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Abstract

In the frame of the european project Horizon 2020 named REVOLVE project
initiated by Thales Alenia Space, Heriot Watt University, Large Space Structures,
and Institut d’Electronique et des Technologies du numéRique, this Ph.D. inves-
tigates a new Reconfigurable Reflectarray Antenna (RRA) for Space applications.
This work proposes a concept based on reflectarray antennas and mechanical re-
configuration. The distance between the ground plane and the metallic elements
printed on the higher panel (noted h) is modified to control their reflected phase
and therefore, change the radiation pattern provided by the antenna. This dis-
tance is tuned by modifying the shape of the ground plane thanks to actuators

placed under it.

The first step is to analyze the impact of the distance h on the reflected phase of
the cells. The design process of the RRA needs to be clearly defined to identify
the parameters to take into account to ensure good performance of the antenna.
The main issue is to minimize the number of actuators and the magnitude of the

ground plane deformation while ensuring good RF and payload performance.

In the first instance, the methodology is defined considering an ideal control of
the deformation and so, of the distance h. It is then applied on a sample of a two-
configuration RRA and discussed while introducing one by one realistic constraint
(number of actuators, material behavior...) for the control of the ground plane

shape.

The design methodology is then extended over a 2D array sample composed by
21x21 cells which has to provide two ideal radiation patterns. The design method-
ology identified is then tested through the manufacturing and the measurements of
a prototype. This developed breadboard has been assembled and tested at Large
Space Structures and at IETR. Indeed, two series of tests are carried out. The
first one is mechanical and aims to validate the prediction of the ground plane
shape using Ansys Mechanical software for each configuration. The second series
of tests deals with the RF measurements with the objective to assess predictions

provided by the semi-analytical and fullwave analysis for both coverages.

The validation of the mechanical model has been done using photogrammetry to

evaluate the control and the prediction of the ground plane shape. Considering the
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complexity of the breadboard and the state-of-art, the results obtained are accept-
able and show the repeatability capability of the deformation which is mandatory
for a RRA. Once the control of the deformation has been validated, the antenna

has been measured in the anechoic chamber.

The RF measurements (cf. Figure 1) show an acceptable correlation between the
normalized predicted and measured radiation patterns for the first configuration.
Nevertheless, it presents a big directivity loss explained notably by the non-optimal

ground plane deformation due to the layout error made during the design process.
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FI1GURE 1: Normalized field at f=12.85GHz, Cut-plane ®=90°.
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Résume

Dans le cadre du projet européen Horizon 2020 intitulé REVOLVE initié par
Thales Alenia Space, Heriot Watt University, Large Space Structures, et 'Institut
d’Electronique et des Technologies du numéRique, cette these s’intéresse a un
nouveau concept d’antennes réseaux réflecteurs (RRA) reconfigurables pour des

applications spatiales.

Le concept retenu suite a I'état de 'art est un réseau réflecteur reconfigurable
mécaniquement. La modification du diagramme de rayonnement de ’antenne se
fait en controlant la distance entre le plan de masse et les cellules imprimées (notée
h) sur le réseau. Cette distance est modifiée a 1'aide d’actionneurs placés sous le

plan de masse pour le déformer.

Une fois le concept défini, la premiere étape consiste en 'analyse de I'impact de
la distance h sur la phase réfléchie des cellules afin de mieux comprendre leur
comportement. L’analyse de ces résultats permet alors d’identifier un couple (dis-
tance h; phase réfléchie) pour la cellule et d’utiliser ces informations pour mettre
en place une méthodologie de conception du réseau réflecteur. Cette procédure a
pour but de fournir une sélection optimale des éléments rayonnants constituant
le panneau a une fréquence donnée qui, associée a des déformations de plan de

masse, produit les configurations souhaitées.

Trois étapes majeures sont identifiées afin de proposer une méthodologie de con-
ception du RRA avec plan de masse flexible. Dans un premier temps, elle est
définie en utilisant le cas d'un réseau linéaire a deux configurations de diagramme
de rayonnement en considérant un controle idéal de la déformation et donc, de
la distance h. Des contraintes plus réalistes relatives au controle de la forme du
plan de masse (nombre d’actionneurs, comportement du matériau...) sont ensuite
introduites une a une afin d’améliorer la méthodologie au fur et a mesure. Enfin,
la troisieme étape consiste dans l'extension de la méthodologie a un réseau 2D.

Elle est ensuite testée a I'aide d’un prototype.
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Les antennes réseau réflecteurs et la reconfigura-

tion mécanique

Les réseaux réflecteurs et les éléments réfléchissants

Du fait de ’essor du marché des télécommunications, les antennes doivent étre
de plus en plus performantes tout en minimisant leurs couts de fabrication. Ainsi,
de nombreuses études ont été menées sur les antennes réflecteurs (paraboliques,
formés...) ou encore les réseaux d’antennes. Etant donné que chacune de ces tech-
nologies présente des avantages et des inconvénients, un nouveau type d’antennes

hybrides a été développé: les réseaux réflecteurs.

Les réseaux réflecteurs (RR) consistent en un panneau illuminé par une source sur
lequel sont imprimés des motifs métalliques. On appelle cellules réfléchissantes du
RR l'ensemble composé du motif métallique, du substrat sur lequel il est imprimé
et du plan de masse situé en face arriere. Celles-ci réfléchissent I’onde incidente
avec une phase particuliere ce qui permet de produire la couverture souhaitée. Les
réseaux réflecteurs sont donc compacts, peu chers, simples a fabriquer et 1égers
tout en ayant des performances égales aux réseaux d’antennes et aux réflecteurs.

La Figure 2 présente un exemple de réseau réflecteur.

FIGURE 2: Exemple d’un réseau réflecteur, source: www.esa.int.
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Les réseaux réflecteurs ont été étudiés pour répondre a de nombreuses applications
spatiales notamment grace a leur compacité et a leur surface plane. Parmi elles,
les antennes a large envergure (cf. Figure 3), ou les antennes gonflables (cf. Figure
4).

FIGURE 3: Photos de I'antenne réseau réflecteur a large envergure (2m x 0.5m)
de la NASA-JPL [1].
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FIGURE 4: X-band 1-m réseau réflecteur gonflable [1].

Néanmoins, 1'utilisation des RRA présente deux inconvénients majeurs: leur largeur
de bande réduite et leurs performances. Ceux-ci dépendent des éléments rayon-

nants utilisés (limitations notamment en fréquence).

La découverte des cellules Phoenix [2] a permis de palier certaines de ces limita-
tions notamment car elles peuvent produire des phases entre 0° et 360° grace a une
variation douce de leur géométrie tout en présentant une dispersion fréquentielle
faible. Les capacités des cellules Phoenix de premier ordre sont néanmoins limitées
du fait de leur unique parametre variable. Les cellules Phoenix du second or-
dre ont donc été choisies pour étre utilisées dans la méthodologie de conception
du RRA mécaniquement reconfigurable. En effet, elles présentent de bonnes car-
actéristiques et 'utilisation d’un ordre supérieur permet une plus grande flexibilité

pour le controle des caractéristiques de réflexion de la cellule.

Reconfiguration des antennes

De nombreuses études ont voulu tirer avantages des caractéristiques promet-
teuses des réseaux réflecteurs tout en permettant une modification en-orbite de la
couverture réalisée par 'antenne. Ainsi, en s’inspirant des méthodes de reconfig-
uration déja existantes telles que: I'électrique (Varactor [3-8], diodes PIN [9-20],
and RF-MEMs [21-26]), I'optique (Photoconductrice [27-31]), la mécanique (par
modification de la structure de 'antenne [32-34]), ou par changement de car-

actéristiques de matériau (Ferrites [35, 36] et crystal liquide [37, 38]), le concept
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d’un réseau réflecteur reconfigurable mécaniquement par modification de la forme
du plan de masse a été imaginé. En effet, la reconfiguration mécanique est préférée
dans cette these car elle permet de s’abstenir de 1'utilisation d’un nombre impor-
tant d’éléments de commutation qui rendent le systeme plus complexe et plus

cher.

Le réseau réflecteur a plan de masse flexible présenté dans cette these est basé
sur des méthodes de reconfiguration appliquées aux réflecteurs simples [39] ou de
compensation de Uerreur de forme d’une antenne [40]. Ainsi, pour chaque cellule
du panneau, sa distance au plan de masse est modifiée par déformation mécanique
de ce dernier afin de faire varier la phase qu’elle produit. La modification de la
phase produite par chacune des cellules engendre une modification de la couverture

réalisée par 'antenne. La Figure 5 illustre ce concept a I'échelle de la cellule.

Onde incidente
Onde refléchie

Modification h

Motif Modification de la phase
de la cellule

Substrat

................. A
Plan de masse ‘é ; S

FIGURE 5: Vue de principe du concept a I’échelle d’une cellule.

Le concept a I’échelle du panneau est ensuite présenté Figure 6.

Z
Panneau de cellules
x el
,___________.‘

»> Plan de masse
Déformation du plan de masse
|:] [:| |:] Actionneurs
Etat initial Configuration =~ Plan de masse

F1GURE 6: Concept proposé.
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Les précédentes études réalisées, notamment sur le réflecteur reconfigurable [39],
soulignent la difficulté de fournir simultanément d’excellentes performances RF,
structurelles et mécaniques. En effet, étant donné que le controle du plan de
masse se fait a l'aide d’actionneurs leur nombre et leur précision sont importants
pour réaliser au mieux une déformation souhaitée. L’augmentation du nombre
d’actionneurs augmente la masse totale de I'antenne, sa complexité et sa taille,
ce qui va a I’encontre des objectifs structurels recherchés mais devrait permettre
d’atteindre avec plus de précision la déformation voulue. De plus, ’envergure des
déformations, I'étirement de la membrane entre deux cellules sont contraints par
les caractéristiques du matériau utilisé. Ainsi, ce probleme a de multiple objectifs

inter-dépendants et parfois contraires.

Avant de définir une méthodologie de conception du réseau réflecteur reconfig-
urable a plan de masse flexible, il est nécessaire d’étudier le comportement des

cellules en fonction de la distance h.

Etude des éléments réfléchissants

Le Chapitre 2 présente les modeles utilisés pour obtenir la phase produite d’une
géométrie de cellule donnée a différentes valeurs de h pour une fréquence donnée.
Ces modeles ont été développés dans 'optique de créer une base de données de
cellules en réduisant le temps de calcul par rapport a une série de simulations
fullwave. Pour cela, certaines hypotheses ont été adoptées notamment celle d’un
plan de masse localement plan en dessous de chacune des cellules composant le

panneau.

L’impact de la distance h sur la phase produite des cellules considérées est en-
suite analysé. On remarque alors qu’il existe différents comportements de cellules
qui sont plus ou moins intéressants en fonction de l'application souhaitée. En
effet, trois types sont identifiés. Le premier type de cellules présente majoritaire-
ment une sensibilité faible aux variations de distance h en termes de variation de
phase. Néanmoins, sur une faible portion de valeurs de h, les cellules deviennent

extrémement sensibles.

Le deuxieme type de cellules réunit celles dont la variation de phase produite est

modérée par rapport a la variation de hauteur. Leur comportement représente un
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avantage puisqu’elles sont capables de produire une variation de phase produite

importante pour une variation faible de h.

Le troisieme type de cellules présente une variation quasi-linéaire de la phase
produite par rapport a h. A 1’échelle du panneau, cela peut étre problématique
puisque des différences de distances h entre deux cellules consécutives peuvent
apparaitre. Ces sauts ne pouvant pas étre produits dans la réalité, cela engendrera

forcément des erreurs de phase et donc une détérioration des performances RF.

Définition d’une méthodologie de conception

L’analyse de I'impact de la distance h sur la phase produite d’une cellule est
le point de départ de l'identification d’une méthodologie de conception pour le
RRA a plan de masse flexible. Néanmoins, malgré les informations fournies, il est
difficile de définir I’état initial du RRA puisque méme le nombre de configurations,
le nombre d’actionneurs et leur distribution ne sont pas connus. Ainsi, il a été
décidé d’identifier une premiere méthodologie de conception pour un cas particulier

devant fournir deux configurations pour une distribution uniforme des actionneurs.

Cette premiere méthodologie est appliquée dans un premier temps a un réseau
linéaire composé de 21 cellules comme le montre la Figure 7. Ce réseau est extrait
d’un cas 2D utilisé par la suite lors de 'extension de la méthodologie et de sa

validation a l’aide d’un prototype.

Elément rayonnant

Cell., Panneau réseau réflecteur

s

- Couche de diélectrique
o~ Plan de masse flexible

FIGURE 7: Configuration du réseau linéaire.

Les couvertures attendues pour les deux configurations a fournir, notées S; et S,
sont présentées Figure 8. 57 consiste en un faisceau dépointé de 17° par rapport a la
direction normale au réseau. Tandis que, S correspond a un faisceau présentant le
méme dépointage mais élargi grace a l'introduction d’une loi de phase non-linéaire

dans le plan Oyz.
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FIGURE 8: Diagrammes de directivité idéaux pour Sj(gauche) et pour S
(droite).

Méthodologie développée pour un réseau linéaire

Une premiere proposition de méthodologie de conception du réseau linéaire est
faite en considérant un controle et une déformation du plan de masse idéaux. Ainsi,
le plan de masse est discrétisé selon le nombre de cellules et est considéré localement
plan sous chacune d’entre elles. Ensuite, cette méthodologie est appliquée a un cas
test de réseau linéaire extrait d’un réseau 2D. La solution trouvée n’est néanmoins
pas réalisable en raison des hypotheses prises sur le nombre d’actionneurs et la
déformation du plan de masse. Ainsi, la méthodologie est donc ensuite éprouvée en
insérant au fur et a mesure de nouvelles contraintes notamment sur la déformation
du plan de masse. Ces nouvelles contraintes concernent notamment la distribution
et le nombre d’actionneurs du fait qu’elles ont un impact direct sur le controle de

la forme du plan de masse et par conséquent sur le diagramme de rayonnement

produit.

Suite a cela, une seconde méthodologie est proposée en considérant les informations
obtenues par l'introduction de ces dites contraintes et est ensuite appliquée au

meéme cas test.

Enfin, une derniere amélioration de la méthodologie est proposée. Celle-ci inclut
un modele de prédiction de la déformation du plan de masse sous le logiciel Ansys
Mechanical. Le profil de la déformation obtenue par simulation est utilisé pour
la sélection des cellules afin de minimiser ’erreur moyenne entre les déformations
idéales et réelles. Une fois cette derniere modification de la méthodologie prise

en compte, un layout est obtenu. Celui-ci est alors testé avec le plan de masse
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déformé simulé précédemment, par simulation fullwave sur le logiciel HFSS. A ce
stade, seule une onde plane est considérée. La Figure 9 présente la sélection des

cellules faite le long du panneau pour I'exemple étudié ici.

y

FIGURE 9: Sélection des cellules composant le réseau linéaire étudié.

La Figure 10 présente les déformations idéales, linéaires et prédites associées a S

et S, respectivement appelée ideal, linear, Ansys.

Y
N
e
LY
%
kY
N
5,

—+— S, ideal

— —- 5, linear- 3 actuators
S, Ansys -3 actuators

—+— 5, ideal

S, linear- 3 actuators

£, (in mm)

- 5, Ansys -3 actuators

m

FiGURE 10: Déformations idéales, linéaires et prédites pour Sp et Ss.

La Figure 11 illustre les résultats obtenus pour la validation de la méthodologie. Il
est important de noter que ideal, HF'SS, Provided correspondent respectivement
aux diagrammes de directivité obtenu dans le cas idéal, obtenu par simulation
fullwave, et prédit avec le code Matlab mis en place. Ce dernier considere la
modélisation des cellules, les couvertures idéales et les hauteurs h pour chaque

cellule pour calculer la phase produite par la cellule.
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FIGURE 11: Résultat de la validation de la méthodologie pour les deux couver-
tures attendues Sy (gauche) et pour Sy (droite).

Les résultats des simulations fullwave montrent une bonne corrélation entre les
résultats prédits et la simulations fullwave, ce qui permet d’envisager une extension

de la méthodologie a un cas 2D.

Extension de la méthodologie a un réseau 2D

La méthodologie est ensuite étendue a un réseau 2D composé de 21x21 cel-
lules. La Figure 12 illustre la configuration d’antenne considérée et les couvertures
recherchées sont présentées Figure 13.
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FiGURE 12: Configuration de I’antenne.
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FIGURE 13: Diagrammes de directivité idéaux Sy (gauche) et pour Sy (droite).

Afin de simplifier ’extension de la méthodologie a un cas 2D, notre proposition a
été de considérer le panneau 2D comme étant 21 réseaux linéaires mis cote a cote.
Chacun de ces réseaux devant fournir les phases produites souhaitées en imposant
les mémes déformations que pour le réseau linéaire développé précédemment. Cela
permet d’avoir une configuration d’antenne déja fixe en termes de distribution et
nombre d’actionneurs ainsi que de déformations a réaliser. Il suffit alors de trouver
les cellules qui, pour chaque location sur le réseau, produisent la phase souhaitée en
fonction de la distance au plan de masse qui lui est appliquée. Il est important de
noter, que le modele de prédiction de la forme du plan de masse a du étre modifié
afin d’étre étendu au réseau 2D. La Figure 14 présente la distribution cellulaire

qui découle de la méthodologie mise en place.

-

FI1GURE 14: Distribution des cellules sur le réseau 2D.
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En utilisant les déformations prédites ainsi que la base de données de cellules, et
les phases a réaliser, les diagrammes de directivité obtenus par calcul du facteur

de réseau, notés predicted, sont présentés Figure 15.
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FIGURE 15: Diagrammes de directivité idéaux et prédits pour S; (gauche) et
pour Sy (droit).

Les diagrammes de directivité présentés Figure 15 présentent une bonne corrélation
entre l'idéal et le prédit, et cela pour les deux couvertures. Au vue de ces
résultats et de ceux obtenus avec la simulation fullwave du réseau linéaire, il sem-

ble intéressant de développer un prototype qui permettra de prouver le concept

proposé.

Fabrication et test d’un prototype

Remarques préliminaires

La fabrication et I’assemblage du prototype se sont faits dans les locaux de LSS
a Eching en Allemagne, tandis que les tests ont été réalisés a Rennes au sein de
I'IETR. Une erreur dans le développement de la méthodologie a été remarquée
alors que le panneau de cellules avait déja été fabriqué et qu’il n’était plus pos-
sible d’en recommander un autre au vue des délais. Ainsi, étant donné que le
concept repose sur le principe d'une possible reconfiguration, I'idée a été de com-
penser l'erreur de la sélection des cellules du mieux possible par la déformation du
plan de masse. Néanmoins une autre difficulté s’ajoute a cela, la distribution des

actionneurs et leur nombre sont fixes ce qui limite les possibilités de déformation.
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La Figure 16 illustre la sélection des cellules

du prototype.
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diagrammes de rayonnement prédits sont présentés Figure 17.
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FIGURE 17: Diagrammes de rayonnement, Plan de coupe & = 90° pour S}
(gauche), et Sy (droite) en considérant des déformations prédites.

La couverture S; semble étre bien respectée tandis que S, présente une corrélation

entre l'idéal et le prédit assez mauvaise.

s’intéresser uniquement aux résultats RF de

Par conséquent,

S.

il a été décidé de
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Fabrication et test du protype

La fabrication doit prendre en compte différentes contraintes notamment en
termes d’intégration de chacun des éléments vis-a-vis des autres. Le parallélisme
et le centrage de certaines parties sont essentiels, comme par exemple ’alignement

du panneau de cellules avec la membrane et les actionneurs.

La Figure 18 illustre les différentes parties du prototype a assembler.

Source
. Membrane

réseau reflecteur

Cellules  Support

réfléchissantes

Structure arriére

» SUpports

Plan de masse Colonne
Support flexible
Actionneur

FIGURE 18: Schéma de la structure.

Différents tests sont réalisés afin de valider le modele de déformation du plan de

masse (tests de photogrammétrie, cf. Figure 19) et celui des performances RF.
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FIGURE 19: Mise en place des tests de photogrammétrie.

On remarque que les résultats de photogrammétrie sont cohérents avec ceux présentés
dans la littérature notamment pour un réflecteur déformable de diametre 500mm
utilisant 19 actionneurs. Ainsi, la déformation mécanique et sa prédiction semblent

acceptables a ce niveau.

Une fois la validation mécanique réalisée, ’antenne est testée a I’ I/ETR. Les résultats

sont ensuite comparés avec les idéaux et les prédits.

La Figure 20 présente les résultats obtenus. A la fréquence de f = 12.85GHz, la
directivité prédite était de 26.5 dB quand celle obtenue est de 20.2 dB.

Predicted
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—
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. '
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FIGURE 20: Champ normalisé f=12.85 GHz, plan de coupe =90 °.
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On remarque ainsi que malgré une corrélation acceptable du profil de diagramme
prédit par I'outil développé, il y a une perte de directivité importante. Cette perte
peut étre en partie explicable par I'hypothese de la planarité locale du plan de
masse sous chaque cellule prise pour la base de donnée, de I'onde incidente non
considérée dans cette méme base de données et des couplages qui peuvent exister
entre les cellules. Néanmoins, étant donné les résultats obtenus par simulation
fullwave du réseau linéaire, cela ne semble a ce stade ne pas étre suffisant pour

justifier une telle perte.

