments include

a &4 microstrip Quaskagi beam steering antenna array with ominéctional radiation characteristics

[24], and a flatantenna design for 5G smaktll base stations at 3.6 GHz, featuring a rdaiter structure

and discrete capacitor diodes for precise beam ste@®hgrhe introduction of a wideband and highin

Fabryi Pérot cavity (FPC) antenna, integrating a-oass frequency selective surface (FSS) with a-high
pass feeding source, represents another significant innoy2@pmBeam steering antennas not only prove
vital in Sub6 GHz frequencies but also play a significant role in millimetave (mmwave) applications,
where technologies like the endfire aperisinared antenna are designed for-mave multibeam and sub

6 GHz canmunication applications, achieving high gains through parabolic reflectors and multiple mm
wave feed$l, 27].

Mm-wave technology, operating between 30 and 300 GHz, presents another frontier for the next generation
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of wireless communication, complementing SulsHz frequency band8]. These frequencies offer
expanded bandwidths and the potential for tftist data rates, positioning them as a compelling choice for

future wireless communication syste[s].

By integrating mrawave technology with the traditional S8bGHz spectrumresearchers and engineers

aim to achieve unprecedented levels of performance, capacity, and efficiency in wireless networks, thus
facilitating the advancement of 5G and the development of future 6G netwhekshift toward mrwave
frequencies in 5G applications is driven by the demand for higher data rates and reduced3aiency
supported by the availability of undetilized bandwidth in the mrwave spectrunj3l, 32] However,

utilizing mmwave frequencies poses significachallenges for system design and communication

technologie$33].

The potential of mawave cellular wireless networks is substantial, yet they present multiple antenna design
challengessuch as impedance bandwidth, efficiency, size, material selection, and manufacturing precision.
These challenges are compounded by-wame communication characteristics like high propagation loss,
directivity, and sensitivity to physical blockaggl]. Significant issues like substantial path loss, signal
attenuation from atmospheric absorption, rain fade, and physical obstarlesas buildings and foliage
necessitate robust solutions for reliable communication [iB&s 36] High-gain antennas are critical in
addressing these issues, as they focus the transmitted signal into a narrow beam, thus concentrating the
signal energy towards the intended direction and compensating for the high propagation loss and attenuation
typical of mmwave signals[37-47]. This approach not only enhances the range and reliability of
communication links but also optimizes transmit power usage, reduces interference, and mitigates
environmental disturbances, thereby boosting ovesydiem performanc@8, 49] Various high-gain

antenna designs have been proposed, including a hybrid dielectric resonator/microstrip [@0ferana
wideband substrate integrated waveguig®V) slot antenng51], and a conicabeam planar antenna for

mm-wavedrone applicationgs2].

Furthermore, circularly polarized (CP) antennas play a crucial role in 5G andawenapplications. Their

ability to reduce multipath interference and enhance signal reception in dynamic environments makes them
especiallyvaluable for emerging wireless communication systems. Studies have extensively explored the
design and performance of CP antennas forwawe applications, confirming their essential role in modern

5G and mrwave networksln [53] and[54], researchers achieved wideband characteristics, with the latter
employing shorted parasitic elementstgandthe axial ratio (AR) bandwidthFurther enhancements in

AR performance were developed through iterative design improvements, as detgblgd heanwhile,

[56] aimed at achieving both high gain and enhanced wideband circular polariZdteantennarray

compriseCPmagneteelectric ME)-dipole antenngsonnectedo the ground plane at the edges of patches,
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resulting in two orthogonal MEipole modesof similar magnitudes and phase quadrature. The array
achieves a wide impedance bandwidth of 588ading from24.5to 40.8 GHz) and a 3 dB AR bandwidth

of 44% from 27.5to 43 GHz) with a maximum gain of 19.2 dBié&\ novel CP antenna utilizing substrate
integrated waveguide (SIW) technology is alsitboduced in57]. This antenna operates in the rvave
frequency, featuring an op@&mded rectangular SIW that functions similarly to a magnetic dipole alongside

a parallel electric dipole. 1t exhibits a 17T10 dB
of 36.8%, and a peak gain of 9.3 dBic

On the other hand, when designing structures for-fiigguency ranges, it is crucial to consider the
increased pass losses associated with higher operating freqUétidshis is particularly important for
mmwave antennas, where higfficiency, lowloss transmission lines are needed to feed the antenna

effectively.

Conventional planar transmission line technologies, such as microstrip and strip lines, often face challenges,
including spurious radiation, leakage, and high ohmic and dielectric IE@esThese issues lead to the
attenuation of received signals aswbstantially reducethdiation efficiency While hollow waveguides

offer low losses, they are limited by their bulkiness, narrow bandwidths, and losses due to metal contact
imperfectiond60]. Similarly, SIWtechnologiesalso experience undesirable losses in dielectrics at higher
frequencies[61, 62] In response to the need for more efficient, -logs transmission lines at high
frequencies, a novel waveguide structure called the ridge gap waveguide (RGW) has been developed. This
innovative solution presents several advantages over traditional traiosnliess, addressing the key

drawbacks of earlier technologies

Over the past decade, significant efforts have been dedicated to studying RGW technology, aiming to
achieve higkefficiency, lowloss transmission lines with minimal complexity by eliminating metal
connectionsespeciallyat high frequencief63, 64] The concept of RGW was initially introduced in 2009

as a novel lowoss TEM guiding structure, and it was further developed into the printed véPIREB)

in 2011, offering an economical solution for the millimeter frequency r§te67]. PRGW technology

offers low loss and minimal dispersion compared to traditipriated circuit boardPCB)-based structures,
making it suitable for higfrequency application§8]. It facilitatesthe integration of planar transmission

lines with other circuitomponentsenablinghe design of lowcost and lowprofile physical structurg§9].

In RGW technology, electric and magnetic waves are confined between two metal walls and two open
sidewalls, allowing them to propagate within the air gap. This configuration ressigmnificantly lower
losseghanSIW technologieswhereelectric and magnetic waves travel through the air and host dielectric.
Additionally, while introducing bends, slots, or other disruptions in SIW waveguides can compromise their

low-loss characteristics by disrupting the host environnfe@Ws maintain their efficiencyeven in the
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presence of such disturbancBRGW also supporthe miniaturization of antennas and circuits, which is
important for nexigeneration wireless communication and radar seljgbigThis technology has been
successfully applieth designing various antenna systems and components like couplersyveossand
six-ports for 5G application87, 71-73], making it a highly suitable and cesffective option for mrwave
antenna systemfr4, 75] The effectiveness of PRGW in thesgplications underscores its critical
contribution toadvancing modern wireless communication infrastructurampyoving performance and
reducing costsAn important challenge in designing PRGW structures lies in the complexity of their
simulation process, which is both tiraensuming and energptensive. As a result, it is crucial to develop
methods that can reduce simulation times to design and oetishiactures based on this technology.
Implementing specialized boundary conditions can significamttyelerate the simulation process while

delivering results that closely mirror actual PRGW structures.

1.2 Contributions of the Thesis

This thesis encompasses several tasks to achieve the objectives outlined in Section 1.1. The primary focus
of this research is the development of eefétctive and higiperformance antenna subsystem components
suitable for 5G applications in both the SubGHz and mrwave frequency bands. The designed
components include advanced antennas with beam steering capabilities and CP functionalities. Additionally,
this work extends to the design of critical feed and RF network elements such as couplers, crassbvers
six-port demodulator mixers, which are essential for the efficient operation and integration of the antenna

system within broader 5G networks

The key contributions of this dissertation are explained in detail as follows

1.2.1 mm-Wave ComponentDesigns

This sectiorexploreghe design of various components at +wawe frequencies using PRGW technology.

A novel method is introduced to simplify the design process of PRGW structures, addtessing
traditionally timeintensive and energgonsuming simulation proces$he primary structure can be
achieved by implementing a specific boundary condivithout needing &ed of nails or mushroom unit

cells. Utilizing this technique, a wideband PRGW 3dB hybrid debbbecoupler, a planar@B crossover,

and a novel skport are desiged for deployment in mimwave frequencies, potentially serving the next
generation of mobile communication systems. To the best of our knowledge, this method is introduced in
the literature, and all components designed based on it exhibit superior paderczenpared to similar
components in existing literature. The designed comporfeaiisre excellent characteristics such &sna

profile, low loss, and seamless integration with microwave circuits and systems, making them suitable for
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designing mrmwave network subsystems.

1.2.2 CP AntennaDesignfor Mm-Wave Applications

The work presented in this section introduces a-pgfiormance CP ME dipole antertiaglored explicitly

for wideband mmwave applicationgn 5G networksThe CP antenna, which employsoav-loss PRGW

feed network, operates in a quétsinsverse electromagnetic (TEM) mode. It achieves broader performance
characteristics compared to recent CP antennas that use different guiding technblegjg®posed CP
ME-dipole antenna demonstrates a wide impedance bandwidth of 31% {ZHZD GHz) and an AR
bandwidth of 24.9% (26.4833.91 GHz) for AR < 3 dBIt also features a peak gain of up to 8.4cdéhd
notable crospolarization reductionOperating at the khand, the antenna showcases d&oelCP
performance with wide impedance and AR bandwidths surpassing comparable works.-phailenhigh
performance CP antenna, featuring wideband anddsw capabilities, emerges as a promising candidate

for future 5G applications in miwave commuitations requiringanantenna with CP capability.

1.2.3 Beam Steering AntennaDesignfor Wireless Communication Applications

The research presented in this section introduces a novellayaited, dual circularly polarized (CP) beam
switching antenna array. This design integrates dual CP elements to achieve polarization diversity and
pattern switching, enhanced by innovativesisf the Butler matrixThe antenna, operating in the Stib

GHz frequency band at 3.6 GHz, is specifically tailored for sgexteration wireless communication
applicationslt featuresan 8x8 beantilting network based on two symmetrical Butler matrices deam
switching feed networkoupled witha 1x4 antenna arraomparativeanalysis with recent similar works
highlightsthebroadband bandwidth of tla@tenna, dual CP feature, and high radiation efficigdowever,

there are tradeffs in size and the range of beam switching angles (BSR) performance
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This thesis includes material extracted from the following publications:
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1 Z. Mousavirazi, M. M. M. Ali, P. Rezaei, A. R. Sebak and T. A. Deniihinovel lowloss planar
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1 Z Mousavirazi, H Naserri, M Mamdouh, M -AIl i, a
wi deband PRGW hybrid coupler using PEC/PMC wayv
no. 1, pp. 14214, 2022.

