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Résumé  

Les communications sans fil, essentielles à notre société numérique, évoluent sans cesse, avec des 

améliorations significatives en termes de vitesse et de capacité. L'avènement des technologies 

révolutionnaires 5G et 6G redéfinit la connectivité, offrant des communications rapides et fiables avec des 

délais minimes, tout en prenant en charge la transmission de données à haut débit pour diverses applications 

telles que la télémédecine, les véhicules autonomes, les maisons intelligentes et le divertissement immersif. 

Ces technologies établissent une nouvelle norme en matière de connectivité, caractérisée par une vitesse, 

une efficacité et une fiabilité exceptionnelles, grâce à une faible latence, une capacité élevée et des services 

multimédias avancés. 

Au cîur de cette ®volution se trouvent des conceptions d'antennes innovantes et des allocations de 

fréquences optimisées, essentielles pour développer des systèmes flexibles et rentables capables de répondre 

aux demandes croissantes des communications sans fil modernes, y compris l'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 à 6 GHz et les ondes 

millimétriques pour répondre aux exigences de capacité élevée et de faible latence des futurs systèmes sans 

fil. La bande inférieure à 6 GHz offre une couverture fiable pour la 5G, tandis que les fréquences 

millimétriques, comme 28 GHz, sont cruciales pour atteindre des débits de données plus élevés. Des 

recherches approfondies ont souligné l'importance des bandes de fréquences inférieures à 6 GHz, notamment 

les bandes n41, n78 et n79, dans le développement de la communication sans fil 5G. La bande n78 (3,4-3,6 

GHz) est particulièrement 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 télécommunications modernes, 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 ultra-rapides, en complément des bandes inférieures à 6 GHz. Le passage aux fréquences 

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

introduit cependant des défis de conception et des défis technologiques considérables. 

Il est crucial de résoudre les problèmes de pertes de transmission accrues typiques de ces fréquences, en 

particulier pour les antennes à ondes millimétriques qui nécessitent des lignes de transmission efficaces et à 

faibles pertes. Les lignes de transmission planaires traditionnelles, telles que les microstrips et les strip-lines, 
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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 l'efficacité du rayonnement. Au cours de la dernière décennie, des efforts 

importants ont été consacrés à l'étude de la technologie des guides d'ondes à fente en crête (RGW), qui vise 

à réaliser des lignes de transmission à haut rendement et à faibles pertes avec une complexité minimale en 

éliminant les connexions métalliques, en particulier aux hautes fréquences. Introduite en 2009 en tant que 

nouvelle structure de guidage TEM à 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 pertes et une dispersion minimale par rapport aux structures traditionnelles basées sur des circuits 

imprimés (PCB), ce qui la rend adaptée aux applications à 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 à l'aide de logiciels de 

simulation électromagnétique tels que CST Microwave Studio et HFSS (High-Frequency Simulation 

Software). Cette thèse introduit une nouvelle méthode qui simplifie considérablement le processus de 

conception, en réduisant le temps de simulation et en facilitant l'optimisation. Grâce à cette technique, un 

coupleur hybride double boîte 3 dB PRGW à large bande, un crossover planaire 0 dB et un nouveau circuit 

à six ports ont été conçus pour un déploiement aux fréquences des ondes millimétriques, pouvant 

potentiellement servir la prochaine génération de systèmes de communication mobile. Cette méthode, 

présentée pour la première fois dans la littérature, montre que tous les composants ainsi conçus affichent 

des performances supérieures à celles de composants similaires existants. Les composants conçus présentent 

d'excellentes caractéristiques telles qu'un profil bas, de faibles pertes et une intégration transparente avec les 

circuits et systèmes micro-ondes, ce qui les rend appropriés pour la conception de sous-systèmes de réseaux 

en ondes millimétriques. 

De plus, cette thèse présente une antenne dipôle magnéto-électrique (ME) à polarisation circulaire (CP) 

haute performance, spécialement conçue pour les applications large bande en ondes millimétriques dans les 

réseaux 5G. Fonctionnant dans la bande Ka, l'antenne présente d'excellentes performances en termes de 

polarisation circulaire. En outre, un nouveau réseau d'antennes multi-couches à double polarisation 

circulaire (CP) et à commutation de faisceau est proposé. Opérant dans la bande de fréquences Sub-6 GHz 

à 3,6 GHz, il est conçu 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 innovantes de la matrice de Butler. Une analyse comparative avec des travaux 

similaires récents met en évidence la large bande passante de l'antenne, la double fonctionnalité CP et la 

haute efficacité de rayonnement. 
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Abstract 

Wireless communication is vital to our digital society and continually evolves with substantial speed and 

capacity improvements. The advent of transformative 5G and 6G technologies is reshaping connectivity, 

offering rapid, reliable communication with minimal delays and supporting high-speed data transmission 

for diverse applications such as telemedicine, autonomous vehicles, smart homes, 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, cost-effective systems to meet the burgeoning demands of modern wireless 

communications, including the Internet of Things (IoT). This underscores the need for compact, efficient, 

and economical antennas for next-generation networks. 5G and 6G technologies leverage sub-6 GHz and 

mm-wave frequency bands to meet future wireless systems' high capacity and low latency requirements. 

The sub-6 GHz band provides reliable coverage for 5G, while mm-wave frequencies, such as 28 GHz, are 

critical for achieving higher data rates. 

Significant research has highlighted the importance of Sub-6 GHz frequency bands, particularly n41, n78, 

and n79, in advancing 5G wireless communication. The n78 band (3.4-3.6 GHz) 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 next-generation wireless communications, offering expanded bandwidths and ultra-fast 

data rates alongside Sub-6 GHz bands. The shift toward millimeter-wave 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, particularly for mm-wave 

antennas that require efficient, low-loss transmission lines. Traditional planar transmission lines, such as 

microstrip and strip-lines, 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 aims to achieve high-efficiency, low-loss 

transmission lines with minimal complexity by eliminating metal connections, especially at high 

frequencies. Introduced in 2009 as a novel low-loss TEM guiding structure and further developed into the 

printed version (PRGW) in 2011, PRGW 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 high-frequency applications. 

One primary challenge in designing PRGW structures is the time-consuming simulation and optimization 

process, typically conducted using full-wave software like CST Microwave Studio and High-Frequency 

Simulation Software (HFSS). This thesis introduces a novel method that significantly streamlines the design 

process, reducing simulation time and simplifying design optimization. Utilizing this technique, a wideband 

PRGW 3dB hybrid double-box coupler, a planar 0-dB crossover, and a novel six-port are designed for 

deployment in mm-wave 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. The designed components feature excellent characteristics 

such as low profile, low loss, and seamless integration with microwave circuits and systems, making them 

suitable for designing mm-wave network subsystems. 

Additionally, this thesis presents a high-performance CP ME dipole antenna tailored for wideband mm-

wave applications in 5G networks, operating at the Ka-band with outstanding CP performance. Moreover, 

a novel multi-layered, dual circularly polarized (CP) beam-switching antenna array is proposed. Operating 

in the Sub-6 GHz frequency band at 3.6 GHz, it is tailored for next-generation wireless communication 

applications, integrating dual CP elements to achieve polarization diversity and pattern switching, enhanced 

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 RÉCAPITULATIF  

A. Titre de la Thèse en Français: 

Conceptions avancées de composants et d'antennes pour les systèmes de 

communication sans fil 

B. Introduction  

Les technologies de communication sans fil, indispensables à notre société numérique, ne cessent de 

progresser, offrant des avancées considérables en matière de vitesse et de capacité. Les dernières 

générations, 5G et 6G, représentent un véritable tournant, en permettant des communications ultra-rapides, 

fiables et à faible latence. Elles rendent possible la transmission de données à haut débit et offrent des 

capacités de réseau flexibles, ouvrant la voie à des applications révolutionnaires telles que la télémédecine, 

les véhicules autonomes, les maisons intelligentes et les expériences de divertissement immersif, comme le 

montre la Figure S. 1.  

 

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

sans fil. 

L'avènement des technologies 5G et 6G révolutionne la connectivité en établissant de nouveaux standards 

de vitesse, d'efficacité et de fiabilité, grâce à 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 systèmes flexibles et rentables, capables 

de répondre aux besoins croissants des communications sans fil, notamment dans le domaine de l'Internet 
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des objets (IoT). Ainsi, la conception d'antennes compactes, économiques et performantes est cruciale pour 

les réseaux de nouvelle génération. Les technologies 5G et 6G exploitent à la fois les bandes de fréquences 

inférieures à 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'intégration de ces 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. L'avènement des 

technologies 5G et 6G révolutionne la connectivité en établissant de nouveaux standards de vitesse, 

d'efficacité et de fiabilité, grâce à 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 systèmes flexibles et rentables, 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 génération. Les technologies 5G et 6G exploitent à la fois les bandes de fréquences inférieures 

à 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'intégration de ces 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 l'importance des bandes de fréquences inférieures à 6 GHz, notamment les bandes 

n41, n78 et n79, pour le développement de la communication sans fil 5G. La bande n78 (3,4-3,6 GHz) est 

particulièrement cruciale pour le déploiement de la 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 

avancées des systèmes d'antennes et leur rôle essentiel dans l'amélioration des communications sans 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 jouant un rôle 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 des applications 6G révolutionnaires. Bien 

que les exemples pratiques d'applications de la bande Sub-6 GHz 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 zones rurales et éloignées pour garantir la connectivité là où les technologies 

avancées sont moins accessibles. Le Sub-6 GHz pourrait être essentiel pour les systèmes de communication 

d'urgence afin de maintenir des connexions stables pendant les catastrophes, améliorer les systèmes de 

transport public intelligents pour une meilleure efficacité et précision des horaires, et faciliter l'agriculture 

intelligente grâce à une surveillance précise des conditions environnementales et de la santé des plantes. De 
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plus, il pourrait soutenir les réseaux IoT étendus et les communications machine à machine (M2M), 

permettant des réponses rapides aux changements climatiques et améliorant les rendements agricoles grâce 

aux capteurs et dispositifs connectés. 

Les technologies de formation de faisceaux optimisent davantage cette bande en dirigeant dynamiquement 

les faisceaux, améliorant ainsi la couverture et la capacité, en particulier dans les environnements urbains. 

Les progrès dans la formation de faisceaux comprennent une antenne compacte qui utilise un réseau 

d'émission basé sur des métamatériaux pour une formation de faisceau efficace sans déphaseurs complexes. 

Cette innovation, ainsi que d'autres telles que les conceptions d'antennes plates multicouches et les antennes 

à large bande à gain élevé, continuent d'améliorer les performances et l'adaptabilité des réseaux 5G, 

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

La technologie des ondes millimétriques (mmWave), opérant dans la gamme de fréquences de 30 à 300 

GHz, représente un autre pilier essentiel du développement des communications sans fil de nouvelle 

génération. Elle permet d'atteindre des bandes passantes considérablement plus larges et des débits de 

données ultra-rapides, complétant ainsi les bandes de fréquences inférieures à 6 GHz. L'intégration de ces 

deux technologies vise à améliorer significativement les performances, la capacité et l'efficacité des réseaux 

sans fil, des éléments cruciaux pour l'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 l'exploitation du spectre des ondes millimétriques, jusqu'alors sous-utilisé. 

Toutefois, cette transition soulève également des défis majeurs en termes de conception et de développement 

technologique. Les réseaux cellulaires à ondes millimétriques présentent un fort potentiel, mais leur 

déploiement soulève des défis majeurs en matière 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 la précision de fabrication. Par ailleurs, ces réseaux sont confrontés à des pertes de 

propagation élevées, une directivité accrue et une sensibilité au blocage, amplifiées par l'absorption 

atmosphérique, l'atténuation due à la pluie et les obstacles physiques. 

Dans ce contexte, les antennes à gain élevé jouent un rôle crucial. En concentrant les signaux transmis en 

faisceaux étroits, elles compensent efficacement les pertes et l'atténuation, améliorant ainsi la fiabilité et la 

portée des liaisons. Elles permettent également d'optimiser l'utilisation de la puissance, de réduire les 

interférences et de mieux gérer les facteurs environnementaux, contribuant ainsi à l'amélioration des 

performances globales du système. Pour répondre à ces enjeux, des solutions innovantes ont été 

développées, telles que les antennes hybrides à résonateur diélectrique et microstrip, les antennes à fente à 

guide d'ondes intégré à large bande, ou encore les antennes planes à faisceau conique destinées aux 

applications de drones. Ces avancées technologiques permettent de repousser les limites des réseaux 
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cellulaires à ondes millimétriques et d'exploiter pleinement leur potentiel. 

En outre, les antennes à polarisation circulaire (CP) sont devenues indispensables pour les communications 

5G et à ondes millimétriques, notamment grâce à leur capacité à réduire les interférences multi-trajets et à 

améliorer la qualité de réception dans des environnements 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 grâce à des techniques de conception innovantes. La conception de structures 

haute fréquence nécessite de prendre en compte l'augmentation des pertes de transmission, en particulier 

pour les antennes à ondes millimétriques qui requièrent des lignes de transmission efficaces et à faibles 

pertes. Les lignes de transmission planaires traditionnelles, comme les microstrips et strip-lines, 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 que les guides d'ondes creux offrent de faibles 

pertes, ils sont encombrants, à bande étroite et sensibles aux imperfections des contacts métalliques. Les 

guides d'ondes intégrés au substrat (SIW) présentent également des pertes diélectriques élevées à haute 

fréquence. 

La technologie des guides d'ondes à 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 conducteur magnétique artificiel (AMC) ou un lit de clous, créant ainsi une 

structure à faibles pertes, remplie d'air et sans enceinte métallique complète. Cela simplifie la fabrication, 

réduit les coûts et garantit des pertes minimales tout en permettant un fonctionnement à large bande. 