Le concept est donc validé partiellement car d’autres investigations doivent étre
réalisées afin de permettre de mettre réellement en valeur l'intérét d'une telle
antenne. De plus, on peut également remarquer que sa complexité de mise en place
est relativement élevée. Néanmoins, cela peut-étre palié par le développement d’un
outil d’optimisation plus poussé que ce qui est présenté comme premiere approche
dans cette these. Certaines des études faites pour la mise en place de ce concept et
notamment pour ’application a un cas considérant 3 configurations sont présentées

en Annexe.
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General introduction

Context of the study

This thesis project is proposed and performed in the context of the REVOLVE
project funded by the European union’s Horizon 2020 research and innovation

program under the grant agreement n° 722840.

REVOLVE is structured around several partners located all over Europe, such as
Heriot Watt University (Scotland), Institut d’Electronique et des Technologies du
numéRique (IETR - France), Large Space Structures (Germany), Thales Alenia
Space (France), and Inicio (Spain). This European initiative aims to develop
new solutions for future satellite systems through seven PhDs. This thesis is the
"ESR5” of the REVOLVE project, and realized under the supervision of Professor
Raphaél Gillard (IETR), Professor George Goussetis (Heriot Watt University),
and Doctor Erwan Fourn (IETR).

This work began in October 2017 at Thales Alenia Space (Toulouse, France) for
two months with the other Ph.D. fellows of the REVOLVE project. These two
months were used to gather information on antenna reconfiguration and reflectar-
ray antennas RA technology to propose a reconfiguration concept for RA. It was
followed by nine months at IETR in Rennes, France, within the scope to initiate
a design methodology for reconfigurable reflectarray with a flexible ground plane.
From October 2018 to March 2019, a secondment has been done in Edinburgh in
the laboratory of Heriot Watt University to continue this study while considering
a wider range of constraints to take into account for the design of a RA with
a flexible ground plane notably for its shape control. As the work was mainly
focused on the electromagnetic aspect, nine months were passed in Large Space
Structures in Eching, Germany. This time was spent converging to a final method-

ology design taking into account electromagnetic and mechanical aspects. Finally,

1
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a three-months period at LSS and two months at IETR aimed to finalyze the de-
sign, the assembly of the demonstrator, and the measures . These measurements

were performed at IETR.

Subject

The telecommunication market has grown rapidly these last decades due to
the numerous satellite applications for civil and military communications, radars,
geolocalization, and scientific missions. In this context, the design of the satellite’s
antennas has been investigated to improve their performances, notably for Space
applications which imply specific constraints, such as the cost, the weight, the
performances, and the reliability versus the thermal and mechanical constraints

that the system will handle during its life cycle.

This thesis investigates the mechanical reconfiguration of reflectarray antennas
based on the deformation of the ground plane. The work performed by Large Space
Structure in collaboration with Thales Alenia Space with the support of ESA on
reconfigurable reflectors [39, 41] is the starting point of the concept proposed in

this document.

The interest in the reconfiguration of antennas increased due to the fast growth of
the market, the emergence of satellite constellations, and the necessity of improv-
ing the performance of the existing antennas technologies [42-45]. The possibility
to tune the antenna’s characteristics would lead to a faster adaptation to the
market evolution, a modification of the radiation pattern to adapt it to the me-
teorological conditions [46], nevertheless, other benefits are envisaged notably for

the compensation of shape errors [40, 47].

This thesis focuses on the mechanical reconfiguration of reflectarray antennas
(RAs) by modifying the distance between the metallic elements and the ground
plane. The reflecting elements (also called cells) are composed by the metallic
pattern, the substrate on which it is printed and the ground plane. Indeed, it is
possible to control the reflected phase of the cell, and so to change the radiation

pattern provided by the antenna, by tuning this distance.
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Scope of the document

The manuscript is divided into five chapters. The first chapter presents the
state-of-art of existing antenna technologies and reconfiguration methods focus-
ing, of course, on reflectarrays. It presents the reflectarray concept by describing
the existing antenna technologies, the radiating elements, and the possible appli-
cations of such systems. Then, the existing reconfiguration methods are detailed

to introduce the concept proposed in this thesis.

The second chapter presents the analysis and modeling of reflecting elements
(second-order Phoenix cells) printed on the RA panel considering a tunable dis-
tance between the cells and the ground plane. A semi-analytical tool, whose
purpose is to extract with good accuracy and a reduced computation time the re-
flected phase of the cells versus the distance h, is then developed and validated by
fullwave simulations. This tool is used afterward to build a database of reflecting

elements useful for the Reconfigurable Reflectarray Antenna (RRA) design.

The third chapter details the definition of the design methodology of a two-
configuration RRA. This methodology is applied to a linear array sample and
discussed to improve it step by step. A final proposal is then tested thanks to

fullwave simulation.

The fourth chapter extends this methodology to a 2D sample case from which the
linear array was extracted. It also presents a demonstrator assembled to validate

the concept of a RRA with a flexible ground plane.
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1.1 Introduction

For decades, the telecommunication market has grown rapidly, which has led
to the necessity to increase the performance of the antennas while reducing their
size, and manufacturing cost. Following this tendency of technical improvements,
different concepts have been studied that usually rely upon parabolic reflectors,
shaped ones, or arrays, notably for high-gain antennas or antennas with a large

aperture.

Reflectors and array antennas have been largely investigated these last decades due
to their good features. Indeed, parabolic reflectors have a relatively structural sim-
plicity and lightweight compared to arrays. Nevertheless, parabolic reflectors are
more difficult to manufacture due to their curved reflecting surface shape. Reflec-
tors cannot achieve wide-range electronic beam scanning, whereas array antennas

can while becoming complex and costly.

To overcome the limitations of these two technologies and take advantage of both
good features, reflectarray antennas (RA) were introduced by Berry [48] in 1963. It
combines the best features of the parabolic reflectors and arrays with the purpose
of replacing shaped reflectors. The reflectarray antenna technology has been stud-
ied these two last decades to provide intricate radiation patterns with a relative

simplicity of manufacturing, low-cost, low-profile, and good performance.

The first section of this chapter presents the reflectarray concept by describing the
existing antenna technologies, the radiating elements, and the opportunities offered
by this new class of antennas. Some studies have been pursued to provide electronic
or mechanical reconfiguration to allow more flexibility. The second section details
some of the proposed solutions. Finally, the reconfiguration concept discussed in
this thesis is described in the last section, with an overview of the possible targeted

applications.

1.2 Reflectarray antenna technology

Reflectarray antennas (RA) consist of an array of radiating elements periodically

spaced on a flat surface to reflect the incident wave from a feed source in the desired
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direction. Due to their features, RAs are considered as a hybrid solution between

reflector antennas and array antennas.

Reflectarray antennas have the same feed mechanism as the reflectors, and are

composed of multiple radiating elements as array antennas.

In this section, both reflectors and array antennas are presented to introduce

reflectarray antenna technology.

1.2.1 Reflector antennas

Reflector antennas are developed to follow the high demands for radar applica-
tions, radio astronomy, microwave communication, and satellite tracking. Their
structural simplicity, low-mass, and mature design make them the most popular

antenna system for spacecraft applications [49].

The reflector antenna principle is to collimate the waves from a feed illuminating

a reflecting surface in a given direction, such as shown in Figure 1.1.

Feed

[ncident vawes /i,
,

" Reflected

vawes

Parabolic reflector

FIGURE 1.1: Principle of a reflectarray antenna.

As Figure 1.1 illustrates, the incident waves hit the reflecting surface and are re-
flected to create a specific wavefront. Consequently, the radiation pattern provided

is directly dependent on the reflector’s geometry.
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The main advantage of a reflector antenna is its low-cost and high gain. Neverthe-

less, adding a beam-steering capability to a reflector is complex as a mechanical

scanning system needs to be implemented [50].

The common shape of reflector antennas is parabolic, but other shapes such as

hyperbolic, ellipsoid, corner, plan, or spheroid exist. Figure 1.2 illustrates some of

them.

Reflector Feed

/

Plane

Reflector

Vertex

Feed

Curved (front-feed)

Reflector Feed

Corner

Main reflector

Curved (Cassegrain feed)

FIGURE 1.2: Geometrical configuration for some reflector systems.

The reflector concept has been enhanced to develop antennas that consist of de-

formed reflectors to provide contoured beam and illuminate specific regions of

Earth, notably for communication satellites. Figure 1.3 presents an example of a

shaped reflector.
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FIGURE 1.3: Example of a shaped reflector with large aperture [51].

For the shaped reflectors the surface’s shape has to be accurate enough to present
good radio frequency (RF) features and reliability. This accuracy mainly depends
on the manufacturing, the prediction of the shape and RF performance [52], and

on its aperture size.

Moreover, the design of shaped reflectors induces several constraints in terms of
volume [53-55], cost and fabrication. Indeed, molds are needed to manufacture
the specific shape of the shaped reflectors [52]. This molding process is costly and

increases the manufacturing complexity.

1.2.2 Array antennas

Array antennas consist of radiating systems composed of multiple elementary
distributed sources working together to generate the desired radiation pattern [56]
[57]. The main purpose of this technology is to obtain a large antenna aperture
compared to single antennas, thus enabling higher RF performance in directivity

and radiation pattern synthesis.

Each element of the array can be connected to a single receiver or transmitter by
feed lines to adjust its excitation law. Then, by tuning the excitation of each array
element differently, it is possible to generate a customed pattern. The radiated
field of each source is then superposed to enhance the power radiated in a specific

direction.

The radiated characteristics of the system are then dependent on :
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e the radiation pattern of the single element
e the magnitude and the phase coefficient of the excitation of each source

e the distance between each element

The main disadvantages of array antennas are the high losses that need to be
compensated through the excitation of the sources, thanks to amplifiers. Adding
these components to the antenna system leads to higher cost, complexity, and

weight.

1.2.3 Reflectarray antennas

In the 60’s, Berry validated the reflectarray principle by testing an array com-
posed of waveguides and short-circuits to generate pencil beams, broad beams,
and scanning beams [48]. Each waveguide composing the array re-radiated the
incident field with a specific phase shift depending on their length to form a beam
in the far-field distance. Several years later, a similar application was proposed by

Roederer for radar applications [58].

In the 80’s, the printed reflectarray was introduced as the first low-profile reflec-
tarray using printed microstrip elements [59, 60]. As an example, the flat panel
implies fewer constraints for the manufacture and reduces the price notably be-

cause no mold is required.

Many researches were initiated on reflectarray antennas to take advantages of
their good features or improve them [61-69]. This section introduces the RAs,

their advantages and disadvantages, and some possible applications.

1.2.3.1 Principle

Reflectarray antennas are derived from simple reflectors and array antennas.
They have been studied as a new solution to reach a better performance than

shaped reflectors in terms of mass, cost, and volume [70] for space applications.

As for the waveguide reflectarray presented by Berry in [48], printed reflectarrays
consist of planar elements that re-radiate the incident field with a particular phase

shift to produce a collimated or a shaped beam. FEach element is individually
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tuned to produce the appropriate phase distribution of the reflected field. Figure
1.4 illustrates the principle of a RA antenna system. The excitation law applied to
the radiating elements printed on the flat panel is identified to produce the desired

radiation pattern.

Feed

A

mn

Incident vawes

Reflected
vawes

Reflectarray antenna

FIGURE 1.4: Principle of a parabolic reflector.

A particularity of the printed reflectarray antennas relies on controlling the reflec-
tion phase of each element by adjusting its geometry. Hence, the excitation law
is synthesized by varying the shape or the size of the radiating cells. The panel is
then composed of various geometries of cells. An example of a RA is illustrated

in Figure 1.5.

FIGURE 1.5: Example of a flat reflectarray antenna (source: www.esa.int).
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RA antennas are mainly used to generate directive or shaped beams. In the
case of a directive beam, the reflecting elements (also called cells) are selected to
compensate for the path between the feeding source and each cell. Shaped beams
can then be synthesized by the introduction of a specific phase shift from each
cell, in addition to the feed-to-cell path compensation, according to the targeted

pattern.

Figures 1.6 and 1.7 present the principle of an RA illuminated by a feed to produce

a directive beam and a shaped one [51].

Simple
reflector 72U

Directive beam

RA cells

‘ Feed

FIGURE 1.6: Shape comparison between a reflectarray and a simple reflector
to produce a directive beam.

Shaped Shaped beam
reflector

RA cells

Feed

FIGURE 1.7: Shape comparison between a reflectarray and a shaped reflector
to produce a shaped beam.
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1.2.3.2 Advantages and disadvantages of reflectarray antennas

The reflectarray antennas offer a high gain thanks to their similitude with reflec-
tor antenna and provide adaptive beam-forming capabilities as an array antenna.
These antennas have the main advantages to be low-profile, easy to manufacture,
low-weight, and have good efficiency, and high gain compared to the existing an-

tenna technologies [50].

As the telecommunication market targets large aperture spacecraft antennas, while
also requiring compact systems with deployment mechanism, the flat structure of
RAs presents a significant interest compared to parabolic reflectors. Indeed, the

folding mechanisms are then simplified and more reliable [71].

Nevertheless, the literature points out the disadvantages of the reflectarray, such
as its limited bandwidth due to the frequency dispersion [72] and the unit element
bandwidth [73].

1.2.3.3 Development of the radiating elements

As presented in the last section, the reflectarray concept is based on the reflector
and array principle. The radiation pattern provided by the reflectarray depends
on the excitation law applied to the radiating elements and on their reflection
characteristics. The control of this reflection could be made by adjusting the
elements’ geometry across the array. As a consequence, most solutions are based
on the variation of unit cell dimension characteristics, such as the size of a patch, or
rotation angle, to provide any phase shift variation. Following the same path, most
efforts have been made for reflectarray design to find the suitable elements that
provide a broad range of phases and a phase that does not vary too much with
the frequency. This section mentions non-exhaustively some of the reflectarray

designs proposed these last decades.

One technique to control each element phase is to connect transmission line seg-
ments or stubs of different lengths to the microstrips to add phase delay [74-76].
The disadvantage of this solution stands on the dissipative losses induced by the

stubs.

Other concepts of microstrip reflectarrays have been developed, such as rectangular

patches [77], aperture-coupled patches with stubs [78, 79], variable-size patches
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[80], multiple-layers cells. Using panels with various sizes of patches reduces the
complexity of implementation compared to the patches with stubs technology.

Therefore, the dissipative losses are also reduced.

A multiple-layer cell has been proposed in [81] to improve the phase range and
frequency band. This cell is a superposition of multiple patches of various sizes
printed over a ground plane and separated by a dielectric. Figure 1.8 represents a

schema of a typical multi-layer radiating element.

Patch 1 Layer 1
L 1
ayelr__) Patch 2 Layer 2
Layer 2
Y N Layer 3

Ground plane

FIGURE 1.8: Representation of a multi-layer patch: (left) two layers and (right)
three layers.

M. R. Chaharmir developed a one-layer cell with multiple resonators to improve
the phase range and the frequency band while ensuring an easy manufacturing
capability of the antenna. It consists of multiple concentric resonators printed on
a single-layer substrate located over a ground plane [82, 83]. The method has been

tested on a double-band reflectarray antenna in [84].

Inspired by this concept, a new cell with good features has been developed named
Phoenix cell. This new cell allows a smooth geometry variation all over the RA
surface, which is the condition for complying with the local-periodicity assumption.

This cell is a small patch with two concentric slots printed in a ground plane [2].

The main advantage of the Phoenix cells, in addition to the smooth variation of
geometry, is their re-birth capability [84]. Indeed, after a complete 360° phase

range, the cell geometry is the same.
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Extern Intern
Slot ring Ring patch slot slot

Initial state State 2 State n Final state

A |

F1aure 1.9: First Phoenix cycle [2].

Different versions of the Phoenix cell have been studied notably in [85, 86] until
[87]. In [87], the Phoenix cycle has been defined thanks to the capacitive and
the inductive geometry of the cell placed successively. Figure 1.10 presents the
Phoenix cycle for a first-order cell. The advantage of this cycle is to provide two

complementary phase ranges while avoiding dispersive behaviors [87].

FIGURE 1.10: Phoenix cycle for a first-order cell capacitive (top), inductive
(bottom,).

As it is illustrated in Figure 1.10, the cycle consists of two phases. During the first
one, a square patch is enlarged until it fills the cell surface. During the second one,
a slot is inserted in the middle of the patch. Its size increases until the metallic

part disappears.

Phoenix cells are promising for their performance and allow a complete phase
cycle of 360° with a smooth variation of geometry and low-frequency dispersion.
Nevertheless, the first order Phoenix cells’ capabilities are limited due to its single
tuning parameter, and the re-birth capability of higher orders is not easy to handle

due to the multi-dimensional geometry.
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In this thesis, the second-order Phoenix cells have been considered by replacing
the square patch or aperture (see Figure 1.10) with a square ring. Figure 1.11
presents the geometry of a second-order Phoenix cell. Adding this new degree
of freedom provides more flexibility to control the reflection characteristics of the

cell.

FIGURE 1.11: Capacitive (left), inductive (right) second-order Phoenix cells
[88].

1.2.3.4 Phase law definition

The radiation pattern of the reflectarray is directly coupled with the phase
law applied to the panel composed of the reflecting elements. The phase law is
defined as the sum of the incident field delivered by the primary source and the
introduced phase given by the radiation characteristics of the cells distributed all

over the panel.

The incident field depends on the antenna configuration and more precisely, on
the illuminating feed itself and its position. Indeed, it defines the phase delay

compensation that has to be done between the radiating elements and the feed.

1.2.3.4.1 Incident field from the primary source

Let consider that the incident wave reaches the center of the n radiating element
of the flat surface (or panel) with an incident phase (¢"¢), depending on the
wavelength )y and the distance S,, between the feed and the cell. Equation 1.1

gives the relation between those variables for cell n.
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Considering that the center cell of the panel is the reference one (Celly), the phase
of the incident field (¢{™) is given by the Equation 1.1, with Sy the distance to
the feed.

The incident field at the center of Cell,, takes into account the phase delay, AS,, =
Sn — So, compared to the reference cell’s one (Celly). Equation 1.2 gives the

incident phase at the center of Cell,, considering the variables illustrated in Figure
1.12.

R

” ™ (So + AS,) (1.2)

— — —» Incident waves

»|
>

——>  Reflected waves

Cell, Cell,

FiGURE 1.12: Radiating paths between the feed and the RA panel.

The phase shift between the cells of the panel is due to the phase delay introduced

by the path that a wave has to follow to reach each element.

1.2.3.4.2 Introduced phase and radiation

When the incident wave reaches the surface and illuminates the reflecting ele-
ments, each of them has to radiate the energy with a specific phase shift, named
introduced phase and noted ¢/ for the n cell. The phase of the re-radiated wave

(479 is equal to the sum of the incident phase and the introduced one of Cell,
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as in Equation 1.3.

¢;ad — ¢;nc + ¢:’Lnt (13)

The main radiation patterns targeted with reflectarray antennas are the ones along

the broadside and steered (cf. Figure 1.13) or shaped beams.

Feed in Feed in 7
. (YOZ)

FIGURE 1.13: (Right) Radiation with a steering - (left) Radiation in the broad-
side direction (array axis).

1.2.3.5 Few examples of applications

New applications take advantages of the interesting features of the RA concept
and are presented in this section. The main purpose is to guarantee good RF
performance while preserving or improve its characteristics such as the simple
manufacturing process, the low-weight, or the low-profile. This section presents

three possible applications envisaged for reflectarray antennas.

1.2.3.5.1 Very large aperture

The demand for large-aperture antennas increases since decades and so the
interest in deployable or foldable antennas in the space research area. Due to their
storable, low-cost, and low-weight characteristics, reflectarray antennas seem to
be good candidates compared to traditional antennas such as reflectors or array

antennas.

In the 90’s, Astro Aerospace Corporation contributed to the development of de-
ployable mesh reflector technology with the AstroMesh deployable reflector (see
Figure 1.14).
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|
FIGURE 1.14: The AstroMesh in deployed configuration [89].

The resulting design was attractive due to its low mass, volume, high stiffness,
thermal stability, and cost. It was studied to be applied to antennas with an aper-
ture between 6m to 150m without major modification of their design. This effort
led to multiple investigations on the design and analysis of deployable structures

and mechanisms. Some examples of these concepts are detailed in [89-92].

The latest development of large RA combines the printed RA technology with
the panel deployment method used for solar arrays to overcome the antenna’s
volume issue. It consists of several flats panels deployed to obtain a large surface

illuminated by a single feed.

A large deployable RA has been studied by Thales Alenia Space and CNES to
prove the feasibility of a 6-m and 10-m large deployable. Figure 1.15 shows the
modelization of these deployed RAs [1].
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S

FIGURE 1.15: 6m configuration for deployable RA (left) and 10 m configuration
for deployable RA (right).

The ratio %,

tween the cell and the feed and so on its phase response with frequency. Hence,

noted in Figure 1.16, has an important impact on the distance be-

while increasing the size of the antenna, the bandwidth becomes more and more

limited.
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D

FIGURE 1.16: RA parameters.

Some solutions proposed were to use a locally flat antenna or to use a rectangular
surface aperture [93] to overcome bandwidth and time-delay issues. One Ku-band
radar application using very large aperture RA has been investigated by NASA
and JPL. It has an aperture size of 2m x 0.5m and uses variable-size patches
as elements. The antenna system consists of a set of five flat reflectarrays put

together to form a curved parabola as Figure 1.17 illustrates it.
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FIGURE 1.17: Photos of the NASA-JPL very large aperture RA 2m x 0.5m [1].