1 Z. Mousavirazi, V. Rafiei, and T. A. DenidriiBeamSwitching antenna array with dueircular
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1 Z.Mousavirazi, M. M. M. Aliand T. A. Denidniiwideband MultiPort Network Based on Printed
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Propagation and USNORSI Radio Science Meeting (USNARSI), Portland, OR, USA, 2023,
pp. 421422.

i Z. Mousavirazi, M. HarifiMood, M. M. M. Ali, S. O. Tatu and T. A. Denidnfjwideband
Miniaturized MultrPort Correlator for 5G Applications at 28 GB2022 IEEE International
Symposium on Antennas and Propagation and USIRSI Radio Science Meeting (AFURSI),
Denver, CO, USA, 2022, 1051053

Publications not included in this thesis:

The following papers have also been published or submitted during the Ph.D. studies. However, their content

is not included in this thesis for compactness.
Journals:

1 Z. Mousavirazi, M. M. M. Ali and T. A. Denidnfi DualPolarized high gain Millimetewave
PRGW Antenna Array for Internet of Things (I0OT) Applicatidayubmitted to the IEEE Internet of
Things Journal.

i Z Mousavirazi, H Naserri, M Mamdouh, M Ali, P Rezaei, and T Denftkl.ow-Profile and Low
Cost Dual Circularly Polarized Patch Anterofasogress In Electromagnetics Research Letters, vol.
107, pp. 6774, 2022.

1 Z. Mousavi, P. Rezaei, M. B. Kakhki, and T. A. Denidideamsteering antenna array based on a
butler matrix feed network with CP capability for satellite applicatiahlnstrum, vol. 14, Jul 2019.

Conference Proceedings
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1 Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. DenidrfiA Wideband CP Cavitdacked SIW
Antenna Fed by PrinteBRGW Technology) 2021 IEEE International Symposium on Antennas and
Propagation and USNORSI Radio Science Meeting (APS/URSI), Singapore, Singapore, 2021,
pp. 15311532.

1 Z. Mousavirazi, M. M. M. Ali and T. A. DenidnfiA Wideband MillimeterWave 3dB Hybrid
Coupler Based on PrintdRGW Technology 2021 IEEE International Symposium on Antennas
and Propagation and USNCERSI Radio Science Meeting (APS/URSI), Singapore, Singapore,
2021, pp. 1063064

1 Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. DenidniWideband and Low.oss Magnetoe
Electric Dipole Antenna Fed by Printed Rid@ap Waveguide Technolo@2021 IEEE 19th
International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM),
Winnipeg, MB, Canada, 2021, pp21

1 Z. Mousavirazi and T. A. DenidniiA Circularly-Polarized Antenna for 5G Applications Fed by
Printed RidgeGap Waveguid®,2021 IEEE 19thnternational Symposium on Antenna Technology
and Applied Electromagnetics (ANTEM), Winnipeg, MB, Canada, 2021,pp. 1

1 Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. DenidniiA High-Efficiency ZerothOrder
Resonant (ZOR) Antenna Fed by Printed Rigp Waveguide Technolo@?2021 International
Applied Computational Electromagnetics Society Symposium (ACES), Hamilton, ON, Canada,
2021, pp. 13.

T Z. Mousavirazi, M. A k b a rWavesHigklGail PRGW Antdhearusingy n i , il
a FabryPer ot 2020v IERE yintetnational Symposium on Antennas and Propagation and
North American Radio Science Meeting, Montreal, QC, Canada, 2020, pp13865

T Z. Mousavirazi, S. H. R. T u-Wave liowRaafild and MetalA . Deni
Only Transmitarr ay 2020nldte Eutopean GonfereBc8 onG\Htennas and
Propagation (EuUCAP), Copenhagen, Denmark, 2020,-gp. 1

1 Z. Mousavirazi, M. B. K a k h\Wave BearSteeAng SI&@ Amennd n i an
using Gradient RelativBer mi t t i vi t y 2B19 $EEESIotgrraatiosat Sympgosum @mn
Antennas and Propagation and USNRSI Radio Science Meeting, AtlantaA, USA, 2019, pp.
319-320.

Collaborating publications:

During my doctoral studies, | collaborated witesearchers in various fieldepriching my academic

experience and contributing to the publication of several articles in reputable journals and conferences

Journals:

1 A. Dimanet al., AEfficient SIW-Feed Network Suppressing Mutual Coupling of Slot Antenna
Array,0 IEEE Transactions on Antennas and Propagation, vol. 69, no. 9, pp66638Sep. 2021.

1 S. H. R. Tuloti, Z. Mousavirazi, A. Kesavan, and T. A. Denid,low profile duatpolarized
transmitarray antenna at Kend9 AEU-Int J Electron C, vol. 143, Jan 2022.

1 H Naserri, P PourMohammadi, Z Mousavirazi, A Igbal, Guy AE VandenbaschT DenidnifiA
Low-Profile DualBand Hybrid Coupler with Flexible Frequency Band Rati®rogress In
Electromagnetics Research Letters, vol. 107, pp:12¥9 2022.
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1 F.Karami, P. Rezaei, A. Am&Elahi, Z. Mousavirazi, T. A. Denidni, and A. A. Kisht& compact
high-performance patch array with suppressed cross polarization using image feed configuration,
AEU-Int J Electron C, vol. 127, Dec 2020.

Conference Proceedings
1 H. Naseri, P. Pourmohammadi, Z. Mousavirazi, A. Igbal and T. A. Deriflall Azimuth Beam
Steering by Means of Radiation Pattern with the Narrow Beamwigi@i22 IEEE International

Symposium on Antennas and Propagation and UBSIRSI Radio Science Meeting (ARYURSI),
Denver, CO, USA, 2022, pp. 163631.

1 M. B. Kakhki, Z. Mousavirazi and T. A. DenidriiHigh Gain Ridge Gap Dielectric Resonator
Antenna using FSS Superstrab2019 IEEE International Symposium on Antennas and
Propagation and USNORSI Radio Science Meeting, Atlanta, GA, USA, 2019, pp7Z1

1.4 Thesis Organization

This thesis aims to delve deeply into hjgérformance antennas and related component designs, especially
thosegea ed toward facilitating 5G applications. We strive to refine the communication capabilities crucial
for 5G technology by studying different antenna designs and configurations. Our investigation encompasses
frequenciesat Sub6 GHz and in the mawave bands. This thesis is organized into six chapters, each
contributing to a comprehensive understanding of the subject matter. Additionally, it includes a summary,
a compilation of publications, and a reference section toegatnd organize the findings and resources

utilized throughout the research journey.

Chapter 2: Many designs featured in this thesis, particularly those operating in th@amenbands, have
been implemented usinBRGW technology. Chapter 2 provides comprehensive studies on PRGW
technology and includes a literature review of PRGW structures andave components implemented

with these guiding structures.

Chapter 3: In this chapter, a novel method for designing PRGW structures is introduced, significantly
streamliningthe design proces®ne of the primary challengas designing PRGW structurésthe time
consuming simulation and optimization proceaggically conductedusing full wave software like CST
Microwave Studi and Higlfrequency Simulation Software (HFSS). Thesv methodreducessimulation

time, thereby simplifying the design optimization proceBbe chapter presents a detailed digystep
expanation of designing a bandwidédmhanced coupler using this method, achievingexreptional
bandwidth of approximately 46%;hich isoutstandingn its classAdditionally, the chapter discusses the
designs of two other componeniacluding a crosever and a sbkport, which demonstrate superior
performance compared to similar existing works in the literature, thereby underscoring the effectiveness of

the proposed design method.

Chapter 4: CP antennas offer better immunity to multipath fading and polazatismatchcommon

issues in wireless communications at high frequenthgs.chapter begins with an overview of CP antennas
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used in mmwave bands for 5G and 6G applications. It then details a specific CP antenna design based on
PRGW technologyThe desigrachieve<tircular polarizatiorusinga ME-dipole antenn&onfiguration at

the upper part of the antenrldnlike similar designs that require difabd configurations or additional
layers, our approach utilizes a feskaped feed structure to enhance antenna bandwidth while maintaining
simplicity and improving efficiency

Chapter 5:This chapter delves into beasteering antennas, which are pivotal for 5G applications due to
their ability to enhance network capacity, signal quality, and coverage while supportinigekjgéncy
operations. These antennas direct signals specifically tavgarg or areas, optimizing spectrum usage and
allowing for more simultaneous connections without degrading performance. As modern handsets
increasingly incorporate multiple antenna elements, bs&tanring antenna arrays have become essantial
implementing effective 5G networks, facilitating crucial besteering operations. These antennas also
enhance the signab-interference ratio, significantly improving network performance for targeted user
groups. In this chapter, we focus on studyimgl designing beaisteering antennas for 5G applications,
specifically around the 3.6 GHz frequency. We propose a novel design for abeaghtdualCP antenna
array tailored for 3.6 GHz WIiMAX applications. This design incorporates®&nb&amtilting network
using two symmetrical Butler matrices as a beawitching feed network, complemented by2@ hntenna
array. The beartilting topology is engineered to produce four Rigfend Circular Polarization (RHCP)
and four LeftHand Circular Polarization (LHCP) beams, covering a field of view 8@ to +30°. The
results highlight an average peak gairfalBic and consistent circular polarization, with an Axial Ratio

(AR) below 3.5 dB across all scan angles for all input ports at 3.6 GHz

Chapter 6: This chapterconcludes the thesis by summarizing the key findings and delineating potential
directions for future research within the specified field. It reflects on the contributions of the thesis and
discusses the implications of the results for the advasceof 5G antenna technologies. Additionally, it
outlines possible continuations of this work by proposing specific areas for future exploration and
development. This final chapter not only consolidates the research achievements but #isossage for

subsequent inquiries and innovations that can build on the foundation laid by this thesis.
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Chapter 2. Literature Reviewon PRGW

Technology

2.1 Gap Waveguide TechnologyThe Evolution and Impact of Gap Waveguide
Technology inHigh-Frequency Communications

In the rapidly advancing realm of telecommunications, particularly atwawe frequencies for next
generation networks, the quest for innovative transmission mediums has led to the emergence of Gap
Waveguide (GW) technology. This chapter comprehensivegiipeas gap waveguide technology, focusing

on its design, various types, and applications to enhancevawea communication systemas a bridge
between conventional microstrip lines and metal waveguides, gap waveguide technology presents a
promising solutio to meet the growing demands of mwvave and 5G technologies and bey¢bd, 61,

76]. In microwave engineering and higlequency communication systemthe introduction ofgap
waveguidetechnology is catalyzing a significant transformation. By overcoming the limitations of
traditional microwave technologies such as microstrip lines, coplanar waveguides (CPW), hollow
waveguides, and substrateegrated waveguides (SIWQap waveguidéechnology is driving innovation

and reshaping the landscape of modern communication infrastrp€tjir€hese conventional technologies

have played a crucial role in developing RF components and circuit designs, each offering specific
advantages but also encountering substantial challenges, particularly -atavenfrequencies and in
antenna applications. Mistrip lines and CPWare valued for their simplicity, esfé¢ctiveness, and ease

of integration with Printed Circuit Board (PCB) technology, making them suitable for incorporating active
microwave components. However, their performance atvmane freqencies is significantly compromised

by high insertion losses and power leakage stemming from the use of lossy dielectric materials. This
reduction in efficiency leads to serious issues with etalésand interference, which are often exacerbated

by tradiional packaging method§8, 79] Hollow waveguides offer a lososs alternative by guiding
electromagnetic waves through -filled or vacuum spaces, eliminating dielectric losses. Yet, their
bulkiness and the complex integration with planar technologies limit their practicality for compact system
designg80, 81] Similarly, SIWs attempt to combine the benefits of hollow waveguides with the fabrication
advantages of planar processes, but they still involve challenges related to dielectric losses and the excitation
of higherorder modes. The manufacturing and assgnubl these conventional components become

increasingly difficult and costly at higher frequendi@2]. This precision is crucial to eliminate tiny gaps

