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Résumé en français

Introduction générale

Les ondes électromagnétiques jouent un rôle fondamental dans la société. Que ce soit pour la réception/envoi d'un signal, la spectroscopie, l'imagerie etc., le rayonnement électromagnétique est désormais employé dans la quasi-totalité des activités humaines pour des applications civiles et militaires. Dans cette thèse, je propose l'utilisation de métasurfaces pour améliorer les performances de radômes terrestres et embarquées. Deux problématiques ont été étudiées :

1. La stabilité mécanique des radômes terrestres de grande taille est assurée par des joints diélectriques. Rarement optimisés à la fréquence d'utilisation du radôme, ces pièces induisent des effets de diffusion parasites (visibles dans les diagrammes de rayonnement de l'antenne placée sous le radôme) qui diminuent la transparence du radôme. Afin de camoufler le joint mécanique et ainsi améliorer la transparence radiofréquence de la structure, je propose d'intégrer des métasurfaces dans le volume du joint diélectrique. Le joint à métasurfaces est ainsi camouflé par rapport au panneau transparent du radôme.

2. Les antennes réseaux planaires, souvent employés dans le domaine aéronautique, sont limités en dépointage à ±60°. Afin d'élargir le dépointage de l'antenne, tout en assurant une transmission maximale, un radôme fonctionnel à métasurface multizone est proposé. Le métadome est constitué de plusieurs métasurfaces à gradient de phase, chacune conçue pour fonctionner sous différents angles d'illumination.

Le manuscrit de thèse, structuré en 6 chapitres, est divisé en deux grandes parties traitant les deux problèmes décrits ci-dessus. Dans le chapitre 1, une introduction générale sur les métamatériaux et les métasurfaces et leurs applications, ainsi que l'état de l'art sur les solutions pour l'invisibilité électromagnétique est présentée. La partie I traite le problème des joints parasites dans les radômes terrestres et est divisée en trois chapitres (2, 3 et 4). Dans le chapitre 2, les radômes terrestres et les problèmes de diffusion lié aux joints mécaniques sont présentés. Le concept d'un joint à métasurfaces, modélisé par des lignes de transmission, est introduit dans le chapitre 2 CONTENTS 3. La validation expérimentale de l'effet de camouflage, sur des prototypes de joint à métasurfaces, est présentée dans le chapitre 4. La partie II traite la conception d'un radôme fonctionnel multizone pour l'augmentation du dépointage d'antennes et est divisée en deux chapitres (5 et 6). L'état de l'art sur les radômes fonctionnels pour l'amélioration d'antennes réseaux est introduit dans le chapitre 5. Le modèle analytique et les résultats expérimentaux sur des métasurfaces à gradient de phase (mono-zone et multi-zone) sont présentés dans le chapitre 6.

Etat de l'art sur les métasurfaces pour l'invisibilité électromagnétique

Afin de manipuler un rayonnement EM pour des applications bien précises, il est nécessaire de décrire l'interaction entre une onde électromagnétique incidente et un milieu matériel. Dans le cas d'un milieu diélectrique, l'interaction entre les champs électrique et magnétique est décrite via la permittivité ϵ et perméabilité µ du milieu. L'indice n du matériau, à travers lequel l'onde se propage, est fonction d'ϵ et de µ. Le comportement d'une onde EM à l'interface entre deux matériaux est décrite par les conditions aux limites reliant les composantes normale et tangentielle des champs électrique et magnétique entre les deux milieux. En contrôlant le milieu de propagation (via ϵ et µ) et les conditions limites, il est ainsi possible de manipuler un rayonnement EM. Le concept d'un matériau artificiel, avec des propriétés au-delà de ceux qui sont présentes dans les milieux naturels, a été introduit par le Prof. Veselago dans les années 1960 et validé expérimentalement dans les années 2000 par les groupes des Professeurs Pendry et Smith. La solution proposée consiste en une structure composite, nommée "métamatériau", avec des propriétés effectives ϵ ef f et µ ef f contrôlables à travers les paramètres géométriques des cellules unitaires (les "méta-atomes") de la structure. Le domaine des métamatériaux s'est particulièrement développé dans les années 2000, ce qui a donné lieu à deux applications phares de cette technologie : la superlentille, capable d'imager au-dessus de la limite classique de diffraction, et la cape d'invisibilité permettant de rendre un objet "invisible" en modifiant la direction de propagation de l'onde incidente autour de l'objet. Cependant, la réalisation de ces structures composites nécessite des propriétés de matériau qui varient dans l'espace, souvent difficiles à atteindre, et des volumes importants (comportant des pertes non négligeables), qui limitent fortement l'implémentation de ces structures dans des systèmes réels. Afin de pallier ces problèmes, tout en gardant le contrôle du rayonnement EM, le concept de "métasurface" s'est ainsi développé. Une métasurface est une structure périodique électriquement fine, dont la réponse à une onde EM incidente est contrôlée au travers des paramètres géométriques de ses méta-atomes. Contrairement aux métamatériaux volumiques, qui visent à manipuler la propagation de l'onde, les métasurfaces manipulent le comportement de l'onde à l'interface entre deux milieux et elles peuvent ainsi être modélisées comme des conditions aux limites. En contrôlant les réponses électrique et magnétique de la métasurface, il est possible de manipuler l'amplitude, la phase et la polarisation de l'onde incidente, tout en gardant un volume compact, facilement réalisable et intégrable.

Les métasurfaces ont été employées pour réaliser différentes applications, dont les plus importantes sont listées ci-dessous.

• Réflexion et réfraction anomales. Les métasurfaces peuvent être utilisées pour réaliser des gradients de phase capables de réfléchir ou réfracter l'onde incidente vers des directions anormales.

• Contrôle de polarisation. En contrôlant le profil de phase réalisé par la métasurface, la polarisation de l'onde peut être modifiée. Par exemple, il est possible de convertir une onde polarisée linéairement en une onde polarisée circulairement.

• Absorption. Les métasurfaces peuvent être conçues pour absorber de façon très efficace l'onde incidente à une fréquence bien précise.

• Imagerie holographique à l'aide de métasurfaces binaires. Les métasurfaces dites "digitales" associent certaines valeurs de phase à un état binaire spécifique 0/1. Il est ainsi possible de "coder" la réponse de la structure pour réaliser de nombreuses applications. L'imagerie holographique, consistant à coder la phase de la métasurface pour obtenir des figures bien précises dans le champ-lointain de la source, s'est particulièrement développée grâce aux métasurfaces binaires.

Les métasurfaces jouent aussi un rôle fondamental dans le domaine de l'invisibilité électromagnétique. La partie I de mon travail concerne le camouflage électromagnétique d'objets diélectriques. Le sujet est développé de façon plus exhaustive dans cette partie de la thèse.

Le concept d'invisibilité électromagnétique vise à rendre un objet invisible en le rendant indétectable par un observateur extérieur (par exemple, un radar). Ce concept a d'abord été développé dans le contexte de métamatériaux basés sur l'optique de transformation : en modifiant les paramètres des matériaux en tout point du milieu de propagation de l'onde, il est possible de modifier le trajet de propagation de l'onde et ainsi la forcer à contourner l'objet. L'onde n'interagissant pas avec l'objet, celui-ci est ainsi indétectable/invisible. Historiquement importante, cette solution souffre des limites des métamatériaux citées ci-dessus. Des solutions à base de métasurfaces ont ainsi été développés afin de supprimer les phénomènes de diffusion liés à l'interaction entre l'objet et l'onde incidente. En contrôlant la réponse des cellules unitaires de la métasurface, les modes de diffusion principaux de l'objet peuvent être supprimés. Des "manteaux d'invisibilité" à base de métasurfaces, enveloppant l'objet à camoufler, ont été expérimentalement validés lors des dix dernières années et constituent à présent un CONTENTS des développements les plus significatifs dans le domaine. La limite principale de ces méta-manteaux est liée à la taille sub-longueur d'onde des objets ainsi qu'à la robustesse angulaire de l'effet de camouflage. Le développement de solutions de camouflage pour des objets électriquement grands reste intéressant dans le domaine.

Problèmes de diffusion dans les radômes terrestres

Dans cette partie de la thèse, je présente d'abord les problèmes de diffusion dans les radômes terrestres de grande taille. J'introduis ensuite le concept de joint à métasurfaces, modélisé par des lignes de transmission. J'applique le modèle développé afin de concevoir plusieurs joints à métasurfaces fonctionnant dans les bandes de fréquences S [4 GHz -6 GHz], C [START_REF] Ziolkowski | Design, fabrication, and testing of double negative metamaterials[END_REF][START_REF] Eleftheriades | Negative-Refraction Metamaterials: Fundamental Principles and Applications[END_REF] GHz -8,2 GHz] et X [START_REF] Eleftheriades | Negative-Refraction Metamaterials: Fundamental Principles and Applications[END_REF][START_REF] Pendry | Negative refraction makes a perfect lens[END_REF][START_REF] Grbic | Overcoming the diffraction limit with a planar left-handed transmission-line lens[END_REF][START_REF] Freire | Experimental demonstration of a =1 metamaterial lens for magnetic resonance imaging[END_REF][12]. La validation expérimentale du concept sur des prototypes de joint à métasurfaces est enfin présentée.

Un radôme, venant des mots "radar" et "dôme", désigne une structure de protection pour les systèmes antennaires et radars. Transparents au rayonnement EM et résistants aux intempéries (vent, pluie, givre), les radômes ont été développés dans les années 1940 pour la protection de systèmes radars lors de la Seconde Guerre Mondiale. Il existe deux grandes catégories de radômes, terrestres et embarqués, selon le contexte dans lequel le radôme est installé. Les radômes terrestres sont fabriqués principalement à base de panneaux diélectriques (mono ou multicouches), optimisés à la fréquence d'utilisation de l'antenne, et réalisés en forme quasi-sphérique afin d'optimiser la transmission du signal à travers le panneau. Les radômes de petite taille sont souvent fabriqués en une seule pièce d'un matériau diélectrique. Cependant, lorsque la taille du radôme devient très grande, le radôme est réalisé en reliant les panneaux diélectriques avec des joints mécaniques (diélectriques ou métalliques). Ces pièces sont très rarement optimisées à la fréquence d'utilisation du radôme et induisent des phénomènes de diffusion parasite visibles dans les diagrammes de rayonnement de l'antenne placée sous le radôme. La transparence du radôme est ainsi diminuée à cause de ces pièces mécaniques. Dans cette thèse, le cas de joints diélectriques est traité. La perturbation est due à une différence de permittivité ϵ entre le joint et le panneau qui induit une augmentation importante du champ électrique et une rupture des fronts d'ondes transmis à travers le joint. Ce phénomène, souvent décrit comme "diffusion en avant" du joint, est caractérisé en fonction du paramètre IFR (induced field ratio), décrivant la différence entre le champ diffusé par une jonction panneau/joint et un panneau de référence. Ce paramètre peut être diminué en intégrant des éléments métalliques (fils, grilles) au sein du volume diélectrique du joint : les courants induits le long de ces structures peuvent contrebalancer les courants de polarisation internes au diélectrique et ainsi supprimer les effets de diffusion parasites. Ces solutions, connus dans le domaine de fabrication de radômes, sont rarement optimisés et ne suppriment que partiellement l'effet de pertur-bation du joint. Une solution alternative capable de supprimer efficacement la diffusion du joint, indépendamment de la polarisation et de la direction d'incidence de l'onde, est très intéressante dans un contexte industriel d'optimisation de structures radômes.

Modèle analytique d'un joint à métasurfaces

Un joint à métasurface est constitué d'un volume diélectrique (le joint), intégrant N métasurfaces. En contrôlant les paramètres géométriques des cellules unitaires de la métasurface, il est possible de supprimer les effets de diffusion du joint et ainsi le camoufler par rapport à une référence diélectrique (le panneau de radôme). Afin de réaliser la métasurface nécessaire pour camoufler un joint à une fréquence donnée, je propose le protocole de design suivant :

1. Le joint à métasurfaces est modélisé à l'aide de lignes de transmission. Les propriétés de matériau et l'épaisseur du joint sont connues. Le coefficient de réflexion Γ ref du panneau de référence est mesuré et utilisé afin de déterminer analytiquement l'impédance surfacique Z S,analytique associée à la métasurface.

2. Le choix du motif de la métasurface est choisi en se basant sur la valeur de Z S,analytique . La cellule unitaire est simulée dans un environnement périodique et l'évolution de l'impédance surfacique Z S,simulation en fonction des paramètres géométriques de la cellule est étudiée. Les paramètres de la cellule sont ainsi déterminés et optimisés.

3. La métasurface est réalisée et le prototype de joint à métasurface assemblé. L'effet de camouflage est vérifié expérimentalement en mesurant le champ proche transmis à travers la jonction sans/avec métasurfaces. La suppression de la perturbation du joint est vérifiée en mesurant le prototype en champ proche et en champ lointain.

Les différentes étapes du protocole sont ensuite détaillées et appliquées afin de réaliser différents prototypes de joint à métasurfaces en bandes S, C et X. D'abord, le coefficient de réflexion Γ ref est obtenu en mesurant en guide d'ondes un panneau de radôme commercial. Un motif en anneau circulaire est ensuite choisi et simulé, et un premier jeu de paramètres est obtenu à partir des impédances surfaciques déterminées analytiquement selon le modèle de lignes de transmission. L'environnement de simulation utilisé pour simuler le joint à métasurfaces et pour optimiser les paramètres géométriques de la cellule unitaire est détaillé. In fine, des résultats de simulation sur un joint à métasurfaces, validant l'effet de camouflage, sont présentés.