1.2.3.5.2 Inflatable and self-rigidizable membrane reflectarrays

The main goal of inflatable membrane reflectarrays is to propose an antenna
with lower mass and smaller storable volume than a classical RA while ensuring
the RF performance [94]. In the last section, the interest and the limitation due

to the antenna size of large deployable structures have been underlined. Some
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examples of inflatable deployment systems have been investigated to propose an

accurate, low-mass system as it is presented in [71, 95, 96].

The development of inflatable structures needed the investigation of the possible
supporting structures to ensure the feasibility of such technology. The major
challenges for an inflatable antenna are: controlling the deployment, stabilizing

the antenna’s shape, and the accuracy of the final shape.

Most of the developments have been performed on reflector antennas, such as the
Inflatable Antenna Experiment (IAE) initiated by the Jet Propulsion Laboratory
(JPL). Then, this technology was applied to reflectarray antennas because of their
flat surface that allows better reliability [94].

Figure 1.18 is the picture of a one-meter inflatable reflectarray antenna developed
by JPL/NASA [97]. It consists of a planar array on which multiple microstrip
patches were printed. At the edge of the membrane, a circular tube is attached
and inflated to stretch the membrane as flat as possible. Once the structure is
inflated, it is used as support. Other tubes are used to support a feed horn that
illuminates the RA.

FicUrE 1.18: X-band 1-m Inflatable Reflectarray.

Once inflatable RA antenna has been designed and tested with a diameter of 1-m

for the X-band (cf. Figure 1.18) and thanks to the good RF results, a three-meter
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technology demonstration model of the inflatable reflectarray was also developed
(see Figure 1.19) [98, 99].

FIGURE 1.19: Ka-band 3-m Inflatable Reflectarray [99].

Even if these concepts are interesting due to their weight, they present some
disadvantages, notably due to the place of the feed and the amplifiers and the

space environment constraints.

Some other designs have been investigated, such as the movie screen, which is
an inflatable/self-rigidizable reflectarray antenna [94]. Its design is based on the
same principle as for the l1-meter and 3-meter inflatable antennas except that
it is illuminated by an offset feed and that the reflectarray surface is deployed
independently from the feed by two inflatable booms.

Figure 1.20 illustrates the principle of this movie screen inflatable reflectarray

antenna.
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FIGURE 1.20: Principle schema of the "movie screen” reflectarray antenna [94].

In addition to the RF constraints existing with this new kind of antennas, me-
chanical constraints need to be taken into account due to the space environment.
Nevertheless, new investigations have been initiated for new composite systems or

new materials to overcome these limitations.

1.2.3.5.3 Contoured beam reflectarrays

RAs are good candidates for a contoured beam to replace the shaped reflectors
that are expensive. As it has been reminded before in this chapter, the main
advantage of the reflectarray antenna is that the elements’ reflection phase could
be adjusted to radiate as a shaped reflector. Hence, the volume of the antenna is

reduced while ensuring the RF performance of a shaped reflector.

The main advantage of the RA compared to the shaped reflector is that a specific
mold is not necessary for each coverage. The cost of manufacturing then decreases,

considering that only the printed patches must be adjusted for specific coverage.

In [100], a contoured beam reflectarray is designed for a direct broadcast satellite

European coverage application in the Ku-band.

In [101], a multi-facet composite panel reflectarray for space contoured beam an-
tenna in Ku-band is proposed. It consists of a 1.3m reflectarray that has been
designed, manufactured, and tested to provide a contoured coverage over North

America.
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1.2.4 Conclusion

The two main problems of RA are the narrow bandwidth, which is limited by
the characteristics of the elements used (dispersive nature of the cells), and the
coupling effects between the cells [84]. Those effects are even more enhanced when
the geometrical differences between cells are large when a new period of 360° of

the reflected phase begins, for example.

Due to these two problems, the challenge in the design of reflectarrays is to find
a cell with a smooth geometry variation over the array with a capacity of coming
back to its initial shape after a whole theoretically 360° phase [102].

To overcome the limited bandwidth, a new type of cells has been introduced:
the Phoenix cells [84]. Thanks to their good features, Phoenix cells are good

candidates for the reconfigurable RA concept investigated in this thesis.

1.3 Existing reconfigurability concepts

Two types of reflectarray antennas must be distinguished: the reconfigurable
and the passive ones. Passive RAs produce a fixed radiation pattern while the

reconfigurable ones can modify their radiation properties.

The purpose of on-orbit reconfiguration for satellite antennas is to make Telecom-
munication and Earth Observation missions more versatile. For example, it could
be used for the modification of the coverages to follow the market evolution. It
could also be used for the adaptation of the radiation patterns to the meteorologi-
cal conditions (mitigating absorption losses by rain and snow) or the compensation
of the thermal distortions. Finally, the reconfiguration can be defined as the an-
tenna ability to radiate more than one coverage considering several frequencies or

polarizations.

Six major methods to add reconfiguration capability to antennas have been inves-
tigated and sorted in four categories: Electrical (Varactor [3-8], PIN diodes [9-20],
and RF-MEMs [21-26]), Optical (Photoconductive [27-31]), Mechanical (Modifi-
cation of the antenna structure [32-34]), and Material change (Ferrites [35, 36]
and liquid crystal [37] [38]). This section aims to go through the main solution
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proposals in terms of antenna reconfiguration and details the mechanical existing

solutions.

1.3.1 Electrical reconfiguration

The electrical reconfiguration of reflectarray antennas has been investigated due
to their attractive qualities and the possibility to modify the reflection character-
istics of the radiating elements. It is based on the integration of elements such as
varactor, diodes, PIN diodes switches [50], MEMs [103, 104] to tune the provided

radiation pattern.

The development of reconfigurable reflectarrays, and different tested techniques are
discussed in terms of maturity, availability, performance, complexity, suitability

to a frequency range, and other parameters in [50].

Hence, the main challenge of this kind of concept is to propose a reconfigura-
tion of the beam with a moderate cost. Electronically reconfigurable RAs usually
suffer from their high cost, complexity, high power consumption, weight, and vol-
ume notably due to the integration of electronic components. Two main types of

components could be distinguished:

e Diodes PIN, and MEMs which allow a discrete variation of the phase,

e Varactors that allow a continuous variation of the phase.

In [105], the definition of varactors, PIN diodes, and RF-MEMs are given as follow:

e Varactors: They consist of a p-n function diode. As the bias voltage applied
to the diode is varied, the varactor capacitance is going to be changed.

Typical values are from tens to hundreds of picofarads.

e PIN diodes: They operate in two modes. The "ON” state, where the diode
is forward biased and the "OFF” state, where the diode is not biased.

e RF-MEMs: They use movement to achieve a short circuit or an open-circuit
in a surface current path of an antenna structure. The forces required for
the mechanical movement can be obtained using electrostatic, magnetostatic,

piezoelectric, or thermal designs.
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PIN and varactor diodes are mature technologies but are difficult to integrate and
imply significant losses [106, 107]. To overcome these limitations, reconfigurable
reflectarrays based on MEMs were developed [108-112].

PIN or MEMs are the most advantageous because the command is binary and
easy to use, but the cell cannot provide a full phase range. As it is presented
in [113], this technique relies on a compromise between the RA performance and
its complexity. MEMs present some improvements compared to PIN diodes, even
if they are less mature. For example, their low-loss up to mm-waves frequency,
their good linearity over a large frequency band, and low power consumption.
Nevertheless, MEMs present low stability with a variation of temperature, and

consequently low-reliability.

MEMs components and PIN diodes are now used to improve the performance
of phase shifters or reconfigurable antennas as in [114] and [115], notably for

terrestrial and space applications.

1.3.2 Optical reconfiguration

The optical reconfiguration of an antenna consists of integrating an optical
switch into the structure. This switch is controlled thanks to the light (incident
wave) of the appropriate wavelength from a laser diode that hits a semi-conductor
material. The incident field excites the electrons from the valence to the conduc-

tion band and creates a conductive connection.

This technique does not need biasing lines and has a linear behavior. Nevertheless,
the main issues are the losses, the necessity of laser diodes, and the activation

mechanism of the switches. [105] presents three possible activation techniques.

1.3.3 Material change reconfiguration

The material change reconfiguration relies mostly on the use of smart materials
such as liquid crystals [37, 38] or ferrites [35, 36]. The change of the antenna’s
characteristics is implied by the modification of the substrate properties, such as

its relative electric permittivity or magnetic permeability.
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The dielectric constant of the liquid crystal can change with the applied voltage,
whereas the permittivity or permeability of the ferrites can change due to the

electric or magnetic field applied.

1.3.4 Mechanical reconfiguration of the radiation pattern

The mechanical reconfiguration of antennas has been investigated mainly for
reflectors, notably because this technique does not rely on switching mechanisms,
biasing lines, or laser diode integration. Avoiding these components allows less
complexity in the integration, manufacturing, and assembly of the antenna. Sev-
eral techniques to modify the antenna structures have been proposed and tested.
This section aims to detail a non-exhaustive list of the possible methods to modify

the radiation characteristics of the antenna.

1.3.4.1 Re-shapeable reflector/reflectarray antennas

The first reconfiguration method studied was to move or re-orientate the re-
flector mechanically to modify its radiation pattern by alteration of its initial
configuration. The study of this solution has underlined some issues, such as high
secondary lobes and cross-polarization. Hence, the modification of the reflector

structure was envisaged [116, 117]. Figure 1.21 illustrates this reconfiguration
method.
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FI1GURE 1.21: Reconfigurable reflectarray by modification of its configuration.

In the 90’s, a reconfigurable reflector has been developed by alteration of its shape

to re-orientate the field and change its shape.
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In [39, 41], a step further has been achieved by dynamically modifying the shape of
the reflector thanks to actuators placed under it. Nevertheless, it induces several
mechanical problems in terms of concept (surface material, boundary conditions,
realization, and interfaces), of actuators and actuation and of mathematical mod-

eling (for the deformation).

In 2009, TICRA [118] studied the feasibility of a re-shapeable reflector antenna
for satellite communications based on realistic mission scenarios and antenna con-
figuration. The antenna was designed by Thales Alenia Space and tested for three
intercontinental missions (Europe, Brazil, and the US). The study also proposed
a comparison between three different design configurations. It concludes on the
fact that a reconfigurable sub-reflector and shaped fixed main reflector is the best

to optimize the RF performance.

Recent on-going activities funded by ESA aimed to demonstrate the feasibility
of successfully re-shaping antenna reflectors made of a flexible membrane whose
shape can be modified by using linear actuators. Figure 1.22 is a photography of
the prototype for a deformable reflector.

FIGURE 1.22: Reflector antenna with reconfiguration capabilities thanks to
actuators.

Nonetheless, it is important to note that the number of actuators is a problem
because of its impact on the total mass of the system. Hence, this parameter is
taken into account while optimizing the antenna configuration and its RF perfor-

marnce.
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1.3.4.2 Selectable reflector /reflectarray antennas

In 2012, Thales Alenia Space developed a passive reconfigurable antenna using
a selectable sub-reflector. Four sub-reflectors were designed to provide four dif-
ferent radiation patterns and placed on the antenna. The radiation pattern was
then dynamically modified by selecting the corresponding sub-reflector thanks to

rotational actuators, as shown in Figure 1.23 (left).

Based on the same concept, a mechanically selectable reflectarray antenna was
investigated. In this case, the sub-reflectors were replaced by sub-reflectarrays to
reduce the total volume of the RF system. These panels are designed thanks to
the pre-definition of the coverages targeted by the operator. Consequently, this
solution is interesting in terms of cost but has limited flexibility. In [118], this

concept is presented as in Figure 1.23.

FIGURE 1.23: 3D view of a selectable sub-reflectarray (right), versus a selectable
dish system (left).

1.3.4.3 Rollable reflectarray antenna

[119] proposes a rollable antenna to provide a reconfiguration of the radiation
pattern. It has been studied for both transmittarray and reflectarray applications.
It consists of two booms around which the panel is placed. The panel rolls by
moving both mechanical axes, changing the surface illuminated by the feed. Figure

1.24 illustrates this concept.
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FIGURE 1.24: Concept for rollable reflectarray /transmittarray antenna.

The advantage of this concept relies on the relative simplicity of the system, but

the fixed selection of cells limits the reconfiguration capability.

1.3.4.4 Motion of the ground plane

In [120], the height of patch elements is modified mechanically to vary their
reflected phases. The radiating elements composing the reflectarray antenna con-
sist of fixed upper patches and tunable slotted patches between which the height
is controlled, thanks to actuators. The purpose of this article is to present a

prototype of 408 cells for beam-scanning.

The reconfigurable RA designed presents good capability in terms of beam-scanning.
Nevertheless, the height of each element is controlled individually, which leads to

a complex, heavyweight, and costly solution.

In 2020, a reconfiguration concept based on the motion of the metasurface is pro-
posed in [121]. It consists of a substrate with a periodic surface over a ground
plane between which a variable cavity is formed and tuned thanks to piezoelectric
actuators. Figure 1.25 schematizes the tunable piezoelectric actuated metasur-

faces.
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FIGURE 1.25: Schema of a piezoelectric actuator controlled by phase shifter
[121].

This concept achieves a 360° or 180° phase shift at millimeter waves depending
on the metasurface used. These reconfiguration possibilities present interest as
they do not introduce additional losses considering that the actuators are under
the ground plane (in opposition to the electronic reconfiguration presented be-
fore). The tunability of the radiation pattern is then directly dependant on the

metasurface characteristics and accuracy of the piezoelectric mechanism.

1.3.4.4.1 Compensation of shape error

Hoernet and Wong [122] developed a mechanically deformable sub-reflector con-
taining 4 actuators to correct a surface of a radio telescope at the National Ra-
dio Observatory (NRAO). Lawson and Yen in 1988 developed a deformable sub-

reflector to compensate for the surface errors of a 46m radio telescope [123].

RAs could be used to compensate surface distortion of other types of antennas
such as a simple reflector [124], notably for large deployable reflector antennas
operating at high frequencies for which thermal effects cause surface distortions

that degrade their performance. Figure 1.26 illustrates the developed concept.
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FIGURE 1.26: Concept for RA used for distortion compensation [124].

The RA can be used as sub-reflectarray in a Cassegrain configuration to adjust the
phase and have a re-radiated wavefront optimized while minimizing the aperture
phase errors caused by the main reflector. Compared to existing compensation
techniques, the low-profile, cost-effective, and easy manufacture of the sub-RA

make this solution interesting.

Other techniques exist using a distorted reflector or array antenna. Nevertheless,
they are less interesting because of the losses, the complexity, or even the extra
weight due to the number of array elements, the additional feed, and the beam-

forming network.

1.3.5 Conclusion on reconfiguration techniques

Six methods of reconfiguration have been described in this section underlining
the advantages and issues of each one. The main ones are the electrical and the

mechanical methods, which have been the most investigated.

The main advantages of the electrical reconfigurability are the maturity of the
technology and the low-loss while considering the RF-MEMs. Nevertheless, its
integration is complex and shows low reliability. On the contrary, the mechanical
reconfiguration does not lie on the use of switches. Thanks to that, it has lower
complexity and better reliability. Nevertheless, the issues are the slow response,
the cost, the size, and the weight, which depends on the many parameters such as

the number of actuators and the control of the deformation.
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1.3.6 Multi-objective optimization

The studies made about re-shapeable reflectors prove that enhancing the RF
coverage and maintaining low levels of deformations constitute conflicting objec-
tives, and their simultaneous improvement must deal with Multi-objective Opti-

mization.

Running multiple optimizations and balancing the importance between mechanical
and RF performance will produce a set of optimization solutions for which an
improvement of RF performance necessarily conduces to a high curvature of the

reflector.

In mechanical sight, the literature underlines several problems in terms of engi-
neering aspects. The essential objective of the compound material design for a
reflector morphing skin is the re-shaping ability in a relatively large magnitude
with high surface accuracy. As side objectives, the required re-shaping energy
shall be possibly low, the material failure and the structural instability shall also
be avoided. Moreover, the re-shaping behavior of a reflector morphing skin is de-
termined by various parameters from material properties, geometry, and boundary

conditions.

The reconfiguration concept proposed in this thesis is inspired by these studies.
Hence, it is based on the concept of re-shapeable reflector mixed with the good
features of RA. By combining these two technologies, the goal is to be able to
provide multiple configurations with high RF performance while minimizing the
deformation and optimizing the prediction and the control of the ground plane’s

shape.

1.4 Reconfiguration concept proposal

1.4.1 Description

In this thesis, we propose a derived solution where the ground plane of a reflec-
tarray is made from a flexible membrane that can be deformed thanks to mechan-

ical actuators. The reconfiguration capability relies on the control of the reflected
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phase of each reflecting element over the panel by the control of the distance be-
tween each cell and the ground plane. This distance is tuned thanks to the action

of actuators (cf. Figure 1.27).
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FIGURE 1.27: Schematic view of the concept at the cell level.

As illustrated in Figure 1.28, actuators are placed under the ground plane to
provide specific displacements and rotation to shape the membrane to modify the

radiation pattern.
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FI1GURE 1.28: Concept proposal.

At the cell level, the structure considered is presented in Figure 1.29.
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FIGURE 1.29: Structure of the radiating element.

In conclusion, the accuracy of the actuators displacements determines the perfor-
mance of the flexible membrane shaping, which induces the quality of the radiation
pattern. The RF performance are so not only dependent on the shaping but also
on the selection of the reflecting elements. The good prediction of the phase re-
sponse of the cells printed on the reflectarray versus the distance noted h is then

necessary in order to design the panel correctly.

1.4.2 Study issues

The design of the mechanically reconfigurable reflectarray with a flexible ground
plane is challenging considering the RF and the mechanical aspects. The main
issues of the RRA design are the modelization of the cells versus the distance to
the ground plane (noted h) and the design methodology to apply while ensuring a
good balance between the RF and the mechanical requirements. To evaluate this,
it is necessary to create an RF model of the reflecting elements which gives the
impact of the distance to the ground on their phase response with good accuracy

and a mechanical model for the prediction of the flexible ground plane shape.

Past studies on mechanically reconfigurable reflectors have shown the difficulty of
finding the best compromise between the RF performance and the mechanical ones
[125]. Indeed, the real impact of the actuators on the membrane and the identifi-
cation of the exact shape is complex to predict with good accuracy. Consequently,

the RF and mechanical simulations is essential to optimize the design.
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1.5 Conclusion

This chapter introduces the notion of reflectarray antenna, which is a combina-
tion of two existing types of antennas: reflectors and arrays. A description of both

technologies is presented in the first section.

RAs consist of a flat panel covered by multiple printed elements that re-radiate the
incident field in a targeted direction. The goal of those elements is to compensate
for the phase delays introduced by the planarity of the panel compared to the
curved surface of a reflector. Hence, the selection of the elements is therefore, an

essential step in the design and optimization process of the RA.

Considering the fast growth of the telecommunication market and the interest
in dynamically modifify the coverages in-orbit, reconfigurable RA concepts have
been detailed in the literature. This thesis proposes a mechanical reconfiguration
of RA. Indeed, the control of the reflected phase of the cells is made by tuning
the distance between each reflecting element composing the panel and the flexible

ground plane thanks to actuators.

As for the RA, the good selection of the reflecting elements is essential to ensure
maximal RF performance. In Chapter 2, a semi-analytical tool is developed and
detailed. It is used to create a database that makes the link between the distance

to the ground plane, the geometry of the cell, and its reflection phase.
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2.1 Introduction

Chapter 1 introduced the Reconfigurable Reflectarray (RRA) with a flexible
ground plane inspired by the re-shapeable reflector developed in [39] and [41].
The coverage flexibility of this re-shapeable reflector is allowed by the mechanical
deformation of its shape thanks to actuators placed below it. The concept of a
RRA with a flexible ground plane consists of a RA with a deformable ground
plane controlled by actuators placed under it. Varying the distance between the
substrate and the ground plane, noted A, induces the modification of the phase
response of each cell composing the RA panel and so, the reconfiguration of the

radiation pattern.

In the view of designing a RA based on this proposal, the modeling of a cell at
a given frequency for a tunable distance h is mandatory to extract its phase re-
sponse. This is possible with full-wave simulations but this can be time-consuming,
especially if a complete database or reflecting elements is needed to create the RA

panel.

The first section details a semi-analytical model which gives the phase response of
a cell (also called the phase produced by the cell) at a given frequency for various
values of h. The phase response computed using the tool must be accurate enough

while reducing computation time.

The second section presents the reflecting elements’ behavior, which leads to their
classification regarding a variable value of h. Only the second-order Phoenix cells

type is studied due to their good features reminded in Chapter 1.

The non-linearity of the phase response of the cells versus h highlighted in this
chapter, associated with the non-ideal deformation of the membrane induced by
the mechanical actuators, introduces the problem of the impact of a position error
in the reconfiguration capability of the concept. This issue is presented in the third
section while the impact of A on the frequency dispersion of the cells is detailed

in the last one.
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2.2 Modeling tool

2.2.1 Objectives and hypothesis

The objective of the semi-analytical modeling tool is to accurately compute the
phase response of a cell while reducing the computation time compared to one
full-wave simulation. The structure of the radiating elements is detailed in Figure

2.1
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FIGURE 2.1: Structure of the radiating element.

The methodology follows two steps. First, the cell is simulated with a full-wave
simulation on HFSS software, assuming periodicity and normal incidence to cal-

culate the S matrix without considering the ground plane.

Secondly, an equivalent electrical model such as in [126] and [127] is used to com-
pute the reflected phase analytically considering the distance h and a ground plane

perfectly parallel to the plane of the cell.