5
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and ensure good electrical contact for higlality performance, a requirement that significantly raises
production costs and leads to delays, making commercial mass production unfeasible. Gap waveguide
technology emerged as a revolutionary solution, dgaddan 2009, to bridge the performance gap between
planar transmission lines and nplanar metal waveguides. By employing a conductive surface patterned
with an Artificial Magnetic Conductor (AMC) or a bed of nails, gap waveguides createladsyairfilled

guiding structure without needing a complete metal encl¢gar&3, 84] This approach drastically reduces
manufacturing complexity and costs whibtdfering greater design flexibility, minimal dielectric and
conductor losses, and wideband operation. Gap waveguides stand out for their negligible dielectric losses
and mechanical flexibility, providing a lowost, highperformance alternative that is #sxible as
microstrip lines and as lo¥oss as metal waveguides. This significant advancement in gap waveguide
technology offers a compelling solution for future higbquency microwave and mmave applications,
addressing the urgent need for higdrformance, coseffective transmission line technologies. The focus

on gap waveguide technology operating principles and its application in designing critical RF passive
components signifies a paradigm shift in designing and implementingfrigigiency commugation
systems, promising to redefine the landscape of microwave ardammcommunication85]. It has been

more than ten years since the inventiongap waveguiddechnology, where extensive research and
development on investigating tgap waveguidstructure characteristics, operating principle, and potential

for realizing mmwave beam switching networks and antennas have been conducted.

Figure2.1 chronicles the evolution of the historygdp waveguidéechnology and its applications since its
introduction in 2009. The trend of publications, as depictédguare2.1(a), shows a yedry-year increase,
indicating the technology growing popularity in academia and industry. However, the €@\fiindemic

and associated disruptions have had a major impact, leading to a decrease in the publishing of articles in
2019 In Figure2.1(b), the various applications of gap waveguide technology over different years highlight

its growing significance. Particularly in antenna design, it is evident that this technology has been
extensively utilized, as shown by the consistent increase incptibhs and applications in this area. This

trend underscores the crucial role of gap waveguide technology in advancing antenna performance and

design efficiencies.
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Figure 2.1 : Chronological trends of RGW-related publication records by (a) Conference and journal papers
and (b) Difference applications (generated byEEE and Web of Sciencesites from gapwaveguide keyword).

2.2 The Principles and Efficiency of Gap Waveguides

Gap waveguides have emerged as a groundbreaking technology in the field of electromagnetic wave
propagation, especially suited fmm-waveand 5G frequencie&ap waveguides were first introduced by

Kildal in 2009[59] as a guiding structure capable of supportijugsitransverseElectromagneticquast

TEM modes.This technology diverges significantly from traditional waveguide designs by leveraging the
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concepts of AMCs to guide electromagnetic waves with minimal Hsis. examination highlights the
transformative potential of gap waveguides, positioning them as a key technology for the next generation of
high-frequency communication systenie origins of this technology trace back to the concepts of soft

and hard surfaces used in corrugated horn antennas, with soft surfaces preventing wave propagation along
them and hard surfaces enhancing tfi@éj). Gap waveguides evolved fratiscoveringwaves that could
propagate along the grooves and ridges of hard surfabes ledto the innovative design that replaces
multiple ridges with metal pins to form a guiding path for electromagnetic wakisstechnology operates

on the principle opreventing wave propagation between two parallel plates, a perfect electric conductor
(PEC) and a perfect magnetic conductor (PMC), by maintaining an air gap separation of less than a quarter
wavelength65, 87] This small gap stops any electromagnetic wave from spreading between the PEC and
PMC surfacesas shown inFigure 2.2. Since natural materials do not exhibit PMC properties at the
frequencies of interest, AMCs are employed as practical stand\MCs are fabricated using periodic
structures, such as arrays of metallic pins or mushilda@relements, designed to mimic theflective

behavior of PMCs at specific frequenciB8, 89] These structures exhibit high surface impedance,
generating a bandgap effect that prevents the propagation of pplatéeiodes within a certain frequency
range.Integrating a guiding element like a metal strip or ridge on the AMC surface forms elpextn
electromagnetic waves can propagate efficiently. This configuration essentially acts as a waveguide without
needinga fully enclosed conduit, relying instead on the stopband characteristics of the AMC to confine and
guide the wavef0-92].

| PEC Surface | PEC Surface
i Air gap Propagation Air gap
N agat
0 propagation H <4 x kll(mg Stl’ip x H<\4
PMC Surface | [ pmc | Strip | PMC

(@) (b)

Figure 2.2 : Field propagation (a) within two parallel platesconsistsof a PEC plate and PMC plate, and (b) a
singletexture side of idealRGW [93].

The innovative structure of gap waveguidggnificantly improves the reduction ofrious forms of

transmission loss, making them highly efficient for m@veapplications

9 Dielectric Losses:When electromagnetic waves interact with the material filling the waveguide,
traditional waveguides suffer from dielectric losgeap waveguides, by design, minimize dielectric
losses by using air (or vacuum) as the primary medium for wave propagation, significantly

enhancing their efficiency at high frequencies.
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1 Conductor Losses:The interaction of electromagnetic waves with the walls of traditional metal
waveguides can lead to conductor losses. Gap waveguides reduce these losses by confining the
waves to propagate along the kogs path defined by the AMC surface and the guidtngctures,

minimizing contact with lossy materials.

I Radiation and Leakage LossesGap waveguides are designed to prevent electromagnetic energy
from radiating away from the intended path. The Ald&hdgap effect acts as virtual walls that
confine the waves within the guide, drastically reducing leakage and radiation losses compared to

open or loosely confined structures.

1 Manufacturing Tolerances and Assembly LossesTraditional waveguide assemblies require
precise alignment and electrical contact, which can introduce additional lossewa@Gaides
offer a more forgiving design regardinganufacturing tolerances, as the wave confinement does

not rely on metato-metal contact, thus reducing assermtdlated losses.

Gap waveguides represent a significant advancement in waveguide technology, offering a viable solution
for efficiently guiding electromagnetic waves with minimal losses at frequencies where traditional

waveguides falter.

2.3 Different Gap Waveguide Geometries

The concept of an AMC surface is pivotal in the operation ofvgageguide technologies, acting as the
cornerstone for their innovative design. This AMC surface plays a crucial role in creating virtual lateral
walls along the guiding sections of the waveguide, effectively preventing electromagnetic fields from
leaking kterally. As a result, electromagnetic waves are confined to propagate along predefinetgaths

it ridges, grooves, or stripswith minimal loss and without deviating in undesired directidiiss wave
guidance and confinement mechanigtistinguishes arious gap waveguides or transmission lines,
specifically categorized into ridge, groove, and microstrip gap waveg@dd90]. Each of thesdesigns
leverages the unique properties of the AMC surface to facilitate efficient, directed wave propagation for
high-frequency applicationNd 01-104]. The various configurations of gap waveguides are illustrated in Fig.
2.3.
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Figure 2.3 : Different gap waveguide geometries: (a) ridge gap waveguide, (b) groove gap waveguide, (c)
inverted microstrip gap waveguide, (d)printed ridge gap waveguide

1 Ridge Gap Waveguides (Fig. 3.(a)): This geometrfyRGW) utilizes a metallic ridge between two
parallel plates to guide the wave. The bottom plate often features a textured pattern, such as a bed
of nails, acting as an AMC to prevent wave leakage.

1 Groove Gap WaveguidesWaveguides (Fig. 2 (b)): Groove gap waveguid¢&GW) employ a
groovedchannel in one of the plates, opposite a flat or similarly textured plate. The groove confines
the electromagnetic waves, guiding them along the desired path while the textured surface ensures
that the waves do not escape, thus supporting efficient tresismi

1 Inverted Microstrip Gap Waveguides ((Fig. 23 (c)) : This configurationIMGW) represents an
evolution in RGW technology, incorporating a novel configuration where a thin substrate layer is
placed above a bed of nails, with the ridge element printed atop this suli$timtiesign variation
aims to simplify the design process, particularly by easing the arrangement of the bed of nails around
resonators and transmission lines, which is a noted complexity in standard RGW designs. However,
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the introduction of the substrate into the IMGW configuration brings about certainofffade
including increased losses and an enlarged structure size due to the presence of the substrate
material. Additionally, positioning the substrate layer above rthis introduces more space
between the bed of nails and the upper ground plate. This spatial increase adversely affects the
waveguideoperational bandwidth, specifically leading to a reduced stopband. Such changes
highlight the delicate balance betweersida simplification and performance optimization in the

development of gap waveguide technologies.

1 Printed Ridge Gap Waveguidg(Fig. 2.2 (d)): Printed ridge gap waveguides (PRGW) represent
an evolution in gap waveguide technology by enabling the integration of ridge gap waveguide
components with monolithic microwave integrated circuits (MMICs) using standard PCB
manufacturing techniques. This apach typically involves replacing the bed of nails with an
electromagnetic bangap (EBG) mushroom structure to construct the waveguide. The printed ridge
gap waveguide facilitates easier integration of microwave components based on RGW technology
into MMICs, combining the advantages of gap waveguide technology with the convenience of PCB
fabrication methods.

The operation of different types of gap waveguides is characterized by the specific modes they support,
which are crucial for their application in guiding electromagnetic waves efficiently at high frequencies.
RGWs IMGWs, andPRGWsshare a commonality in their mode of operation, as they all facilitate the
propagation of a qua3IEM mode within their stopband. Thiropagation modés advantageous
because it allows for looss and efficient transmission of electromagnetic waves, making these types
of gap vaveguides particularly suitable for a wide range of filgiuency applications. The quadtM

mode supported by these waveguides is characterized by electric and magnetic fields that are
predominantly transverse to the direction of wave propagation,t allii a small longitudinal
component due to the waveguide structure. This slight deviation from a pure TEM mode arises from the
confinement provided by the waveguide design, such as the rigg&Wsand the specific arrangement

of the microstrip and tewnted surface$MGWs. On the other hand, th@GW supports a mode of
operation that closely resembles thelifiode of traditional rectangular waveguides. Theyhiode

is the fundamental mode of rectangular waveguides, characterized by electric fields that have one half
wavelength variation across the width of the waveguide, and no variation along its height. This mode is
distinct from the quasTEM mode in that itinvolves transverse electric fields with a significant
component perpendicular to the direntiof wave propagatiof85]. The difference in the supported
modes between thBGWs (and their variations) and th@ GWs underlines the versatility of gap

waveguide technology. By selecting the approprigpe of gap waveguide, designers can tailor the
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mode of wave propagation to meet the specific requirements of their application, whether they require
the broad applicability and efficiency of qua$tM modes or the specific characteristics ofiglfBode
propagation. This flexibility is one of the key advantages of gap waveguide technologies, enabling their
use in a wide array of higinequency electromagnetic applicatiofrsre2.4).

f <

tan LItk 0 0 -

(a) Q-TEM mode in RGW (b) TE1o Mode in GGW

(H) IH<M4I ( ) | H<a

(a) Q-TEM mode in IMGW (b) Q-TEM mode in PRGW

() o<

Figure 2.4 Desired propagation modes in different gapwaveguide geometries

Among the various types of gap waveguides, the PR&Whologystands out for several reasons that make

it particularly suited to certain applications oWRBW, GGW, andIMGW. One of the main advantages of
PRGW is its compatibility with standard PCB manufacturing processes. This compatibility simplifies the
production process, making it more ceffiective and less complex than the specialized manufacturing
required for othetypes of gap waveguides. This aspect is crucial for scaling production anchgethei
overall cost of higHrequency waveguide components. Additionally, PRGW's design facilitates seamless
integration with MMICs, an essential feature for creating compact, efficient microwave systems. This level
of integration is less straightforwardittv other gap waveguide configurations, which might necessitate
additional design modifications or fabrication challenges to accommodate MMIC standards. The use of
printed circuit technology in PRGW also allows for a high degree of precision and desigilitile
Designers can easily adjust tisometry ofvaveguide to findune its performance for specific applications,
offering a level of customization that might be more restricted in other gap waveguide types due to their
inherent structural complexities. Moreover, the PRGW configuration can lead tesi¢hat are more
compact and lightweight compared to those based on traditional-lastd waveguides, including
alternative gap waveguide desigiis 0].5This advantage is particularly valuable in speoastrained
applications, such as aerospace and portable electronic devices, where every gram and centimeter counts.