Reconnus pour leurs pertes diélectriques négligeables et leur flexibilité mécanique, les guides d'ondes à 

fente sont une solution rentable et performante, idéale pour les futures applications haute fréquence, micro-

ondes et ondes millimétriques. Plus de dix ans de recherches approfondies ont confirmé leur rôle clé dans 

l'évolution de la technologie RF et la transformation des systèmes de communication à haute fréquence.  

L'Université de technologie de Chalmers en Suède est un leader dans la recherche sur la technologie des 

guides d'onde à crête, particulièrement pour les communications par satellite et les systèmes radar. 

L'université se concentre sur l'amélioration des systèmes de communication grâce aux avantages uniques de 

cette technologie, tels que les faibles pertes de transmission et le support de hautes fréquences, contribuant 

significativement à son développement et son application dans les milieux académiques et industriels. 

C. Les Principes et l'Efficacité des Guides d'Ondes à Fente 

Les guides d'ondes à fente (Gap Waveguides) constituent une technologie révolutionnaire dans la 

propagation des ondes électromagnétiques, particulièrement adaptée aux fréquences des ondes 

millimétriques (mmWave) et de la 5G. Introduits en 2009 par Kildal, ils marquent une avancée 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 quasi-transversaux (quasi-TEM). S'inspirant des principes 

utilisés dans les antennes cornets ondulées, les guides d'ondes à fente utilisent un chemin de guidage 

constitué de broches métalliques placées entre deux plaques parallèles : un conducteur électrique parfait 

(PEC) et un AMC.  

Un espace d'air crucial est maintenu entre ces plaques pour empêcher la propagation non désirée des ondes, 

comme illustré dans la Figure S. 2. Les AMC, créés à 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 propagation efficace des ondes sans 

nécessiter de structure entièrement fermée, ouvrant ainsi des perspectives considérables pour les 

communications à haute fréquence de nouvelle génération. 

      

(a)      (b)  

Figure S. 2 : Propagation du champ (a) entre deux plaques parallèles constituées d'une plaque PEC et d'une 

plaque PMC, et (b) d'un côté à texture unique d'un guide d'ondes rectangulaire rainuré (RGW) idéal. 

Les guides d'ondes à fente constituent une avancée significative dans la technologie des ondes 

millimétriques en réduisant efficacement diverses formes de pertes de transmission. Ils minimisent les pertes 

diélectriques en utilisant principalement l'air ou le vide comme milieu de propagation, ce qui améliore 

considérablement l'efficacité à hautes fréquences. De plus, les pertes par conduction sont réduites car les 

ondes électromagnétiques sont confinées à un chemin à faibles pertes, défini par la surface du conducteur 

magnétique artificiel (AMC), évitant ainsi tout contact avec des matériaux dissipatifs. L'effet de bande 

interdite de l'AMC agit comme des parois virtuelles, réduisant drastiquement les pertes par rayonnement et 

par fuite.  

De plus, les guides d'ondes à fente tolèrent des tolérances de fabrication moins strictes, réduisant ainsi les 

pertes liées à l'assemblage puisque le confinement des ondes ne dépend pas d'un contact métal-métal précis. 

Grâce à ces caractéristiques, les guides d'ondes à fente sont très efficaces pour les fréquences où les guides 

d'ondes traditionnels sont moins performants. Les ondes électromagnétiques sont ainsi contraintes de se 

propager le long de chemins prédéfinis - crêtes, rainures ou bandes - avec des pertes 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 à fente, tels que les guides à crête, à rainure et microstrip, chacun exploitant les propriétés 

uniques de la surface AMC pour une propagation efficace et dirigée des ondes dans les applications à haute 

fréquence. 

Les différentes configurations des guides d'ondes à fente sont illustrées à la Figure S. 3. 

 

 

(a)        (b) 

 

(c)        (d) 

Figure S. 3 : Différentes géométries de guides d'ondes à fente, (a) guide d'ondes à fente en crête, (b) guide 

d'ondes à fente en rainure, (c) guide d'ondes à fente microstrip inversé, (d) guide d'ondes à fente en crête 

imprimé. 

Guides d'ondes à fente en crête (Figure S. 3(a)) : Cette géométrie (RGW) utilise une crête métallique entre 

deux plaques parallèles pour guider l'onde. La plaque inférieure présente souvent un motif texturé, tel qu'un 

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

Guides d'ondes à fente en rainure (Figure S. 3(b)) : Les guides d'ondes à fente en rainure (GGW) utilisent 

un canal rainuré dans l'une des plaques, face à une plaque plane ou texturée de manière similaire. La rainure 

confine les ondes électromagnétiques, les guidant le long du chemin souhaité tandis que la surface texturée 

garantit que les ondes ne s'échappent pas, permettant ainsi une transmission efficace. 
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Guides d'ondes à fente microstrip inversés (Figure S. 3(c)) : Cette configuration (IMGW) représente une 

évolution de la technologie RGW, incorporant une nouvelle disposition où une fine couche de substrat est 

placée au-dessus d'un lit de clous, l'élément de crête étant imprimé sur ce substrat. Cette variante de 

conception vise à simplifier le processus de conception, notamment en facilitant l'agencement du lit de clous 

autour des résonateurs et des lignes de transmission, une complexité notable dans les conceptions RGW 

standard. Cependant, l'introduction du substrat dans la configuration IMGW entraîne 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 substrat au-dessus des clous introduit davantage 

d'espace entre le lit de clous et la plaque de masse supérieure. Cette augmentation spatiale affecte 

négativement la bande passante opérationnelle du guide d'ondes, conduisant spécifiquement à une réduction 

de la bande d'arrêt. De tels changements soulignent le délicat équilibre entre la simplification de la 

conception et l'optimisation des performances dans le développement des technologies de guides d'ondes à 

fente. 

Guides d'ondes à fente en crête imprimée (Figure S. 3 (d)) : Les guides d'ondes à fente en crête imprimée 

(PRGW) représentent une évolution de la technologie des guides d'ondes à fente. Ils permettent l'intégration 

de composants de guides d'ondes à fente en crête avec des circuits intégrés hyperfréquences monolithiques 

(MMIC) en utilisant des techniques de fabrication de circuits imprimés (PCB) standard. Cette approche 

implique généralement le remplacement du lit de clous par une structure de champignon à bande interdite 

électromagnétique (EBG) pour construire le guide d'ondes. Le guide d'ondes à fente en crête 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 à fente avec la commodité des méthodes de fabrication 

de PCB.  

Les différents types de guides d'ondes à fente, tels que les RGW (guides d'ondes à fente en crête), IMGW 

(guides d'ondes à fente microstrip inversés) et PRGW (guides d'ondes à fente en crête imprimés), sont 

conçus pour supporter un mode quasi-TEM dans leur bande d'arrêt, facilitant ainsi une transmission efficace 

et à faibles pertes des ondes électromagnétiques à hautes fréquences. Ce mode quasi-TEM se caractérise 

principalement par des champs électriques et magnétiques transversaux, avec une faible composante 

longitudinale due à la conception structurelle du guide d'ondes, comme la présence de crêtes ou de surfaces 

texturées. En revanche, les GGW se distinguent en supportant un mode similaire au mode TE10 des guides 

d'ondes rectangulaires traditionnels, caractérisé 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 à fente, permettant une propagation d'ondes 

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

cette technologie, ouvrant la voie à de nombreuses utilisations dans divers contextes électromagnétiques. 
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D. Avantages et Inconvénients de la Technologie PRGW 

La technologie PRGW (Printed Ridge Gap Waveguide) se distingue parmi les guides d'ondes à fente pour 

plusieurs raisons qui conviennent bien à certaines applications. Sa compatibilité avec les processus de 

fabrication de circuits imprimés (PCB) standard simplifie la production et réduit les coûts, 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 (MMIC), ce 

qui est essentiel pour construire des systèmes micro-ondes compacts et efficaces, un niveau d'intégration 

plus difficile à atteindre avec d'autres types de guides d'ondes à fente. L'utilisation de la technologie des 

circuits imprimés améliore la précision 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 légers, ce qui est idéal pour les applications aérospatiales où l'espace est limité 

et pour l'électronique portable.  

De plus, la technologie PRGW minimise les pertes de transmission à des fréquences plus élevées, prend en 

charge une performance à large bande pour des débits de données élevés et offre une gestion thermique 

supérieure, améliorant ainsi la fiabilité et la longévité des systèmes. 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 succès dans la conception 

de divers systèmes d'antennes et de composants tels que des coupleurs, des croisements et des six-ports pour 

les applications 5G, ce qui en fait une option très appropriée et rentable pour les systèmes d'antennes à ondes 

millimétriques. L'efficacité de la technologie PRGW dans ces applications souligne sa contribution 

essentielle à l'avancement des infrastructures de communication sans fil modernes en améliorant les 

performances et en réduisant les coûts. Un défi important dans la conception des structures PRGW réside 

dans la complexité de leur processus de simulation, qui est à 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 les structures bas®es sur cette technologie. La mise en îuvre de conditions aux 

limites spécialisées peut considérablement accélérer le processus de simulation tout en fournissant des 

résultats très proches de ceux des structures PRGW réelles. 

E. La Th¯se en un Coup d'íil 

Cette thèse englobe plusieurs tâches pour atteindre les objectifs énoncés dans la dernière section. L'objectif 

principal de cette recherche est le développement de composants de sous-systèmes d'antennes rentables et 

performants, adaptés aux applications 5G dans les bandes de fréquences Sub-6 GHz et mm-wave. Les 

composants conçus comprennent des antennes avancées avec des capacités de formation de faisceaux et des 

fonctionnalités de polarisation circulaire (CP). De plus, ce travail s'étend à la conception d'éléments 
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d'alimentation et de réseau RF critiques tels que des coupleurs, des croisements et des mélangeurs 

démodulateurs à six ports, qui sont essentiels pour le fonctionnement efficace et l'intégration du système 

d'antenne dans des réseaux 5G plus larges. 

 

E.1 Conceptions de Composants pour les Ondes Millimétriques 

Ce chapitre explore la conception innovante de composants à faibles pertes essentiels pour optimiser les 

performances et l'efficacité des systèmes de communication sans fil à ondes millimétriques, basés sur la 

technologie PRGW (guides d'ondes à fente en crête imprimée). Les hautes fréquences sont de plus en plus 

privilégiées dans les télécommunications modernes en raison de leur capacité unique à fournir les débits de 

données et l'efficacité spectrale nécessaires aux applications telles que le streaming haute définition, la 

communication en temps réel et le déploiement massif de dispositifs de l'Internet des objets (IoT). Cette 

tendance mondiale vers des technologies à haute fréquence et à haut débit exige le développement de sous-

systèmes intelligents dans la bande des ondes millimétriques afin d'assurer la fiabilité et de maximiser 

l'efficacité spectrale des futures applications sans fil. Par conséquent, les structures de guidage, y compris 

les composants micro-ondes, doivent encore faire l'objet d'améliorations substantielles pour rester en phase 

avec ces avancées technologiques rapides. Parmi les composants clés à considérer pour les systèmes futurs, 

les coupleurs directionnels hybrides micro-ondes se distinguent. Ces composants, utilisés pour diviser ou 

combiner des signaux, en phase ou en opposition de phase, jouent un rôle central dans les sous-systèmes de 

commutation de faisceaux intelligents micro-ondes. 

Le crossover (croisement) constitue un autre élément essentiel dans la conception de réseaux de 

commutation de faisceaux. Grâce à ses caractéristiques de faibles pertes, de large bande passante et de 

compacité, il contribue significativement à l'amélioration des performances des sous-systèmes de 

commutation de faisceaux. Sa capacité à permettre aux trajets de signaux de se croiser sans interférence est 

primordiale pour garantir l'intégrité et l'efficacité du système. Ainsi, la conception de crossovers à faibles 

pertes joue un rôle 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 à six ports joue un rôle crucial 

dans la conception de systèmes complexes à ondes millimétriques. Ce composant a connu une évolution 

majeure au cours des deux dernières décennies, notamment grâce à ses applications en modulation et 

démodulation directe dans la bande de fréquences des ondes millimétriques. Il se compose généralement de 

plusieurs coupleurs hybrides 3 dB, parfois associés à des diviseurs de puissance, interconnectés par des 

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 (I) et en quadrature 

(Q). Ces capacités sont indispensables dans les applications à ondes millimétriques où la démodulation 

précise des signaux est primordiale pour garantir une intégrité élevée des données et une fiabilité optimale 

du système. La capacité de démoduler les signaux directement au niveau de l'antenne simplifie l'architecture 

du système, améliore la vitesse de traitement du signal et réduit la consommation d'énergie. 

L'implémentation de circuits interférométriques à six ports a donc un impact significatif sur les performances 

globales des systèmes de communication, notamment dans l'optimisation du traitement des signaux haute 

fréquence caractéristiques des technologies sans fil de nouvelle génération. 

Ce chapitre comprend trois sections principales, chacune se concentrant sur la conception de différents 

composants micro-ondes visant à améliorer les performances du système dans les applications à haute 

fréquence. 

La première section explore la conception d'un coupleur hybride PRGW ultra-large bande, utilisant la 

technologie PRGW à faibles pertes. Cette section présente une condition aux limites unique qui simplifie 

considérablement le processus de simulation (habituellement long et énergivore) et détaille les aspects 

pratiques de la conception à travers la fabrication d'un prototype et des tests concluants. Ces étapes valident 

les résultats de la simulation et soulignent l'efficacité de la technologie PRGW dans la création de structures 

polyvalentes pour les applications en ondes millimétriques. De manière remarquable, la perte par réflexion 

et l'isolation entre les ports adjacents du coupleur restent inférieures à -10 dB sur 46% du spectre de 

fréquences, allant de 25 GHz à 40 GHz. De plus, le déséquilibre d'amplitude en sortie reste inférieur à 1 dB 

dans la bande de fréquences de 26 GHz à 39 GHz, tandis que le déséquilibre de phase en sortie reste dans 

les limites de ±5↔ sur la même plage. La comparaison de notre travail avec les solutions existantes révèle des 

caractéristiques sans précédent dans le coupleur proposé, ce qui en fait un choix idéal pour les réseaux 

d'alimentation nécessitant des composants à large bande. 