CONTENTS

Validation expérimentale de l'effet de camouflage

Afin de valider expérimentalement l'effet de camouflage, 5 prototypes de joints à métasurfaces sont fabriqués : deux prototypes pour un fonctionnement en bande S, un prototype en bande C, un prototype en bande X et un prototype bi-bande (S et C). Les métasurfaces consistent en un substrat diélectrique sur lequel des motifs métalliques sont réalisés par gravure chimique. Les joints à métasurfaces sont assemblés en collant en sandwich les différentes pièces diélectriques et les métasurfaces. Des mesures en champ proche et champ lointain sont réalisés sur les jonctions avec et sans métasurfaces et le panneau de référence. En ce qui concerne le champ proche, l'amplitude et phase transmises à travers les différentes structures sont mesurées. La validation en champ lointain est obtenue en mesurant la propagation à travers les structures en chambre anéchoïque. Les résultats de simulation (champ diffusé) et de mesure (amplitude et phase transmises, diagrammes de rayonnement) sont présentés pour tous les prototypes considérés dans le cas d'illumination polarisée TE (transverse électrique) et TM (transverse magnétique). La bande passante de camouflage réalisée par la structure est enfin présentée.

Les résultats de mesures valident expérimentalement le concept proposé. En champ proche, la diffusion en avant du joint est supprimée et la rupture des fronts de phase est corrigée. En champ lointain, les lobes parasites dus à la perturbation du joint sont supprimés. La robustesse en polarisation (TE/TM) et la stabilité angulaire (jusqu'à 45°) de l'effet de camouflage sont validées en bande S, C et X. Des bandes passantes de camouflage de l'ordre de quelques centaines de MHz sont obtenues. Le camouflage bi-bande a aussi été validé expérimentalement. Des mesures supplémentaires sur le prototype en bande X ont ensuite été réalisées : en changeant la position des métasurfaces au sein du volume du joint (tout en gardant le même motif de la métasurface), la robustesse de l'effet de camouflage à des tolérances de fabrication est validée. En particulier, une variation de la position de la métasurface implique une variation de la fréquence de camouflage.

Radômes fonctionnels pour l'amélioration d'antennes réseaux

Dans cette partie de la thèse, je présente, d'abord, les principales solutions de radômes fonctionnels pour étendre le dépointage de faisceau de la structure rayonnante sous le radôme. J'introduis ensuite le concept d'un radôme fonctionnel (métadôme) multizone à bases de métasurfaces à gradient de phase. Un protocole de design est introduit et appliqué pour la réalisation des métasurfaces. La validation expérimentale du concept sur des prototypes des structures mono et multizone est présentée à la fin.

Les radômes embarqués sont soumis à des contraintes de conception importantes liées à l'aérodynamique de la plateforme aérienne. L'utilisation d'un réseau d'antennes, permettant de dépointer le rayonnement EM tout en gardant un design très com-pact, est répandue dans ce contexte mais fondamentalement limitée par l'apparition de lobes de réseaux parasites, liés à la nature périodique des éléments rayonnants du réseau d'antennes. En particulier, le dépointage d'un réseau d'antennes est limité à ±60°. Une solution intéressante pour étendre le dépointage de l'antenne au-delà de 60°, tout en supprimant les lobes de réseaux, consiste à utiliser un radôme fonctionnel (un métadôme), réfractant de façon anormale le rayonnement émis par l'antenne vers une direction angulaire plus élevée. Durant les 5 dernières années, plusieurs solutions (uniquement théoriques ou expérimentales à base de métamatériaux/métasurfaces) ont été présentées dans la littérature. Le problème, cependant, est toujours d'actualité et une solution optimale au problème n'a pas encore été proposée.

Métadome multizone à gradient de phase : modèle analytique et validation expérimentale

Un radôme fonctionnel multizone, à base de métasurfaces à gradient de phase, est ici proposé. L'idée principale est d'optimiser plusieurs métasurfaces pour certaines directions d'illumination données et les assembler en une structure unique multizone capable de réfracter efficacement une onde incidente vers une direction angulaire anormale désirée. Un protocole pour la réalisation de la structure souhaitée est présenté.

1. La réfraction anomale pour chaque zone est étudiée analytiquement, à partir de la loi de Snell-Descartes généralisée, en fonction de la périodicité (∆x) des méta-atomes de la métasurface et de la différence en phase (∆Φ) entre chaque méta-atome.

2. Un motif pour le méta-atome est choisi. Afin de réaliser les gradients, un contrôle total de la phase et amplitude en transmission est nécessaire. La réponse de la cellule, en fonction des paramètres géométriques, est simulée.

3. Une supercellule, réalisant le gradient de phase souhaité, est réalisée en variant graduellement les paramètres géométriques du méta-atome. La réfraction anormale produite par la supercellule est simulée.

4. Plusieurs métasurfaces sont fabriquées, mesurées et assemblées dans une structure multizone.

Les différentes étapes du protocole sont ensuite détaillées et appliquées pour réaliser 3 métasurfaces à gradient de phase. Une périodicité autour de λ/2 et une différence de phase de 60°sont choisies pour une fréquence de fonctionnement de 15 GHz. La cellule unitaire, consistant en un substrat diélectrique et un motif métallique sur chaque face (dessus et dessous) symétriques et complémentaires, est simulée dans un environnement périodique. En choisissant de façon précise les paramètres géométriques de la cellule afin d'induire des résonances de Huygens, il est possible de contrôler la phase en transmission, tout en gardant une transmission en amplitude élevée. Les supercellules peuvent ensuite être réalisées en modulant les paramètres géométriques de la cellule unitaire. La réfraction anormale est vérifiée en simulant chaque supercellule dans un environnement périodique. Les 3 métasurfaces sont ensuite réalisées et mesurées en chambre anéchoïque. Des mesures sur chaque métasurface individuelle, ainsi que sur la structure multizone, ont été faites. Les diagrammes de rayonnement ont été obtenus dans le cas d'incidence normale et oblique (de -60°à +45°). La réfraction anormale produite par les différents gradients est validée expérimentalement pour les structures monozone et la structure multizone. Cependant, la présence de lobes parasites, une réflexion importante et des pertes en énergie du lobe principal indiquent qu'un travail d'optimisation des différentes zones, ainsi que de la structure multizone, est nécessaire. La métasurface monozone optimisée pour incidence normale présente la réponse la plus intéressante : une stabilité angulaire entre -30°et +30°, avec des pertes en transmission acceptables (en-dessous de 1,5 dB), dans une plage fréquentielle de quelques centaines de MHz. Les résultats préliminaires sur la structure multizone laissent présager le potentiel de la solution proposée.

Conclusion

Dans le cadre de la thèse, j'ai proposé des solutions à base de métasurfaces pour la résolution de problèmes industriels dans le domaine des radômes. Dans un premier temps, j'ai présenté le concept d'un joint à métasurfaces afin de supprimer les effets de diffusions parasites dues aux joints mécaniques du radôme. Le concept a été validé analytiquement, en simulation et expérimentalement, dans plusieurs bandes de fréquences. Ensuite, le concept d'un radôme fonctionnel multizone à gradient de phase, pour étendre le dépointage d'antennes, a été présenté. Un modèle analytique simple a été introduit et trois métasurfaces à gradient de phase ont été simulées, réalisées et mesurées. Les résultats préliminaires sur ces structures valident expérimentalement l'effet de réfraction, mais des pertes en transmission et lobes parasites non négligeables sont observés. Cependant, cette étude constitue une première étape intéressante pour le développement de radômes fonctionnels multizones.

General introduction

Over the past century, the use of electromagnetic radiation has completely reshaped the way we interact with each other and the world. Understanding how to purposely control and engineer electromagnetic waves has enabled the development of a plethora of new applications in both civil and military contexts, ranging from long-distance communication, to sensing, detection and imaging, to name a few. One of the primary means for wave control is the choice of the physical medium with which EM waves interact with: in fact, depending on the material properties of the medium, the wave may be transmitted through it (e.g. a dielectric slab), reflected from it (e.g. a metallic plate), or even fully absorbed by it. Judicious manipulation of the wave-medium interaction has lead to the creation of antennas (in the late 1880s by Hertz), the first telegraphs (during World War I) and radars (during World War II). The rapid developments in the field during the first half of the 20 th century (mostly driven by military research before, during and after the two World Wars) laid the foundation for the development of everyday products such as the phone and the fax in the second half of the 20 th century. The possibility to easily and cheaply communicating over long distances has then quickly led to the creation of the internet and, at the turn of the century, the omnipresent smartphone. Ever since the early 2000s, the push for an increasingly more connected world has put electromagnetic waves even more at the center of virtually any human activity. In an attempt to achieve increasingly more precise control of electromagnetic radiation (i.e. accurately shape its amplitude, phase and polarization state), the idea of realizing artificial materials with engineerable material properties has lead to the development of composite metamaterials during the early 2000s. By carefully adjusting the parameters of its constitutive materials, a metamaterial presents homogenized material properties that cannot otherwise be found in nature. This new level of control has further broadened the horizons of possible applications and opened the doors of exotic new concepts, such as electromagnetic invisibility, of which we have only caught a small glimpse of. While theoretically capable of complete EM wave control, implementation of metamaterials is hindered, in most real case scenarios, by the use of lossy bulky structures. It is thus in this context that the concept of metasurfaces was introduced in the early 2000s and has seen major developments over the last 15 years. As 2D counterparts of bulky metamaterials, metasurfaces are electrically thin periodic structures, whose response can be tuned via the geometric properties of the 10 CONTENTS constitutive unit cells, referred to as meta-atoms. The main advantage of metasurfaces relies on their compact design which can be easily fabricated and implemented, thus making them particularly attractive from an industrial point of view.

The work presented in this PhD thesis focuses primarily on the developments and experimental validations of metasurfaces to solve well-defined industrial problems. In particular, I have developed metasurfaces for radome structures. Two different problems have been tackled during this Ph.D. and are briefly described here. First, large ground-based radomes are negatively impacted by mechanical dielectric seams. By tuning the seam with metasurfaces, the mechanical piece can be camouflaged and the overall transparency of the radome can be increased. Second, a multizone refractive radome to enlarge the scanning range of the enclosed radiating system, for airborne applications, is presented. The thesis consists of six chapters and is structured as follows. In chapter 1, I introduce the theoretical background for metasurfaces, present the main metasurface applications and the most important developments in the context of electromagnetic cloaking/camouflage. Part I of the thesis concerns metasurfaces for ground-based radomes and is divided into three chapters. In chapter 2, I offer a general introduction to ground-based radomes and present the problem to be solved. In chapter 3, I introduce the analytical model for metasurface-tuning, based on transmission lines, and the simulation environment to achieve a given metasurface design. In chapter 4, experimental validation of the concept on various proof-of-concept prototypes is presented. Part II of the thesis concerns metasurfaces for airborne radomes and is divided into two chapters. In chapter 5, a general introduction on airborne radomes and an overview of functional meta-radomes is offered. In chapter 6, a multi-zone metadome is modeled, based on generalized Snell's law, and experimental validation on proof-ofconcept phase-gradient metasurfaces is presented. I then conclude the thesis with some general conclusions and future outlooks on the topic. In this section, I first present the theoretical background used to describe the interaction between an electromagnetic (EM) wave and a dielectric medium. I then present the concept of 3D artificial metamaterials (MM), extend it to 2D metasurfaces and offer an overview of the main applications implementing metasurfaces. I will then focus on the state-of-the-art metasurfaces for EM invisibility and cloaking.

Chapter 1

State-of-the-art metasurfaces for cloaking applications

Introduction and definitions

EM radiation plays a fundamental role in our society. Whether it is used for the transmission or reception of signals by antenna systems, the detection of objects by 12 Chapter 1. State-of-the-art metasurfaces for cloaking applications radars, for imaging or sensor applications, EM waves are ubiquitous in civil and military contexts. EM waves behave differently depending on the material properties of the medium they interact with: when propagating from one medium towards another medium, they can be reflected at the interface between the two media, transmitted through the medium or absorbed by the medium. In order to exploit EM radiation for a desired application, it is then important to properly describe the interaction between the radiation and the propagation medium. I will now present the most important equations in the case of an EM radiation propagating through a dielectric material as well as the boundary conditions at the interface between two dielectric materials. EM radiation can be described (in the regions of free space sufficiently far-away from the sources generating the radiation) by Maxwell's equations, as follows (bold quantities are vectorial):

∇ × E = - ∂B ∂t ∇ × H = ∂D ∂t ∇ • D = 0 ∇ • B = 0 (1.1)
E and H are the electric and magnetic field (measured in V/m and A/m). D and B are the electric and magnetic flux densities (in Coulomb/m2 and Weber/m2), which are related to the E and H fields by the constitutive relations of the propagating medium.

D and B are commonly referred to as electric displacement and magnetic induction. In the case of vacuum, the constitutive relations are the following.

D = ϵ 0 E B = µ 0 H (1.2)
The quantities ϵ 0 and µ 0 are the permittivity and permeability of vacuum. The permittivity measures how easily a dielectric is polarized when illuminated by an EM radiation. Interestingly, the term originates from the Latin verb permittere which signifies "to let through, to grant passage to" and in this context it describes very well how the material "lets the electric field through". The higher the permittivity, the more easily the E-field is "let through" and thus the more efficiently the material is polarized. The permeability describes how easily a material is magnetized in response to an applied magnetic field. The term originates from the Latin verb permeare which describes the capability of "being passed through without rupture". The term is used here to characterize how easily a material allows magnetic field lines to pass through it "without breaking them". From the permittivity and permeability of vacuum, the characteristic impedance of vacuum can then be defined as η 0 = (µ 0 /ϵ 0 ). In the case of propagation through a homogeneous isotropic dielectric medium, similar equations involving the permittivity ϵ and permeability µ of the medium are introduced:

D = ϵE B = µH (1.3)
Similarly, the characteristic impedance of the medium is defined as η = (µ/ϵ). ϵ and µ are related to ϵ 0 and µ 0 via the electric susceptibility χ and magnetic susceptibility χ m , which are quantities introduced to characterize the electric and magnetic polarization properties of the medium:

ϵ = ϵ 0 (1 + χ) µ = µ 0 (1 + χ m ) (1.4)
The relative permittivity ϵ r and permeability µ r of the dielectric material is then introduced, and the refractive index n is defined:

ϵ r = ϵ ϵ 0 µ r = µ µ 0 n = √ ϵ r µ r (1.5)
The electric displacement D can finally be written in terms of the dielectric polarization P of the material:

D = ϵE = ϵ 0 (1 + χ)E = ϵ 0 E + ϵ 0 χE = ϵ 0 E + P (1.6) P = ϵ 0 χE (1.7)
The dielectric polarization P is the average electric dipole moment per unit volume induced within a dielectric material of electric susceptibility χ, when illuminated by an electric field E, according to Eq. 1.7. Due to the presence and time evolution of this internal average electric dipole moment, an additional electric field is generated by the dielectric. Varying the material properties of the dielectric (via χ) leads to a change in the dielectric polarization P and the electric field generated by the dipole. The presence of induced polarization currents in a dielectric medium will play a major role in achieving the camouflage effect presented in Part I of this manuscript.