The full-wave model is applied to one fixed configuration of reflecting element
where h does not vary. In the case of the RRA, the deformation of the ground
plane is the basis of the concept. Hence, the reflected phase of each cell com-
posing the database must be computed for numerous values of h. Consequently,
the semi-analytical tool primary purpose is to allow an efficient reduction of the
computation time compared to multiple full-wave simulations needed to extract

the reflected phase considering the desired values of h.



Chapter 2. Modeling and analysis of cells with tunable heigh 40

2.2.2 Semi-analytical model

2.2.2.1 HFSS model

For this first step of the methodology, a full-wave simulation using HF'SS is done
considering a reflecting element without ground plane (cf. Figure 2.1). It assumes
periodicity and normal incidence. The scattering matrix (S matrix) is extracted

thanks to this model at a given frequency.

The coordinate system for the model and the setup of the electromagnetic simu-

lation applied to the structure are illustrated in Figure 2.2.
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FIGURE 2.2: Representation of the Ansys HFSS Setup for the reflecting element
structure. Note: PerH (Perfect Magnetic Boundary), PerE (Perfect Electric
Boundary).

As shown in Figure 2.2, the model aims to extract the scattering matrix of the sub-
strate with the printed pattern placed in an airbox with periodic boundaries and
illuminated with a plane wave under normal incidence. The boundary conditions

are assimilated to perfect electric and magnetic conductors.
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Two waveports are placed at the extremities of the simulated environment and cor-
respond to the excitation of the incident wave transmitted through the structure.
The reference planes are the surface of the substrate on which the cell pattern is

printed and the bottom of the substrate.

Moreover, two waveports are placed at a distance equal to Ag over the structure
so that they are far enough to neglect higher order evanescent modes in the near
field of the cell. By exciting each wave port individually to solve the model, S-

parameters are extracted from the HF'SS simulation.

2.2.2.2 Equivalent electrical circuit model

Once the S-parameters of the substrate and the printed pattern are extracted
from full-wave simulation, the second step of the methodology uses an equivalent
Electrical Circuit (EC) model to represent the structure illustrated Figure 2.1.
The objective is then to determine the phase response of the cell for a given

distance h at one frequency.

Figure 2.3 illustrates the E'C of the radiating element considering the S-matrix.
The air between the substrate and the ground plane is assimilated to a transmission
line of a length equal to the distance h. Moreover, the ground plane is represented

by a short-circuit at the distance h which loads the transmission line.

— o =
r‘_ [ S ] _
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FI1GURE 2.3: EC of the radiating element with S matrix.

In Figure 2.3, T';, is the global reflection coefficient, and I' is the reflection coef-
ficient at the input of the transmission line corresponding to the air between the
ground plane and the substrate. The characteristics of the transmission line are
Zy its characteristic impedance, 3y its wave number and are computed thanks to

the equations 2.1 and 2.2 (Ao the wavelength, o the permeability of the air, €,
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the permittivity ).

Zo = |12 (2.1)
€o
2w
= — 2.2
o= 2.2

Thanks to Figure 2.3 the relation between I';, and I" | using the S-parameters (Si1,

Sia, Sa1, Sag) extracted, could be written such as in the equation 2.3 :

S1251 T

Ty = Siy + 220
11+1—5’22F

(2.3)

The reflection coefficient of the space between the substrate and the ground plane
can be computed knowing the input impedance when loaded by the ground plane
at h (Zy,) and the characteristic impedance Zy. Equations 2.4 and 2.5 show that
the modification of the distance between the cell and the ground plane directly

impacts the value of I" as it is illustrated in Figure 2.3.

 Zn—Zy

Sl ] 2.4
7 7 (2.4)

The input impedance when loaded by the ground plane at h could be computed
with equation 2.5.

Zh = jZotan(th) (25)

In conclusion, by changing the value of h in Equation 2.5 it is possible to compute
I'. Using equation 2.3, the global reflection coefficient I';, is computed, and the

phase response as a function of A of the elements is derived.

2.2.3 Full-wave validation

The validation of the semi-analytical model developed is carried out by com-
paring the result with full-wave simulation. As for the first step of the developed
methodology, the structure is placed in an infinite array of identical elements and

illuminated with a plane wave of normal incidence. Nevertheless, the validation
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model considers a ground plane assimilated to a perfect conductor and only one

waveport. Figure 2.4 illustrates the setup of the HFSS simulation.
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FIGURE 2.4: Phoenix cell simulation setup in Ansys HFSS.

The validation model extracts, at a single frequency, the reflected phase of the
cell for various values of h between 0 and \g/2 with a step of 0.01\g. Following
the choice of the type of cells used, the presented test cases are applied on capac-
itive and inductive Phoenix cells of various orders. Figure 2.5 is a picture of the

geometric parameters of the cells used [128].
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FIGURE 2.5: Phoenix cells geometrical parameter for first, second and third
order (left to right) capacitive (bottom) and inductive (top).
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For the sake of clarity, two validation cases are shown in this section at the fre-
quency f=12.5 GHz !. Both are second-order Phoenix cells printed on the same
substrate (thickness, e=0.5 mm and permittivity €,=2.2), but one is inductive,
and the second one is capacitive. The geometrical parameters (cf. Figure 2.5) of

the cells studied are reminded in the captions of the figures.

Figures 2.6 and 2.7 present the impact of the distance h on the reflected phase
respectively for the capacitive and inductive cells. The Matlab results correspond
to the semi-analytical tool, whereas the HF'SS ones to the full-wave simulations.
For both types of simulation, the same h values are tested (h € [0; %] with a step
of 0.01 mm).

200 . T . T T . . .

Matlab results 4|
150 P, — HFSS results | 4

100

%]
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Phase response (°)
<
(== =

-100

-150

_2[}0 1 1 1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045 05

Ratio h/A

FIGURE 2.6: Capacitive 2"¢ order Phoenix cell: P = 11.7mm, C; = 4.4mm,
Cy=38mm at f =12.5GHz.

!This frequency has been taken as an example from Thales Alenia Space typical Ku band
space applications
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F1GURE 2.7: Inductive 27 order Phoenix cell: P = 11.7mm, C; = 4.4mm,
Cy=38mm at f =12.5GHz.

In Figures 2.6 and 2.7, the high correlation of the results obtained with the semi-
analytical tool compared to the full-wave ones can be noticed. The average phase
error between the Matlab results and the HFSS ones for the whole panel of A
values is around 1°. We can see that the agreement gets a bit worse when the
ground plane is very close to the cell (h is almost equal to zero), which is logical

due to possible coupling between the cell and the ground plane.

As mentioned before, the main idea of this tool is to propose an accurate model of
the reflecting element with low computation time. Figures 2.6 and 2.7 show that

the developed model presents similar result to the full-wave one.

Tab A.1 gives the time consumption of each method. Tab A.1 shows that the
model developed presents an important gain of time compared to the full-wave

simulation.

Full-wave Semi-analytical

Average computation time | 101 min 22 s | 1 min 19 s

TABLE 2.1: Time consumption of each methodology
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The modeling tool presents excellent features such as a low average phase error
(inferior to 1°) and a reduced computation time compared to the full-wave simu-
lation. Indeed, the approximation of the reflected phase for a given h at a single

frequency is good, whereas the computation time is greatly reduced.

2.2.3.1 Reflecting elements database

This section aims to introduce a possible reflecting elements database that will
be used in the next chapter to design the RRA. Consequently, the frequency is
now set at 12.85GHz. The database is only composed of second-order inductive

Phoenix cells modeled.

As explained in Chapter 1, Phoenix cells are the best candidates considering their
rebirth capabilities and their RF performance. Using only one type of cells with
various geometries is sufficient to build a strong database. Moreover, it is impor-
tant to note that the limitation of the number of cells is appreciated as it reduces

the number of combination possibilities for the layout.

Finally, the defined database is composed of 114 cells (with the same substrate)
whose geometrical parameters are described in Figure 2.8. The thickness of the

substrate is equal to 0.5 mm with a permittivity of 2.2.

Y

FIGURE 2.8: Geometrical parameters of the reflecting elements.

The set of cells modeled includes the following geometries (see Figure 2.8):

e (5=0.6 mm and C; € [0.8;5.8)mm with a step of 0.2 mm

e (5=6.0 mm and C} € [6.2;11.2] mm with a step of 0.2 mm
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e (1=0.6+C5 mm and Cy € [0.2;5.2] mm with a step of 0.2 mm
e (1=6.0+C5 mm and Cy € [0.2;5.2] mm with a step of 0.2 mm

e (1=8.0+C5 mm and C; € [0.2;3.2] mm with a step of 0.2 mm

2.3 Impact of h on the reflected phase

The knowledge of the cells’ behavior for the selection of the reflecting elements of
the RA panel is important in the context of our concept proposal. Three elements

must be considered:

e The deformation of the membrane will not be perfect and depends on the

control accuracy.

e The deformation must be smooth, and its magnitude minimized to respect

the characteristics of the material.

e The deformation of the membrane must consider the inter-dependency of
distances h for every cell over the panel for each configuration. Indeed,
the slope of the membrane between two consecutive cells is limited by the
material characteristic. Hence, it can be deduced that two consecutive cells

must present similar behavior.

Equation 2.6 presents the existing relation between the distance h, the normalized
admittance associated with the cell Y..; = jb of the cell, and its phase ¢ in the
case of no substrate is considered. Equation 2.6 is deduced from the Figure 2.9

which is a representation of the £FC with no substrate considered.

—5 .

Zih

I_J’] Yeen Z,=0

(zc'l-! Bf.])

FiGURE 2.9: EC of the radiating element without substrate.
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1 1

Figure 2.10 illustrates three examples of capacitive Phoenix cells modeled with

the semi-analytical tool at f=12.85 GHz.
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FIGURE 2.10: Capacitive 2"¢ order Phoenix cells: P = )‘2—0 = 11.7mm.

Equation 2.6 presents the non-linearity between the reflected phase and the dis-

h

tance h. This relation between the reflected phase versus 3o

2.10.

is illustrated in Figure

In Figure 2.10, the phase response of Cell; is constant for the quasi totality of the

h
Ao

an abrupt variation of the phase happens. Indeed a 360° phase cycle is realized

for a % range inferior to 0.003 (approx. h=0.07 mm).

values until a given distance (approx. /\—h;) equals to 0.47 in this example) where

Clell, presents a smoother variation of phase versus )\io At the lower values of )\%,
the reflected phase decreases slowly with a variation of )\% between 0 and 0.35.

After this value, the variations are much quicker.

The third cell, Cells, presents a quasi-linear variation of the reflected phase versus

h
Ao

To summarize, if one cell of the RA panel does not need to provide a medium or

high variation of phase, the Cell; is the best option because of its low sensitivity
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to h variation. Nevertheless, it is not the case for the higher values of %, typically

close to 0.475 and 0.48.

On the contrary, Cellz has the main advantage of having a quasi-linear behavior
versus h. The interest of using this type of cell is that the variation of A is
large between two configurations or two consecutive cells. Finally, C'ells is a good
compromise compared to the other cells when a medium variation of phase is
needed. Indeed, Cell, presents a variable sensitivity to A variation in function of

the /\—ho reference value which allows more versatility in the layout design process.

The selection of the cells is then the first important step in optimizing RF and

mechanical performances for the design of a RA.

2.4 Impact of an error on h

The concept proposed in this thesis is based on the mechanical reconfiguration of
the reflectarray by deforming the ground plane (or shell-membrane) mechanically
with actuators. Those control the shape of the ground plane, whose deformation
accuracy directly impacts the RF performance of the antenna. Indeed, in the real
case the deformation is not the same as the ideal, notably due to the actuators’

precision. Due to that, the impact of an error on h must be investigated.

To evaluate the impact of an error on the deformation (at a cell level, it could
be considered as an error on h), a random error arbitrarily taken between 4 /-
0.2mm is added on a reference height (noted hy and included in [0; %]) To have
a representative overview of this impact on the different types of cell, the three

types of geometry tested in the last section are used.

The absolute difference between the phase response obtained with this error ap-
plied (¢}, ) and the phase response at hg (noted ¢y,) is computed. For each value
of hg, the routine is made 300 times with a new error at each iteration (noted n).
For each value of hg, an average value of the 300 values is computed to obtain
a representative average phase error using the semi-analytical tool. This average

phase error at hg, noted €, is computed using Equation 2.7.

300

€hy = Z %mod(?w) (2.7)

n=0
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FIGURE 2.11: Impact of an error of position on the phase response versus the
reference distance.

Figure 2.11 illustrates the average phase error €,,. It can be noticed that the
impact of an error of position is dependent on the reference height, noted hy.
Tab 2.2 gathers the average phase error for three reference distances between the

substrate and the ground plane. These are computed with hy = 1.5mm (/\%:0.06),

hy = 22 (£=0.25), hg = 10mm ({=0.41) (cf. Tab 2.2) .
C’elll 06”2 Cellg
hl Oo 10 40
h2 Oo 10 30
hs | 0° 120 | 3

TABLE 2.2: Impact of a position error on the phase response of a cell

Figure 2.10 and Tab 2.2 show that the impact of an error of position on the phase
response of the cell is not constant for all values of h, but it is also dependent on

the geometry of the reflecting element.

As the last section shows, the reflected phase of Cell; is constant for most of the
h values and suddenly sensitive to a variation of h. This explains the quasi-null
average phase error and the peak around a specific value of h. The correlation
between the behavior and this peak can be noticed in Figure 2.10 and Figure 2.11

for /\io or f\‘—g equal to 0.47.
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The overall constancy of the average error for Celly is explained by the low vari-
ation of its phase compared to the variation of h. In Figure 2.10, this behavior
changes around /\—};:0.35 mm where the cell becomes more sensitive to a variation

of h. Figure 2.11 shows a low sensitivity of an error of i up to this value.

The quasi-linearity of Cells illustrated in Figure 2.10 explains the approximated

constancy of the average phase error shown in Figure 2.11.

Finally, cells with the same behavior versus h as Cell; are interesting to minimize
the deformation because a big phase variation is provided by a low distance varia-
tion. Nevertheless, while its sensitivity to the variation of the distance is high, an
error on h leads to an important phase error and so to a degradation of the RF
performances. In the contrary, Cells needs a big variation of A for an high phase
variation. Consequently, Celly seems to be the best compromise if the problematic

values of h are avoided.

2.5 Impact of h on the frequency dispersion of

the cells

The application of the mechanically RRA presented in this thesis considers a
frequency band. The impact of the distance between the cell and the ground plane,
noted h, on the frequency dispersion of the cells is important to investigate. As
presented in Chapter 1, the Phoenix cells are supposed to have low dispersion. In
this section, this characteristic of the reflecting element will be studied when A is

varying.

The same cells’ geometries, as for the last sections, are used in this analysis.
The values of each geometrical parameters are reminded in the caption of the
figures, and the wavelength is computed for the central frequency 12.85 GHz. The
behavior of each cell is simulated at 11.2 GHz, 12.85 GHz, and 14.5 GHz using

the semi-analytical tool.

Figures 2.12, 2.13 and 2.14 illustrate the phase response of each cell studied in

function of the distance h at three frequencies.
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FIGURE 2.13: Impact of the frequency on the phase for Cells.
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FIGURE 2.14: Impact of the frequency on the phase for Cells.

Figures 2.12, 2.13 and 2.14 show a similar effect of the frequency on the phase for

all values of h. The phase response decreases with the frequency for a given )\—ho
Cell; and Cells present the same profile versus h for all frequencies whereas it is

not the case for Cell,.

The average frequency dispersion over the frequency band is the ratio of the abso-
lute value of the difference between the phase response at the maximum frequency
and the phase response at the minimum frequency of the cell (noted ¢, and

Gmin) over the frequency range.
% _ |¢max - ¢mzn|
Af fmax - fmm

In this case, f..=14.5 GHz, whereas f,,;,=11.2 GHz. Figures 2.12, 2.13 and 2.14,
show that the dispersion is dependent on the distance h and on the behavior of
the cell.

(2.8)

Clelly is the less dispersive cells studied except close to 0.47 where it is the contrary.

As in Figure 2.12, the phase response of the cell is not sensitive to a variation of

h or to the frequency. Nevertheless, the phase response of Cell, and Cells varies

with h but also with the frequency. Moreover, Celly is the most dispersive one
h

and seems to present its maximum at low or high values of & (or ).
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Figure 2.15 illustrates the frequency dispersion modulo 27 computed for /\% € [0; 5],

so for h € [0; 2]
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FIGURE 2.15: Impact of h on the frequency dispersion.

Tab 2.3 gathers the maximal average frequency dispersion over the frequency band

of each type of cell tested considering the whole range value of h.

06”1

Cellg

06”3

50

55°

24°

TABLE 2.3: Maximal frequency dispersion for h € [0; 22]

2

The information given Tab 2.3 and Figure 2.15 confirms the comments made before

on the high dispersivity of Cell, compared to Cell; or Cells. Hence, Af at a

given h must be a new parameter to consider for the design of the panel and

the identification of the needed deformations. Indeed, if the selected cell has the

same behavior as Celly and needs a deformation at low or high h to achieve the

wanted phase at the central frequency, it leads to an important phase error in

other frequencies, degrading the RF performances.

Gathering the information given in Figures 2.10, 2.11 and, 2.15, the importance

of three parameters are underlined by the three behaviors associated with the

examples: the geometry of the cell, the reference h and the Af at a given h.
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e (C'ell; has a constant phase response versus h up to a specific value of h, which
makes it not particularly interesting in the case of a deformable ground plane.
Indeed, even though the phase variation is low sensitive to an error on the
distance, it gives few degrees of freedom in terms of deformations and phase
response. Nevertheless, this cell has the advantage of being low-frequency

dispersive.

e (C'ell; has a smooth variation of its phase response compared to the h one,
but it is more dispersive. It also presents the highest average phase error
in the case of position error at a given h. Nevertheless, big phase variations
could be achieved with low distance shifts, which is an advantage. Figure
2.11 shows that even it has the biggest average phase error at a wide range

of h values, this error is acceptable.

e (Clell3 presents a quasi-linear variation of its phase response versus h and
its maximal frequency dispersion is a good compromise between the ones of
Celly, and Celly. Moreover, its average phase error over all possible values
of h stands around 4°, however big phase variation will need big h shifts.

The constraints applied to the flexible membrane would then be important.

Finally, each element composing the reflectarray panel needs to be selected con-

sidering the pros and cons derived from their behavior versus the distance h.

2.6 Conclusion

The concept proposal presented in this thesis is based on the mechanical recon-
figuration of reflectarray antenna by modifying the ground plane’s shape. Hence,
the first issue to design the reflectarray panel is to understand how the reflecting
elements react when the distance between the substrate and the ground plane (h)

is modified.

To model the impact of i on the phase response at a single frequency for a given
cell, full-wave simulations can be used even if they are time-consuming. This
section aims to develop an accurate semi-analytical tool which reduces the com-

putation time of a reflecting element simulation at a given frequency.
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The validation of the tool reveals an average phase error compared to the full-wave

simulations inferior to 1° for a time cost highly reduced.

The understanding of the cells’ behavior is useful for the selection of the cells in the
design methodology of a final RA panel. The impact of h on the phase response
and the frequency dispersion have been studied. The analysis of the behavior of
the cells leads to the classification of the reflecting elements in three categories

represented by three examples Celly, Cell, and, Cells.

In conclusion, this chapter underlines the importance of the good selection of the
cells for the design of the RA. Indeed, the distance between the cell and the ground
plane has a significant impact on its phase and its frequency dispersion. Moreover,
those are also dependant on the geometry of the cell. A compromise between the
RF and the mechanical performances to avoid significant phase error or too high

distance variation is then necessary.

Using this tool and the knowledge offers by the analysis of the results, a database
of cells, and a methodology for the design of the RA panel is presented in the next
Chapter.
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3.1 Introduction

The reconfiguration of a reflectarray antenna (RRA) with a flexible ground
plane presented in this thesis relies on the principle that it is possible to control
the phase response of the reflecting elements by modifying the distance between

the substrate and the ground plane (noted distance i in Chapter 2).

In the previous chapter, the modeling and the analysis of reflecting elements be-
havior versus h were presented. This analysis was performed using the semi-
analytical tool developed in the same chapter. The information gathered about
the cells helps to define a design methodology for the proposed Reconfigurable
ReflectArray (RRA).

This chapter aims to step by step develop a design methodology of RRA with
two radiation pattern configurations, at one frequency, that provides an optimized
layout associated with two ground plane shapes. This method is first developed
for a linear array antenna considering an ideal control of the ground plane defor-
mations. It is then applied to a test case corresponding to a linear array extracted

from a 2D array which will be used in the next chapter.

The developed methodology is discussed to identify its limitations and to propose
some improvements. These modification proposals are tested using the same test
case of the linear array. The validation of the defined design methodology is carried

out thanks to full-wave simulations performed with HFSS software.

3.2 Objectives and constraints of a mechanically

reconfigurable reflectarray

The design methodology aims to identify, at one frequency, the optimal layout
associated with two ground plane shapes that provide two different configurations

(equivalent to two radiation patterns). Figure 3.1 schematizes this principle.
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Fi1GURE 3.1: Concept of the two-configuration RRA.

The modification of the ground plane shape could be defined, at the cell level,
as a local change of the distance between one cell and the ground plane. This
modification of the ground plane shape aims to control the phase response of the

cells printed over the RRA panel to provide reconfigurability.

Chapter 2 has presented the analysis of the reflecting elements, (ie. Phoenix cells
[2]). The information deduced from this study of the cells gives a starting point
for the creation of a design methodology for RRA with a flexible ground plane.
The difficulty of implementing this design methodology relies on the existence of
various simultaneous and interdependent constraints (RF and mechanical) to take

into account.