La deuxième section, intitulée « Conception innovante d'un crossover planaire PRGW à faibles pertes pour 

les applications 5G », met en lumière la réalisation d'un crossover planaire 0 dB, reposant sur la technologie 

PRGW et spécifiquement conçu pour les applications en ondes millimétriques, notamment dans le spectre 

de la 5G. Ce crossover est optimisé pour un fonctionnement efficace à 30 GHz, et les prototypes réalisés ont 

confirmé les performances simulées, avec une perte d'insertion minimale et d'excellents niveaux de retour 

et d'isolation sur sa bande passante opérationnelle de 29 à 31 GHz. Compte tenu de ses performances 

remarquables, ce crossover est promis à un bel avenir en tant que composant clé des réseaux de commutation 

de faisceaux à haute fréquence, répondant ainsi aux exigences des futures technologies 5G. 

La troisième section explore deux conceptions de réseaux à six ports. La première concerne un réseau à six 

ports à large bande et à 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 à ses sorties et répondant ainsi aux exigences rigoureuses des futurs 

systèmes de communication sans fil à haut débit. La deuxième conception se focalise sur la réalisation d'un 

circuit à six ports sur un substrat à faible épaisseur et faible constante diélectrique (Rogers RT/Duroid 5880). 

Cette approche vise à développer une architecture à la fois économique et compacte, s'intégrant 

harmonieusement aux antennes pour les applications en ondes millimétriques. La structure du circuit est 

conçue pour une implémentation directe, sans nécessiter de composants externes additionnels. 

E.2 Conception d'Antennes à 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 micro-ondes traditionnel. Pour répondre à la demande croissante en matière 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 des débits de données 

de plusieurs gigabits par seconde. Dans ce contexte, les antennes à polarisation circulaire (CP) suscitent un 

intérêt croissant, car elles permettent de minimiser les interférences dues aux trajets multiples et les 

désadaptations de polarisation. Les conceptions d'antennes CP varient, allant de modèles simples à 

alimentation unique avec des bandes passantes de rapport axial (AR) plus étroites, à des modèles multi-

alimentations plus complexes offrant une bande passante accrue mais moins adaptés aux contraintes 

d'espace des applications 5G. Parmi les technologies étudiées pour les antennes CP, l'antenne dipôle 

magnéto-électrique (ME) se démarque par ses performances efficaces, notamment dans les applications 5G 

mmWave. Cependant, des défis persistent pour concilier taille de l'antenne, bande passante AR et 

impédance. Les guides d'ondes à fente en crête imprimée (PRGW) offrent une alternative prometteuse grâce 

à leurs faibles pertes de transmission, particulièrement adaptée aux réseaux d'antennes mmWave. Malgré 

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

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

Les travaux présentés dans cette section introduisent une antenne dipôle magnéto-électrique (ME) à 

polarisation circulaire (CP) haute performance, spécifiquement conçue pour les applications large bande en 

ondes millimétriques (mmWave) dans les réseaux 5G. Cette antenne CP, alimentée par un réseau PRGW à 

faibles pertes, fonctionne en mode quasi-transverse électromagnétique (TEM). Elle surpasse les 

performances des antennes CP récentes utilisant d'autres technologies de guidage. L'antenne CP ME-dipôle 

proposée présente une bande passante d'impédance étendue de 31% (25,24 - 34,50 GHz) et une bande 

passante de rapport axial (AR) de 24,9% (26,40 - 33,91 GHz) pour un AR inférieur à 3 dB. Elle offre 

également un gain maximal de 8,4 dB et une réduction significative de la polarisation croisée. Fonctionnant 
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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 à celles des travaux comparables.L'objectif principal de 

cette étude est d'élargir la bande passante de l'antenne CP en intégrant une nouvelle antenne ME-dipôle dans 

un substrat monocouche. Cette approche permet de créer un élément d'antenne CP à large bande sans 

recourir à un réseau d'alimentation complexe ni à des couches supplémentaires. Toutes les couches de 

l'antenne sont con­ues sur un substrat Rogers RT 3003 (Ůr = 3) de diff®rentes ®paisseurs, choisi pour ses 

faibles pertes et son faible coût à hautes fréquences. Grâce à son profil bas, ses hautes performances, sa large 

bande passante et ses faibles pertes, 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 à 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 systèmes d'antennes compacts et polyvalents, capables de fournir de multiples 

fonctionnalités. Ces antennes exploitent différentes formes de diversité, 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 rôle de 

plus en plus crucial, en augmentant la capacité des canaux et en améliorant la couverture. La conception de 

réseaux d'antennes à commutation de faisceaux repose généralement sur des réseaux phasés avec des 

déphaseurs coûteux, ou sur des réseaux de formation de faisceaux plus économiques 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 l'évanouissement par trajets multiples et améliorer la 

mobilité, en particulier dans les conceptions complexes de réseaux d'antennes qui intègrent également la 

polarisation circulaire pour optimiser les performances dans diverses conditions opérationnelles. Les travaux 

présentés dans cette section introduisent un nouveau réseau d'antennes multicouche à double polarisation 

circulaire (CP) et à commutation de faisceau. Cette conception innovante intègre des éléments à double CP 

pour assurer la diversité de polarisation et la commutation de diagramme, optimisée par l'utilisation de la 

matrice de Butler. L'antenne, fonctionnant dans la bande de fréquence Sub-6 GHz à 3,6 GHz, est 

spécialement conçue pour les applications de communication sans fil de nouvelle génération. Elle comprend 

un réseau d'inclinaison de faisceau 8x8 basé sur deux matrices de Butler symétriques, agissant comme un 

réseau d'alimentation à commutation de faisceau, couplé à un réseau d'antennes 1x4. Cette topologie 

d'inclinaison de faisceau est conçue pour produire quatre faisceaux à polarisation circulaire droite (RHCP) 

et quatre faisceaux à polarisation circulaire gauche (LHCP), couvrant ainsi efficacement un champ de vision 

de -30° à +30°. Les résultats de simulations et de mesures confirment que ce réseau d'antennes à 

commutation de faisceau offre un gain de crête 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 à 3,6 GHz pour tous les angles de balayage et les 

ports d'entrée. 
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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 complex, data-intensive 

applications that power our digital economy.  

In this ever-evolving 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 minimal delays, supporting high-speed data 

transmission and versatile network capabilities across various applications, including telemedicine, 

autonomous vehicles, smart homes, and immersive entertainment, as shown in Figure 1.1 [1, 2].  

 

Figure 1.1 : Futuristic cityscape demonstrating advanced next-generation wireless 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 numerous simultaneous users, consistent quality during high mobility, and 

enhanced multimedia services [3]. At the heart of this transformative journey is the crucial interplay between 

advanced antenna designs and the spectrum of frequency ranges. This introduction sets the stage for a 
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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 tomorrow [4]. For example, Figure 1.2 shows Montreal transformation into a 

smart city, seamlessly interconnected by the advanced networks of next-generation and WiFi technology, 

highlighting the future of urban communication and connectivity. 

 

Figure 1.2 : The futuristic cityscape of Montreal demonstrates advanced next-generation wireless 

communication. 

The design of flexible, cost-effective antenna systems for 5G and 6G presents a key challenge that must be 

addressed to meet the next generation's heavy reliance on these advanced technologies [5, 6]. Furthermore, 

there is a need for compact, low-cost, and efficient beam steering antennas for Internet of Things (IoT) 

devices, which can be achieved by designing novel antenna configurations [6]. 5G and 6G wireless 

communication technologies utilize sub-6 GHz and millimeter wave (mm-wave) frequency ranges, which 

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

The sub-6 GHz band is widely employed in 5G communications for its reliable coverage. In contrast, the 

mm-wave band, including frequencies like 28 GHz, is being explored to accommodate higher data rates and 

capacities. Designing compact antenna structures in the sub-6 GHz and mm-wave bands is crucial for the 

next generation of mobile applications. These antennas offer wideband coverage, high gain, and beam 

steering capabilities, making them suitable for 5G mobile communication terminals [7-11]. Numerous 

studies have underscored the potential of Sub-6 GHz frequency bands, n41 (2.515ï2.675 GHz), n78 (3.4ï
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3.6 GHz), and n79 (4.8ï5 GHz), which holds significant promise for the next generations of wireless 

communication in 5G networks. Further advancing the application of these critical frequency bands, a recent 

study introduces a novel compact tri-band filtering antenna designed specifically for 5G Sub-6 GHz bands 

n41, n78, and n79 [12]. The n78 frequency band (3.4-3.6 GHz) stands out among the Sub-6 GHz bands for 

its notable features. This band is especially critical for 5G deployment because it offers a superior balance 

of high data rates, extensive coverage, and capacity optimization. Using this band highlights the advanced 

technology of the antenna systems and emphasizes the important role of this frequency band in the 

development of wireless communications [13].  

In practical applications, the 3.6 GHz band has already demonstrated its vital role in deploying 5G 

technologies with extensive real-world 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's capability. This deployment is part of a broader strategy to expand 

mobile services, having upgraded numerous sites with LTE and 5G in recent weeks alone. The 3.6 GHz 

band supports high data throughput, which consistently exceeds one terabit per second, and ensures robust 

coverage and high-speed internet in densely populated areas [12, 14, 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 of 5G [16]. Moreover, alongside 

frequencies above 100 GHz, this band (n78) presents opportunities for revolutionary applications also being 

considered for the development of 6G networks [17, 18]. While practical examples of Sub-6 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 

technologies are less accessible. Sub-6 GHz 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 agriculture through precise monitoring of environmental 

conditions and plant health.  

Additionally, it could support expansive IoT networks and machine-to-machine (M2M) communications, 

enabling rapid responses to climatic changes and improving agricultural yields through connected sensors 

and devices. These studies collectively demonstrate the suitability of 3.6 GHz for 5G antenna design, with 

a focus on different applications and performance metrics. In parallel, beam steering antennas enhance 5G 

networks operating at 3.6 GHz. Moreover, they can enhance the wide-angle scanning matching impedance, 

further improving the antenna performance in the 5G frequency band [19]. 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 common [20, 21]. These antennas are essential for implementing advanced technologies such 
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as Massive Multiple Input Multiple Output (MIMO), which contribute to higher data rates and greater 

spectral efficiency [22, 23]. Their versatility also supports the long-term viability of 5G networks, allowing 

them to adapt to emerging technologies and evolving spectrum allocations, thereby enhancing network 

performance and scalability over time as 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 two-dimensional beam steering. This antenna offers a gain of 13.9 dBic 

and a steering range of ±20 degrees in both elevation and azimuth planes [15]. Further developments include 

a 4³4 microstrip Quasi-Yagi beam steering antenna array with omni-directional radiation characteristics 

[24], and a flat-antenna design for 5G small-cell base stations at 3.6 GHz, featuring a multi-layer structure 

and discrete capacitor diodes for precise beam steering [25]. The introduction of a wideband and high-gain 

FabryïPérot cavity (FPC) antenna, integrating a low-pass frequency selective surface (FSS) with a high-

pass feeding source, represents another significant innovation [26]. Beam steering antennas not only prove 

vital in Sub-6 GHz frequencies but also play a significant role in millimeter-wave (mm-wave) applications, 

where technologies like the endfire aperture-shared antenna are designed for mm-wave multibeam and sub-

6 GHz communication applications, achieving high gains through parabolic reflectors and multiple mm-

wave feeds [1, 27]. 

Mm-wave technology, operating between 30 and 300 GHz, presents another frontier for the next generation 



Chapter 1.  Introduction 

5 

 

of wireless communication, complementing Sub-6 GHz frequency bands [28]. These frequencies offer 

expanded bandwidths and the potential for ultra-fast data rates, positioning them as a compelling choice for 

future wireless communication systems [29].  

By integrating mm-wave technology with the traditional Sub-6 GHz spectrum, researchers 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 networks. The shift toward mm-wave 

frequencies in 5G applications is driven by the demand for higher data rates and reduced latency [30], 

supported by the availability of under-utilized bandwidth in the mm-wave spectrum [31, 32]. However, 

utilizing mm-wave frequencies poses significant challenges for system design and communication 

technologies [33]. 

The potential of mm-wave cellular wireless networks is substantial, yet they present multiple antenna design 

challenges, such as impedance bandwidth, efficiency, size, material selection, and manufacturing precision. 

These challenges are compounded by mm-wave communication characteristics like high propagation loss, 

directivity, and sensitivity to physical blockages [34]. Significant issues like substantial path loss, signal 

attenuation from atmospheric absorption, rain fade, and physical obstacles, such as buildings and foliage 

necessitate robust solutions for reliable communication links [35, 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 mm-wave 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 overall system performance [48, 49]. Various high-gain 

antenna designs have been proposed, including a hybrid dielectric resonator/microstrip antenna [50], a 

wideband substrate integrated waveguide (SIW) slot antenna [51], and a conical-beam planar antenna for 

mm-wave drone applications [52].  