When the EM radiation propagates across two dielectric media, boundary conditions at the interface must be fulfilled to ensure the continuity of the E and H fields. The fields are decomposed as the sum of a component tangential to the interface (E t , H t ) and a component normal to the interface (E n , H n ). The fields in the two media are denoted by 1 and 2. Imposing the continuity of the fields at the interface, the following relations are derived from Maxwell's equations (Eq. 1.1):
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E t1 = E t2 H t1 -H t2 = J S × n D n1 -D n2 = ρ S B n1 = B n2 (1.8)
The vector n is defined to be normal to the interface, pointing from medium 1 to medium 2. Equations 1.8 impose the continuity of the tangential component of the electric field E t and the normal component of the magnetic induction B n at the interface. The difference between the tangential component of the magnetic field H t is related to the eventual surface current density J S between the two media. The difference between the normal component of the electric displacement D n is related to the eventual surface charge density ρ S . If no external sources are considered (J S = 0, ρ S = 0), the continuity of H t and D n is also ensured at the interface. A simple vectorial relation between E 1,2 and H 1,2 at the interface can then be written as:

n × (E 1 -E 2 ) = 0 n × (H 1 -H 2 ) = J S (1.9) 
The equations presented in this section are used to describe the interaction between an EM radiation and a homogeneous isotropic dielectric medium. In the case of more complex media (such as non-homogeneous anisotropic dielectric media), similar tensorial equations can also be derived from Maxwell's equations. In this PhD thesis, only propagation through homogeneous isotropic dielectric media will be considered.

From 3D metamaterials...

Engineering the interaction between an EM radiation and the propagation medium can be achieved by purposely choosing the material properties of the medium (i.e. its permittivity ϵ and permeability µ). This approach is however clearly limited by the values of (ϵ, µ) found in natural materials. Furthermore, the limited commercial availability of specific materials can also be an important limiting factor in the development of new applications. The possibility of carefully tuning the permittivity ϵ and permeability µ of readily available (and cheap) materials as well as going beyond the limitations of natural materials has always had major industrial and financial implications. Natural and artificial materials can be categorized depending on the values of (ϵ, µ), as shown in Fig. 1.1. A medium with positive permittivity and permeability corresponds to a dielectric. The EM wave propagates through it along the direction of illumination. This medium is referred to as Double-Positive (DPS) medium, within which forward-wave propagation occurs. When either the permittivity or the permeability of the medium is negative, the medium is an electric or magnetic plasma. In plasmas, the EM wave is evanescent: it does not propagate far through the medium and is instead attenuated exponentially as a function of distance. µ-negative materials can be found in nature as ferrites. A medium with negative permittivity and permeability (referred to as Double-Negative DNG) cannot be found in nature. In such media, EM propagation does occur, but in the opposite direction with respect to energy propagation. In this very peculiar case, the Poynting vector (which represents the direction towards which the energy flows) has opposite direction to the propagation vector k (which represents the direction of propagation of the wavefront). The wave can then propagate through the medium, but backward with respect to its energy. Since the propagation, electric and magnetic field vectors (E, H, k) do not form a regular triad according to the well-known "right hand rule", the material is described as "left-handed". This rather counterintuitive concept was first theoretically introduced by Veselago in a Russian article in 1964, then later translated to English in 1968 [1]. It is within this context that the concept of a metamaterial was developed. The word "meta" (from the Greek µϵθα meaning "beyond") is used here to describe an artificial material whose material properties (ϵ, µ) can have values "beyond" those found in natural materials [2]. The blue regions in Fig. 1.1a corresponds to media whose material properties could be obtained by developing artificial metamaterials.

While the theoretical background for the development of DNG materials was presented in the 1960s, the first implementation and experimental validation of the metamaterial concept will only be achieved in the late 1990s by Prof. Pendry [3] and Prof. Smith [4]. The solution proposed consisted in the use of composite materials, made of a regular dielectric host material and subwavelength metallic elements, whose material properties could be homogenized at the frequency of illumination considered. In this context, while the local parameters (ϵ, µ) would be the ones of the constitutive materials of the composite structure, the global effective material parameters (ϵ ef f , µ ef f ) would change depending on the geometric parameters of the metallic elements. In fact, by keeping the constitutive metallic elements electrically small (relatively to the wavelength of illumination), the composite material can be homogenized as a continuous bulk material possessing the effective material parameters (ϵ ef f , µ ef f ), as schematized in Fig. 1.1b. This way, it is possible to control the realized (ϵ ef f , µ ef f ) and achieve homogenized artificial material properties within the otherwise unreachable areas theorized by Veselago (in blue in Fig. 1.1a). The DNG metamaterial proposed by Smith was realized by combining the properties of metallic wires to achieve negative permittivity values, and split ring resonators to achieve negative permeability values, as shown in Fig. 1.1c. By combining both elements into a single unit cell, the existence of an artificial material with an effective negative index of refraction realizing anomalous left-hand propagation was experimentally validated. Following Pendry's and Smith's work, the development of engineerable metamaterials exploded in popularity in the EM community [START_REF] Ziolkowski | Design, fabrication, and testing of double negative metamaterials[END_REF], [START_REF] Holloway | A double negative (dng) composite medium composed of magnetodielectric spherical particles embedded in a matrix[END_REF], [START_REF] Itoh | Electromagnetic Metamaterials: Transmission Line Theory and Microwave Applications[END_REF], [START_REF] Eleftheriades | Negative-Refraction Metamaterials: Fundamental Principles and Applications[END_REF]. A composite structure, with subwavelength constitutive elements, is illuminated by an EM wave. Within a specific frequency band, for which the constitutive elements of the composite are subwavelength, the structure can be homogenized as a bulk material with effective material properties (ϵ ef f , µ ef f ). (c) DNG metamaterial combining metallic wires, for negative ϵ, and split ring resonators, for negative µ [4].

1.2 From 3D metamaterials... During the 2000s and early 2010s, DNG metamaterials played a major role in the development of two key metamaterial-based solutions: super-lenses [START_REF] Pendry | Negative refraction makes a perfect lens[END_REF] [10] [START_REF] Freire | Experimental demonstration of a =1 metamaterial lens for magnetic resonance imaging[END_REF] and invisibility cloaks [12] [START_REF] Schurig | Metamaterial electromagnetic cloak at microwave frequencies[END_REF]. The concept of a super-lens was first suggested by Pendry in [START_REF] Pendry | Negative refraction makes a perfect lens[END_REF] as a way to overcome the classical diffraction limit of lenses for imaging applications. Classically, a wave propagating through a regular dielectric lens could only be focused, in the best case, onto an area of the size of a wavelength square. By realizing a DNG lens, it is possible to focus the wave onto subwavelength areas, thus drastically increasing the performance of the lens and overcoming the diffraction limit. A super-lens, capable of measuring images below the diffraction limit, was experimentally validated by Prof. Gbric in 2004 [START_REF] Grbic | Overcoming the diffraction limit with a planar left-handed transmission-line lens[END_REF]. A photograph of the realized superlens is shown in Fig. 1.2a. The superlens consists of a periodic grid of metallic wires loaded with inductors and capacitors. At 10 GHz, the grid behaves as a homogeneous left-handed material with negative refractive index. The measured image on the right exhibits a subwavelength level of details below the diffraction limit, validating the concept introduced by Pendry. Another interesting example of a metamaterial superlens for nanoscale optical imaging was presented by the group of Dr. Zhang in 2005 [START_REF] Fang | Sub-diffraction-limited optical imaging with a silver superlens[END_REF] and is shown in Fig. 1.2b. A silver lens is realized by designing the thickness of a thin silver layer and purposely inducing surface plasmons between the silver and the imaging medium (the photoresist PR). The object to be imaged (NANO) is inscribed on a thin chrome layer, placed on a quartz substrate. The superlens is then sandwiched between the chrome object (separated by a PMMA spacer) and the photoresist, as shown in the schematics. The image of the "NANO" object is transferred onto the photoresist and measured by AFM. By taking advantage of surface plasmons between the silver superlens and the photoresist, information usually lost through evanescent waves can be retrieved and a finer level of the measured image, below the diffraction limit, is achieved. The image of the developed photoresist in the case of a superlens (B) presents a finer level of detail compared to a case without superlens (C), similar to the IFB image of the actual chrome object before developing the resist (A). The realized thickness of the letters (D) is much lower in the case of superlens imaging. As for metamaterial-based invisibility cloaks, they will be presented in section 1.5.

While the possibility of engineering the material properties of metamaterials has enabled a plethora of theoretically presented and experimentally validated solutions, this technology present several major limitations which severely hinder their implementation in real-life scenarios. First, depending on the desired operational frequency, the size of metamaterials is a major limiting factor. In most scenarios, bulky metamaterials cannot be added to the system they are designed to enhance. This is the case, for example, of airborne systems, whose design is usually restrained by important aerodynamic constraints. Second, the weight, material losses and fabrication complexity associated to bulky metamaterial devices are common drawbacks which make them unappealing from an industrial standpoint. In fact, while lossless metamaterials can The width of the letters is smaller and close to the actual width of the object when a superlens is employed (blue) [START_REF] Fang | Sub-diffraction-limited optical imaging with a silver superlens[END_REF].

be designed and simulated to achieve specific functions, the realized structure will inevitably present material losses due to the constitutive lossy materials. The bulkier the metamaterial is, the more important the losses and thus the less efficient the solution will be. Furthermore, while simple material profiles can be experimentally validated (such as the superlens examples presented in Fig. 1.2), more exotic material profiles requiring complex, 3D spatially varying material properties cannot always be achieved in a real-life scenario. To sum up, due to their bulky nature, metamaterial devices are often too big, heavy, lossy, and difficult to fabricate/implement to be a reasonable solution for the enhancement of real systems. In order to overcome the problems related to electrically thick metamaterials, the concept of 2D metasurfaces rapidly developed in the early 2010s and will be the main focus of this work.

... to 2D metasurfaces

While theoretically 3D bulky metamaterials can be developed to fully control EM waves, luckily analogous responses can be obtained with the use of electrically thin mono-layer metamaterials, commonly called metasurfaces [START_REF] Holloway | An overview of the theory and applications of metasurfaces: The two-dimensional equivalents of metamaterials[END_REF], [START_REF] Chen | A review of metasurfaces: physics and applications[END_REF], [START_REF] Achouri | Design, concepts, and applications of electromagnetic metasurfaces[END_REF], [START_REF]Surface Electromagnetics: With Applications in Antenna, Microwave, and Optical Engineering[END_REF]. The analogy can be easily proven by applying Huygens' principle to a metamaterial in an arbitrary volume V, as shown in Fig. 1.3. Huygens' principle stipulates that the electric field E out and magnetic induction B out (generated outside the volume V by a set of sources placed inside V ) can be generated by a thin layer, enclosing the volume V , with equivalent electric J e and magnetic J m currents. In a fully analogous way, the electric field E out and magnetic induction B out generated by a metamaterial placed in a volume V can be generated by an equivalent electrically thin layer, enclosing the volume V , realizing a specific set of electric J e and magnetic J m currents. In this context, the EM fields generated outside the volume V in the case of the volumetric metamaterial and the electrically thin surface will be identical, without any lack of generality. The electrically thin layer, made of an arrangement of meta-atoms, is called a metasurface and induces an equivalent response as the bulky metamaterial. 2D metasurfaces thus represent an interesting alternative to 3D metamaterials, all while drastically reducing their size, weight, material losses and fabrication complexity.

When comparing the two technologies, some parallels can be drawn. In both cases, EM wave control is achieved via the properties of meta-atoms, periodically repeated in a 2D or 3D space. The subwavelength nature of the constitutive meta-atoms is necessary to homogenize the structures and define equivalent volumetric or surface properties. Fundamentally, however, the two technologies achieve similar functionalities by manipulating EM waves in different ways. In the case of 3D metamaterials, control over EM radiation is enabled by engineering the effective permittivity ϵ ef f and permeability µ ef f via the volumetric properties of the bulk. The EM wave is supposed to propagate through the bulk and the desired response is achieved as a consequence of the propagation through a volume with a specific material profile. In the case of 2D metasurfaces, the thickness within which the EM wave propagates is assumed to be deeply subwavelength, which justifies the definition of 2D equivalent parameters. In this sense, the metasurface is supposed to have zero thickness, which necessarily implies that EM waves do not propagate through it. Volumetric effective material properties (such as ϵ ef f and µ ef f ) thus cannot be defined in the case of metasurfaces and the framework used to realize a given application, by achieving the required values of (ϵ ef f , µ ef f ), does not make sense in this context. Instead, control over EM waves is achieved with 2D metasurfaces by manipulating the boundary conditions across the surface upon which the radiation is incident. In this sense, metamaterials manipulate the propagation of EM waves via the constitutive relations of bulk materials, according to Eq. 1.3, while metasurfaces modify how the fields are discontinued at an interface According to Huygens' principle, it exists an electrically thin surface with electric J e and magnetic J m currents enclosing the volume which generates identical fields outside the volume (E out , B out ). via the boundary conditions, according to Eq. 1.9.

