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RESUME

1. Introduction

Les transmissions a longue distance nécessitent des antennes a gain élevé, qui peuvent étre obtenues
grace a des réflecteurs paraboliques et des réseaux phasés, parmi d'autres types d'antennes [1]. Au cours
des dernicres années, un nouveau type d'antenne a gain élevé, l'antenne réseau réflecteur (RA), est
devenue progressivement populaire. Un RA peut étre considéré comme une combinaison entre antenne
réflecteur et antenne réseau. Il présente les avantages d'un gain élevé, d'un faible encombrement, d'un
colt réduit et d'une fabrication facile. De plus, il est possible de manipuler la forme et la direction du
faisceau principal en contrélant la géométrie des cellules unitaires constituant le réseau. Cette opération
s’effectue beaucoup plus simplement que pour un réseau a rayonnement direct ou elle nécessite de
concevoir un répartiteur de puissance complexe.

Les RAs sont généralement implémentés en technologie microruban, qui se compose de
résonateurs métalliques imprimés sur un substrat diélectrique supporté par un plan de masse. Les RAs
microruban ont I'avantage d'étre peu cotiteux et 1égers. Parmi les solutions possibles, la cellule phoenix
(PC pour Phoenix Cell en anglais) est une topologie de cellule RA avec un fort potentiel. Dans sa version
originale [5], elle se compose de deux anneaux concentriques carrés entourant un patch lui-méme carré.
Parce qu’elle permet de revenir a la géométrie initiale aprés un cycle complet de 360°, la PC permet
d’éviter les brusques variations de géométrie sur I’ouverture rayonnante.

Dans la littérature, les PCs sont imprimées sur des couches diélectriques. Cependant, les matériaux
diélectriques utilisés peuvent causer beaucoup de problémes. Tout d'abord, les matériaux diélectriques
peuvent limiter le gain en raison des pertes qu'ils engendrent, surtout a haute fréquence. Dans [3], le
gain d'une antenne patch en microruban est augmenté aprés le remplacement du matériau diélectrique
par une couche d’air. De plus, l'utilisation de matériaux diélectriques réduit les possibilités des antennes
pour certaines applications opérant dans des environnements séveres, tels que l'espace [4]. Enfin, les
matériaux diélectriques limitent également la capacité de gestion de puissance de l'antenne. En raison
de tous ces problémes, il y a un réel intérét pour les antennes composées uniquement de métal. Par
exemple, un réseau entiérement en métal (MO pour Metal-only en anglais) fait d'éléments patch est
congu dans [5] pour résister aux conditions de température et de niveau de radiation séveéres dans 1'espace.

Plus récemment, l'intérét pour les réseaux entierement métalliques s'est porté sur les RAs. En effet,
les MORASs combinent les avantages classiques des réseaux réflecteurs imprimés avec ceux des antennes
entiérement métalliques. Dans ce contexte, la conception d’une PC pour MORA présente évidemment
un grand intérét. Une premiére démonstration, une PC de type fente, a été proposée dans [6]. Cependant,
il s'agit encore d'une structure plane assez classique (seule la couche diélectrique a été retirée
comparativement a une structure imprimée classique). Bien qu'elle évite les inconvénients liés a
l'utilisation de matériaux diélectriques, cette premicre version n'apporte rien de nouveau en termes de
capacités de conception.

Au contraire, la fabrication additive (AM pour Additive Manufacturing en anglais) offre de
nouvelles possibilités pour construire des antennes MO 3D plus complexes, avec de nombreux degrés
de liberté géométriques pour améliorer leurs performances. A mesure que 1’AM se développe, son coit
diminue et sa précision s'améliore. L’AM a déja été largement utilisée dans la fabrication d'antennes
telles que les antennes cornets dans [7-9], une antenne a lentille dans [10] et des réseaux a guide d'ondes
dans [11-12].



Dans cette thése, notre objectif est d'explorer les possibilités offertes par l'impression 3D pour
concevoir de véritables antennes MO 3D. Plus spécifiquement, notre travail est consacré aux MORA
constitués de PC 3D. L'objectif principal est donc d'étendre la PC qui a été proposée il y a quelques
années dans notre laboratoire [2] depuis sa version originale plane vers une version 3D et d'étudier les
nouvelles capacités apportées par la troisiéme dimension.

Cette thése a été réalisée a I'lETR, en France, dans le cadre d'une collaboration avec 1'Université
Antonine, au Liban et I'Université de Fez, au Maroc. La technologie d'impression 3D de fusion laser
sélective est disponible dans le laboratoire partenaire a Fez.

La cellule PC 3D proposée dans cette thése est une cellule de type guide d'ondes car elle peut étre
vue comme une courte section de guide d'ondes métallique (avec une terminaison en court-circuit). Sa
section transversale et sa hauteur offrent de nombreux degrés de liberté pour contrdler le mode de
fonctionnement et donc la facon dont elle réfléchit une onde incidente. C'est donc une cellule de
déphasage intéressante pour application aux RA. De plus, d'autres configurations prometteuses sont
possibles : si la terminaison en court-circuit est remplacée par une terminaison ouverte, la PC aura le
potentiel de manipuler également la phase de transmission, ce qui suggere que des réseaux transmetteurs
(TA pour Transmit Arrays en anglais) peuvent étre congus. Enfin, lorsqu'elle fonctionne en-dessous de
la coupure, la cellule de type guide d'ondes se comporte presque comme un conducteur parfait (sans
onde entrant dans le guide d'ondes), et elle peut étre utilisée pour réaliser un réflecteur métallique assez
classique. Toutes ces options supplémentaires ¢élargissent encore davantage le champ de recherche de
cette thése. Par conséquent, cette thése propose également des conceptions hybrides combinant
réflecteur parabolique, RA et TA.

La thése est structurée comme suit.

Le premier chapitre présente l'état de l'art des structures RA et TRA existantes, ainsi que
l'introduction de la technologie d'impression 3D.

Le chapitre 2 présente deux cellules différentes basées sur des guides d'ondes (cellule simple (SC
en anglais) et PC). Chaque cellule a deux configurations différentes selon la terminaison appliquée.
Comme déja mentionné, la configuration court-circuitée est applicable pour les RA tandis que celle a
extrémité ouverte permet également de produire un faisceau transmis. Le principe de fonctionnement
des cellules est analysé en détail. De plus, la PC est modélisée par un circuit équivalent.

Un antenne bi-bande qui combine les fonctionnalités d'un réflecteur parabolique et d'un RA est
proposée dans le chapitre 3. Elle est synthétisée a l'aide de la SC. A la fois la cellule unitaire utilisée et
l'antenne bi-bande proposée sont étudiées en détail. Enfin, 1'antenne bi-bande est fabriquée et mesurée
pour valider ses performances.

Un RA composé de PC avec une hauteur fixe est congu, fabriqué et mesuré dans le chapitre 4. Ses
performances sont encore améliorées en variant la hauteur de chaque cellule pour minimiser 1'erreur de
phase moyenne. De plus, deux réseau transmetteur-réflecteurs (TRAs pour-Treflect-arrays en anglais)
sont congues a l'aide de cette PC. Les TRAs congus peuvent générer a la fois un faisceau transmis et un
faisceau réfléchi simultanément.

Enfin, deux PC modifiées sont proposése dans le chapitre 5 pour améliorer encore leur
comportement. La premiére variante est utilisée pour concevoir un RA pour une opération bi-bande
tandis que la deuxiéme variante est utilisée pour concevoir un RA qui génére deux faisceaux avec des
polarisations orthogonales a la méme fréquence.

Une conclusion générale est tirée dans le chapitre 6.



2. Analyse et mod¢lisation de cellules unitaires basées sur des guides
d'ondes

Dans ce chapitre, des structures enticrement métalliques a base de guides d'ondes carrés sont
utilisées pour concevoir des cellules RA et des cellules TA. Leur principe est analysé en détail et leurs
performances sont évaluées par des résultats de simulation électromagnétique. Un modéle de circuit
équivalent est également proposé.

2.1 Cellule simple

Comme le montre la Fig.2.1, une cellule constituée d'un guide d'onde carré avec un bloc métallique
est proposée dans cette section. La dimension externe (L.) est fixée a 7,5 mm (Ao/2 a la fréquence centrale
que nous avons fixée a 20 GHz pour cette démonstration) pour éviter les lobes de réseau dans une
configuration en réseau. La taille du bloc métallique (L) est modifiée pour contrdler le comportement
de la cellule, c'est-a-dire pour faire varier la phase de l'onde réfléchie (ou transmise) lorsqu'elle est
éclairée par une onde incidente. Etant donné que la structure proposée (voir Fig.2.1) est plus simple que
la structure présentée dans la section suivante, elle est appelée cellule simple.

La cellule simple peut fonctionner comme une cellule TA ou RA selon la terminaison utilisée au
port 2. Dans la configuration RA, une terminaison en court-circuit est utilisée et 'onde incidente au port
1 est totalement réfléchie. Dans la configuration TA, une terminaison ouverte est utilisée a la place et la
majeure partie de l'onde incidente est transmise a travers la cellule.

Le coefficient de réflexion simulé a I'entrée de la cellule simple avec terminaison en court-circuit
a 20 GHz est illustré a la Fig.2.2. La courbe blanche est associée aux résonances qui sont causées par la
propagation et la réflexion du mode quasi TEio. De plus, on peut voir que la plage de phase obtenue est
inférieure a 255° pour chaque / fixe. La plage de phase compléte ne peut étre obtenue qu'en faisant
varier simultanément h et L,. Les paramétres S simulés de la cellule simple avec terminaison ouverte a
20 GHz sont illustrés a la Fig.2.3. Ils présentent des régions a trés faible réflexion ou transmission (lignes
bleu foncé). Elles sont associées a des sauts de phase, comme on peut le voir sur la Fig. 2.3a. Ces
résonances peuvent étre expliquées a partir des parameétres S théoriques d’un trongon de ligne ou des
réflexions multiples entre les deux ports sont prises en compte.

Port 2 L»Y

a) b)

Fig.2.1 Mode¢le de simulation de la cellule simple. a) Vue 3D. b) Vue en coupe.
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Fig.2.2 Phase du coefficient de réflexion a 20GHz (incidence normale).
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Fig.2.3 S-Paramétres simulés de la cellule simple avec guide d'onde ouvert a 20 GHz (polarisation selon x, incidence
normale). a) Phase (S1;). b) Phase (Sz7). ¢) Mag (S:1). d) Mag (S21).

2.2 Cellule phénix

Dans cette section, une PC 3D, comme le montre la Fig.2.4, est proposée. La différence avec la
cellule simple est que la PC remplace le bloc métallique variable par un guide d'onde variable et un bloc
métallique fixe. La taille du guide d'onde interne (L,) est variée pour contrdler le comportement de la
cellule phénix. Le cycle de variation est représenté sur la Fig.2.5. Au stade initial (voir Fig.2.5), la taille
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du guide d'onde interne est égale a la taille du bloc métallique central (ce qui signifie qu'il n'y a plus de
guide d'onde interne). Le guide d'onde interne apparait alors lorsque L, augmente. Au stade final, la taille
du guide d'ondes interne est égale a la taille du guide d'ondes externe et le guide d'ondes interne disparait
a nouveau. La cellule retrouve ainsi sa géométrie initiale.

De méme que la cellule simple, la PC fonctionne comme une cellule TA ou RA selon la terminaison
utilisée au port 2. Un avantage évident de la PC est cette capacité de revenir a la méme géométrie apres
un cycle complet de 360°, ce qui peut judicieusement étre exploité pour limiter les variations
géométriques brutales a la surface du réseau entre deux cellules successives.

La phase réfléchie simulée de la cellule simple avec terminaison en court-circuit est illustrée a la
Fig.2.6. On peut voir que la plage de phase complete de 360° (phase vs L,) peut facilement étre atteinte
lorsque / est supérieur a 4 mm.

Fig.2.4 La PC 3D proposée.

Etat initial Etat final
[ ] [ |
Etats

I intermédiaires
l l |

m] [~ [m]||~]| m

O Guide d'onde externe
O Guide d'onde interne
Bl Bloc métallique

Fig.2.5 Le mécanisme de variation de la PC 3D (vue de dessus).
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Fig.2.6 Phase réfléchie de la PC avec terminaison en court-circuit 8 20GHz

La PC a guide d'ondes ouvert est simulée pour mieux illustrer son principe de fonctionnement. La
hauteur () est fixée a 10 mm. La Fig.2.7 montre les paramétres S simulés a 20 GHz. Pour des valeurs
de L, inférieures a 2 mm, 1’amplitude de S.; est assez faible a cause de I'adaptation imparfaite a I'entrée.
Etant donné que la majeure partie de I'onde incidente est réfléchie, la cellule peut fonctionner comme
une cellule RA. Avec I'augmentation de L,, 'impédance caractéristique du guide d'onde externe diminue
et se rapproche de celle de I'espace libre. Ainsi, 1'onde incidente est maintenant couplée au guide d'onde
externe. Dans ce cas, |S2;| se rapproche de 1 et la PC a guide d'ondes ouvert peut fonctionner comme
une cellule TA. Pour L, supérieur a 4,5 mm, l'impédance caractéristique du guide d'ondes externe
diminue a nouveau, le guide d'ondes externe est désadapté et la PC peut fonctionner comme une cellule
RA. Ces résultats suggerent qu'un TRA pourrait étre congu sur la base de la théorie des réseaux
lacunaires ou certaines cellules sont utilisées pour contrdler le faisceau réfléchi et les autres sont utilisées
pour contréler le faisceau transmis.

0

Lr (mm)

Fig.2.7 Amplitude des parametres S de la PC a guide d'ondes ouvert
(A=10 mm, /=20GHz, polarisation x).

2.3 Circuit équivalent

Afin d'avoir une compréhension globale de la PC 3D, un circuit équivalent est proposé. Comme
indiqué précédemment, il existe deux modes différents pour la PC 3D. Dans cette section, a titre
d’illustration, le circuit équivalent est uniquement dérivé pour la PC en court-circuit. Comme la PC en
court-circuit est constituée de deux guides d'ondes, son admittance d'entrée dépend principalement de
leurs admittances d'entrée. De plus, trois admittances paralléles sont utilisées a I'entrée des deux guides



d'ondes pour modéliser les effets de discontinuité. En conséquence, le circuit équivalent peut étre
représenté comme indiqué sur la Fig.2.8.

La comparaison des phases réfléchies entre les simulations électromagnétiques et le circuit
équivalent est illustrée a la Fig.2.9 lorsque % varie. On notera que le circuit équivalent conduit a deux
solutions différentes (notées 1 et 2) du fait de la résolution d’un systéme d’équations de degré deux. On
peut voir que l'accord entre simulations €lectromagnétiques et circuit équivalent est assez bon. Plus
précisément, les erreurs de phase pour la plupart des cas (L, h) sont inférieures a 10 degrés. Ces résultats
démontrent que le circuit équivalent proposé peut étre utilisé pour prédire la phase de réflexion de la PC
en court-circuit.

Yo
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Fig.2.8 Circuit équivalent de la PC en court-circuit
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Fig.2.9 Phase réfléchie

3. Antenne bi-bande composée de cellules simples (20/40GHz)

Le principe de l'antenne bi-bande est représenté sur la Fig.3.1. L'antenne bi-bande proposée est
constituée de guides d'ondes métalliques en court-circuit. Les guides d'ondes sont logés de telle sorte
que leur surface supérieure forme approximativement un paraboloide. Si la fréquence de 1'onde incidente



de I'antenne d'alimentation est inférieure a la fréquence de coupure de ces guides d'onde, 'onde incidente
sera réfléchie directement a l'entrée de chaque guide d'onde. Dans ce cas, l'onde incidente n'est
collimatée que par la forme de l'ouverture et le mécanisme de fonctionnement est le méme que celui
d'un réflecteur parabolique. Il implique un mécanisme de retard en temps réel, ce qui signifie qu'il n'a
aucune limitation de bande passante. Si la fréquence de 1'onde incidente est supérieure a la fréquence de
coupure des guides d'onde, I'onde incidente se propage a l'interne et on obtient un déphasage
supplémentaire dont la valeur dépend de la longueur de chaque guide d'onde. En conséquence, une
antenne bi-bande peut étre congue. Une fois la forme de l'ouverture déterminée dans la bande de
fréquence inférieure, le faisceau réfléchi dans la bande de fréquence supérieure est obtenu grace a la
répartition de phase produite par les cellules unitaires de l'antenne. Notez que les directions des faisceaux
principaux peuvent étre différentes dans les deux bandes de fréquences. Sur la base du principe de
I'antenne bi-bande proposée, un grand rapport de fréquence entre les deux bandes peut étre atteint. A
titre d'exemple, une antenne bi-bande fonctionnant a 20/40 GHz est congue dans ce chapitre. L'antenne
congue est appelée réseau réflecteur/ antenne réflecteur (RRA pour Reflector-reflectarray antenna en
anglais).

Le RRA congu est représenté sur la Fig.3.2 avec son champ rayonné. On peut voir que les faisceaux
principaux de 20 GHz et 40 GHz sont dans des directions différentes, ce qui prouve que l'antenne congue
peut fonctionner dans les deux bandes de fréquences.

faisceau principal faisccau principal z
a 40GHz 420 GHz

fréquence supérieure
tréquence inféricure

I

point focal

antenna aperturc

guide d'ondcs‘

Fig.3.1 Le principe et la configuration de l'antenne bi-bande proposée
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a) b)

Fig.3.2 L'antenne bi-bande proposée avec champs rayonnés. a) 20 GHz. b) 40 GHz.

4. Antennes monobande constituées de cellules phénix.

Dans le chapitre 2, deux cellules différentes basées sur des guides d'ondes (cellule simple et cellule
phénix) sont introduites. La cellule simple avec terminaison en court-circuit est utilisée comme cellule
de déphasage pour synthétiser les RRA au chapitre 3. Dans ce chapitre, la capacité de la PC est
démontrée en l'utilisant pour synthétiser des RA et des TRA.

La section 4.1 décrit la conception, la fabrication et la mesure d'un MORA fonctionnant a 20 GHz.
La conception et la simulation de deux MOTRA différentes sont abordées a la section 4.2. La section
4.3 présente une analyse détaillée de I'effet de la hauteur de la PC sur la performance des MORA et
fournit une approche de conception améliorée.

4.1 MORA fait de cellules phénix

Dans cette section, un MORA constitué de cellules phénix avec des guides d'ondes en court-circuit
est synthétisé en minimisant l'erreur de phase moyenne a 19,5 et 20,5 GHz. Le MORA congu avec
champ rayonné est illustré a la Fig.4.1. Le faisceau principal est a 25° de 1a normale du panneau RA. Le
MORA congu est fabriqué a l'aide de la technologie d'impression 3D par fusion laser sélective. Les
antennes RA et cornet fabriquées sont illustrées a la Fig.4.2. On peut voir que le MORA réalise une
variation douce des géométries cellulaires. La Fig.4.3 montre les photographies du MORA fabriqué et
sa configuration de mesure. La réponse en gain et l'efficacité de surface sont illustrées a la Fig.4.4.
L'écart de gain est inférieur a 0,53 dB de 18 GHz a 22 GHz, ce qui est tout a fait acceptable. Le gain
réalisé mesuré a 19,5 GHz est de 30,3 dBi avec une efficacité d'ouverture maximale de 51,17 %. La
largeur de bande de gain mesurée de 1 dB est de 15 % (de 19 a 22 GHz).

11



Fig.4.3 Photographies du MORA fabriqué et de sa configuration de mesure.
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Fig.4.4 Réponse en gain (a gauche) et efficacités de surface (a droite).

4.2 Réseau de transmetteur-réflecteur composé de cellules phénix

Deux TRAs constitués de cellules phénix a guide d'ondes ouvert sont maintenant congus pour
valider cette configuration de la cellule. Les faisceaux transmis et réfléchi du 1¢ réseau (TRA1) sont
symétriques alors qu'ils ne le sont pas dans le second (TRA2). Les deux TRAs sont synthétisés en
minimisant I'erreur de phase moyenne.

La base de données simulée a 20 GHz est donnée a la Fig.4.5. Elle montre que certaines cellules
(typiquement celles avec |S;;[>-2dB) semblent mieux adaptées a la réflexion et d'autres (|S;[>-2dB) a la
transmission. Les autres ne sont optimales ni pour la réflexion ni pour la transmission.

La Fig. 4.6 montre TRA1 avec le champ rayonné associé¢ a 20 GHz. On peut voir que les faisceaux
transmis et réfléchis sont produits simultanément. Les gains et les efficacités de surface en fonction de
la fréquence des deux faisceaux TRA1 sont résumés a la Fig.4.7a. On constate que les performances du
faisceau transmis sont globalement meilleures que celles du faisceau réfléchi. Le gain obtenu pour la
transmission et la réflexion a 20 GHz est respectivement de 26,4 dBi et 25,7 dBi. L'efficacité de surface
correspondante est de 20,55 % et 17,29 % respectivement. L'efficacité de surface totale de TRAT1 est
définie a partir de la somme du faisceau réfléchi et du faisceau transmis. Par conséquent, 1'efficacité
totale obtenue pour TRA1 est de 37,84 %.

Les gains et les efficacités de surface en fonction de la fréquence des deux faisceaux de TRA2 sont
résumés a la Fig.4.7b. Comme pour TRA1, le faisceau transmis par TRA2 est globalement meilleur que
le faisceau réfléchi. La différence de gain entre les deux faisceaux est d'environ 3dB. Les gains obtenus
pour la transmission et la réflexion a 20 GHz sont respectivement de 26,1 dBi et 23,1 dBi (voir Fig.4.7b).
L'efficacité de surface totale correspondante est de 28,53 %. L'efficacité d'ouverture obtenue de TRA2
est réduite par rapport a TRAL.
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Fig.4.7 Gain et efficacité de surface. a) TRA1. b) TRA2.

5. RR bi-bande et double faisceau constitués de cellules phénix
modifiées.

Le précédent chapitre a permis de valider les deux principaux modes de fonctionnement de la PC
3D et fourni une validation expérimentale. Ce chapitre tente d'explorer davantage les capacités de cette
cellule en étudiant des degrés de liberté supplémentaires ou des topologies légérement modifiées. Plus
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précisément, deux nouvelles versions de la PC en court-circuit sont discutées, conduisant a deux
nouvelles conceptions RA.

Tout d'abord, il ressort de la section 2.2 que la PC est constituée de deux guides d'ondes imbriqués.
Dans toutes les conceptions précédentes, les hauteurs des deux guides d'ondes sont identiques.
Cependant, si nous les accordons indépendamment, un autre degré de liberté est obtenu pour controler
la phase réfléchie. C'est ce qui est fait dans la section 5.1 ou une antenne bi-bande (20/25 GHz) est
congue en tirant parti des deux hauteurs de guide d'ondes disponibles. Deuxi¢émement, la section 5.2
propose une topologie modifiée pour contréler les deux polarisations linéaires séparément. En tant
qu'application, un RA qui génére deux faisceaux différents avec des polarisations linéaires orthogonales
a 25 GHz est congu. Par manque de temps, seules des simulations sont réalisées dans ce chapitre a
vocation exploratoire.

5.1 Réseau réflecteur bi-bande

Cette sous-section présente une PC modifiée avec un guide d'ondes en court-circuit utilisé pour
concevoir un MORA bi-bande. Comme le montre la Fig.5.2, la cellule proposée se compose de deux
guides d'ondes carrés et d'un bloc métallique au centre (comme la PC avec un guide d'ondes en court-
circuit sur la Fig.2.4). La seule nouveauté ici est que la section transversale de la cellule est fixe et que
la phase de réflexion est réglée en faisant varier les hauteurs des deux guides d'ondes.

Un RA bi-bande est maintenant congu pour valider la cellule proposée. La géométrie de cellule de
chaque cellule est sélectionnée pour minimiser l'erreur de phase moyenne a 20 et 25 GHz afin de réaliser
une fonctionnalité bi-bande. Le RA bi-bande avec ses champs rayonnés 3D est représenté sur la Fig.5.2
comme une illustration préliminaire de son comportement. On peut voir que le RA proposé peut
fonctionner a 20 et 25 GHz.

Fig.5.1 Cellule bi-bande proposée (vue en coupe).
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a) b)

Fig.5.2 Antenne bi-bande avec champ de rayonnement. a) 20 GHz. b) 25 GHz.

5.2 Réseau réflecteur Double faisceau

Cette section propose un MORA permettant de générer deux faisceaux rayonnés avec des
polarisations orthogonales. La cellule unitaire est similaire a la cellule a bi-bande de la Fig.5.1. La seule
différence, comme le montre la figure 5.3, est que quatre murs sont ajoutés pour diviser les deux guides
d'ondes en deux parties. Cette modification permet a la cellule proposée de contréler indépendamment
les ondes incidentes avec des polarisations linéaires orthogonales. De plus, la phase réfléchie est
contr6lée en réglant indépendamment les hauteurs des deux guides d'ondes (%, et /iey).

Les hauteurs 4, et he. de chaque cellule sont sélectionnées une par une pour répondre aux
distributions de phase requises pour les deux faisceaux (%, pour le faisceau (15°, 315°) et A, pour (15°,
225°)). Le RA a double faisceau avec ses champs rayonnés a 25 GHz est illustré a la Fig.5.4. On constate
que la direction du faisceau principal dépend de la polarisation de I'onde incidente, ce qui est conforme
aux attentes.

X

Fig.5.3 Vue de dessus de la cellule a double faisceau.
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a) b)

Fig.5.4 RA avec champs rayonnés a 25GHz. a) Faisceau contrdlé par le guide d'onde interne (excitation a polarisation selon
x). b) Faisceau contr6lé par un guide d'onde externe (excitation a polarisation selon y).

6. Conclusion

Dans cette these, les capacités des PC 3D ont été étudiées et différentes conceptions d'antennes ont
été proposées en conséquence. Etant donné que la technologie de fusion sélective par laser est disponible
dans le laboratoire partenaire a Fez, certaines des antennes congues dans cette thése ont été fabriquées
et mesurées, offrant ainsi une validation expérimentale compléte.

Plus précisément, les principales contributions de cette thése sont les suivantes :

Un nouveau concept de PC basé sur un guide d'ondes MO, y compris sa version simplifiée, est
proposé. La PC proposée est analysée en détail. Son principe est expliqué en observant la distribution
de champ électrique. Les phénomeénes de résonance sont expliqués par des parametres S théoriques et
des solutions sont données pour se débarrasser de ces résonances ou limiter leur impact. Un circuit
équivalent pour la PC est établi pour prédire la phase réfléchie. Un bon accord entre le circuit équivalent
et les résultats de simulation électromagnétique est obtenu. Différents degrés de liberté (section droite
et hauteur) dans la PC sont étudiés. Les performances sont évaluées par les résultats de simulation.

Une antenne double bande TRA (fonctionnant a la fois a 20 et 40 GHz) est congue, simulée,
fabriquée et mesurée. Le profil de 'antenne double bande est considérablement réduit en faisant pivoter
le systéme de coordonnées. L'antenne double bande est fabriquée a l'aide de la technologie de la fusion
laser sélective. L'accord entre les résultats simulés et mesurés est assez bon.

Une antenne simple bande MORA (fonctionnant a 20 GHz) est congue, simulée, fabriquée et
mesurée. L'antenne est congue en minimisant l'erreur de phase moyenne. Une méthodologie
d'optimisation est également proposée, et la largeur de bande de gain a 1 dB est améliorée de 3 % apres
l'optimisation. Un bon accord entre les simulations et les mesures est obtenu. Deux différents TRAs
(fonctionnant a 20 GHz) sont congus et simulés comme premiére démonstration de cette topologie
d'antenne lors de l'utilisation de PC. Les antennes sont synthétisées en minimisant l'erreur de phase totale.
Les résultats de simulation montrent que les TRAs proposés peuvent produire simultanément des
faisceaux transmis et réfléchis, et les faisceaux produits peuvent étre symétriques ou asymétriques.

Une PC modifiée pour une application double bande est proposée, et une antenne double bande
MORA (fonctionnant a la fois a 20 et 25 GHz) est congue et simulée. Ses performances sont évaluées
par des simulations. L'antenne double bande est synthétisée en minimisant I'erreur de phase moyenne.
Les résultats de simulation montrent qu'elle peut fonctionner dans deux bandes de fréquences différentes.
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Une PC modifiée pour une double polarisation est €galement proposée, et une antenne double faisceau
(fonctionnant a 25 GHz) est congue et simulée. La cellule unitaire peut régler indépendamment les
phases réfléchies pour deux polarisations linéaires orthogonales. Ses performances sont évaluées par des
simulations. L'antenne est synthétisée en sélectionnant la géométrie correspondante pour chaque
faisceau respectivement. Les résultats de simulation montrent que la direction du faisceau principal peut
étre modifiée en changeant la polarisation de 1I’onde incidente.

Les principales conclusions sont les suivantes :

Les résultats de cette these montrent que différentes fonctionnalités peuvent étre réalisées en
utilisant pleinement les différents degrés de liberté dans la PC, tels que la section droite de la PC et la
hauteur des différents guides d'ondes dans la PC.

La PC 3D peut étre utilisée dans de nombreuses configurations différentes (RA, TA, RA/TA, RA/
réflecteur parabolique), ce qui suggere que des études supplémentaires sont encore nécessaires pour
explorer pleinement toutes ses capacités.

La cellule offre de nombreux degrés de liberté, ce qui nécessite également une attention particuliére
lors de la conception d'un réseau. Tout d'abord, sa section transversale doit étre choisie avec soin car
elle contréle la fréquence de coupure des modes de propagation. Deuxiémement, la hauteur peut étre
impliquée dans le déclenchement de résonances parasites. Enfin, la meilleure solution pour régler la
phase consiste a combiner des variations de hauteurs et de sections droites, mais un compromis est
nécessaire pour préserver une variation géométrique lisse sur l'ouverture du réseau. Pour l'instant, des
schémas d'optimisation avancés sont encore nécessaires pour gérer pleinement le processus de synthéese.