As introduced in Chapter 1, the control and the prediction of the ground plane
shapes are directly linked with the RF performances of the antenna. In other
words, the accuracy of the ground plane deformation is linked with the quality of

the phase response achieved by the cell.

The principal concerns for the RRA design are the initialization of the panel
in terms of radiating elements selection, the control, and the prediction of the
ground plane shape. Moreover, the solution must minimize the magnitude of
the two deformations and the antennas’s weight while ensuring acceptable RF

performances in terms of directivity patterns for both coverages.

In this chapter, the two targeted configurations are respectively noted S; and Sy

and the cells used are the ones composing the database presented in Chapter 2.
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Therefore, the local planarity hypothesis of the ground plane under the cell is

taken.

3.3 Methodology for a linear reflectarray

The design methodology is developed for a linear array. This section presents
the cells selection process and the deformation identification for a linear array

composed of M reflecting elements in the case of a two-configuration RRA.

3.3.1 Development of the methodology

3.3.1.1 First cell selection

The panel consists of a flat dielectric layer supporting M = 21 printed reflecting
elements with an inter-element spacing equal to P = % at a frequency f of 12.85
GHz. The cells could be associated with a normalized admittance 3> for each
coverage noted S; with i € [1;2] and m the index of the cell along the panel
(m € [1;21)).

The distance between Cell,, and the ground plane for a given coverage is noted

h5i. Figure 3.2 illustrates the configuration of the linear panel studied.

Radiating element

Z

11
Cell, Cell,, Reflectarray panel
y [TLTLTLTLTLTLTLTLTLTLTLTLTLTLTLTLTLTLVLTLT
X \
/ - Dielectric layer

Flexible ground plane

FIGURE 3.2: Linear array configuration.

The Electrical Circuit (EC') of the radiating element with no substrate considered
is illustrated in Figure 3.3. T’ ijOtal is the global reflection coefficient, while k% is the
distance between the cell and the ground plane, and ZZSWZ'L is the input impedance of
the free space transmission line separated Cell,, and the ground plane. Moreover,
Bo is the wavenumber while Z, is the characteristic impedance of this transmission

line.
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FIGURE 3.3: EC model of the cell without substrate.

Equation 3.1 gives the total normalized admittance yf(jtal considering the cell with-

out substrate and a ground plane placed at hSi from it.

Yintar = b — cotan(Bohyy)] (3.1)

The associated reflection coefficient, noted ngml, can be described by Equation
3.2.

1— vy
S Ytotal
Lo = ——tad 3.2
total 1+ yfoiml ( )
The phase produced by Cell,, can then be deduced (cf. Equation 3.3).
@51 = 2tan™ (cotan(Boh>)) — b57) (3.3)

The value of the admittance corresponding to one configuration S; can then be
derived from Equation 3.3 considering a ground plane placed at h = %. Indeed,
Equation 3.4 could be used while h3! = 22 as it is considered as the initial state
of the ground plane (without deformation).

b = —tan(¢di/2) (3.4)
Then,
b3 = cotan[Boh’i] — tan(4S/2) (3.5)

with ¢”i: the phase response of Cell,, in the configuration S;.

Deduced from Equations 3.5, the expression of the distance versus the phase re-

S can be written as follows (see Equation

sponse of a cell and its admittance, h.:,
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3.6). Before computing the ideal phase ¢5i of the Cell,, , the cell admittance b>i

appearing in Equation 3.5 must be found.

s L, 1
i = 5omn <b§l +tan(¢§{/2)) (3.6)

Considering Equation 3.6 and due to the periodicity of the tangent function, the
value of h¥ is included between [0; %] as it can not be negative. The value of the

wavenumber is computed using Equation 3.7.

2

b=

(3.7)

This range of h% values induces possible problematic jumps of +or — % between
two consecutive cells as they represent a significant local magnitude of deforma-
tions. This constraint is due to the fact that the magnitude of deformation con-
strains the choice of the possible material to use. If the magnitude of deformation

is too high, it will be complex to find a suitable material.

Furthermore, each cell over the panel must provide a set of two phases ¢ as-
sociated with two distances h>' to provide the two targeted configurations. This
variation between hSl and h2 could lead to significant variation of hS for the
reconfiguration. Moreover, as reconfiguration capability is provided considering a
deformation of the ground plane, a unique layout for S; and S; must be found. The
proposed solution is then to find a cell with an admittance equal to the average
of the two admittances needed for both coverages, b5t and b52, at h5! = h52 = 2o

4
Both admittances are given from Equations 3.8 and 3.9 using Equation 3.6.

S1
b3 = —tan ((b—m) (3.8)
2
and,
O
b2 = —tan ( ;) (3.9)

The average admittance b3¢ is given by Equation 3.10.

bSt + b5
bove = % (3.10)
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For each position m, the reflecting element presenting the closest admittance to
b%¢ included in the database is selected. As a reminder, the cells database is
detailed in the previous chapter. At this stage, M cells composing the layout are
identified. The next step consists in finding the two ideal deformations for S; and
Ss.

3.3.1.2 Identification of the ideal deformations

Once a first selection of cells is done, it is possible to derive from Equation 3.6
the ideal distance h”i associated with the phase produced by each selected cell,

@producedSi " at the given frequency.

Using the Equation 3.6 and the value of 0%V, the derived deformations for S; and

Sy can be written as:

1
hoY = —tan™! ( ) 3.11
m ﬁO b%}e + tan((b%oducedsl /2> ( )

1 1
h52 = —tan™ ( > 3.12
" b bave + tan(gh, " /2) (3.12)

By substituting the Equation 3.10 in these equations:

2

Aot = —tan™ ( ) 3.13
BO tan(gb%oducedsl /2 - tan<¢%oduced52/2) ( )
and,
1 2
hS2 = —tan™ ( ) 3.14
BO tan(¢%‘oduced52/2 _ tan(gbly)r?;OducedSl/Q) ( )
A possible solution is:
hot = —h32 (3.15)

Equation 3.15 shows that using the average admittance b2’ is interesting to select
the cells as it leads to two opposite phases for S; and S;. This symmetry allows the
alignment of the peaks of deformations of both curves. This may be advantageous

to initialize the distribution of the control points for the ground plane deformation.
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3.3.1.3 Reduction of the ideal deformations magnitude

Equation 3.6 can lead to positive and negative values because of the tangent
function, whereas only positive ones are correct for the distance h5i. The period-
icity of the tangent function is then used to find other solutions that are positives.
Hence, it is possible to add a distance shift equal to % to hSi without modifying

the phase response of Cell,,.

Note that this hypothesis could be taken, but the real impact of this distance
shift is not well known in reality and needs further investigations. Nevertheless,
jumps can still occur. This could sometimes be canceled thanks to the additional
distance shift used previously if it is possible. If it is not, one solution is then to

deduce an average phase for the cells printed over the panel.

Indeed, using an average phase, which is the average of the two phases deduced
with 3.6 for each coverage for all cells, allows to minimize the phase shift between
the two configuration cases. The reduction of this phase shift leads to decrease
the variation of h between both configurations, and consequently to avoid high

sensitive cells.

Moreover, the average phase is noted ¢2'"*9¢ for Clell,, and clipped to reduce
the magnitude of the deformation and so to reduce the phase range. Indeed, as
shown in the previous chapter, huge variations of h% happen for phase response
around +/-180°. Moreover, limited the range of the average phase reduces the
possible values of hoi. Hence, the limited phase range needs to be wide enough
to let flexibility in the selection process and sufficiently small to avoid significant

distance variation.

As a first approximation and considering the behavior of the cells presented in
Chapter 2, the average phase range value taken is between +/-150°. Indeed,
considering the three examples of cells presented in Chapter 2 noted Celly, Cells,
and Cells, a big variation of the distance h>: does not necessarily lead to a huge

variation of phase ¢>i.

Moreover, clipping the average phase sorts the cells to avoid problematic cells
which are too sensitive to a significant variation of h5i. The analysis developed in
Chapter 2 underlines the complexity to control the phase response of some cells
(Celly, Figure 2.12) thanks to the distance h%. These cells are difficult to control
with A5 as they partially hide the effect of the ground plane due to being pure
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reflecting ones. They are recognizable notably because their phase response is close
to +/-180° for A3 € [0; 2], this is also why the range is restricted to +/-150°.

Finally, the cells selected are the ones presenting the closest phase response at

hpy = % to the clipped average phase.

3.3.2 Application case

In this section, the developed methodology is applied to a linear array antenna
example. This panel is extracted from an existing 2D array, which is described in
the next part. The linear array, also called 1D array, corresponds to the central

line of this 2D panel.

3.3.2.1 Antenna characteristics

The RRA is composed of one offset feed illuminating a square panel of MxM
cells with M = 21. The feed is placed at (0,0,F) in (z,y,z) and oriented in the
direction of the center of the RRA with an angle equal to approximately 17.0°
from the z-axis, as Figure 3.4 illustrates it. The coordinates of each cell printed
over the panel are written as (2, Yim, 0) with [ the index of the cell along the

xr-axis and m along y-axis.

Broadside
direction

Reflectarray panel

Flexible ground plane

FI1GURE 3.4: Antenna configuration.
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two configurations

The array aperture is equal to DxD whereas D=21xP with P the cells lattice
(P=0.5\g, A\g the vacuum wavelength at f the frequency f=12.85 GHz). Finally,
D=245.14 mm, P=11.67 mm, F'=429 mm, and d;=8.37 mm.

The dimensions of the ground plane are PxDxe,, (11.67 mmx245 mmx0.4 mm),

with e,, being the thickness of the ground plane.

3.3.2.2 Phase law specification

The methodology has been developed for a linear array. The sample presented
in this chapter is extracted from a real application and therefore, only one line of
the 2D RRA panel example is used (cf. Figure 3.4). In our case, the central line

is taken (x=0 in our case) and the two configurations are noted S; and S, and are

defined as follows:

e Si: a directive beam at 17° from broadside, opposite to the feed in the

symmetry plane Ozx

e S5 a directive beam at 17° from the broadside such as S; with an enlarged

beamwidth in the Oyz plane

Figure 3.5 presents the ideal directivity patterns associated with S; and Ss.
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FIGURE 3.5: Ideal directivity patterns forS; (left) and for Sy (right).

3.3.2.3 Identification of the phase introduced by the cells

The phase that each cell m needs to produce for S; is noted ¢51. It is equal to

the introduced phase 1 which compensates the incident phase (¢n<idenee) induced
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by the feed and another phase that introduces the desired phase law S;. Hence,
the reflected phase for S; is computed using Equation 3.16.

¢rmeflect6d51 — gbjﬁcidence + gbjgtroducedl + gbi;ztroducedZ (316)

With gintroducedl gy gintroduced2 the phase introduced by the cell to respectively

compensate the incident phase and introduce the depointing.
gintroducedl _ _ gincidence _ g p (3.17)
R, is the distance between the source and the center of the Cell,,. Moreover:
pintroduced? — 10 = mdfysin(6) (3.18)

With:

e «: the phase difference between two consecutive cells

e d: the spacing between two elements

e [y: the wavenumber

e (: the depointing angle
The second phase law, S, is also a directive beam as S; but presents an enlarged
beamwidth which is due to the introduction of a non-linear phase law in the yOz

plane, ¢introduced3  The reflected phase for the second configuration, ¢reflecteds

could be computed such as in Equation 3.19.

lectedsS: lectedS introduced3
¢refece 2 :¢;§fece 1 +¢$Z roduce (319)

m

Figure 3.6 illustrates the phase law introduced along the y-axis to enlarge the
beamwitdh, of roughly 25° instead of 8° for 3 dB beamwidth for S;.
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FIGURE 3.6: Introduced phase law for Ss.

The phases that need to be introduced by the cell are written ¢ and can be

computed using Equation 3.20 for S; and 3.21 for Ss.

S1 __ rintroducedl introduced?2

(ZS% — gbfnl + (z)i:troducedi’)

(3.20)

(3.21)

Figure 3.7 shows ¢51 and ¢52 that the cells need to produce to respectively provide

the desired directivity patterns for S; and S,.
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FI1GURE 3.7: Phases that need to be produced by the cells at x=0.
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3.3.2.4 Computation of the average admittance along the panel

Following the initialization of the layout process explained before, the admit-
tances related to S; and Sy along the 1D panel respectively 5! and 652 are com-
puted considering hol = h52 = )‘f as the average admittance, 0% is calculated to
make the first selection of cells. Then, Figure 3.8 presents the admittance values

computed for each Cell,, over the panel.
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FIGURE 3.8: Admittances b51, b2, and b%v¢ for the 1D panel considering h = ’\4—0.

In Figure 3.8, significant variations can be noticed for the cell n°5 and 17. These
big variations of the admittances are linked with the intersection of the phase laws
required for S; and Sy and happen around the cells n°5, 6, 16 and 17 (cf. Figures
3.7 and 3.8). This phenomenon can be explained by the fact that their phase is
close to 180°.

Indeed, as mentioned in Chapter 2 while analyzing the impact of the distance h
on the phase response of a cell, most of the cells produce a reflected phase near
+180° when ASi is around 0 mm. They produce a phase close to -180° while h5i
%. By applying a modulo on the phase introduced by the cell to have
values between + and -180°, the Cell,, with m € [0,4] U [17,21] have to introduce

a phase between 0 and 180° for both coverages. Therefore, the big variations of

1S near

the average admittance are due to the phase jump around +/-180°.
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3.3.2.5 Computation of the average phase

The average phase is deduced from b8"“"*9¢ using Equation 3.6 and noted ¢ < *9¢.

The values of the average phase are then clipped to be included in the range of

+/-150°.

Note that clipping the average consists in considering that all values not included

in the range +/-150° is redefined to be equal to the closest value between +/-150°.
Figure 3.9

150
100

50

50 F

-100

-150 !
25

F1GURE 3.9: Average phase along the panel.

In Figure 3.9, the clip of the average phase could be noticed as the extremum are

equal to 4 or -150°.

3.3.2.6 First selection of cells

Once the average phase is clipped, the first layout of the linear panel is deduced.
This selection takes as the database, the clipped average phase, and a flat ground

plane placed at h3i equal to % as inputs. Figure 3.10 illustrates this first layout.
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FiGure 3.10: First cells selection for the linear array.

Using the information of the database and the first layout illustrated in Figure
3.10, the actual phase produced by the cells considering a flat ground plane placed
at ’\4—0 is presented in Figure 3.11. The ideal average phases are the ones targeted

while the produced ones are the ones deduced considering the first cells selection.

Figure 3.11 shows a good correlation between the produced average phase and the
ideal one with the first layout identified. The remaining differences between the
ideal average phases targeted and the phase response finally obtained are due to

a limitation induced by the database.
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FiGurE 3.11: Ideal and produced average phase along the panel.
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3.3.2.7 Identification of the ideal deformation

Starting from the layout obtained previously, associated to a flat ground plane
at %, the ground plane is deformed to modify the phase response of each cell
in order to provide the first configuration S;. Then, in a second time, it will be

deformed in a second way to provide the second configuration Ss.

The set of ideal deformations are deduced using Equation 3.6 and the ideal phase
#%i that the cell has to produce (cf. Figure 3.6). It is done using the set of phase

laws, the database, and the cells selection made and presented in Figure 3.10.

Figure 3.12 presents the ideal set of deformations deduced. These deformations are
smooth over the panel except around several cells where a big variation between
two consecutive cells could be observed (n°2, 5, 17). As regards of Figure 3.8,
those variations are close to the cells n° 5 and 17 and could be explained by the
relation between the admittance and the phase response of the cell (see Equation
3.6).

12

10

1) (in mm)
[=2]

FIGURE 3.12: Ideal deformations associated with S; and Ss.

These big variations of distance h5i between two consecutive cells must be avoided
notably due to the existing material’s properties [41] and the hypothesis of local
planarity of the ground plane under the cell. Indeed, these sharp variations of the

h5 imply quasi-perpendicular deformations.
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an additional distance shift equal to % is could

be added to the initial value of % while it is useful to smooth the deformation.

To avoid this variation of hS:

m?

Figure 3.13 presents the ideal deformation with this additional distance shift. Note
that this distance shift is only used while it is necessary to reduce the variation of

h% between two consecutive cells.

141
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FIGURE 3.13: Ideal deformations associated with S; and Ss.

By comparison between the Figures 3.13 and 3.12, the interest of the additional
distance shift is clearly underlined. The membrane slope between consecutive cells
is reduced as expected, as well as the maximum magnitude of deformations. For
example, the ideal deformation associated with S in Figure 3.12 has a magnitude

around 12 mm whereas in Figure 3.13 it is around 5 mm.

3.3.2.8 Results: directivity patterns

Considering the first layout and the ideal deformations associated with S; and
Sy, the directivity patterns are computed thanks to the array factor for the cut-
plane (®=90°). Figures 3.14 presents the directivity patterns wanted (ideal) and
the provided ones (with the set of phase laws produced while considering the cells

selection and the set of ideal deformations) for the linear array.
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FIGURE 3.14: Ideal phase distribution over the panel forS; (left) and for S
(right).

In Figures 3.14, some differences could be noticed between the ideal and the com-
puted curves. Those are due to the cells database which doesn’t include every
possible set of couples (hSi;greflectedSi)y for S) and Sy. Indeed, the cells are se-
lected while they present the closest reflected phase to the clipped average phase

at hsl—’\o which induces some phase errors.

3.4 Proposal for improvements

Chapter 1 introduce the multi-objective optimization issue, mentioned in the
literature [125]. The studies figure out that enhancing the RF coverages while
maintaining the magnitude of deformation at a low-level constitutes conflicting

objectives.

The resulting coverages depend on the ground plane (also called membrane) shape
accuracy which is induced by the mechanical control accuracy made using actua-
tors. The quality of the obtained directivity pattern relies on this control, and also

on the behavior of the cells selected while encountering an error of the distance
Bs:.

This section aims to develop a methodology that considers realistic constraints for
the prediction and the control of the ground plane shape to optimize the RRA
RF performance. Indeed, as it has been discussed before, the quality of the RF
performance is directly dependent on the deformation accuracy as it controls the

reflection phase of each radiating element composing the panel.
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This section introduces several solutions to limit the magnitude of the deformations
and to minimize the number of actuators (to limit the mass of the antenna). These

improvements are tested using the same sample case as the previous section.

3.4.1 Mechanical control and prediction of the ground plane-

shape

In the sample case studied in the last section, the control of the ground plane is
supposed perfect which is impossible in reality due to technical constraints. The
closest configuration would theoretically be the one that considers one cell per
actuator. Unfortunately, the space needed between two consecutive actuators and
the limited weight of the antenna discard this possibility. Moreover, the number

of actuators also impacts the cost of the antenna.

The existing mechanically RRA used various types of actuators, such as piezo-
electric or linear actuators. In our case, linear actuators are best suitable because
of their high stroke capability and high accuracy. Moreover, the mechanically re-
configurable reflector studied in [39] on which our concept is based also used linear
actuators. Hence, it will be useful to benchmark the concept of RRA presented in
this work with existing reconfigurable antennas in terms of the number of actua-
tors and the magnitude of deformation. In [39], the prototype tested is a 500 mm

diameter reflector equipped with 19 actuators.

Furthermore, in [39], the prediction of the reflector shape has been made using
simulations, and a model has been developed taking into account the action of
the actuators, the characteristics of the material, and the boundary conditions to
consider to let the membrane free of constraints. The same requirements need to

be considered in our case.

3.4.1.1 Distribution of the actuators for the control of the ground

plane shape

In the context where the RRA aims to be low-profile, flexible, light-weight, and
accurate, a limited number of actuators must be defined. Their distribution is also
a constraint to take into account while optimizing the control and the prediction

of the ground plane shape.
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Two types of distributions are distinguished: the uniform and the adjusted one
presented in Figure 3.15. Note that both have to follow the same constraint, which
consists of having one actuator at each border and at least one between in the case

of a linear array panel.

Peak of deformation

Relwarey L 2 3 45 8 158 0
l —>[

pane

Flexible
—

4ol Ideal deformation S,
ground plane

Ideal deformation S,

ﬂ 1 m 2 |j 4 ﬂ 6 ﬂ 8 ﬂloﬂ 11  Adjusted distribution
ﬂ 1 ﬂ 3 ﬂ 5 ﬂ 7 ﬂ 9 ﬂ 11 Uniform distribution

F1GURE 3.15: Homogeneous and adjusted actuators’ distribution.

Actuators

As Figure 3.15 illustrates, the adjusted distribution consists of placing the actu-
ators at every peak considering the set of ideal deformations. Nevertheless, it is
directly dependent on the set of radiation patterns as it is defined by the targeted

phase laws.

The uniform distribution allows standardization of the solution as the actuators
are regularly distributed under the panel as it is reminded in [39] and it is preferred.

This distribution is consequently preferred as the adjusted one.

As the uniform actuators’ distribution is preferred and considering that three
actuators are already placed, only a few possibilities exist. Once the first design
is defined for the ideal case, the next steps aim to introduce error in the ground
plane deformation by implementing points of control which will be associated with
the location of the actuators. At a first instance, one actuator is considered for
one cell under which it is located. The number of actuators is reduced from M to

3 step by step while still considering a regular distribution.
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3.4.1.2 Approximation and prediction of the ground plane shape for a

linear array

3.4.1.2.1 Setup of the ground plane deformation model

As a first approximation, the deformation of the ground plane between two con-
secutive actuators is considered linear. We consider that the approximated values
of the displacements provided by the actuators are considered as the displacements
to apply in the mechanical model for the prediction of the ground plane shape with-
out considering a actuator/membrane interface. This model is developed using the
Ansys Mechanical software and a 3-layers CFRS (carbon fiber-reinforced silicone)
[39] as it has been advised by the experts from LSS. This model is then called
Ansys Mechanical model. The material characteristics of the flexible membrane,

or ground plane, are given in Table 3.1.