To achieve a desired EM response, metasurfaces must be homogenized and described in terms of global engineerable parameters. I will here consider a periodic repetition of subwavelength meta-atoms, illuminated by an EM wave. Electric and magnetic J e,m polarization currents will be induced along the meta-atoms. Due to the local characteristics of the meta-atoms, variations of these currents along the surface are to be expected. To simplify the problem, the local electric and magnetic J e,m polarization currents can be replaced by their average quantities and the metasurface can be treated as a continuous sheet of electric and magnetic currents, described by its electric and magnetic polarization surface densities P S and M S . Similar to the approach presented in section 1.1, the incident electric and magnetic fields (E,H) are decomposed into tangential (E t ,H t ) and normal components (E n ,H n ) and, by solving the boundary problem at the interface, boundary conditions relating the fields to the polarization surface densities are derived. The number 1 and 2 relate to the two media separated by the metasurface and n is the vector normal to the surface from 1 to 2.

E t1 -E t2 = jωµ 0 n × M S,t -∇ t P S,n ϵ 0 = n × J tot,m n × (H t1 -H t2 ) = jωP t -n × ∇ t M S,n = J tot,e J tot,e = jωP t -n × ∇ t M S,n J tot,m = jωµ 0 nM S,t + n × ∇ t P S,n ϵ 0 (1.10)
These relations are known in the literature [START_REF]Surface Electromagnetics: With Applications in Antenna, Microwave, and Optical Engineering[END_REF] as the Generalized Sheet Transition Conditions (GSTCs) and describe the boundary conditions to be respected by a zero-thickness impedance sheet of electric and magnetic polarization surface densities (the metasurface). Suppressing the polarization surface densities from Eq. 1.10 (P S = 0, M S = 0), the boundary conditions derived in Eq.1.9 are found. While the GSTCs relate the polarization properties (P ,M ) to the jump in the tangential fields (E t,1,2 , H t,1,2 ) across the two media, they do not provide information on the metasurface properties (is it inductive/capacitive, lossy/active, reciprocal, symmetrical?), from which a meta-atom design can then be derived. In other words, to bridge the gap between the field variations described by the GSTCs (from Maxwell's equations) and the metasurface properties needed to achieve said variations, complementary relations need to be introduced. Various attempts to relate the metasurface response to easily controllable macroscopic parameters have been presented in the literature. In particular, metasurface models relating the surface densities (P , M ) to local polarizabilities and susceptibilities have been thoroughly explored [START_REF] Tretyakov | [END_REF], [20], [START_REF] Achouri | General metasurface synthesis based on susceptibility tensors[END_REF]. By locally changing the polarizabilities or susceptibilities of the meta-atoms via their shape and size, the surface densities are controlled and the GSTCs satisfied. In the context of my PhD, I have decided to adopt an alternative metasurface model based on the definition of an equivalent impedance matrix for the metasurface.

The equivalent impedance matrix approach for metasurfaces, first introduced by Professor Tretyakov in 2003 [START_REF] Tretyakov | [END_REF], is based on a well-known analogy between EM wave propagation in free space and voltages and currents of a signal propagating in an equivalent transmission line. The metasurface is treated as an equivalent impedance matrix Z, whose components Z ij are indicative on its macroscopic properties, from which the meta-atom design can then be derived. The model is presented in Fig. 1.4. The metasurface, in grey, separates two media (1 and 2) and is illuminated by an EM wave described by the triad (E, H, k). The tangential components of the fields (E t1,t2 , H t1,t2 ) across the metasurface are related by the boundary conditions of Eq. 1.13. Under illumination, the metasurface can have an effective electric and/or magnetic response, represented by the effective electric J tot,e and magnetic J tot,m currents. If the metasurface only has an electric response (shown in Fig. 1.4a by the red currents J tot,e aligned with the tangential component of the electric field E t ), it can be modeled by a shunt impedance Z e . The tangential component of the electric fields E t1,t2 can then be related to the effective electric currents J tot,e by the shunt impedance Z e as follows: (1.11) In a similar way, if the metasurface has only a magnetic response (shown in Fig. 1.4.b by the orange currents J tot,m aligned with the tangential component of the magnetic field H t ), it can be modeled by a series impedance Z m . The tangential components of the magnetic field H t1,t2 can then be related to the effective magnetic currents J tot,m by the corresponding series admittance Y m (Z m = 1/ Y m ) as follows:

E t1 -E t2 = 0 n × (H t1 -H t2 ) = J tot,e Z e J tot,e = E t2
E t1 -E t2 = n × J tot,m n × (H t1 -H t2 ) = 0 Y m J tot,m = H t2 (1.12)
In the more general case of a metasurface with electric and magnetic response (J tot,e 0, J tot,m 0), the jump in the tangential components of the electric and magnetic field can be related by an equivalent impedance matrix Z:

E t1 -E t2 = n × J tot,m n × (H t1 -H t2 ) = J tot,e J tot,e = jωP t -n × ∇ t M S,n   E t2 E t1   =   Z 11 Z 12 Z 21 Z 22   •   n × H t2 -n × H t1   (1.13)
The equivalent impedance matrix Z derived here is valid for any metasurface of any complexity, illuminated by an arbitrary EM wave. The usefulness of this model relies on the fact that the components Z ij of the matrix are indicative of the metasurface's These geometries, thoroughly studied in [START_REF] Munk | Frequency Selective Surfaces: Theory and Design[END_REF], are also common meta-atom designs in the context of metasurfaces.

properties, from which a meta-atom design can then be guessed. The most important information is obtained from the sign of the real and imaginary parts of

Z ij . Im[Z ij ] is related to the metasurface's behavior: it is capacitive if Im[Z ij ] < 0, or inductive if Im[Z ij ] > 0. Re[Z ij ]
is related to energy gain and losses: the metasurface is passive if Re[Z ij ] ≥ 0, or active otherwise (Re[Z ij ] < 0). More specifically, Re[Z ij ] > 0 indicates energy losses and Re[Z ij ] < 0 energy gain. The metasurface is lossless if Re[Z ij ] = 0. Active metasurfaces often requires the use of additional electronic components to achieve the desired energy loss/gain profile. Furthermore, information about the symmetry and reciprocity of the metasurface can also be derived from the equivalent impedance matrix Z. In particular, the metasurface is symmetrical if Z 11 = Z 22 and reciprocal if Z 12 = Z 21 . The concept of symmetry and reciprocity are related to the invariance of the metasurface's response in space (symmetry) and time (reciprocity). When spatial and/or temporal invariance is not fulfilled (Z 11 Z 22 , Z 12 Z 21 ) then spatial and/or temporal dispersion can be achieved, leading to more exotic metasurface applications, such as reflection/transmission asymmetry depending on the side of illumination (E tranmitted/ref lected,1 E tranmitted/ref lected,2 ).

Once the equivalent impedance matrix Z is determined, it is then possible to guess a possible meta-atom design based on the expected metasurface properties. Historically, simple unit cell shapes (such as wires, loops, patches) have been used in a variety of EM applications for decades. One of the most important works regarding the EM behavior of simple shapes for frequency selective surfaces (FSS) was published by Munk in 2000 [START_REF] Munk | Frequency Selective Surfaces: Theory and Design[END_REF], where a catalogue of shapes, divided in groups, is thoroughly studied. The most important shapes are shown in Fig. 1.5 as a reference. Group 1 consists of wires or groups of wires with a common center, Group 2 and 3 consists of loops and patches of various geometry. These geometries, used for the design of FSS, were then later on also adopted as common meta-atom design in the context of metasurfaces. By changing the geometric parameters and spatial arrangement of the unit cells, it is possible to engineer the metasurface behavior (its Z ij ) and thus fabricate a structure with the desired response, as expected from the analytical framework presented above.

Overview of metasurface applications

Over the past 10 years, a plethora of metasurface-based applications has been theoretically introduced and experimentally validated. In the most general case, metasurfaces are capable of fully manipulating the amplitude, phase and polarization state of an impinging EM wave. Depending on the desired application, metasurfaces are usually designed to modify a specific aspect of the wave: for example, drastically reducing the amplitude to create an absorber, or manipulating the phase profile to induce anomalous refraction, or even converting a linearly polarized wave into a circularly polarized one. While offering an exhaustive overview of this research field goes beyond the scope of this study, I have decided to present some of the most important metasurface applications based on their functionalities. For each category, I will present the desired behavior, explain how metasurfaces are designed to achieve the specific functionality and offer some examples from the literature. In this section, I will present metasurfaces for anomalous reflection/refraction, polarization control, absorption, as well as coding metasurfaces for imaging applications. In the following section (1.5), I will offer a more detailed overview of the main metasurface solutions for electromagnetic invisibility, whill will be the main focus of Part I of this PhD thesis.

Anomalous reflection and refraction

Reflection and refraction of an EM wave incident on an interface is described by the well-known Snell-Descartes' law, relating the incidence of the waves and the indices n 1,2 of the media separated by the interface, according to Eq.1.14:

n 1 sin θ 1 = n 2 sin θ 2 (1.14)
For a given set of indices n 1,2 , the reflection and refraction directions are well defined and cannot be controlled. As an attempt to extend Snell-Descartes' law to a general case describing the refraction of an incident wave towards an arbitrary direction, Prof. Capasso's group proposed in 2011 [START_REF] Yu | Light propagation with phase discontinuities: Generalized laws of reflection and refraction[END_REF] to abruptly change the phase of the wave at the interface via a locally varying phase discontinuity. The impinging wave would then be redirected towards an arbitrary direction, according to the engineerable phase discontinuity at the interface. This work has led to the definition of the generalized Snell's law of refraction (Eq. 6.2), used to describe the anomalous reflection/refraction behavior of a wave traveling through a phase discontinuity. The ordinary (Eq. 1.14) and anomalous (Eq. 6.2) reflection and refraction of a wave incident on a surface are schematized in Fig. 1.6a.

n 1 sin θ 1 -n 2 sin θ 2 = λ 0 2π dΦ dx (1.15)
The term dΦ/dx represents here the phase shift (dΦ) to be realized locally (dx) on each point of the interface. The required phase shift dΦ/dx can be realized with phasegradient metasurfaces by locally varying the constitutive properties of the meta-atoms.

In the work of Capasso's group [START_REF] Yu | Light propagation with phase discontinuities: Generalized laws of reflection and refraction[END_REF], the phase gradient is realized by periodically arranging gold V-antennas on a silicon wafer, as shown in the SEM image of Fig. 1.6b. These micro antennas constitute the meta-atoms of the metasurface. The arrangement of unit cells (the meta-atoms) realizing the phase gradient in a period is often referred to as supercell. By changing the parameters of the antennas, various phase values are obtained. The anomalous refraction through the metasurface is shown on the right of Fig. 1.6b in red and is compared to regular refraction through the silicon wafer, in black.

As an example, a normally incident wave (0°) is not anomalously refracted by the wafer (0°, in black), but is indeed anomalously refracted by the metasurface towards -30°(in red). Experimental validation of anomalous reflection was presented in 2012 in [START_REF] Sun | High-efficiency broadband anomalous reflection by gradient meta-surfaces[END_REF].

Similarly to [START_REF] Yu | Light propagation with phase discontinuities: Generalized laws of reflection and refraction[END_REF], a phase gradient metasurface is realized by arranging patch antennas with various sizes as depicted in Fig. 1.6c. The supercell is highlighted in yellow. A metallic backplate is placed beneath the metasurface to suppress transmission and further enforce the anomalous reflection realized by the gradient. Experimental results, shown on the right of Fig. 1.6c, demonstrate that the impinging wave (incident at 0°, Chapter 1. State-of-the-art metasurfaces for cloaking applications 5°, 10°and 15°) is anomalously reflected towards various directions. An important reduction in the refracted field intensity (especially for higher angles of refraction) can also be observed. Phase-gradient metasurfaces for anomalous reflection and refraction play a major role in the enhancement of the scanning range of planar phased array antennas. This specific application will be introduced and thoroughly detailed in section 6.2.

Polarization control

Metasurfaces can be used to control and modify the polarization state of the incident wave [START_REF] Hao | Manipulating electromagnetic wave polarizations by anisotropic metamaterials[END_REF], [START_REF] Yu | A broadband, background-free quarter-wave plate based on plasmonic metasurfaces[END_REF], [START_REF] Wang | Polarization conversion with elliptical patch nanoantennas[END_REF], [START_REF] Tymchenko | Gradient nonlinear pancharatnam-berry metasurfaces[END_REF], [START_REF] Ratni | Electronic control of linear-to-circular polarization conversion using a reconfigurable metasurface[END_REF]. This functionality is usually achieved via polarizers which, depending on the desired operational frequency, can be bulky. Subwavelength metasurface-based polarizers can then play an important role in the size reduction and optimization of RF and optical systems. Polarization state of a wave can be modified via metasurfaces realizing specific phase shifts and by purposely inducing scattered fields interfering with the incident wave. One of the earliest examples of a metasurface converting a linearly polarized wave into a circularly polarized one was presented in 2012 by Prof. Capasso's group [START_REF] Yu | A broadband, background-free quarter-wave plate based on plasmonic metasurfaces[END_REF] and is shown in Fig. 1.7. The metasurface consists of two phase-gradient supercells (green and pink) made of eight gold V-antennas of same size but spaced with an offset d with each other. The V-antennas are similar to the ones of the refractive metasurface shown in 1.6b. Upon normal illumination, the two supercells produce two linearly polarized wave with same amplitude but a π/2 phase difference, due to the spacing d between the green and pink supercells. The interference between the two linearly polarized waves results in an anomalously refracted wave which is circularly polarized. As shown in Fig. 1.7a, while the measured degree of circular polarization of the anomalously refracted beam is stable as a function of wavelength, the intensity of the beam is significantly reduced outside the central wavelength of 7.5 µm, making the solution relatively narrowband.