Les futures lignes de recherche possibles sont les suivantes :

Tout d'abord, la thése se concentre sur les cellules unitaires basées sur des guides d'ondes
métalliques carrés. D'autres types de guides d'ondes pourraient étre considérés pour ajuster la phase, par
exemple les guides d'ondes a plaque paralléle.

Dans le chapitre 2, seule la PC est modélisée par un circuit équivalent. Les autres cellules peuvent
¢galement étre représentées par des circuits équivalents. De cette manicre, une compréhension compléte
des cellules proposées basées sur des guides d'ondes peut étre obtenue.

Etant donné que la PC proposée posséde plusieurs degrés de liberté, des études supplémentaires
sont nécessaires pour trouver la meilleure fagon de sélectionner la géométrie de chaque cellule afin de
concevoir des antennes offrant les meilleures performances, par exemple trouver le meilleur compromis
entre perte minimale, erreur minimale et géométrie régulicre.

Des antennes offrant davantage de fonctionnalités peuvent étre congues en exploitant pleinement
les différents degrés de liberté offerts par la PC.
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General Introduction

Long-distance transmissions require high-gain antennas, which can be achieved by parabolic
reflectors and phased arrays, among other types of antennas [1]. In recent years, a new type of high-gain
antenna, the reflectarray antenna (RA), has gradually become popular. RA can be seen as a combination
of reflector antenna and array antenna. It has the advantages of high gain, low profile, low cost and easy
manufacturing. Also, it is able to manipulate the main beam, including its shape and direction, by
controlling the geometrical pattern of the unit cell. In contrast to phased array antennas, such
manipulation of the radiation is obtained in RA without increasing the complexity of any beamforming
network.

RAs are usually implemented in microstrip technology, which consists of metallic resonators
printed on a dielectric substrate backed by a ground plane. Microstrip RAs have the advantages of low-
cost and low mass. Among possible solutions, the phoenix cell (PC) is a topology of RA cell with high
potential. In its original version [2], it consists of two square concentric rings enclosing a square patch.
The geometric variation over the RA aperture is smoothed out owing to the rebirth ability of the PC.

In the literature, PCs are printed on top of dielectric layers. However, the used dielectric materials
may cause a lot of problems. First of all, dielectric materials may limit the gain due to the losses they
bring, especially at high frequency. In [3], the gain of a microstrip patch antenna is increased after the
dielectric material is replaced by air substrate. In addition, the use of dielectric materials makes PCs not
optimal for some applications operating in severe environments, such as space [4]. Finally, dielectric
materials also limit the power handling capability of the antenna. Due to all these problems, there is a
real interest in antennas made only of metal. As an example, a metal-only (MO) array made of patch
elements is designed in [5] to withstand harsh temperature condition and radiation levels in space.

More recently, the interest on MO arrays has been devoted to RAs themselves. Indeed, MORAs
combine the classical advantages of RAs with the ones of MO antennas. As one of the first
demonstrations, a slot-type PC has been proposed in [6] to design a MORA. However, it is still a quite
classical planar structure (only the dielectric layer has been removed compared to a classical printed
structure). Although it prevents from the drawbacks associated to the use of dielectric materials, it does
not bring anything new regarding design capabilities.

On the contrary, additive manufacturing offers new possibilities to build more complex 3D MO
antennas, with numerous geometrical degrees of freedom to improve their performance. As additive
manufacturing (AM) develops, its cost is also getting lower while its accuracy is getting better. AM has
been widely used in the fabrication of antennas e.g., horn antennas in [7-9], a lens antenna in [10], and
waveguide-based arrays in [11-12].

In this thesis, we aim at exploring the possibilities offered by AM for designing actual 3D MO
antennas. More specifically, our work is devoted to MORAs made of 3D PCs. The main objective is
thus to extend the PC that has been proposed in our lab a few years ago [2] from its planar original
version to a 3D one and to investigate the new capabilities brought by the third dimension.

This thesis has been done in IETR, France, in the frame of a collaboration with the Antonine
University, Lebanon and University of Fez, Morocco. The selective laser melting (SLM) 3D printing
technology is available in our collaborative lab in Fez.

The 3D cell proposed in this thesis is a waveguide-type cell since it can be seen as a short length
of metal waveguide (with a short-circuit termination). Both its cross-section and its height provide many
degrees of freedom to control the operating mode and consequently the way it reflects an incident wave.
It is thus an interesting phase-shifting cell for RA applications. In addition, other promising
configurations are possible: if the short-circuited termination is replaced by an open one, the PC will
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have the potential to also manipulate the transmission phase, which suggests transmitarrays (TA) can be
designed. Finally, when working below cut-off, the waveguide-type cell almost behaves as a perfect
conductor (with no wave entering into the waveguide), and it can be used to achieve a quite classical
metal reflector. All these additional options further enlarge the research scope of this thesis.
Consequently, this thesis also proposes some hybrid designs combining parabolic reflector, RA and TA.

The thesis is structured as follows.

The first chapter presents the state of the art of existing RA and TRA structures, as well as the
introduction of 3D printing technologies. Chapter 2 introduces two different waveguide-based cells
(simple cell (SC) and PC). Each cell has two different configurations depending on the applied
termination. As already said, the short-circuited configuration is applicable for RA while the open-ended
one also enables to produce a transmitted beam. The operation principle of the cells is analyzed in detail.
Also, the PC is modeled by an equivalent circuit.

A dual band antenna that combines the functionality of a parabolic reflector and a RA is proposed
in chapter 3. It is synthesized using the SC. Both the used unit cell and the proposed dual band antenna
are investigated in detail. Finally, the dual band antenna is fabricated and measured to validate its
performance. A RA made of PCs with fixed height is designed, fabricated and measured in chapter 4.
Its performance is further improved by varying the height of each cell to minimize the average phase
error. Also, two transmit-reflect-arrays (TRAs) are designed using this PC. The designed TRA can
generate both a transmitted beam and a reflected beam simultaneously.

Finally, two modified PC are proposed in chapter 5 to further enhance its behavior. The first variant
is used to design a RA for dual band operation while the second variant is used to design a RA that
generates two beams with orthogonal polarizations at the same frequency. A general conclusion is drawn
in chapter 6.
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Chapter 1 - State of the Art

1.1 Introduction to high gain antennas

The long-distance transmission requires high-gain antennas, which can be achieved, among other
antenna solutions, by both parabolic reflector and phased array [1]. In recent years, two new types of
high-gain antenna, the RA and the TA, have gradually become popular. In this section, reflector antennas,
phased array antennas, RAs and TAs, along with their advantages and disadvantages, are described
respectively.

1.1.1 Reflector antennas

Reflectors are one of the most practical types of electrically large antennas. When wireless
communication was first demonstrated experimentally by Hertz in 1887, a dipole-fed cylindrical
parabolic antenna, which is believed to be the first reflector antenna, was used. Since then, reflectors
have become the most widely used high-gain antenna in communications, radio astronomy, remote
sensing, and radar [13]. In addition, reflector antennas have the advantages of structural simplicity, low
mass and mature design [14]. The common shape of reflector antennas is parabolic and its principle is
shown in Fig.1.1a. It can be seen that the parabolic surface reflects the incident waves from a feed
antenna and collimate the beam (pencil beam) in a direction determined by the reflector’s geometry.
There is no bandwidth limitation for the parabolic reflector owing to the true time delay provided by the
reflector itself. Nevertheless, it is the curved surface that makes the parabolic reflector difficult to
fabricate, in particularly at higher microwave frequencies.

1.1.2 Array antennas

Array antenna, which is formed by using several smaller antennas, is an alternative approach to
realize a large radiating aperture [15]. The first array antenna was reported over 100 years ago [16]. The
unique characteristics of array antenna were explored by several other scientists [17-19]. Since then,
array antenna engineering evolved rapidly. The microstrip patch antenna proposed by Deschamps in
1953 [20] revolutionized array engineering. Microstrip antenna arrays have since then been widely used
in modern phased array systems.

In most cases, the elements of an array are identical and arranged periodically. The radiation of an
array antenna is the combination of the radiations of all elements in the array. It is determined by the
spacing between two adjacent elements, the magnitude and the phase of the excitation applied to each
element and the radiation pattern of single element. To achieve wide-angle beam scanning electronically,
an array antenna must be equipped with controllable phase shifters, which make the array antenna
become expensive due to its complicated beamformer and many high-cost amplifier modules. The
amplifier modules must be used to alleviate the problem associated with power inefficiency that occurs
in the high-loss beamformer and phase shifters [21].

1.1.3 Reflectarray antennas

The reflectarray [22, 23] is an antenna consisting of either a flat or a slightly curved reflecting
surface and an illuminating feed antenna as shown in Fig.1.1b. RA can be seen as a combination of
planar arrays and parabolic reflectors with the advantages of high gain, low profile, low cost and easy
manufacturing,.
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Fig.1.1 Principle of: a) Parabolic reflector. b) Reflectarray. c) Transmitarray.
1.1.3.1 Phase-shift distribution on the reflectarray aperture

The parabolic reflector antenna collimates the reflected beam by using its geometric surface. The
RA is more like an array antenna whose beam is collimated in a certain direction by assigning a
progressive phase distribution to the cells [24-25]. The geometrical parameters of a RA are shown in
Fig.1.2. Typically, a horn antenna pointing to the center of RA is used as a feed antenna. The cells in
the RA are assumed to be in the far field of the horn antenna and the incident electromagnetic field on
each cell in the RA is approximated by a plane wave with a certain incident angle. The electromagnetic
fields radiated by the horn antenna propagate as a spherical wave which originates from the phase center
of the horn antenna. Therefore, the incident electromagnetic fields on the reflectarray aperture have a
phase proportional to the distance they have traveled, which is referred to as spatial phase delay [26]. In
this thesis, the phase shift of incident electromagnetic field caused by the cell in the RA is referred to as
reflection phase.

The reflection phase of a cell in the RA should compensate for the spatial phase delay. It is given
by:

Q)Spd = —koR; (1.1)
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where R; is the distance between the phase center of the feed and the i” cell in the RA and k,, is the
wave number in free space at the center frequency. To scan the collimated beam in any direction, a
progressive phase should be added to the aperture. Its vector form is given by:

Dpp = —koTi - fo (1.2)

where 7; is the position of the i cell in the RA and #, is the direction of main beam as shown in
Fig.1.2. The position of each cell in the RA is expressed as (x;, y;, z;) and the direction of main beam is
expressed as (6, ¢,). The required phase shift on the reflectarray aperture needs to compensate for the
spatial phase delay and add the progressive phase to the aperture. The required phase shift of the i cell,
which is used to produce a pencil beam in a desired direction, can thus be given by:

3¢5 = —Qgpa + Dpp = ko(Ri — (x;sinBycos@q + y;sinbysing, + z;cosby)) + Borr  (1.3)

where @, is a relative phase added to all the cells in the reflectarray aperture and its value is a

constant. Note that the equation (1.3) can be used for both flat and non-flat RA. The z; coordinate is

usually set to zero in the case of a flat RA by properly locating the origin of the coordinate system. In

addition, for shaped beams, the progressive phase in equation (1.2) should be replaced by an appropriate
phase distribution.
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Fig.1.2 Geometrical parameters of a RA.
1.1.3.2 Advantages of reflectarray antenna

Similar to a parabolic reflector, the RA can achieve very good efficiency (typically greater than 50
percent) for a very large aperture since no power divider is needed and thus very little resistive insertion
loss is encountered here [21]. On the other hand, very similar to an array antenna, the RA can have its
main beam designed to tilt at a large angle (> 50°) from its broadside direction [21].

However, compared to the parabolic reflector, the RA has a planar reflecting surface (or slightly
curved reflecting surface), which makes it easier to be fabricated. In addition, it replaces the complex
feed network used in an array antenna with a simple feed antenna.

Another major feature of this antenna is that, with a large number of elements in a RA having
clemental phase adjustment capability, it can achieve very accurate contour beam shape by using a phase

28



synthesis technique [27-28]. Also, a multi-beam RA with single feed can be realized using the
alternating projection method [29].

1.1.3.3 Disadvantages of reflectarray antenna

Unlike the infinite bandwidth of parabolic reflector, the RA has a distinct disadvantage of narrow
bandwidth. The narrow bandwidth is affected by both the narrow bandwidth of the phase shifting cell,
which will be discussed later, and the flat nature of the reflectarray aperture. The flat surface of RA
leads to a differential spatial phase delay [21], which can be explained by referring to Fig.1.3. The phases
of incident field when it reaches the center cell and the edge cell are expressed as:

pine = =5, (14)
0

oirc ==, (1.5)
0

where S; and S, are two paths from the feed to the cells in the reflectarray. The difference between
the two phases is thus given by:

g = g — o' =4S (1.6)

where A4S is the difference between two paths. Its value may be multiples of the wavelength at the
center frequency. The phase difference A varies with frequency. The cells in the RA, however, are
designed only to compensate the spatial phase delay at the center frequency. A frequency excursion
error thus occurs in the re-radiated phase front, which will result in gain reduction, pattern deterioration,
and ultimately, bandwidth limitation of the designed RA. A method to increase the bandwidth is to use,
instead of a completely flat reflectarray surface, a concavely curved reflectarray with piecewise flat
surfaces [21].

REFLECTARRAY
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Fig.1.3 Differential spatial phase delay of flat reflectarray[21].

1.1.4 Transmitarray antennas

A transmitarray is an antenna consisting of an illuminating feed source and a thin transmitting
surface [30] as shown in Fig.1.1c. As an emerging concept, the TA combines the favorable features of
optic theory and antenna array techniques, leading to a low profile conformal design with high radiation
efficiency and versatile radiation performance [30]. The main difference with RA is that a RA produces
a reflected beam while a TA generates a transmitted one. At the same time, TAs can avoid certain
limitations associated to RA, such as feed-blockage.

1.1.5 Conclusion

This section first introduces the parabolic reflector and the phased array. After describing their
advantages and disadvantages, the concept of RA is introduced. RA combines the parabolic reflector
and the phased array. It is used to produce a collimated beam by varying the phase distribution on the

29



RA aperture. It has the advantages of high gain, low profile, low cost and easy manufacturing. The main
disadvantage of RA is narrow bandwidth. The narrow bandwidth is affected by both the narrow
bandwidth of the phase shifting cell and the flat nature of the RA aperture. Also, the functionality of
TAs is introduced. Instead of a reflected beam, a transmitted beam can be produced by a TA. In addition,
the feed blockage can be completely avoided by a TA.

1.2 Different reflectarray antennas

Equation (1.3) illustrates the calculation of the required phase shift distribution in a desired
direction. In order to collimate the beam in any direction and provide a good performance, the unit cell
in a RA must be able to achieve a full cycle of phase shift (360°). The previous subsection introduced
the concept of RA, while this subsection will give a brief introduction of the development of reflectarray
and different phase-shifting cells. More precisely, this subsection focuses on the microstrip RAs and
MORA:s.

1.2.1 The first reflectarray antenna

The first RA (see Fig.1.4) was designed during the early 1960s using short-ended waveguides with
variable heights [22]. It is a MORA. The incident electromagnetic waves from the feed antenna enter
the waveguides from the open ends and propagate inwards. They are reflected back by the shorted-ends
and re-radiated out from the open-ends. The desired beam can be controlled by varying the height of
each waveguide. However, the operating frequency strongly affects the size of these waveguides. At
that period, the microwave frequencies used in many wireless communication systems were relatively
low. Therefore, the realized RA was so bulky and heavy that it was not attractive compared to other
antennas.

Fig.1.4 The first reflectarray antenna [22].

1.2.2 Microstrip reflectarray antennas

With the development of the printable microstrip antennas, the microstrip RAs were investigated
and the first microstrip RA was designed by Malagisi [31] in 1978. The microstrip RA has become the
most common RA. Compared to the first RA [22], the advantages of low mass and low profile can be
casily achieved by the microstrip antennas. The different microstrip RAs are introduced respectively
based on their phase tuning methodologies. There are three main different approaches to tune the phase
of reflectarray cells [26]:

1) Reflectarray cells with time delay line.

2) Reflectarray cells with variable size.
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3) Reflectarray cells with variable rotation angle.

Next, these three approaches are briefly introduced.

1.2.2.1 Reflectarray cells with time delay line

The cells with time delay lines are shown in Fig.1.5. The unit cell consists of a patch and a variable
time delay line [32-34]. When the incident wave reaches the surface of the patch, it is received by the
patch and transferred into a guided wave. The guided wave propagates in the time delay line and is
reflected back by the open-end. Finally, it is reradiated by the patch. The reflection phase is thus
determined by the length of time delay line. For this type of unit cell, the time delay line must match the
patch, if not, part of the guided wave will be reflected by the patch before going into the time delay line.
In this case, the reflected wave will be the superposition of two components and the reflection phase
will no longer vary linearly with the length of time delay line.

The time delay line, however, always takes up a large space, which inevitably reduces the aperture
efficiency of the RA. An improved structure was proposed by moving the transmission line downwards
below the ground [35-36]. The space thus can be saved by etching a slot in the ground plane to make
the transmission line couple to the patch through it.

Fig.1.5 Schematic models of reflectarray cells with time delay lines of different lengths [33].

1.2.2.2 Reflectarray cells with variable size

The reflectarray cells with variable size were first designed in [37-38] for printed crossed dipoles
and rectangular patches (see Fig.1.6). For this type of cell, each size corresponds to a resonant frequency.
If the size of a patch is tuned, its resonant frequency will be changed and so the reflection phase.
Compared to the cells with time delay lines, the cells with variable size can suppress the cross
polarization caused by the parasitic radiation from time delay lines and increase the aperture efficiency.
Since the reflection phase is controlled by the size of the patch and is sensitive to it, a precise fabrication
technique is required for the RA made of this type of cells.

Ideally, one single resonance allows one complete phase cycle (360°). The phase range actually
achieved, however, is often less than 360°, which may degrade the performance of the designed RA
such as bandwidth and gain. One of the most effective solutions is to use multi-layer stacked patches
(see Fig.1.7) which can improve the bandwidth by a few percent or more than ten percent [39-40]. This
multi-layer configuration can provide not only a phase range far in excess of 360°, but also a smooth
phase-versus-size characteristic owing to the introduced multiple resonances. However, the multi-layer
cell, especially its multi-layer substrates, makes the fabrication more complex. The single-layer multi-
resonance reflectarray cells [2, 41-42] are thus proposed to reduce the fabrication cost and increase the
gain and bandwidth of RA. As shown in Fig.1.8, the unit cell in [2] consists of two square metallic rings
and a square metallic patch. The reflection phase is tuned by varying the size of inner metallic ring. The
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evolution of cell geometry is illustrated in Fig.1.9. At the initial step, the metallic ring overlaps with the
metallic patch and it will then arise from the square patch. At the intermediate steps, the metallic square
ring gets larger, moving towards the outer border of the cell. At the final step, the metallic square ring
disappears and the cell comes back to its initial step. Therefore, this cell is referred to as PC. Since the
PC has a smooth evolution of cell geometry, the abrupt variation of cell geometry, which can be
responsible for severe degradations in the reflectarray pattern [43], can be reduced.

Fig.1.6 schematic models of reflectarray cells with variable size [39].
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Fig.1.7 schematic model of a three-layer reflectarray using the cells with variable size [40].

Phoenix cell
w. < [ LP
E i dielectric substrate |h
—|le er
[

ground plane

Fig.1.8 General geometry of the first phoenix cell [2].
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Fig.1.9 Phoenix cycle: Evolution of the cell geometry over a complete 360° cycle [2].

1.2.2.3 Reflectarray cells with variable rotation angle

Unlike the first two techniques, the cells using variable rotation technique are only for circularly
polarized (CP) RA which is excited by CP electromagnetic waves. This technique is based on the fact
that rotating a CP antenna element about its origin by vy, will change the radiated phase by twice this
angle where the advance or delay of the phase depends on the sense of rotation [23]. This technique was
first applied to RA [44], as shown in Fig.1.10, using patch cells with attached phase delay lines. The
180-degree phase difference between the reflected waves in the orthogonal directions can be achieved
by properly varying the length of two transmission lines. Therefore, 2y reflection phase can be achieved
by rotating the patch by an angle y. Although this type of cell increases the complexity of the RA design,
it reduces the requirements for antenna fabrication accuracy.
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Fig.1.10 Circularly polarized microstrip reflectarray with elements having variable rotation angles [44].

1.2.3 Metal-only reflectarray antennas

The multi-layer configuration is usually used to improve the performance of microstrip RAs [39-
40]. Its poor thermal behavior, however, makes it not suitable for some applications, such as multi-band
operation. In addition, its multi-layer substrate significantly increases the cost of fabrication. In this case,
the single-layer microstrip RAs seem more promising. Nevertheless, the dielectric materials they use
may cause lots of problems. First of all, they may limit the gain due to the losses they bring, especially
at high frequencies. In addition, for RAs that work in harsh environments, such as space, the use of
dielectric substrates is not recommended due to undesired associated effects. One of the main concerns
is a phenomenon known as outgassing [4]. For a microstrip antenna, gas may be trapped in it during the
manufacturing process, and it can be released under certain conditions, such as the high-vacuum
environments of space. Another concern for the dielectric materials in space is the impact of the large
swings in temperature that can take place within a spacecraft or satellite and how these temperature
swings can alter the dielectric materials’ characteristics, such as its dielectric constant [4]. At the same
time, some space applications may need to survive high-voltage conditions, with the capability of
handling high dielectric breakdown voltage [4]. In such a situation, the MORA is preferred as it avoids
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the intrinsic problems brought by dielectric materials. The MORAs in this thesis are roughly categorized
into three groups:

1) MORAs using slot-type cells
2) MORAs using waveguide-type cells
3) MORAs using metallic blocks

This part makes a detailed introduction to these different MORAs.

1.2.3.1 Metal-only reflectarray antennas using slot-type cells

The slot-type cells have one or more slots machined in a metallic sheet. The incident wave is
coupled to these slots and re-radiated out. A metallic ground plane is placed under the metallic sheet so
that the incident wave is totally reflected. The geometry of these slots is used to tune the reflection phase.
Since the slot-type cells use no supporting dielectric substrate, they must be unified as a whole piece of
metallic structure. They therefore lose some degrees of freedom of design compared to slots with
dielectric support. Instead, their simple structure leads to a very simple fabrication process, such as the
conventional machining technologies.

The first slot-type MO cell, as shown in Fig.1.11, was reported in [45]. It consists of a slot in a
metallic sheet and many metallic stubs which are backed by a metallic ground plane. The reflection
phase is tuned by the length of metallic stubs. However, the achieved phase range is only 221°, which
will degrade the performance of the MORA.

A slot-type MO PC was proposed in paper [6]. The concept of PC was first conceived in paper [2]
for the design of broadband RA. Compared with the cell in paper [6], the complete phase circle can be
casily realized by MOPC. The MOPC and its full element changing cycle are shown in Fig.1.12. It
consists of double square loops, a square patch, and a connecting stub that unites them into a whole
piece. The reflection phase is tuned by the size of middle loop. The slot-type MORA has the same
evolution of cell geometry as the microstrip PC in [2]. At the initial stage, the size of middle loop is
equal to the size of the square patch. The middle loop then appears as its size increases. At the final
stage, the size of middle loop is equal to the size of outer loop and the middle loop disappears again.
The cell thus comes back to its initial geometry, which justifies the appellation of PC. Unfortunately,
compared to the original PC in [2], since the dielectric layer has been removed, there is no support
anymore for the different isolated metal elements and this is why a connecting strip is needed to attach
them together. As a consequence, the PC loses in this case its 90° rotational invariance and subsequently
its capability to deal with dual linear polarizations.

Fig.1.11 Metal-only slot cell [45].
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Fig.1.12 Slot metal-only phoenix cell [6]: a) sectional view, b) top view, c) evolution of cell geometry.

The previous two cells are designed to deal with linear polarizations. Hence, a slot-type MO cell
supporting both left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP) is
proposed in [46]. The proposed MO cell (see Fig.1.13) consists of a square slot at the center of the unit
cell and four L-slots, each of which is composed of two connected straight slots of different physical
lengths with each L-slot of equal electrical length. The length of the L-slots is adjusted to tune the
reflection phase of the MO cell. The measurement results, however, show that the proposed MORA has
a narrow bandwidth of 6.85% (defined for a 1dB-decrease in the antenna gain).

To increase the bandwidth, a MORA with separated layers, as shown in Fig.1.14, is proposed in
[47]. A dumbbell-cross slot cell (see Fig.1.14) is used in the proposed MORA. The reflection phase is
tuned by the size of ‘dumbbell’. Since the field distribution over the aperture has a Fresnel structure and
the range of reflection phase is limited, the presence of phase errors due to frequency changing is
inevitable. The mentioned phase errors can be improved by taking advantage of the spatial separation
of the antenna layers. As shown in Fig.1.14 (c), the proposed MORA consists of 3 separated layers. The
distance between top layer and middle layer is half a wavelength at the center frequency, which
corresponds to a phase shift of 2zx. The bottom layer is a ground plane. The achieved 3-dB gain
bandwidth is 18%.

a) b) ©)
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Fig.1.14 MORA with separated layers in [47]: a) MO cell, b) front view of prototype, c) side view.

A MORA using new slot-type cells is designed in [48]. As illustrated in [45, 6, 46, 47], the unit
cells described above use a shared air substrate. The MORA in [48], however, isolates the air substrate
and forms separated cavities for each cell. As shown in Fig.1.15, the unit cell in [48] consists of slots
shaped in a circular pattern and backed with a cavity. It is an inductive cell of order one and the reflection
phase is controlled by the length of the slot. The proposed unit cell is a bit more complex than the
previous slot-type cells [45, 6, 46, 47], since it requires a vertical metal. Therefore, it does not only
belong to slot-type cells, but also to full 3D structures. A CP three-panel deployable MORA is designed.
The analytical results show a maximal directivity of 28 dBi with a half-power beam width of §°.

a) b)
Fig.1.15 Schematic view of the unit cell in [48]: a) top view, b) 3D view.

1.2.3.2 Metal-only reflectarray antennas using waveguide-type cells

The waveguide-based unit cells are widely used in MORAs. Furthermore, the first RA [22] used a
waveguide as its phase-shifting cell. Their principle is similar to the unit cells with time delay lines (see
section 1.2.2.1). Typically, these unit cells consist of an open-ended waveguide (rectangular waveguide,
circular waveguide or parallel plate waveguide...) with a short circuit termination. The waveguide
receives the electromagnetic wave, and transfers it into a guided wave along the waveguide which
operates as a transmission line. The guided wave reflects back from the short circuit termination and is
re-radiated by the waveguide. The difference between the waveguide-type cell and the cell with time
delay line is that the characteristic impedance of the waveguide may not match the wave impedance in
free space, which makes part of the incident wave reflect before entering the waveguide. The overall
reflected wave thus is a combination of two different reflection processes and the reflection phase does
no longer vary linearly with the length of the waveguide. Since the waveguide-type cell is a 3D structure,
it provides more degrees of freedom to design MORAs. The MORAs made of waveguide-type cells can
be fabricated by both conventional machining technologies and 3D printing technologies.

Two 2D MORAs consisting of rectangular metallic grooves are designed in papers [49-50]. As
shown in Fig.1.16, the unit cell in [50] consists of a section of parallel plate waveguide with a short-
circuit termination. These waveguides allow the propagation of TEM mode electromagnetic waves. Its
reflection phase is tuned by the width and depth of the groove. After an optimization for the width of
the groove, the reflection phase varies smoothly with the depth of the groove. At the end, endfire
radiation can be achieved with out-of-phase cells and by using a half wavelength inter-element spacing.
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Fig.1.16 MORA made of rectangular metallic grooves: a) geometry of the unit cell. b) global view of the MORA with endfire
radiation [50].

The MORA in paper [51] is also composed of multiple rectangular grooves. The difference from
the previous two MORA, as shown in Fig.1.17, is that the unit cell is based on a rectangular waveguide
instead of a parallel plate waveguide. Similarly, the depth of metallic groove is used to control the
reflection phase. The rectangular waveguide allows the propagation of the fundamental TE o mode.
Unlike the TEM mode in parallel plate waveguide, there is a limitation of cutoff frequency for the TEio
mode in rectangular waveguide. In order to enable the propagation of the fundamental mode, the width
of the metallic groove is set to a value that is greater than the half wavelength at its central frequency,
which may result in grating lobes.

Paper [52] proposes a MO unit cell (see Fig.1.18) consisting of a square base and metallic cylinder
with a cuboid-shaped notch. The cuboid shaped notch corresponds to a section of parallel plate
waveguide and the reflection phase is tuned by its width and depth. As illustrated in Fig.1.18, the TM
polarization can penetrate into the cuboid-shaped notch but TE polarization cannot. Based on this
principle, the 1-bit reflection phase (0 and 180 degrees) is achieved by simply rotating the cell by 90°
around Z axis. Then a linearly polarized MORA made of such cells was designed.
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Fig.1.17 Geometry of a metallic rectangular groove in a perfectly conducting plane [51].
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Fig.1.18 Geometries of the proposed cell in [52]: a) perspective view, b) top view, c¢) side view, d) top view with a phi angle
offset.

The previous MORAs were designed for linear polarization, while the MORAS in paper [53-56]
support circular polarization. As illustrated in Fig.1.19, the unit cell in [53] consists of a cuboid metallic
base and a radiating structure which are connected to each other through a supporting rod. The radiating
structure is composed of a H-shaped structure, in which there are a split circular slot and a rectangular
slot. In this case, the unit cell is equivalent to a short-ended circular waveguide with two ridges. The 90
degrees phase difference between x-polarized and y-polarized reflected waves (the condition for circular
polarization) is achieved by selecting appropriate geometries for the unit cell. A circular polarized
MORA is thus designed by applying the variable rotation technique. The simulation results show that
the antenna has a maximum gain of 33.1 dBi and a maximum aperture efficiency of 58.76%. A similar
MORA cell, as shown in Fig.1.20, is proposed in paper [54]. The unit cell consists of a circular outer
waveguide, an elliptical inner conductor and a hexagonal base. There is a phase difference between the
reflection phases of x-polarized wave and y-polarized reflected waves owing to the presence of the
elliptical conductor in the center. A circular polarized MORA is synthesized by using the same process
as in [53]. The measurement results show that a maximum gain of 26.2dBi and a maximum aperture
efficiency of 66% are achieved.
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Fig.1.19 Geometry of the unit cell in [53].
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Fig.1.20 Geometry of the unit cell in [54].