Density 1.378g.cm™3
Young modulus - x-axis | 3200 MPa

Young modulus - y-axis | 3200 MPa

Young modulus - z-axis | 3200 MPa
Poisson coefficient - XY | 0.8
Poisson coefficient - YZ | 0.2
Poisson coefficient - XZ | 0.2

Shear modulus - XY 8.85 MPa
Shear modulus - YZ 10 MPa
Shear modulus - XZ 10 MPa

TABLE 3.1: Material characteristics of the flexible ground plane used for the
Ansys Mechanical model.

Two test cases are presented in this section with a various number of actuators to
illustrate the first approximation and the setup of the ground plane deformation

model. The number of the cell as the actuators index over the panel, as shown in
Figure 3.16.
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FI1GURE 3.16: Application of the actuators’ action on the ground plane consid-
ering the RRA panel.

The actuators’ distributions tested are :

e case 1, 5 actuators: (1, 6, 11, 16, 21)
e case 2, 3 actuators: (1, 11, 21)
Figure 3.17 shows the approximation of the ideal deformations for Case 1 and

Case 2. S1 and S2 correspond to the ideal deformations and S1 — linear and

S2 — linear are the linear approximations associated with.

FiGurE 3.17: Ideal and linear approximation of the deformations for 57 and
Sy for the case 1 (left) and the case 2 (right).

The average distance error for each m location over the panel, noted &>

deduced from Equation 3.22 and Figure 3.17.

i can be

m?

Si Si—linear
hon — i |

i = Z’ Y (3.22)
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The average distance errors along the panel given for Case 1 and Case 2 are shown

in Table 3.2.

Sl 52
Case 1 | 0.33 mm | 0.63 mm
Case 2 | 0.48 mm | 0.55 mm

TABLE 3.2: Average error distance along the panel.

Using the database and the linear approximation of the ideal deformations, it is

possible to compute the directivity pattern obtained with these linear deforma-

tions thanks to array factor computation. Figures 3.18 and 3.19 illustrate these

directivity patterns.
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FIGURE 3.18: Directivity patterns for the linear array for the case with 5
actuators uniformly distributed for S; (left) and for Sy (right).
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FIGURE 3.19: Directivity patterns for the linear array for the case with 3
actuators uniformly distributed for Sy (left) and for Sy (right).
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In Figures 3.18 and 3.19, some differences between the ideal and the directivity
patterns obtained with the linear deformations can be noticed. These differences
can be explained by the difference between the ideal distance h>' and the linear

one.

Figures 3.18 and 3.19 show the difficulty to predict the optimized number and
distribution of actuators without having information concerning the ideal defor-
mation. Indeed, intuitively the phase error decreases while increasing the number
of actuators. However, it is not always true because of the non-linearity of the
phase versus the distance between the cell and the ground plane, as it could be
noted in Figures 3.18 and 3.19.

Case 2 is preferred as the number of actuators is reduced at the maximum while

ensuring acceptable directivity patterns compared to Case 1.

3.4.1.2.2 Boundary conditions for the ground plane deformation model

As the case of three actuators has been chosen, the displacements are applied
in the center of the cells 1, 11 and 21, as shown in Figure 3.20. The value are the
ones deduced from the linear approximations of the ideal deformations. Tab. 3.3

—linear considered for S; and S,. Hence, the displacements

gathers the value of hJi
applied to the actuators are now equal to hi~!meer taking the bottom of the

substrate as a reference.

Actuator 1 | Actuator 11 | Actuator 21
Sy | 12.40 mm 9.08 mm 12.83 mm
Sy | 13.07 mm 8.80 mm 13.71 mm

TABLE 3.3: Displacements applied to the actuators taking the bottom of the
substrate as a reference.
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FIGURE 3.20: Setup of the mechanical model.

Figures 3.21 and 3.22 give the simulation results for S; and S5. The dimension of

the linear panel is MxP with a thickness equal to 0.5 mm.

Note that the displacements are computed considering that the reference displace-
ment applied is equal to the actuator 11 one for each coverage (cf. Table 3.3).
Therefore, the set of displacements values respectively for S; and Sy for Actuator

11is (3.32, 4.9) mm and for Actuator 21 is (3.75, 4.91) mm.

8.988e-5 Min
0,00 50,00 100,00 {mm)
e —

—
25,00 75,00

FIGURE 3.21: Result of the mechanical model for Sj.
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FIGURE 3.22: Result of the mechanical model for Ss.
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For each configuration, the simulation gives the predicted ground plane shape
while applying the actuators displacement. Therefore, the profile of the ground
plane shape is extracted and scattered in 21 parts associated with the M cells

composing the panel.

The central node of each part is considered aligned with the center of one reflecting

elements. Hence, a set of two profiles is obtained.

Note that the predicted deformation, noted S; — Ansys on Figure 3.23, is the
sum of this deformation extracted, scattered, and normalized with the reference
displacement value (in our case, the displacement value of the central actuator).

Figure 3.23 presents the ideal deformations, the linear and the predicted ones.

14 r

— S;r
ST-Hnear

— Sj-Ansys

Al 82
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—— 82-Ansys

131

12

1"F

1) (in mm)

10 |

FiGURE 3.23: Ideal, linear and predicted deformations for S7 and Ss.

3.4.1.3 Results

The directivity patterns provided considering the deformations predicted with

the Ansys Mechanical model are presented in Figure 3.24
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FIGURE 3.24: Directivity patterns for S; (left) and for Sy (right).

The directivity patterns provided and computed for the linear array using the
array factor computation show significant differences with the ideal ones which
is unacceptable. In order to improve these result another step is proposed which

consists in a second selection of cells.

3.4.1.4 Solution proposal to improve the layout

To improve the performances of the design considering an established RRA
configuration in terms of number and distribution of actuators, a second selection
of cells is proposed. This second selection takes as input the ideal phase that the
cells have to produce and the set of predicted distances hPredictedSi extracted from
the Ansys Mechanical simulation. Using this information, its goal is to select the

cells composing the database that minimizes the phase error for both coverages.

For each Cell,,, a set of two predicted distances hPredictedsi ig considered and ex-
tracted from the previous Ansys Mechanical simulation (hpredictedSi ppredictedSz)
Each cell of the database provided for these set of predicted deformations a cou-

ple of phases (qﬁmdidedsl,qﬁﬁre‘ﬁded‘%) with & the number of cells composing the

database.

Therefore, for each value of m € [1,21], k sets of phase can be provided thanks to
the cells included in the database. By comparison with a couple of ideal phases
that Cell,, must produce noted (¢51,¢52), the cell presenting the lowest average
phase error is selected for the second distribution. This average phase error, noted

7};‘, is computed thanks to Equation 3.23.
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The second layout of the 1D panel is illustrated in Figure 3.25.
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FIGURE 3.25: First cells distribution for the 1D panel after a second cell selec-

tion.

The directivity patterns computed using this second selection are illustrated in
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FIGURE 3.26: Directivity patterns for Sy (left) and for Sy (right) with the

second layout.

As expected, the comparison between the Figures 3.24 and 3.26 shows the interest

of the second selection of the cells. Indeed, the directivity patterns provided with

this new layout are overall good. As a reminder, Figures 3.24 present the directivity

patterns obtained with the first selection of cells which are unacceptable, while

Figures 3.26 show the results with the second layout.

3.4.2 Iteration on the possible set of deformations

The solution proposed in the application case presented deformations for which
h5i is between 8.80 mm and 13.7 mm (approximately 0.38)\ and 0.57),). To find
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a better set of deformations, one solution is to modify the phase laws targeted

without changing the directivity patterns. This could be done using phase offsets.

As it could be noticed in Figures 2.15 using the behavior of the cells detailed in
the previous chapter, in the intervals [0;0.15)\] and [0.44¢;0.5)] most of the cells
have a reflected phase in the range of [180°;140°] or [-140°;-180°]. Hence, adding a
phase offset to each phase law targeted allows modifying them to have most of the
phases to provide by the cells in the interval [-140°;+140°]. Hence, the principal

idea is to center the phase laws around 0°.

Figure 3.27 illustrates the phase laws targeted with the consideration of phase

offsets.
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FicURE 3.27: Ideal phase laws with phase offsets.

The new ideal phase laws are then used as input to derive the ideal deformations
and then the predicted ones. The prediction of the ground plane shape is carried
out with the same model on Ansys Mechanical while taking the new values of
actuators displacements. These values are derived from the linear approximation
of the ideal deformations in the case of three actuators distributed uniformly over

the panel.

Figure 3.28 presents the set of ideal deformations, the linear, and predicted ones.
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FiGURE 3.28: Ideal, linear and predicted deformations for both coverages.
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Due to the new set of ideal phase laws, most of the phases that the cells have to

produce are between +/-140°. Therefore, it could be deduced that the deforma-

tions are centered around ’\4—0. Consequently, it is not necessary to add a distance

shift to reduce the membrane slope between two consecutive cells.

The design of the linear array is then derived following the same procedure as the

previous one. Therefore, the cells selected provide the closest phase considering

both coverages simultaneously. The displacements applied to the actuators are now

equal to hYi~lnear taking the bottom of the substrate as a reference are gathered

in the Table 3.4 .

Number of the actuator: m | 1 11 21
Displacement for S, 3.23 mm | 8.77 mm | 3.28 mm
Displacement for S, 8.50 mm | 3.04 mm | 8.36 mm

TABLE 3.4: Displacements applied to the actuators for each configuration for

the 2D panel.

After the second selection of cells, the 1D panel obtained is presented Figure 3.29.
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FIGURE 3.29: Selection of cells for the new layout.

Figure 3.30 illustrates the ideal and predicted radiation patterns considering this

second layout and the set of predicted phase laws.
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FIGURE 3.30: Ideal and predicted directivity pattern for S; (left) and for S,

Figure 3.26 shows that the results obtained with the new layout are as good as the

ones presented with the first one. The first layout and the second ones are tested

in frequency to verify if both are acceptable. The frequency range tested is [12.35

GHz; 13.35 GHz|.
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FIGURE 3.31: Ideal and predicted directivity pattern for S; (left) and for S
(right) at 12.35 GHz.

At 13.35 GHz
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FIGURE 3.32: 2D Directivity patterns for Si, test case (left) and for S (right)
at 13.35 GHz.

The second layout is preferred compared to the first one because it is not necessary
to add a distance shift to smooth the deformation, and also because the frequency
dispersion is acceptable. Moreover, the magnitude of predicted deformations is
less important than for the first layout. Furthermore, it avoids the use of the

additional distance whose impact is not known.
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3.4.3 Final methodology proposal for a linear RRA

Figure 3.33 presents the final methodology proposal, which takes into consideration

all the way of improvements presented in the last sections.

Definition of the mission and
antenna’s characteristics

Cheoice of the reflecting elements and
creation of the cells database

|

Extraction of the 1D panel
used at reference one

1

Reduction of the number Inmitiahization of the layout

of actuators step by step {Definition of the cellz distribution)
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between RF and number l

of actuators is found Determination of the ideal deformations

|
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induced by actuators
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Second selection of cells

FI1GURE 3.33: Flowchart of the final design methodology for a linear array with
a two-configuration capabilities.
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The design methodology is easy to follow while simplifying it by considering only
a few parameters such as the number and distribution of actuators. Nevertheless,
some improvements can still be done notably for the frequency dispersion for which

the layout is not optimized.

3.4.4 Validation of the methodology by comparison with

full-wave simulations

A full-wave simulation is used to validate the design deduced from the method-
ology developed for the linear array sample. This simulation considered the last
layout presented and the ground plane after deformation extracted from the Ansys
Mechanical model. Therefore, the full-wave simulation considers the most realistic

membrane’s shape without approximation.

Figure 3.34 presents the setup of the HFSS simulations. The structure made of
the array panel and the ground plane is supposed to be excited by an z-polarized

plane wave under normal incidence.

Waveport

PML Perf E
: /N
: /

7 g I
N 7 7 7 7 7 7 7 7 7

Reflecting elements Reflectarray panel , Ground plane
(Perf E) PML (Perf E)

FIGURE 3.34: Setup configuration of the HFSS simulation

The full-wave simulation is important to evaluate the impact of the coupling effect,
which exists between the cells of RRA panels and which could be increased by the
deformation of the ground plane. This phenomenon could affect the quality of the

obtained directivity patterns.

Moreover, this model will improve the performance prediction compared to the
computed one with the array factor. Indeed, the methodology relies on the semi-
analytical tool presented in Chapter 2. Hence, the cells’ phase response assumes

periodicity and parallelism between the cells and the ground plane.
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The layout defined previously is designed thanks to HF'SS software on a substrate
of a permittivity equal to 2.2, as it has been used for the database. The 1D model
extracted from the ANSYS model is used and imported in HFSS.

For each configuration, once the deformed ground plane is imported and placed
at the good distance from the substrate, it is possible to obtain the directivity

pattern.
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FIGURE 3.35: Comparison between ideal, computed and full-wave simulations
of the 1D directivity patterns obtained for S; (left) and for Sy (right).

Figure 3.35 are satisfactory considering the realistic radiation patterns that uses
the Ansys predicted shape compared to the ideal and provided ones. The main
lobes are overall respected and the level of the secondary lobes are the same
between the provided directivity patter with the array factor computation and
the HF'SS Results. Hence, the design methodology is validated.

3.5 Conclusion

This chapter presents the design methodology developed for a two-configuration
linear reflectarray antenna. A reconfiguration capability is added by modifying
the ground plane shape made in a flexible membrane. In the case studied, the
RRA must provide two different coverages, and therefore two deformations are
applied on the ground plane. These are performed thanks to actuators distributed

uniformly under the panel.

In the literature, the complexity of a mechanical reconfiguration has been investi-

gated [39] and underlines its multiple-objective nature. These objectives, both RF
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and mechanical, could be in opposition, as presented in this chapter. For example,
reducing the number of actuators impacts the correlation level between the ideal
and the obtained deformations, which influences the quality of the directivity pat-
terns. To manage all of these parameters and find the best compromise, a design

methodology has been proposed.

The application of the methodology is applied on a test case considering a two-
configurations linear RRA of 21 cells extracted from a real 2D sample. The tar-
geted directivity patterns consist of both a directive beam and an enlarged one for

the same depointing angle.

The first approach to simplify the methodology is to consider one cell per actuator
and only one frequency. Then, the number of actuators is reduced while verifying
the acceptable performance of the design. To improve the design methodology
some predictive models for the ground plane shape are developed notably using
Ansys Mechancical software and used for an iteration for the cells distribution. The
first design identified needs 3 actuators distributed homogeneously over the panel
and leads to a maximal magnitude of deformations around 5 mm. Nevertheless,
this design presents some limitations notably the necessity to add a distance shift
to smooth the deformations. Hence, some proposals are tested as the set of phase

offset or the second selection of cell to improve the methodology.

Finally, the methodology has been validated thanks to fullwave simulations using
HF'SS software. Hence, it will be the starting point for the design methodology
applicable to a 2D panel. In the next chapter, the methodology is extended to
a 2D sample from which the linear panel has been extracted. It is then tested
using a prototype. The design, the manufacture, and the tests are also further

explained.
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4.1 Introduction

Chapter 3 presents a design methodology for a linear two-configuration RRA
with a flexible ground plane. This design procedure is applied to a linear array sam-
ple extracted from a 2D panel and validated by fullwave simulations. This fourth
chapter aims to extend this methodology to a 2D RRA case without changing the
main objectives. Indeed, the design procedure consists in finding the optimized
layout associated with a set of two predicted deformations, at one frequency, which
provides the two targeted configurations S; and S5. Then, it is applied to the full
2D case presented in Chapter 3.

The design methodology extension leads to a modification of the constraints to
consider, especially for the control and the prediction of the ground plane shape.
Hence, the mechanical model of the ground plane deformations, which is used for

the second selection of cells (cf. Chapter 3) needs to be updated.

In the first section, the design methodology is identified and applied to the 2D
case. It is then tested through the manufacturing and measurement of a prototype.
This developed breadboard, presented in the second section, has been assembled

at Large Space Structures and tested for the RF measurements at IETR.

Two series of tests are carried out. The first one is mechanical and aims to validate
the prediction of the ground plane shape using Ansys Mechanical software for
each configuration and its repeatability (between prediction and measurements).
The second series of tests deals with the RF measurements with the objective to
assess predictions provided by the semi-analytical and fullwave analysis for both

coverages.

4.2 Methodology for a 2D RRA

4.2.1 Application case definition

The test case used to extend the design methodology, is the one presented in
Chapter 3 with the objectives reminded in the next paragraphs. For the sake

of simplicity, the 2D case is considered as an assembly of 21 linear arrays. As
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presented in Figure 4.1, the cells are noted Cell,, with [ € [1,21] (along the z-
azis) and m € [1,21] (along y-azis). Each linear array is composed of cells with

the same [ value.

Feed
|>
Broadside

direction

Reflectarray panel

Flexible ground plane

FIGURE 4.1: Antenna configuration.

RF requirements

As a reminder, S; is a directive beam at 17° from broadside, while S5 is the
same directive beam as S; with an enlarged beamwidth. Figure 4.2 presents the
ideal directivity patterns associated with these two configurations for the whole

panel composed of 21x21 cells.
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FIGURE 4.2: Ideal directivity patterns, Cut-plane ® = 90° for S; (left) and for
Sy (right).
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Figure 4.3 presents the ideal phase distribution that the cells need to provide ((;Sf;n)
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FIGURE 4.3: Distribution of the ideal cells phase response for Sy (left) and for
Sy (right).

Control of the ground plane

As the linear array designed in Chapter 3 is extracted from the 2D case de-
veloped in this Chapter, some preliminary assessments can be taken. Indeed,
considering the previous linear array case, the ground plane is deformed thanks
to three actuators distributed uniformly (one is placed under the center of the
border cells and the last one under the middle reflecting element). Therefore, by
extending this principle to the 2D case, 9 actuators are distributed under the 2D
array. They are placed under the cells Cell; ;,Cell; 11,Cell; 91, for [ = [1,11,21].

Considering that only 9 actuators are used to control the ground plane deforma-
tion, the prediction model detailed in the previous chapter cannot be applied to
every line. Hence, a specific model for the 2D case must be specified, and it is

detailed in the next section.

Hypotheses and primary assessments

The hypotheses are the same as the ones for the linear array. The ground plane is
then considered locally plane under each cell and the cells composing the database

are the ones presented in Chapter 2.
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For the sake of simplicity, some hypothesis have been taken to initialize the defi-
nition of the design methodology. Hence, as the linear array previously presented
was extracted from the case studied in this section, it is used as the starting point
to extend the methodology. Indeed, it has been decided that all actuators with the
same value of m will have the same displacements. Therefore, the ground plane

shape could be considered to a wavy sheet.

Thanks to this, the actuators distribution and their applied displacements are
known which allows an easier cells selection as the one presented before for the
initialization of the RRA panel. Indeed, the cells selection will be done considering
as inputs the database, the known deformations, and the ideal set of phases to
choose the cells with the lowest average phase error while considering both coverage
S1 and S,. This type of selection is similar to the second cells selection made

previously.

4.2.2 Application of the extended design methodology

As explained in the previous section, the extension of the methodology is made
considering the same ground plane shape profile for each linear array composing
the 2D panel. Even if same actuators displacements are used, new boundary
conditions have to be defined and considered for the mechanical model of the
ground plane deformation. The predicted shapes will then be used to select the

cells.

Boundary conditions definition

According to [39], the different types of mechanical boundaries used for this new
prediction model of the ground plane shape are:
e Fixed rim
e Partially fixed rim with free radial displacement

e [ree rim with one fixed in rotation and translation. Another one is fixed for

one rotation
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Moreover, the existing re-shapeable reflector tested in [39] assumes a surface-to-
actuator interfaces rotation free. This interface is produced in reality thanks to
two spherical hinges, which could be blocked in rotation or translation thanks to
a specific part integrated on it, linked with a rod of a certain length. Figure 4.4
illustrates the concept of this interface between the flexible ground plane and the
actuator. Note that the longer the rod is, the less interferences of the actuators

strokes will be felt.

Spherical Rod Flexible ground plane
hinges o /
N /
\KLL /
—>
Actuation
l_l'
/////A/////\ SS S S S S S SSS
Support

Application of the actuation

FIGURE 4.4: Representation of the interface between the surface and the actu-
ators.

The new model for the prediction of the ground plane shape considers these
surface-to-actuators interfaces, the rods, and the same boundary conditions as
in [39]. Nevertheless, the length of the rod is unknown. Hence, on the advice of
specialists from Large Space Structures the rods length has been set to 80 mm.

Figure 4.5 illustrates the boundary conditions applied for this new model.
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FIGURE 4.5: Boundary conditions of the ground plane shape prediction model
for the 2D array.
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Actuators displacements identification

According to the linear array design methodology, the displacements which must
be applied to each actuator are deduced from the linear approximation of the
ground plane ideal deformations. As explained previously, they are initially known
as they are extracted from the linear array design defined in Chapter 3. Moreover,
it is important to note that 9 actuators are considered but gathered three per three
asn° 1, 11, and 21 in Table 4.1.