More recently, an active reconfigurable metasurface for linear-to-circular polarization conversion was presented in [START_REF] Ratni | Electronic control of linear-to-circular polarization conversion using a reconfigurable metasurface[END_REF] and is shown in Fig. 1.7b. The metasurface consists of tunable meta-atoms (shown in the inset of Fig. 1.7b) whose phase response can be controlled by applying different voltages to the varactor diodes implemented in the unit cells. The metasurface is illuminated with a linearly polarized wave, which is then reflected as a circularly polarized wave, as experimentally demonstrated by the measured radiation patterns of Fig. 1.7b. Interestingly, when changing the voltage applied to the varactors (in this case 0 V and 5 V), right-hand and left-hand circularly polarized waves are generated at distinct frequencies. The metasurface can thus be reconfigured depending on the desired polarization and frequency of the reflected wave. In these two examples, passive and active linear-to-circular polarization conversion in refraction [START_REF] Yu | A broadband, background-free quarter-wave plate based on plasmonic metasurfaces[END_REF] and reflection [START_REF] Ratni | Electronic control of linear-to-circular polarization conversion using a reconfigurable metasurface[END_REF] has been experimentally validated. 

Absorption

Electromagnetic absorbers are commonly used in RF systems to drastically reduce spurious reflections from the environment and are fundamental for the realization of anechoic chambers for far-field measurements. Often made of foam material embedded with highly absorbing carbon particles, they are typically bulky, with wedge or pyramidal shapes. One of the earliest metamaterial-based aborbers was first presented by Professors Smith and Padilla in 2008 [START_REF] Landy | Perfect metamaterial absorber[END_REF] and is shown in Fig. 1.8a. The metamaterial's unit cell consists of an electric ring resonator and a cut wire, designed to separately couple to the electric and magnetic fields in order to fully absorb the impinging EM wave. By judiciously tuning the electric and magnetic response of the unit cell via the two resonators, it is possible to efficiently absorb the electric and magnetic components of the impinging EM wave and thus "trap" it within the unit cell. Simulated and experimental results show very high absorbance albeit within a narrow frequency band. An interesting application of metasurfaces consists in drastically reducing the amplitude of the incident wave to realize ultrathin subwavelength absorbers [START_REF] Wakatsuchi | Waveformdependent absorbing metasurfaces[END_REF], [START_REF] Costa | A circuit-based model for the interpretation of perfect metamaterial absorbers[END_REF], [START_REF] Liu | Rcs reduction of waveguide slot antenna with metamaterial absorber[END_REF], [START_REF] Yi | Tunable microwave absorber based on patterned graphene[END_REF], [START_REF] De Lustrac | Tri-state metasurface-based electromagnetic screen with switchable reflection, transmission, and absorption functionalities[END_REF]. An example of a metasurface absorber to reduce to RCS of a slot antenna is presented in [START_REF] Liu | Rcs reduction of waveguide slot antenna with metamaterial absorber[END_REF], Fig. 1.8b. The metasurface consists of cross-shaped meta-atoms patterned onto a dielectric material placed onto the ground plane of a slot antenna. The geometric parameters of the meta-atom are optimized to simultaneously reduce its reflection R and transmission T , within a given operational frequency, to enhance the absorption response (A = 1 -R -T ). The measured RCS of the PEC ground plane and the metasurface plane of the slot antenna demonstrate a drastic RCS reduction at the design frequency of the metasurface. The absorption efficiency of the solution is, however, particularly narrowband. More recently, a reconfigurable metasurface with controllable reflection, transmission and absorption response was experimentally demonstrated [START_REF] De Lustrac | Tri-state metasurface-based electromagnetic screen with switchable reflection, transmission, and absorption functionalities[END_REF] and is shown in Fig. 1.8c. The meta-atom consists of a honeycomb host, two dielectric substrates with p-i-n diodes and two glass layers. The meta-atom's response is controlled via the current applied to the p-i-n diodes. Reflection, transmission and absorption measurements on the metasurface show that it is possible to select a specific metasurface response by tuning the applied current. In this specific case, applying a current of 1 µA to the diodes turn the metasurface into a relatively broadband absorber in the 2.0 -2.6 GHz frequency range. [START_REF] Landy | Perfect metamaterial absorber[END_REF]. (b) unit cell design of the metasurface absorber. Slot antenna with the metasurface absorber placed onto its ground plane. RCS measurements on the slot antenna with and without the metasurface absorber [START_REF] Liu | Rcs reduction of waveguide slot antenna with metamaterial absorber[END_REF]. (c) Schematics of the tri-state metasurface. Meta-atom consisting of a honeycomb layer, two dielectric layers with integrated p-i-n diodes and two glass layers. Measured reflection, transmission and absorption response of the metasurface for different applied current to the p-i-n diodes [START_REF] De Lustrac | Tri-state metasurface-based electromagnetic screen with switchable reflection, transmission, and absorption functionalities[END_REF].

Coding metasurfaces for holographic imaging

The metasurfaces presented in the previous sections mostly focus on the manipulation of a specific aspect of the incident wave (amplitude, phase, polarization) to achieve a desired application. In order to further optimize the control of EM radiation and enable arbitrary real-time response, the concept of coding and programmable metasurfaces was first introduced by Prof. Cui in 2014 [START_REF] Cui | Coding metamaterials, digital metamaterials and programmable metamaterials[END_REF]. The main idea is to consider each metaatom of a metasurface as a coding block (0 or 1), switchable with the use of electronic components, such as pin diodes or varactors. Specific phase values are then associated to each bit (e.g. bit "0" to a phase value of 0°and bit "1" to a phase value of 180°), which allow one to tailor the metasurface's phase profile via the 0/1 distribution on the structure. Various metasurface responses would then be "programmed" by "coding" them via specific 0/1 meta-atom profiles and obtained real time by simply switching the active components of the meta-atoms [START_REF] Cui | Coding metamaterials, digital metamaterials and programmable metamaterials[END_REF], [START_REF] Liu | Flexible controls of scattering clouds using coding metasurfaces[END_REF], [START_REF] Cui | Information metamaterials and metasurfaces[END_REF]. A simple 0/1 coding metasurface is shown in Fig. 1.9a. By changing the 0/1 metasurface profile, an incident EM is transmitted through the metasurface towards controllable directions. This simple example demonstrates the wavefront manipulation capabilities of coding metasurfaces.

Coding metasurfaces have played an important role in the development of imaging and holography applications [START_REF] Li | Transmission-Type 2-Bit Programmable Metasurface for Single-Sensor and Single-Frequency Microwave Imaging[END_REF], [START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF], [START_REF] Xiao | Broadband digital coding metasurface holography[END_REF], [START_REF] Xiao | Broadband digital coding metasurface holography[END_REF]. In 2016, the group of Prof. Cui experimentally validated a 2-bit programmable metasurface for microwave imaging [START_REF] Li | Transmission-Type 2-Bit Programmable Metasurface for Single-Sensor and Single-Frequency Microwave Imaging[END_REF]. The metasurface's unit cell (Fig. 1.9b) consists of a symmetric top/bottom design separated by a dielectric spacer. 2-bit coding is achieving by separately controlling the top and bottom layers of each meta-atom with two different pin diodes. 4 states can then be realized by each cell (00, 01, 10, 11). The metasurface is normally illuminated and images are reconstructed from the transmitted far-field radiation pattern of the structure. Changing the 2-bit coding of the metasurface changes the realized transmission pattern and thus the image detected in the far-field. A recent implementation of a versatile metasurface, which can be implemented as a coding metasurface for holographic imaging, was presented in [START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF] and is shown in Fig. 1.9c. The meta-atom consists of a dielectric separating two metallic layers, connected with vias, a varactor diode and bias lines to feed the unit cell, as shown in the schematics of Fig. 1.9c. The fabricated metasurface is presented in the photograph of Fig. 1.9c. Under normal incidence illumination, the energy reflected by the metasurface is detected at a given distance as various images, as reported on the right of Fig. 1.9c. When applying a specific phase profile to the metasurface (on the left), the realized holographic image is modified. It is then possible, by reconfiguring the metasurface, to detect the holographic images of the numbers 1, 2 and 3. Holographic images of various letters and spots (as detailed in [START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF]) further demonstrate the flexibility of the realized structure. The two examples presented here experimentally validate the use of coding metarsufaces for holographic imaging in transmission [START_REF] Li | Transmission-Type 2-Bit Programmable Metasurface for Single-Sensor and Single-Frequency Microwave Imaging[END_REF] and reflection [START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF] modes. Various refraction operations enabled by changing the 0/1 metasurface profile [START_REF] Cui | Coding metamaterials, digital metamaterials and programmable metamaterials[END_REF]. (b) Meta-atom of 2-bit coding metasurface. The top and bottom layers have two separate pin diodes, enabling 4 possible states (00, 01, 10, 11) for each atom. Schematics of the imaging process. The metasurface is normally illuminated by a source. According to the profile coded on the metasurface, a specific image is reconstructed in the far-field region [START_REF] Li | Transmission-Type 2-Bit Programmable Metasurface for Single-Sensor and Single-Frequency Microwave Imaging[END_REF]. (c) Meta-atom of the coding metasurface. Top-view photograph of the realized coding metasurface. Simulated and measured holographic images obtained by applying the specific phase profiles [START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF].

Metamaterial and metasurface cloaking

Humankind has been fascinated by the concept of invisibility for as long as history recalls. Cloaking devices, concealing the user at will, have been present in European literary fiction for, at least, 2300 years, when Plato mentioned the ring of Gyges in his Republic. Often depicted as either mantles (cloaks) or rings, invisibility-inducing devices in fiction have peaked in popularity in the 20th century, mostly thanks to the likes of the Invisible Man (early 1900s), Lord of the Rings (1950s), Marvel comic books (1960s) and more recently Harry Potter, in the early 2000s. While mostly relegated to science fiction, scientific discourse around the concept of turning an object transparent can be recalled to at least 1902 when R.W.Wood proposed that, "immersing a body in a medium with the same refractive index of the object" would make it indistinguishable from its surrounding, thus achieving an invisibility effect. More recently, with the fast-paced advancement of metamaterial and metasurface research, the possibility of thoroughly controlling EM waves to design cloaking devices has reignited the interest on EM invisibility. Furthermore, the financial (and political) interest related to electromagnetic invisibility, for civil and military applications, cannot be overstated. In this section, I will first present the main concepts of EM invisibility and then the most important metamaterial/metasurface cloaking solutions presented in literature.

To understand how an invisibility device can be, even theoretically, envisioned, it is important to remind what makes an object visible in the first place. An electromagnetic wave, propagating in a medium, interacts with the objects it encounters along its propagation path and is scattered by them. The perturbation induced by the object is called scattering and the object is described as a scatterer. The scattered energy, which possesses information about the scatterer, can be detected by an observer (an eye, a radar) to give away the presence of the object, which is then said to be visible. This is what naturally occurs in the case of our eyes: light emitted by a source (the sun, a lamp etc.) impinges onto an object (this document), is scattered by it, and detected by an observer (the reader's eye) which then registers the presence of the object in space. Depending on their nature, two main categories of scatterers can be defined. Dielectric objects allow, by definition, EM waves to travel through them (as detailed in chapter 1) and are considered volumetric scatterers which can be represented by equivalent volumetric sources. Metallic objects, at microwave frequencies, do not allow the penetration of EM waves within their volume and are then considered surface scatterers, represented by equivalent surface sources. The scattering from any object can then be described in terms of equivalent volumetric and/or surface sources such that the scattered field generated by these sources is the same as the original object. In this context, an object can be defined as invisible if (1) light does not interact with it (the object is a non-radiating source), if (2) the energy scattered by the object is the same as the one scattered by the surrounding medium or if (3) light is purposely "bent" around 1.5 Metamaterial and metasurface cloaking 33 the object, by a cloaking device, so that no scattered energy is present [START_REF]Surface Electromagnetics: With Applications in Antenna, Microwave, and Optical Engineering[END_REF]. In these three cases, the original wave propagation is restored, and the object is undetectable (invisible). It becomes clear that, contrarily to invisibility devices portraited in science fiction, these solutions do not aim to suppress the presence of the scatterer altogether (or make it "transparent"), but instead focus on manipulating the energy scattered by the object in such a way that, when detected by an observer, the absence of the scatterer is emulated. In this sense, the word "invisible" becomes synonymous to "undetectable". Based on these three ideas, metamaterials and metasurfaces can then be envisioned. Two main types of solutions, based on the concepts of transformation optics and scattering cancellation, have been presented in the literature and will be reported in the following sections.