The PRGW is also optimized to minimize transmission losses at higher frequencies, renisameal

12
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integrity and operational efficiency over longer distadcksy considerations for higlequency
communication technologies. The structural design of PRGW supports wideband performance,
accommodating high data rates and miuéiquency operations, which gfit pose a challenge for achieving

in other gap waveguide designs without compromising other performance metrics. Lastly, the choice of
materials and fabrication techniques used for PRGW can offer superior thermal management compared to
traditional metal \eveguides, ensuring the reliability and longevity of Higdguency electronic systems

under operation.
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Chapter 3. Low LossComponentDesigns
for Wireless Communication Systems at

mm-Wave

This chapter focuses on the innovative design of essentidbkswcomponentsritical for enhancing the
performance and efficiency of wireless communication systems atvava frequenciebased on PRGW
technologies High frequencies are increasingly popular in modern telecommunicatieceuse they
uniquely provide the data rates and spectral efficiency needed foddidigiition streaming, redime
communication, and extensive loT device deployment. This global trend towardBdgghncy, high

speed technologies necessitates intefitggubsystems in the rwave frequency baneyhich areessential

for ensuring reliability and maximizing spectral efficiency in future wireless applications. Therefore,
guiding structures, including microwave components, still require substantial enhancements to keep pace
with these rapidechnological advancementdybrid microwave directional couplers are among the most
important categories of passive microwave circuits that should be specifically considered in future systems.
These components are used to divide or combine sjgeittier inphase o outof-phase,and are key

elements in microwave smart beam switching subsystems.

Another critical component in designing beamitching networks is the crossover. With features such as
low loss, wide bandwidth, and compact size, the crossover significantly enhances the performance of beam
switching subsystems. Its ability to allow sijrpaths to intersect without interference is essential in
maintaining the integrity and efficiency of the system. The design of thdokswcrossover thus plays a
foundational role in optimizing the layout of antenna arrays and supporting thegagthigh-frequency

demands of modern telecommunication infrastructures.

In addition to beam switching networks, the-pbtt interferometric circuit is another critical component in
designingcomplex mmwave systems. This component hdesveloped significanthyover the past two
decades, particularly for its applications in direct modulation or demodulation within thevawnen
frequency band. It is typically composed of several 3dB hybrid couplers, optionally with power dividers,

and interconnected by transmigsioes and phase shifters. This configuration allows for the sinadtes
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processing of multiple signal paths, which is crucialdocurately synthesizingpmplex inphase (l) and
guadrature (Q) signals. Such capabilities are essential vwawa applications where precise demodulation

of signals is critical to maintaining high data integrity and system reliability. The ability to demodulate
signals direcil at the antenna helps reduce system complexity and can lead to improvements in signal
processing speed and a reduction in power consumption. Its implementation can stbynifigaact the

overall performance of communication systems, particularly in optimizing the processing-bElgigéncy

signals characteristic of negeneration wireless technologies.

This chapter comprises three main sections, each focusing on designing different microwave components to

boost system performance in hiffequency applications.

The first section examinean ultraawideband PRGW hybrid coupler designed using-loss PRGW
technology. This sectigoresents a unique boundary condition that greatly simplifies the simulation process
(which typically consumes considerable time and energydatulls the practicalesignaspects through
prototype fabrication and successful testifjese steps validate the simulation results and underscore the

effectiveness of PRGW technology in creating versatile structures fewava applications.

The second section, titleiA Novel Low-Loss Planar PRGW Crossover Design for 5G Applications,
showcases the design of a planatB)crossover, also utilizing PRGW technology tailored for-mave
applications, particularly within the 5G spectrum. This crossover is engineered to operate effectively at 30
GHz, with prototypes confirming its simulatpérformance through minimal insertion loss and excellent

return and isolation levels across its operational bandwidth.

The third section explores two sport networks. The first design focuses on a-loss, wideband siport

network based on PRGW to support 5G applications. This network covers a substantial frequency bandwidth
of around 8 GHz at a center frequency ofa8z. It demonstrates exceptional phase resolution at its outputs
and meetshe stringent requirements of future hidghtarate wireless communication systems. The second
design focuses on designing a-pixt circuit on a substrate with low thickness ama Hielectric constant
(Rogers RT/Duroid 5880). This approach aims to realize actust’architecture thaeamlessly integrates

with antennas for mawave applications, featuring a structure that allows for implementation without

additional offchip components.
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3.1 Analysis and Design of Wideband PRGWHybrid Coupler Using PEC/PMC
Waveguide Model

In thissubsection, a new method to facilitate the design of PRGW structures is introduced. One of the main
challenges in designing such structures relates to their simulation process, which is notatsynsuneing

and energyntensive. Therefore, a suitable bounda&ondition is considered to establish the primary
structure without involving the bed of nails or mushroom unit cells. Using this technique, a wideband PRGW
3dB hybrid doublébox coupler is designed to operate at-wave frequencies with a center freqogmof

30 GHz, suitable for the next generation of mobile communications. The designed coupler provides a wide
matching and isolation bandwidth with low output amplitude imbalance, which is unique compared to
current couplers. The prototype of the proposedpler was fabricated and measured, and the simulation

and measurement results demonstrated good agreement, indicating the effectiveness of the proposed method
in PRGW structure design. The superb results were achieved through a design procesiondiflest the

process by avoiding using EBG in the initial phase emitnces performance by eliminating the need to
position EBG structures and nails in the ridge. These elements typically increase simulation time
significantly due to the increased mesh size. While the proposed design procedure was applied to a coupler,

it can also be adapted to design larger structures, potentially saving substantial time and effort.

3.1.1 Branch-Line Coupler Analysis

The BrancHine coupler, a type of signal divider, effectively splits an incoming signal into two outputs with
equal power but 9phase shifts. The branchline couglenerateguadrature signals essential for our QAM
radio system. This device features four ports: an Input (P1), Output 1 (P2), Output 2 (R8),swvidted

port (P4) which is terminated at 50 ohms and isolated from the input, as illustrdtepine3.1. Comprising

four quarterwavelength transmission lines at the target frequency, the Blisectoupler design includes

two lines with the characteristic impedance matching the terminations (PeR4)Rdnd two with an
impedance reduced hyfVic, approximately 35.3%W This configuration results in a mismatch, as the
combined impedance of S0and 35.38NV does not equal 59, indicating that its operation involves more
complexity than merely shifting the phase through transmission TilesABCD manipulation technique,
coupded with everodd mode analysis, is employed to understand of the operational principles of the Branch
line coupler.This approach is common method in the analysis of symmetrical networks, particularly for
hybrid components such as the Bratiole coupler. ABCD parameters enable engineers to assess how
symmetrical networks affect signal amplitude and phase, facilitating thorough analysis and optimization.
Evenodd mode analysis simplifies the understanding of complex components like the-Brareiupler

by separating signals into even and odd moBefore commencing the analysis, it is essential to consider
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two key points: Firstly, the network is symmetrical, ensuring consistent properties under certain
transformations. Secondly, the networkossless.

ﬁ 900
vZ'

Port 1 [ —  Pport2

A
Z,,90° Z,,90°

Port 4 [ ] Port 3

ﬁ 900
\/fa

Figure 3.1 : Branch line coupler.

3.1.1.1 Even and odd mode analysis
Every signal can be decomposed into an even and odd mode, also known as common mode and differential
mode. lllustrated ifFigure 3.2 the two modes: everrigure 3.2 (a)) and oddKigure3.2 (b)). In the even
mode, the dashed line acts as an open circaod current flows through the transmission lines since the
signals are in phase. In contrast, for the odd mode, the dashed line functions as a virtual ground, effectively

creating a short uit.
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Figure 3.2 : Even and odd modes obranch-line coupler with line of symmetry, (a) even mode, and (b) odd
mode.
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3.1.1.2 Even mode

The even mode is examined first by splitting the coupler into two symmetrical halves and focusing solely
on the top half. The dashdide plane is treated as a virtual opas shown inFigure 3.3. The input

i mpedance of the &/ 8 transmission |ines is calcul
For o/ 8, 8and=gpd ,tdnpl=1lanflassumingZd | oad i mpedance) = D, th
can be expressed as follojt96, 107]
o o O @O @
® Do o (3-1)
owplt p (3-2)
(%) @ 3-3
o (3-3)
. Q ..
O = @ (3-4)
()
Zy .
ﬁ,90
pe3 g VS Y el — 1 P
20,450 A/8 I 20,450
Zy,45° »VSI Zo,45°
yyy—sPortd " 0000 ]Port3
| 20 g0
72

Figure 3.3 : Branch-line coupler in even mode analysis.
3.1.1.3 Odd mode

The same analysis can be applied to the odd mode by simply replagidy ww 6t0[A07]. It is important
to note that the primary difference here is the negaliba.dashedine plane is treated as a virtual ground
as shown irFigure3.4.

. O Do Oy

© o0 T B o (3-5)
owpit p (3-6)
O (3-7)
. ) n

W m @ (3-8)
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Figure 3.4 : Branch-line coupler in odd mode analysis.