The MORA in paper [55] has the capability to independently control the RHCP and LHCP incident
waves. As shown in Fig.1.21 a), the unit cell consists of a metal waveguide in the bottom and a septum
blade-liked structure above it. As illustrated in Fig.1.21 b), LHCP incidence cannot penetrate into the
waveguide and the reflected wave is collimated only by rotating the cells in the MORA. Instead, the
RHCP incidence is able to penetrate into the waveguide and the reflected wave is collimated by both
rotating the cells and varying the length of the waveguide. Therefore, the LHCP and RHCP can be
controlled independently.

In paper [56], a wideband CP MORA is proposed. The difference with the MORAs in paper [53-
56] is that the CP wave is achieved by independently controlling orthogonal polarizations without using
the variable rotation technique. Fig.1.22 illustrates the geometric evolution of the MORA unit cell from
its original design. The unit cell is a combination of vertical and horizontal parallel plates whose groove
depths are varied independently for each polarization. Unlike the unit cell introduced in [49-50], the unit
cell in [56] allows the propagation of TEM mode for both orthogonal polarizations. At the same time, it
provides a fairly linear phase response along frequency. A CP MORA using a linearly polarized feed is
thus synthesized. Compared to the circular polarized MORA in paper [53-55], a wideband characteristic
(a 1.5dB bandwidth of 43.9%) is realized.
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Fig.1.22 Design evolution of the unit cell in [56]
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The previously mentioned RAs were only used to collimate the incident waves from a feed antenna.
The RA in [57], however, does not only deal with the collimation, but it also achieves a filtering
functionality where only the incident wave in the target frequency band is collimated. The proposed unit
cell consists of two-section open-ended metallic waveguides as shown in Fig.1.23 a). The operating
frequency band is between the cutoff frequencies of two waveguides. As illustrated in Fig.1.23 b), if the
operating frequency is less than the cutoff frequency of upper waveguide, the incident wave is directly
reflected back, which is equivalent to the incident wave being “filtered out”. If the operating frequency
is greater than the cutoff frequency of bottom waveguide, the incident wave propagates through both
waveguides and is finally radiated from the bottom open-end, which is also equivalent to the incident
wave being “filtered out”. If the operating frequency is greater than the cutoff frequency of upper
waveguide and less than the cutoff frequency of bottom waveguide, the incident wave propagates in the
upper waveguide and is totally reflected back at the entrance of bottom waveguide. In this case, the
reflection phase of the unit cell is tuned by the height of upper waveguide and a collimated beam is
generated in this frequency band. As a conclusion, when the incident wave has a frequency outside the
operating frequency band of the RA, it is reflected directly or radiated at bottom end, which means the
incident wave is not collimated. When the incident wave has a frequency within the operating frequency
band of the RA, a collimated beam is produced. It is thus a filtering RA.
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Fig.1.23 Unit cell in [57]: a) geometry of the two-section waveguide cell, b) principle of the unit cell.
1.2.3.3 Metal-only reflectarray antennas using metallic blocks

For the cells using metallic blocks, the incident waves are directly reflected back by their metallic
surface. Compared with previous MO cells, these cells are non-resonant cells, which leads to low losses.
The phase of the incident wave is reversed by the metallic surface that can be viewed as a short circuit
termination. The reflection phase is tuned simply by varying the height of metallic block or directly
moving the metallic block. Unlike previous MORAs, the MORAs made of metallic blocks are non-
planar structures in the sense the height varies from one cell to the other. They can be fabricated using
both conventional machining technologies and 3D printing technologies.

The phase-shifting cells in papers [58-62] are made of metallic blocks. The unit cell in paper [58]
consists of a circular cylinder and two pairs of auxiliary stubs which are supported by a metal layer with
uniform thickness (see Fig.1.24). The reflection phase is varied by adjusting the height of circular
cylinder and stubs. The unit cells in papers [59] and [60] consist of only one cuboid metallic block (see
Fig.1.25). The reflection phase is compensated by the height of this metallic block. The unit cell in [61]
and [62] is similar to the one in [58]. It has a different cross-section which is implemented for easy
manufacturing (see Fig.1.26). The first five unit cells [58-62] are designed to deal with linear
polarization in a single frequency band while the unit cell in [63] allows manipulating the reflection
phase of CP wave in two frequency bands. It consists of an anisotropic metal brick mounted on a full
metal ground (see Fig.1.27). Actually, the metal bricks between two adjacent cells form a parallel plate
waveguide. The reflection phase thus can be tuned by properly adjusting the geometry of the metal brick.
Since this unit cell does not exhibit any 90° rotational invariance, there is a phase difference between
the reflected waves of orthogonal polarizations in both frequency bands. This characteristic means the
unit cell is able to deal with CP by rotating the cell. In addition, the reflection phase of circularly
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polarized waves is affected by the position of the cell and can be tuned by moving the cell along Z axis.
Therefore, there are two different degrees of freedom to control the reflection phase in both frequency
bands. A dual band circularly polarized MORA is synthesized using this cell.
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Fig.1.24 Geometry of unit cell in [58].
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Fig.1.25 Geometry of unit cell in [59].
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Fig.1.27 Geometry of unit cell in [63]

1.2.4 Comparison between different reflectarray antennas

The first RA is a MORA made of waveguide-type cells. It is bulky and heavy due to the low
operating frequency. Microstrip RAs are the most common RAs. The advantages of low-mass and low
profile can be easily achieved by the microstrip antennas. Nevertheless, as introduced in the previous
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subsection, the dielectric materials they use may cause lots of problems. In such a situation, MORA is
preferred. They are devided into three different categories: the MORA using slot-type cells, the MORA
using waveguide-type cells and the MORA using metallic blocks. Table 1.1 summarizes the
performances of different MORAs. The MORAs using slot-type cells can be easily fabricated by the
conventional machining technologies. Since the diclectric material layer is removed, the top layer must
be unified as a whole piece of metallic structure, which makes the slot-type cells lose some degrees of
freedom of design. In addition, as shown in Table 1.1, the center frequencies of the MORASs using slot-
type cells are lower than 22GHz, which may be limited by the used fabrication technologies. For the
MORAs using metallic blocks, their performances are only determined by the height of each cell in the
MORA. They need to combine the features of other cells to improve their functionality. For example,
the unit cell in [63] achieves the dual band functionality by combining the waveguide-type cells and the
cells using metallic block. Compared with the MORAS using slot-type cells, the operating frequency of
the MORA using metallic block in [59] is significantly increased and the achieved frequency is 100GHz.
At the same time, the achieved aperture efficiency of MORAs using metallic blocks is quite high (for
example 50% and 50.1% in [58-59]) as they are non-resonant cells. A main disadvantage of the cells
using metallic block is that they have only one degree of freedom, height, to tune the reflection phase.
The waveguide-type cells, however, lead to many degrees of freedom to manipulate their characteristics.
The reflection phase of these cells is affected by both their cross-sections and their lengths. The
rectangular waveguides are used to tune the reflection phase of the cells in [51, 55]. To make the incident
wave better propagate in the waveguide, the width of rectangular waveguide is increased to a value
greater than the half wavelength at the center frequency. In this case, however, such a width may lead
to grating lobes. To achieve a CP MORA, the variable rotation technique is used in [55]. Circular
waveguides with asymmetric ridges are used in [53, 54] to synthesize CP MORA. The achieved aperture
efficiency in [54] is 66%. In addition, the used ridges can effectively reduce the cutoff frequency and
reduce the periodicity to avoid grating lobes. In order to avoid the restriction of cutoff frequency, parallel
plate waveguides are used in [52, 56]. The unit cell in [56] has a very linear phase response and the
achieved 3-dB bandwidth of MORA in [56] is very large (40.90%). As a summary, the waveguide-type
cells have a better performance than the slot-type cells and the cells using metallic blocks. Therefore,
the MORAs using waveguide type cells are the topic of this thesis.

Table 1.1 The performances of different MORAs

Type Polarization Freq Peak 1-dB Gain 3-dB Gain 3-dB Axial Aperture 3D
(GHz) Gain Bandwidth Bandwidth Ratio Efficiency printing
(dBi) (%) (%) Bandwidth (%)
(%)

[45] slot Linear 12.5 32.5 8.3 - - - No

[6] slot Linear 12.5 33.9 12.8 - - 53.8 No

[46] slot Circular 20 314 6.85 10.15 32.5 35 No

[47] slot linear 22 - - 18 - - No

[48] slot Circular 8.2 28 - - - - No

(simulation)
[51] waveguide linear 75 423 - - - 30.2 No
52 waveguide linear 26 18.9 20 - - - No
(1.5-dB Gain
Bandwidth )
[53] waveguide circular 10 33.05 - 58.76 No
(simulation) (simulation)

[54] waveguide circular 10 26.2 - - - 66 No

[55] waveguide circular 27 24 - - 22.2% - Yes

[56] waveguide circular 41 - 40.96 43.9 55.4 Yes

[57] waveguide linear 60 27.9 - - - 40.5 Yes

[58] Metallic linear 12.2 332 - - - 50 No
block

[59] Metallic linear 100 28 - - - 50.1 No
block

[63] Metallic circular 24/32 24.3/24.5 - 10/9.3 38/26 Yes
block
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1.3 Different transmit-reflect-arrays

As introduced before, a RA produces a reflected beam while a TA generates a transmitted one. The
combination of both RA and TA functionalities in a single-feed high-gain TRA has been found of great
interest to implement bi-directional radiated beams. For example, [64] proposes a TRA (see Fig.1.28)
based on a multilayer amplitude—phase-modulated stack-up and employing sparse-array concepts.
Similar antennas that combine TA and RA are proposed in [65-70]. For these antennas, however, the
bidirectional beams are not produced simultaneously, and their operation modes depend on polarization
and frequency. Moreover, all the aforementioned examples use dielectric materials [64-70]. A design of
MOTRA is proposed in [71] that consists of Babinet-inverted defected square slot cells etched on a
single-layer thin metallic sheet (see Fig.1.29).

Since there is only one published MOTRA made of slot-type cells, this thesis tries to use
waveguide-based cells to design 3D MOTRAs.
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Fig.1.28 Principle of TRA in [64]: a) configuration of TRA, b) configuration of unit cell.
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Fig.1.29 Configuration of unit cell in [71].

1.4 Fabrication of reflectarray antennas

After analyzing the different RAs, TRAs and phase shifting cells, the fabrication of them will be
discussed in this section. The technologies used for printed microstrip RAs are not suitable for the
fabrication of MORAs. There are two types of technologies that can be used for MORAs, namely AM
and subtractive manufacturing. Subtractive manufacturing involves cutting away from a solid block of
material. AM, also known as 3D printing, is a method of manufacturing where layers of material are
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built up one at a time to create a solid object. Compared with the subtractive manufacturing, AM has
the advantages of low cost and high material efficiency. Also, AM was known as rapid prototyping
because it allowed people to create a scale model of the final object quickly, without the typical setup
process and costs involved in creating a prototype. The most important is that the AM is more suitable
for some parts with complex structures, which provides more freedom in antenna design. Therefore, this
thesis focuses on the AM technology.

In this section, different AM technologies are introduced first. Then, the applications of AM
technologies in the fabrication of antennas, especially RAs, are summarized.

1.3.1 Introduction of different additive manufacturing technologies

In this thesis, AM technologies are divided into two different categories, one is non-metal 3D
printing (such as fused deposition modeling) and the other one is metal 3D printing (such as SLM). At
the same time, there are two AM technologies (selective laser sintering and binder jetting) that can print
both metal parts and non-metal parts. These technologies, along with their advantages and disadvantages,
are described in details in the following subsections. The introduction of these technologies mainly
refers to [72-74].

1.3.1.1 Fused deposition modeling

Fused deposition modeling (FDM) is a material extrusion AM process to produce prototypes,
functional parts, and conceptual models [75]. FDM uses digital design files that are uploaded to the
machine itself and translates them into physical dimensions. Materials for FDM include some polymers
which the machine feeds as threads through a heated nozzle. A spool of this thermoplastic filament is
first loaded into the printer. Once the nozzle hits the desired temperature, the printer feeds the filament
through an extrusion head and nozzle. This extrusion head is attached to a three-axis system that allows
it to move across the X, Y and Z axes. The printer extrudes melted material in thin strands and deposits
them layer by layer along a path determined by the design. Once deposited, the material cools and
solidifies. Fans can be attached to the extrusion head to accelerate cooling in some cases. To fill an area,
multiple passes are required. When the printer finishes a layer, the build platform descends and the
machine begins work on the next layer. In some machine setups, the extrusion head moves up. This
process repeats until the part is finished.

FDM printers cannot deposit molten thermoplastic on thin air. Certain part geometries require
support structures which are usually printed in the same material as the parts themselves. Oftentimes,
removing support structures can be difficult, so it’s often far easier to design parts in such a way that
minimizes the need for support structures. Support materials that dissolve in liquid are also available,
but they are generally used in tandem with higher-end FDM 3D printers. Using dissolvable supports
increases the overall cost of a print.

FDM is widely approached for its simplicity, relatively low costs, minimal material wastage, and
high processing speed [76]. The one main disadvantage of FDM 3D printing is that it has the lowest
resolution compared to other 3D printing technologies. This makes it a less viable option for parts with
very small details.

FDM is used to print non-metallic materials. Most antennas, especially metal antennas, however,
require metallic conductors. For example, a horn antenna requires an all-metal metallic surface while a
microstrip antenna requires one or more metallic patches. The FDM 3D printing technology cannot be
used directly to fabricate these antennas. In this case, it should be followed by additional technology to
print metals on these non-metallic materials. Therefore, many antennas are printed using both FDM and
another metallization technology.
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The paper [77] introduced a half-wave dipole antenna fabricated using FDM and then metalized
using microdispensing. Some patch antennas are introduced in [78-83] where the substrates are printed
using FDM while the metal traces are deposited using another technology such as microdispensing,
pneumatic dispensing technique and thermal spray. A pyramidal horn antenna in [84] is fabricated using
FDM and metalized using conductive copper paint. Note that the printed metal antennas, for example a
horn antenna with all-metal surface, are not MO antennas as the non-metallic materials still exist after
the metallization process.

1.3.1.2 Stereolithography

Stereolithography (SLA) 3D printing is the first successful AM process applied in commercial field,
and presents fast forming speed and outstanding resolution [85]. The materials used in SLA are
photosensitive thermoset polymers that come in a liquid form. Its working process is shown below:

1). SLA 3D printing works by first positioning the build platform in the tank of liquid photopolymer,
at a distance of one layer height for the surface of the liquid.

2). A ultraviolet (UV) laser creates the next layer by selectively curing and solidifying the
photopolymer resin.

3). During the solidification part of the photopolymerization process, the monomer carbon chains
that compose the liquid resin are activated by the light of the UV laser and become solid, creating strong
unbreakable bonds between each other.

4). The laser beam is focused in a predetermined path using a set of mirrors, called galvos. The
whole cross-sectional area of the model is scanned, so the produced part is fully solid.

5). After printing, the part is in a not-fully-cured state. It requires further post-processing under UV
light if very high mechanical and thermal properties are required.

A support structure is always required in SLA. Support structures are printed in the same material
as the part and must be manually removed after printing. The orientation of the part determines the
location and amount of support. It is recommended that the part is oriented so that the visually critical
surfaces do not come in contact with the support structures. SLA 3D printing has many advantages, for
example, it can produce parts with very high dimensional accuracy and with intricate details. Also, its
parts have a very smooth surface finish, making them ideal for visual prototypes. Nevertheless, the SLA
3D printing also has some disadvantages. SLA parts are generally brittle and not suitable for
functional prototypes. At the same time, the mechanical properties and visual appearance of SLA
parts will degrade over time when the parts are exposed to sunlight. In addition, support
structures are always required and post-processing is necessary to remove the visual marks left
on the SLA part.

Similar to FDM technology, SLA technology needs to be followed by another metallization
technology so that it could be used to print antenna with metal conductor.

Three horn antennas [7-9] are fabricated using SLA technology and then metallized using another
technology. A Ka band antenna in [86] is fabricated using SLA technology followed by metal coating.

1.3.1.3 Material Jetting 3D printing

Material Jetting (MJ) is an additive manufacturing process that operates in a similar fashion to 2D
printers. In material jetting, a printhead (similar to the printheads used for standard inkjet printing)
dispenses droplets of a photosensitive material that solidifies under UV light, building a part layer-by-
layer. The materials used in MJ are thermoset photopolymers (acrylics) that come in a liquid form.
Unlike most other 3D printing technologies, MJ deposits material in a line-wise fashion.
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MIJ creates parts of high dimensional accuracy with a very smooth surface finish. Multi-material
printing and a wide range of materials (such as rubber-like and fully transparent materials) are available
in Material Jetting. These characteristics make MJ a very attractive option for both visual prototypes
and tooling manufacturing.

These are the main steps in the MJ 3D printing process:
1). First, the liquid resin is heated to 30 — 60°C to achieve optimal viscosity for printing.

2). Then the printhead travels over the build platform and hundreds of tiny droplets of
photopolymer are jetted/deposited to the desired locations.

3). A UV light source that is attached to the printhead cures the deposited material, solidifying it
and creating the first layer of the part.

4). After the layer is complete, the build platform moves downwards one layer height and the
process repeats until the whole part is complete.

Since photosensitive materials are used, the parts created with MJ have poor mechanical properties
and their mechanical properties degrade over time, which makes them not suitable for some functional
prototypes. In addition, the high cost of the technology may make MJ financially not viable for some
applications. A 3-D Luneburg lens antenna in [10] is fabricated using MJ technology. The printed 3D
lens antenna is an all-dielectric antenna.

1.3.1.4 Selective Laser Sintering

Selective Laser Sintering (SLS) is an additive manufacturing process that belongs to the Powder
Bed Fusion family [87]. It can be used to fabricate both metal parts and non-metal parts depending on
the material used. SLS 3D printing uses a laser to sinter small particles of polymer powder or metal
powder. The entire cross-section of the component is scanned, so the part is built solid. The process
works as follows:

1). The powder bin and the build area are first heated to just below the melting temperature of the
powder.

2). A re-coating blade spreads a thin layer of powder over the build platform.

3). A CO2 laser then scans the contour of the next layer and selectively sinters—fuses together—
the particles of the powder.

4). When a layer is complete, the build platform moves downwards and the blade re-coats the
surface. The process then repeats until the whole part is complete.

5). After printing, the parts are fully encapsulated in the unsintered powder. The powder bin must
cool before the parts can be unpacked, which can take a considerable amount of time—sometimes up to
12 hours.

6). The parts are then cleaned with compressed air or another blasting media, then they are ready
to use or further post-process.

SLS parts have good, isotropic mechanical properties, making them ideal for functional parts and
prototypes. SLS requires no support, so designs with complex geometries can be easily produced. The
manufacturing capabilities of SLS is excellent for small to medium batch production. All remaining
unsintered powder is collected and can be reused. However, SLS technology also has some
disadvantages. Only industrial SLS systems are currently widely available, so lead times are longer than
other 3D printing technologies, such as FDM and SLA. SLS parts have a grainy surface finish and
internal porosity that may require post processing, if a smooth surface or watertightness are required.
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Large flat surfaces and small holes cannot be printed accurately with SLS, as they are susceptible to
warping and oversintering.

If polymer powder is used, SLS technology, similar to previous non-metal 3D printing technologies,
should combine another metallization technology to print antenna with metal conductor. If metal powder
is used, SLS technology can be used to directly print MO antennas.

A stepped-reflector antenna [88] is fabricated using SLS 3D printing technology. In the post
processing, the reflector was iteratively sprayed with a primer and sanded to form a smooth surface,
then spray-painted with silver-based APPLICOAT ES210 to make it reflective, and finally a layer of
clear coat was applied. A low-profile magnetic dipole antenna [89] is fabricated using SLS technology
and silver paste painting. A 4x4 array antenna and two WR90 [90-91] waveguides are fabricated using
SLS metal 3D printing technology.

1.3.1.5 Metal 3D printing

The first few AM technologies are for non-metal parts, and now the metal 3D printing is introduced.
Metal 3D printing has been widely used in the aerospace and medical industries in the last decade, which
is still growing [92-93]. SLM and Direct Metal Laser Sintering (DMLS) are two metal AM processes
that belong to the powder bed fusion 3D printing family. The two technologies have a lot of similarities:
both use a laser to scan and selectively fuse (or melt) the metal powder particles, bonding them together
and building a part layer-by-layer. Also, the materials used in both processes are metals that come in a
granular form. The differences between SLM and DMLS come down to the fundamentals of the particle
bonding process: SLM uses metal powders with a single melting temperature and fully melts the
particles, while in DMLS the powder is composed of materials with variable melting points that fuse on
a molecular level at elevated temperatures. Essentially, SLM produces parts from a single metal, while
DMLS produces parts from metal alloys. The difference between SLM and SLS metal printing is that
the metal powder in SLS metal printing is only sintered and not completely melted. The SLS metal 3D
printing is almost the same as DMLS and they both print parts by sintering alloys.

The basic fabrication process is similar for both SLM and DMLS. Here's how it works:

1). The build chamber is first filled with inert gas (for example argon) to minimize the oxidation of
the metal powder and then it is heated to the optimal build temperature.

2). A thin layer of metal powder is spread over the build platform and a high-power laser scans the
cross-section of the component, melting (or fusing) the metal particles together and creating the next
layer. The entire area of the model is scanned, so the part is built fully solid.

3). When the scanning process is complete, the build platform moves downwards by one layer
thickness and the recoater spreads another thin layer of metal powder. The process is repeated until the
whole part is complete.

When the build process is finished, the parts are fully encapsulated in the metal powder. Unlike the
polymer powder bed fusion process (such as SLS), the parts are attached to the build platform through
support structures. Support in metal 3D printing is built using the same material as the part and is always
required to mitigate the warping and distortion that may occur due to the high processing temperatures.

When the bin cools to room temperature, the excess powder is manually removed and the parts are
typically heat treated while still attached to the build platform to relieve any residual stresses. Then the
components are detached from the build plate via cutting or machining and are ready for use or further
post-processing.

The dimensional accuracy for metal 3D printing is + 0.1 mm, which is better than previously
introduced non-metallic printing technologies. Support structures are always required in metal printing,
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due to the very high processing temperature and they are usually built using a lattice pattern. Various
post-processing techniques are used to improve the mechanical properties, accuracy, and appearance of
the metal printed parts. Compulsory post-processing steps include the removal of the loose powder and
the support structures, while heat treatment (thermal annealing) is commonly used to relieve the residual
stresses and improve the mechanical properties of the part. Computer numerical control machining can
be employed for dimensionally crucial features (such as holes or threads). Media blasting, metal plating,
polishing, and micro-machining can improve the surface quality and fatigue strength of a metal printed
part.

Metal 3D printing processes can be used to manufacture complex, bespoke parts with geometries
that traditional manufacturing methods are unable to produce. Metal 3D printed parts can be
topologically optimized to maximize their performance while minimizing their weight and the total
number of components in an assembly. Metal 3D printed parts have excellent physical properties and
the available material range includes difficult-to-process otherwise materials, such as metal superalloys.
However, the material and manufacturing costs connected with metal 3D printing are high, so these
technologies are not suitable for parts that can be easily manufactured with traditional methods. Also,
the build size of the metal 3D printing systems is limited, as precise manufacturing conditions and
process control are required.

Compared to non-metallic printing, the 3D metal printing can be used directly to print MO parts
without applying any metallization process. The SLM 3D printing technology has been widely used in
the fabrication of horn antennas and filters [94-99]. At the same time, some horn antennas and
waveguide-based antennas are fabricated using DMLS 3D printing technology [100-106]. The mainly
difference between these antennas is that the metal alloys, instead of single metal, are used in the DMLS
3D printing technology.

1.3.1.6 Binder Jetting

Binder Jetting can be used to fabricate both metal parts and non-metal parts depending on the
material used. The materials commonly used in Binder Jetting are metals, sand, and ceramics that come
in a granular form. Binder Jetting is used in various applications, including the fabrication of full-color
prototypes, the production of large sand casting cores and molds and the manufacture of low-cost 3D
printed metal parts. These are the main steps in the binder jetting 3D printing process:

1). First, a recoating blade spreads a thin layer of powder over the build platform.

2). Then, a carriage with inkjet nozzles passes over the bed, selectively depositing droplets of a
binding agent (glue) that bond the powder particles together. In full-color Binder Jetting, the colored ink
is also deposited during this step. The size of each drop is approximately 80 um in diameter, so good
resolution can be achieved.

3). When the layer is complete, the build platform moves downwards and the blade re-coats the
surface. The process then repeats until the whole part is complete.

4). After printing, the part is encapsulated in the powder and is left to cure and gain strength. Then
the part is removed from the powder bin and the unbound, excess powder is cleaned via pressurized air.

A key advantage of Binder Jetting over other 3D printing processes is that bonding occurs at room
temperature. This means that dimensional distortions connected to thermal effects (such as warping in
FDM, SLS, SLM or curling in SLA) are not a problem in Binder Jetting.

Moreover, Binder Jetting requires no support structures: the surrounding powder provides to the
part all the necessary support (similar to SLS). This is a key difference between metal Binder Jetting
and other metal 3D printing processes, which usually require extensive use of support structures, and
allows for the creation of freeform metal structures with very few geometric restrictions. Geometric
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inaccuracies in metal Binder Jetting come mainly from the post-processing steps. The manufacturing
capabilities of Binder Jetting are excellent for low to medium batch production.

For the metal Binder Jetting, it is up to 10x more economical than other metal 3D printing processes
(DMSL/SLM). Moreover, the build size of Binder Jetting is considerably large and the produced parts
require no support structures during printing, enabling the creation of complex geometries. This makes
metal Binder Jetting a very appealing technology for low-to-medium metal production. The main
drawback of metal Binder Jetting parts are their mechanical properties, which are not suitable for high-
end applications.

Metal Binder Jetting parts require a secondary process after printing, like infiltration or sintering,
to achieve their good mechanical properties, as the as-printed parts basically consist of metal particles
bound together with a polymer adhesive.

Infiltration: After printing, the part is placed in a furnace, where the binder is burnt out leaving
voids. At this point, the part is approximately 60% porous. Bronze is then used to infiltrate the voids via
capillary action, resulting in parts with low porosity and good strength.

Sintering: After printing is complete, the parts are placed in a high temperature furnace, where the
binder is burnt out and the remaining metal particles are sintered (bonded) together, resulting in parts
with very low porosity.

The post-processing step can also be the source of inaccuracies. For example, during sintering, the
part is heated to a high temperature and becomes softer. In this softer state, unsupported areas might
deform under their own weight. Moreover, as the part shrinks during sintering, there is friction between
the plate of the furnace and the lower surface of the part, which may lead to warping.

Similar to the metal printing, the metal binder jetting can be directly used to print metal parts. It
has been used to fabricate waveguide-based antennas and horn antennas [107-110].

1.3.1.7 Reasons for choosing selective laser meting 3D printing technology

In this subsection, four different AM technologies used for non-metal parts are first introduced.
They can be used to print substrate for some patch antennas or to print some antennas made only of
dielectric materials. Although the 3D printed parts can be metallized using another technology, they are
not suitable for some applications in harsh environment as they are not real MO antennas. The metal
Binder Jetting technology could be a candidate for printing the antennas in this thesis, but the metal
Binder Jetting parts have lower mechanical properties than DMSL/SLM parts, due to their higher
porosity. In addition, only the rough details can be printed with Binder Jetting as the post processing
may cause undesired deformation or warping. Compared with DMSL and SLS technologies, the SLM
technology prints parts by melting the metal powder, rather than sintering, which gives the printed parts
better mechanical properties. Furthermore, the SLM technology is available in our collaborative lab in
Fez. Therefore, the SLM 3D printing technology is adopted to fabricate the antennas in this thesis.

1.3.2 Reflectarray antennas using 3D printing technologies

The 3D printing technologies have been applied to the fabrication of RAs. Two 3D printed linearly
polarized RAs consisting of diclectric cubes with variable height are introduced in [111-112]. Their
principle is similar to the MORA in [59], which is to change the reflection phase by adjusting the
distance between feed antenna and unit cells. The reflection phase is completely controlled by the height
of dielectric cube. After these, two 3D printed circularly polarized RAs are introduced in [113-114]. The
unit cell (see Fig.1.30) in [113] consists of a cross-shaped dielectric block and a metallic ground. The
two dielectric blocks have different width and length, which leads to a phase difference between two
orthogonal components of reflected electric field. The unit cell (see Fig.1.31) in [114] consists of an air-
perforated dielectric stub and a metallic ground. Since it is an asymmetric structure, similar to the unit
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cell in [113], different reflection phases of TE and TM polarizations can be achieved. These two RAs
are synthesized to collimate the linearly polarized incident waves to a CP pencil beam in a desired
direction. A 3D printed dual-band all-dielectric RA (see Fig.1.32) is proposed in [115]. The proposed
dual band RA consists of two dielectric mirrors. The upper-band reflectarray is on the top, which can
reflect and collimate the electromagnetic wave at V-band and allow the K-band electromagnetic wave
to pass. The bottom reflectarray reflects and collimates the K-band wave. The dielectric mirror is formed
by periodically stacking dielectric layers and air layers. At low frequencies, the wavelength is much
longer than the periodicity, the wave propagates through the structure as if the structure was homogenous
with the corresponding effective refractive index. As the frequency increases, multiple partial reflections
from the boundaries (between two materials with different refractive indexes) become important and all
these partially reflected waves interfere with each other and give rise to a significant overall reflection.
As aresults, a dual band RA is designed based on this principle.
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Fig.1.31 Geometry of the unit cell in [114].
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Fig.1.32 Configuration of the dual-band all-dielectric reflectarray in [115].