Transformation optics cloaks

The very first invisibility cloaks, based on transformation optics, were theoretically introduced in the early 2000s [START_REF] Leonhardt | Optical conformal mapping[END_REF], [12], [START_REF] Schurig | Metamaterial electromagnetic cloak at microwave frequencies[END_REF]. The theory of transformation optics is founded on mathematical transformations which can stretch or compress a regular Cartesian space into a transformed space, in which Maxwell's equations are still valid [START_REF] Leonhardt | Optical conformal mapping[END_REF], as schematized in Fig. 1.10a. Naturally, an EM wave travels through a material along a propagation direction (red arrow in Fig. 1.10a) in a Cartesian space, defined in 2D by two orthogonal vectors (x, y). The wave's behavior is fully determined by Maxwell's equations, as detailed in section 1.1, which are here valid on each point of the Cartesian space. This orthogonal space can be transformed into a non-orthogonal space, defined by the vectors (v = F (x), u = F (y)) and presented in Fig. 1.10b. The mathematical transformation F between the two spaces is such that Maxwell's equations are also valid in each point of the transformed space. The direction of an electromagnetic radiation traveling through the transformed space can then be controlled at will and, more specifically, be forced to bend around an object. Such space-bending transformations can be realized, at least in theory, with spatially varying, inhomogeneous, anisotropic metamaterials. The first transformation-opticsbased spherical optical cloak was first presented by Pendry et al. in 2006 [12] and is shown on the right side of Fig. 1.10a. A sphere of radius R 1 is enveloped by a 3D spherical cloak of radius R 2 , specifically designed to bend the direction of the impinging radiation around the sphere. Since the radiation does not interact with the inner sphere, it cannot be scattered by it and is thus undetectable by an observing radar system. The undetectability of the sphere via the cloak is a clear example of electromagnetic invisibility. A physical version of Pendry's ideal spherical cloak was presented by the group of Prof. Smith in 2006 [START_REF] Schurig | Metamaterial electromagnetic cloak at microwave frequencies[END_REF] to experimentally validate the concept of transformation optics-based invisibility cloaks. The 3D metamaterial cloak is designed to hide a metallic cylinder and consists of ten, equally spaced cylinders including split ring resonators (SRR), whose geometric parameters can be adjusted to realize the required, spatially varying, permittivity and permeability profiles, as shown in Fig. 1.10b. The simulated and measured electric field patterns are reported on the right in Fig. 1.10b. In the top row, the two simulated patterns correspond to a perfect transformation optics cloak, (as introduced by Pendry in [12]), and a simplified cloak respectively. In the case of the perfect cloak, the EM wave impinges onto the cloak around the scatterer and is deformed by it in such a way that the propagating wavefront is correctly restored, emulating the absence of the scatterer. While simulation results validate the concept, the realization of such 3D cloaks is hindered by the required 3D material profile. The simplification of the theoretically perfect cloak is then necessary to achieve a realizable prototype. In the case of the simplified cloak, the perturbation of the scatterer is partly reduced, but the signature of the object still remains visible. In the bottom row, the measured patterns for the bare and cloaked cylinder, based on the simplified cloak design, are reported. Without any cloak, the signature of the scatterer, perturbing the propagating wavefront, is apparent. The measured electric field profiles of the prototype show a clear correction of the propagating wavefront with respect to the bare case, experimentally validating the concept of transformation optics cloaks.

An alternative cloaking solution, also based on transformation optics, was presented by Li and Pendry in 2008 [START_REF] Li | Hiding under the carpet: A new strategy for cloaking[END_REF] and is shown in Fig. 1.10c. Carpet cloaking consists in covering a scattering imperfection on a surface (the bump in Fig. 1.10c) with a carefully designed metamaterial cloak with specific, anisotropic material properties. Such metamaterial carpet cloaks can be used to hide the presence of objects on a perfect electric conductor PEC surface and restore the reflection of a perfectly flat surface, as shown on the electric field distributions of Fig. 1.10c. The electric field distribution on the top shows the reflection of a wave, propagating through a metamaterial carpet (dotted black line), while the distribution on the bottom displays the perturbation of the reflected wave due to the presence of the scatterer on the surface. A major drawback of carpet cloaking is, however, that it is only effective along a specific direction of the incident radiation, making the cloaked imperfection still overall visible in a 3D environment.

Transformation-optics metamaterial cloaks have also been presented in the context of electromagnetic illusion to modify the scattering behavior of an object in such a way that the latter appears to be a different one. One of the earliest and most interesting works on the topic was presented by Lai et al. in 2009 [45] and is shown in Fig. 1.11. In the first example, a dielectric spoon (Fig. 1.11a) is placed in an illusion device (Fig. 1.11b) to make it appear like a metallic mug (Fig. 1.11c). In this case, the goal was not to emulate the absence of the scatterer (like in regular invisibility cloaks), but instead emulate the presence of a vastly different object, with a different geometry and material properties. In the second example, a non-transmissive wall (made of a material with ϵ = -1) is considered (Fig. 1.11d). By placing an illusion device on the wall (Fig. 1.11e), it is possible to emulate the presence of a hole in the wall (Fig. 1.11f), which allows the radiation to "tunnel through" the wall, enabling visibility for an observer placed on the other side of the wall, at a specific frequency of operation. In this example the goal is not to cloak or emulate a different object, but instead to improve the detectability through a non-visible material, which is, in many ways, the opposite function of a traditional invisibility device. While the theoretical and historical importance of transformation optics metamaterial cloaks is undeniable in the fields of electromagnetic invisibility and illusion, their realization is usually hindered by complex, anisotropic material properties profiles which cannot be realistically obtained. Moreover, the unavoidable bulkiness, weight, sensitivity to fabrication imperfections and material losses are important drawbacks of this technology. As a way to solve these problems, alternative solutions, based on 2D metasurface technology, have since played a much larger role in the field and are presented in the following section.

Scattering cancellation cloaks

While transformation optics solutions are based on the idea of manipulating the propagation path of EM waves to precisely bend them around a scatterer (and thus effectively inducing no scattering), a cloaking effect can also be achieved by canceling the scattering signature of the scatterer with counterbalancing scattering elements. The concept of scattering cancellation is based on the idea that the energy scattered by a volumetric or surface scatterer can be suppressed via destructive interference by enveloping it with a carefully designed shell or cloak. This can be achieved by choosing the material and geometric parameters of the cloak in such a way that the coefficients associated to the scattering modes of the cloaked scatterer are equal to zero. This concept was first introduced in 2005 by Professors Alù and Engheta [START_REF] Alú | Achieving transparency with plasmonic and metamaterial coatings[END_REF]: a spherical dielectric scatterer (the core) is enveloped by a spherical dielectric shell and illuminated by an impinging EM wave. The electric and magnetic fields are expressed as a sum of harmonic basis functions and unknown coefficients associated to these functions. As the EM wave travels through the shell and the core, boundary conditions can be set between the background/shell materials and the shell/core materials, as detailed in section 1.1. A perfect scattering cancellation condition can then be achieved by purposely designing the shell in such a way that the coefficients associated to the scattering modes of the cloaked objects are null. Since the total scattering is null, the object is undetectable and thus invisible.

A fundamental difference between transformation optics cloaks and scattering cancellation cloaks relies on the interaction between the EM wave and the scatterer. In the first case, the zero-scattering condition is achieved by "bending" the wave around the object, which does not interact with EM wave. In the second case, the scatterer does interact with the impinging wave and the zero-scattering condition is achieved via destructive interference with the scattering arising from the shell. While in both cases the invisibility/undetectability condition can be achieved (at least theoretically), transformation optics cloaks do not allow the interaction of the scatterer with the wave and thus are not suitable for cloaking scatterers interacting with the background. This is the case of cloaking solutions for sensors, which ideally should be cloaked from external observers via an invisibility device (a shell) all while being able to sense the environment. I will now discuss plasmonic cloaking and mantle cloaking, the two main design strategies for the shell presented in the literature [START_REF] Chen | Invisibility and cloaking based on scattering cancellation[END_REF].

The first way of realizing a scattering cancellation cloak is via a homogeneous dielectric layer with low or negative permittivity/permeability, inducing local polarization vectors which destructively interact with the polarization vectors of the core (the scatterer). Such material properties can be obtained from metamaterials, as discussed in section 1.2. The precise local material profile to be realized by a metamaterial plasmonic cloak can be analytically retrieved in the case of spherical and cylindrical Figure 1.12: (a) A spherical scatterer covered by a metamaterial shell. A cylindrical scatterer covered by a metamaterial shell. Top-view of the cloaked cylinder. The metamaterial, made of metallic plates embedded on a dielectric medium, is homogenized [START_REF] Chen | Invisibility and cloaking based on scattering cancellation[END_REF]. (b) A dielectric cylinder is covered with a mematerial shell made of spherical nanoparticles. Scattering cross section of the bare cylinder (black), the cylinder with a homogeneous metamaterial shell (dashed blue) and with a shell made of spherical nanoparticles (dashed red) [START_REF] Monti | Optical cloaking of cylindrical objects by using covers made of core-shell nanoparticles[END_REF]. (c) Photograph of a dielectric cylinder cloaked with an 8-piece dielectric shell, separated by copper tape. Electric field distributions of the uncloaked (first column), cloaked (second column) cylinders and free space (third column) at various frequencies [START_REF] Rainwater | Experimental verification of three-dimensional plasmonic cloaking in free-space[END_REF].

scatterers [START_REF] Chen | Invisibility and cloaking based on scattering cancellation[END_REF]. A spherical and cylindrical cores (the scatterers), enveloped by a bulky metamaterial, are shown in Fig. 1.12a. In the cylindrical case, a possible metamaterial shell design can be obtained via metallic plates embedded in a dielectric medium. The metamaterial shell is then homogenized and the effective material properties tuned via the parameters of the plates (number and spacing). An interesting realization of the concept was presented in 2011 [START_REF] Monti | Optical cloaking of cylindrical objects by using covers made of core-shell nanoparticles[END_REF] and is shown in Fig. 1.12b. The scattering of a dielectric cylinder is suppressed in the optical domain by a homogeneous metamaterial cloak obtained with spherical core-shell nanoparticles. Full-wave simulation results show that the scattering cross section of the cylinder (in black) can be drastically reduced by carefully designing a homogeneous metamaterial shell (in dashed blue) and that such a shell can be realized with spherical nanoparticles (in dashed red). Experimental validation of plasmonic cloaking was achieved in 2012 by Alù's group [START_REF] Rainwater | Experimental verification of three-dimensional plasmonic cloaking in free-space[END_REF] and is presented in Fig. 1.12c. A dielectric cylinder is covered by a metamaterial cloak made of 8 dielectric pieces, separated by copper tape. The effective parameters of the metamaterial cloak are tuned via the radial length of the copper tape and the thickness of the dielectric shell. The measured electric field distribution of the cloaked/uncloaked cylinder and free space are also presented in Fig. 1.12c. Covering the cylinder with the plasmonic cloak allows to recover the free-space field distribution around the design frequency of 3.1 GHz. However, similar field distributions above and below this central frequency demonstrate that the scattering cancellation effect is only achieved in a narrow band of operation. Furthermore, the inclusion of the plasmonic cloak increases the overall thickness of the cloaked cylinder by 30%, which constitutes an important limitation of the proposed solution. Drastically reducing the size of cloak is a necessary requirement to envision similar plasmonic cloaks in real case scenarios. While plasmonic cloaks have played an important role in the early 2010s in the development of scattering cancellation cloaks, their actual implementation is still mostly hindered by the limitations of bulky metamaterials, already discussed in section 1.2.

An alternative way of achieving scattering cancellation is by enveloping an object with an electrically thin cloak, referred to as a mantle cloak, and inducing surface currents along the cloak which destructively interfere with the scattering of the object to be cloaked. This technique, called mantle cloaking, can be implemented with thin metasurfaces, realizing a specific surface impedance profile. The main advantage of mantle cloaking, compared to plasmonic cloaking, is that the required impedance values can be obtained by tuning the geometric parameters of the meta-atoms, without the need of bulky, lossy metamaterials. The technological advantages and easier implementation of 2D metasurface cloaks, compared to 3D metamaterial cloaks, has put mantle cloaking on the spotlight of metasurface-based electromagnetic invisibility solutions during the 2010s. The concept of mantle cloaking was first introduced by Prof. Alù in 2009 in [START_REF] Alù | Mantle cloak: Invisibility induced by a surface[END_REF], where it was theoretically demonstrated that the scattering from a dielectric or metallic sphere can be cancelled by covering it with a spherical metasurface mantle, realizing a specific surface impedance profile. The metasurface is treated as a surface impedance Z S as detailed in section 1.3. A possible implementation of a mantle cloak for a spherical scatterer is shown in Fig. 1.13a. Enveloping the sphere with a cloak allows to control the electric field's amplitude and phase distributions around the scatterer which leads to an important reduction of the sphere's scattering cross section at a specific operational frequency. Mantle cloaking was then experimentally validated in 2013 by Alù's group in [51]. A dielectric cylinder is covered with a metasurface consisting of a mesh of metallic strips and measured in a bi-static configuration, as shown in Fig. 1.13b. The measured electric field distributions of the uncloaked/cloaked cylinder and free space show that the scattering of the cylinder is optimally cancelled at 3.7 GHz and that the effect is stable in frequency in the entire 3.3 -3.9 GHz. These results suggest that 2D mantle cloaks are more suited to achieve a relatively broadband scattering cancellation effect than 3D plasmonic cloaks (Fig. 1.12c). An interesting implementation of mantle cloaking, in the case of metallic scatterers, was presented in 2015 by the group of Prof. Werner [START_REF] Jiang | Restoring intrinsic properties of electromagnetic radiators using ultralightweight integrated metasurface cloaks[END_REF]. The study tackles the problem of the mutual perturbation of two monopole radiators, shown in the photograph of Fig. 1.13c. The omnidirectional radiation of a monopole is usually disrupted by the presence of a second monopole in its vicinity. This perturbation can be observed on the electric field distributions of Fig. 1.13c (top row) at the two operational frequencies of the radiators (2.42 GHz and 5.2 GHz). By coating the monopoles with carefully designed metasurface cloaks, the omnidirectional radiation of the monopoles can be restored at both frequencies of operation (bottom row). These two studies ([51], [START_REF] Jiang | Restoring intrinsic properties of electromagnetic radiators using ultralightweight integrated metasurface cloaks[END_REF]) experimentally validated the concept of scattering cancellation via 2D mantle cloaks, in the case of dielectric ( [51]) and metallic ( [START_REF] Jiang | Restoring intrinsic properties of electromagnetic radiators using ultralightweight integrated metasurface cloaks[END_REF]) cylinders.

While metasurface-based mantle cloaks offer several advantages with respect to metamaterial-based transformation optics cloaks and plasmonic cloaks (more compact design, lower material losses, easier fabrication and implementation), two drawbacks of this solution can be highlighted. First, mantle cloaks are designed to cloak a specific object with a given geometry and material properties and cannot be used to cloak a different one. This limitation is due to the fact that the scattering cancellation effect is based on the interaction between the EM wave and the object to be cloaked. By comparison, transformation optics cloaking relies on the idea of "bending" EM waves around a given area in space, independently on the object occupying the space. Transformation optics cloaks would thus still be suitable when changing the object placed in the cloaked area. Second, scattering cancellation cloaks are limited to objects mostly subwavelength in size. In fact, as discussed in [START_REF] Fleury | Cloaking and invisibility: A review[END_REF], the bigger the scatterer (with respect to wavelength), the higher the number of scattering harmonics to be suppressed by the cloak. Simultaneously cancelling several scattering modes may be achieved by increasing the number of layers and the overall complexity of the structure, but it would also hinder the fabrication and implementation of such cloaks. Prof. Fleury and Prof.
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Alù thus conclude in [START_REF] Fleury | Cloaking and invisibility: A review[END_REF] that the size of the scatterer is one of the main limitations of scattering cancellation technology.