Furthermore, circularly polarized (CP) antennas play a crucial role in 5G and mm-wave applications. Their 

ability to reduce multipath interference and enhance signal reception in dynamic environments makes them 

especially valuable for emerging wireless communication systems. Studies have extensively explored the 

design and performance of CP antennas for mm-wave applications, confirming their essential role in modern 

5G and mm-wave networks. In [53] and [54], researchers achieved wideband characteristics, with the latter 

employing shorted parasitic elements to expand the axial ratio (AR) bandwidth. Further enhancements in 

AR performance were developed through iterative design improvements, as detailed in [55]. Meanwhile, 

[56] aimed at achieving both high gain and enhanced wideband circular polarization. The antenna array 

comprises CP magneto-electric (ME)-dipole antennas, connected to the ground plane at the edges of patches, 
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resulting in two orthogonal ME-dipole modes of similar magnitudes and phase quadrature. The array 

achieves a wide impedance bandwidth of 50% (ranging from 24.5 to 40.8 GHz) and a 3 dB AR bandwidth 

of 44% (from 27.5 to 43 GHz) with a maximum gain of 19.2 dBic. A novel CP antenna utilizing substrate 

integrated waveguide (SIW) technology is also introduced in [57]. This antenna operates in the mm-wave 

frequency, featuring an open-ended rectangular SIW that functions similarly to a magnetic dipole alongside 

a parallel electric dipole. It exhibits a ī10 dB impedance bandwidth exceeding 50%, a 3 dB AR bandwidth 

of 36.6%, and a peak gain of 9.3 dBic.  

On the other hand, when designing structures for high-frequency ranges, it is crucial to consider the 

increased pass losses associated with higher operating frequencies [58]. This is particularly important for 

mm-wave antennas, where high-efficiency, low-loss 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 losses [59].  These issues lead to the 

attenuation of received signals and substantially reduced radiation efficiency. While hollow waveguides 

offer low losses, they are limited by their bulkiness, narrow bandwidths, and losses due to metal contact 

imperfections [60]. Similarly, SIW technologies also experience undesirable losses in dielectrics at higher 

frequencies [61, 62]. In response to the need for more efficient, low-loss 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 transmission lines, addressing the key 

drawbacks of earlier technologies. 

Over the past decade, significant efforts have been dedicated to studying RGW technology, aiming to 

achieve high-efficiency, low-loss transmission lines with minimal complexity by eliminating metal 

connections, especially at high frequencies [63, 64]. The concept of RGW was initially introduced in 2009 

as a novel low-loss TEM guiding structure, and it was further developed into the printed version (PRGW) 

in 2011, offering an economical solution for the millimeter frequency range [65-67]. PRGW technology 

offers low loss and minimal dispersion compared to traditional printed circuit board (PCB)-based structures, 

making it suitable for high-frequency applications [68]. It facilitates the integration of planar transmission 

lines with other circuit components, enabling the design of low-cost and low-profile physical structures [69]. 

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 results in significantly lower 

losses than SIW technologies, where electric 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 environment, RGWs maintain their efficiency even in the 
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presence of such disturbances. PRGW also supports the miniaturization of antennas and circuits, which is 

important for next-generation wireless communication and radar sensing [70]. This technology has been 

successfully applied in designing various antenna systems and components like couplers, cross-overs, and 

six-ports for 5G applications [37, 71-73], making it a highly suitable and cost-effective option for mm-wave 

antenna systems [74, 75]. The effectiveness of PRGW in these applications underscores its critical 

contribution to advancing modern wireless communication infrastructures by improving performance and 

reducing costs. An important challenge in designing PRGW structures lies in the complexity of their 

simulation process, which is both time-consuming and energy-intensive. As a result, it is crucial to develop 

methods that can reduce simulation times to design and optimize structures based on this technology. 

Implementing specialized boundary conditions can significantly accelerate 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 cost-effective and high-performance antenna subsystem components 

suitable for 5G applications in both the Sub-6 GHz and mm-wave 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, crossovers, and 

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 Component Designs 

This section explores the design of various components at mm-wave frequencies using PRGW technology. 

A novel method is introduced to simplify the design process of PRGW structures, addressing the 

traditionally time-intensive and energy-consuming simulation process. The primary structure can be 

achieved by implementing a specific boundary condition without needing a bed of nails or mushroom unit 

cells. Utilizing this technique, a wideband PRGW 3dB hybrid double-box coupler, a planar 0-dB crossover, 

and a novel six-port are designed for deployment in mm-wave 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 performance compared to similar 

components in existing literature. The designed components feature excellent characteristics such as a low 

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

1.2.2 CP Antenna Design for  Mm-Wave Applications 

The work presented in this section introduces a high-performance CP ME dipole antenna tailored explicitly 

for wideband mm-wave applications in 5G networks. The CP antenna, which employs a low-loss PRGW 

feed network, operates in a quasi-transverse electromagnetic (TEM) mode. It achieves broader performance 

characteristics compared to recent CP antennas that use different guiding technologies. The proposed CP 

ME-dipole antenna demonstrates a wide impedance bandwidth of 31% (25.24 - 34.50 GHz) and an AR 

bandwidth of 24.9% (26.40ï33.91 GHz) for AR < 3 dB. It also features a peak gain of up to 8.4 dBic and 

notable cross-polarization reduction. Operating at the Ka-band, the antenna showcases excellent CP 

performance with wide impedance and AR bandwidths surpassing comparable works. The low-profile, high-

performance CP antenna, featuring wideband and low-loss capabilities, emerges as a promising candidate 

for future 5G applications in mm-wave communications requiring an antenna with CP capability. 

1.2.3 Beam Steering Antenna Design for Wireless Communication Applications 

The research presented in this section introduces a novel multi-layered, dual circularly polarized (CP) beam-

switching antenna array. This design integrates dual CP elements to achieve polarization diversity and 

pattern switching, enhanced by innovative uses of the Butler matrix. The antenna, operating in the Sub-6 

GHz frequency band at 3.6 GHz, is specifically tailored for next-generation wireless communication 

applications. It features an 8×8 beam-tilting network based on two symmetrical Butler matrices as a beam-

switching feed network coupled with a 1×4 antenna array. Comparative analysis with recent similar works 

highlights the broadband bandwidth of the antenna, dual CP feature, and high radiation efficiency. However, 

there are trade-offs in size and the range of beam switching angles (BSR) performance.  
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1.3 List of Publications 

Publications included in this dissertation: 

This thesis includes material extracted from the following publications: 

Journals : 

¶ Z. Mousavirazi, M. M. M. Ali and T. A. Denidni, ñHigh-Performance CP Magneto-Electric Dipole 

Antenna Fed by PRGW at mm-Wave,ò submitted to the IEEE Antennas and Wireless Propagation 

Letters. 

¶ Z. Mousavirazi, M. M. M. Ali, P. Rezaei, A. R. Sebak and T. A. Denidni, ñA novel low-loss planar 

PRGW crossover design for 5G applications, ò Radio Science, vol. 58, no. 7, pp. 1-8, July 2023. 

¶ Z Mousavirazi, H Naserri, M Mamdouh, M Ali, and T Denidni, ñAnalysis and design of ultra-

wideband PRGW hybrid coupler using PEC/PMC waveguide model,ñ Scientific Reports, vol. 12, 

no. 1, pp. 14214, 2022.  

¶ Z. Mousavirazi, V. Rafiei, and T. A. Denidni, ñBeam-Switching antenna array with dual-circular-

polarized operation for WiMAX applications,ò, AEU-Int J Electron C, vol. 137, Jul 2021. 

 

 

Conference Proceedings:  

¶ Z. Mousavirazi, M. M. M. Ali and T. A. Denidni, ñWideband Multi-Port Network Based on Printed-

RGW for Millimeter-Wave Applications,ò 2023 IEEE International Symposium on Antennas and 

Propagation and USNC-URSI Radio Science Meeting (USNC-URSI), Portland, OR, USA, 2023, 

pp. 421-422. 

¶ Z. Mousavirazi, M. Harifi-Mood, M. M. M. Ali, S. O. Tatu and T. A. Denidni, ñWideband 

Miniaturized Multi-Port Correlator for 5G Applications at 28 GHz,ò 2022 IEEE International 

Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-S/URSI), 

Denver, CO, USA, 2022, 1052-1053 

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: 

¶ Z. Mousavirazi, M. M. M. Ali and T. A. Denidni, ñ Dual-Polarized high gain Millimeter-Wave 

PRGW Antenna Array for Internet of Things (IOT) Application,ò submitted to the IEEE Internet of 

Things Journal. 

¶ Z Mousavirazi, H Naserri, M Mamdouh, M Ali, P Rezaei, and T Denidni, ñA Low-Profile and Low-

Cost Dual Circularly Polarized Patch Antenna,ò Progress In Electromagnetics Research Letters, vol. 

107, pp. 67-74, 2022. 

¶ Z. Mousavi, P. Rezaei, M. B. Kakhki, and T. A. Denidni, ñBeam-steering antenna array based on a 

butler matrix feed network with CP capability for satellite application,ò, J Instrum, vol. 14, Jul 2019. 

Conference Proceedings:  
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¶ Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. Denidni, ñA Wideband CP Cavity-Backed SIW 

Antenna Fed by Printed-RGW Technology,ò 2021 IEEE International Symposium on Antennas and 

Propagation and USNC-URSI Radio Science Meeting (APS/URSI), Singapore, Singapore, 2021, 

pp. 1531-1532. 

¶ Z. Mousavirazi, M. M. M. Ali and T. A. Denidni, ñA Wideband Millimeter-Wave 3-dB Hybrid 

Coupler Based on Printed-RGW Technology,ò 2021 IEEE International Symposium on Antennas 

and Propagation and USNC-URSI Radio Science Meeting (APS/URSI), Singapore, Singapore, 

2021, pp. 1063-1064 

¶ Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. Denidni, ñWideband and Low-Loss Magneto-

Electric Dipole Antenna Fed by Printed Ridge-Gap Waveguide Technology,ò 2021 IEEE 19th 

International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM), 

Winnipeg, MB, Canada, 2021, pp. 1-2. 

¶ Z. Mousavirazi and T. A. Denidni, ñA Circularly-Polarized Antenna for 5G Applications Fed by 

Printed Ridge-Gap Waveguide,ò 2021 IEEE 19th International Symposium on Antenna Technology 

and Applied Electromagnetics (ANTEM), Winnipeg, MB, Canada, 2021, pp. 1- 

¶ Z. Mousavirazi, V. Rafiei, M. M. M. Ali and T. A. Denidni, ñA High-Efficiency Zeroth-Order 

Resonant (ZOR) Antenna Fed by Printed Ridge-Gap Waveguide Technology,ò 2021 International 

Applied Computational Electromagnetics Society Symposium (ACES), Hamilton, ON, Canada, 

2021, pp. 1-3. 

¶ Z. Mousavirazi, M. Akbari and T. A. Denidni, ñMillimeter-Wave High-Gain PRGW Antenna Using 

a Fabry-Perot Cavity,ò 2020 IEEE International Symposium on Antennas and Propagation and 

North American Radio Science Meeting, Montreal, QC, Canada, 2020, pp. 1365-1366. 

¶ Z. Mousavirazi, S. H. R. Tuloti and T. A. Denidni, ñA Millimeter-Wave Low-Profile and Metal-

Only Transmitarray Antennas at 28 GHz,ò 2020 14th European Conference on Antennas and 

Propagation (EuCAP), Copenhagen, Denmark, 2020, pp. 1-4. 

¶ Z. Mousavirazi, M. B. Kakhki, T. A. Denidni and V. rafii, ñMM-Wave Beam-Steering Slot Antenna 

using Gradient Relative-Permittivity FSS Superstrate,ò 2019 IEEE International Symposium on 

Antennas and Propagation and USNC-URSI Radio Science Meeting, Atlanta, GA, USA, 2019, pp. 

319-320. 

Collaborating publications: 

During my doctoral studies, I collaborated with researchers in various fields, enriching my academic 

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

Journals: 

¶ A. Diman et al., ñEfficient SIW-Feed Network Suppressing Mutual Coupling of Slot Antenna 

Array,ò IEEE Transactions on Antennas and Propagation, vol. 69, no. 9, pp. 6058-6063, Sep. 2021. 

¶ S. H. R. Tuloti, Z. Mousavirazi, A. Kesavan, and T. A. Denidni, ñA low profile dual-polarized 

transmitarray antenna at Ka-band,ò AEU-Int J Electron C, vol. 143, Jan 2022. 

¶ H Naserri, P PourMohammadi, Z Mousavirazi, A Iqbal, Guy AE Vandenbosch, and T Denidni, ñA 

Low-Profile Dual-Band Hybrid Coupler with Flexible Frequency Band Ratio,ò Progress In 

Electromagnetics Research Letters, vol. 107, pp. 119-124, 2022. 
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¶ F. Karami, P. Rezaei, A. Amn-e-Elahi, Z. Mousavirazi, T. A. Denidni, and A. A. Kishk, ñA compact 

high-performance patch array with suppressed cross polarization using image feed configuration,ò 

AEU-Int J Electron C, vol. 127, Dec 2020. 

Conference Proceedings:  

¶ H. Naseri, P. Pourmohammadi, Z. Mousavirazi, A. Iqbal and T. A. Denidni, ñFull Azimuth Beam 

Steering by Means of Radiation Pattern with the Narrow Beamwidth,ò 2022 IEEE International 

Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-S/URSI), 

Denver, CO, USA, 2022, pp. 1630-1631. 

¶ M. B. Kakhki, Z. Mousavirazi and T. A. Denidni, ñHigh Gain Ridge Gap Dielectric Resonator 

Antenna using FSS Superstrates,ò 2019 IEEE International Symposium on Antennas and 

Propagation and USNC-URSI Radio Science Meeting, Atlanta, GA, USA, 2019, pp. 71-72. 

1.4 Thesis Organization 

This thesis aims to delve deeply into high-performance antennas and related component designs, especially 

those geared 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 

frequencies at Sub-6 GHz and in the mm-wave 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 to gather and organize the findings and resources 

utilized throughout the research journey. 