3.1.1.4 ABCD analysis of everodd mode

Evenodd mode analysis is utilized to elucidate the behavior of the bierecboupler. By breaking down

the network intdhree part8 a pair ofshuntoperishortstubs and a series quarteavelength transmission

lined it can be treated as a cascaded circuit. Consequently, the overall ABCD matrix is simply the product
of three individual ABCD matriced.06, 107]

For even mode;:

The admittance aheshunt open stub with an electidength ofdis determined bysee Figure3.3):

. O A+
(A Qw_ (3-9)
So the ABCD matrix ofhe shunt open stub is determined by:
p T Pag "
The ABCD matrixof atransmission linevith an electrical length af and Zine is determined by
At @ OERrl
o v 7'Q o o
0000 = OB AirO (3-11)

So theABCD matrix ofthebranchline coupler in even mods:
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0600 06000000 0600
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By converting the ABCD matrix to thf&-parameter representation, we can derive the reflection coefficient
( & and transmission coefficientd):

~ ¥
0 e = =0
7 (3-14)

Te= = = —(14))

T i (3-15)

For odd mode:

The admittance of the shunt short stub with an electrical lengifisafetermined byseeFigure3.4):

Q
5 OAd (3-16)

So the ABCD matrix ofhe shunt open stub is determined by:

P,
Q

Tt
3-17
50 " (347

0600

P T
®w p

So theABCD matrix of brancHine coupler in even mode (s@gure3.3) is[106, 107]

0600 060000600 006060
p m A0 @ OET p = (3-18)
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5880 AYA) @ 320

000 - W e w -
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o . = =0 (3-21)

To= =

L) (3-22)

Finally, Scatteringparametergsan be calculated by:

. 3A 3l
Y c T (3-23)
. 3A 3l
Y c n (3-24)
oy 4 A 41 p

c vic (3-25)
. 3A 3l
Y c Tt (3-26)

Based on the obtained equations, it can be concluded that

No power is reflected back to the input port:£8). Ports 1 and 4 are completely isolated from each other
(S14=0).

Power is evenly divided between ports 2 (output port) a@@pler port) §Y S SY S p, but they
exhibit a 90 phase difference 5= -jSs1).

Due to the symmetry of the branch line couplersaditteringparameterss derived in the sammethod

Therefore, the final scattering parametepé®ameter) matrix folhe brancHine coupler is:

mT Qp ™

; __Qmnmop

Y mp MM Q (3-27)
mTp QT

3.1.2 PRGW Double-Box Hybrid Coupler Design

Directional hybrid couplers are essential passive components in vamougve systems and subsystems,
such as balanced amplifiers and mixers, radar systems, and antennawiieaimg feed networks for
splitting or combining power among multiple devi¢&68]. Many previous works in the literature report

the implementation of directional hybrid couplers based on different technologies, such as microstrip lines,

striplines, and substrate integrated waveguides (SIJ¥89-111] However, designing microwave
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components like couplers using conventional technologies suffers from high radiation and dielectric losses
at higher frequencies. The RGW and PRGW technologies were introduced as promising guiding structures
for mmwave applications to address these isg&8]. Over the last decade, the design of directional
couplers based on PRGW technology has been proposed in many worksvedvarfrequency bands.
However, most of these designs have narrow bandwitlt3s115]. A stepby-step design procedure of the
wideband hybrid coupler based on PRGW technologletailed in this subsection. Initially, the periodic
square EBG unit cell surrounding the ridge is designed with precise dimensions to suppress leakage and
generate a wide bandgap, ranging from 24 to 45 GHz, suitable for 5G applications. A boundamnconditi
based on the air gap height between the EBG unit cells and the upper conductor is defined to facilitate the
design of the primary coupler. The traditional bitatine coupler is then designed using this boundary
condition to validate theobustness of themethod. Following this, the broadband doubt hybrid coupler

is simulated using the same boundeaondition. After achieving satisfactory results, EBG unit cells are
integrated into the structure, and a final optimization is conducted. The parameters of the fabricated structure

are then evaluated and compared with the simulation results to ensustetmysand accuracy.

3.1.2.1 Design of EBG Unit Cell and PRGW Line

The ideal RGW leverages the basic cutoff band associated with a perfect electrical conductor (PEC) and
perfect magnetic conductor (PMC) in a parallel plate waveguide configuration. No field propagates in the

air gap between the PEC and PMC surfaces ifjipeheight is lessthanegeu ar t er of a wavel e
Figure3.5illustrates the ideal form of the proposed concept. In RGW, a metal strip, or ridge, is encased by
PMC surfaces. By maintaining a waveguide cavity h
can propagate between the upper conductor and the witpePEGPEC surfaces minimizing leakage in

all directions, similar to PM@®EC surfaces.

Since PMC does not exist naturally, it is simulated using an artificial magnetic conductor (AMC) that
replicates PMC behavior over a specifiequencybandwidth[116]. An EBG unit cell serves as such an

AMC, with a periodic arrangement used in PRGW structu@rinted, modified version of RGdVto

prevent electromagnetic wave leakage outside the region between the ridge and the upper conductor within
a designated stopbd. Figure 3.6 displays the EBG unit cell and its dispersion diagram across a broad
frequency range, derived using the computer simulation technology (CST)-reagn solver. The
propagation constant is zero between 24 GHz and 45 GHz, indicatiraptBE®G unit cell acts like PMC

in this rangesuppressing propagation. The-flled gap height between the squam®unded patch and the

upper conductor is crucial in establishing the ideal boundary condition. Notably, the substrate used is Rogers
RT 6002 with a dielectric constant of 2.94 anfliekness of 0.762 mm. The patch is square, measuring 1.2

mm on each side, and the-&iled region has a height of 0.254 mm.

22



Chapter 3. Low Loss Componeitesignsfor Wireless Communication Systemsmatt\Wave

. Air gap P ti Air ga
No propagation ropagation gap
propas | H<)\/4 x along Strip x H<M\/4
| PMC Surface | PMC PMC
(a) (b)

Figure 3.5 : Field propagation (a) within two parallel platesconsistsof a PEC plate and PMC plate, and (b) a
single-texture side of idealRGW [93].
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Figure 3.6 : PRGW structure design, (a) Section of PRGW guiding structure, and (b) Dispersion diagram of
the square PRGW unit cell. (Wei= 1.6, Gap = 0.254, {F0.762, W=1.34, P=1.4 (all in mm)).
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3.1.2.2 Design of the primary singlebox branch-line coupler

To demonstrate the specific boundary condition, the traditional siagidrancHine coupler is proposed,

as shown inFigure 3.7 [117] [118]. This configuration, operating at 28 GHz, was modeled in CST
Microwave Studio. The structure comprises only the brdimehcoupler patch and a metal plate acting as a

PEC surface above it. The dilted gap between the coupler patch and the PEC wastamined during

the unit cell design phase using the CST software (Eigete solver) from the previous section. Regarding

the boundary conditions, it is necessary to establish a PMC conditidd) @tithe plane touching the coupler

patch at %in=0, while assigning open boundary conditions to the other faceBi(gge3.7 (b)). Although

the setup appears straightforward and results can be observed within minutes, this simplicity does not extend
to following the existing design methoBigure 3.8 displays the scattering parameters of the coupler,
showing an acceptable amplitude imbalance from 27 GHz to 29 GHz, indicating a narrowband performance.
Additionally, the phase difference imbalance is within acceptable limits across the entire frequehcy ba
Subsequently, the designed EBG unit cells are placed around the coupler, and the branch itself is grounded
with a series of vias, as depictedrigure3.9. The dimensions and spacing, including the 0.2 mm distance
between the mushrooms, are consistent with thoBegure 3.6 andFigure3.7.

350
12008 1 e — T
A
50Q 50Q

Port 4 | ] Port 3

350

@)

‘ Open

_ 5 H,=0(PMC)
.\“1"’.1'
o

TE
®

Figure 3.7 : Single-box branch line Coupler, (a)basic schematicand (b) the specifichoundary conditionsin
CST Microwave Studio. (Wa = 1.3, Wo = 2.1, W=1.34 (all in mm)).
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Figure 3.9 : The configuration of the traditional PRGW branch-line coupler.
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Figure 3.10 illustrates the performance outcomes after integrating the unit cells around the-lmmanch
coupler.As shown inFigure 3.10(a), the results are in complete agreement with those obtained from the
coupler under specific boundary conditions. Within the frequency range of 27 GHz to 29 GHz, both the
reflection coefficient and isolation are nearly optimal, with the amplitude imtalbatween the output
signals being within acceptable limits. Additionally,Fagure3.10(b) showsthe phase difference between
output signals is remarkably close in both conditions, with an imbalance of less than two degrees. Overall,

it is clear that the presented procedure is an effective tool for designing structures based on PRGW

technology.
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Figure 3.10: Simulated results of the Singlebox branch coupler with EBG unit cells (a) Scattering
parameters,and( b) Phase difference ap-a&it fwpen out put port
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Figure 3.11: Double-box ideal hybrid coupler, (a)basic schematicand (b) scattering parameters,and (c)
phase difference betaweef) Pout put ports (0 (S

3.1.2.3 Design of the broadband coupler with specific boundary conditions

Traditional branch line couplers produce a narrowband structure, resulting in significant imbalances in
output amplitudes over broad frequency ranges. This can adversely affect the performance of systems

incorporating the coupler. For instance, when uiiegcoupler in broadband Butler Matrix networks, issues
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arise due to the narrowband limitations. To enhance the bandwidth, one approach is to integrate an additional
section, such as a ddabx 3dB coupler. This modification alters the characteristic impedance of the arms
while maintaining their length at a qlraturewavelengti118]. Figure3.11(a) presents the schematic of

the proposed structure, whitégure3.11(b) and (c) show the transition and the reflection coefficients, and

the phase difference in an ideal scenario, respectively. The results are highly satisfactory, with minimal and
acceptable amplitude imbalance across a wide frequency band. This imprbgtnenfrom the second

box, which operates at frequencies close to those of the first box, thus broadening the bandwidth.
Subsequently, we employ a fullave solver tool, CST Microwave Suite, to simulate the structure under
specific boundary conditions.his approach avoidasing mushroom unit cells and facilitates quicker
achievement of the desired outcomEgyure 3.12 illustrates the coupler with the proposed boundary
conditions, andrigure3.13 displays the scattering parameters of the broadband coupler, considering these
conditions. It is worth noting that within the frequency range of 25 GHz to 40 GHz, the output amplitude
imbalance remains within £1 dB, and the phase difference between patmits confined to £5°. These

features are distinctive when compared to existingwawe hybrid couplers.
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Figure 3.12: (a) The geometrical configuration of the doublebox hybrid coupler, and (b) the specific
boundary condition in CST Microwave Studio. (c = 1.3, W=1.02, W, =1.67, Ws = 1.62, W=1.34, L1 =1.12,
Lo=1.54, Ls= 2.62, =1, Lc=2.46 (all in mm)).
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Figure 3.13: Simulated results of the doublebox coupler with specific boundary condition (a) Scattering
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3.1.2.4 Designand Optimization of the Broadband PRGW Coupler

out put

port

After designing the broadband hybrid coupler with specific boundary conditions, we have incorporated EBG

unit cells as illustrated iRigure3.14. The Sparameters and the phase differences between the output ports

of the broadband coupler are showrFigure 3.15. Figure 3.15a) clearly demonstrates that ti) dB

impedance bandwidth of the structure ranges from 25 GHz to 40 GHz. Throughout this frequency band, the

input signal is effectively split into two nearly equal signals at the output ports. The operation of the unit

cell reveals that the entire stop band area is efficiently utilized. In contrast, such bandwidth is unattainable

with traditional circular EBG unit cells.
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FurthermoreFigure3.15(b) indicates that the phase difference between the output signals is approximately
90° across a broad frequency range. Notably, the phase imbalance is close to +5°, and the amplitude
imbalance remains around 1 dB. Consequently, we can conclude thabplosqat boundary condition
provides a straightforwvard method to optimize the structure. This approach eliminates the need for
mushroom unit cells and utilizes the adjusted parameters, including the size and length of the arms, to
finalize the PRGW coupleresign. Although the results of the double coupler structure with perfect
boundary conditions and those with EBG unit cells are similar, the double coupler shows greater deviation
from the ideal model compared to the single coupler. This difference smmshfe increased complexity

of the doublebox coupler structure and the higher number of EBG unit cells it incorporates compared to the

single coupler.