Number of the actuator: m | 1 11 21
Displacement for S, 3.23 mm | 8.77 mm | 3.28 mm
Displacement for S, 8.50 mm | 3.04 mm | 8.36 mm

TABLE 4.1: Displacements applied to the actuators for each configuration for
the 2D panel.

Prediction of the ground plane shapes and cells distribution

Figures 4.6 and 4.7 illustrate the ground plane shapes for S; and S5 while apply-
ing the displacements gathered in Table 4.1 to the actuators. In these figures, the
displacements of each membrane node are computed relatively to the rest position
of the membrane h for [ = 11 and m = 21 (noted hfi,zla with S; the coverage
targeted). Table 4.2 presents the actuators displacement normalized relatively to

S. . . .
hii 5, for each coverage considering the reference actuator displacement.

Number of the actuator | 1 11 21
Displacement for S -0.05 mm | +5.49 mm | 0 mm
Displacement for S, 0.14 mm |-5.32 mm | 0 mm

TABLE 4.2: Displacements applied to the actuators for each configuration for
the 2D panel
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FIGURE 4.7: Predicted ground plane shape for Ss.

As in Chapter 3, an approximation of the predicted shape profile for each linear
array composing the 2D panel is extracted. Then, using this set of predicted
deformations, the cells database, and the set of ideal phase laws, the cells are
selected. As for the second selection of cells done for the linear array design,
the cell selected for each location is the one which minimizes the phase error

considering both coverages S; and S;. Figure 4.8 presents the deduced layout for

the 2D array.
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FIGURE 4.8: Design of the 2D panel deduced using the predicted ground plane
shapes.

The layout illustrated Figure 4.8 does not present the expected symmetry around
the y-azis induced by the ideal phase distribution over the panel. This is explained
by the mechanical boundary conditions which are not symmetrical. Hence, for
example, the predicted shape profiles extracted for linear arrays [ = 1 and [ = 21

are not identical in both S; and S configurations.

Using the layout and the set of predicted deformations, it is possible to deter-
mine the predicted directivity patterns and to compare it to the ideal ones. This

comparison is assessed in the next section.

Directivity patterns computation

The ideal and predicted directivity patterns derived from the array factor com-
putation using the designed layout, the cells database, and the set of predicted

deformations are presented in Figure 4.9.
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FIGURE 4.9: Predicted directivity patterns obtained, Cut-plane ® = 90° for S}
(left) and for Sy (right).

Figure 4.9 presents good correlation between the predicted and the ideal direc-
tivity patterns. The difference between the main lobes and the secondary lobes
in the case of ideal and provided directivity patterns for both coverages could
be explained by the cells selection done. Indeed, the cells are selected in order
to provide the minimum average phase error considering both coverages. Never-
theless, considering the cells database and the set of predicted deformations and
ideal phases targeted, an error of phase might exist. Figure 4.10 illustrated the

distribution of phase error for both coverages.
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FIGURE 4.10: Distribution of the average phase error for S (left) and for So
(right).

This average phase error can have a variable impact on the directivity patterns as
it could be noticed in Figure 4.9 and Figure 4.10. Figures 4.11 and 4.12 illustrate
the predicted radiation patterns attributed to this layout for both coverages. With
u et v defined respectively with the Equation 4.1 and 4.2.
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u = sin(6)cos(¢) (4.1)

v = sin(0)sin(¢p) (4.2)
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FIGURE 4.11: Radiation patterns obtained for the ideal case of S; (left) and
the predicted one (Tight).
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FIGURE 4.12: Radiation patterns obtained for the ideal case of Sy (left) and
the predicted one (right).
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Figures 4.11 and 4.12 show higher secondary lobes than the ideal radiation patterns
and a low loss of directivity. Nevertheless, these results and the validation of the
linear array design methodology using fullwave simulation shows enough interest

to prove this concept thanks to a breadboad.
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4.3 Breadboard

4.3.1 Preliminary remarks

The first measurements campaign revealed a mistake in the followed design
methodology of the breadboard when passing from the 1D to the 2D. The re-
sults in the previous sections are the ones we obtain once this error is corrected
(i.e. using the optimal layout). Unfortunately, it was not possible to account for
this correction in the breadboard since the RA was already fabricated when it
was discovered. Hence, the results presented in this section have been obtained
with a non optimal layout. Figure 4.13 shows the cells distribution used for the

measurements.
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FIGURE 4.13: Cells distribution for the 2D panel.

The main principle of this concept is the reconfiguration thanks to the modification
of the ground plane’s shape. Therefore, we decided instead to try to compensate for

the error by applying the appropriate displacement on each actuator depending on
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the configuration targeted S; and S;. We believe it is enough for a proof of concept,
even if it doesn’t allow, of course, to reach optimal performance. Moreover, it is
an additional demonstration of the interest of such a reconfiguration technique as
it means that fabrication tolerances may be corrected easily by re-computing the

predicted ground plane shapes.

4.3.2 Objectives and inputs of the breadboard

The breadboard testing aims to validate the concept of a reconfigurable reflec-
tarray based on modifying its ground plane shape. It also helps to evaluate the

design methodology developed in this thesis.
Finally, this section considers that the demonstrator can be divided into several
parts illustrated in Figure 4.14:

e The rear-structure: it is the plate which supports the actuators and the

whole antenna

e The reflectarray panel: it is composed of a substrate with printed reflecting

elements
e The ground plane
e The interfaces between the actuators and the ground plane

e The support of the reflectarray panel that ensures good stretching of the

substrate, also called frame

e The feed and its tower
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FIGURE 4.14: Scheme of the whole structure.

The parts need to be assembled with respect to the integration constraints induced
by the necessity to ensure correct distance between the cells composing the panel

and the ground plane.

4.3.3 Identification of the new ground plane shapes

The identification of the two ground plane shapes has been made considering
the cells distribution. Due to the limited number of actuators (only 9), only few

possibilities of ground plane shapes exist.

To identify the new ground plane shapes for each coverage, the first step is to
identify the ideal deformation for each line (along the z-azis) under which the

actuators are placed.
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Figure 4.16 presents the ideal value of hf;jl for [ = [1,11,21] which are the ideal

distance for the Cell,, considering the coverage S;.
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FIGURE 4.16: Ideal deformations for the lign n° 1, 11, and 21 extracted from
the 2D panel for S; (left) and Sa (right).

In Figure 4.16, the symmetry of the antenna configuration along the y-axis is
highlighted by the identical ideal deformation identified for the lines n°1 and 21

for both coverages.

Figure 4.17 presents the ideal value of hf;jl considering a possible additional dis-
tance shift equal to % while it is possible to smooth the ground plane deformations.
Indeed, as it can be noticed in Figure 4.17 for the central cell in the configuration
So, the additional distance is not applied due to some technical constraints with

the maximal motion applicable whereas it could be interesting. Hence, it was not
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possible to achieve a distance higher than 15 mm from the model in the case of

our prototype.

([— =t — 1=t
=11 13 Ao =11
14 ‘J‘ | 1=21 \ | /1 1=21

FIGURE 4.17: Ideal deformations considering the additional distance technique
for Sy (left) and for Sy (right).

4.3.4 Identification of the actuators displacement

The ideal deformations (cf. Figure 4.17) are then linearly approximated to
identify the displacement values of each actuator to apply in the 2D model on
Ansys Mechanical. The predicted deformations issued by the 2D model are then
imported and used to compute, with the array factor, the directivity patterns
attributed to this set of predicted deformations applied and the cells distribution
established.

As the predicted deformation of each configuration does not perfectly correspond
to the ideal deformation targeted, an iteration is made on the displacement of
each actuator to find the best compromise between the RF and the mechanical

performance.

For the sake of clarity, only the final set of displacements applied for each config-
uration considering the bottom of the substrate as a reference height are noted in
Table 4.3 for S; and Table 4.4 for S,.
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S1 y=1 y=11 y=21
x=1 | 12.07 mm | 10.02 mm | 12.07 mm
x=11 | 1.50 mm | 8.77 mm | 1.50 mm
x=21 | 12.07 mm | 10.02 mm | 12.07 mm

TABLE 4.3: Displacements applied to the actuators for configuration .S;.

S y=1 y=11 y=21
x=1 12.56 mm | 7.84 mm | 12.56 mm
x=11 | 9.76 mm | 4.00 mm | 9.76 mm
x=21 | 12.56 mm | 7.84 mm | 12.56 mm

TABLE 4.4: Displacements applied to the actuators for configuration Ss.

4.3.5 Prediction of the ground plane shape

Figure 4.18 and Figure 4.19 illustrate the results of the 2D model while applying
the displacements given in Tables 4.3 and 4.4 and the same mechanical boundary
conditions as the ones presented previously. The displacements are applied to the

actuators in the prediction model for both coverage considering that the reference

S1 S;
hy,.. is h11,11- )

0,00

200,00 (mm)
100,00
FIGURE 4.18: Simulation of the ground plane shape for Sy, also called predicted
deformation.
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FIGURE 4.19: Simulation of the ground plane shape for Ss, also called predicted
deformation.

4.3.6 Predicted RF results

Figure 4.20 presents the directivity patterns computed with the designed RA
panel (cf. Figure 4.13), the predicted deformations and the information extracted
from the database. These are deduced using the deformations presented in the

previous section.
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FIGURE 4.20: Radiation patterns, Cut-plane ® = 90° for Sy (left), and S,
(right) with the realistic deformations.

In Figure 4.20, the predicted and ideal directivity patterns seem to have good

correlation for the first configuration S; while presenting a degradation of the
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main lobe for S;. For S7, the main lobe and its aperture are comparable to the

ideal ones while the second configuration presents more discrepancies, notably
around #=30°.

Finally, the (u,v) patterns are shown in Figure 4.21 and 4.22 for respectively S
and SQ.
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FIGURE 4.21: Radiation patterns obtained for the ideal case of S; (left) and
the computed one (right).
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FIGURE 4.22: Radiation patterns obtained for the ideal case of Sy (left) and
the computed one (right).

Directivity (dB); Planar Amray in (xy) plane

The radiation patterns computed for S; gives acceptable results (cf. Figure 4.21),
even if it presents higher secondary lobes than the ideal one. For S5 in Figure 4.22,
the identified deformation does not give satisfactory results. Indeed, Figure 4.22
shows the enlarged lobe as targeted, but big ripples are observed. Nevertheless,
the difference of maximal directivity between the ideal and predicted values could

be explained as the deformation is not optimized [129].
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4.3.7 Outputs of the breadboard definition

Considering the previous results, it has been decided that only the first configu-
ration will be studied further in this chapter. Nevertheless, it must be underlined
that the RF performance in the case of the second configuration would have been
better if it had been possible to apply a higher distance between the cell and the

ground plane.

4.4 Design and fabrication of the breadboard

This section details the technical requirements that the demonstrator must com-
plete to be coherent with the developed models. Each part of the prototype is

presented to propose a global overview of the assembly.

4.4.1 Constraints of integration

The parallelism between the reflectarray panel, the rear-structure, and the mem-
brane must be ensured. Indeed, the rear-structure supports most of the parts, such
as the actuators. Hence, it is necessary to ensure good planarity of this part with

the reflectarray panel as it will support the actuator and so the ground plane.

Moreover, the reflectarray panel needs to be positioned at a certain distance from
the support structure and the membrane. The fixation of this panel must ensure
its stability during the test but also its planarity. That is why the reflectarray

panel must be stretched correctly.

4.4.2 Rear-structure

The rear structure is composed of a support plate in steel of 596 mmx496 mmx10
mm and by three stands supporting it. To ensure the horizontality of the structure,
two of them have adjustable height capability. The stands are bolted to the plate

with nuts and bolts with a diameter of 5 mm.

The accuracy of the support plate manufacturing needs to be high to ensure good

positioning of the mounting columns, the actuators, and the stands. The mounting
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columns are steel parts which separate the panel and its supports from the rear-
structure. These columns are also used while placing and gluing the ground plane

on the interfaces to ensure parallelism.

Figure 4.23 shows the rear-structure mounted on the three stands (which will be

removed during the RF measurements), and the actuators.

FIGURE 4.23: photo of the rear-structure with the actuators mounted.

A photogrammetry test has been realized on the support plate to ensure its pla-

narity. Figure 4.24 is a picture of the test.

Photogrammetry tests consist of measuring and interpreting photographic images
to obtain information about a targeted object. Targets are sticked on the object to
reconstruct. The photogrammetry gives the coordinates of the points associated

with these targets.
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FIGURE 4.24: photo of the rear-structure prepared for the photogrammetry
tests.

The surface established thanks to the photogrammetry tests is compared to a flat
plane constructed by taking three reference points (targets). The average error
between the surface tested and the ideal plane is computed to obtain the root-
mean-square (RMS). This test has revealed a RMS which is approximately equal
to 0.04 mm, ensuring good planarity of the rear-structure. It is important as it
supports the whole assembly. Consequently, an error of planarity could impact
the parallelism between the RA panel and the ground plane while it is considered

as flat for the initial state of the structure.

4.4.3 Actuators and surface-to-actuator interface

Linear actuators are the most suitable for the reconfigurable reflectors because
of the high required strokes. The ground plane is re-shaped thanks to 9 actuators
distributed uniformly over the panel, as explained in the previous chapter. For
this breadboard, the main specifications of the actuators are:

e Controllable manually

e Motion range higher than % (between 0 mm to 50 mm)

e A high accuracy (around 0.004 mm)
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Hence, in order to respect this requirements, 9 manual micrometers ”Mitutoyo”

referenced ”151-259” have been used as actuators for this breadboard.

To apply the good mechanical boundary conditions, some specific parts have been
designed to block rotation or translation around, or along the desired axis. This
system can be integrated over the spherical hinges and moved manually, which
allows flexibility in the model. Hence, for each actuator, one of these parts is
integrated on the spherical hinge glued on the flexible membrane (at the end of

the rod) while another one is fixed on the actuator.

Note that specific ones have also been used to place the membrane and as anti-
gravitational systems during the RF measurements. This was to avoid gravity
effects on the deformation of the ground plane as it is not positioned horizontally
but vertically during the test. Figure 4.25 is a photo of this assembly step with
a blocking system to ensure the good parallelism between the rear-structure and

the flexible ground plane.

Rear-structure

Top of the actuator
Blocking system

Rod

Spherical hinge
Flexible ground plane

Plane mold

FIGURE 4.25: Assembly process of the actuators, the membrane and their
interfaces.

Figure 4.26 is a picture of the final mounting of the actuators, the membrane, and

the interfaces.
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FIGURE 4.26: Assembly of the actuators, the membrane and their interfaces.

4.4.4 Ground plane

The ground plane is made of 3-layer biaxial-CFRS of 286x286 mm? (=12.25)
x 12.25)). The dimensions of the shell-membrane are equivalent to the surface of
the RA-membrane where the cells are printed with a margin of approximately 21
mm at each border to prevent the effect of the deformation. Indeed, this margin

ensures total coverage of the RA by the ground plane when it will be deformed.

The characteristics of the material considered have been estimated to:

e Equivalent flexural modulus : Exx=Eyy=3200 MPa,
e Shear modulus: Gxy=6.72 MPa, Gxz=Gyz=10 MPa
e Poisson’s ratio: vxy=0.8

e Thickness: e=0.321 mm

To place the shell-membrane over the actuators, a plane surface with high ac-
curacy is needed. It is a plate on which four steel mounting columns are placed.
Figure 4.27 shows the gluing process of the ground plane while using the mounting

columns.
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FIGURE 4.27: Photo of the ground plane assembly.

The mounting columns are inserted at one extremity into specific holes in the rear-
structure and at the other extremity on the mold. The ground plane is placed on
the plane surface free of constraints. Then, the interfaces which are glued on the
top of the actuators are positioned and glued on the membrane by a motion of
the actuator until they touch each other. This technique ensures parallelism of
the rear-structure with the membrane. This is also ensured thanks to the columns

manufacture accuracy.

Finally, the specific blocking systems are added on top of the actuators (integrated
on the spherical hinges) depending on the desired mechanical boundary conditions.
To block rotations or translations, some elements are added over the spherical

hinge.

4.4.5 RA panel and its support system

The RA panel is a PTFE of 416x466x0.5 mm?® RT5880 with a permittivity equal
to 2.2. Second-order Phoenix cells are printed in copper on the dielectric substrate.
The RA panel is aligned with the center of the shell-membrane and the actuator
at the center. Moreover, the panel needs to be parallel to the shell-membrane
and consequently to the rear-structure. The thin thickness of the RA panel leads
to the necessity to stretch it in order to avoid bounding effects. Therefore, the

substrate will be handled by a frame.
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The frame is the support of the RA membrane and, consequently needs to ensure
the parallelism between itself and the support structure (and the ground plane at
its initial state). Hence, the mounting columns used while gluing and placing the
ground plane to ensure its positioning are then used to support and to align the

frame.

Figure 4.28 illustrates the assembly with the flexible membrane and its frame.

FIGURE 4.28: Assembly of the frame and the flexible ground plane.

4.5 Control and prediction tests of the ground

plane shape

The uncertainties in the conception of the RRA with flexible ground plane rely

mostly upon control and prediction of the deformation.

4.5.1 Photogrammetry tests definition

The deformation of the ground plane needs to be repeatable as the antenna
must be reconfigurable. Hence, the tests made to validate the ground plane shape
need to be done several times to ensure its repeatability. The photogrammetry
is applied to the flexible membrane and the rear-structure to reconstruct using

targets the ground plane shape.

In Figure 4.29, the targets are the white spots sticked at several locations over the

antenna. These targets can be also viewed in Figure 4.28
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FIGURE 4.29: Setup of the photogrammetry.

The interpretation of the taken pictures leads, in the frame of photogrammetry
test, to a series of points with their coordinates, which corresponds to the location
in the space of the targets. In our case, three specific points associated with three
targets placed on the rear-structure plate are taken to define a reference plane.
The distances between each point associated with a target located on the ground
plane and the reference plane are derived. Then, these distances are used to plot

the ground plane shape.
The series of tests consist of three different load cases repeated several times:
e 4 initialization cases which correspond to a flat ground plane. All actuators
are in the same motion state
e 2 deformations corresponding to the first configuration
e 2 deformations associated with the second configuration
The first test is the initialization case, then the series alternate between deforma-
tion case and initialization one.

It is important to note that these tests have been done considering the deforma-
tions presented in the first section of this chapter. Nevertheless, they give sufficient
information on the accuracy of the ground plane shape and the repeatability of

the deformations, even if the deformation is less complicated.

One target is located in the center of the ground plane, and as for the actua-
tor displacements in the simulation, it is now considered as a reference for the

coordinates.
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By interpolating the points obtained from the photogrammetry tests, it is possible
to compare the predicted ground plane shapes with the measured ones. The center
of each computed surface is superimposed as the central actuator is considered
as a reference. This reference is then used to compare the predicted and the
measured shape. The accuracy of the photogrammetry results has been evaluated
between 0.005 mm and 0.009 mm which allows to prove the correlation between
the mechanical model and the reality. Both predicted and measured ground plane
shapes are discretized to be divided in 21x21 nodes (K is the total number of
nodes) associated with the center of each cell composing the panel. The difference
of displacement for C'ell;,, is noted Ahf;'z for both coverage S; and S;. Nevertheless,
even if these tests are accurate enough to validate the mechanical model, it presents
some uncertainties due to the manual procedure notably for the localization of the

targets on the demonstrator compared to the distribution of the actuators.

The root mean square RMS error can be computed with the Equation 4.3 in order

to evaluate the shaping accuracy between the predicted and the measured ones.

21 21 Ahsl 2
RMS = \/lel Zm[?l( lm) (43)

4.5.2 Photogrammetry tests results

Table 4.5 presents the RMS values for each test realized for both coverages.

S1 Sy
Test 1 | 0.51 mm | 0.78 mm
Test 2 | 0.74 mm | 0.65 mm

TABLE 4.5: RMS computed for each photogrammetry test.

The average RMS obtained for the initial state is equal to 0.14 mm.

In [39], some photogrammetry tests have been realized on a shaped of 500 mm
diameter reflector deformed thanks to 19 mechanical actuators and developed by
Large Space Structures and ESA. It presents the results for three different concepts
by their materials or numbers of actuators. The RMS of the deformation values

are between 0.4845 mm and 1.2606 mm. Even if it is hard to compare these results
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with the one obtained in this work due to the structure dissimilarities (as the size),

it allows to have a general idea on the RMS range of values which can be expected.

Hence, the breadboard developed in this thesis shows RMS in the same range of
value. The control of the ground plane is then considered acceptable compared to
the existing solutions using manual actuation. It also shows that the actuators,

the rear-structure, and the membrane are well assembled.

Moreover, the RMS value does not change drastically between two consecutive
tests, which means that the process is repeatable. It is also important to notice
that due to the non-linearity between the phase and the distance h, the best RMS

does not imply to provide the best RF performance.

4.6 RF performance

The RF measurements have been performed at IETR in a frequency range be-
tween 12.35 GHz and 13.35 GHz. The ground plane is manually actuated to
achieve the displacements presented by Tables 4.3 and 4.4. Figure 4.30 shows the

antenna mounted in an anechoic chamber at IETR.

FIGURE 4.30: Photo of the antenna in the anechoic chamber.

ih
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To evaluate the RF performance of the antenna, the excitation law applied over
the panel by the feeding horn needs to be derived from its radiation pattern. This
is illustrated in Figure 4.31.

Y
56 Ev Radiation Pattern f=12.850GHz
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FiGURE 4.31: Radiation pattern of the horn at {=12.85 GHz.