Chapter 2: Many designs featured in this thesis, particularly those operating in the mm-wave bands, have 

been implemented using PRGW technology. Chapter 2 provides comprehensive studies on PRGW 

technology and includes a literature review of PRGW structures and mm-wave components implemented 

with these guiding structures. 

Chapter 3: In this chapter, a novel method for designing PRGW structures is introduced, significantly 

streamlining the design process. One of the primary challenges in designing PRGW structures is the time-

consuming simulation and optimization process, typically conducted using full wave software like CST 

Microwave Studi and High-Frequency Simulation Software (HFSS). This new method reduces simulation 

time, thereby simplifying the design optimization process. The chapter presents a detailed step-by-step 

explanation of designing a bandwidth-enhanced coupler using this method, achieving an exceptional 

bandwidth of approximately 46%, which is outstanding in its class. Additionally, the chapter discusses the 

designs of two other components, including a cross-over and a six-port, 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 polarization mismatch, common 

issues in wireless communications at high frequencies. This chapter begins with an overview of CP antennas 



Chapter 1.  Introduction 

4 

 

used in mm-wave bands for 5G and 6G applications. It then details a specific CP antenna design based on 

PRGW technology. The design achieves circular polarization using a ME-dipole antenna configuration at 

the upper part of the antenna. Unlike similar designs that require dual-feed configurations or additional 

layers, our approach utilizes a fork-shaped feed structure to enhance antenna bandwidth while maintaining 

simplicity and improving efficiency.  

Chapter 5:This chapter delves into beam-steering antennas, which are pivotal for 5G applications due to 

their ability to enhance network capacity, signal quality, and coverage while supporting high-frequency 

operations. These antennas direct signals specifically toward users or areas, optimizing spectrum usage and 

allowing for more simultaneous connections without degrading performance. As modern handsets 

increasingly incorporate multiple antenna elements, beam-steering antenna arrays have become essential in 

implementing effective 5G networks, facilitating crucial beam-steering operations. These antennas also 

enhance the signal-to-interference ratio, significantly improving network performance for targeted user 

groups. In this chapter, we focus on studying and designing beam-steering antennas for 5G applications, 

specifically around the 3.6 GHz frequency. We propose a novel design for an eight-beam dual-CP antenna 

array tailored for 3.6 GHz WiMAX applications. This design incorporates an 8³8 beam-tilting network 

using two symmetrical Butler matrices as a beam-switching feed network, complemented by a 1³4 antenna 

array. The beam-tilting topology is engineered to produce four Right-Hand Circular Polarization (RHCP) 

and four Left-Hand Circular Polarization (LHCP) beams, covering a field of view from -30° to +30°. The 

results highlight an average peak gain of 9 dBic 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 chapter concludes 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 advancement of 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 also sets the stage for 

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

Technology 

2.1 Gap Waveguide Technology: The Evolution and Impact of Gap Waveguide 

Technology in High-Frequency Communications 

In the rapidly advancing realm of telecommunications, particularly at mm-wave frequencies for next-

generation networks, the quest for innovative transmission mediums has led to the emergence of Gap 

Waveguide (GW) technology. This chapter comprehensively explores gap waveguide technology, focusing 

on its design, various types, and applications to enhance mm-wave communication systems. As a bridge 

between conventional microstrip lines and metal waveguides, gap waveguide technology presents a 

promising solution to meet the growing demands of mm-wave and 5G technologies and beyond [59, 61, 

76]. In microwave engineering and high-frequency communication systems, the introduction of gap 

waveguide technology is catalyzing a significant transformation. By overcoming the limitations of 

traditional microwave technologies such as microstrip lines, coplanar waveguides (CPW), hollow 

waveguides, and substrate-integrated waveguides (SIW), gap waveguide technology is driving innovation 

and reshaping the landscape of modern communication infrastructure [77]. These conventional technologies 

have played a crucial role in developing RF components and circuit designs, each offering specific 

advantages but also encountering substantial challenges, particularly at mm-wave frequencies and in 

antenna applications. Microstrip lines and CPWare valued for their simplicity, cost-effectiveness, and ease 

of integration with Printed Circuit Board (PCB) technology, making them suitable for incorporating active 

microwave components. However, their performance at mm-wave frequencies 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 cross-talk and interference, which are often exacerbated 

by traditional packaging methods [78, 79]. Hollow waveguides offer a low-loss alternative by guiding 

electromagnetic waves through air-filled or vacuum spaces, eliminating dielectric losses. Yet, their 

bulkiness and the complex integration with planar technologies limit their practicality for compact system 

designs [80, 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 higher-order modes. The manufacturing and assembly of these conventional components become 

increasingly difficult and costly at higher frequencies [82]. This precision is crucial to eliminate tiny gaps 
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and ensure good electrical contact for high-quality 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, conceived in 2009, to bridge the performance gap between 

planar transmission lines and non-planar metal waveguides. By employing a conductive surface patterned 

with an Artificial Magnetic Conductor (AMC) or a bed of nails, gap waveguides create a low-loss, air-filled 

guiding structure without needing a complete metal enclosure [76, 83, 84]. This approach drastically reduces 

manufacturing complexity and costs while offering 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 low-cost, high-performance alternative that is as flexible as 

microstrip lines and as low-loss as metal waveguides. This significant advancement in gap waveguide 

technology offers a compelling solution for future high-frequency microwave and mm-wave applications, 

addressing the urgent need for high-performance, cost-effective 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 implementing high-frequency communication 

systems, promising to redefine the landscape of microwave and mm-wave communications [85]. It has been 

more than ten years since the invention of gap waveguide technology, where extensive research and 

development on investigating the gap waveguide structure characteristics, operating principle, and potential 

for realizing mm-wave beam switching networks and antennas have been conducted.  

Figure 2.1 chronicles the evolution of the history of gap waveguide technology and its applications since its 

introduction in 2009. The trend of publications, as depicted in Figure 2.1(a), shows a year-by-year increase, 

indicating the technology growing popularity in academia and industry. However, the COVID-19 pandemic 

and associated disruptions have had a major impact, leading to a decrease in the publishing of articles in 

2019. In Figure 2.1(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 in publications 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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(a) 

 

 

(b) 

Figure 2.1 : Chronological trends of RGW-related publication records by (a) Conference and journal papers 

and (b) Difference applications (generated by IEEE and Web of Science sites from gap-waveguide 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 for mm-wave and 5G frequencies. Gap waveguides were first introduced by 

Kildal in 2009 [59] as a guiding structure capable of supporting quasi-transverse Electromagnetic quasi-

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 loss. This examination highlights the 

transformative potential of gap waveguides, positioning them as a key technology for the next generation of 

high-frequency communication systems. The 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 them [86]. Gap waveguides evolved from discovering waves that could 

propagate along the grooves and ridges of hard surfaces. This led to the innovative design that replaces 

multiple ridges with metal pins to form a guiding path for electromagnetic waves. This technology operates 

on the principle of preventing 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 

wavelength [65, 87]. This small gap stops any electromagnetic wave from spreading between the PEC and 

PMC surfaces, as shown in Figure 2.2. Since natural materials do not exhibit PMC properties at the 

frequencies of interest, AMCs are employed as practical stand-ins. AMCs are fabricated using periodic 

structures, such as arrays of metallic pins or mushroom-like elements, designed to mimic the reflective 

behavior of PMCs at specific frequencies [88, 89]. These structures exhibit high surface impedance, 

generating a bandgap effect that prevents the propagation of parallel-plate modes within a certain frequency 

range. Integrating a guiding element like a metal strip or ridge on the AMC surface forms a path where 

electromagnetic waves can propagate efficiently. This configuration essentially acts as a waveguide without 

needing a fully enclosed conduit, relying instead on the stopband characteristics of the AMC to confine and 

guide the waves [90-92]. 

           

(a)    (b) 

Figure 2.2 : Field propagation (a) within  two parallel plates consists of a PEC plate and PMC plate, and (b) a 

single-texture side of ideal RGW [93]. 

The innovative structure of gap waveguides significantly improves the reduction of various forms of 

transmission loss, making them highly efficient for mm-wave applications.  

¶ Dielectric Losses: When electromagnetic waves interact with the material filling the waveguide, 

traditional waveguides suffer from dielectric losses. Gap 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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¶ 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 low-loss path defined by the AMC surface and the guiding structures, 

minimizing contact with lossy materials. 

¶ Radiation and Leakage Losses: Gap waveguides are designed to prevent electromagnetic energy 

from radiating away from the intended path. The AMC bandgap 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. 

¶ Manufacturing Tolerances and Assembly Losses: Traditional waveguide assemblies require 

precise alignment and electrical contact, which can introduce additional losses. Gap waveguides 

offer a more forgiving design regarding manufacturing tolerances, as the wave confinement does 

not rely on metal-to-metal contact, thus reducing assembly-related 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 of gap waveguide 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 laterally. As a result, electromagnetic waves are confined to propagate along predefined paths - be 

it ridges, grooves, or strips - with minimal loss and without deviating in undesired directions. This wave 

guidance and confinement mechanism distinguishes various gap waveguides or transmission lines, 

specifically categorized into ridge, groove, and microstrip gap waveguides [94-100]. Each of these designs 

leverages the unique properties of the AMC surface to facilitate efficient, directed wave propagation for 

high-frequency applications [101-104]. The various configurations of gap waveguides are illustrated in Fig. 

2.3. 
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(a)        (b) 

 

(c)        (d) 

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. 

¶ Ridge Gap Waveguides (Fig. 2.3 (a)): This geometry (RGW) 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.  

¶ Groove Gap Waveguides Waveguides (Fig. 2.3 (b)): Groove gap waveguides (GGW) employ a 

grooved channel 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 transmission. 

¶ Inverted Microstrip Gap Waveguides ((Fig. 2.3 (c)) : This configuration (IMGW) 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 substrate. This design 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 certain trade-offs, 

including increased losses and an enlarged structure size due to the presence of the substrate 

material. Additionally, positioning the substrate layer above the nails introduces more space 

between the bed of nails and the upper ground plate. This spatial increase adversely affects the 

waveguide operational bandwidth, specifically leading to a reduced stopband. Such changes 

highlight the delicate balance between design simplification and performance optimization in the 

development of gap waveguide technologies. 

¶ Printed Ridge Gap Waveguide ((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 approach typically involves replacing the bed of nails with an 

electromagnetic band-gap (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, and PRGWs share a commonality in their mode of operation, as they all facilitate the 

propagation of a quasi-TEM mode within their stopband. This propagation mode is advantageous 

because it allows for low-loss and efficient transmission of electromagnetic waves, making these types 

of gap waveguides particularly suitable for a wide range of high-frequency applications. The quasi-TEM 

mode supported by these waveguides is characterized by electric and magnetic fields that are 

predominantly transverse to the direction of wave propagation, albeit with 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 ridge in RGWs and the specific arrangement 

of the microstrip and textured surfaces IMGWs. On the other hand, the GGW supports a mode of 

operation that closely resembles the TE10 mode of traditional rectangular waveguides. The TE10 mode 

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 quasi-TEM mode in that it involves transverse electric fields with a significant 

component perpendicular to the direction of wave propagation [85]. The difference in the supported 

modes between the RGWs (and their variations) and the GGWs underlines the versatility of gap 

waveguide technology. By selecting the appropriate type 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 quasi-TEM modes or the specific characteristics of TE10 mode 

propagation. This flexibility is one of the key advantages of gap waveguide technologies, enabling their 

use in a wide array of high-frequency electromagnetic applications (Figure 2.4). 

 

 

(a) Q-TEM mode in RGW     (b) TE10 Mode in GGW 

 

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

Figure 2.4  : Desired propagation modes in different gap waveguide geometries. 

 

Among the various types of gap waveguides, the PRGW technology stands out for several reasons that make 

it particularly suited to certain applications over RGW, GGW, and IMGW. One of the main advantages of 

PRGW is its compatibility with standard PCB manufacturing processes. This compatibility simplifies the 

production process, making it more cost-effective and less complex than the specialized manufacturing 

required for other types of gap waveguides. This aspect is crucial for scaling production and reducing the 

overall cost of high-frequency 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 straightforward with 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 design flexibility. 

Designers can easily adjust the geometry of waveguide to fine-tune 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 to devices that are more 

compact and lightweight compared to those based on traditional metal-based waveguides, including 

alternative gap waveguide designs ]105[ . This advantage is particularly valuable in space-constrained 

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, enhancing signal 



Chapter 2.  Literature Review (PRGW) 

13 

 

integrity and operational efficiency over longer distancesðkey considerations for high-frequency 

communication technologies. The structural design of PRGW supports wideband performance, 

accommodating high data rates and multi-frequency operations, which might 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 waveguides, ensuring the reliability and longevity of high-frequency electronic systems 

under operation. 
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Chapter 3.  Low Loss Component Designs 

for Wireless Communication Systems at 

mm-Wave 

This chapter focuses on the innovative design of essential low-loss components critical for enhancing the 

performance and efficiency of wireless communication systems at mm-wave frequencies based on PRGW 

technologies. High frequencies are increasingly popular in modern telecommunications because they 

uniquely provide the data rates and spectral efficiency needed for high-definition streaming, real-time 

communication, and extensive IoT device deployment. This global trend towards high-frequency, high-

speed technologies necessitates intelligent subsystems in the mm-wave frequency band, which are essential 

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 rapid technological advancements. Hybrid 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 signals, either in-phase or out-of-phase, and are key 

elements in microwave smart beam switching subsystems.  

Another critical component in designing beam-switching 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 signal paths to intersect without interference is essential in 

maintaining the integrity and efficiency of the system. The design of the low-loss crossover thus plays a 

foundational role in optimizing the layout of antenna arrays and supporting the high-speed, high-frequency 

demands of modern telecommunication infrastructures.  