3.1.3 Design of Microstrip to PRGW Transition

As you know, it is not possible to directly connect SMA connectors to PRGW structures for measurement
purposes. Instead, a transition from a microstrip line to PRGW is necessary. The schematic of the 90° bend
transition is depicted iRigure3.16(a) and (b). For this, Rogers RT 6002 material is used, with a thickness
matching the required gap height between the unit cells and the top conductor, to provide a transmission
line with a characteristic impedance of 50 ohms. This microstrip line isdbemnected to its PRGW
counterpart, completing the transition. A critical aspect to consider is ensuring that the reflection coefficient
of the transition line remains belovt0dB, and its transition coefficient approaches 0 dB across the
operational frequecy band. To validate the performance of this transmission line, it was designed and
simulated independentlyrigure 3.16(c) displays the-parameters of the structure, showing that from 25

GHz to 40 GHz, the signal transfers from Port 1 to Port 2 with minimal reflection and optimal transition

efficiency.

This transmission line has been integrated with the PRGW coupler as sheigaore3.16(b), which will
be further discussed in the subsequent section. Additionally, it is important to note that the EBG unit cells

employed in the line are identical to those used in the main structure.
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Figure 3.14: (a) Block diagram of the broadband hybrid coupler, (b) 3D view, and (b) Top view (Upper
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Figure 3.16: Block diagram of 90°bend PRGW with microstrip to PRGW transition. (a) Side view (b) Top
view, and (c) Scattering parameters. (Wh = 0.633 mm).

3.1.4 Experimental Validation

Having designed the broadband coupler, it was fabricated and measured to validate the simulation results,
as shown irFigure3.17(a). We utilized 2.92mm enthunch SMA connectors in the measurement setup.

Our goal was to achieve a reflectiomefficient and isolation belowlO dB across the frequency range from

24 GHz to 40 GHz, consistent with the results from our simulations. Ideally, we anteafequal signals

with a £90°phase difference depending on the excited input port. However, as previously mentioned, an
amplitude imbalance of 1 dB and a phase imbalance’arEsacceptable for many applications. With these

32



Chapter 3. Low Loss Componeitesignsfor Wireless Communication Systemsmatt\Wave

parameters in mind, the measurement setup was established as depleiguarar8.17(c). Given the
coupler's symmetry, there was no need to measure the scattering parameters for both input ports.
Additionally, a TRL (ThruReflectLine) calibration kit, shown ifigure3.17(b), was fabricated to facilitate

local calibration of the network analyzer. This kit integrates the necessary reflect or short, thru, and line
circuits into a single package, simplifying the calibration of any network analyzer. It is also evident that the
transmission lines designed in the previous section are fully integrated with the PRGW coupler and the TRL
calibration kit. The measurement results are display&tgure3.18. The impedance bandwidtiovess the

entire frequency range shownHhigure3.18(a). However, some discrepancies between the simulated and
measured results were observed, likely due to minor fabrication errors and unavoidable connection issues.
When examining the output amplitudes and phases, it is clear that the desired resultsiesxard. deiom

25 GHz up to 39 GHz, the defined imbalances were within the acceptable range. Thus, it can be concluded
that the proposed method, with the aid of specific boundary conditions for designing PRGW structures, is

reliable and expedites the desigogess.

Figure 3.17: (a) Fabrication of the proposed broadband PRGW coupler, (b) TRL calibration kit, and (c)
Measurement setup.
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Figure 3.18: Simulated and measured results of the proposed broadband PRGW coupler (a) Scattering
parameters, and (b) Phase dif)flergghhce bet ween out

3.1.5 PRGW 3-dB Hybrid Coupler Performance Evaluation

To assess the performance of the coupler and compare it with existing reSadtel3-1 is provided,
focusing on guiding structures, promising technologies for-wawe applications. Many 3dB hybrid
couplers in the literature have a narrow bandwidth, typically up to 18%, and exhibit high output phase and
amplitude imbalance$113, 115, 119122) However, couplers offered ifl23, 124] feature wider
impedance bandwidths of 26.5% and 26.6%, respectively, along with lower output phase and amplitude
imbalances, albeit at the cost of largizies In[125] authors proposed a SIGW hybrid coupler with a 26.4%

bandwidth, though it suffers from weak amplitude and phase balance. On the other hand, the proposed
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PRGW coupler, sized at g x 0.7%g at the frequency center of 30 GHz, achieves isolation and reflection

loss below-10 dB across the entire frequency band from 25 to 40 GHz. Notably, it provides the widest

bandwidth where the output imbalance staysweladB. Moreover, the proposed coupler demonstrates a

43% phase balance bandwidth, with an imbalance betwe&s 8overing the frequency range from 25

GHz to 39 GHz. These results underscore that the hybrid coupler proposed in this study outperfiams sim

works utilizing stateof-the-art guiding structure technologies such as PRGW, RGW, and SIW atamm

frequencies.

Table 3-1 : Performance comparison of the presented PRGW 3dB hybrid coupler with other proposed
couplers in the literature.

Ref. Tech. Ce?éel_ré;eq. (SllB<\'/\]I.(2)A) dB) B'Ar:\rlgﬂltlztg (Ij_%eW imggc?asiﬁce Sizel 2
(dB) BW %
[113] PRGW 30 6% ot ameY 11%11
[115] PRGW 30 13% a S e, 12712
[119] Microstrip 30 11% BV\'/iilll% nggilli% 133 1.1
[120] SIw 24 18% S e, | 14°15
[121] RGW 15 14% Sot0. 75 : 1.58% 1.58
[122] PRGW 60 11% DS ey, 19711
[123] PRGW 30 26.5% SIS e 13913
[124] PRGW 30 26.6% 3%&75 BW9:0§§5% 122 1.2
[125] SIGW 26 26.4% 3.7 9010 101
[126] MHMIC 60 8% 35205 90£5- .
This work PRGW 30 46% SRS e o 112075

This section introduces a specific boundary condition tailored for the design of PRGW structures,
streamlining their development process. Leveraging this boundary condition, we have successfully
designed, fabricated, and measured a widebandbdwuahybrid coufer. Remarkably, the reflection loss

and isolation between adjacent ports of the coupler remain bdledB over 46% of the frequency
spectrum, ranging from 25 GHz to 40 GHz. Moreover, the output amplitude imbalance stays below 1 dB in
the frequency banddm 26 GHz to 39 GHz, while the output phase imbalance remains whttiaet the

same rangelhe implementation of PRGW technology, along with the double box coupler and the use of

the specific boundary condition method for structural optimization, has led to a significant bandwidth
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improvement, achieving an enhanced bandwidth of 48émparing our work with existing counterparts
reveals unprecedented characteristics in our proposed coupler, making it an ideal choice for feeding
networksrequiring wideband components.
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3.2 A Novel Low-LossPlanar PRGW Crossover Design for 5G Applications

In this section, a planar, widebanelB crossover utilizing PRGWechnology is presented, specifically
designed for 5G communication systems. This crossover, centered at 30 GHz, employs two cadidaded 3
couplersAs fundamental components in Butler matrix network designs for beam steering applications, O
dB hybrid couplers facilitate the passage of two independent crossing signals through four ports while
ensuring high isolation between the paths and maintainnogrzgertion losg127, 128] Extensive research

has explored various crossover configurations such as microstrip line (I281,)rectangular waveguides
(RWG)[130], and striplind131]. However, dielectric losses represent a huge drawback at high frequencies
and lead to a critical problem for microstrip and stripline desj@B8]. However, at high frequencies,
microstrip and stripline designs are hindered by significant dielectric losses, posing a critical challenge.
Although RWGs exhibit lower attenuation, their bulky nature and integration challenges with monolithic
microwave intgrated circuits (MMIC) at mpwave frequencies are notable drawbafk3]. Recent
advancements have seen SiWWl RGW technologies gain prominence as cuttitige solutions to mitigate
losses at mawave frequenciesln [133-137], various SlWbased structures have been develoe.
instance a SIW crossover utilizing two cascadedB hybrid couplers with a 16.6% bandwidth at 35 GHz
was designed, as detailed1:34]. While this technique expands the bandwidth, it results in a larger physical
footprint Conversely, a compact twayer crossover combining SIW and stripline techniques, aimed at
reducing the size, was introduced at 26 GHz in referefi@¥ 138] However, this design complexity
remains a challengéAs discussed in previous sections, RGW and PRGW are emerging as promising
technologies for higlfirequency component§l39]. PRGW structures, in particular, offer superior
performance and simpler designs with minimal transmission losses in tiveaverband, compared to SIW
[140]. A novel application of these technologies is sedi4i], where a 3B hybrid PRGW coupler was

first introduced using even and odd mode analyses. Building on thidBah@brid PRGW crossover was
developed. This new crossover, while innovative, initially suffered from a narrow bandwidth and large size.
To addres these issues, thre@arter wavelength sections were cascadefll®®] to achieve wide
bandwidth

3.2.1 Analysis and Design of the PRGW @B Crossover

The 3D view and design specifics of the PRGW crossover are presented in Figure 1, with the dimensions
of each parameter detailed in Table 1. Layer 1 comprises periodic EBG mudik®amit cells arranged

around the ridgeémplementedising RT/duroid 600%itha per mi tti vity (Ur) of 2.
of 0.0012, and a substrate thickness (hs1) of 0.508 mm. This configuration functions as an artificial magnetic

conductor (AMC) to minimize leakage and ensure the realization of the desired hdfidgap 2 displays
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the simulated dispersion diagram of the designed EBG unit cell, generated using the CST Microwave Studio

Eigenmode Solver, which spans the frequency range-8623Hz.The crossover, comprising two cascaded

3-dB couplers, is printed on the top surface of Layer 1 amid the EBG unit cells. On the bottom Layer 2, a
microstrip line is etched into Rogers RT 6002 substrate, which has a thickness of 0.254 mm. This layer also

saves as a spacer, maintaining a consistent air gap (h) of 0.254 mm between the wgpayeneind the
AMC. By keeping the aigap height less than a quarter of thefsepace wavel engt h

waves are enabled to propagate between the two PEC sdrfheaspper conductor surface and the rélge

while their transmission throughe PEC/AMC region is inhibited, as depicted in Figure 3.