The aforementioned 3D printed RAs use dielectric materials as the phase shifting cells, while the
metallic materials are used to design phase shifting cells for 3D printed RAs in [55-57, 63]. These RAs
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have been introduced in a previous subsection. The RAs in [56, 57] are fabricated using non-metal 3D
printing technologies and then metallized. To be precise they are not true MORAs, which makes them
not suitable for some applications in harsh environment. Instead, the MORAs in [55, 63] are fabricated
using metal 3D printing technologies and the used material is ALSi10Mg powder.

1.5 Conclusion

First, the concepts of reflector antenna, array antenna, RA and TA were introduced. All of these
are high gain antennas. The reflector has, in theory, an infinite bandwidth but its curved surface is
expensive to fabricate, particularly at higher microwave frequency and for shaped beams. Array antenna
is an alternative approach to achieve a high gain. Although it allows a flexible design to implement the
beam scanning capability, high-cost transmit/receive amplifier modules and the complicated high-loss
beamforming network are unacceptable in some applications. RA is a combination of reflector antenna
and array antenna. It effectively avoids the aforementioned problems of reflector antenna and array
antenna. It has the advantages of high gain, low profile, low cost and easy manufacturing. Also, it is
able to manipulate the main beam, including its shape and direction, like an array antenna. Its bandwidth,
however, is strongly limited by its flat nature. A RA produces a reflected beam while a TA generates a
transmitted one. In addition, TAs can avoid certain limitations associated to RA, such as feed-blockage.

Since the RA consists of many phase-shifting cells, the phase-shifting cell used to design a RA
must be selected carefully. In the second subsection, the different microstrip RAs and MORAs were
introduced respectively. The microstrip RAs were categorized into three groups based on the approaches
they applied to tune the reflection phase, including using the attached time delay line, varying the cell
geometry and rotating the cell. The MORAs in this chapter were classified into three types, including
the MORAs using slot-type cells, the MORAs using waveguide-type cells and the MORAs using
metallic blocks. The principles of these antennas were analyzed in detail. The MORA is preferred in
some specific applications, such as space, as it avoids the use of dielectric material. For the microstrip
RAs, the dielectric materials they use may cause lots of problems. First of all, they may limit the gain
due to the losses they bring, especially at high frequencies. In addition, for RAs that work in harsh
environment, such as space, the use of dielectric substrates is not recommended due to undesired
associated effects, such as outgassing, temperature-dependent dielectric constant and the dielectric
breakdown. In such a situation, the MORA is preferred as it avoids the intrinsic problems brought by
dielectric materials. Also, after comparing different MORAs, the waveguide-type cells show a better
performance than the slot-type cells and the cells using metallic blocks. Therefore, the MORAS using
waveguide type cells are the topic of this thesis.

The combination of both RA and TA functionalities in a single-feed high-gain TRA has been found
of great interest in order to implement bi-directional radiated beams. Since there is only one published
MOTRA made of slot-type cells, this thesis tries to use waveguide-based cells to design MOTRAs.

After studying the different RAs, TRAs and phase-shifting cells, seven different 3D printing
technologies and their application in antennas were introduced in detail. FDM, SLA and MJ 3D printing
technologies are used for non-metal parts, while SLM and DMLS are used for metal parts. In addition,
SLS and Binder Jetting technologies can be used for both metal and non-metal parts. The non-metal 3D
printing technologies can be used directly for the printing of dielectric RAs and indirectly for the printing
of metal RAs (followed by another metallization technology). The metal 3D printing technologies can
be used for the fabrication of MORAs. After some comparisons, SLM technology was chosen to
fabricate the antennas in this thesis.
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Chapter 2 - Analysis and Modeling of
Waveguide-based Phoenix Cell

A waveguide is a structure that guides waves, such as electromagnetic waves or sound, with
minimal loss of energy by restricting the transmission of energy to one direction. The concept of
waveguide was first proposed by J.J. Thomson in 1893 [116]. It was then promoted by Lord Rayleigh
who performed the first mathematical analysis of electromagnetic waves in a metal cylinder [117], and
Sommerfeld who established theoretical analysis on different modes [118]. Rectangular waveguides
were one of the earliest types of transmission lines used to transport microwave signals, and they are
still used for many applications [119].

In this chapter, rectangular waveguides are used to design RA cells and TA cells. They consist of
one or two waveguides. Their principles are analyzed in details and their performances are evaluated by
full wave simulation results. Also, one of them is modelled by an equivalent circuit. At the end, the
resonances in these cells are analyzed.

2.1 Simple cell.

As introduced in chapter 1, the rectangular waveguide has been used as a phase shifting cell [51].
It allows the propagation of the fundamental TEy mode. Unlike the TEM mode in parallel plate
waveguide, there is a limitation of cutoff frequency for the TE o mode in rectangular waveguide. In
order to enable the propagation of the fundamental mode, the width of the rectangular waveguide in [51]
is set to a value that is greater than half wavelength at its central frequency, which may result in grating
lobes. To avoid grating lobes, its width should not be greater than the half wavelength. Another solution
is to introduce a metallic block in the center. The presence of the metallic block in the center decreases
the cut-off frequency of the fundamental TE o and TEo;-like modes in the waveguide surrounding the
metallic block. As shown in Fig.2.1, a cell consists of a square waveguide with a metallic block is
proposed in this section. The external dimension (L) is set to 7.5 mm (A¢/2 at the central frequency we
have set to 20 GHz for this demonstration) to prevent from grating lobes in an array configuration. The
size of the metallic block (L) is varied to control the cell behavior, i.e. to vary the phase of the reflected
wave when it is illuminated by an incident wave. Since the proposed structure (see Fig.2.1) is simpler
than the structure introduced in next section, it is referred to as SC.

a)
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Fig.2.1 The proposed 3D MO SC. a) 3D view. b) Sectional view.
Table 2.1 Detailed parameters of the SC

Parameter L. Wex
Value (mm) 7.5 0.1

The electric field inside the SC is first simulated to analyze the effect of this central metallic block.
Simulation model of the SC is shown in Fig.2.2. In the simulations, all metal parts are considered as
Perfect Electric Conductors (PEC). Floquet ports are used at input and output and the periodic boundary
condition (PBC) is assigned on the lateral faces to mimic a cell in a periodic infinite environment. The
SC is simulated using HFSS® under normal incidence. Here, 4 is fixed at 10 mm for these simulations.
Fig.2.3 shows the complex magnitude of electric field in the XZ plane at 16 GHz for different values of
L,. Note that the 3D SC is designed so that the cutoff frequency of the empty waveguide (i.e. without
any metallic block) is 20.54GHz which is a bit higher than 20GHz due to the wall thickness. Then, the
observation of the electric field at a lower frequency (16GHz here) gives some insights on the effect of
L, on this cutoff frequency. It can be seen from Fig.2.3 that the amplitude of the electric field inside the
waveguide is almost zero for the lower value of L, and it then gradually increases with L,. Initially, the
incident wave does not penetrate into the waveguide because it is under cutoff. Then, the increase in the
amplitude of electric field means the incident wave can propagate better in the waveguide. In other
words, the presence of metallic block can reduce the cutoff frequency of the waveguide surrounding it.

Note that the SC can be equivalent to a coaxial transmission line that supports the TEM mode.
However, the propagation of the TEM mode in the SC is only allowed under oblique incidence, which
will be explained later. The SC supports only the TE o mode under normal incidence.
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Fig.2.2 Simulation model of the SC. a) Sectional view. b) Top view.
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Fig.2.3 The complex magnitude of electric field (XZ plane, middle of the waveguide, normal incidence, y-polarization,
f~=16GHz, =10 mm). a) L,=0. b) L,=2 mm. c¢) L,=4 mm.

To better analyze its principle, the characteristics of the waveguide in the SC are simulated. The
waveguide is composed of two conductors (inner wall and external wall) as shown in Fig.2.4a. It cannot
be recognized as a waveguide by HFSS because a metallic waveguide in HFSS should have one and
only one conductor. Fortunately, the existence of a vertical symmetry axis at the center of the waveguide
for the fundamental mode (here assuming horizontal polarization) enables to connect both inner and
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external conductors (as shown in Fig.2.4b). Consequently, as shown in Fig.2.4, the initial O-shape
configuration (see Fig. 2.4a) can finally be transformed to H-shape (Fig. 2.4¢), which is equivalent but
composed of only one conductor. The precise simulation configuration that is used for the waveguide is
shown in Fig.2.5. It is simulated by applying two wave ports at the two ends of the waveguide. Here,
the length of the waveguide is 100 mm (6.67 wavelengths at 20GHz). The characteristic impedance
(Z¢_ex), the propagation constant (f5.,) and the cutoff frequency of the waveguide are summarized in
Fig.2.6. Also, the wave impedance of free space (Zo) is added to Fig.2.6 to make the analysis in the
following subsections easier. Note that index ex is used only for uniformity with the following sections
where this waveguide will be called the “external” one. Since the waveguide operates in propagative
mode at 20GHz and there is no loss of material, the imaginary part of the characteristic impedance and
the real part of the propagation constant are equal to 0. It can be seen that increasing the size of the
metallic block reduces the cutoff frequency and the characteristic impedance (real part) of the waveguide
and increases its propagation constant (imaginary part).

Also, it can be seen that the waveguide in the SC always operates in the propagative mode when
the value of L, is greater than 1 mm.
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e
E
\:\
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Fig.2.4 Top view of the 3D SC. a) The whole cell. b) Two symmetrical parts. ¢) H-shape.
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Fig.2.5 Simulation model of the waveguide in the SC. a) Top view. b) 3D view.
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Fig.2.6 Characteristics of the waveguide in the SC at 20GHz. a) Propagation constant and characteristic impedance. b) Cutoff
frequency.

As we will see, the cell can work as a TA or RA cell depending on the termination that is used at
bottom end. In the RA configuration, a short-circuit termination is used and the incident wave at port 1
is totally reflected. In the TA configuration, an open-ended termination is used instead and most of the
incident wave is transmitted through the cell.

2.1.1 Simple cell with short-ended waveguide

The simple cell with short-ended waveguide (SCSW) is shown in Fig.2.7. The presence of the
short-circuit termination enables the control of the reflected wave. More precisely, when an incident
electromagnetic wave impinges on top end, it is partly reflected at the entrance and partly transmitted
into the waveguide. The transmitted wave is then reflected by the short-circuit and it returns back to the
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top end, where it is radiated in the backward direction (half space above the top end). Note that multiple
reflections may occur at both ends due to imperfect matching. In addition, the SCSW can deal with both
x- and y-polarized incident waves.

The simulated reflection coefficient at the input of the SCSW at 20GHz is shown in Fig.2.8a. As a
comparison, the theoretical approximation of this reflection coefficient using simple transmission line
theory is given by:

2 —1)e—2iBexh [o—e~2JBexh
ssewtn — g e e ol Tee 7 @.1)
1-T,,e 2jBexh 1-T,.e 2jBexh
where I, expresses the mismatch between the waveguide and free space:
Ze ox—7Z
I, =220 (2.2)

ZC_€X+ZO

Note that (2.2) is only an approximation as discontinuity effects, which will be explained in section
2.3, also arise at the entrance. Fig.2.8b plots this theoretical reflection coefficient where the variations
of both Z ., and B, versus L, are taken into account (from Fig.2.6, using full-wave simulations of the
waveguide in the SC). The agreement between the theoretical and the full-wave simulations of the whole
SCSW itself'is quite good, in spite of the approximations in the theoretical model. This suggests equation
(2.1) can basically represent the SCSW, at least qualitatively.

It can be seen from Fig.2.8 that the phase range is less than 255° for each fixed 4. The complete
phase range can be achieved only by varying both 4 and L, simultaneously. In addition, Fig.2.8 shows a
‘white curve’ that is very close to the case where ., h is equal to m/2. Actually, it is a resonant
phenomenon and the corresponding reflection coefficient can be given by:

| .= Tyt —
ﬁexh:E 14Ty

§oLsWth (2.3)

In this case, the reflection coefficient is a real number and the ‘white curve’ thus corresponds to a
reflection phase of 0° (see Fig.2.8).
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Fig.2.7 Sectional view of the SCSW
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Fig.2.8 Phase of reflection coefficient at 20GHz (normal incidence). a) Full wave simulation results. b) Theoretical model.

2.1.2 Simple cell with open-ended waveguide

The simple cell with open-ended waveguide (SCOW) is shown in Fig.2.9. Compared to the SCSW,
there are two differences. Firstly, the short-circuit termination at the bottom of the cell is replaced by an
open-ended one in order to let the transmitted wave within the waveguide be radiated through the bottom
end. Secondly, since the short-circuit termination has been removed, a transverse metallic wall is added
at the middle of the cell to hold all metallic parts together. Therefore, contrarily to the SCSW, the SCOW
can only be used for x-polar (see Fig.2.9).

Apart from these differences, the principle of the cell is comparable to that of the SCSW. When an
incident electromagnetic wave impinges on the top end, both transmitted and reflected waves are
produced. Now, the transmitted wave is radiated at the bottom end in the forward direction (half space
beyond the cell). As previously, multiple reflections may occur, making the overall process more
complex. The simulated S-parameters of the SCOW at 20GHz are shown in Fig.2.10. It exhibits regions
with very low reflection or transmission (dark blue lines). They are associated with phase jumps, as can
be seen in Fig. 2.10a. In order to have a deeper insight into these resonant phenomena, multiple
reflections have to be considered. Similarly to the SCSW, the theoretical approximations of the S-
parameters of the SCOW are given by:

scow th _ (1-T%)e JPexh
521 - 1-r2.e~2iBexh (24)

SCOW_th _ Tex(1—e~2JPexh)
Sll - 1-r2.e~2iBexh (25)

Fig.2.11 plots the theoretical S-parameters where the variations of both Z,. , and S, versus L, are
taken into account. The agreement with Fig. 2.10 (full-wave simulations of the whole cell itself) is quite

good, in spite of the approximations in the theoretical model. This suggests equations (2.4) and (2.5)
provides a comprehensive means to analyze the cell, at least qualitatively.

The top curve (dark blue line) in Fig.2.11c¢ is obtained for L, equal to 2.7 mm. It can be seen from
Fig.2.6 that this value corresponds to the case where the characteristic impedance of the waveguide is
equal to Zy, leading to a perfect matching and a total transmission. Now, the bottom curve in Fig.2.11¢c
involves L, values ranging from 4 mm to 7 mm and % values ranging from 8 mm to 10 mm. For such
values of L,, the characteristic impedance of the waveguide varies from 7.10 Q to 157.86 Q, which
corresponds to a quite large magnitude of /... Then, a Fabry-Perot resonance occurs as soon as B,/ is
equal to 7. As a result, |S»i1| gets close to 1, meaning |S11] is minimal.
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Next the performance of the SCOW as a TA cell is analyzed. It can be seen from Fig.2.10d that the
losses are significantly increased when the value of L, is very high. This can be explained by the low
characteristic impedance of the waveguide (see Fig.2.6). In this case, most of the incident wave is
directly reflected back at the top end of the cell. However, the achieved phase range (about 200°, phase
vs h) is significantly increased due to the high f,,. In addition, it can be seen from Fig.2.10c and
Fig.2.10d that the SCSW provides both high phase range (290°) and high transmission magnitude when
h is close to the resonant transmission (£>8 mm). The high phase range is due to the large 4.

For a planar TA, the % of all the cells must be identical. Obviously, in this case, the SCOW cannot
provide a complete phase range for each given 4.
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Fig.2.9 3D view of the SCOW
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Fig.2.10 Simulated S parameters of the SCOW at 20GHz (x-polarization, normal incidence). a) Phase (S1:). b) Phase (S2/). ¢)
Mag (S11). d) Mag (S2)).
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Fig.2.11 Theoretical S parameters of the SCOW at 20GHz. a) Phase (S1:). b) Phase (Sz1). ¢) Mag (S11). d) Mag (S21).

2.1.3 Conclusion

In this section, the SC with a waveguide and a metallic block is introduced. The distribution of the
complex magnitude of the electric field inside the SC is simulated to illustrate the effects of the metallic
block. The SC operates as a TA cell or a RA cell depending on the termination at the bottom end. The
SCSW enables to control the reflection phase while the SCOW allows to manipulate both the reflection
phase and the transmission phase. Their simulated characteristics can be approximated by theoretical S-
parameters of the waveguide. In addition, the resonances in the SCOW are analyzed using theoretical
S-parameters. For both SCSW and SCOW, however, the achieved phase ranges are not sufficient, which
drives us to design new cells.

2.2 Phoenix cell

The SC consisting of a waveguide and a metallic block was introduced in the previous section. The
characteristics of the SC are mainly affected by its length (%) and by the size of the metallic block (L)
in the center. As L, increases, however, the weight of the SC increases significantly due to the large
metallic block. It significantly increases the cost of fabrication. More importantly, the achieved phase
ranges of the SC are not sufficient.
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In this section, a 3D PC, as shown in Fig.2.12, is proposed. The detailed parameters of the PC are
summarized in Table 2.2. The difference with the SC is that the PC replaces the variable metallic block
with a variable waveguide and a fixed metallic block. Note that the size of the variable waveguide in
this section and the size of the variable metallic block in the previous section use the same index . The
waveguide between L. and L, is referred to as external waveguide which is equivalent to the waveguide
in the SC. Meantime, the waveguide between L, and L, is referred to as inner waveguide. The
introduction of the inner waveguide can increase the phase ranges of the SC, which will be verified later.
Note that the characteristics of the external waveguide in the PC are exactly the same as the waveguide
in the SC (see Fig.2.6).

The size of the inner waveguide (L;) is varied to control the behavior of the PC. The variation cycle
is shown in Fig.2.13. At the initial stage (see Fig.2.13), the size of the inner waveguide is equal to the
size of the central metallic block (which means there is no more inner waveguide). The inner waveguide
then appears as L; increases. At the final stage, the size of inner waveguide is equal to the size of external
waveguide and the inner waveguide disappears again. The cell thus comes back to its initial geometry.

The characteristics of the inner waveguide are summarized in Fig.2.14. It is simulated using the
similar model shown in Fig.2.5. L, provides a possible additional degree of freedom for tuning. In this
section, it is set to 1 mm and, at 20GHz, the inner waveguide is under cut-off all over the cycle (see
Fig.2.14).

Similarly to the SC, the PC works as a TA or RA cell depending on the termination that is used at
the bottom end. One obvious advantage of the PC is that the sharp geometrical variation over the RA
aperture might be reduced owing to its rebirth ability.

Fig.2.12 The proposed 3D PC.
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Fig.2.13 The variation mechanism of the 3D PC (the top view)
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Table 2.2 Detailed parameters of the 3D MO PC

Parameter L. L, L, Win Wex
Value 7.5 1-7.5 1 0.2 0.1
(mm) (step=0.1)
L6 1.5 v T T T 2500
24 L s
E
g 21.2 = 1 =
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& 1500 £
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Fig.2.14 Characteristics of the inner waveguide. a) Cutoff frequency. b) Imaginary characteristic impedance (Zc_in=jXc in) and
attenuation constant (ain) at 20GHz.

2.2.1 Phoenix cell using short-ended waveguides

The phoenix cell using short-ended waveguide (PCSW) is shown in Fig.2.15. Similarly to the
SCSW, the PCSW is able to control the reflection phase owing to the presence of the short circuit
termination below the cell.

Before we analyze the actual capabilities of this cell, we would like to compare it with the
alternative MO PC cell that has been proposed in [6] and that involves a slot-based configuration. Indeed,
this slot-based configuration requires a connecting strip to attach all its metallic parts together since,
compared to the original PC in [2], the dielectric layer has been removed and there is no physical support
anymore. As a consequence, the PC in [6] loses its 90° rotational invariance and subsequently its
capability to deal with dual linear polarization. For our PCSW, the metal rings are replaced by square
waveguides. Since these waveguides are supported by the ground plane itself, such connecting elements
are not needed and the PCSW recovers the 90° rotational invariance. Therefore, it is a dual-linearly
polarized RA cell.

Now, we will have a detailed insight on the cell performance. The simulated reflection phase of the
PCSW is shown in Fig.2.16. It can be seen that the complete 360° phase-range (phase vs L,) can easily
be achieved when £ is greater than 4 mm. As shown in Fig.2.8a, the achieved phase range (phase vs L;)
of the SCSW is less than 255° for each given 4. Obviously the achieved phase range (phase vs L,) of the
PCSW is significantly increased due the introduction of the inner waveguide.

It can be clearly deduced that a small value of 4 reduces the propagation distance of the guided
wave in the external waveguide. In this case, the reflection phase is mainly affected by the variation of
characteristic impedances of the waveguides when L, is changed. The complete 360° phase-range thus
cannot be achieved when /# is less than 4 mm (see Fig.2.16). For the cases where L, is very small or very
large, most of the incident wave is reflected back due the imperfect matching at the top end. In this case,
the reflection phase is hardly affected by / (see Fig.2.16).
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Fig.2.15 Sectional view of the PCSW
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Fig.2.16 Reflection phase of the PCSW at 20GHz

2.2.2 Phoenix cell using open-ended waveguides

The phoenix cell using open-ended waveguide (PCOW) is shown in Fig.2.17. Contrarily to the
PCSW that is dual-polarized, the PCOW only enables x-polarization. Compared to the SCOW, the only
difference is that an additional waveguide, the inner waveguide, is introduced. Then, if the length of the
cell is not long enough, some power can couple reactively from the top end to the bottom end through
the inner waveguide. Apart from these differences, the principle of the cell is comparable to that of the
SCOW. Since the inner waveguide always operates under the cutoff mode, the theoretical S-parameters
of the SCOW (equation (2.4-2.5)) can also be used to analyze the PCOW.

The PCOW is simulated to better illustrate its operation principle. It is illuminated under normal
incidence by a x-polarized wave. The height (%) is set to 10 mm. Fig.2.18 shows the simulated S-
parameters at 20 GHz. For values of L, lower than 2 mm, the magnitude of S; is quite small. This is
explained by the high characteristic impedance of the external waveguide, as shown in Fig.2.6. Since
most of the incident wave is reflected back, the cell can operate as a RA cell. With the increase of L,,
the characteristic impedance of external waveguide decreases and approaches that of free space, Zy (see
again in Fig.2.6). Thus, the incident wave is now coupled to the external waveguide. In this case, |S,4|
gets close to 1 and the PCOW can operate as a TA cell. For L, larger than 4.5 mm, the characteristic
impedance of external waveguide decreases further (see Fig.2.6), the external waveguide is mismatched
and the PCOW can operate as a RA cell again. These results suggest that a TRA could be designed based
on sparse-array theory where some cells are used to control the reflected beam and the other ones are
used to control the transmitted beam.
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Fig.2.17 3D view of the PCOW.
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Fig.2.18 Magnitude of S-parameters of the PCOW (4=10 mm, /=20GHz, x-polarized incidence).

In order to have a more global view, both / and L, are now varied. The simulated S-parameters of
the PCOW at 20 GHz are shown in Fig.2.19. On the one hand, it appears that the region where the cell
can best be used for reflection is when 4<L,<7 mm with #<§ mm (left bottom region of plot 2.19¢c, where
|S77] is close to 1). In this region, the characteristic impedance of the external waveguide is far from Z;
(see Fig.2.6) and most of the incident wave is reflected back directly at the top end of the cell.
Unfortunately, a direct consequence of this mechanism is that the range of achievable reflected phase is
quite reduced since the incident wave does not penetrate into the cell. On the other hand, the appropriate
region for transmission is either when L,<4 mm or, best, when #>8.6 mm. The latter case not only
provides a magnitude of |S2;| close to 1 but also a full 360° range for the transmitted phase. Compared
to the maximum achieved phase range of SCOW (290°, phase vs 4, see Fig.2.10b), the phase ranges of
the PCOW are significantly increased.

Fig 2.19c and d also exhibit dark blue lines. The two dark blue curves in Fig 2.19c has been
explained using the theoretical S-parameters in the previous section. Now, the dark blue line in Fig.
2.19d is analyzed, which corresponds to a minimum of transmission. Its equivalent in Fig. 2.11d is not
a straight line but still a region of low transmission. It is essential to highlight that Fig. 2.11d agreed
well with Fig. 2.10d but the agreement with Fig. 2.19d is not so good. This suggests a strong effect of
the inner waveguide here. Once again, the imperfect agreement is due to the used approximations in the
theoretical model. Indeed, in this case, the value of L; is close to that of L., which means the cut-off
frequency of the inner waveguide is not far from the operating frequency and its effect is not negligible
any longer. However, equation (2.2) suggests this low-transmission region is associated to a value of
I, such that 77%,,~1, which is consistent with the low values of Z¢ in this range of L.

Finally, it is worth pointing out that the interesting region for transmission (#>8.6 mm) is quite well
predicted in Fig. 2.19d. As already mentioned, it is related to the Fabry-Perot resonance (bottom dark
blue curve in Fig. 2.19¢, which highlights the importance of this phenomenon in the achievement of a
full 360° range for transmitted phase.
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Fig.2.19 Simulated S-parameters of the PCOW at 20 GHz. a) Phase (S1;) (deg). b) Phase (S2) (deg). c) Mag (S1:) (dB). d)
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2.2.3 Conclusion

In this section, a 3D PC with the rebirth ability is proposed. It has two different operation modes.
The PCSW is a dual-linearly polarized RA cell while the PCOW is a single-linearly polarized cell which
can be used to design a TRA. Compared to the SC, the phase ranges of the PC are significantly increased
due to the introduction of an additional waveguide. The ‘dark blue lines’ of the PCOW can be well
explained using the theoretical S-parameters.

2.3 Equivalent circuit of the 3D phoenix cell

In previous sections, it is shown that there is a difference between the simulated S-parameters and
the theoretical S-parameters due to the discontinuity effects at the top and bottom ends of the cell. In
order to have a comprehensive understanding of the 3D PC, an equivalent circuit is proposed. As
introduced before, there are two different modes for the 3D PC. In this section, the equivalent circuit is
derived for the PCSW only as an illustration. The derivation could easily be extended to the PCOW, but
this has not been done for time reasons. The derivation is also done at a single frequency (20GHz).

As the PCSW consists of two waveguides, its input admittance mainly depends on their input
admittances. In addition, three shunt admittances are used at the entrance of both waveguides to model
the discontinuity effects. As a result, the equivalent circuit can be represented as shown in Fig.2.20. The
corresponding input admittance is given by:

1
Yinput = Ydisc_O + T N T (2~6)

|
YintYgiscin Yex+Ydisc_ex
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where Yisc in, Yaise ex and Yaisc o are three discontinuity admittances which characterize the reactive
excitation of all higher order modes, including higher order modes in the waveguide and Floquet
harmonics, and the coupling between them. Note that the two waveguides are connected in series.

Yo
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: D
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Fig.2.20 Equivalent circuit of the PCSW
2.3.1 Derivation process

In this subsection, the different elements in the equivalent circuit are derived. The derivation has
to be repeated for each value of L,. Once the equivalent elements for a given L, have been derived, the
response of the cell for any value of 4 can be obtained without any additional full-wave simulation.

The derivation process itself requires only three full-wave simulations corresponding to three
different values of 4; (i=1 to 3). Each full-wave simulation yields a given value of Yiupw, called Yigpu i.
Y i and Y. ; can be calculated analytically for each value of 4;, using simple transmission line theory
and the simulated characteristics of two waveguides (see Fig.2.6 and Fig.2.14).

Then Yiyu i can be expressed from Y, i, Yex iy Yaisc 0, Yaise in aNd Yaise ox using (2.5). We thus obtain
a system of three equations with three unknowns (Yaisc 0, Yaisc in and Yaise ex):

1

Yinputl = Yaisc o + T . T (2.7)
Yin1tYdisc.iin Yex +Ydisc_ex
1
Yinputz = Ydisc_o + 1 - T (2~8)
Yina+tYdiscin Yex2+Ydisc_ex
1
Yinpu = Ydisc_o + 1 - T (2-9)

}
Yin tYdiscin Yex3*+Ydisc_ex

We can first address the specific case where L, <1.4 mm or L, >7.3 mm. In these cases, one of the
two waveguides disappear completely. Then, there will be only one discontinuity admittance
(corresponding to either Yaisc 0/ Yaisc in O Yaise 0 Yaise ex) in the equivalent circuit. As a consequence, a
single equality is enough to derive the discontinuity. It is given by:

Ydisc_O = Yinput —Yim (2~10)

or:
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Ydisc_o = Yinputl — Yex1 (2.11)

In the general case, we have to consider all three discontinuity-admittances. Obviously, equations
(2.7-2.9) are nonlinear equations, which makes the resolution a bit tricky. A judicious choice of some
of the values of /4; can facilitate the process. For example, if:

Ry = Aoy (2.12)
the associated value of Y., is infinite and:
Yinput1 = Yaisc o + Yin1 + Yaisc in (2.13)
Substituting equation (2.13) into equation (2.8) and equation (2.9), gives:

(Yinputz - Yinputl + Yinl)(yinz + Yexz) - Yinz Yexz + (Yinp - Yinputl + Yinl + YinZ)Ydisc_in +

deisc_in = (Yinputl - Yinputz - Yinl + YinZ)Ydisc_ex (2-14)
(Yinput3 - Yinputl + Yinl)(yin3 + Yex3) - Yin3 Yex3 + (Yinput3 - Yinputl + Yinl + Yin3)Ydisc_in +
deisc_in = (Yinputl - Yinput3 - Yinl + Yin3)Ydisc_ex (2-15)

In the end, there remains only two unknowns in equation (2.14-15). Therefore, Yuisc in and Yaisc ex
can be obtained by solving these equations. In addition, the equations (2.14-15) are quadratic equations
of Yaie m. As a results, we can get two different sets of solutions for Yyisc i and Y er. In the following,
we will call them analytical solution 1 and analytical solution 2. Analytical solution 1 corresponds to
the + signs in equations (2.16-2.17) while analytical solution 2 correspond to the — signs.