In addition to beam switching networks, the six-port interferometric circuit is another critical component in 

designing complex mm-wave systems. This component has developed significantly over the past two 

decades, particularly for its applications in direct modulation or demodulation within the mm-wave 

frequency band. It is typically composed of several 3dB hybrid couplers, optionally with power dividers, 

and interconnected by transmission lines and phase shifters. This configuration allows for the simultaneous 
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processing of multiple signal paths, which is crucial for accurately synthesizing complex in-phase (I) and 

quadrature (Q) signals. Such capabilities are essential in mm-wave applications where precise demodulation 

of signals is critical to maintaining high data integrity and system reliability. The ability to demodulate 

signals directly 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 significantly impact the 

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

signals characteristic of next-generation wireless technologies.  

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

boost system performance in high-frequency applications.  

The first section examines an ultra-wideband PRGW hybrid coupler designed using low-loss PRGW 

technology. This section presents a unique boundary condition that greatly simplifies the simulation process 

(which typically consumes considerable time and energy) and details the practical design aspects through 

prototype fabrication and successful testing. These steps validate the simulation results and underscore the 

effectiveness of PRGW technology in creating versatile structures for mm-wave applications.  

The second section, titled ñA Novel Low-Loss Planar PRGW Crossover Design for 5G Applications,ò 

showcases the design of a planar 0-dB crossover, also utilizing PRGW technology tailored for mm-wave 

applications, particularly within the 5G spectrum. This crossover is engineered to operate effectively at 30 

GHz, with prototypes confirming its simulated performance through minimal insertion loss and excellent 

return and isolation levels across its operational bandwidth.  

The third section explores two six-port networks. The first design focuses on a low-loss, wideband six-port 

network based on PRGW to support 5G applications. This network covers a substantial frequency bandwidth 

of around 8 GHz at a center frequency of 28 GHz. It demonstrates exceptional phase resolution at its outputs 

and meets the stringent requirements of future high-data-rate wireless communication systems. The second 

design focuses on designing a six-port circuit on a substrate with low thickness and low dielectric constant 

(Rogers RT/Duroid 5880). This approach aims to realize a low-cost architecture that seamlessly integrates 

with antennas for mm-wave applications, featuring a structure that allows for implementation without 

additional off-chip components. 
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3.1 Analysis and Design of Wideband PRGW Hybrid Coupler Using PEC/PMC 

Waveguide Model 

In this subsection, 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 notably time-consuming 

and energy-intensive. Therefore, a suitable boundary condition 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 double-box coupler is designed to operate at mm-wave frequencies with a center frequency of 

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 proposed coupler 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 procedure that simplifies the 

process by avoiding using EBG in the initial phase and enhances 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-L ine Coupler Analysis 

The Branch-line coupler, a type of signal divider, effectively splits an incoming signal into two outputs with 

equal power but 90° phase shifts. The branchline coupler generates quadrature signals essential for our QAM 

radio system. This device features four ports: an Input (P1), Output 1 (P2), Output 2 (P3), and an isolated 

port (P4), which is terminated at 50 ohms and isolated from the input, as illustrated in Figure 3.1. Comprising 

four quarter-wavelength transmission lines at the target frequency, the Branch-line coupler design includes 

two lines with the characteristic impedance matching the terminations (Ports P1-P4) and two with an 

impedance reduced by ρȾЍς, approximately 35.35 W This configuration results in a mismatch, as the 

combined impedance of 50 Ý and 35.35 W does not equal 50 Ý, indicating that its operation involves more 

complexity than merely shifting the phase through transmission lines. The ABCD manipulation technique, 

coupled with even-odd 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 Branch-line coupler. ABCD parameters enable engineers to assess how 

symmetrical networks affect signal amplitude and phase, facilitating thorough analysis and optimization. 

Even-odd mode analysis simplifies the understanding of complex components like the Branch-line coupler 

by separating signals into even and odd modes. Before 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 network is lossless. 

 

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. Illustrated in Figure 3.2 the two modes: even (Figure 3.2 (a)) and odd (Figure 3.2 (b)). In the even 

mode, the dashed line acts as an open circuit ï no 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 circuit. 

 
(a) 

 

(b) 

Figure 3.2 : Even and odd modes of branch-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 dashed-line plane is treated as a virtual open as shown in Figure 3.3. The input 

impedance of the ɚ/8 transmission lines is calculated using standard transmission line impedance formulas. 

For ɚ/8, where l = ɚ/8  and b= 2p/l, tan(bl) = 1 and assuming ZL (load impedance) = Ð, the input impedance 

can be expressed as follows [106, 107]: 

ὤ ὤ
ὤ Ὦὤὸὥὲbὰ

ὤ Ὦὤὸὥὲbὰ
 (3-1) 

ὸὥὲpȾτ ρ (3-2) 

ὤ
ὤ

Ὦ
 (3-3) 

ὣ
Ὦ

ὤ
Ὦὣ (3-4) 

 

 

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 replacing ὤὒ=Ð with ὤὒ=0 [107]. It is important 

to note that the primary difference here is the negation. The dashed-line plane is treated as a virtual ground 

as shown in Figure 3.4. 
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Figure 3.4 : Branch-line coupler in odd mode analysis. 

 

3.1.1.4 ABCD analysis of even-odd mode 

Even-odd mode analysis is utilized to elucidate the behavior of the branch-line coupler. By breaking down 

the network into three partsða pair of shunt open/short stubs and a series quarter-wavelength transmission 

lineðit can be treated as a cascaded circuit. Consequently, the overall ABCD matrix is simply the product 

of three individual ABCD matrices [106, 107]. 

For even mode: 

The admittance of the shunt open stub with an electrical length of ɗ is determined by (see  Figure 3.3): 

ὣ Ὦ
ÔÁÎ—

ὤ
 (3-9) 

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

ὃὄὅὈ
ρ π
ὣ ρ

ρ π

Ὦ
ÔÁÎ—

ὤ
ρ (3-10) 

The ABCD matrix of a transmission line with an electrical length of ɔ and Zline is determined by:  

ὃὄὅὈ

ÃÏÓ‎ Ὦὤ ÓÉÎ‎
Ὦ

ὤ
ÓÉÎ‎ ÃÏÓ‎

 (3-11) 

So the ABCD matrix of the branch-line coupler in even mode is: 
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For q=pȾτ and ɔ=pȾς 
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ρ π

ρ
π ὮὤȾЍς

ὮЍςȾὤ π

ρ π

ρ= 
Ѝ

ρ Ὦὤ

ρ
 (3-13) 

 

By converting the ABCD matrix to the S-parameter representation, we can derive the reflection coefficient 

(ũe) and transmission coefficient (Te): 

ũe = 
Ⱦ

Ⱦ
=  = 0 (3-14) 

Te = 
Ⱦ

=
ȾЍ
 = 
Ѝ

(1+j) 
(3-15) 

For odd mode: 

The admittance of the shunt short stub with an electrical length of ɗ is determined by (see Figure 3.4): 

ὣ
Ὦ

ὤÔÁÎq
 (3-16) 3-1) 

So the ABCD matrix of the shunt open stub is determined by: 
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ρ π
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Ὦ
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ρ (3-17) 

 

So the ABCD matrix of branch-line coupler in even mode (see Figure 3.3) is [106, 107]: 
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For q=pȾτ and ɔ=pȾς 
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Finally, Scattering-parameters can be calculated by: 
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Based on the obtained equations, it can be concluded that: 

No power is reflected back to the input port (S11=0). Ports 1 and 4 are completely isolated from each other 

(S14=0).  

Power is evenly divided between ports 2 (output port) and 3 (coupler port) (ȿὛ ȿ ȿὛ ȿ ρ, but they 

exhibit a 90° phase difference (S21 = -jS31).  

Due to the symmetry of the branch line coupler, all scattering parameters is derived in the same method. 

Therefore, the final scattering parameter (S-parameter) matrix for the branch-line coupler is: 

Ὓ =
Ѝ

π Ὦ ρ π
Ὦ π π ρ
ρ π π Ὦ
π ρ Ὦ π

 (3-27) 

3.1.2 PRGW Double-Box Hybrid Coupler  Design 

Directional hybrid couplers are essential passive components in various mm-wave systems and subsystems, 

such as balanced amplifiers and mixers, radar systems, and antenna beam-switching feed networks for 

splitting or combining power among multiple devices [108]. 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 (SIWs) [109-111]. 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 mm-wave applications to address these issues [112]. Over the last decade, the design of directional 

couplers based on PRGW technology has been proposed in many works at mm-wave frequency bands. 

However, most of these designs have narrow bandwidths [113-115]. A step-by-step design procedure of the 

wideband hybrid coupler based on PRGW technology is detailed 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 boundary condition 

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 branch-line coupler is then designed using this boundary 

condition to validate the robustness of the method. Following this, the broadband double-box hybrid coupler 

is simulated using the same boundary condition. 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 ensure consistency and 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 if the gap height is less than one-quarter of a wavelength (ɚ/4). 

Figure 3.5 illustrates the ideal form of the proposed concept. In RGW, a metal strip, or ridge, is encased by 

PMC surfaces. By maintaining a waveguide cavity height smaller than ɚ/4, electromagnetic waves (EM) 

can propagate between the upper conductor and the ridge, with PEC-PEC surfaces minimizing leakage in 

all directions, similar to PMC-PEC surfaces.  

Since PMC does not exist naturally, it is simulated using an artificial magnetic conductor (AMC) that 

replicates PMC behavior over a specific frequency bandwidth [116]. An EBG unit cell serves as such an 

AMC, with a periodic arrangement used in PRGW structuresða printed, modified version of RGWðto 

prevent electromagnetic wave leakage outside the region between the ridge and the upper conductor within 

a designated stopband. Figure 3.6 displays the EBG unit cell and its dispersion diagram across a broad 

frequency range, derived using the computer simulation technology (CST) Eigen-mode solver. The 

propagation constant is zero between 24 GHz and 45 GHz, indicating that an EBG unit cell acts like PMC 

in this range, suppressing propagation. The air-filled gap height between the square-grounded 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 and a thickness of 0.762 mm. The patch is square, measuring 1.2 

mm on each side, and the air-filled region has a height of 0.254 mm. 
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(a)    (b) 

Figure 3.5 : Field propagation (a) within  two parallel plates consists of a PEC plate and PMC plate, and (b) a 

single-texture side of ideal RGW [93]. 

 

 

(a) 

 

(b)  

Figure 3.6 : PRGW structure design, (a) Section of PRGW guiding structure, and (b) Dispersion diagram of 

the square PRGW unit cell. (Wcell = 1.6, Gap = 0.254, hs =0.762, Wr=1.34, P=1.4 (all in mm)). 
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3.1.2.2 Design of the primary single-box branch-line coupler 

To demonstrate the specific boundary condition, the traditional single-box branch-line coupler is proposed, 

as shown in Figure 3.7 [117] [118]. This configuration, operating at 28 GHz, was modeled in CST 

Microwave Studio. The structure comprises only the branch-line coupler patch and a metal plate acting as a 

PEC surface above it. The air-filled gap between the coupler patch and the PEC was predetermined during 

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

the boundary conditions, it is necessary to establish a PMC condition (Ht=0) at the plane touching the coupler 

patch at Zmin=0, while assigning open boundary conditions to the other faces (see Figure 3.7 (b)). Although 

the setup appears straightforward and results can be observed within minutes, this simplicity does not extend 

to following the existing design method. Figure 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 frequency band. 

Subsequently, the designed EBG unit cells are placed around the coupler, and the branch itself is grounded 

with a series of vias, as depicted in Figure 3.9. The dimensions and spacing, including the 0.2 mm distance 

between the mushrooms, are consistent with those in Figure 3.6 and Figure 3.7.  

 

(a)

 

(b) 

Figure 3.7 : Single-box branch line Coupler, (a) basic schematic, and (b) the specific boundary conditions in 

CST Microwave Studio. (W1 = 1.3, W2 = 2.1, Wf=1.34 (all in mm)). 
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(a) 

 

(b) 

Figure 3.8 : Simulated results of the Single-box branch line Coupler with perfect boundary condition, (a) 

Scattering parameters, and (b) Phase difference between output ports (ū (S21) - ū (S31)). 

 

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 branch-line 

coupler. As shown in Figure 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 imbalance between the output 

signals being within acceptable limits. Additionally, as Figure 3.10(b) shows, the 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. 

 
(a) 

 
(b) 

Figure 3.10 : Simulated results of the Single-box branch coupler with EBG unit cells (a) Scattering 

parameters, and (b) Phase difference between output ports (ū (S21) - ū (S31)). 

 

-40

-30

-20

-10

0

26 27 28 29 30 31 32

S
-P

a
ra

m
e

te
rs

 (
d

B
)

Frequency (GHz)

S

S

S

S

80

82

84

86

88

90

92

26 27 28 29 30 31 32

P
h

a
s
e

 D
if
fe

re
n

c
e

 (
d

e
g

)

Frequency (GHz)



Chapter 3.  Low Loss Component Designs for Wireless Communication Systems at mm-Wave 

27 

 

 

(a) 

 
(b) 

 

(c) 

Figure 3.11 : Double-box ideal hybrid coupler, (a) basic schematic, and (b) scattering parameters, and (c) 

phase difference between output ports (ū (S21)- ū (S31)). 
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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 dual-box 3dB coupler. This modification alters the characteristic impedance of the arms 

while maintaining their length at a quadrature-wavelength [118]. Figure 3.11(a) presents the schematic of 

the proposed structure, while Figure 3.11(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 improvement stems from the second 

box, which operates at frequencies close to those of the first box, thus broadening the bandwidth. 