(Port 3)
Coupled port

Microstrip to RGW
Transition

(Port 4)
Isolated port

EBG Unit Cell

¥ (Port 2)
Isolated port

Layer 2 Proposed 0-dB
RT6002 : (Port 1) Crossover
Layer 1 Input port
RT6002
(a) (b)
L
|
M o . o w
Or 10O @Lrd® -
L

(©

Figure 3.19: The geometrical configuration of the designed crossover. (a}3 view, (b) EBG unit cell, and (c)

top view of the crossover section.
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Figure 3.21: The field propagation of the PRGW structure, the electromagnetic waves aggropagated
between two PEC surface§ ¥ and suppressed between two AM@EC surfaces’ .

3.2.2 Design Proces®f the Proposed0-dB Crossover and Results

3.2.2.1 3-dB Coupler Designand Analysis

The crossover design technique involves cascading-t®uplers. These hybrid couplers are engineered
with a multiwidth rectangular center section, providing enhanced flexibility crucial fortfineg, as
illustrated inFigure3.22(a). The step widths are determined through an analysis of even and odd modes
within the coupling section. This analysis ensures minimal impedance variation between the modes across
the desired frequency band. Subsequently, the length of the coupliran$ecaiptimized to distribute the

input power evenly between the two coupling ports, a concept previously discudset].imhe dimensions

of the coupling sectiaghthe width and the lengéhgovern the coupling factor (3 dB) and the phase
difference (90) between the through and coupled ports. Optimal coupling is achieved with a section length
equivalent to twaunit cells (UCs), promoting forward coupling. FodB coupling, the width should be

39



Chapter 3. Low Loss Componeiitesignsfor Wireless Communication Systemsmat\Wave

confined to one unit cell; expanding it to two UCs decreases the coupling to approximately 10 dB while
maintaininggoodimpedance matching across the frequency band, as shdwguire 3.23(c)

The number and dimensions of the steps influence the bandwidth of the cBigulez3.24 depicts how
increasing the number of steps, N, substantially enhancedmpedancanatching bandwidth. A
configuration of N=4 steps provides optimal impedance bandwidth. The simulated scattering parameters for
the designed -8B coupler are presented Kigure 3.22(b). The results indicatel0 dB matching and
isolation levels at the two input ports (Ports 1 and 4), and demonstrate excellent balance in coupling between

the output ports (Ports 2 and 3) across th8 R&Hz frequency band.
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Figure 3.22: (a) Configuration of the rectangular coupling section with 4 steps and-unit cell (UC) length,
and (b) Simulated scattering parameters.
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3.2.2.2 0-dB Crossover Desigrand Analysis

The GdB crossover, designed by merging two rectangular coupling sections, has been optimized using CST.
The dimensions of the optimized crossover are detailethble 3-2. The scattering parameters for the
crossover are depicted Figure 3.25(a@). Owing to the symmetric structure of the design, the simulation
parameters at Port 1 are representative of titgee4port configuration. Simulation results confirm
excellent matching at all ports with a return loss better than 15 dB across the entire bandwidth of 29 to 31
GHz. Additionally, isolation between the input port and Ports 2 and 4 is maintained 48lai3. The
insertion loss beteen the input port and Port 3 is approximatéhs dB, spanning the operational
bandwidth from 29.1 to 30.8 GHz. For a visual understanding of the crossme@tion Figure 3.25(b)

displays the electric field distribution, illustrating efficient transmission from Port 1 to Port 3, while
effectively suppressing the field in other directions.

Table 3-2: The PRGW crossover design parameters. (Units: mm)

Parameters = L dun t1 dr S du
Values (mm) 5.8 0.1 1 0.49 1.8 0.28
Parameters t2 ta t3 L Wr  hair
Values (mm) 1.7 0.75 24 3.2 1.1  0.254
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Figure 3.25: Simulated results of the PRGW 6dB crossover. (a) Scattering parameters, and (b) The electric
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3.2.3 Design of Microstrip to PRGW Transition

Transitions between the microstrip and PRGW are essential to evaluate the performance of the designed
PRGW QdB crossoverThese transitions aim to achieve an optimal matching level of better than 15 dB and

a neaszero transition level across the entire operational frequency bandwidth. Previous studies have
developed various models for designing microstrip to PRGW transjtamreferenced {108, 113, 142,

143]. According to[113], four tapered transitions are utilized as impedance transformers on-tten50
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microstrip lines to match the impedance of the PRGW line. The configuration of these transitions is depicted
in Figure 3.26(a). The length of each taper transformer is set at 0.5mm to ensure the best impedance
matching between the sections. Thedameters of the transition, shown Rigure 3.26(b), indicate
minimal reflection ($ O-18 dB) and optimal transition efficiency6$-0.5 dB) throughout the 29 to 31

GHz frequency range.
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Figure 3.26: (a) Top view of the Microstrip to PRGW transition, and (b) Simulated scattering parameters of
the designed transition.
3.2.4 Fabrication and Measurement Results of the RGW Crossover

To validate the simulated results, a prototype of HiB @rossover was constructed and its performance
was measured, as illustrated Figure 3.27. Additionally, a thrureflectline (TRL) calibration kit was

fabricated to calibrate the Agilent 8722ES Vector Network Analyzer, effectively mitigating the impact of
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SMA connectors on the measurements. To enhance the accuracy of the results, the three layers of the PRGW
crossover were secured together using four plastic screws to ensure proper aligimeeamparison

between the measured and simulated results is displaj#glire3.28, demonstrating a strong correlation.

The measured results indicate an insertion better than0.5 dB, consistent with the simulation. The
crossover achieves excellent port matching with a return loss greater than 15 dB across a bandwidth ranging
from 29.2 to 30.75 GHz. Additionally, the isolation between Port 1 and Ports 2 & 4 exceeds 13 dB
throughout the entire bandwidth examined.

Figure 3.27: Photographs of the manufactured PRGW crossover prototype with the TRL calibration kits.
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Figure 3.28: Measured and simulated scattering parameters of the designed PRGW crossover.
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3.2.5 Performance Comparison of the Proposed PRGWCrossover

Finally, Table 3-3 provides a comparative analysis of the proposed PRGW crossover against other
crossovers documented in the literature. The PR&&®¥éd configuration boasts a more compact size,
superior insertion loss, and broader fractional bandwidth compared to thagesdassing SIW technology,

as referenced ifiL33, 144146]. Although the RGW crossover cited [i108] offers a wider bandwidth, it
presents greater manufacturing complexities. Furthermore, when compared to a similar design reported in

[147], the proposed PRGW crossover demonstrates enhanced performance.

Table 3-3 : Performance comparison of the proposed PRGW crossover with some reported crossovers in the

literature
Ref. Tech. Substrate Ce?ée;';;eq. BW% Ilgzgr?dog) Sizel 2
[133] SIw Diﬁggrg;o 20 6.6 0.83 4.06
[144] SIw D?;;acrt'::g 60 5 0.5 1.2
[145] SIW Di(ﬁgg%% 20 2.41 1.63 2.51
[146] SIW Diﬁggrg;;o 30 2.4 0.7 1.2
[108] RGW Metal 13 7 0.7 0.8
[147] PRGW RT 6002 30 15 0.6 1.1
This work PRGW RT 6002 30 6.6 0.5 1.4

This subsection preserasPRGW crossover designed, fabricated, and testadrfewave applications in

the Kaband. The performance metrics, including return loss, isolation, and low insertion loss, have been
evaluated across theiZBl GHz frequency band, demonstrating robust results. Given its strong performance
characteristics, thisrossover is anticipated to bepracticacomponent for higiirequency beam switching

networks, aligning well with the upcoming specifications required for 5G technologies.
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3.3 Advanced Designs of SkPort Networks for MM -Wave Applications

The sixport circuit is a key part of designing advanced systems fomawe applications. It represents a
major improvement irthe technology used for higfiequency wireless communications. This innovative
component is renowned for its ability to facilitate the precise synthesis of compphase (I) and
guadrature (Q) signals, essential for the direct modulation and demodutatiesses within the mavave
frequency bangiLl48]. Traditionally, the sixport circuit incorporates multiple 3dB hybrid couplers, with or
without power dividers, interconnected by phase shifters and transmissiofil#8e450] This forms a
network capable of processing multiple signal paths simultanedimsixport correlator, when combined

with power detectors, effectively separates the basebapitbise (I) and quadratuphase (Q) data within

a sixport denodulator (receiver)This setup allows for precise decoding of signal components, which is
essential for accurate data reception. Conversgbgratinga sixport correlator with variable impedance
loads in a si¥port modulator (transmitter) facilitategneratingnodulatedradio frequency (RF) signals

This configuration takes advantage of the unique properties of thgodixcorrelator to dynamically
modulate input signals, thus enabling efficient data transmission over RF channels. These configurations
highlight the versatility and critical importe@ of the sixport correlator in both the transmitting and
receiving ends of communication systems, ensuring high fidelity in signal processing and transmission
[151]. It should be noted th#te analysis and design of the-piart circuits discussed in this thesis are based

on the sixport demodulator (receiver) configuratjas shown ifrigure3.29.

%I—+\/ RX/Q
<

b, b2| g 7

7
| LI\ ag Six-port as
BPF —I% (RX)

b, bsl—[@l—k/ RX/I
B—p

Figure 3.29: Simplified block diagram of the Six-port receiver.

A 4

3.3.1 Six-port Circuit Theory

Whena sixport network operates aslamodulatorit can be designed and implemented in three different
configurations, depending on tapplication's specific requiremenks this setup, the input ports (a5, @6)

namely the Local Oscillator (LO) and the Radio Frequency signal RFpteract through various
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components to produce outputs at four different ports (b1 to b4). Each of these output ports reflects a phase
difference of 99, enabling orthogonal signal processimbe block diagrams of different types of -gimrt

circuits are shown irFigure 3.30. These configurations are represented by the following block diagrams
[152]:

Configuration 1 (se€igure3.30(a)): This configuration includes two 90° couplers, two power dividers, and
a 90° phase shifter. gliminates the need for an additional matching load, streamlining integration and

reducing complexity.

Configuration ZseeFigure3.30(b)): This setup includes thré&9° couplersand apower divider. This model
does not require a phase shif@mplifying the circuit while maintaining effectiveness at microwave and

mmwave frequencies

Configuration 3 (see Figur@.30(c)): This design incorporates four 90° couplers and a 90° phase shifter
dispensing with the power divider. This configuration can enhance performapeificapplications due

to its more straightforwardstructure, making it the preferred architecture for Higlguency design.
Notably, sixport networks with four 90° hybrid couplers offer wider bandwidibye minorphase error,

and lower insertion losses in comparison to those with power dividers, making them a superior choice in

terms of overall performang¢&49].