Yinputz=Yinput1*Yin1tYinz  Yinpurs—Yinpu *Yin1tYin

_ Yinputl_yinputz_Yin1+YL'n2 Yinput _Yinpu “Yin1tYin +

Ydisc_in - ( 1 1 )
2

Yinput ~Yinput ~Yin1+tYinz Yinpu ~Yinputz~Yin +Yin3

2
Yinpu ~Yinput1+Yin1+Yinz Yinpu —Vinput1+Yini+¥in | _
Yinputl_Yinp “Yin *Yin Yinputl_Yinput3_Yin1+YL'n3

1 1
<Yinput1_yinpu “Yin1tYinz Yinpu _Yinput3_yin1+yin>

<(Yinpu _Yinput1+yin1)(yin2+Yex2)_yin Yex (Yinput ~Yinpu +Yin1)(yin3+yex )=Yin3Yex )
Y -Y

inpu inpu “Yin1tYin Yinputl_yinput3 ~Yin *Yin3

(2.16)

1 1
2
<Yinpu _Yinputz_yin +Yin Yinputl_yinput3_Yin1+Yin3)

2
_ (Yinpu _Yinput1+Yin1)(Yin +Yex2)_Yin2Yex +(Yinput2_yinpu +Yin +Yin2)Ydisc,in+Ydisc_in

YdiSC'ex - (Yinpu _Yinputz_yin +Yin )
(2.17)
After solving the Yaisc in, Yaise 0 can be solved from equation (2.13):
Ydisc_O = Yinpu =Y — Ydisc_in (2~18)

2.3.2 Vertification of the equivalent circuit

The derivation process was presented in the previous subsection. It is now applied for L, in the
range from 1 to 7 mm with a step of 1 mm, which means it is repeated 7 times. For the case where L,
equals to Imm, equation (2.11) is used to derive the equivalent circuit. The selected 4 is 5.5mm, which
is a medium value. For other values of L,, equations (2.16-18) are used. As already said, /4, is chosen as
the wavelength in the external waveguide. The two other heights should be selected far away from
integer multiples of half this wavelength in order to obtain a system with independent equations. In this
section, three different combinations of heights, as summarized in table 2.3, are used to derive the
equivalent circuits so that the reliability of the proposed equivalent circuit can be verified.
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Table 2.3 Heights used to derive the equivalent circuit

hi (mm) h2 (mm) h3 (mm)
L 2mm 3mm 4mm Smm 6mm 7mm - -
Combination 1 32.99 24.51 21.13 19.38 18.30 17.62 4 6
Combination 2 7.5 4
Combination 3 7 6

The reflection phases produced by the equivalent circuits for the three different combinations and
for the two analytical solutions are shown in Fig.2.21 when # is varied. They are compared to the ones
given by full wave simulations. It can be seen that the agreement between the full wave simulations and
the equivalent circuits is quite good, which demonstrates the reliability of the proposed equivalent
circuits. The phase errors between equivalent circuit and full wave simulation results for most cases (L,
h) are less than 10 degrees. These results demonstrate that the proposed equivalent circuit can be used
to predict the reflection phase of the PCSW.

In addition, the obtained values for the discontinuity admittances are summarized in table 2.4. It
can be seen that analytical solution 2 for combination 1, analytical solution 1 for combination 2 and
analytical solution 1 for combination 3 are very close. Similarly, analytical solution 1 for combination
1, analytical solution 2 for combination 2 and analytical solution 2 for combination 3 are very close.
These results demonstrate that the two analytical solutions in equation (2.16-2.18) may lead to same
solutions. In other words, both solutions are acceptable.

Table 2.4 Discontinuity admittances

Ly (mm)
2 3 4 5 6 7
Yaise 0 Combination Analytical -0.0043i -0.0015i -0.0002i 0.0003i 0 0.0020i
1 Solution 1
Analytical -0.0419 -0.0532i -0.0423i -0.0268i -0.0150i -0.0097i
Solution 2
Combination Analytical -0.0421i -0.0528i -0.0419i -0.0263i -0.0145i -0.0102i
2 Solution 1
Analytical -0.0041i -0.0016i -0.0003i 0.0001i -0.0003i 0.0029i
Solution 2
Combination Analytical -0.0424i -0.0522i -0.0416i -0.0262i -0.0141i -0.0094i
3 Solution 1
Analytical -0.0037i -0.0019i -0.0003i 0.0002i 0.00051 0.0023i
Solution 2
Yaisc_in Combination Analytical 0.0168i -0.0154i -0.0154i -0.0100i -0.0053i1 -0.0044i
1 Solution 1
Analytical 0.0543i 0.0363i 0.0267i 0.0171i 0.0097i 0.0072i
Solution 2
Combination Analytical 0.0545i1 0.03591 0.0263i 0.0166 0.0092i 0.0078i
2 Solution 1
Analytical 0.0165i -0.0153i -0.0153i -0.0098 -0.0050i -0.0053i
Solution 2
Combination Analytical 0.0548i 0.0353i 0.0260i 0.0164i 0.0088i 0.0070i
3 Solution 1
Analytical 0.0161i -0.0150i -0.0154i -0.0099i -0.0047i -0.0047i
Solution 2
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Yaisc ex | Combination | Analytical 0.0030i 0.00111 | 0.0010i | 0.0023i | 0.0054i 0.0068i
1 Solution 1
Analytical -0.03491 -0.0518i -0.0424i -0.0253i1 -0.00901 -0.00061
Solution 2
Combination Analytical -0.03561 -0.05061 -0.0412i -0.02371 -0.00751 -0.00461
2 Solution 1
Analytical 0.0027 0.0012i 0.0010i 0.0025i1 0.0057i 0.0017i
Solution 2
Combination Analytical -0.0363i1 -0.04891 -0.04041 -0.0241i -0.01101 -0.0078i
3 Solution 1
Analytical 0.00241 0.00141 0.00101 0.00231 0.00301 0.01641
Solution 2
200 ; ; ; T 200 T T T T
_ ——full wave simulation L _ ——full wave simulation
L =1mm analytical solution 1 L, Slinind analytical solution 1
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Fig.2.21 Reflection phase. a) Combination 1. b) Combination 2. ¢) Combination 3.

2.3.3 Conclusion

In this section, an equivalent circuit considering the discontinuity effects is proposed. Different
elements in the equivalent circuit are derived respectively. The reflection phases of the derived
equivalent circuits are compared with the full wave simulation results. It shows that the proposed
equivalent circuit can be used to predict the reflection phase. Also, the reliability of the proposed

equivalent circuit is verified.

2.4 Resonances analysis

In previous simulations, the material of the unit cells is PEC, which neglects the losses caused by
real materials. In this section, the SCSW (see Fig.2.7) is simulated again to analyze the effect of a real
metal on the losses of the waveguide-based cells. Stainless steel with a conductivity of 1.33x10°S/m is
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chosen as it will be the used metal for breadboards in future chapters. A single waveguide is analyzed
first and then the SCSW is analyzed.

2.4.1 Waveguide with losses

The waveguide defining the SCSW is simulated using the same set-up as the one shown in Fig.2.5.
The only difference is that the metal walls are now made of stainless steel with a thickness of 0.2 mm.
The simulated characteristics of the waveguide are shown in Fig.2.22. a and S,, are the real part and
imaginary part of the propagation constant respectively. Obviously, the losses get high when L, gets
close to L. (meaning the gap between metal walls is small).
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Sk imaginary part |
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E )
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& i 500 |
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a) b)

Fig.2.22 Characteristics of the waveguide at 20GHz. a) Propagation constant. b) Characteristic impedance.
2.4.2 Unit cell with losses

Now the SCSW with a realistic material is simulated. Its reflection coefficients are summarized in
Fig.2.23. It can be seen that the resonances (‘white curve’ in Fig.2.23a) may increase the losses of the
SCSW. The theoretical reflection coefficient of the SCSW after considering the realistic material is
shown in Fig.2.24. It can be seen that the agreement between Fig.2.23 and Fig.2.24 is quite good, which
further verifies that the cells with high losses are caused by the resonances. However, the losses are not
so large except for the case where L, is close to L.

0

h (mm)
a) b)
Fig.2.23 Simulated reflection coefficient of the SCSW at 20GHz (real metal, normal incidence). a) Phase. b) Mag.
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Fig.2.24 The theoretical S parameter of the SCSW at 20GHz (real metal). a) Phase (S1;). b) Mag (S11).

2.4.3 Conclusion

In this section, the characteristics of the waveguide after considering the real material is first
evaluated. It shows that the real material leads to an attenuation of the magnitude of the wave
propagating in the waveguide, when L, is close to L.. In this situation, a prohibitive loss can be observed
when the cell is resonant.

2.5 Conclusion

This chapter provides a detailed analysis of waveguide-based cells. The SC and the PC are first
introduced. The SC consists of a rectangular waveguide and a metallic block while the PC consists of
two concentric rectangular waveguides and a metallic block. Both of them operate as a TA cell or a RA
cell depending on the termination at the bottom end. Their performances are verified by full wave
simulation results. Also, their principles are analyzed using theoretical S-parameters. It shows that there
is a difference between the theoretical S-parameters and the simulated S-parameters caused by the
discontinuity effects. To fully understand the waveguide-based cells, an equivalent circuit is derived for
the PCSW where the discontinuity effects are considered. Results show that the proposed equivalent
circuit can be used to predict the reflection phase of the PCSW. Finally, the SCSW with a realistic
material is studied using theoretical S-parameters. Simulations show that loss is not a major issue, even
for resonant cells, except in extreme configurations (L, close to L.).
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Chapter 3 Dual Band Antenna made of
Simple Cells

3.1 Introduction

In some specific applications, RAs are required to operate in two different frequency bands. The
dual band RAs are often achieved using microstrip phase-shifting cells [120-132], where the reflection
phases at both bands are tuned either by varying the geometry or using the variable rotation technique.
In [115], an all-dielectric dual band RA is proposed where two different dielectric mirrors are used to
control the reflection phase of the two frequency bands respectively. For all previously mentioned dual
band RAs, a dielectric material is used, which makes these solutions not suitable for some applications
in severe environment, such as space. In such a situation, as described in Chapter 1, a MORA is
preferable as it avoids the intrinsic problems brought by the dielectric materials such as outgassing and
temperature-dependent dielectric constant. A dual band MORA consisting of slot-type PC is thus
proposed in [133]. This dual band MORA is synthesized by optimizing the total phase error at two
frequency bands simultaneously. A dual band CP MORA is proposed in [63]. It consists of an
anisotropic metal brick mounted on a full metal ground (see Fig.1.27). The reflection phases at both
frequency bands are controlled by both rotating the cell and moving the cell up.

Nevertheless, for all these dual band RAs, the main beams of both frequency bands are completely
determined by the phase distributions over the RA cells. At the same time, they are flat structures (or
almost flat structures). Instead, this chapter proposes a dual band MO antenna which combines a
parabolic reflector and a RA. For the sake of simplicity, it is referred to as reflector reflectarray antenna
(RRA) in this thesis. Nowadays the fabrication of such structures is possible thanks to the development
of 3D printing technology. The dual band MORRA is fabricated using the SLM 3D printing technology
which has been introduced in Chapter 1.

Although a reflector antenna with a similar principle has been reported in [134], the proposed
MORRA in this thesis is quite different. First, the used phase-shifting cell is different. In [134], the
reflection phase at higher frequency is tuned only by a short-ended rectangular waveguide. Therefore
the periodicity (after taking into account the cutoff frequency of the TEio mode) has to be greater than
half a wavelength at higher frequency, which may result in grating lobes. Next, the waveguides in [134]
are integrated into the curved surface of reflector and the waveguide open-ended apertures are closely
tangent to the reflector surface. In this case, the metallic walls of the waveguides may not be parallel to
the vertical direction, which is not compatible with a simple AM process. The cell apertures in this PhD,
however, are perpendicular to the vertical direction. In other words, the antenna in this PhD is more like
a RA and more compatible with a simple AM process. Finally, the antenna in [134] has not been
validated by fabrication and measurements.

In this chapter, the concept of dual band antenna is proposed first. The performances of the unit
cell under normal incidence and oblique incidence are evaluated and analyzed. Then the proposed dual
band antenna is synthesized. After this, three optimized designs are studied. Finally, a dual band antenna
is selected to be fabricated and measured.

3.2 Proposed concept of dual band antenna

The principle of the dual band MORRA is shown in Fig.3.1. The proposed dual band RRA consists
of short-ended metallic waveguides. The waveguides are accommodated in such a way that their top
surface approximately forms a paraboloid. If the frequency of the incident wave from the feed antenna
is less than the cutoff frequency of these waveguides, the incident wave will be reflected back directly
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at the entrance of each waveguide. In this case, the incident wave is collimated only by the shape of the
aperture and the operating mechanism is the same as the one of a parabolic reflector. It involves a true-
time delay mechanism, which means it has no bandwidth limitation. If the frequency of the incident
wave is greater than the cutoff frequency of the waveguides, the incident wave propagates inside and an
additional phase shift is obtained whose value depends on the length of each waveguide. As a result, a
dual band MORRA can be designed. Once the shape of the aperture is determined in the lower frequency
band, the reflected beam in the upper frequency band is obtained thanks to the phase distribution
produced by the unit cells of the RRA. Note that the directions of the main beams can be different in
both frequency bands. Based on the principle of the proposed dual band MORRA, a very large frequency
ratio between both bands can be achieved. As an example, a dual band MORRA operating at 20/40GHz
is designed in this chapter.

main beam main beam Z
at 40GHz at 20GHz

upper frequency
lower frequency

."‘.“ /
\ Ji
/
/
/

afocal point

t
1

antenna aperture

Fig.3.1 The principle and configuration of proposed dual band MORRA.

(The given angles are the ones used in the designed dual band antenna before optimization)

3.3 Analysis of the unit cell

3.3.1 Initial analysis

In this thesis, the unit cell is designed for operation at 20 and 40GHz. Based on the concept
previously described, the reflection phase at 20GHz must be constant, and a complete 360° phase range
is required at 40GHz. Both the SCSW and the PCSW described in the last chapter enable to control the
reflection phase. Compared with the PCSW, however, the use of the SCSW at 40GHz may reduce the
fabrication error as its structure is simpler. Consequently, the SCSW (see Fig.2.7) is used to design the
dual band antenna in this chapter. The detailed parameters of the proposed cell are tabulated in Table
3.1.
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First, the unit cell under normal incidence is simulated to initially evaluate its characteristics. In the
simulations, the metal conductivity is set to 1.33x10° S/m (stainless) for the sake of realism. The
simulated reflection phase and loss at 20/40GHz are summarized in Fig.3.2 when 4 and L, are varied. It
can be seen that the range of variation of the reflection phase is from 155° to 165° and the maximum
loss is 0.05dB at 20GHz. The 360° phase range is achieved and the loss is less than 1.15 dB at 40GHz.
These results demonstrate that the SCSW can be used to design the dual band MORRA. The frequency
response of the unit cell is now simulated to evaluate the maximum frequency for which it enables the
antenna to work as a parabolic reflector. In this case, the waveguide inside the unit cells should operate
under cutoff or close to cutoff so that unit cells with different geometries all provide the same reflection
phase (or very close ones). As we expect the cutoff of the waveguide to be affected by the value of L,,
three different L, (1.5mm, 2mm and 2.5mm) are chosen and /4 is fixed at Smm. The frequency range is
varied from 10GHz to 40GHz and the simulation results are summarized in Fig.3.3. It can be seen that
the phase response is almost constant up to a given frequency (depending on L,), then the reflected phase
decreases rapidly, which means cutoff has been reached and the wave penetrates into the waveguide. As
could be expected, the cutoff frequency gets lower when L, increases. For all three considered L,, it is
higher than 25GHz. Thus, the phase variation from one geometry to another is negligible up to 25GHz
and the corresponding loss is less than 0.2dB, which indicates that the operating frequency band of the
parabolic reflector can reach at least 25GHz. This will be verified in subsequent simulations for
MORRAs. The loss after 25 GHz is caused by the propagation of the fundamental TEo and TEg-like
modes and associated resonances, which has been demonstrated in chapter 2, section 1.4. Also note that
the maximum value of L, used here (2.5 mm) is sufficient to obtain a 360° phase range at 40 GHz (as
demonstrated by Fig. 3.2b).

Table 3.1 Detailed parameters of the unit cell

Parameter Le Lr h Wex
Value (mm) 3.75 1.5-2.5 2.5-7 0.2
15 350 1.5
| 300 300
250 250
E w00 E 200
R E
'---1h~ 150 ~ 150
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Fig.3.2 Reflection phase and magnitude (normal incidence). a) Phase at 20GHz (deg). b) Phase at 40GHz (deg). ¢) Magnitude
at 20 GHz(dB). d) Magnitude at 40GHz (dB).
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Fig.3.3 Frequency response of the unit cell (~=5mm, normal incidence). a) Reflection phase. b) Magnitude.
3.3.2 Unit cell under oblique incidence

Next, the unit cell under oblique incidence is simulated to analyze its performances. In this
simulation, the range of / is increased to better show the resonances (whose origin will be explained
later in this section). The incident theta () and incident phi (@) are set to (22.54°, 90°). This specific
angles correspond to the direction of arrival of the incident wave in the center of dual band RRA, as will
be explained in a later subsection. Both TE and TM polarizations are considered in this simulation. Note
that, in this plane, the TE case corresponds to x-polarization while the TM case corresponds to y-
polarization. The simulation results are summarized in Fig.3.4 (TE case) and 3.5 (TM case).

It can be seen from the comparison of Fig.3.2 and 3.4 that the TE case is quite similar to the case
of normal incidence. Note that the range of % in the case of oblique incidence is increased to 10 mm to
better see the resonances that will be discussed in this section.

Now, we move to the TM case. It can be seen from Fig.3.5 that the TM case causes additional
resonances associated with high losses and unstable phases. The values of /4 that causes these resonances
(3.3mm, 5.2mm, 9mm) are almost independent of the value of L,. This suggest they are linked to the
length of the waveguide (%) but not to its cross section. To figure out these resonances, the electric field
distribution of the unit cell is analyzed. A case under normal incidence (without resonance) and a case
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under oblique incidence (with resonance) are shown in Fig.3.6 and Fig.3.7, respectively. Note that both
cases have the same geometry and only the incident angle is different.

Actually, the waveguide inside the unit cell can be equivalent to two symmetrical back-to-back
ridged waveguides (about xo0z plane in this case). The complex magnitude (see Fig.3.6a) shows that the
field is concentrated in the corresponding vertical halves (the one along x) of the waveguide. The
direction of electric field in these areas (see Fig.3.6b, ¢ and d) confirms that a quasi TE1o mode is excited
there. On the contrary, Fig.3.7a shows that, in the case of oblique incidence, the electric field is not
concentrated anymore in the vertical halves but quite uniformly distributed all around the central
metallic block. Moreover, time-domain snapshots (especially Fig. 3.7d) suggest the configuration is that
of a quasi-TEM mode.

The explanation is the following. In the case of normal incidence, the electric fields in both halves
of the unit cell have the same phase (due to the symmetrical excitation) and the TEM mode cannot be
excited. Similarly, the TE case under oblique incidence does not enable a TEM mode in the unit cell.
On the contrary, such a mode is possible in the TM case under oblique incidence because the phases in
both halves of the cell are not identical any longer. More likely, both a TE10 mode (one in each vertical
half) and a TEM mode are excited simultaneously in this case and they have a different phase (and also
a different magnitude). This is why the time-domain field looks like a TE10 one at some time steps
(typically at or=0°, Fig. 3.7b) and a TEM one at other time steps (typically at w=90°, Fig. 3.7d). In fact,
it seems there are almost in phase quadrature. In addition, an important point is that it is the introduction
of the central metallic block that makes possible the excitation of a TEM mode because it provides the
two independent conductors (metallic block and metallic wall) that are required to support such a mode.

Now, we will show the observed resonances in the TM case are directly linked to the excitation of
this TEM mode. For simplicity, these resonances will be called ‘“TEM resonances’ in the rest of this
thesis.
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Fig.3.4 Reflection phase and magnitude under oblique incidence (TE case, ¢inc=90°, binc=22.54°). a) Phase at 20GHz (deg).
b) Phase at 40GHz (deg). c) Magnitude at 20GHz (dB). d) Magnitude at 40GHz (dB).
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Fig.3.5 Reflection phase and magnitude under oblique incidence (TM case, ¢inc=90°, Ginc=22.54°). a) Phase at 20GHz (deg).
b) Phase at 40GHz (deg). c) Magnitude at 20GHz (dB). f) Magnitude at 40GHz (dB).
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As explained before, the structure in oblique incidence with TM polarization can support
simultaneously TEio modes (one in each vertical half) and a TEM mode. When # is close to an odd
multiple of one-quarter wavelength in free space, the TEM mode is resonant. For example, as shown in
Fig.3.5 a and b, # = 3.3 mm roughly corresponds to the one-quarter wavelength at 20 GHz (3.75 mm)
and #=5.2 mm roughly corresponds to three-quarter wavelength at 40GHz (5.625 mm). The differences
with theoretical values are mainly caused by the effect of the discontinuity at the top surface of the unit
cell, which has been discussed in section 2.3. In addition, it can be seen from Fig.3.5b that the value of
h that causes another TEM resonance at 40 GHz is around 9mm and the difference with previous 4 is
3.8 mm which is very close to half wavelength at 40 GHz (3.75 mm). These results suggest that the
TEM resonance is predictable and the corresponding / is given by:

(0.254+0.5n)4y,, n=123,...,N (3.1
where 4 = c¢/f is the free-space wavelength at frequency f.

In order to investigate the effects of incident angle on the TEM resonance, different cells are
simulated under different incident angles and the simulated results are summarized in Fig.3.8. In the
simulation, L, is fixed at 2 mm. First, as could be expected, the resonance is always obtained for the
same /4 value (5.2 mm here). Then, it can be seen that non-resonant geometries provide responses (both
magnitude and phase) that are very stable with the incident angle. Conversely, for resonant cells, a very
small deviation from normal incidence (typically less than 10 degrees) is sufficient to trigger the TEM
resonance. Also, the response of resonant cells is very sensitive to the incident angle. Therefore, it is
highly required to stay apart from the resonant zone or to get rid of it when designing an array.
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Fig.3.8 Reflection phase and magnitude under different incident theta (TM case, @inc=90°, 40GHz). a) Reflection phase
(deg). b) Magnitude (dB).

3.3.3 Solutions to avoid TEM resonance

There are two possible solutions to avoid the TEM resonance. The first one consists to exclude all
the resonant geometries from the database, whereas the second one is more drastic and requires a
modification of the cell geometry.

In this thesis, the database has been obtained for the configuration of the central cell in the panel,
i. e. with incident angles (3.c=22.54°, ¢inc=90°). In this subsection, we show how we can select the range
of & to exclude the resonant cells from this database. The initial range of 4 is from 2.5-7mm as tabulated
in Table 3.1. The three / that causes TEM resonance are 3.3 mm at 20GHz and 5.2 mm, 9 mm at 40GHz.
There are thus two different ranges (from 3.5 mm to 5 mm and from 5.5 mm to 8.8 mm) that can be
chosen to avoid the TEM resonances. For the first range of 4 (3.5-5mm), the achieved phase range at 40
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GHz is less than 210° which may be not sufficient to design a RA. For the second range (5.5-8.8 mm),
the complete phase cycle is achieved. As a consequence, it can be selected to design the array.

As for the second solution, a modified structure is proposed as shown in Fig.3.9. It can be known
from the subsection 3.3.2 that the TEM mode is excited in the unit cell due to the presence of two
disconnected conductors (metallic wall and metallic block). Consequently, this mode can be suppressed
when the initial waveguide is split into two half ridged waveguides by the introduction of a metallic wall
as shown in Fig.3.9b. Indeed, this additional metallic wall connects the different metal elements, which
makes the excitation of a TEM mode impossible. As a price to pay, the metallic wall makes the unit cell
unable to deal with dual polarized incident waves.

This modified unit cell is simulated under oblique incidence and the simulated results are
summarized in Fig.3.10. It can be seen that the TEM resonance is completely suppressed owing to the
presence of the wall in the center. Note that the high losses observed in Fig.3.10d correspond to the
resonances caused by the propagation of the fundamental TE ;o and TEg;-like modes in the waveguide,
which has been explained in section 2.4. The loss in Fig.3.10d is higher than that in Fig.3.4d, which is
due to the reduction of cross section after introducing the metallic wall. This is another drawback
compared to the original unit cell.
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Fig.3.9 The modified unit cell used to avoid TEM resonance. a) Sectional view. b) Top view.
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Fig.3.10 Reflection phase and magnitude of the modified unit cell (¢inc=90°, Gnc=22.54°, TM case). a) Reflection phase at
20GHz (deg). b) Reflection phase at 40GHz (deg). c) Magnitude at 20GHz (dB). d) Magnitude at 40GHz (dB).

3.3.4 Conclusion

This section first described the concept of the dual band RRA. In the upper band, the dual band
antenna is a RA that collimates the reflected beam by varying the phase distribution over the cells. In
the lower frequency band, the dual band antenna operates as a parabolic reflector where the reflected
beam is determined by the paraboloid. The beams in the two frequency bands can be steered in two
different directions. The SCSW introduced in chapter 2 is used to design the proposed dual band antenna.
It provides a stable reflection phase at 20GHz and a complete phase cycle at 40GHz. Simulation results
show that oblique incidence may cause additional resonances. The resonances are analyzed by observing
the electric field vector on the top surface of the cell. They are referred to as TEM resonances since a
TEM mode is excited in the waveguide. Two different ways are proposed and verified to avoid the TEM
resonances. One is to adjust the range of % to exclude the cells with TEM resonances, the other is to
modify the structure of the unit cell. Both ways will be selected to design MORRASs to analyze the
effects of the TEM resonances on the performances of MORRAs (see section 3.5 and 3.6).

3.4 Preliminary design of dual band antenna

3.4.1 Description of the design process

The unit cell has been analyzed in detail in both chapter 2 and in the last section. Now, the proposed
dual band MORRA is designed. The design process is divided into 2 successive steps:

1) First, the position of the focal point and the shape of RRA surface are determined. This step is
to make the RRA works as a parabolic reflector in the lower frequency band. At the same time, the feed
antennas are designed to provide the appropriate illumination.

2) Next, the required phase shift for each cell is calculated based on the position of the feed phase
center and the coordinates of each cell in the RRA. This allows generating, in the upper frequency band,
a pencil beam in a different direction than that in the lower frequency band. A RRA can be synthesized
by matching the required phase shift and the geometric parameters (% and L,) of each cell.

At the end, the designed dual band MORRA is drawn in HFSS®. Note there is a height difference
between two adjacent cells. Consequently, the wall thickness might be not uniform in the designed
antenna. As illustrated in Fig.3.11, a uniform value is recovered to reduce possible manufacturing errors.

84



w SP2w
4—2W

Fig.3.11 Adjustment of wall thickness of two adjacent cells in the RRAs.

The configuration of the dual band MORRA is shown in Fig.3.1. An offset configuration is used
to avoid feed-blockage. As already said, the resulting incident angle at the array center is 22.54°. The
radiating aperture is DxD (11.54,,%x11.54,,, A,» being the wavelength in free space at 40GHz) while the
element spacing is 0.54,,. Note that the array dimensions are quite small in the lower frequency band
(only 5.75%5.75)* at 20GHz). As we will see later, this will be the cause of several issues (especially
regarding the way such an aperture can be illuminated efficiently). However, this tradeoff was chosen
to enable a full-wave simulation of the complete antenna at the higher frequency. A reserved space 4y is
used to tune the reflection phase. The position of the focal point is set to (0, 0, /7)) where 4y is equal to
1.2D. The z coordinate of cell i (the center of the top surface of the cell) can be given by:

2 2
L XitYi
zZ; = oty (3.2)

where (x;, ¥;, z;) represents the coordinates of cell i. The calculated z coordinates for all cells are
summarized in Fig.3.12.
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Fig.3.12 z coordinate of each cell (mm).

The proposed antenna is designed so that a pencil beam in the broadside direction is produced in
the lower frequency band, owing to the presence of the parabolic surface. The direction of the main
beam in the upper frequency band is set to (8,=10°, ¢(,=270°) which is 10° away from the direction in
the lower frequency band (see Fig.3.1). Then the required phase shift of the i" cell in the RRA at 40GHz
can be calculated using equation (1.3). Note that the relative phase offset @y, is set to 0. Also, the
calculation of the required phase shift takes into account the difference in z coordinate from one cell to
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another. The required phase shift for each cell is shown in Fig.3.13. It is a simple linear phase since the
compensation of the different delays from feed horn is already compensated for by the parabolic shape.
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Fig.3.13 The distribution of the required phase shift at 40GHz (deg).

3.4.2 Design of two feed antennas

Before the synthesis of the dual band RRA, feed antennas are designed. Since the reflector surface
is quite small, a simple rectangular waveguide (WR51 waveguide) is used to illuminate the antenna at
the lower frequency. A more directive feed (such as a pyramidal horn antenna) would have required too
large dimensions at this frequency, making the masking issues too critical. The consequence is that the
illumination in the lower frequency band will not be optimal due to spillover. On the contrary, a
pyramidal horn antenna can be used for the upper frequency band.

The design of a horn antenna is based on the following steps:

1) The field from the horn antenna is approximated by a cos? model. First, the required value of ¢
to produce a -10dB edge taper is calculated based on the size of the dual band antenna, the z coordinate
of each cell and the position of focal point. The definition of edge taper will be explained later.

2) Then the geometry of the horn antenna is initially selected to achieve the required ¢. Also, its
phase center is determined by conducting a parametric analysis in HFSS®.

3) Next, the designed horn antenna is validated by putting it in the required position and perform a
full wave simulation to see the illumination intensity of each cell in the dual band antenna. Note that the
illumination intensity is the complex magnitude of electric field at the center of the top surface of each
cell. The ratio between the highest illumination intensity at the edge of the dual band antenna and the
highest illumination intensity in the whole dual band antenna is referred to as edge taper. If the achieved
edge taper is less than -10dB, the designed horn antenna is adopted. If not, the value of ¢ is adjusted and
the horn antenna is redesigned until the required edge taper is achieved.