Subsequently, we employ a full-wave solver tool, CST Microwave Suite, to simulate the structure under 

specific boundary conditions. This approach avoids using mushroom unit cells and facilitates quicker 

achievement of the desired outcomes. Figure 3.12 illustrates the coupler with the proposed boundary 

conditions, and Figure 3.13 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 output ports is confined to ±5°. These 

features are distinctive when compared to existing mm-wave hybrid couplers. 

 
(a) 

 
(b) 

Figure 3.12 : (a) The geometrical configuration of the double-box hybrid coupler, and (b) the specific 

boundary condition in CST Microwave Studio. (c = 1.3, W1 = 1.02, W2 = 1.67, W3 = 1.62, Wr=1.34, L1 = 1.12, 

L2=1.54, L3= 2.62, L4=1, Lc=2.46 (all in mm)). 
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(a) 

 

(b) 

Figure 3.13 : Simulated results of the double-box coupler with specific boundary condition (a) Scattering 

parameters, and (b) Phase difference between output ports (ū (S21)- ū (S31)). 

3.1.2.4 Design and Optimization of the Broadband PRGW Coupler  

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

unit cells as illustrated in Figure 3.14. The S-parameters and the phase differences between the output ports 

of the broadband coupler are shown in Figure 3.15. Figure 3.15(a) clearly demonstrates that the -10 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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Furthermore, Figure 3.15(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 that the proposed boundary condition 

provides a straightforward 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 coupler design. 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 stems from the increased complexity 

of the double-box 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 in Figure 3.16(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 is then connected to its PRGW 

counterpart, completing the transition. A critical aspect to consider is ensuring that the reflection coefficient 

of the transition line remains below -10dB, and its transition coefficient approaches 0 dB across the 

operational frequency band. To validate the performance of this transmission line, it was designed and 

simulated independently. Figure 3.16(c) displays the s-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 shown in Figure 3.16(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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(a)       (b) 

Figure 3.14 : (a) Block diagram of the broadband hybrid coupler, (b) 3-D view, and (b) Top view (Upper 

ground is removed for clear illustration). 

 
(a) 

 
(b) 

Figure 3.15 : Simulated results of the broadband PRGW coupler (a) Scattering parameters, and (b) Phase 

difference between output ports (ū (S21)- ū (S31)). 
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(a)         (b) 

 

(c) 

Figure 3.16 : Block diagram of 90Ǔ bend PRGW with microstrip to PRGW transition. (a) Side view, (b) Top 

view, and (c) Scattering parameters. (Wm = 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 in Figure 3.17(a). We utilized 2.92mm end-launch SMA connectors in the measurement setup. 

Our goal was to achieve a reflection coefficient and isolation below -10 dB across the frequency range from 

24 GHz to 40 GHz, consistent with the results from our simulations. Ideally, we aimed for two equal 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 of ±5° are acceptable for many applications. With these 
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parameters in mind, the measurement setup was established as depicted in Figure 3.17(c). Given the 

coupler's symmetry, there was no need to measure the scattering parameters for both input ports. 

Additionally, a TRL (Thru-Reflect-Line) calibration kit, shown in Figure 3.17(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 displayed in Figure 3.18. The impedance bandwidth covers the 

entire frequency range shown in Figure 3.18(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 results were achieved. From 

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 design process. 

              

(a)     (b)   

    

 (c) 

Figure 3.17 : (a) Fabrication of the proposed broadband PRGW coupler, (b) TRL calibration kit, and (c) 

Measurement setup. 
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(a) 

 
(b) 

Figure 3.18 : Simulated and measured results of the proposed broadband PRGW coupler (a) Scattering 

parameters, and (b) Phase difference between output ports (ū (S21) - ū (S31)). 

3.1.5 PRGW 3-dB Hybrid Coupler Performance Evaluation 

To assess the performance of the coupler and compare it with existing research, Table 3-1 is provided, 

focusing on guiding structures, promising technologies for mm-wave applications. Many 3dB hybrid 

couplers in the literature have a narrow bandwidth, typically up to 18%, and exhibit high output phase and 

amplitude imbalances [113, 115, 119-122]. However, couplers offered in [123, 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 larger sizes. 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 1.1ɚg × 0.75ɚg 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 stays below 1 dB. Moreover, the proposed coupler demonstrates a 

43% phase balance bandwidth, with an imbalance between 90↔±5↔, covering the frequency range from 25 

GHz to 39 GHz. These results underscore that the hybrid coupler proposed in this study outperforms similar 

works utilizing state-of-the-art guiding structure technologies such as PRGW, RGW, and SIW at mm-wave 

frequencies. 

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

couplers in the literature. 

Ref. Tech. 
Center freq. 

(GHz) 

BW%  

(S11<-10 dB) 

Amplitude 

Balance BW 

(dB) 

Phase 

impedance 

BW %  

Size l2 

[113] PRGW 30 6% 
3.6±1 

6% 

90↔±10 

BW= 6% 
1.1 ³ 1.1 

[115] PRGW 30 
13% 

 

3.6±0.5 

BW= 6.7% 

90↔±10 

BW=14% 
1.2 ³ 1.2 

[119] Microstrip 30 11% 
-4±1 

BW= 11% 

90↔±1 

BW= 11% 
1.3 ³ 1.1 

[120] SIW 24 18% 
4.7±0.5 

BW=10% 

92±2 

BW= 18% 
1.4 ³ 1.5 

[121] RGW 15 14% 
-3.5±0.75 

BW= 7% 
- 1.58 ³ 1.58 

[122] PRGW 60 11% 
3.7±0.5 

BW= 11% 

90↔±5 

BW= 11% 
1.9 ³ 1.1 

[123] PRGW 30 
26.5% 

 

3.7±0.75 

BW= 6% 

90↔±5 

BW= 6% 
1.3 ³ 1.3 

[124] PRGW 30 
26.6% 

 

3.6±0.75 

13% 

90↔±5 

BW= 26.5% 
1.2 ³ 1.2 

[125] SIGW 26 26.4% 
3.7±1 

- 

90↔±10 

- 
1 ³ 1 

[126] MHMIC 60 8% 
3.5 ±0.5 

- 

90↔±5 

- 
- 

This work PRGW 30 46% 
3.5 ±0.5 

41% 

90↔±5 

BW= 43.75 
1.1 ³ 0.75 

 

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 wideband dual-box hybrid coupler. Remarkably, the reflection loss 

and isolation between adjacent ports of the coupler remain below -10dB 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 band from 26 GHz to 39 GHz, while the output phase imbalance remains within ±5↔ over the 

same range. The 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 



Chapter 3.  Low Loss Component Designs for Wireless Communication Systems at mm-Wave 

36 

 

improvement, achieving an enhanced bandwidth of 46%. Comparing our work with existing counterparts 

reveals unprecedented characteristics in our proposed coupler, making it an ideal choice for feeding 

networks requiring wideband components. 
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3.2 A Novel Low-Loss Planar PRGW Crossover Design for 5G Applications  

In this section, a planar, wideband 0-dB crossover utilizing PRGW technology is presented, specifically 

designed for 5G communication systems. This crossover, centered at 30 GHz, employs two cascaded 3-dB 

couplers. As fundamental components in Butler matrix network designs for beam steering applications, 0-

dB hybrid couplers facilitate the passage of two independent crossing signals through four ports while 

ensuring high isolation between the paths and maintaining zero insertion loss, [127, 128]. Extensive research 

has explored various crossover configurations such as microstrip line (MSL) [129], rectangular waveguides 

(RWG) [130], and stripline [131]. However,  dielectric losses represent a huge drawback at high frequencies 

and lead to a critical problem for microstrip and stripline designs [132]. 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 integrated circuits (MMIC) at mm-wave frequencies are notable drawbacks [113]. Recent 

advancements have seen SIW and RGW technologies gain prominence as cutting-edge solutions to mitigate 

losses at mm-wave frequencies. In [133-137], various SIW-based structures have been developed. For 

instance, a SIW crossover utilizing two cascaded 3-dB hybrid couplers with a 16.6% bandwidth at 35 GHz 

was designed, as detailed in [134]. While this technique expands the bandwidth, it results in a larger physical 

footprint.  Conversely, a compact two-layer crossover combining SIW and stripline techniques, aimed at 

reducing the size, was introduced at 26 GHz in references [127, 138]. However, this design complexity 

remains a challenge. As discussed in previous sections, RGW and PRGW are emerging as promising 

technologies for high-frequency components [139]. PRGW structures, in particular, offer superior 

performance and simpler designs with minimal transmission losses in the mm-wave band, compared to SIW 

[140]. A novel application of these technologies is seen in [141], where a 3-dB hybrid PRGW coupler was 

first introduced using even and odd mode analyses. Building on this, a 0-dB hybrid PRGW crossover was 

developed. This new crossover, while innovative, initially suffered from a narrow bandwidth and large size. 

To address these issues, three-quarter wavelength sections were cascaded in [139] to achieve wide 

bandwidth.  

3.2.1 Analysis and Design of the PRGW 0-dB Crossover 

The 3-D 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 mushroom-like unit cells arranged 

around the ridge, implemented using RT/duroid 6002 with a permittivity (Ůr) of 2.94, a loss tangent (tan(ŭ)) 

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 bandgap. Figure 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 of 24-36 GHz. 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 

serves as a spacer, maintaining a consistent air gap (h) of 0.254 mm between the upper metal layer and the 

AMC. By keeping the air-gap height less than a quarter of the free-space wavelength (ɚ), electromagnetic 

waves are enabled to propagate between the two PEC surfacesðthe upper conductor surface and the ridgeð

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

 

(a)    (b) 

 

(c) 

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

top view of the crossover section. 
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Figure 3.20 : Dispersion diagram of the designed PRGW unit cell to cover the frequency band Gap from 24 to 

36 GHz. 

 

Figure 3.21 : The field propagation of the PRGW structure, the electromagnetic waves are propagated 

between two PEC surfaces ŷŷŷ and suppressed between two AMC-PEC surfaces ³. 

3.2.2 Design Process of the Proposed 0-dB Crossover and Results 

3.2.2.1 3-dB Coupler Design and Analysis 

The crossover design technique involves cascading two 3-dB couplers. These hybrid couplers are engineered 

with a multi-width rectangular center section, providing enhanced flexibility crucial for fine-tuning, as 

illustrated in Figure 3.22(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 coupling section is optimized to distribute the 

input power evenly between the two coupling ports, a concept previously discussed in [113]. The dimensions 

of the coupling sectionðthe width and the lengthðgovern 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 two unit cells (UCs), promoting forward coupling. For 3-dB coupling, the width should be 
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confined to one unit cell; expanding it to two UCs decreases the coupling to approximately 10 dB while 

maintaining good impedance matching across the frequency band, as shown in Figure 3.23(c).  

The number and dimensions of the steps influence the bandwidth of the coupler. Figure 3.24 depicts how 

increasing the number of steps, N, substantially enhances the impedance-matching bandwidth. A 

configuration of N=4 steps provides optimal impedance bandwidth. The simulated scattering parameters for 

the designed 3-dB coupler are presented in Figure 3.22(b). The results indicate -10 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 the 29-31 GHz frequency band. 

 

(a) 

 
(b) 

Figure 3.22 : (a) Configuration of the rectangular coupling section with 4 steps and 1-unit cell (UC) length, 

and (b) Simulated scattering parameters. 
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(a)        (b) 

 
(c)        (d) 

Figure 3.23 : Change in the width of the coupling in terms of several unit cells (UCs). (a) ȿ╢ ȿ, (b) ȿ╢ ȿ, (c) 

ȿ╢ ȿ, and (d) ȿ╢ ȿ. 

 
(a)        (b) 
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(c)        (d) 

Figure 3.24 : Change in the number of steps etched off the coupling section. (a) ȿ╢ ȿ, (b) ȿ╢ ȿ, (c) ȿ╢ ȿ, and 

(d) ȿ╢ ȿ. 

3.2.2.2 0-dB Crossover Design and Analysis 

The 0-dB crossover, designed by merging two rectangular coupling sections, has been optimized using CST. 

The dimensions of the optimized crossover are detailed in Table 3-2. The scattering parameters for the 

crossover are depicted in Figure 3.25(a). Owing to the symmetric structure of the design, the simulation 

parameters at Port 1 are representative of the entire 4-port 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 below -13 dB. The 

insertion loss between the input port and Port 3 is approximately -0.5 dB, spanning the operational 

bandwidth from 29.1 to 30.8 GHz. For a visual understanding of the crossover operation, 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 Lc dt1 t1 dr S dt1 

Values (mm) 5.8 0.1 1 0.49 1.8 0.28 

Parameters t2 t4 t3 L WR hair 

Values (mm) 1.7 0.75 2.4 3.2 1.1 0.254 
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(a) 

 

 (b) 

Figure 3.25 : Simulated results of the PRGW 0-dB crossover. (a)  Scattering parameters, and (b) The electric 

field distribution.  

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 0-dB crossover. These transitions aim to achieve an optimal matching level of better than 15 dB and 

a near-zero transition level across the entire operational frequency bandwidth. Previous studies have 

developed various models for designing microstrip to PRGW transitions, as referenced in [108, 113, 142, 

143]. According to [113], four tapered transitions are utilized as impedance transformers on the 50-ohm 
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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. The S-parameters of the transition, shown in Figure 3.26(b), indicate 

minimal reflection (S11 Ò -18 dB) and optimal transition efficiency (S12 Ó -0.5 dB) throughout the 29 to 31 

GHz frequency range. 

 
(a) 

 
(b) 

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 PRGW Crossover 

To validate the simulated results, a prototype of the 0-dB crossover was constructed and its performance 

was measured, as illustrated in Figure 3.27. Additionally, a thru-reflect-line (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 alignment. The comparison 

between the measured and simulated results is displayed in Figure 3.28, demonstrating a strong correlation. 