The analysis of siport circuits is performed by calculating thgg&ameter matrix, which is essential for
determining the phase shift and the relative amplitude between the input ports (RF and LO signals) and
output ports (ato a). These critical measurements are derived from the power outputs at each component,
as depicted ifrigure3.30. The phase shift and the relative amplitude of all ports are calculated based on the
S-parameter matrices of the power divider and thdB3hybrid coupler. The Parameter matrix of the

power divider is detailed iEquation(3-28) [151, 153] With these matrices, the@rameter matrices for

all three types of siport circuits can be systematically compiled, enabling a comprehensive evaluation of
their performance across various configuratidds, 151, 154, 155]

. ~p T PP
Y Q=p T T (3-28)
W o nmn

The parameter matrix for thedB hybrid coupler is outlined in Equatiord9 as calculated in Secti@al.1
[106, 107]

ng QP Y

v __ QT TP, (3-29)
g T Q@
gt p QMU
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Figure 3.30: Block diagram of three types of sixport circuit

The Sparameter matrix of all three types can be listed as follows:

m n mn mo Q Pr,
|”|T[ m m 1 Q ’QI,I
vy B B LU L L p O
it T T Tt p m (3-30)
HQ Q p p T TN
up Q Q p m nv
n T n o n Q Q.
(934 sl
Jquomoomoom p Q.’.
- p v mn T T p P
Y am M M M Q  pp (3-31)
i p p Q@ nm mn
v Q p p m mU
T T Tmn T p TQl,l
ﬁT nmmn n Q 7QI,I
o BIH mTmn m TQ P
Y I TT T T P Pn (3-32)
w QQ p m mn
Q Qp p nm nU
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The phase differences betweentput ports in sikport junction designs are critical for determining

demodulation results. These phase differences are derived fronp#rar8eter matrix. In each of the three

types of designghe phase differences between adjacent output ports m8@8tdegrees to ensure accurate

demodulation. This requirement is clearly observed in all three deSigasphase differences between

adjacent output ports are detailediable3-4:

Table 3-4 : Phase differences between adjacent output ports for three types of giort junctions.

Six-port Type 1

Six-port Type 2

Six-port Type 3

i (Y % 90 0 90
i (Y % 0 -90 0

i (Y Y -90 180 -90
i (Y % 180 90 180
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3.3.2 Wideband Six-Port Network Based on PRGW technology

This subsection presents a novel-gott interferometer circuit utilizing four rounded 9@ouplers
developed with PRGW technology. The design focuses on creatingladsywidebandix-port network

that seamlessly integrates with nmave receiver antennésr 5G applications. Simulated results, obtained
using fulkwave computer simulation technology (CST), demonstrate thagitkgort design achieves a
substantial frequency bandwidth of approximately 8 GHz at a center frequency of 28 GHz. Additionally, it
offers excellent phase resolution at the four output ports, fully meeting the requirements for future high

datarate wireless @mmunication systems.

6 H, =0 (PMC)

@)

(b) (c)

Figure 3.31: Configuration of the proposedsix-port correlator (a) with the specific boundary condition in
CST Microwave Studio, and (b) based on PRGW technology.
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3.3.2.1 Six-PORT CIRCUIT DESIGN

Figure3.31lillustrates the proposed sport structure, which integrates four wiland 90° rounded couplers

and a 90° phase shifter. Ports 1 to 4 are designated as the RF outputs, while Ports 5 and 6 serve as the LO
and RF input signal ports, respectivdfjgure3.31 (a) displays the idealized form of the designedpsint

in CST Microwave Studio with specific boundary conditions. The adoption of perfect boundary conditions
simplifies the PRGW structure design process by establishing the primary dimensions ofitheatand,

thereby avoiding complications with the mushroom unit cells as discussed in $dcfioBasedon the
established primary dimensions, the PRGWmixt structure is realized by incorporating EBG unit cells in
place of perfect boundary conditions, as depictefignre 3.31(b). These EBG unit cells are specifically
designed to cover a broad bagap from 23 to 40 GHz, utilizing the CST Eigarode solvef137, 156]

The substrate employed in this design is Rogers
thicknessof 0.763 mm.

3.3.2.2 Wideband 90° rounded coupler Design

The proposed 90° rounded coupler, which is an improved version desigfi&8jnis shown inFigure

3.32. The selected dimensions of the EBG unit cell are 1.4 mm for the cell size and 0.254 mm for the gap
height. The cell features a circular patobishroom shape, with the patch diameter and the via diameter set
at 1.2 mm and 0.4 mm, respectively. These dimensions result in a band stop from 23 to 43 GHz, effectively
covering the operating frequency band of the proposed coufher.proposed 90° rounded coupler
demonstratesrempedance and isolation bandwidth, covering approximaty & 28 GHz with al0 dB
matching level. The phase difference between output ports is maintained at.80°accompanied by an
amplitude imbalance of 3 +®dB acras the operating frequency band ranging from 24 GHz to 32 GHz,

as illustrated irFigure3.33.

Figure 3.32: Configuration of the proposed90° rounded coupler
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S-Parameters (dB)
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Simulated results of the proposed 90° rounded coupler, (a) Scattering parameters, and (b) Phase

di fference

bet weepnpoofpput ports (0 (S

3.3.2.3 Results and Discussion

The simulated resultsf the proposed siport demonstrate excellent return losses and isolation across all
ports (less tharlO dB) over the wide frequency bandwidth from 24 to 32 Glitpure3.34 andFigure3.35
depict the simulated insertion losses for the LO and RF paran@$S;, for i=1 to 4), respectivel\Between

25 GHz and 31 GHz, the insertion losses for the designed PRGpdrsisemain between approximately

7.5 dB and5.8 dB, closely aligning with the theoretical value®tB. It is evident that the two input ports

are weltmatched, exhibiting refgion coefficients (& and Se) of less than10 dB across the entire

bandwidth, andhighlightingstrong isolation (&) below-15 dB. The phase differences betwésnlL O and

RF input ports, detailed iRigure3.36, sweepa full 360° with a consistent phase shift of 90Re results
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underscore the robust performance of gheposed PRGVEix-port interferometer circuihighlighting its
wide bandwidth and lovoss characteristiosith four rounded 90€oupler
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Figure 3.34: Simulated insertion losses, reflection coefficientgnd isolation of port 5.
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Figure 3.35: Simulated insertion losses, reflection coefficientgind isolation of port 6.
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Figure 3.36: Simulated transmission phase between output ports (5 and 6).

3.3.3 Wideband Miniaturized Six-Port Network for 5G Applications

An innovative design for a symmetric giort correlator utilizing 990circular hybridcouplers at a center
frequency of 28 GHz has been proposed in this subsection. This design employs a Rogers RT/Duroid 5880
substrate, characterized by its low thickness and dielectric constant, making it ideaimfamave
applications and integration with antennas. This choice ensures minimal cost and physical footprint,
optimizing both performance and integration capabilitfigure 3.37 shows two versions of a sport
correlator.Figure3.37(a) presents a conventional girrt model, whileFigure 3.37(b) displays the newly
designed octagonal sport. This innovative design integrates the practical benefits of compact size and
efficient space utilization typical of modemm-wave components. The conventional model uses a more
traditional layout that might limit the integration of additional connectors due to its confined spacing and
standard geometry. In contrast, the octagonal design optimizes the footprint of circuit by gxtemduiges

to accommodate more connectors without significantly increasing the overall size. This design addresses a
typical issue in highrequencysix-port structures, where space constraints often limit connector integration.

By adopting this shape,dhdesign avoids the need to unnecessarily enlarge the structure, solving common
spatial challenges in higinequency circuit designs. The use of the octagonal structure not only minimizes
the overall size but also provides ample space for soldering conmedgthout additional modifications.

This approach highlights its effectiveness in creating a practical and efficient solution fovamen

telecommunications applications, especially where size and cost are.critical
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[ Copper
I RT/Duroid 5880

(@) (b)

Figure 3.37: Comparison of SixPort Correlator Designs: (a) a conventional sixport correlator, and (b) the
proposed innovative octagonal sbport correlator design.

3.3.3.1 Six-port Circuit Design

Figure 3.38 depictsthe proposed stport structure, which is designed with a symmetric architecture
comprising four 99hybrid circular couplers and a ©phase shifter. Ports 1 to 4 serve as the RF outputs,
while ports 5 and 6 are designated for the LO and RF input signals, respetitinglyonfiguration allows

the output ports of the siport circuit to receive varied phase and same amplitude signals based on the two
input signals and the reflection coefficients at the four output ports. The output portsiafpibe circuit

get different phase and amplitude signals according to two input signals and reflectfimeotefat four

output port§150]. Common rectangulashaped couplers have been replaced with circular ones to improve
the bandwidth of the network. The circuit is printed on the octagonal Rogers RT/Duroid 5880 substrate with
a low thickness of 0.127 mm, chosen for its low dielectrictans )t ¢ fo 2. 2, |l ow | oss
0.0009, high @of 1302.8, and its costffectivenessThe characteristics of the substrate facilitate easy

integration with antennas designed using the saubstrate
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P,

P,

Figure 3.38: Layout of the proposed sixport network with four circular couplers. (r 1 =1, r= 1.38, 5=1.63 (all

in mm)).

3.3.3.2 Wideband 9 Hybrid Circular Coupler Design

The proposed wideband 90° hybrid circular coupler and its dimensions are depkitpat@3.38, with the

simulation results showcasedhigure3.39. This design utilizes a genetic algorithm in CST software for

optimization, successfully achieving an impedance and isolation bandwidth of approximately 33%. The

phase difference between the output ports is consistently maintained within 90° + 2°,witirech

amplitude imbalance of 3 + 1.2 dB across the operational frequency range of 24 GHz to 32 GHz.
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Figure 3.39: Simulated results of the propose® circular coupler, (a) Scattering parameters, and (b) Phase
di fference betweenoo@pput ports (0 (S

3.3.3.3 Results and Discussion

Several of the most important simulateghp&@ameters of the proposed-piart network are presented in
Figure 3.40 to Figure 3.44. The reflection coefficients at the output load ports (8 Siz) are shown in
Figure3.40. For a reference reflection coefficient of less tHEhdB, the sixport interferometer achieves a
24 % frequency bandwidfinom 23.6 to 30.16 GHz.

S-Parameters (dB)

24 25 26 27 28 29 30 31 32
Frequency (GHz)

Figure 3.40: Simulated reflection coefficients at output ports ofthe proposedsix-port interferometer.

The simulatedransmission coefficierdaf the RF andLO portswith output port{Ssi and Sifor i = 1 to 4)
are depicted ifrigure3.41 andFigure3.42, respectively. In the frequency range26fGHz to 3 GHz, the

transmission coefficient the designed siportis around-6.8 dB, which is close to the theoretical value of
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-6 dB.It can be observed that the two input ports are-mealiched, with reflection coefficientsstand Se)

less than10 dB across the entire frequency bandw{@hto 32 GHz)and good isolation of less thabb
dB.
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Figure 3.41: Simulated transmission coefficient reflection coefficients and isolation magnitudesof port 5.
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Figure 3.42: Simulated transmission coefficient reflection coefficients and isolation magnitudesof port 6.

The simulated transmission phase of the RF gt fouroutput ports E (S5i) for i = 1 to 4) are depicted
in Figure3.43, and between the LO port and the four output po$36i) for i = 1 to 4)in Figure3.44. It

can be observed that the simulated phase maintains a phase shift of approximately 90°, as expected. The
phase difference error remains within £2° across the frequency range from 26 t0.30 GHz
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