The designed two feed antennas are shown in Fig.3.14 and 3.15. The simulation is done assuming
metal is made of stainless steel (as it will be the case later on for fabricated breadboards). Radiation
boundary conditions are used to enclose the feed antenna. The designed horn antenna at 40 GHz achieves
a maximum gain of 18.3dBi. Its normalized radiation pattern and the normalized illumination intensity
over the RRA cells at 40GHz are shown in Fig.3.16. It can be seen that the achieved edge taper is less
than -10dB. Similarly, the performances of the used waveguide at 20GHz are shown in Fig.3.17.
Obviously, the radiation pattern of the used waveguide (see Fig.3.17 a)) is flatter than that of the
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designed horn antenna (see Fig.3.16 a)). Therefore, the achieved edge taper is around -5dB at 20GHz
(see Fig.3.17 b)) which is significantly higher than that at 40GHz (see Fig.3.16 b)).
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Fig.3.14 Feed antenna (lower band). a) 3D view. b) Top view. c¢) Sectional view.
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Fig.3.15 Feed antenna (upper band). a) 3D view. b) Top view. ¢) Sectional view.
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Fig.3.16 Performances of the designed horn antenna at 40GHz. a) Normalized radiation pattern (dB). b) Normalized
illumination intensity over the RRA cells (dB).
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Fig.3.17 Performances of the used waveguide at 20GHz. a) Normalized radiation pattern (dB). b) Normalized illumination
intensity over the RRA cells (dB).

3.4.3 Performances of the designed dual band antenna

Since the cells in the center have stronger illumination intensity, the database of the reflection phase
provided by the cell at 40GHz is established for this particular incidence angle (22.54°). The dual band
antenna is synthesized using the database in Fig.3.5b (The range of /4 is from 2.5 to 7 mm). The synthesis
process consists in minimizing the phase error of each cell in the dual band antenna at 40GHz. The phase
error is defined as:

error = |®§1chieved _ @?esired| (3.3)

where gaehieved and ggesired are the achieved phase and the desired phase of the i™ cell at 40GHz
respectively.

For the sake of simplicity, the first designed antenna is referred to as RRAO in this chapter. The
cell geometries of RRAO are shown in Fig.3.18. It can be seen from Fig.3.18 that the smoothness of the
cell geometry is not very good as it is not optimized. At this stage, it must be highlighted that the database
used for RRAO did not care about the cells with TEM resonance. Indeed, this resonance was discovered
after this first array wad designed. Fortunately, Fig.3.19 shows that RRAO involves only10 cells whose
loss is greater than 2dB at 20GHz and 14 cells at 40GHz. Moreover, these cells are not located in the
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center of RRAO. It can be deduced that the TEM resonances do not significantly affect the performances
of RRAO, which will be verified in the following sections.

RRAO with its 3D radiated fields are shown in Fig.3.20 as a preliminary illustration of the behavior
of the designed RRA. It can be observed that the main beams at 20GHz and 40GHz are globally
compliant with expectations.

The more detailed performances of RRAO in lower frequency band are summarized in Fig.3.21. It
can be seen that the main beam is in the broadside direction. Simulation results also show that the
achieved side lobe levels are -11.89/-11.09/-13.56 dB at 16/20/25GHz. At the same time, the achieved
cross polarization levels are -27.67/-27.01/-30.38 dB at 16/20/25GHz. In addition, Fig.3.21g shows that
the achieved gain increases with frequency in the frequency band from 16 to 25 GHz, which
demonstrates that the designed antenna operates as a parabolic reflector in the lower frequency band.
The achieved gain and aperture efficiency at 20GHz are 19.8dBi and 22.88%. The low aperture
efficiency can be explained by the high edge taper (see Fig.3.17b).

The performances of RRAO in upper frequency band are summarized in Fig.3.22. Once again, the
main beam is steered in the desired direction (note that the coordinate system has been rotated in the
field plots in order to place the main beam at 0°). Simulation results also show that the achieved side
lobe levels are -12.41/-22.94/-15.87 dB at 38/40/41GHz. Compared with the large side lobe level of the
antenna in [115] (that can be seen as competing solution), the ones obtained here are much better. At
the same time, the achieved cross polarization levels are -29.49/-28.73/-25.6 dB at 38/40/41GHz. In
addition, Fig.3.22 g) shows that the achieved gain at 40GHz is 29.3dBi and the corresponding aperture
efficiency is 51.21%. The gain drop is less than 1.1dB in the range from 38 to 41 GHz.

The results in Fig.3.21 and Fig.3.22 demonstrate that the designed antenna can operate in two
different frequency bands.

25

X(mm)
X(mm)

1.5

Fig.3.18 Cell geometries of RRAO (mm). a) L. b) A.

89



dB

1 : : — T K Y -
- | 1 R -
E
- g _‘l é 0
#
i [ | 115 200 I
L I : . , 1 ) 40 i ;
80 -6

-80 -60 -40 -20

-30

-35

-40

L

0
Y(mm) Y(mm)

a) b)
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a) b)
Fig.3.20 The proposed dual band MORRA with radiation fields (RRAO0). a) 20GHz. b) 40GHz.
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Fig.3.21 Performances of RRAO in lower frequency band. a) Radiation pattern in xoz plane (16GHz). b) Radiation pattern in
yoz plane (16GHz). c) Radiation pattern in xoz plane (20GHz). d) Radiation pattern in yoz plane (20GHz). ) Radiation
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Fig.3.22 Performances of RRAO in upper frequency band. a) Radiation pattern in x0z’ plane (38GHz). b)
Radiation pattern in y’oz’ plane (38 GHz). c¢) Radiation pattern in xoz’ plane (40GHz). d) Radiation pattern in
y’0z’ plane (40GHz). e) Radiation pattern in xoz’ plane (41GHz). f) Radiation pattern in y’oz’ plane (41GHz). g)
Gain response (38-41GHz)

In order to analyze the capabilities of the proposed dual band MORRA further, its operating mode
versus frequency is shown in Fig.3.23. The lower frequency band is from 0 to 25 GHz and is mainly
controlled by the cutoff frequency of the waveguides in the MORRA. In this frequency band, the antenna
operates as a parabolic reflector. The upper frequency band is from 38 to 41 GHz and is controlled by
the characteristics of the cells in the MORRA. In this frequency band, it operates as a RA. What happens
from 25 to 38GHz or above 41GHz is not so well controlled. Indeed, at such frequencies, a fraction of
the incident power penetrates into the cells but the associated reflected phase is not controlled any longer.
Then, the reflected waves from the different cells combine randomly. On the other hand, the remaining
fraction of the incident power is directly reflected at the entrance of the cells and it produces a broadside
beam, as it should be for a parabolic reflector. Finally, the antenna can be seen as some sort of noisy
parabolic reflector where a main beam at broadside coexists with diffuse lobes due to uncontrolled
phases in cells. Two different radiation patterns at intermediate frequencies are shown in Fig.3.24 to
illustrate this behavior out of the two well-controlled frequency bands. It can be seen that the main beam
is at broadside and the side lobe level is quite high at 32GHz. At the same time, the slide lobe gradually
increases, and its level exceeds the main beam at 35GHz (see Fig.3.24b).

0 20GHz 25GHz 38GHz 40GHz 41GHz &
I | l I | i =
»
| | | |
\ |
Parabolic reflector Parabolic reflector with noise Reflectarray Parabolic reflector with noise
(lower frequency band) (upper frequency band)

Fig.3.23 Operating modes of the proposed MORRA

dB

| | I | | I, ! .
-90 -60 -30 0 30 60 9% 0 30 60 9
theta (deg) theta (deg)

a) b)
Fig.3.24 Radiation patterns between two frequency bands (yoz plane). a) 32GHz. b) 35GHz.

3.4.4 Conclusion

In this section, a MORRA is synthesized using the database with TEM resonant cells. It is designed
by achieving the functionalities of parabolic reflector and RA respectively. A pyramidal horn antenna
is used to illuminate the MORRA in the upper frequency band while a WR51 waveguide illuminates the
MORRA in the lower frequency band. Simulation results show that the directions of main beam in both
bands are pointing in the target directions. The gain increases with frequency in the lower frequency
band. The gain drop in the upper frequency band is less than 1.1dB. At the same time, the side lobe
levels and the cross polarization levels in both frequency bands are acceptable. These results
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demonstrate the capability of the proposed MORRA. In addition, the number of cells with a loss greater
than 2dB is very small in the designed MORRA, which means the TEM resonance does not significantly
affect the designed MORRA.

3.5 Optimized design 1 of dual band antenna

RRADO is synthesized using the database with TEM resonant cells. In this section, two different
RRAs are synthesized using the database excluding TEM resonances (see section 3.3.3). The difference
between them is the range of /. For the first RRA, which is referred to as RRA1, # is ranging from 3.5
to 5 mm. For the second RRA, which is referred to as RRA2, 4 is ranging from 5.5 to 7.8 mm. The
synthesis processes of RRA1 and RRA? are the same as that of RRAO.

3.5.1 Comparison between three different RRAs

As it can be deduced from Fig. 3.4, limiting the range of /4 reduces the achievable phase range at
40 GHz. This means the avoidance of resonant zones may be responsible for a poorer matching of the
required phase law over the aperture. In order to assess this effect, the obtained phase error for each of
the three considered RRAs is shown in Fig.3.25. It can be seen that the maximum phase error of RRAO
and RRA2 is less than 10 degrees. The phase error of RRA1, however, is significantly higher than the
other ones. The maximum phase error of RRA1 is 74.61° due to the fact that the achieved phase range
of the database in RRA1 is only 209.38°. Cell geometries and losses distribution of RRA1 and RRA2
are summarized in Fig.3.26 and Fig.3.27. Like the RRAO in Fig.3.18, the smoothness of the cell
geometries in RRA1 and RRAZ2 is not very good. It can be seen from Fig.3.27¢c and d that RRA2 involves
no cells with high losses. However, Fig.3.27b shows that RRA1 involves many cells with a loss close
to 2dB at 40GHz, which will degrade the performances of RRA1. These high losses are produced due
to the fact that their geometry is close to the cells with TEM resonance (A=3.3mm).

) 30
- 25
’ 20
15
10

1 5

0

-80 -60 -40 20 0

30
25
20

15

X{(mm)

10

-80 -60 -40 -20 0

Y(mm) Y(mm)
a) b)
30
-40
-30 25
-20
= 20
10
£
é 0 15
#
10
10
20
30 3
40 0
-80 -60 -40 =20 0
Y(mm)
¢)

94



Fig.3.25 Phase error distribution of 3 different RRAs at 40GHz (deg). a) RRAO. b) RRA1. ¢c) RRA2.
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Fig.3.27 Loss distribution over the cells in RRA1 and RRA2 (dB). a) RRA1 at 20GHz. b) RRA1 at 40GHz. c) RRA?2 at
20GHz. d) RRA2 at 40GHz.

The comparison between the performances of the 3 different RRAs in the lower frequency band is
summarized in Fig.3.28. Obviously, the incident wave cannot penetrate into the cells and the reflected
beam thus is mainly determined by the parabolic surface. Therefore, the performances of these three
RRA3 are quite close to each other.
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Fig.3.28 Performances of 3 different RRAs in the lower frequency band. a) Radiation pattern (xoz plane). b) Radiation
pattern (yoz plane). ¢) Gain versus frequency

Since the performances of the 3 different RRAs are similar in the lower frequency band, the
comparison focuses on the higher frequency band. It can be seen from Fig. 3.29 that RRAO has the
lowest side lobe level at 40GHz. At the same time, the gain response of RRAO is better than the other
ones. RRA1 has the worst performances, which is due to its high phase error shown in Fig.3.25b and
the high losses in Fig.3.27b. In addition, the performances of RRA2 is degraded compared to RRAOQ. On
the one hand, the phase errors of RRA2 at 40GHz (see Fig.3.25) is a bit higher than that of RRAO, which
degrades the gain of RRA2 at 40GHz. On the other hand, the used /# in RRA2 (5.5-7.8mm) is higher
than that of RRAO (2.5-7mm), which makes the performances sensitive to frequency.
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Fig.3.29 Performances of 3 different RRAs in the upper frequency band. a) Radiation pattern (xoz’ plane). b) Radiation
pattern (y’oz’ plane). ¢) Gain versus frequency

3.5.2 Conclusion

In this section, 2 different RRAs are synthesized using the same process as RRAQ. The used
databases exclude the cells with TEM resonances by varying the range of 4. It is shown that their
performances are worse than that of RRAQ. In that case, it is not necessary to avoid the TEM resonances
by varying the range of / during the synthesis of a RRA because the initial array involves only a few
cells with resonances. However, this solution could be useful in a less favorable situation.
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3.6 Optimized design 2 of dual band antenna

3.6.1 Description of two operation modes

In the previous section, the range of 4 was varied to avoid the TEM resonances. In this section, the
second proposed approach is used instead, where the structure of the unit cell is modified to avoid the
TEM resonances. Thus, a new RRA is synthesized using the database in Fig.3.10d where the used range
of & is from 2.5 to 7 mm. The synthesis process is the same as for RRA0O. The new RRA is referred to
as RRA3 in this chapter. The details of RRA3 are summarized in Fig.3.30. It can be seen that the phase
error of RRA3 (see Fig.3.30c) is similar to that of RRAO (see Fig.3.25a). In addition, the number of cells
with a loss greater than 2dB in RRA3 (see Fig.3.30d) is similar to that of RRAO (see Fig.3.19b). I recall
that these losses are mainly caused by the propagation of TEio mode in the waveguide.

Actually, the operation mode of the RRA3 depends on the polarization of the feed antenna. It can
be deduced from Fig.3.9 that if the incident electric field is y-polarized, RRA3 exactly behaves as RRAO.
However, if the incident electric field is x-polarized, it cannot penetrate into the cells, even above 25
GHz, because of the additional metallic wall. In this case, RRA3 operates as a parabolic reflector on the
full frequency range (at least up to the cutoff frequency of the first higher-order mode).
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3.6.2 Performances of two different modes

First, RRA3 under y-polar excitation is analyzed. In this case, its operation mode is the same as
that of RRAO (with the additional capability of preventing from the TEM resonances). Fig.3.31
compares the performances of RRAO and RRA3 in the lower frequency band. Obviously, their
performances are quite close to each other. Fig.3.32 compares their performances in the upper frequency
band. It can be seen that the side lobe level of the RR3 is 4dB higher than that of RRAQ. At the same
time, the gain of RRA3 is globally lower than that of RRAO. An improvement in gain is however
obtained above 40.5GHz. So, although RRA3 provides a convenient solution to prevent from potential
TEM resonances, this solution does not seem appropriate here due to the fact that RRA3 involves cells
with TEo resonance, and we have seen in section 2.4 that the associated loss is higher when the
additional metallic wall is present.
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Fig.3.31 The comparison between RRA0O and RRA3 at 20GHz (y-polar excitation). a) Radiation pattern (xoz’ plane). b)
Radiation pattern (y’oz’ plane). c) Gain versus frequency
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Fig.3.32 The comparison between RRA0O and RRA3 at 40GHz (y-polar excitation). a) Radiation pattern (xoz’ plane). b)
Radiation pattern (y’oz’ plane). ¢) Gain versus frequency

Now, the second mode of RRA3 is analyzed. In this case, RRA3 is excited by a x-polarized WR22
waveguide. Fig.3.33a shows the associated radiation at 40 GHz. As can be seen, the direction of the
main beam is now in the broadside direction, as it is in the lower frequency band. At the same time, it
can be seen from Fig.3.33 b) that the gain of RRA3 increases with frequency. These results demonstrate
that RRA3 operates in both frequency bands as a parabolic reflector if incident wave is x-polarized.

Consequently, it could be used to produce two orthogonally-polarized beams in different directions at
40 GHz.
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Fig.3.33 Simulated results of RRA3 (x-polar excitation). a) Radiation field at 40GHz. b) Gain versus frequency.

3.6.3 Conclusion

This section first described the two different operation modes of RRA3 depending on the
polarization of the excitation. The first mode is the same as that of RRAO0 and it produces different beams
in two different frequency bands. Simulation results show that its performances are not better than that
of RRAO. However, a second mode of operation is possible for the orthogonal polarization, where the
RRA operates as a parabolic reflector in both frequency bands.

3.7 Modification of RRAO for reduced profile

3.7.1 Principle of profile reduction

The previous two sections compared the performances between RRAO, RRA1, RRA2 and RRA3.
Results show that RRAO has the best performances. As shown in Fig.3.20, however, RRAO is very bulky
and heavy. Indeed, it can be seen from Fig.3.12 that the z coordinate for the different cells varies from
0 mm to 20.55mm, which means there is a 20.55 mm maximum height difference. Also, after
considering the 7mm reserved height for phase tuning, and the 0.2 mm thick ground plane, the achieved
height of the RRAO is 27.75mm, which is equal to 3.7 times the wavelength at 40GHz.

Before RRAOQ is fabricated, a further modification is carried out to make it more compact. An
efficient way to reduce the height is to rotate the coordinate system and redesign the RRA based on the
new coordinate system. As illustrated in Fig.3.34, the height after rotating the coordinate system by a
(in degree) around X axis is obviously lower than the height before rotation. The principle of coordinate
transformation before and after rotation is shown in Fig.3.35. As a consequence, a point (X, y, z) in the
original coordinate system is transferred to (x’’, y’’, z’’) in the new one, with:

X" =x (3.4)
y'"" = ycos(a) — zsin(a) (3.5)
z'"" = zcos(a) + ysin(a) (3.6)

By substituting equation (3.2) into equation (3.5), the y-coordinate can be expressed as
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For each cell in the RRA, as shown in Fig.3.1, its y-coordinate should not be positive. However,
for the second solution (with + sign), its value is always greater than 0, provided the rotation angle ()
is in the range of 0 to 90 degrees. It is shown that the second solution cannot represent the real
coordinates of the cells in a RRA. Therefore, the second solution in equation (3.7) can be excluded. By
solving the equation (3.2, 3.4) and (3.6, 3.7), the z’’ coordinate is obtained:
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Fig.3.34 Rotation of the coordinate system (sectional view). a) The configuration before rotation. b) The configuration after
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Fig.3.35 Transformation of the coordinates before and after rotation.

In the new coordinate system, the cells in the RRA are also regularly arranged with a periodicity
of 3.75mm in the x’’0y”’ plane. The z’’ coordinate of each cell can be calculated from equation (3.7).
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In order to reduce the height of the RRA as much as possible, the rotation angle (a) is optimized. The
height H of RRA is defined by:

H=7"10x = Zipin + 7.2 (3.9)

b

where  Zyq,is the maximum z’° coordinate of a cell in the RRA and z,,,;,is the minimum z’°
coordinate of a cell in the RRA. The number ‘7.2° is the sum of the reserved height used to tune the
phase and the thickness of the ground plane. The relationship between the height H of RRA and the
rotation angle (o) is shown in Fig.3.36. It shows that H reaches its minimum value when a is equal to
11 degrees. The achieved height at this rotation angle is 15.23mm. As a consequence, the rotation angle
o is set to 11 degrees. The calculated z’* coordinate of each cell based on this specific rotation angle is
shown in Fig.3.37. The direction of the main beam in each frequency band and the coordinate of the

focal point, as tabulated in Table 3.3, are of course also changed after the rotation of the coordinate
system.

Table 3.3: Configuration of RRA before and after rotating coordinate system.

Before rotation After rotation
Coordinates of wave vector for the main 0,0, 1) (0, sin(11°), cos(11°))
beam at 20GHz
Coordinates of wave vector for the main (0, sin(10°), cos(10°)) (0, sin(21°), cos(21°))
beam at 40GHz
Coordinates of focal point (0,0, ) (0, h7* sin(11°), hs* cos(11°))
Incident angle of the cell in the center of 22.54° 11.53°
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Fig.3.36 Height H of RRA versus rotation angle (a).
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Fig.3.37 The z”’ coordinate of each cell after the rotation of coordinate system (mm).

3.7.2 Performances evaluation

Since the incident angle on the cell in the center of the RRA has been changed to 11.53°, a new
database at 40GHz (as shown in Fig.3.38) is established. The RRA after the rotation of the coordinate
system is thus synthesized based on the configuration of Table 3.3 and the database in Fig.3.38. Note
that the synthesis process is the same as the one used for RRAQ. The RRA after the rotation of coordinate
system is referred to as RRA4 in this chapter. As illustrated in Fig.3.39, the height of the RRA is
significantly reduced (about 45.12%) after the rotation of coordinate system. The details of RRA4 are
summarized in Fig.3.40. It can be seen from Fig.3.40c and d that the number of the cells with a loss
greater than 2dB in RRA4 is lower than that in RRAO (see Fig.3.19). Also, the phase error distribution
over the cells in RRA4 is similar to that in RRAO (see Fig.3.25a).

RRA4 with 3D radiated field is shown in Fig.3.41. It can be observed that the main beams at 20GHz
and 40GHz are globally compliant with expectations. The comparison between RRAO and RRA4 in the
lower frequency band are summarized in Fig.3.42. It can be seen that the radiation patterns for both
RRAs are quite similar and the gain after rotation in the lower band is reduced a bit. Fig.3.43 summarizes
the performances of RRAO and RRA4 in the higher frequency band. It can be seen that the side lobe
level is increased by 1.8dB and the gain in the upper frequency band is increased a bit after rotation. As
a summary, the performances of RRAs before and after the rotation of coordinate system are quite
similar and the rotation of the coordinate system mainly contributes to reduce the height of RRA and
make the fabrication easier.
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Fig.3.38 Reflection phase and magnitude of the unit cell under oblique incidence (¢inc=90°, Gn=11.53°, TM case). a)
Reflection phase (deg). b) Magnitude (dB).

Fig.3.39 Comparison of the heights of RRAs before (right) and after (left) the rotation of coordinate system.
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Fig.3.40 Details of RRA4. a) Cell geometries for 4 (mm). b) Cell geometries for L. ¢) Loss at 20GHz (dB). d) Loss
distribution over the cells at 40GHz (dB). e) Phase error distribution over the cells at 40GHz (deg).
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Fig.3.41 Radiation field of RRA4. a) 20GHz. b) 40GHz.
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Fig.3.42 Comparison between the performances of RRAO and RRA4 in the lower frequency band. a) Radiation pattern at
20GHz (xoz plane). b) Radiation pattern at 20GHz (yoz plane). c) Gain versus frequency.
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Fig.3.43 Comparison between the performances of RRAO and RRA4 in the upper frequency band. a) Radiation pattern at
40GHz (xo0z’ plane). b) Radiation pattern at 40GHz (y’o0z’ plane). c) Gain versus frequency.

3.7.3 Conclusion

In this section, the coordinate system is rotated to make RRAO more compact and easier to be
fabricated. The analytical solution of the coordinates after the rotation of coordinate system is given.
The best rotation angle is proved to be 11 degrees. The height of RRA is reduced by 45.12% after the
rotation of coordinate system. The RRAs before and after the rotation of coordinate system have nearly
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similar performances. These results demonstrate that the rotation of the coordinate system mainly
contributes to reduce the height and the weight of the RRA and makes the fabrication easier.

3.8 Fabrication and measurements

3.8.1 Antenna fabrication

After the comparison in the previous sections, the RRA after rotation (RRA4) is decided to be
fabricated. The SLM 3D printing technology which has been introduced in chapter 1 is used to fabricate
the antenna. The used material is stainless steel powder (316L). The antenna owns a parabolic surface
and a flat bottom. Obviously, not all metal in the antenna is useful. At the same time, the metal with
great thickness may cause warping due to the different cooling rates on the metallic surface [72]. Based
on the principle of dual band antenna, only the waveguides with short circuit termination contribute to
the functionality of the antenna (see Fig.3.44a). However, as shown in Fig.3.44a, the useful part cannot
be fabricated directly because the waveguides need something else to support them. The model for final
fabrication is shown in Fig.3.44b. In this model, the thickness of ground plane below each waveguide is
increased. Also, some additional supports are added.

Some photos during fabrication and post-processing are shown in Fig.3.45 and 46 to illustrate the
whole process. The SLM machine is shown in Fig.3.45 a). As illustrated in Fig.3.45 b-c), the RRA4 is
fabricated layer by layer on a metal plate. After fabrication, the antenna needs some post-processing. As
shown in Fig.3.46 a), the antenna is separated from the metal plate using wire cutting. Also, the supports
on the bottom of the antenna are removed during post-processing (see Fig.3.46b). After this, the bottom
of RRA4 is polished. RRA4 after the post-processing is shown in Fig.3.46 ¢). Similarly, the horn antenna
and the waveguide are fabricated and post-processed as shown in Fig.3.47.

LT

T Tl

b)

Fig.3.44 Antenna models (sectional view; central row). a) Useful part. b) Fabrication model.
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¢)
Fig.3.45 Fabrication of RRA4. a) SLM machine. b) Initial stage of fabrication process. ¢) End of fabrication process
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Fig.3.46 Post-processing of RRA4. a) Separation from metal plate. b) Removal of support. ¢c) RRA4 after post-processing.
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Fig.3.47 Fabrication of horn antenna and waveguide.

3.8.2 Antenna measurement

The photographs of the manufactured MORRA and its measurement setup are shown in Fig.3.48.
Also, the comparisons of normalized radiation patterns between full wave simulations and
measurements at lower frequency bands are shown in Fig. 3.49. It can be seen that although the measured
side lobe levels at target frequencies are a bit higher that the simulated ones, the agreement between
them is globally acceptable. In the target frequency band, the measured side lobe and cross polarization
are lower than -10.24dB and -27.97dB, respectively. In addition, the gain response in lower frequency
band is shown in Fig.3.50. It can be seen that the gain drop in the target frequency band (from 17-25GHz)
is less than 3dB. It can also be seen that the gain difference between simulation and measurement is
significantly increased when frequency is greater than 22GHz. This can be explained by the measured
S11 parameter in Fig.3.51 It can be seen that the measured magnitude of S11 significantly increases
with frequency when frequency is greater than 22GHz. Therefore, the gain drops (when frequency is
greater than 22GHz) in Fig.3.50 is due to the mismatch of input port. Also, the measured directivity in
lower frequency band is shown in Fig.3.50 to better characterize the capability of the fabricated antenna.
It can be seen that the measured directivity increases with frequency, which suggests the antenna can
operate as a parabolic reflector in lower frequency band.

Fig.3.48 Photographs of manufactured MORRA and its measurement setup.
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Fig.3.51 Measured S11 in lower frequency band.

Now the measurement results in upper band are analyzed. Due to the limitation of the signal
generator in our lab, the measurements are conducted below 40GHz. Fig.3.52 shows the simulated
radiation patterns at 38 and 40GHz. It can be seen from Fig.3.52a and that the agreement at 38GHz is
acceptable. However, Fig.3.52d shows that the measured side lobe level at 40GHz is -8.45dB, which is
12dB higher than the simulated one. Also, the directivity in upper band is shown in Fig.3.53. Note that
the measured gain is not given due to the absence of the gain of the corresponding reference antenna in
our lab. It can be seen from Fig.3.53 that the measured directivity is significantly lower than the
simulated one, e.g., the difference at 40GHz is about 2.5dB.

In general, the performance in lower band is quite acceptable while that in upper band is
disappointing.
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3.8.3 Optimized antenna made of unit cells with fixed cross-section

The performance of the measured antenna in the previous subsection is not as good as expected. It
can be deduced that the large difference between simulation and measurement is mainly due to
fabrication errors. Fig.3.54 compares the sensitivities of L, and / on the reflection phase. For Fig.3.54a,
h is fixed at Smm, and the range of L, is from 1.5 to 2.5mm. For Fig.3.54b, L, is fixed at 2mm, and 4 is
from 4.5 to 5.5mm. Obviously, the phase range in Fig.3.54b is smaller than that in Fig.3.54a, which
demonstrates that the reflection phase is more sensitive to L, than 4. The subsequent analysis focuses on
L,. Since the waveguides in both antennas operate below cutoff in lower frequency band, the fabrication
error in L, does not have a significant effect on the antenna performance at lower frequencies and it
mainly affects the upper frequency band. Different cells with the same L, should have a similar
systematic fabrication error, which means they should all preserve the same L: (even if different from
the desired one). Globally, for a constant L, (whatever its value), the reflected phase varies quite linearly
with 4. This means a systematic error in L, preserving a constant value for all cells does not modify too
much the phase law on the aperture. However, in the previous antenna with variable L,, as the phase
variation with L, is nonlinear, the perturbation in the phase distribution is quite random. The measured
performance of the antenna thus has a significantly degradation. Therefore, a dual band antenna made
of unit cells with fixed cross-section (L,) is designed, fabricated, and measured in this subsection to
verify these analyses. The only difference with last antenna is that the cross-section of the cells in the
optimized antenna is fixed at 2mm. In this case, / is varied from 2.5 to 8mm. This subsection mainly
analyzes its performance as the design and fabrication process has been introduced in previous sections
in detail.

Fig.3.55 and Fig.3.56 show the performance of optimized antenna in both lower and upper bands.
It can be seen from Fig.3.55a and b that the achieved side lobe level and cross polarization at 20GHz
are -11.38dB and -27.61dB, which is similar to the previous antenna (see Fig.3.49). Also, the achieved
directivity (see Fig.3.55¢) increases with frequency and is close to that of the previous antenna (see
Fig.3.50).