The measured results indicate an insertion loss better than 0.5 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. 

 
Figure 3.28 : Measured and simulated scattering parameters of the designed PRGW crossover. 



Chapter 3.  Low Loss Component Designs for Wireless Communication Systems at mm-Wave 

46 

 

3.2.5 Performance Comparison of the Proposed PRGW Crossover 

Finally, Table 3-3 provides a comparative analysis of the proposed PRGW crossover against other 

crossovers documented in the literature. The PRGW-based configuration boasts a more compact size, 

superior insertion loss, and broader fractional bandwidth compared to those designed using SIW technology, 

as referenced in [133, 144-146]. Although the RGW crossover cited in [108] 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 
Center freq. 

(GHz) 
BW%  

Insertion 

loss (dB) 
Size l2 

[133] SIW 
Roger/RT 

Duriod 5880 
20 6.6 0.83 4.06 

[144] SIW 
 Ceramic 

Dielectric 
60 5 0.5 1.2 

[145] SIW 
 Arlon 

DiClad 880 
20 2.41 1.63 2.51 

[146] SIW 
Roger/RT 

Duriod 5880 
30 2.4 0.7 1.2 

[108] RGW Metal 13 7 0.7 0.8 

[147] PRGW RT 6002 30 1.5 0.6 1.1 

This work PRGW RT 6002 30 6.6 0.5 1.4 

 

This subsection presents a PRGW crossover designed, fabricated, and tested for mm-wave applications in 

the Ka-band. The performance metrics, including return loss, isolation, and low insertion loss, have been 

evaluated across the 29ï31 GHz frequency band, demonstrating robust results. Given its strong performance 

characteristics, this crossover is anticipated to be a practical component for high-frequency beam switching 

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

The six-port circuit is a key part of designing advanced systems for mm-wave applications. It represents a 

major improvement in the technology used for high-frequency wireless communications. This innovative 

component is renowned for its ability to facilitate the precise synthesis of complex in-phase (I) and 

quadrature (Q) signals, essential for the direct modulation and demodulation processes within the mm-wave 

frequency band [148]. Traditionally, the six-port circuit incorporates multiple 3dB hybrid couplers, with or 

without power dividers, interconnected by phase shifters and transmission lines [149, 150]. This forms a 

network capable of processing multiple signal paths simultaneously. The six-port correlator, when combined 

with power detectors, effectively separates the baseband in-phase (I) and quadrature-phase (Q) data within 

a six-port demodulator (receiver). This setup allows for precise decoding of signal components, which is 

essential for accurate data reception. Conversely, integrating a six-port correlator with variable impedance 

loads in a six-port modulator (transmitter) facilitates generating modulated radio frequency (RF) signals. 

This configuration takes advantage of the unique properties of the six-port correlator to dynamically 

modulate input signals, thus enabling efficient data transmission over RF channels. These configurations 

highlight the versatility and critical importance of the six-port correlator in both the transmitting and 

receiving ends of communication systems, ensuring high fidelity in signal processing and transmission 

[151]. It should be noted that the analysis and design of the six-port circuits discussed in this thesis are based 

on the six-port demodulator (receiver) configuration, as shown in Figure 3.29. 

 

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

3.3.1 Six-port Circuit Theory  

When a six-port network operates as a demodulator, it can be designed and implemented in three different 

configurations, depending on the application's specific requirements. In this setup, the input ports (a5,  a6)ð

namely the Local Oscillator (LO) and the Radio Frequency signal (RF) ð interact 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 90°, enabling orthogonal signal processing. The block diagrams of different types of six-port 

circuits are shown in Figure 3.30. These configurations are represented by the following block diagrams 

[152]: 

Configuration 1 (see Figure 3.30(a)): This configuration includes two 90° couplers, two power dividers, and 

a 90° phase shifter. It eliminates the need for an additional matching load, streamlining integration and 

reducing complexity. 

Configuration 2 (see Figure 3.30(b)): This setup includes three 90° couplers and a power divider. This model 

does not require a phase shifter, simplifying the circuit while maintaining effectiveness at microwave and 

mm-wave frequencies. 

Configuration 3 (see Figure 3.30(c)): This design incorporates four 90° couplers and a 90° phase shifter 

dispensing with the power divider. This configuration can enhance performance in specific applications due 

to its more straightforward structure, making it the preferred architecture for high-frequency design. 

Notably, six-port networks with four 90° hybrid couplers offer wider bandwidth, more minor phase error, 

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

terms of overall performance [149]. 

The analysis of six-port circuits is performed by calculating the S-parameter matrix, which is essential for 

determining the phase shift and the relative amplitude between the input ports (RF and LO signals) and 

output ports (a1 to a4). These critical measurements are derived from the power outputs at each component, 

as depicted in Figure 3.30. The phase shift and the relative amplitude of all ports are calculated based on the 

S-parameter matrices of the power divider and the 3-dB hybrid coupler. The S-parameter matrix of the 

power divider is detailed in Equation (3-28) [151, 153]. With these matrices, the S-parameter matrices for 

all three types of six-port circuits can be systematically compiled, enabling a comprehensive evaluation of 

their performance across various configurations [148, 151, 154, 155]. 

Ὓ Ὦ
ρ

Ѝς

π ρ ρ
ρ π π
ρ π π

 (3-28) 

The parameter matrix for the 3-dB hybrid coupler is outlined in Equation 9-4, as calculated in Section 3.1.1 

[106, 107]. 

Ὓ =
Ѝ
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Ụ
Ụ
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π Ὦ ρ π
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π ρ Ὦ πỨ

ủ
ủ
Ủ

 (3-29) 



Chapter 3.  Low Loss Component Designs for Wireless Communication Systems at mm-Wave 

49 

 

 

(a) Type 1 

 

(b) Type 2 
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(c) Type 3 

Figure 3.30 : Block diagram of three types of six-port circuit  

The S-parameter matrix of all three types can be listed as follows: 
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The phase differences between output ports in six-port junction designs are critical for determining 

demodulation results. These phase differences are derived from the S-parameter matrix. In each of the three 

types of designs, the phase differences between adjacent output ports must be 90 degrees to ensure accurate 

demodulation. This requirement is clearly observed in all three designs. The phase differences between 

adjacent output ports are detailed in Table 3-4: 

 

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

 Six-port Type 1 Six-port Type 2 Six-port Type 3 

j(Ὓ jὛ  90 0 90 

j(Ὓ jὛ  0 -90 0 

j(Ὓ jὛ  -90 180 -90 

j(Ὓ jὛ  180 90 180 
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3.3.2 Wideband Six-Port Network Based on PRGW technology 

This subsection presents a novel six-port interferometer circuit utilizing four rounded 90° couplers 

developed with PRGW technology. The design focuses on creating a low-loss, wideband six-port network 

that seamlessly integrates with mm-wave receiver antennas for 5G applications. Simulated results, obtained 

using full-wave computer simulation technology (CST), demonstrate that the six-port 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-

data-rate wireless communication systems. 

 

 

(a) 

 

(b)        (c) 

Figure 3.31 : Configuration of the proposed six-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  

Figure 3.31 illustrates the proposed six-port structure, which integrates four wide-band 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, respectively. Figure 3.31 (a) displays the idealized form of the designed six-port 

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 of the configuration, 

thereby avoiding complications with the mushroom unit cells as discussed in section 01.1. Based on the 

established primary dimensions, the PRGW six-port structure is realized by incorporating EBG unit cells in 

place of perfect boundary conditions, as depicted in Figure 3.31(b). These EBG unit cells are specifically 

designed to cover a broad band-gap from 23 to 40 GHz, utilizing the CST Eigen-mode solver [137, 156]. 

The substrate employed in this design is Rogers RT6002, characterized by a permittivity (Ůr) of 2.94 and a 

thickness of 0.763 mm. 

3.3.2.2 Wideband 90° rounded coupler Design 

The proposed 90° rounded coupler, which is an improved version designed in [138], is shown in Figure 

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 patch mushroom 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 coupler. The proposed 90° rounded coupler 

demonstrates an impedance and isolation bandwidth, covering approximately 35% at 28 GHz with a -10 dB 

matching level. The phase difference between output ports is maintained at 90° ± 1.5°, accompanied by an 

amplitude imbalance of 3 ± 0.5 dB across the operating frequency band ranging from 24 GHz to 32 GHz, 

as illustrated in Figure 3.33. 

 

Figure 3.32 : Configuration of the proposed 90° rounded coupler 
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(a) 

 
(b) 

Figure 3.33 : Simulated results of the proposed 90° rounded coupler, (a) Scattering parameters, and (b) Phase 

difference between output ports (ū (S21) - ū (S31)). 

3.3.2.3 Results and Discussion 

The simulated results of the proposed six-port demonstrate excellent return losses and isolation across all 

ports (less than -10 dB) over the wide frequency bandwidth from 24 to 32 GHz. Figure 3.34 and Figure 3.35 

depict the simulated insertion losses for the LO and RF ports (S5i and S6i, for i=1 to 4), respectively. Between 

25 GHz and 31 GHz, the insertion losses for the designed PRGW six-port remain between approximately -

7.5 dB and -5.8 dB, closely aligning with the theoretical value of -6 dB. It is evident that the two input ports 

are well-matched, exhibiting reflection coefficients (S55 and S66) of less than -10 dB across the entire 

bandwidth, and highlighting strong isolation (S56) below -15 dB. The phase differences between the LO and 

RF input ports, detailed in Figure 3.36, sweep a full 360° with a consistent phase shift of 90°. The results 
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underscore the robust performance of the proposed PRGW six-port interferometer circuit, highlighting its 

wide bandwidth and low-loss characteristics with four rounded 90° coupler. 

 

Figure 3.34 : Simulated insertion losses, reflection coefficients, and isolation of port 5. 

 

Figure 3.35 : Simulated insertion losses, reflection coefficients, and 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 six-port correlator utilizing 90° circular hybrid couplers 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 ideal for mm-wave 

applications and integration with antennas. This choice ensures minimal cost and physical footprint, 

optimizing both performance and integration capabilities. Figure 3.37 shows two versions of a six-port 

correlator. Figure 3.37(a) presents a conventional six-port model, while Figure 3.37(b) displays the newly 

designed octagonal six-port. This innovative design integrates the practical benefits of compact size and 

efficient space utilization typical of modern mm-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 extending the edges 

to accommodate more connectors without significantly increasing the overall size. This design addresses a 

typical issue in high-frequency six-port structures, where space constraints often limit connector integration. 

By adopting this shape, the design avoids the need to unnecessarily enlarge the structure, solving common 

spatial challenges in high-frequency circuit designs. The use of the octagonal structure not only minimizes 

the overall size but also provides ample space for soldering connectors without additional modifications. 

This approach highlights its effectiveness in creating a practical and efficient solution for mm-wave 

telecommunications applications, especially where size and cost are critical. 
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(a)        (b) 

Figure 3.37 : Comparison of Six-Port Correlator Designs: (a) a conventional six-port correlator, and (b) the 

proposed innovative octagonal six-port correlator design.  

3.3.3.1 Six-port Circuit Design 

Figure 3.38 depicts the proposed six-port structure, which is designed with a symmetric architecture 

comprising four 90o hybrid circular couplers and a 90o 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, respectively. This configuration allows 

the output ports of the six-port 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 ports of the six-port circuit 

get different phase and amplitude signals according to two input signals and reflection coefficients at four 

output ports [150]. Common rectangular-shaped 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 dielectric constant (ὑr) of 2.2, low loss tangent (tan ŭ) of 

0.0009, high Qd of 1302.8, and its cost-effectiveness. The characteristics of the substrate facilitate easy 

integration with antennas designed using the same substrate. 
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Figure 3.38: Layout of the proposed six-port network with four circular couplers. (r 1 = 1, r2= 1.38, r3=1.63 (all 

in mm)). 

3.3.3.2 Wideband 90o Hybrid Circular Coupler  Design 

The proposed wideband 90° hybrid circular coupler and its dimensions are depicted in Figure 3.38, with the 

simulation results showcased in Figure 3.39. 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°, paired with an 

amplitude imbalance of 3 ± 1.2 dB across the operational frequency range of 24 GHz to 32 GHz. 
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(b) 

Figure 3.39 : Simulated results of the proposed 90o circular coupler, (a) Scattering parameters, and (b) Phase 

difference between output ports (ū (S21) - ū (S31)). 

3.3.3.3 Results and Discussion 

Several of the most important simulated S-parameters of the proposed six-port network are presented in 

Figure 3.40 to Figure 3.44. The reflection coefficients at the output load ports (S11 to S44) are shown in 

Figure 3.40. For a reference reflection coefficient of less than -10 dB, the six-port interferometer achieves a 

24 % frequency bandwidth from 23.6 to 30.16 GHz. 

 

Figure 3.40 : Simulated reflection coefficients at output ports of the proposed six-port interferometer . 

The simulated transmission coefficient of the RF and LO ports with output ports (S5i and S6i for i = 1 to 4) 

are depicted in Figure 3.41 and Figure 3.42, respectively. In the frequency range of 26 GHz to 30 GHz, the 

transmission coefficientof the designed six-port is 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 well-matched, with reflection coefficients (S55 and S66) 

less than -10 dB across the entire frequency bandwidth (24 to 32 GHz) and good isolation of less than -15 

dB. 

 

Figure 3.41 : Simulated transmission coefficient, reflection coefficients, and isolation magnitudes of port 5. 

 

Figure 3.42 : Simulated transmission coefficient, reflection coefficients, and isolation magnitudes of port 6. 

The simulated transmission phase of the RF port and four output ports (F(S5i) for i = 1 to 4) are depicted 

in Figure 3.43, and between the LO port and the four output ports ((F(S6i) for i = 1 to 4) in Figure 3.44. 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 to 30 GHz. 
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