By applying this excitation law to the predicted phase provided by the cells, it is
possible to deduce the predicted (u, v) pattern for Sy, which is presented in Figure
4.32.
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FIGURE 4.32: Predicted (u, v) pattern for S at {=12.85 GHz.

As it can be noticed in Figure 4.32, the application of the excitation law implies

a modification of the predicted (u, v) pattern previously presented in Figure 4.21
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which does not consider it. Indeed, the main beam is enlarged compared to the
ideal one along the v-azis for u=0 and along u-azis for v=-0.25, which leads to
a lower directivity level. This shows that the compensation of the phase error
made along the x — axis by the modification of the ground plane shape is not fully

achieved.

Figure 4.33 illustrates the measured (u, v) pattern for S; considering the central
frequency f=12.85 GHz.

Eh - uv grid f=12.850GHz

v

FIGURE 4.33: Measured (u, v) pattern for S; at {=12.85 GHz.

Figure 4.33 shows the same enlargement of the main lobe along the v-azis for
u=0 and along the u-azis for v=-0.25 as the predicted (u, v) pattern illustrated
in Figure 4.32.

The prediction seems more accurate for the enlargement along the v-axis than
along the u-axis. The wider beam along the u-axis as the one predicted in Figure
4.32 can be explained by a non-optimal compensation of the phase error due to

the wrong layout used.

Furthermore, Figure 4.33 presents higher level of secondary lobes than Figure 4.32
for the predicted (u, v) pattern. This enlargement of the beam leads to a loss of
power and so, a low directivity level as illustrated in Table 4.6. The directivity

level could also be impacted by:

e the hypothesis taken concerning the local planarity of the ground plane under

each cell.
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e the deformation of the ground plane
e the errors of h ...
Unfortunately, these investigations have not been pursued during the thesis due

to the lack of time even if several paths have been identified to improve the design

methodology. Appendix A presents notably some studies done in this context.

Frequency 12.35 | 12.85 13.35
Predicted directivity | 25 dB | 26.5 dB | 24 dB
Measured directivity | 20 dB | 20.2 dB | 20 dB

TABLE 4.6: Predicted and measured directivities for coverages S7 and S5.

The average difference value between predicted and measured directivity presented
in Table 4.6 is around 5.2 dB which is too important to consider that the results
are satisfactory. Figure 4.34 presents the directivity measured for all studied fre-

quencies.
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FIGURE 4.34: Measured directivity for the whole frequency range.

Even if the directivity level is not satisfactory considering the targeted ones, Figure
4.34 shows that the antenna has a stable behavior in the whole studied frequency
range. The impact of the distance h on the frequency dispersion of the cells has

been studied in Chapter 2 and has highlighted different cells behaviors in frequency
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with some of them critical. The design methodology has then be identified in order

to avoid distance h close to 0 mm or % (as a reminder, this has been executed by
adding phase offset to the ideal phase laws). Considering the frequency stability

of the array, this method seems to be interesting to simplify the cells selection.

The predicted normalized field produced for each frequency using the array factor
computation and the results obtained by measurements are then compared for
the cut-plane $=90°. The normalized field for the cut-plane $=90° are presented
Figures 4.35, 4.36, and 4.37 for the central frequency and the extreme ones.

. Predicted
\.' . o Measured

=3
-

o207

_ :“|\
.25 I
I'l,m- : ﬁ JU' \IF‘

-30

| MM""' |||,|M|| ﬂ

-80 -60 -40 20 0 20 40 60 80
Theta (deg)

Directivity (dB)
e

FIGURE 4.35: Normalized field at f=12.85 GHz, Cut-plane ®=90°.
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FIGURE 4.37: Normalized field at {=13.35 GHz, Cut-plane ®=90°.

Consequently, considering Figures 4.35, 4.36 and 4.37, it can be noticed that the
predicted and the measured profiles of the normalized field show an acceptable

agreement in the main plane even if a shift along 6 is noticeable.

The acceptable correlation between the predicted and measured radiation patterns
profiles lets expect better results with the last updated methodology even in terms

of directivity level.

4.7 Conclusion

Chapter 4 presents the breadboard designed to validate the concept of the two-
configurations RA developed in Chapter 3.

The design and conception of this prototype has revealed several technical con-
straints and requirements to respect in order to ensure good alignment and par-
allelism specifications of the components. These requirements have been deduced
from the necessity to provide with good accuracy the wanted distance h to each

cell constituting the panel.

To verify the control and prediction of the ground plane deformation, a series of
photogrammetry tests have been performed. The results obtained are acceptable,

and show its repeatability capability which is mandatory for a RRA.

Once the control of the deformation has been validated, the antenna has been

measured in the anechoic chamber. The RF measurements show an acceptable
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correlation between the normalized predicted and measured radiation patterns for
the first configuration. Nevertheless, it presents a big directivity loss explained
by the non-optimal ground plane deformation due notably to the layout error
made during the design process. Other paths to explain the differences between
measurements and predicted results would be to study the impact of ground plane
deformation, the local planarity hypothesis of the database, the impact of the wave
incidence on the cells phase response, or the non-ideal deformation of the ground

plane.



Chapter 5

Conclusion

This thesis proposes a new concept of reconfigurable reflectarray antennas (RRAs)
based on the modification of its ground plane shape. This new type of antenna
relies on printed reflectarray antennas technology and Phoenix cells capabilities to
provide dynamical modification of the radiation patterns. This reconfiguration is
based on the principle that the modification of the distance between the substrate
on which the reflecting elements are printed and the ground plane (noted h) leads

to a modification of each radiating element’s reflected phase.

The first chapter investigates the existing types of antennas and reconfiguration
methods to propose a state-of-art. Among them, the reflectarray antennas consist
of arrays of radiating elements periodically spaced on a flat surface to reflect
the incident wave from a feed source in the desired direction. Hence, they are

considered as a hybrid between reflector antennas and array antennas.

Considering the advantages of this new antenna technology, this concept relies
on the mechanical reconfiguration of the RRA which has been preferred in this
work to the three other methods (electrical, optical, material change) notably to
investigate the advantages and limitations of this kind of reconfiguration. Never-
theless, the dependence between the ground plane shape and the RF performances
of the antenna leads to a multi-objectives optimization such as proposed in this
work. This methodology’s primary purpose is therefore to find the design which
enhances the RF performances while maintaining low levels of deformations to en-
sure the low-profile characteristic of the RA. These are conflicting objectives, and
it underlines several problems in terms of engineering aspects such as the control

and the prediction of the ground plane deformations. It is even more complicated

129
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as the good accuracy of this prediction directly influences the RF performance

predictions.

The first issue is then to model the cells behavior versus the distance to the ground
plane to initialize the definition of the design methodology. In Chapter 2, a semi-
analytical tool has been developed and detailed. It is used to create a database
which links the distance h, the geometry of the cells, and its reflected phase. The
analysis of different geometries led to categories of cells regarding their behavior
with the distance h. This highlights the necessity to correctly select the cells to
avoid degradation of the radiation pattern as the impact of this distance could

significantly affect the reflected phase of the cells or their frequency dispersion.

Using the information gathered about the reflecting elements and their behavior
versus h, the third chapter proposes a design methodology to provide, at one
frequency, an optimized array layout associated with two-ground plane shapes,
two radiation patterns. Hence, the aim is that the antenna can provide two-
configuration with the same layout. In the first instance, some simplifications are
applied to identify a procedure. This methodology is then applied to an test case
and discussed to be improved. Mechanical model of the ground plane deformation
and fullwave model of the panel are used to validate the model while considering
realistic constraints. Finally, the final design is compared with a shaped reflector
to identify the advantages and drawbacks of this concept compared to existing
ones. The main difference with shaped reflector is that the RRA needs a lower
magnitude of deformation (approx. more than twice the magnitude of deformation
for the shaped reflector). This represents a significant interest as it reduces the

constraints on the material while ensuring the same RF performances.

A breadboard has been used to prove the reconfiguration capability of the RRA
with a flexible ground plane. It has been assembled at Large Space Structures and
tested for the RF measurements at IETR. Two series of tests have been carried
out, a mechanical to validate the prediction model of the ground plane deformation
and RF measurements to ensure that the antenna provides the desired radiation
patterns. The photogrammetry tests have demonstrated an acceptable prediction
of the deformation compared to the state-of-the-art with manual actuators and
the repeatability capacity of this deformation. Due to an error during the design
of the panel, only one coverage has been tested. The RF measurements show an
acceptable correlation between the normalized predicted and measured radiation

patterns profiles and underline the good compensation capability of the antenna.



Conclusion 131

Indeed, the deformations have been identified considering an established design
of the panel and distribution of the actuators. Nevertheless, an important loss of
directivity prevents to make a clear conclusion. Indeed, the methodology devel-
oped in this work helps to identify the starting parameters for such technology
and to propose a first non-optimal solution. In this context, several preliminary
assessments and priorities have been considered such as the uniform actuators dis-
tribution, the need to minimize the number of actuators... This first path leads
to the necessity of more investigations notably on the impact of the ground plane
deformation on the radiation pattern. The different studies done have also high-
lighted the necessity of a design process considering simultaneously the mechanical

and RF aspects of this type of reconfigurable antennas.

The main perspective to improve this technology is to increase the membrane
deformation and its prediction accuracy considering the selection of cells, the ac-
tuators distribution and the membrane characteristics. The main perspective for
this work would be to improve the control of the flexible membrane. As it has
been shown, it is of prime importance to perfectly master its shape in order to
produce the required phase shifts over the reflecting panel. Two complementary
directions have to be followed: increase the number of actuators to better reach the
optimal shape and improve the prediction of its impact on radiation (for instance
the influence of a non parallel ground at the cell level). The main idea to achieve
the ideal shape is to increase the number of actuators to control more precisely

the membrane behavior. Nevertheless, this implies a gain of mass and cost.

Another way to improve the methodology detailed in this document could be to

increase the number of coverages targeted as it has been initiated in the Appendix
A.
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In these investigations, the goal was to optimize the radiation pattern of the
RRA for three different configurations. As in the two-configuration case RRA
presented in this document, the design of the panel consists in optimizing three
different types of parameters: the geometry of the M cells forming the panel, the
number (N) of regularly distributed actuators and their vertical displacements for
the three configurations. The required phase laws must again be provided with
the best accuracy while minimizing the number of actuators. In the meantime,
the maximum slope of the membrane must be kept lower than 15%, which is

compatible with acceptable stress in existing materials used to realize it [39].

A.1 Description of the proposed structure

As for the two-configurations case, a linear panel is considered at a first instance
to simplify the methodology. This panel consists of a flat dielectric layer supporting
M=38 printed RA cells with an inter-element spacing equals to P= 8 mm at a
frequency f=12.2 GHz. N actuators are distributed regularly along the flexible
ground plane to control its shape. As for the case detailed in Chapter 3, one
actuator is associated to each cell (N=M) at a first instance, then the number is

reduced to obtain a realistic system.

For this new RRA, the panel is intended to provide three different patterns named
(S1, So and S3), each one being associated to a particular deformation of the
ground membrane. These patterns have been derived from the 1D-cuts of an actual
space mission with three different coverages over Central and South America, in
the 11.2-14.5 GHz band. The panel is assumed to be used as a sub-reflector in a
Cassegrain configuration. Figure A.1 shows the phase of the reflection coefficient

of each cell constituting the RA panel.
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FIGURE A.1: Phase laws that the cells along the panel have to produce for the
three patterns (S1, Se, and S3 at f=12.2 GHz).

It has been shown in Chapter 3 that even if the relationship between the reflected
phase of the cells and the distance h is not linear, a minimization of the variation
of the phase that an element has to provide helps to avoid big deformations.
Consequently, phase offsets have been identified and optimized to minimize the

differences between the three cases Si, S and Ss.

As for the test case illustrated in the previous chapters, second-order Phoenix cells
2] are used due to its good performance detailed in Chapter 1. A large number
of such geometries is first simulated with the semi-analytical tool presented in the
Chapter 2, assuming periodicity and normal incidence. This gives a database for
the cells selection process. It is important to note that this database is not the
same as the one used for the previous two-configuration case as it is not the same

frequency range used.

Figure A.2 shows the variations of the reflected phase for a non-exhaustive set of
cell geometries versus h at 12.2 GHz. As it has been detailed in Chapter 2, it exists

different types of cell behavior versus h with various sensitivities to a variation of

this distance.
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FIGURE A.2: Impact of the distance h on the reflected phase of the cells com-
posing the database.

A.1.1 Initial cells’ selection process

The design process itself starts with the selection of the first cell in the panel.

It is defined by (G, hy), G being its geometry and hl a 3-component vector:
h; = [hfl th hfa] (A.l)

with hfi the convenient distance to ground plane so that geometry G; produces the
required phase for pattern S;. Among possible solutions in the database, the one
with less dispersion is preferred. The frequency dispersion of the cell is defined as
the ratio of the absolute difference between the phases reached at the two extreme

frequencies and the frequency range.

The second cell is then selected and the vector hy is determined in such a way
that the required phases at S, S, and S3 are reached, the membrane slope is kept
below the required threshold and the dispersion is minimized. If no solution is
found, the frequency dispersion constraint is relaxed, then the slope one. If there
is still no solution, the starting point (celll) has to be changed. The process is
finally repeated for the successive cells in the array to determine the M cells and

h; vectors (1< j<M).
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At this stage, an initial solution is available. However, it still has to be processed
further. Indeed, two aspects have to be addressed. Firstly, we remind that the
process may have relaxed somehow the dispersion and slope constraints. Secondly,
it considered ideal h; vectors for all cells in the array. Unfortunately, this is only
possible if one actuator is used for each cell, which is not feasible due to cost, weight
and complexity. The subsequent refinement process then consists in reaching an

acceptable trade-off between these various constraints.

A.1.2 Refinement in the selection process

The main objective of the refinement process is to progressively decrease the
number of actuators. As a first hypothesis, the membrane shape is supposed to
be linear between two consecutive actuators. We also remind that we enforce a
regular distribution of actuators along the panel. Due to the reduced number of
actuators, h; can no longer reach its required value for each cell. Consequently,
some phase errors are now produced over the panel, which have to be minimized.
In practice, the refinement consists in repeating the iterative process described
before while decreasing the number of actuators until the average error is not
acceptable anymore. More precisely, at each iteration, the array radiation pat-
terns are recalculated while taking into account the actual phases produced by
the cells for the considered deformation. These obtained patterns are compared
to the desired ones for the three possible configurations (S, S and S3) and for
different frequencies in the band. An average error is thus derived, which has to

be minimized.

A.2 Results and limits

A.2.1 Optimized design

The obtained array needs four actuators positionned under cells 1, 13, 26, and
38. As previously, two of them are placed at the extremities of the membrane.
Figure A.3 is a representation of the optimized deformations. Actuators along the

panel are illustrated by the stars in the figure.



Investigation for a three-configurations RRA 137

For all three possible deformations, h; values are in the range [0.06, 4.31] mm.
The maximum slope of the ground plane (which can be critical from a mechanical

point of view) across the three coverages is 4.43%.

Until now, linear variations have been assumed between two consecutive actuators,
as can be seen in the figure. For a more realistic representation of the deformed
ground plane, polynomial approximations (6! order) can be introduced. They are
given by the dotted lines in Figure [? ]. They will be used for simulations in the
next section. Note that this involves a slight modification of h; values. In practice,
it has been compensated by few modifications of some cell geometries, as a last

step in the design process.

Distance cell/ground (mm)

05 0 5 10 15 20 25 30 35 40
Number of the cell along the panel

—— 5] —— 52 §3 seenesns Poly, (S1) ¢eseeeses Poly. (S2) Poly. (S3)

FIGURE A.3: Optimized ground deformation for Sy, S, and S3 (cells are rep-
resented by dots and actuators by stars).

A.2.2 Theoretical radiation patterns

Figures A.4, A.5, and A.6 compare the desired radiation patterns (assuming
the required phase laws are perfectly reached) and the ones obtained from the
optimized design for the three radiation pattern configurations S;, S, and Sj3
respectively. These theoretical patterns are based on array factor calculations

using Matlab and are given here at {=12.2 GHz.
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FIGURE A.6: Theoretical radiation patterns (desired and obtained ones) for S3
at 12.2 GHz.

Although ground plane deformations result from a quite complex design process
and only four actuators are used to shape the membrane, the obtained patterns
overall fit the desired evolution. It must also be reminded that the synthesis pro-
cess aimed at minimizing the average error over the bandwidth and thus couldn’t
produce a perfect match at a single frequency. To get a more quantitative com-
parison, the error between the desired patterns and the obtained ones is given in

Table.1 for a few frequencies, including the two extreme ones.

S S Ss

11.2 GHz | 9.3% | 2.8% | 5.5%
12.2 GHz | 8.3% | 2.4% | 5.2%
14.5 GHz | 7.1% | 3.2% | 5.9%

TABLE A.1: Percentage of error in the radiation patterns.

For the optimized design, the maximum error over the band is 9.3%. A smaller er-
ror could be achieved for an increased number of actuators. Typically, simulations
have shown that the minimum error is 4.6% for N=9. This result is computed

using an array factor computation and not a fullwave one.
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A.2.3 Radiation patterns using fullwave simulations

We now use full-wave simulations (HFSS) to model the overall designed panel
(cf. Figure A.7). This aims at improving the realism of the predictions. These
phase responses computed in the database assume local periodicity and parallelism
between cells and ground, which are questionable approximations. To make full-
wave simulations simpler, the array is now supposed to be excited by a y-polarized
plane wave under normal incidence. The resulting patterns at 12.2 GHz are shown
in Figure A.8, A.9, and A.10 for the three configurations Sy, S, and S5 respec-
tively. They are compared to theoretical results based on array factor calculations

using Matlab, as explained in the previous section.
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Ficure A.7: HFSS model (top view and side views for Si).
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FIiGURE A.8: HFSS radiation patterns and targeted ones for S in the case of
a plane incident wave.
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FicURE A.9: HFSS radiation patterns and targeted ones for Ss in the case of
a plane incident wave.
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F1GURE A.10: HFSS radiation patterns and targeted ones for Ss in the case of
a plane incident wave.

The agreement is overall good especially for the main lobes for S; and S3. Nev-

ertheless, big differences in the secondary lobes could be noticed notably for Ss.

This suggests the simplified model used in the design approach is satisfactory and

used assumptions (local periodicity and local parallelism of the ground plane under

each cell) are acceptable for a preliminary design. Improvements of the radiation
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patterns could be expected while increasing the number of actuators. Neverthe-
less, this depends on the ideal ground plane shapes to reach and the actuators

distribution. Moreover, this also implies additional weight, cost, and complexity.

It seems that even for a number of configurations limited to 3, the system is already

complex notably due to the set of configurations targeted.
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Résumé: Dans le cadre du projet européen
Horizon intitulé REVOLVE initié par Thales Alenia
Space, Heriot Watt University, Large Space
Structures, et [llInstitut d'Electronique et des
Technologies du numéRique, cette thése s'intéresse
a un nouveau concept d'antennes réseau réflecteurs
(RRA) reconfigurables pour application spatiale.
Celui-ci repose sur un concept d'antenne basé sur la
technologie des réseaux réflecteurs et la
reconfiguration mécanique. La distance entre le plan
de masse et les cellules imprimées (notée h) sur le
réseau est modifiée afin de contréler leur phase
réfléchie et ainsi, changer le diagramme de
rayonnement de l'antenne. Cette distance est
contrblée par la déformation du plan de masse a
l'aide d'actionneurs placés sous ce dernier.

La premiére étape consiste en l'analyse de l'impact
de la distance h sur la phase réfléchie des cellules.

La procédure de conception du RRA nécessite d'étre
clairement définie étant donné que la principale
difficulté est de minimiser le nombre d'actionneurs et
I'amplitude de déformation du plan de masse tout en
garantissant les propriétés RF et mécanique de
'antenne.

Dans un premier temps, une méthodologie de
conception est définie en considérant un contrble
idéal de la déformation et donc, de la distance h. Elle
est ensuite appliquée a un exemple de RRA a deux
configurations auquel des contraintes plus réalistes
relatives au contréle de la forme du plan de masse
(nombre d'actionneurs, comportement du
matériau...) sont introduites une par une. Cette
méthodologie est ensuite étendue a un réseau 2D et
testée a l'aide d'un prototype.

ltle : Recongurable reflectarray with a flexible ground plane
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Abstract : In the frame of the european project
Horizon 2020 named REVOLVE project initiated by
Thales Alenia Space, Heriot Watt University, Large
Space Structures, and Institut d’Electronique et des
Technologies du numéRique, this Ph.D. investigates
a new Reconfigurable Reflectarray Antenna (RRA)
for Space applications. This work proposes a concept
based on reflectarray antennas and mechanical
reconfiguration. The distance between the ground
plane and the metallic elements printed on the higher
panel (noted h) is modified to control their reflected
phase and therefore, change the radiation pattern
provided by the antenna. This distance is tuned by
modifying the shape of the ground plane thanks to
actuators placed under it.

The first step is to analyze the impact of the distance
h on the reflected phase of the cells.

The design process of the RRA needs to be clearly
defined to identify the parameters to take into
account to ensure good performance of the
antenna. The main issue is to minimize the number
of actuators and the magnitude of the ground plane
deformation while ensuring good RF and payload
performance.

In the first instance, the methodology is defined
considering an ideal control of the deformation and
so, of the distance h. It is then applied on a sample
of a two-configuration RRA and discussed while
introducing one by one realistic constraint (number
of actuators, material behavior...) for the control of
the ground plane shape.

The design methodology is then extended over a
2D array sample and tested using a prototype.
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