It can be seen from Fig.3.56a and b that a good agreement between simulated and measured
radiation patterns at 40GHz is achieved. Also, the achieved side lobe level is -23.41dB at 40GHz which
is significantly lower than the previous antenna (see Fig.3.52). It can be seen from Fig.3.56c that the
difference between simulated and measured directivities in upper frequency band is less 0.5dB. Also,
the achieved directivity of the optimized antenna (see Fig.3.56¢) is obviously higher than the previous
one (see Fig.3.53).
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As a summary, the performances of both the optimized and the previous antennas are similar in
lower frequency band while not in upper frequency band, which suggests that it’s better to keep a
constant cross-section.
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Fig.3.54 Comparison of the sensitivity of geometry on reflection phase. a) Reflection phase vs L, (mm). b) Reflection phase vs 4 (mm).
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Fig.3.55 Performance of optimized antenna in lower band. a) Radiation pattern at 20GHz (xo0z plane). b) Radiation pattern at
20GHz (yoz plane). c) Gain and directivity.
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3.9 Conclusion

The concept of dual band RRA is described first. In the upper band, the dual band antenna is a RA
that collimates the reflected beam by varying the phase distribution over the cells. In the lower frequency
band, the dual band antenna operates as a parabolic reflector where the reflected beam is determined by
the paraboloid. The beams in the two frequency bands can be steered in two different directions. The
SCSW introduced in chapter 2 is used to design the proposed dual band antenna. Its performances are
analyzed in detail. Simulation results show that oblique incidence may cause additional resonances
referred to as TEM resonances.

A MORRA is synthesized using the database with TEM resonant cells. Simulation results show
that the directions of the main beam in both bands are pointing in the target directions. The gain increases
with frequency in the lower frequency band. The gain drop in the upper frequency band is less than
1.1dB. These results demonstrate the capability of the proposed MORRA. In addition, the number of
cells with a loss greater than 2dB is very small in the designed MORRA, which means the TEM
resonance does not significantly affect the designed MORRA. To further analyze the impact of TEM
resonances, two MORRASs are synthesized using the database without TEM resonances. Also, a
MORRA is synthesized using the modified unit cell to avoid TEM resonances. Simulation results show
that it is not necessary to avoid the TEM resonances here because the initial array involves only a few
cells with resonances.

The profile of the initial array is reduced by 45.12% after the rotation of coordinate system.
Simulation results demonstrate that the rotation of the coordinate system mainly contributes to reduce
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the height and the weight of the RRA and makes the fabrication easier. A first array with reduced profile
is fabricated using SLM technology. The agreement between the simulation results and measured results
is not very good. Finally, an optimized antenna made of unit cells with fixed cross-section is designed,
fabricated, and measured. A good agreement between simulation and measurement is achieved. Also,
the optimized antenna has a better performance than the previous one.

118



Chapter 4 - Single Band Antennas made of
Phoenix Cells

4.1 INErOAUCTION ...ttt et sttt e e st ebeesaeeens 120
4.2. Metal-only reflectarray antenna using 3D phoenix cellS..........ccoeevveviiriiieniennnnn. 121
4.2.1 Design process of metal-only reflectarray antenna.............ccceeeevveeeeneennnee. 121
4.2.2 Horn antenna deSIZN..........cecveeiuierireiiienieeieenieeieesieeeieesieeeseeseneeseesaneens 121
4.2.3 Performances evaluation ............ccocueeiuiiniiiiiiiniieieie e 123
4.2.4 Fabrication and MEaSUIEIMENTS .........cc.eeevierurerieeriienieesieenaeenieesneenseesneeens 125
4.2.3 CONCIUSION. ....oiiiiiiiieieiiie ettt ettt e et e e e e ettt e e e e eetaeeeeeeareeaean 129
4.3. Transmit-reflect-arrays using 3D phoenix cells .........cccooveeiiieiiiiiiiinieiiieiieee 129
4.3.1 DESIZN PIOCESS ...uvveeeuvrreeireearieeeieeesseeesseeessseeessseeessseesssseesssseesssseesssseesses 129
4.3.2 Performances analySis.........ccceevueeciierieeiiieniie ettt 132
4.3.3 CONCIUSION. ...ttt ettt et et e et e bt e sbeesaeeens 139
4.4 Bandwidth enhancement of metal-only reflectarray antenna..............cccceevueennennn. 140
4.4.1 DAtabase ......ceoueeeuiiiiiieiieeite ettt ettt 140
4.4.2 Initial design approach and analysis .........c.cccecceevieeiiienieeiienieeieecie s 141
4.4.3 Improved design approach and analysis .........ccccceeeevveercieenciieeniie e 141
4.4.4 CONCIUSION....ceutiriiiiiiiieiteeitete ettt sttt ettt et et e b nee 145
4.5 CONCIUSION ...ttt ettt ettt ettt e et esbeeeabeesbeesabeenaaeens 146

119



Chapter 4 - Single Band Antennas made of
Phoenix Cells

4.1 Introduction

In chapter 2, two different waveguide-based MO cells (SC and PC) are introduced. The SCSW is
used as a phase shifting cell to synthesize the RRAs in chapter 3. In this chapter, the capability of PC is
demonstrated by using it to synthesize RAs and TRAs.

Section 4.2 describes the design, fabrication and measurement of a MORA operating at 20GHz.
The achieved aperture efficiency and 1-dB gain bandwidth are 49.3% and 17.5% respectively. Then, the
design and simulation of two different MOTRAs are discussed in section 4.3. Section 4.4 presents a
detailed analysis of the effect of the height of the 3D PC on the performance of MORAs and provides
an improved design approach. Finally, a conclusion is made in section 4.5.

The center frequency of all antennas in this chapter is 20GHz. As shown in Fig.4.1, the radiating
aperture is 13Xox 13 (the wavelength at center frequency, 20GHz) with an element spacing of 0.5 Ao.
The illumination is achieved by a linearly polarized horn antenna with an offset angle of 25° with respect
to the normal of the panel. The /D ratio is 1.183.

Z
} focal point

D (133x13%)

X

Fig.4.1 Configuration of proposed antennas.
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4.2. Metal-only reflectarray antenna using 3D phoenix cell

4.2.1 Design process of metal-only reflectarray antenna

First, a RA is designed to validate the PCSW shown in Fig.2.15. To make the fabrication easier,
the thicknesses of the walls in the 3D PC are increased compared to parameters in table 2.2 and the
detailed parameters are tabulated in Table 4.1. The direction of the main beam has a tilt angle of 25°,
opposite to the offset angle of horn antenna. The synthesis process derives from the one used in [135].
It consists in selecting the geometry for each cell in the RA in order to achieve best the desired phase.
The desired phase law at frequency f'is calculated using equation (1.3).

Table 4.1 Detailed parameters of the 3D MO PC for fabrication.

Parameter | Lc L, Ly | Win | Wex
Value 7.5 1-7.5 1 03 | 02
(mm) (step=0.05)

Note that the phase offset @,7f (as defined in equation 1.3) is optimized during the synthesis
process to minimize the average phase error £ :

R G e ) 90l

l1m1

@.1)

where Nris the number of frequencies (f;) for which the optimization is done, N, is the number of
cells, ¢ and I, are the achieved phase and illumination intensity for cell m. This latter one is the
magnitude of the electric field from the feed antenna.

In the calculation of the I, the field from the feed is approximated by cos? with g=19.574 at 20GHz.
This specific value of g is selected such that the edge taper is less than -10dB, which will be shown later.
Also, two frequencies (f;=19.5GHz and f>=20.5 GHz) are used for enlarging the bandwidth around
fr=20GHz. Fig.4.2 shows the desired phase shift distribution at these two frequencies.

X{(mm)
X(mm)

-150 -100 -50 0 -150 =100 =50 0
Y(mm) Y(mm)
a) b)

Fig.4.2 Distribution of the required phase shift over the RA cells (deg). a) 19.5GHz. b) 20.5GHz.

4.2.2 Horn antenna design

A horn antenna is designed based on the first two steps of the design process in section 3.4.2.
Fig.4.3 shows the designed horn antenna which is used to illuminate all the antennas in this chapter.
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Fig.4.4 summarizes the illumination intensity at 19.5GHz, 20GHz and 20.5GHz. It can be seen that the
edge taper is less than -10dB in the target frequency range.

52mm

< 73 >

55mm

=

12.95mm

©)

Fig.4.3 The designed horn antenna. a) Sectional view. b) Top view. ¢) 3D view
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Fig.4.4 Tllumination intensity (dB). a) 19.5GHz. b) 20GHz. ¢) 20.5GHz.

4.2.3 Performances evaluation

Fig.2.16 shows that the complete phase cycle is achieved when # is greater than 4 mm. As a trade-
off between antenna thickness and achieved phase range, the height of the PCSW is fixed to 6 mm for
all cells. Then, the reflection phase is only controlled by L,. The conductivity of conductors is now set
to 1.33x10° S/m in simulations (instead of the PEC in section 2.2), as the metal used for fabrication is
stainless steel.

A database is first established to characterize the response of the cell versus L,. It is calculated with
HFSS® assuming oblique incidence and y-polarization for the incident wave. The incident angle is set
to the value at the array’s center (25°) where the illumination is the highest. The simulated reflection
coefficients at f; and f> are summarized in Fig.4.5. It can be seen that the complete phase cycle is
achieved at both frequencies and the maximum loss is less than 0.25 dB. Note that the jump in magnitude
when L,=7.1 mm is due to the disappearance of the outer waveguide.

To limit fabrication issues, cells where the gap between two metal walls is less than 0.2 mm are
not accepted in the final design. Cells with such a narrow gap between the inner and outer waveguides
are simply removed from the database. For those where the narrow gap is located between the inner
waveguide and the metallic block, the treatment is different because the associated phase is not so
sensitive. Consequently, in this case, the gap is suppressed (filled with metal).

The RA is then synthesized using the database in Fig.4.5. The phase offset and the achieved average
phase error after optimization at 19.5/20.5GHz are 265°/295° and 6.17°/8.28°. Fig.4.6 shows the used
geometries for all cells over the panel together with the achieved magnitude of the reflection coefficient
(at both frequencies). Having in mind that cells with either a small or a large L, have a quite similar
geometry, it can be said that a smooth variation is achieved (see Fig.4.6a). Also, the loss at 19.5GHz is
a bit higher than that at 20.5GHz (see Fig.4.6b and c), which is consistent with the results in Fig.4.5.
The designed MORA with its 3D radiated field is shown in Fig.4.7. It can be observed that the main
beam at 20GHz is globally compliant with expectation. The simulated radiation patterns and gain
response are summarized in section 4.2.2 for comparison with the measured results.
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Fig.4.6 a) Cell geometries (value of Lr in mm). b) Magnitude of the reflection coefficient over the cells at 19.5GHz (dB). c)
Magnitude of the reflection coefficient over the cells at 20.5GHz (dB).
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Fig.4.7 Radiation field of the designed RA at 20GHz

4.2 .4 Fabrication and measurements

The RA and horn antenna are fabricated layer by layer using selective laser melting 3D printing
technology. The detailed fabrication and post-processing have been introduced in chapter 1 and section
3.8 and will not be repeated here. The fabricated MORA and horn antennas are shown in Fig.4.8. The
photographs of manufactured MORA and its measurement setup are shown in Fig.4.9.

Fig.4.8 The fabricated RA and horn antennas
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Fig.4.9 Photographs of manufactured MORA and its measurement setup.

The gain response and aperture efficiency are summarized in Fig. 4.10. The gain discrepancy is
less than 0.53 dB from 18 GHz to 22 GHz, which is completely acceptable. The measured realized gain
at 19.5 GHz is 30.3 dBi with a maximum aperture efficiency of 51.17 %. The measured 1-dB gain
bandwidth is 15% (from 19 to 22GHz).

The direction of maximum beam in the target frequency range is tabulated in Table 4.2. The
deviation from the desired direction (25°, 270°) is caused by two reasons. The first is the fabrication and
assembly, which can directly vary the location of phase center of the feed antenna. The direction of main
beam is strongly affected by the phase center. The second is the fabrication of the RA itself, which may
produce additional phase errors. However, the deviation is less than 2° demonstrating the feasibility of
such an antenna.

In addition, the comparisons of normalized radiation patterns between full wave simulations and
measurements are shown in Fig. 4.11. The agreement is globally very good. Higher discrepancy can be
seen when theta is greater than 25° due to blockage from the horn antenna and arm. Figures 4.11 b and
¢ show that the measured side lobe and cross-polarization at 20 GHz are about 21.15 dB and 25.20 dB
below the main beam respectively. These levels stay lower than 13.57 dB / 24.39 dB in the frequency
range from 19 GHz to 22 GHz. The degradation of the side lobe level at 22 GHz (see Fig. 4.11¢) is
mainly due to the gradual increase in phase error as the frequency moves away from the optimized
frequency.

Some existing MOR As are summarized in Table 4.3. Now the measured results of proposed MORA
are compared to the ones in Table 4.3. It can be seen that only 3D cells (either metallic blocks [58, 59]
or the proposed MORA) can achieve an aperture efficiency higher than 50% while allowing dual-
polarization. In addition, the achieved bandwidth is very high compared to all the other published
MORAs.
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Fig.4.10 Gain response (left) and aperture efficiencies (right)
Table 4.2 Direction of maximum beam.
f(GHz) 18 19 20 21 22
(theta, phi) | (25.88°, | (26.35°, | (26.09°, | (26.18° | (26.05°,
269.80°) | 270.03°) | 270.82°) | 271.44°) | 271.44°)
Table 4.3 Comparison of state-of-the-art MORAs
Type Polarization | Freq Gain 1-dB Gain | 3-dB Gain | Aperture 3D
2D or (GHz) (dBi) Bandwidth | Bandwidth | Efficiency | printing
3D) (%) (%) (%)
[11] Sot (2D) Dual Linear 12.5 32.5 8.3 - - No
[12] Slot (2D) Single 12.5 339 12.8 - 53.8 No
Linear
[14] Slot (2D) Circular 20 314 6.85 10.15 35 No
[18] | Waveguide | Single linear 75 423 - - 30.2 No
(3D)
[24] | Waveguide | Single linear 60 279 - - 40.5 Yes
(3D)
[25] Metallic Dual linear 12.2 332 - - 50 No
block
(3D)
[26] Metallic Dual Linear 100 28 - - 50.1 No
block
(3D)
[30] Metallic Circular 24/32 | 24.3/24.5 - 10/9.3 38/26 Yes
block
(3D)
This | Waveguide | Dual linear 20 30.25 15 - 51.17 Yes
work (3D)
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Fig.4.11 Normalized radiation pattern of the designed RA. a) yoz plane (19 GHz). b) xoz’ plane (19GHz). ¢) yoz plane (20
GHz). d) x0z’ plane (20 GHz). e) yoz plane (22 GHz). f) x0z’ plane (22 GHz)

4.2.3 Conclusion

This section first has introduced the design process of a MORA. It is synthesized using the 3D
PCSWs with a fixed height of 6 mm. The synthesis process consists in optimizing the offset phases to
minimize the average phase error. The designed MORA is illuminated by a linearly polarized horn
antenna. Both the MORA and the horn antenna are fabricated using SLM 3D printing technology. A
quite good agreement between the simulations and the measurements is obtained. The achieved
maximum gain and maximum aperture efficiency are 30.3dBi and 51.17% respectively. These results
validate the design process and demonstrate the potentialities of this structure.

4.3. Transmit-reflect-arrays using 3D phoenix cells

4.3.1 Design process

Two TRAs made of PCOWSs (see Fig.2.17) are now designed to validate this configuration of the
cell. Both produce a reflected beam at 25° from broadside but they differ by the direction of the
transmitted beam. As summarized in Table 4.4, TRA1 produces a transmitted beam that is symmetrical
to the reflected one while TRA2 steers the transmitted beam in a different direction and a different plane.

The synthesis process is basically the same as for the RA shown in previous section, except that it
now minimizes the total phase error &, defined as:
NC
— h d h d
e= ) In[ISEHI|o8sk - osa] + IS llsch — i
m=1

4.2)

where index R and T refer to the TA and RA phases respectively while S]} and S77} , which have
been introduced in section 2.2.2, are the scattering parameters of cell m. Note that, for the sake of
simplicity, the optimization is done here for the central frequency only (20 GHz). The distributions of
required phase shift over the cells in TRA1 and TRA2 are shown in Fig.4.12.
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Fig.4.12 Distribution of required phase shift over the cells. a) Reflected and transmitted beams in TRA1 and reflected beam
in TRA2. b) Transmitted beam in TRA2.

As already pointed out from Fig.2.19, a large /4 is needed to provide a 360° range for the
transmission phase. Consequently, 4 is now set to 10 mm. Also, the incident wave is now x-polarized to
comply with the additional constraint brought by the lateral metallic wall at the middle of the cells.
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The simulated database at 20 GHz is given in Fig.4.13. It shows certain cells (typically those with
|S1:>-2dB) seem best suited for reflection and other ones (|S2;[>-2dB) for transmission. The remaining
ones are neither optimal for reflection nor transmission. Also, the total magnitude (y/[S11|? + [S21]?) in
Fig.4.13c shows that the loss is less than 0.2dB, which is completely acceptable. In the end, it must be
highlighted that it is the optimization process itself that decides whether a cell is used for TA or RA and
this is done automatically by minimizing the weighted phase error as given by (4.2).

Table 4.4 Beams directions of the two TRAs.

Direction of Direction of

transmitted beam reflected beam
TRA1 (155°,270°) (25°,270°)
TRA2 (165°, 0°) (25°,270°)
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Fig.4.13 The simulated S-parameters of the PCOW (4=10 mm, step=0.05 mm, /=20 GHz, x-polarization, ¢in=90°, Gn.=25°).
a) Phase. b) Magnitude. ¢) Total magnitude (/[S11]? + 1S211?)

As a final figure of merit, the average achieved phase error is defined as:

= Sl [T o - o]+ ot~ 0853 (43)

2Im |s’"|
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The achieved average phase errors of both TRAs are 8.76° and 42.11° respectively. Note that, if
the directions of both reflected and transmitted beams are symmetrical, the required phases for reflection

and transmission are identical. In this case, it is quite easy to select offset phases for reflection (¢£f ! )

and transmission (¢$f ! ) so that each cell almost meets the required phases for both beams
simultaneously. Therefore, the total phase error in (4.2) can easily be minimized. As a result, a much
lower phase error is obtained for TRAI.

The cell geometries for both TRAs are summarized in Fig.4.14. Since the two beams are
symmetrical, a smooth geometrical evolution is achieved in TRA1 (see Fig.4.14a). The distribution of
the total magnitude over the cells in both TRAs are shown in Fig.4.15. It can be seen that the loss in
both TRAs is less than 0.2dB, which is completely acceptable. Also, the distributions of TA cells and
RA cells in the two TRAs are shown in Fig.4.16. The green color, the blue color and the dark green
color in Fig.4.16 represent the TA cells, the RA cells and the transition cells respectively. Obviously,
the number of TA cells is higher than that of RA cells in both TRAs, which suggests that the
performances of TA may be better than that of RA. In addition, Table 4.5 compares the two TRAs in
terms of average phase error, number of cells and total weighting coefficient in each operating mode.
These results are prepared for the analysis of the performances of designed TRAs in next subsection.

Table 4.5 Comparison between both TRAs.

AvgError Number of cells Total weighting
(e n|STi | PRM—PRoml coefficient
T Sl (s I |ST | or
UL DAYMEH)

TRAI1 TA 7.24° 324 0.6968
RA 1.52° 314 0.6032
TRA2 TA 24.65° 436 0.7587
RA 17.46° 224 0.4950
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Fig.4.14 Variation of the cell geometry over the aperture (L, in mm). a) TRA1. b) TRA2.
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Fig.4.16 The distribution of TA cells (green), RA cells (blue) and transition cells (dark green). a) TRAL. b) TRA2.

4.3.2 Performances analysis

The performances of TRAT1 are evaluated first. Fig. 4.17 shows TRA1 with the associated radiated
field at 20 GHz. It can be seen that both transmitted and reflected beams are produced simultaneously.

The normalized radiation patterns at 20GHz are shown in Fig.4.18. Z° and Z’’ indicate the
directions of reflected beam and transmitted beam respectively. It can be seen that the beams are
produced in the desired directions, which demonstrates the ability of the proposed PC to design TRAs.
Also, the level of the reflected beam is just 0.75dB below the one of the transmitted beam, which is
consistent with the quite similar characteristics obtained in Table 4.3 regarding the cell numbers and
weighting coefficients for both configurations. The side lobe and the cross-polarization levels are lower
than -14.3dB and -30.76dB respectively. In addition, the normalized radiation patterns at 19 and 21GHz
are shown in Fig.4.19 and 20, respectively. Obviously, the reflected and transmitted beams are always
pointing to the desired directions in the given frequency range, which demonstrates the stable
performances of the designed TRA. It can be seen from Fig.4.19 that the side lobe and cross polarization
at 19GHz are lower than -15.71dB and -26.26dB respectively, which are similar to that at 20GHz.
However, the level of the reflected beam gradually decreases with frequency. At 21GHz, it is lower than
the transmitted beam by 3.3dB and it is only 7.71dB higher than the side lobe. To fully compare the
performances of the two beams, their gains and aperture efficiencies versus frequency are summarized
in Fig.4.21. It can be seen that the performances of the transmitted beam are globally better than that of
the reflected one. The achieved gain for transmission and reflection at 20GHz is 26.4dBi and 25.7dBi
respectively. The corresponding aperture efficiency is 20.55% and 17.29% respectively. The aperture
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efficiency of TRA1 is defined as the sum of both reflected beam and transmitted beam

achieved aperture efficiency for TRAL1 is 37.84%.

Fig.4.17 TRA1 with symmetrical beams at 20GHz and horn antenna.
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Fig.4.18 Normalized radiation patterns of TRA1 (dB) at 20 GHZ. a) yoz plane. b) xoz’ plane. c¢) x0z”’ plane.
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Fig.4.19 Normalized radiation patterns of TRA1 (dB) at 19 GHZ. a) yoz plane. b) xoz’ plane. ¢) xoz”’ plane.

134



30

60
90
120
150
180 zr
a)
0
30 30 30 0 -30
10
60 60 60 -60
Co-pol Co-pol )
2 = X-pol 90 90 = X-pol 90
120 -120 120 -120
150 -150 150 -150
180 180
b) ©)

Fig.4.20 Normalized radiation patterns of TRA1 (dB) at 21 GHZ. a) yoz plane. b) xoz’ plane. ¢) xoz”’ plane.
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Fig.4.21 Gain and aperture efficiency of TRAI.

Now the performances of TRA2 are analyzed. The normalized radiation patterns at 20, 19 and
21GHz are summarized in Fig.4.22, 23 and 24. It can be seen from Fig.4.22 that the side lobe and the
cross-polarization levels at 20GHz are lower than -10.23dB and -28.09dB respectively. Also, the side
lobe level is -12.05dB at 19GHz (see Fig.4.23). However, as the frequency increases, the side lobe level
degrades to -7.2dB at 21GHz (see Fig.4.24). The gains and aperture efficiencies versus frequency of
both beams in TRA2 are summarized in Fig.4.25 to further compare their performances. As for TRAI,
the transmitted beam in TRA2 is globally better than the reflected beam. The gain difference between
the two beams is about 3dB, which is consistent with the double number of cells used for transmission
(see Table 4.4). The achieved gains for transmission and reflection at 20GHz are 26.1 dBi and 23.1 dBi
respectively (see Fig.4.25). The corresponding total aperture efficiency is 28.53%. The achieved
aperture efficiency of TRA2 is reduced compared to TRA1, which is due to the significant increase in
average phase error (see Table. 4.4).

As a summary, the proposed PCOW is more suitable for an application that requires two
symmetrical beams. The achieved aperture efficiency of TRAI is 8.84% higher than that in [71] and
16.84% higher than that in [64]. The performances of the proposed TRAs in this thesis can be further
improved by optimizing the structure of PCOW to increase its phase range of reflection coefficient.
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Fig.4.22 Normalized radiation patterns of TRA2 (dB) at 20 GHz - a) yoz plane (reflected beam). b) xoz’ plane (reflected
beam). ¢) yoz’’ plane (transmitted beam). d) xoz’’ plane (transmitted beam)
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Fig.4.23 Normalized radiation patterns of TRA2 (dB) at 19 GHz - a) yoz plane (reflected beam). b) xoz’ plane (reflected
beam). ¢) yoz’’ plane (transmitted beam). d) xoz’’ plane (transmitted beam)
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Fig.4.24 Normalized radiation patterns of TRA2 (dB) at 21 GHz - a) yoz plane (reflected beam). b) xoz’ plane (reflected
beam). ¢) yoz’’ plane (transmitted beam). d) xoz’’ plane (transmitted beam)
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Fig.4.25 Gain and aperture efficiency of TRA2.

4.3.3 Conclusion

In this section, two MOTRASs made of PCOWs are designed and simulated. They are synthesized
by minimizing the total phase error. Simulation results show that they have the ability to produce both
transmitted and reflected beams simultaneously. When the directions of both beams are symmetrical,
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their performances are similar. When the directions of both beams are asymmetrical, the performance
of the reflected beam is significantly degraded. The degradation is the results of the large increase in
average phase error. These two MOTRAs fully demonstrate the performance of the proposed 3D MO
PCOW.

4.4 Bandwidth enhancement of metal-only reflectarray antenna

4.4.1 Database

In section 4.2, a MORA is designed using PCSWs (see Fig.2.12 and Fig.2.15) with a fixed height
of 6 mm. This section aims at improving the performance of this MORA by exploiting another degree
of freedom in the 3D PCSW, namely its height. More generally speaking, this section offers a detailed
analysis of the effect of the height of the 3D PCSW on the performance of MORAs.

Five RAs (RA1, RA2, RA3, RA4 and RAY) are designed in this section. The design process of
RAs in this section is the same as that in section 4.2.1 where the phase offsets at 19.5 GHz and 20.5
GHz are optimized during the synthesis process to minimize the average phase error. The only difference
is the used database.

Table 4.6 summarizes the detailed parameters of the 3D PCSW used in this section. Since the
antennas in this section will not be fabricated, the used thickness of inner wall (w;,) is not increased to
0.3mm, just to verify the proposed optimization method from simulation results. The simulated S-
parameters are shown in Fig.4.26. The results once again prove the conclusion in section 2.4 that losses
are higher around the resonant area (white curve in Fig.4.26a and b). Note that the cells with a loss
greater than 1dB are filtered out before the synthesis process of MORAs.

Table 4.6 Detailed parameters of the 3D PCSW

Parameter | Lc | Lo (step0.1) | Ly | A(step0.1) | Win | Wex
Value(mm) | 7.5 1-7.5 1 4-10 02 102
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Fig.4.26 S-parameters of the PCSW (x-polarization, ¢inc=90°, Gnc=25°). a) Phase (S:/) at 19.5GHz. b) Phase (S:/) at
20.5GHz. ¢) Mag (S11) at 19.5GHz. d) Mag (S:,) at 20.5GHz.

4.4.2 Initial design approach and analysis

Firstly, two different RAs are designed. The first RA (RA1) has a fixed height (4=6 mm) while the
second one (RA2) is designed using PCSWs with a variable height (e [4, 10] mm). The detailed
parameters of these two RAs are tabulated in Table 4.6. Fig.4.27 depicts the gain versus frequency in
the direction of maximum radiation.

Table 4.7 shows that the average phase error of RA2 is much smaller than that of RA1 at both
frequencies which demonstrates the ability to better control the phase thanks to this second degree of
freedom. However, it can also be seen from Fig.4.27 that the gain of RA2 is lower than that of RA1
except for a few frequency points. This dysfunction of the design process can be understood by analysing
the variation of the cell geometry in both RAs. To do so, Fig.4.28a presents the optimized values of L,
for RA1 while Fig.4.28b and ¢ show that of L, and 4 in RA2. It appears that the introduction of a new
degree of freedom (%) resulted in a more chaotic distribution of the successive geometries. This is
particularly visible in Fig.4.28c where isolated cells with large / (yellow dots) can be observed within
the panel. Such abrupt variations in the geometry between two adjacent cells in RA2 may decrease the
accuracy of the phase predictions, and subsequently result in a gain drop and a bandwidth reduction.
Also, Fig.4.29 summarizes the magnitude distributions at 19.5GHz and 20.5GHz. It can be seen from
Fig.4.29a, b, ¢, and d that the loss in RA2 is obviously higher than that in RA1, which further explains
the gain drop in RA2. To better characterize the loss of each RA in this section, the average loss is
calculated using the following equation:

Ilow'Mlow‘Hup'Mup)

. (4.4)

avg_loss = —dB (

where [, and I, are the matrices of normalized illumination intensity over the RA cells at 19.5
and 20.5GHz (see Fig.4.4), respectively. M, and M,,, are the matrices of achieved magnitude over the
RA cells at 19.5 and 20.5GHz (see Fig.4.29). It can be seen from table 4.5 that the average loss of RA2
is 0.25dB higher than that of RAI.

4.4.3 Improved design approach and analysis

The previous subsection shows that reducing the phase error is not sufficient to enhance the antenna
performance. Preserving a smooth geometry evolution in the array remains an imperative factor. This
section aims to expand the design process, in order to fully benefit from the capability of the 3D PCSW
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with variable height to improve the bandwidth of the RA. The idea relies in finding a method that permits
to reduce the average phase error while preserving this smooth geometry variation.

In order to reduce the difference in the geometry between two adjacent cells, a predefined limitation
is added to the process to design a RA. There are two variables for each cell: L.and 4. Since a smooth
L, distribution can easily be obtained (as shown in Fig.4.28a for RA1), the improvement of the design
process focuses on the height % of the cells. More precisely, it is proposed to limit the variation in the
value of / between two adjacent cells. The maximum difference between two such cells (d#) is adjusted
to find a better balance between the average phase error and the smoothness of the cell geometries over
the RA. In this process, L, and / are derived successively. Also, since the cells in the center have stronger
illumination intensity, the geometry of these cells is determined first. Fig.4.30 shows the order of
selection. It travels a spiral path from the center to the outside of RA. As a consequence, for any two
adjacent cells, the difference of / is no more than the predefined dh.