Conclusion

In this chapter, I have first introduced in section 1.1 the theoretical background , based on Maxwell's equations, to describe the propagation of an electromagnetic wave in a dielectric medium (via the constitutive relations of the medium) and at the interface between two media (via the boundary conditions). Manipulating the material properties of the propagation medium and/or the boundary conditions between two media allow one to fully control the EM radiation to realize a variety of applications (emission/reception of signals, reflection/transmission/absorption of waves etc.). I have then presented in section 1.2 the concept of metamaterial, a composite material with artificial engineerable material properties. I have shown some examples of metamaterials from the literature and highlighted the limitations of this technology (their bulkiness, weight, volume, material losses), which greatly hinder their implementation in real life scenarios. As a way to overcome the techonological shortcomings of volumetric metamaterials, all while maintaining control over EM radiation, the concept of 2D metasurfaces was then introduced in section 1.3. I have presented the generalized sheet transition conditions (GSTCs) used to describe the general behavior of an arbitrary metasurface and the equivalent impedance matrix approach used to characterize metasurfaces in terms of surface impedances Z S . I have then presented some of the most important metasurface applications in section 1.4 (anomalous reflection/refraction, polarization control, absorption, imaging) and finally focused on the most important metamaterial and metasurface solutions for EM cloaking (transformation optics cloaks, carpet cloaks, plasmonic cloaks, mantle cloaks) in section 1.5.

Part I Camouflaging a radome seam with metasurfaces

Chapter 2 In this chapter, I first introduce ground-based seamed radomes and the scattering problem affecting them. I then define the forward scattering of a radome seam, highlight three main characteristics of the perturbation effect, and introduce the perturbation factor, a parameter used to quantify the perturbation caused by the seam. I then conclude by presenting some of the solutions presented in literature to solve this problem and their limitations.

Scattering problems in ground-based radomes

Introduction on ground-based seamed radomes

The word "radome", a portmanteau of "radar" and "dome", is used to describe a weatherproof enclosure for the protection of antenna and radar systems [START_REF] Shavit | Radome electromagnetic theory and design[END_REF]. The main function of a radome is to be fully transparent to the EM radiation transmitted or received by the antenna, all while assuring its protection from harsh weather conditions that could potentially damage the system, such as rain, snow, strong wind, etc. Radomes also play a major role in reducing the cost of the communication system they protect. In fact, radomes enable the use of non-weatherproof materials and simple antenna designs for the realization of the communication system, which results in an important drop in the system's price. Fabricating a communication system covered by a radome is thus the most cost-effective solution. Simply put, the use of radomes enables Chapter 2. Scattering problems in ground-based radomes antenna manufacturers to focus on the RF optimization of antennas, while the eventual environmental constraints (where the antenna will be placed in a real scenario) will be taken care by the radome. First developed in the USA in the 1940s as a solution to protect radar systems during World War II, radomes are nowadays ubiquitous in most communication systems, ranging from military and commercial SATCOM, communication and weather radars, air traffic control, surveillance radar systems and many more. Depending on the installation site of the radome, two important radome categories can be defined: ground-based radomes, mostly installed (as the word suggests) on ground, and airborne radomes, installed on aircrafts. The main difference between the two is that airborne radomes are designed by taking into account aerodynamic considerations to reduce air drag forces, while ground-based radomes have less structural constraints.

In this section of the PhD report, I will only focus on ground-based radomes.

According to the materials used for fabrication, three radome categories can be defined: solid laminate, inflatable, and sandwich radomes, shown in Fig. 2.1. Solid laminate radomes (Fig. 2.1a) are made of a unique fiberglass panel, curved to achieve a quasi-spherical shape. The thickness of the panel is adjusted to achieve maximum transparency at the operating frequency of the radome. Inflatable radomes (Fig. 2.1b) are basically large balloons, made of a strong fabric, highly pressurized to keep the geodesic form. While very efficient in terms of RF transparency, inflatable radomes need to be continuously pressurized, making them vulnerable to electrical breakdowns, and are weaker to harsh environmental hazards, like heavy rain or strong winds. In Fig. 2.1b, the radome is placed on top of the pressurization system. Sandwich radomes are composite multilayer structures, made of various dielectric layers to achieve very high transmission performance over narrow frequency bands or at specific operating frequencies. A common 3-layer sandwich design, consisting of a low-index dielectric layer (core) sandwiched between two high-index dielectric layers (skins), is presented in Fig. 2.1c. In the case of this study, a 3-layer sandwich radome panel will be considered. Concerning the shape of the radome, quasi-spherical and geodesic shapes are the most common realized geometries for ground-based applications and are purposely chosen to reduce reflection losses. In fact, in the case of a perfectly spherical radome, the radiation from an emitting source placed at the center of the radome can be considered normally incident on each point of the radome surface. Limiting the angular range of incidence of the radiation emitted/received through the radome can thus improve the transparency performance of the radome structure. The radome size is usually related to the operating frequency band of the enclosed system and can vary from relatively small structures (Fig. 2.1a) to very large ones (Fig. 2.1d,e). Depending on the size of the antenna system, its protective radome cannot always be built as one unique quasi-spherical piece. The radome is then realized by assembling in-situ prefabricated panels (made of solid laminates or multilayer sandwich structures) with mechanical seams to achieve the desired architecture. The panel piece is said to be "framed" by the seams and the radome is described as "seamed". Triangular or polygonal frames are commonly used to realize the geodesic geometry. Depending on the material of the seam, a seamed radome can either be a metal space frame (MSF) radome (Fig. 2.1d) or a dielectric space frame (DSF) radome (Fig. 2.1e). In the photograph of Fig. 2.1e, frames (made of triangular panels framed by metal seams) are assembled to achieve the geodesic geometry. In the context of this study, a DSF radome will be considered. Regardless of their material properties, mechanical seams are generally only slightly transparent to EM radiation and are the main source of transparency losses due to scattering phenomena. A description of the perturbation of the seam and the solution being currently used in the radome industry are presented in the following sections.

An important note to the reader on the language used in this report: in the context of radomes, the words "frame", "seam", "beam" and "joint" all refer to the mechanical pieces used to ensure the structural stability of the radome. In this report, I have decided to use the word "seam" to describe these pieces. When specifically focusing on a seam linking two pieces of the radome panel, the word "juncture" is used.

Definition of the forward scattering of the seam

While the monolayer or multilayer dielectric panels of a radome are optimized in terms of RF transparency by carefully adjusting the material and thickness of each layer, the connecting seams are usually designed with only the mechanical stability of the structure in mind. These mechanical pieces are made of slightly transparent, highindex dielectric materials whose RF performance is often poor and unoptimized at the operating frequency of the system. As a result, these pieces act as parasitic scatterers and constitute a primary source of radome signal loss. The impact of a dielectric seam on the radiation pattern of an antenna placed within a radome can be visualized by comparing the antenna gain of a horn antenna perturbed by a low-index radome panel (ϵ r = 1.2) to the antenna gain of the same antenna perturbed by two low-index radome panels connected via a high-index seam (ϵ r = 3), as shown in Fig. 2.2. The structures are simulated at 10 GHz with the full-wave electromagnetic solver HFSS from Ansys. The perturbation induced by the seam is clearly visible in the 3D far-field radiation pattern of the horn antenna as parasitic side lobes (Fig. 2.2, bottom row). The unperturbed 3D radiation pattern (Fig. 2.2, top row), which appears to be smooth and regular in the forward direction of the antenna, is disrupted and becomes irregular once the seam is included in the simulation. This visible perturbation is a consequence of scattering phenomena induced by the high-permittivity material and it can be seen as the scattering signature of the seam. This phenomenon is often referred to, in the context of seamed radomes, as the forward scattering of the seam.

Scattering phenomena in high-index dielectric materials are linked to internal polarization currents that arise when the dielectric is illuminated by an EM field [START_REF] Shavit | Radome electromagnetic theory and design[END_REF].
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To understand how these polarization currents are linked to scattering phenomena, we consider a dielectric volume, made of neutrally charged, but polarizable dielectric molecules. When excited by an electric field, positive and negative charges within these molecules are either aligned along the direction of the exciting field or shift away from it in the opposite direction: the dielectric molecules are polarized. When considering the time evolution of these charge displacements, non-zero internal currents known as polarization currents are observed. By definition, the permittivity ϵ of a dielectric material is used to describe how polarizable the material is, or in other words, how easily the dielectric can be polarized when illuminated by an electromagnetic wave. The higher the permittivity, the more easily polarizable the dielectric is and thus the more important the induced polarization currents will be. Due to the presence of such currents and their evolution over time, an analogy can be drawn between the dielectric object and a common radiating dipole: in both cases, thanks to currents flowing between two oppositely charged poles, an electromagnetic radiation is emitted. The radiation that arises from polarization currents within a dielectric object is what is defined as the scattered field and corresponds to the scattering signature of the dielectric object. The forward scattering phenomenon observed at low/high/low index dielectric junctures is the consequence of the superposition of the illuminating radiation with the additional radiation arising from the polarization currents. In these terms, the perturbation can be suppressed, and thus the high-index dielectric camouflaged, by canceling the polarization currents from which the scattered electric field arises.

When studying a low/high/low-index juncture, like the one shown in Fig. 2.2, three main characteristics of the perturbation can be highlighted. In the near-field region, (i) an increased electric field amplitude (localized in the transmitted domain at the level of the high-index scatterer), and (ii) a disrupted phase profile can be observed. In the far-field region, the perturbation is visible in the radiation pattern of an illuminating antenna as (iii) spurious side lobes diverging the impinging energy towards undesired directions. Purposely reducing the internal polarization currents then directly addresses these three problems: it induces the reduction of the forward transmitted amplitude, the restoration of the planar phase profile and the suppression of the parasitic lobes visible in the far-field radiation patterns. The forward scattering problem is then solved and the parasitic signature of the high-index obstacle in the juncture is no longer visible. This can lead to the desired camouflage effect of the high-index dielectric obstacle, which appears to be effectively "invisible" with respect to the surrounding low-index dielectric. In the context of this study, I consider the camouflage effect to be achieved when these three characteristics of the perturbation have been correctly addressed. 

Induced field ratio and perturbation factor definition

In the context of seamed radomes, the perturbation induced by mechanical seams has always been an important concern during the design process. Efforts to estimate the impact of the seams on the transparency performance of radomes can be traced back to at least 1958 when P.D. Kennedy introduced the concept of "induced current ratio" in [START_REF] Kennedy | An analysis of the electrical characteristics of structurally supported radomes[END_REF]. The same quantity will then be re-introduced in 1965 as "induced field ratio" by A.F. Kay claiming that "the original name is confusing and will not be used here" [START_REF] Kay | Electrical design of metal space frame radomes[END_REF]. The induced field ratio (IFR), introduced in the 1965's work, has been used for the design of seamed radomes for almost 60 years (as of the writing of this thesis). The IFR is defined as the difference between the far-field scattered by a radome juncture F juncture (comprising two reference panel pieces linked by a seam) and the far-field scattered by the same reference panel F panel having the same size of the juncture, normalized by the far-field radiation of the illuminating source (F incident ). It is assumed that the juncture and reference panel are uniformly illuminated by an impinging plane wave. The simple formula of Eq. 2.1 corresponds to the 1965's IFR definition.

Induced field ratio and perturbation factor definition

51 IF R = F juncture -F panel F incident (2.1)
The IFR is a complex number depending on the frequency, polarization state and direction of the impinging illumination. It is defined for a specific radome juncture with given material properties (dielectric or metallic seam) and size (geometry and thickness of the seam). Explicit analytical formula for the calculation of the IFR of a cylindrical cross section have been thoroughly presented by Prof. R. Shavit in pages 158, 164 and 165 of his recent book [START_REF] Shavit | Radome electromagnetic theory and design[END_REF]. Interestingly, the approach of R. Shavit consists in treating the seam in terms of equivalent polarization currents which lead to IFR formula as a ratio of currents (not fields). I would argue that his work has legitimized the initial 1958 definition by P.D. Kennedy. While the analytical formula presented by R. Shavit can be used to compute the IFR of homogeneous metal or dielectric seams of simple geometries, the IFR of composite metal/dielectric structures (such as tuned dielectric seams) is more easily obtained by full-wave simulations of the juncture or by directly measuring the scattered fields of the juncture and the reference panel in a real environment, such as an anechoic chamber. In the context of my thesis, I've not taken a fully analytical approach, but I instead focused on full-wave simulations on the tuned juncture and performed measurements on real proof-of-concepts tuned seams. In fact, the limits of a purely analytical approach become apparent when considering complex metal/dielectric composite structures like a metasurface-tuned seam (introduced in the following sections), which would require the definition of equivalent polarization currents for the dielectric volume and spatially varying equivalent currents to represent the counterbalancing currents induced along the metallic tuning elements (the metasurfaces). Thankfully, the IFR can still be used as a global parameter and calculated by simulating or measuring the far fields of the tuned structure, regardless of its structural complexity.