In order to verify the aforementioned optimization process, three additional RAs (RA3, RA4, RAS)
are designed. They differ by the used value of dh (0.5, 1 and 1.5 mm respectively). It can be seen from
Table 4.7 that the average phase error decreases with the increases of dh, which is consistent with the
fact free variations in 4 provide an additional degree of freedom to reduce the error. It can be seen from
Fig.4.17 that there is no obvious change in gain between RA1 (fixed height) and RA3 (when dh is equal
to 0.5 mm). On the contrary, when dh is increased more significantly (typically for RA4 and RAS5), the
performance is much better. For instance, the 1-dB bandwidth is increased from 15% (RA1) to 18%
(RAS where dh is equal to 1.5 mm), although the average loss is increased by 0.01dB (see Table 4.7).
At the same time, the gain of RAS has also been significantly improved compared with RA2 (variable
height with no dh limitations). These results confirm the cell height /4 is an interesting additional degree
of freedom, but its variations have to be limited in order to prevent from a chaotic cell distribution in
the aperture. A good trade-off has to be found between cell regularity and achieved phase error. The
proposed optimization process is a possible solution to reach such a compromise.

Table 4.7 Average phase error and average loss versus / and dh for the five RAs

(:ﬁfn) (nflm) average phase error (°) Average loss (dB)
RA1 -—- 6 15.26 0.1505
RA2 - 4-10 8.05 0.2750
RA3 0.5 4-10 14.60 0.1532
RA4 1 4-10 14.59 0.1575
RAS 1.5 4-10 14.55 0.1617

(dBi)

18.5 19 19.5 20 20.5 21 21.5 22 22.5 23

f(GHz)
Fig.4.27 The gain versus frequency of five RAs.
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Fig.4.29 Magnitude distribution over the cells (dB). a) RA1 at 19.5GHz. b) RA1 at 20.5GHz. ¢c) RA2 at 19.5GHz. d) RA2 at
20.5GHz. e) RA3 at 19.5GHz. f) RA3 at 20.5GHz. g) RA4 at 19.5GHz. h) RA4 at 20.5GHz. i) RAS at 19.5GHz. j) RAS at
20.5GHz.

Fig.4.30 The order of selection.
4.4.4 Conclusion

In this section, five different RAs are designed to investigate the effect of the height of the 3D PC
on the performance of MORAs. Simulation results show that the gain of MORAS can be optimized by
selecting an appropriate height for each cell, provided that geometric variations between adjacent cells
are limited. A design methodology is proposed and validated by improving the bandwidth from 15 to
18%.
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4.5 Conclusion

This chapter demonstrated the capability of the proposed 3D PC to design MORA and MOTRA.
First, a MORA made of PCSWs was designed by minimizing the average phase error. It was fabricated
using SLM 3D printing technology and measured. A quite good agreement between the simulations and
measurements is achieved. The achieved maximum gain and maximum aperture efficiency are 30.3dBi
and 51.17% respectively. Then, two MOTRAs made of PCOWs are designed and simulated. They are
synthesized by minimizing the total phase error. Simulation results show that they have the ability to
produce both transmitted and reflected beams simultaneously. Finally, five different MORAs were
designed to investigate the effect of the height of the 3D PC on the performance of MORAS. Simulation
results show that the gain of MORAs can be optimized by selecting an appropriate height for each cell,
provided that geometric variations between adjacent cells are limited. A design methodology is proposed
and validated. It improves the bandwidth from 15% to 18%.
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Chapter S - Dual Band and Dual Beam
Antennas made of Modified Phoenix Cells

5.1 Introduction

Last chapter validated the two main operating modes of the 3D PC and provided an experimental
validation. This chapter tries to further explore the capabilities of this cell by investigating additional
degrees of freedom or slightly modified topologies. More precisely, two new versions of the 3D PCSW
are discussed, leading to two new RA designs.

Firstly, it can be known from section 2.2 that the 3D PC consists of two imbricated waveguides. In
all the previous designs, the heights of both waveguides are identical. However, if we tune them
independently, another degree of freedom is obtained to control the reflection phase. This is what is
done in section 5.2 where a dual band antenna (20/25GHz) is designed by taking advantage of the two
available waveguide heights. Secondly, section 5.3 proposes a modified topology to control both linear
polarizations separately. As an application, a RA that generates two different beams with orthogonal
linear polarizations at 25GHz is designed. Finally, a conclusion is drawn.

Due to the lack of time, only simulations are carried out in this chapter. The (maximum) center
frequency of all antennas in this chapter is 25GHz. As shown in Fig.5.1, the radiating aperture is 150X
15X (Mo being the free space wavelength at 25GHz) with an element spacing of 0.54. All the antennas
and cells are supposed made of stainless steel with a conductivity of 1.33x10° S/m and simulated in
HFSS®. The illumination is achieved by a linearly polarized horn antenna with an offset angle of 15°
with respect to the normal of the panel. The {/D ratio is 1.

focal point

D (15%x 152,

X

Fig.5.1 Configuration of RAs in chapter 5.
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5.2 Dual band metal-only reflectarray antenna

5.2.1 Cell analysis

This subsection introduces a modified PCSW used to design a dual band MORA. As shown in
Fig.5.2, the proposed cell consists of two square waveguides and a metallic block in the center (like the
PCSW in Fig.2.15). The only novelty here is that the cross-section of the cell is fixed, and the reflection
phase is tuned by varying the heights of both waveguides. The detailed parameters of this dual band cell
are tabulated in table 5.1. Since the two target frequencies are 20 and 25GHz, the size of the external
waveguide (L.) is fixed at 6mm (half wavelength at 25GHz) to prevent from grating lobes. The size of
inner waveguide (L,) should be large enough so that the inner waveguide can also be used to control the
reflection phase. At the same time, its value should not be too large as a too small gap between inner
and external waveguides may increase fabrication error. Therefore, a medium value (4.5mm) is selected
for L.. Similarly, the value of L, is fixed at 2.7 mm, which allows the incident wave to propagate in the
inner waveguide and leaves enough space between inner waveguide and metallic block to reduce
possible fabrication error.

Now the selected ranges of the heights of both waveguides (%, and /.) are analyzed. The two
waveguides are simulated using the same way as in section 2.4.1. Their detailed characteristics are
tabulated in table 5.2. It can be seen that only the external waveguide operates in propagative mode at
20GHz while both waveguides allow propagation at 25GHz. Therefore, the reflection phase at 20GHz
is mainly controlled by the external waveguide while both waveguides are influent at 25 GHz. It can be
deduced from equation (2.1) that the required height for each waveguide to achieve the complete range

is equal to % where £ is the imaginary part of propagation constant at target frequency. Since the

reflection phase at 20GHz is controlled only by the external waveguide, its range is determined first.
The calculated range of 4., is equal to 11.43mm. Once /., is chosen, #;, is changed to tune the reflection
phase at 25 GHz and the calculated range of 4;, is 17.65 mm. Note that the calculated ranges for both
waveguides are a little bit different from the finally used ones (used to produce complete phase ranges)
shown in table 5.2. This comes from two reasons. Firstly, the phase is also affected by the discontinuity
effects (see section 2.3) at the entrance of the dual band cell. Secondly, at the higher frequency, both
waveguides contribute simultaneously, which means the effects of 4;, and 4., get mixed.

Fig.5.3 shows the simulated reflection coefficients of the unit cell at 20 and 25GHz. Note that the
used @i and By corresponds to the incident angle of the cell in the center (see Fig.5.1). The phase and
loss at 20GHz are first analyzed. As expected, the response of the cell at this frequency is independent
from /. It can also be seen from Fig.5.3a and ¢ that the complete phase range is achieved, and the loss
is less than 1.22dB. As introduced in section 2.4, the loss is associated to the resonances caused by the
propagation of the quasi TE;o mode. It can be deduced from equation 2.1 and table 5.2 that the resonance

occurs when /., is equal to 5.72mm (%) at 20GHz. The expected /.. is quite close to the full wave

simulation result in Fig.5.3a (the position of the white curve).

Next, the phase and loss at 25GHz are analyzed. It can be seen from Fig.5.3b that the complete
phase range at 25GHz can always be achieved by varying A, for each fixed /.. except for the value of
hex that causes resonances. Since the incident wave propagates in both waveguides at 25 GHz, both may
cause resonances, which can be seen in Fig.5.3b (horizontal white curve for 4;, and vertical white curve
for A). It can be seen from Fig.5.3b that the value of /. that causes resonances is reduced due to the
increase of f at 25GHz (see table 5.2). It can also be seen from Fig.5.3b that once one of the two
waveguides causes a resonance, the reflection phase is hardly affected by the other waveguide.

Since both waveguides cause resonances at 25GHz, the number of cells with high losses is
significantly increased (see Fig.5.3d). To mitigate the impacts of these resonances on the performances
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of the designed RA, all cells with a loss greater than 1dB are removed from the database before the
synthesis of the dual band RA.

Table 5.1: Detailed parameters of 3D PC

hi" (mm)

f Le L, Lp hin Nex Win Wex h
20/25 6 mm 4.5 mm 2.7 mm 0-16.5, 0-12, step=0.2 0.3 mm 0.2 mm 16.7 mm
GHz step=0.25 mm
mm
Table 5.2: Detailed parameters of the two waveguides in the dual band cell
Inner waveguide External waveguide
20GHz y=otjp o (NP/mm) 0.26 0.0015
B (deg/mm) 0.12 15.75
X (Q) 97.90 0.08
25GHz y=o+jp o (NP/mm) 0.0035 0.0013
B (deg/mm) 10.20 23.90
Z=RAjX, R:(Q) 192.59 42.46
X (©) 3.62 -0.01

[

=

a*

o
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Fig.5.2 Proposed dual band cell (sectional view).
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Fig.5.3 Simulated reflection coefficient (x-polarization, ¢inc=90°, Gnc=15°). a) Phase at 20GHz (deg). b) Phase at 25GHz
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5.2.2 Horn antenna design

Before the synthesis of the dual band RA, two different horns for the two frequency bands are
designed in this subsection. The design process is exactly the same as that in section 3.4.2. The designed
two horns are shown in Fig.5.4 and Fig.5.5. Their corresponding illumination intensities over the cells
in the dual band RA are summarized in Fig.5.6. It can be seen that the edge taper is less than -10 dB at

both frequencies.
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Fig.5.4 Designed horn antenna (20GHz). a) Sectional view. b) Top view. ¢) 3D view.
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Fig.5.5 Designed horn antenna (25GHz). a) Sectional view. b) Top view. ¢) 3D view.
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Fig.5.6 Illumination intensity over the cells in the dual band RA (dB). a) 20GHz. b) 25GHz.

5.2.3 Dual band reflectarray antenna design and analysis

A dual band RA is now designed to validate the proposed cell. The used database is shown in
Fig.5.3. The design process is similar to that in section 4.2.1 where two offset phases are optimized to
minimize the average phase error at two target frequencies. During the synthesis process, the cell
geometries (%, and A..) are selected simultaneously. The only difference is that the target frequencies
are changed to 20GHz and 25GHz, instead of 19.5 and 20.5GHz, to achieve the dual band functionality.
The direction of main beam at both frequencies is (15°, 270°). The required phase shift distributions at
both frequencies, calculated by equation (1.3), are shown in Fig.5.7. The offset phases at 20 and 25 GHz
after optimization are 218° and 49°, respectively. Also, the achieved average phase errors at both
frequencies are 11.68° and 7.98°, respectively. Obviously, the average phase error at 20GHz is higher
than that at 25GHz, which suggests that the performances in the upper frequency band may be better
than that in the lower one.
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The cell geometries of the designed dual band RA are shown in Fig.5.8. It can be seen that there
are some undesired abrupt variations in the designed dual band RA, e. g. the yellow color and the blue
color next to each other in Fig.5.8a. For the original PCSW (see Fig.2.15), the complete phase range can
be achieved only by varying the size of the inner waveguide (L,). In this case, the geometry of a cell
with a large L. is quite close to that with a small L, thanks to its rebirth ability, and a smooth geometric
variation can easily be achieved for the designed RA, as shown in Fig.4.6a. For the modified PCSW
(dual band cell), however, the cross-section is fixed, and the reflection phase is tuned by the heights of
both waveguides. In this case, a large height and a small height do not produce a similar geometry and
the dual band cell no longer has the ‘rebirth’ ability (the phase range is limited to 360°). Since the
reflection phase at 20GHz is mainly controlled by 4., the abrupt variations in cell geometries are
inevitable (at least for 4..), which is a drawback of the dual band cell compared to the original PCSW
with fixed height. These abrupt variations may degrade the performances of the designed RA as
demonstrated in section 4.4. The achieved magnitudes over the cells in the dual band RA are shown in
Fig.5.9, and the average loss at 20/25GHz calculated by equation 4.4 is 0.54/0.60dB.

X-axis(mm)

-150 -100 -50 0 -150 -100 -50 0
y-axis(mm) y-axis(mm)
a) b)

Fig.5.7 Distribution of required phase shift over the cells (deg). a) 20GHz. b) 25GHz.
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Fig.5.8 Cell geometries of dual band RA (mm). a) Zin. b) hex
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Fig.5.9 Achieved magnitude over the cells in dual band RA (dB). a) 20GHz. b) 25GHz.
5.2.4 Performances evaluation

The dual band RA with its 3D radiated fields are shown in Fig.5.10 as a preliminary illustration of
its behavior. It can be seen that the main beams are pointing to the desired directions at 20 and 25GHz.
The detailed performances in the lower frequency band are summarized in Fig.5.11. It can be seen from
Fig.5.11c and d that the achieved side lobe and cross polarization at 20GHz are below -20.21dB and -
33.4dB respectively. It can also be seen from Fig.5.11a, b, ¢ and f that the side lobe is not higher than -
11.12dB in the range from 19 to 21GHz. In addition, Fig.5.11g shows that the gain at 20GHz is 28.1dBi
with an aperture efficiency of 35.74% and the 1-dB gain bandwidth is about 5%.

Now the performances in the upper frequency band, as shown in Fig.5.12, are analyzed. It can be
seen from Fig.5.12¢ and d that the achieved side lobe and cross polarization at 25GHz are below -
24.56dB and -36.06dB respectively. It can also be seen from Fig.5.12a, b, e and f that the side lobe is
not higher than -12.45dB in the range from 24 to 26GHz. In addition, Fig.5.12g shows that the gain at
25GHz is 30.9dBi with an aperture efficiency of 43.94% and the 1-dB gain bandwidth is about 5%.

These results can demonstrate that the designed RA can operate in two different frequency bands.
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Fig.5.10 Dual band antenna with radiation field. a) 20GHz. b) 25GHz.
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Fig.5.11 Performances in lower frequency band. a) Radiation pattern in xoz’ plane (19GHz). b) Radiation pattern in y’o0z’
plane (19GHz). c) Radiation pattern in xoz’ plane (20GHz). d) Radiation pattern in y’0z’ plane (20GHz). e) Radiation pattern
in xoz’ plane (21GHz). f) Radiation pattern in y’0z’ plane (21GHz). g) Gain response and aperture efficiency.
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Fig.5.12 Performances in upper frequency band. a) Radiation pattern in xoz’ plane (19GHz). b) Radiation pattern in yoz’
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5.2.5 Conclusion

In this section, a dual band RA is designed and analyzed. The unit cell is a modified PCSW where
the heights of both waveguides, instead of the size of the inner waveguide, are used to control the
reflection phases in two frequency bands. The complete phase ranges are achieved at both 20 and
25GHz. The dual band RA is synthesized by optimizing the offset phases to minimize the average phase
error at 20 and 25GHz. At this stage, this study is still preliminary, the way of defining the optimal
ranges for /;, and .. is still open. Also, the selection process of both heights could certainly be improved
further (typically by selecting hex first to control the phase at the lower frequency and then using 4, to
provide the additional degree of freedom to tune the phase at the higher frequency). However, the
already achieved performances demonstrate that this concept is feasible and suggest interesting
directions for further investigations.
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5.3 Dual beam metal-only reflectarray antenna

5.3.1 Cells Description

This section proposes a MORA allowing to generate two pencil beams with orthogonal
polarizations. The unit cell is similar to the dual band cell in Fig.5.2. The only difference, as shown in
Fig.5.13, is that four walls are added to split the two waveguides into two parts. This modification allows
the proposed cell to independently control incident waves with orthogonal linear polarizations. In
addition, the reflection phase is controlled by tuning independently the heights of both waveguides (%
and /iex).

The cross-section of the cell is first designed so that the inner or external waveguides are both
propagative at the considered operating frequency, fy= 25 GHz. The external waveguide supports a
horizontally polarized mode (along y) while the inner one supports a vertically polarized one (along x).
Note that the cutoff frequency of the inner waveguide is reduced below f; thanks to the square metallic
block (L,) whose size is optimized to make propagation possible. Then, the reflection phase at f; for both
modes is controlled by adjusting only the heights of the waveguides: hin controls the phase of x
polarization while 4., deals with the y polarization. In order to eliminate the coupling between both
waveguides and to control the reflection phase independently in both polarizations, four walls have been
added to the original cell (they are highlighted in red in Fig. 5.13). These four walls impose that the
modes in the inner and external waveguides are orthogonally polarized. As a result, the proposed MO
cell has two degrees of freedom to control the reflection phase independently and it can be used to design
a MORA providing two independent beams with orthogonal polarizations.

Wex

Fig.5.13 Top view of dual beam cell.

5.3.2 Cells performances

Before the design of the dual-beam MORA, the performance of the proposed unit cell is verified.
The detailed parameters of the cell are tabulated in Table 5.3. Fig.5.14 shows the simulated reflection
coefficients of the unit cell at normal incidence and at 25GHz. Note that the electric field direction is
parallel to the x-axis for Fig.5.14a and to the y-axis for Fig.5.14b. As it can be seen, the complete 360°
phase range can be achieved by increasing the height of the inner waveguide up to 15mm, and up to
9mm for the external one. Furthermore, Fig. 14a shows that the reflected phase for the x-polarization is
almost independent of /4., (the maximum phase variation is 4° when varying /., from 1 to 9 mm). The
opposite is true (see Fig. 14b for different 4;,). This demonstrates that 4;, and A.. can almost
independently control the reflection phase in both polarizations. It can also be seen that the loss for the
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x-polarized mode is significantly higher than that of y-polarized one, which may deteriorate the gain of
designed RA. The high losses are certainly due to the small cross section and larger length of the inner
waveguide that is used for this mode.

The reflection coefficients at different incident angles are shown in Fig.5.15. The parameters /.
and h;, are set to Smm (Fig.5.15a) and 8mm (Fig.5.15b), respectively. A maximum phase difference of
19° is obtained when varying 8. for 4;,=10.25mm, which is completely acceptable for the design of a
RA.

Table 5.3: Detailed parameters of the dual beam cell.

Parameter | Lo | Lr | Ly hin Srex Win Wex wy W
Value 6 |47 | 3 0-15 | 09 0.3 0.2 1.6 0.4
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Figure 5.14. Simulated reflection coefficients of the cell (fp=25GHz, normal incidence). a) Inner waveguide (x-polarized
excitation). b) External waveguide (y-polarized excitation).
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Figure 5.15 Simulated reflection coefficients of the cell (f=25GHz, oblique incidence). a) Inner waveguide (x-polarized
excitation). b) External waveguide (y-polarized excitation).

5.3.3 Antenna synthesis and analysis

For the database used to design the proposed RA, the incident angles are set to the ones at the center
of the panel (15°, 90°). It corresponds to the green curves in Fig.5.15. The directions of the beams are
set to (15°, 225°) and (15°, 315°) respectively. The ki, and A« heights of each cell are selected one by
one to meet the required phase distributions for both beams (%;, for beam (15°, 315°) and 4., for (15°,

160



225°)). The required phase distributions for both beams are shown in Fig.5.16. Also, the cell geometries
and the magnitude distributions over the cells in the dual band RA are shown in Fig.5.17 and 18.

Similarly to what was observed for the dual band RA, the yellow color and the blue color next to
each other in Fig.5.17 represent abrupt variations in cell geometries, which may degrade the
performances of the dual beam RA. As expected, Fig. 5.18 shows that the achieved losses for beam (15°,
315°) are obviously higher than that for (15°, 225°), which suggests that the associated gain may be
lower.

The dual beam RA with its radiated fields at 25GHz are shown in Fig.5.19. It can be observed that
the direction of the main beam depends on the polarization of the incident wave, which is compliant
with expectations. The normalized radiation patterns for both beams are summarized in Fig.5.20 and 21.
It can be seen that the main beams are pointing to the desired direction from 24 to 26GHz. First, the
beam controlled by the inner waveguide is analyzed. It can be seen from Fig.5.20b that the side lobe and
cross polarization levels are lower than -26.73dB and -34.63dB respectively. As the frequency varies,
the side lobe deteriorates to -13.17dB at 26GHz (see Fig.5.20c). Now, the beam controlled by external
waveguide is analyzed. It can be seen from Fig.5.21b that the side lobe and cross polarization levels are
lower than -27.19dB and -39.57dB respectively. The side lobe level remains below -23.32dB in the
range from 24 to 26GHz. Obviously, the side lobe and cross polarization levels of the beam controlled
by the external waveguide are better than that by the inner waveguide.

The achieved gains and aperture efficiencies of the two beams are summarized in Fig.5.22. It can
be seen that the gain of the beam controlled by the external waveguide is globally better than that by the
inner waveguide, which can be explained by the higher losses in the inner waveguide (see Fig.5.15 and
18). These results demonstrate that the designed dual beam RA can generate two beams with orthogonal
polarizations.

x-axis(mm)
= (=]
= =} &=
X-axis(mm)
=

=a)
=
7

=
=
T

-150 -100 -50 0 -150 -100 -50 0
y-axis(mm) y-axis(mm)

a) b)
Fig.5.16 Distribution of required phase shift over the cells (deg). a) For beam (15°, 315°). b) For beam (15°, 225°)).
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Fig.5.18 Achieved magnitudes of dual band RA (dB). a) For beam (15°, 315°) (inner waveguide). b) For beam (15°, 225°)
(external waveguide).

a) b)

Fig.5.19 RA with radiated fields at 25GHz. a) Beam controlled by inner waveguide (x-polarized excitation). b) Beam
controlled by external waveguide (y-polarized excitation).

162



(dB)

™ NN
-100 -50 0 50 100 -100 0
theta (degree) theta (degree)

a) b)

Co-pol
—— X-pol

40

=50
-100 -50

jl

theta (degree)

©)

Fig.5.20 Simulated normalized radiation pattern: the beam controlled by inner waveguide (phi=315°, x-polar excitation). a)
24GHz. b) 25GHz. ¢) 26GHz.

50 100

0 : r ! 0
Co-pol
——X-pol

=10

-40

-100 -50 0 50 100 -100 -50 0 50 100
theta (degree) theta (degree)

a) b)

163



-50
-100 -50 0 50 100

theta (degree)
c)

Fig.5.21 Simulated normalized radiation pattern: the beam controlled by external waveguide (phi=225°, y-polar excitation).
a) 24GHz. b) 25GHz. ¢) 26GHz.

35 170

30 ‘_[L i

]
8 160
=~ —&—gain: beam (15°,315°) A
25 —=—gain: beam (15°,225°) 150

= A& -aperture efficiency: beam (15°,315°)
20 = & =aperture efficiency:beam (15°,225°)

% _gyeep i pSHEORR S 4; _______ ar 40 2
15 - e = e
. PR O [ (ST 130
10 - . et
s o 120
&’ T
0 - : : 10
24 245 25 255 26
fIGHz)

Fig.5.22 Gain responses and aperture efficiencies of two beams.

5.3.4 Conclusion

In this section, a dual-polarized antenna is designed and analyzed. Compared to the unit cell in
section 5.2, four walls are added to split the two waveguides into two parts, which allows the proposed
cell to independently control incident waves with orthogonal linear polarizations. The beam direction of
the designed RA then depends on the polarization of the incident wave. Although the feasibility of such
a concept has been clearly demonstrated, further optimizations would be needed to improve
performances.

5.4 Conclusion

In this chapter, the PCSW is modified to design two different RAs cells where the cross-section is
fixed, and the reflection phase is controlled by the heights of the two waveguides. The advantages of
using this additional degree of freedom have been illustrated by the preliminary design of two antennas.
Some possible limitations have also been identified. Firstly, the proposed modification makes the rebirth
ability trickier and may cause abrupt variations in the cell geometries of designed RA. In addition, a
large height may be required to achieve the complete phase range (e.g. 15mm for 4;, of dual beam cell
at 25GHz), which significantly increases the losses. This suggests additional work is still required to
fully exploit the new possibilities offered by this degree of freedom and possibly to combine it with
simultaneous variations in the cross section of the cell.
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In any case, the chapter shows dual band and dual polarized RAs are feasible and the PCSW is a
good candidate for designing antennas with advanced features.
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General Conclusion

In this thesis, the capabilities of 3D MO PCs have been investigated and various antenna designs
have been proposed accordingly. Since the SLM technology is available in our collaborative lab in Fez,
some of the designed antennas in this thesis have been fabricated and measured, thus providing a
complete experimental validation.

More precisely, the main contributions in this thesis are as follows:

A new concept of 3D MO waveguide-based PC, including its simplified version, is proposed. The
proposed PC is analyzed in detail. Its principle is explained by observing the electric field distribution.
The resonant phenomena are explained by theoretical S-parameters and some solutions are given to get
rid of these resonances or to limit their impact. An equivalent circuit for the PC is established to predict
the reflection phase. A good agreement between equivalent circuit and full wave simulation results is
achieved. Different degrees of freedom (cross-section and height) in the PC are investigated. The
performances are evaluated by full wave simulation results.

A dual band MORRA (operating both at 20 and 40GHz) is designed, simulated, fabricated and
measured. The profile of the dual band antenna is significantly reduced by rotating the coordinate system.
The dual band antenna is fabricated using SLM technology. The agreement between simulated and
measured results is quite good. A single band MORA (operating at 20GHz) is designed, simulated,
fabricated and measured. The antenna is designed by minimizing the average phase error. An
optimization methodology is also proposed, and the 1-dB gain bandwidth is improved by 3% after
optimization. A good agreement between simulations and measurements is achieved. Two different
MOTRASs (operating at 20GHz) are designed and simulated as a first demonstration of this antenna
topology when using PCs. The antennas are synthesized by minimizing the total phase error. Simulation
results show that the proposed MOTRAs can produce both transmitted and reflected beams
simultaneously, and the produced beams can be symmetrical or asymmetrical.

A modified PC cell for dual band application is proposed, and a dual band MORA (operating both
at 20 and 25GHz) is designed and simulated. Its performances are evaluated by full wave simulations.
The dual band antenna is synthesized by minimizing the average phase error. Simulation results show
that it can work in two different frequency bands. A modified PC for dual polarization is also proposed,
and a dual beam MORA (operating at 25GHz) is designed and simulated. The unit cell can
independently tune the reflection phases for two orthogonal linear polarizations. Its performances are
evaluated by full wave simulations. The antenna is synthesized by selecting the corresponding geometry
for each beam respectively. Simulation results show that the direction of main beam can be changed by
rotating the feed horn.

The main conclusions are the following:

The results in this thesis demonstrate that different functionalities can be realized by making full
use of the different degrees of freedom in the PC e.g., the cross-section of the PC and the height of
different waveguides in the PC. The 3D PC may be used in many different configurations (RA, TA,
RA/TA, RA/parabolic reflector), which suggests additional studies are still required to fully explore all
its capabilities.

The cell offers many degrees of freedom, which also requires a specific attention when designing
an array. Firstly, its cross-section has to be chosen carefully as it controls the cut-off frequency of the
propagating modes. Secondly, the height can be involved in the triggering of parasitic resonances.
Finally, the best solution to tune the phase is to combine variations in heights and cross-section but a
trade-off is required to preserve a smooth geometrical variation over the array aperture. At the moment,
advanced optimization schemes are still needed to fully manage the synthesis process.
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Possible future research lines are the following:

First, the thesis focuses on the unit cells based on square metal waveguides. Other types of
waveguides could be considered to tune phase e.g., parallel plate waveguides. In chapter 2, only the
PCSW is modelled by an equivalent circuit. The other cells can also by represented by equivalent circuits.
In this way, a comprehensive understanding of the proposed waveguide-based cells can be achieved.

Since the proposed PC owns several degrees of freedom, further study is required to find the best
way to select the geometry of each cell to design antennas with the best performances e.g., the best trade-
off between minimum loss, minimum error and smooth geometry needs to be found. Antennas with
more functionalities can be designed by making full use of the different degrees of freedom provided by
the PC.
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Appendix 1: Acronyms

RA: Reflectarray Antenna

SC: Simple Cell

SCOW: Simple Cell with Open-ended Waveguides
SCSW: Simple Cell with Short-ended Waveguides
PC: Phoenix Cell

PCOW: Phoenix Cell with Open-ended Waveguides
PCSW: Phoenix Cell with Short-ended Waveguides
TA: Transmitarray Antenna

MO: Metal-only

MOPC: Metal-only Phoenix Cell

MORA: Metal-only Reflectarray Antenna

TRA: Transmit-reflect-array

MOTRA: Metal-only Transmit-reflect-array

AM: Additive Manufacturing

SLM: Selective Laser Melting

FDM: Fused deposition modeling

SLA: Stereolithography

UV: Ultraviolet.

MJ: Material Jetting

SLS: Selective Laser Sintering

DMLS: Direct Metal Laser Sintering

PEC: Perfect Electric Conductor

PBC: Periodic Boundary Condition

RRA: Reflector reflectarray antenna

MORRA: Metal-only Reflector reflectarray antenna
CP: Circularly Polarization

LHCP: Left-hand Circular Polarization

RHCP: Right-hand Circular Polarization
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Abstract : Reflectarray antenna can be seen
as a combination of reflector antenna and
array antenna. It has the advantages of high
gain, low profile, low cost and easy
manufacturing. Also, it is able to manipulate
the main beam by controlling the geometrical
pattern of the unit, including its shape and
direction. In contrast to phased array
antennas, such manipulation of the radiation
is obtained in reflectarray without increasing
the complexity of the array beamforming

network. Among possible solutions,

phoenix cell is a topology of reflectarray cell

with high potential.

The geometric variation over the reflectarray
aperture is smoothed out owing to the rebirth
ability of the phoenix cell. This thesis explores
the  possibilities  offered by additive
manufacturing in designing actual 3D metal-
only antennas. A 3D waveguide-type phoenix
cell has been proposed, analyzed, and
modeled using an equivalent circuit. Different
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