While IFR is a relatively straightforward parameter easily defined to quantify the perturbation of an object with respect to a reference, it is important to recall some major limitations. Since the actual IFR values are objectively tied to a very specific seam/panel context, changing the material properties or the geometry of either the seam or the panel will inevitably change the IFR. As such, I believe the IFR to be, by definition, a somewhat subjective and easily misleading parameter. Simply put, without properly contextualizing both the radome and the panel, simulated or measured IFR values do not hold per se a clear information about the perturbation of an object or the actual transparency performance of a juncture. Low IFR values simply indicate how similar the far-field of a juncture is compared to the one of a reference panel, but it gives no actual indication of how transparent the panel actually is. If, for example, the panel chosen as a reference is not optimally transparent within the frequency band in which the IFR is calculated, an IFR of 0 would simply mean that the seam is as perturbative as the panel. In this case, minimizing the IFR doesn't imply that the juncture will be any more EM transparent than the already unoptimized panel. This problem is further exacerbated when the reference panel is specifically optimized for a specific frequency or very narrow frequency bands, like in a highly optimized multilayer sandwich panel. Low IFR values will then be indicative of a lower perturbation of the seam at those specific frequencies but will be generally misleading elsewhere. The manufacturer (or worse the buyer) may then believe that the juncture is highly transparent (due to a minimized IFR) in a broad frequency band, unaware that the multilayer sandwich radome is in fact only transparent in a narrower band of operation. The lack of clarity that comes from not fully specifying the reference panel used in IFR calculation is an important concern both in the industry and in the scientific literature. Thus, IFR values presented in different documents (scientific articles or technical notes) may not be objectively comparable and the reader interested in further studying the topic is highly advised to treat IFR data with caution.

Besides the objectivity and comparability concerns expressed above, I also believe the IFR to be a rather poorly named parameter. While answering the question "what is the IFR actually supposed to represent?" and focusing on the practicality of the definition instead of the underlying physics ("ratio of currents", "ratio of fields"), I found a rather simple answer: it should describe, quantitatively, the perturbation of a radome seam, with respect to a given reference radome panel. Since this definition implies a certain number of very specific parameters (such as the material properties and geometry of the seam, among others) and how the perturbation of one specific seam for a specific radome is inherently not a quantity that can be easily generalized to any radome, I believe the most effective way to present this quantity is by normalizing it, in a given frequency band, and presenting it as a percentage value instead of a complex number or a scalar value, devoid of any immediately useful information. Let me give the reader a straightforward example by offering a realistic scenario. Let us assume that I (the writer) tell you (the reader) that by burying metasurfaces in a radome seam I can reduce its IFR at 10 GHz from 3.2 to 1.5. Let us also assume that you (the reader) do not know what the IFR stands for, not what it is supposed to represent. To reach the common conclusion that the tuned seam is less perturbative after tuning it with metasurface, I would have to diverge our conversation to fully explain what the IFR is. Let us now consider this alternate scenario. I now tell you that by burying metasurfaces in a radome seam I can reduce its perturbation factor at 10 GHz from 90% to around 10%. Not only is the information given descriptive ("reducing the perturbation" implies that I'm improving the system, without the need to clarify that the IFR must be minimized), but also self-sufficient (meaning that I don't need to explicitly add additional information for my initial sentence to be understood). Thus, in the context of this study, I will call the normalized IFR (introduced in Eq.2.1) the perturbation factor ρ of a given radome juncture.

ρ(f, P ) = |F juncture (f, P ) -F panel (f, P )| (2.2)
A value of ρ = 100% corresponds to the maximum perturbation of the seam in a specific frequency band, while a value of ρ = 0% corresponds to a non-perturbative juncture "behaving" like the panel. The perturbation factor can be directly obtained from the far-field radiation patterns of the panel (F panel ) and the juncture (F juncture ), measured in an anechoic chamber for a given frequency f and polarization state P of the impinging illumination. Practically, F panel and F juncture correspond to the S 21 parameter (expressed in dB) of the scattering S matrix associated with a 2-port measurement set-up. An in-depth description of the measurement set-ups will be presented in sections 4.3 and 4.4. The ratio of S 21 parameters can be written as a difference ∆S 21 , function of the frequency f, the polarization state P, measured in a 2θ spatial window around the direction of propagation, as described by Eq.2.3.

ρ(f, P ) = θ -θ S 21,juncture (f, P ) -S 21,panel (f, P )dθ = θ -θ ∆S 21 (f, P )dθ (2.3)
In the original 1965 article [START_REF] Kay | Electrical design of metal space frame radomes[END_REF] where the IFR is introduced, the spatial window, called the blocking area of the scatterer, is defined as "the projection onto a reference plane [perpendicular to the direction of propagation] of the outline dimensions of the scatterer". In more practical terms, the perturbation factor is calculated in the finite area delimited by the scattering signature of the seam. The size of the blocking area, introduced as a far-field parameter, can be easily estimated by measuring a juncture in an anechoic chamber and observing the extension of the spurious lobes induced by the seam. More details about the radome seam and the measured perturbation factor of various junctures will be presented in the following sections.

When considering the size of the blocking area of the seam, interesting remarks regarding the energy conservation of the system can be made. In Eq. 2.3, the S 21 parameters represent the energy transmitted from port 1 to port 2 through the radome panel (S 21,panel ) or the juncture (S 21,juncture ) within the blocking area of the seam.

ρ can be exactly equal to zero when S 21,juncture =S 21,panel , in which case the energy transmitted through the radome panel and juncture is exactly the same. A value of ρ different from zero describes a scenario in which more (or less) energy is being detected through the juncture compared to the panel, within the blocking area defined by 2θ. Since in both cases the energy radiated by the source must be conserved, ρ 0 implies that part of the energy is being redirected in spurious directions outside the blocking area. Thankfully, when integrating Eq. 2.3 in the entire space, the difference between S 21,panel and S 21,juncture evens out and ρ naturally converges towards 0, which ensures energy conservation of the system.

Once the influence of the juncture has been characterized by its perturbation factor ρ, various solutions, consisting on the inclusion of metallic elements within the dielectric volume of the seam, have been developed to minimize this effect.

Tuning the dielectric seam with metasurfaces

An effective way to suppress the scattering that arises from polarization currents in a dielectric medium is to purposely induce counterbalancing currents by burying metallic elements (such as wires or grids) in the dielectric volume. The dielectric object is then said to be tuned with the metallic elements [START_REF] Shavit | Radome electromagnetic theory and design[END_REF], [START_REF] Michielssen | Rcs reduction of dielectric cylinders using a simulated annealing approach[END_REF], [START_REF] Virone | A design strategy for large dielectric radome compensated joints[END_REF], [START_REF] Macdonald | An overview of radomes for large ground-based antennas[END_REF]. When the tuned structure is illuminated by an impinging EM radiation, the polarization currents of the dielectric volume and the additional induced currents can then interfere constructively, resulting in an increase of the scattering, or destructively, reducing the overall scattering. When the currents induced on the metallic structures counterbalance the polarization currents of the dielectric, the scattering is suppressed, and the aforementioned camouflage effect can be achieved. Such tuning techniques require the modification of the dielectric volume and are thus, by definition, invasive. While wireand grid-tuning solutions are commonly used to compensate the influence of these electromagnetically parasitic radome seams, they also present some limitations. For the scattering reduction phenomenon to be effective, the electric field of the impinging illumination should be aligned with the metallic structures integrated into the dielectric volume. Practically, this implies that the scattering will only be reduced for a specific polarization state of the impinging illumination: this is the case of wire-tuned seams. This problem can be alleviated by using polarization-insensitive grids instead of wires, but which are usually not optimized with respect to operating frequency and often rely on trial-and-error optimization procedures. A simple strategy to design grids for seam tuning applications is presented in [START_REF] Virone | A design strategy for large dielectric radome compensated joints[END_REF]. A grid-tuned seam, consisting of two highindex dielectric layers sandwiching the grid, is modeled with transmission lines and the design of the grid is derived by equalizing the insertion phase delay of the tuned seam to that of a reference low-index dielectric material panel. While the analytical approach is straightforward, finding a grid geometry exhibiting the required behavior simultaneously for transverse electric (TE) and transverse magnetic (TM) polarizations mainly relies on a trial-and-error procedure. Furthermore, such solution may not be suitable for obliquely incident wave illuminations. A frequency-adjustable, polarization insensitive and oblique-incidence-robust alternative solution for seam tuning is therefore highly desirable.

The tuning procedure can be easily described in terms of the perturbation factor ρ. After modifying the dielectric volume of the seam with metallic elements, an increase or decrease of the scattering is directly related to an increase or decrease of ρ. Different regimes can be defined depending on its value. If ρ is lower than 100%

(which corresponds to the maximum perturbation of the seam), then the scattering has been reduced. A perfect camouflage effect is achieved if the perturbation factor of the tuned juncture is exactly equal to 0%. A minimal perturbation of 0% indicates that the two structures are indistinguishable in terms of RF transparency. Very practically, a camouflage band can be easily defined by fixing a specific perturbation threshold (for example 20%). The efficiency solution of a tuning element can then be defined in terms of how much ρ is reduced in the frequency band of interest. The perturbation factor ρ can also be higher than 100%: in this case, the induced currents along the metallic structures interfere constructively, which leads to an increase of the juncture's perturbation and thus an enhancement of its scattering signature. This is opposite to the camouflage effect and will not be explored in this study.

Conclusion

In this chapter, I have first offered a general overview on ground-based radome structures and introduced the problem of parasitic scattering affecting seamed radomes at the panel/seam junctures. The forward scattering of the seam, which arises from internal polarization currents within the seam, was then defined. The perturbation of the seam is visible, in the near-field of the juncture, as an important increase of the scattered amplitude and, in the far-field region, as parasitic energy lobes. The perturbation of the dielectric seam can be suppressed by counterbalancing the polarization currents from which the scattering arises. This can be achieved by tuning the seam's volume with metallic elements: the induced currents along the tuning elements can then destructively interfere with the internal polarization currents of the seam in such a way that a camouflage effect is achieved. The efficiency of the tuning solution can be described in terms of the perturbation factor ρ of the juncture, which describes how differently the EM radiation is transmitted through the juncture with respect to a reference dielectric panel. While wire-and grid-tuning techniques to compensate dielectric seams are well known in the context of seamed radomes, they are rarely fully optimized at the operating frequency of the radome and in general the scattering reduction phenomenon is only limited to a specific polarization state of illumination. In this context, alternative tuning solutions to achieve a polarization-insensitive and frequency-adjustable camouflage effect of the seam are of interest for the performance enhancement of radomes. It is within this context that I will introduce (in chapter 3) and then experimentally validate (in chapter 4) the concept of metasurface tuning of the seam. In this chapter, I first present the concept of metasurface-tuning to suppress the scattering signature of dielectric radome seams. A step-by-step protocol for the design of the metasurface is introduced. I then focus on a simple transmission-line model for a metasurface-tuned radome seam and apply it to analytically retrieve the impedance value of the metasurface.

Chapter 3

Analytical model of metasurface-tuning

Introduction to metasurface-tuning

Metasurface-based "invisibility cloak" designs have been thoroughly studied, theoretically presented, and experimentally validated over the past decade, as detailed in the first chapter of this thesis. However, while cloaking solutions based on metasurfaces have been successfully designed and implemented to camouflage electrically small objects (small with respect to the operating wavelength), mechanical radome seams are usually bulky, and their dimensions can be of the order of or above the wavelength 58

Chapter 3. Analytical model of metasurface-tuning of operation. Camouflaging solutions based on the scattering-cancellation technique are generally not suited to cloak electrically large objects. In fact, as the size of the scatterer grows, so does the number of dominant scattering harmonics required to be suppressed by the cloak, hindering the actual implementation of such a solution [START_REF] Fleury | Cloaking and invisibility: A review[END_REF]. Thus, different cloaking techniques need to be considered for this case.

I propose in this work the use of metasurfaces (well known for cloaking and camouflage applications) in the context of radome seam tuning techniques to achieve a camouflage effect in the case of electrically large dielectric objects. By combining these two concepts, metasurface-tuning (MS-tuning) is introduced as an innovative solution to camouflage large, high-index dielectric radome seams and improve the performance of traditional wire-and grid-tuning techniques [START_REF] Cacocciola | Metasurfacetuning: A camouflaging technique for dielectric obstacles[END_REF], [START_REF] Cacocciola | Camouflaging a high-index dielectric scatterer with buried metasurfaces[END_REF], [START_REF] Cacocciola | Metasurfaces for far-field radiation pattern correction of antennas under dielectric seamedradomes[END_REF]. The main concept of metasurface-tuning is the following: by burying judiciously designed metasurfaces inside the dielectric volume of the scatterer (the radome seam), it is possible to control the currents induced on the metasurface, counterbalance the polarization currents from which the scattering arises and effectively camouflage the seam. The buried metasurfaces are modeled as zero-thickness, surface impedances Z S , whose values are optimized with respect to a dielectric reference structure (the radome panel). By tuning the geometric parameters of the buried meta-atoms, the forward scattering of the seam can be reduced to match the level of the reference, thus effectively camouflaging the seam. The surface impedance Z S of the metasurfaces serves as a good starting point for the design of the constitutive meta-atoms and can be retrieved analytically by modeling the metasurface-tuned seam with transmission lines. The radome seam is tuned with two metasurfaces, buried at a given burial depth t from both sides. Such configuration corresponds to a realistic tuned seam, where two metasurfaces are positioned at an equal distance from the external face such that a symmetrical system is achieved. This is a necessary requirement because the antenna enclosed in the radome can, a priori, operate as both a transmitter and a receiver and the seams perturb the antenna's radiation in both modes. Thus, I aim to camouflage the seam independently of the face onto which the radiation is incident.

To design and realize the metasurfaces to be buried inside the seam's volume, I've defined a step-by-step protocol, shown in the workflow of Fig. 3.1. The four main steps of the protocol will be thoroughly detailed in the following sections.

1. A panel/seam/panel radome juncture is considered. The metasurface-tuned (MStuned) seam, comprising high-index dielectric pieces and the metasurfaces with their respective substrates, is modeled as shown in the exploded view in Fig. 3.1. The material properties and thicknesses of both the connecting panel and the seam as well as the burial depth of the metasurfaces are defined here. The reflection coefficient of the connecting panel is also necessary and can be retrieved analytically, by simulations or by waveguide measurements on a piece of the panel. 2. The MS-tuned seam is modeled with transmission lines. The metasurfaces are treated as surface impedances Z S , whose value is determined analytically by considering the parameters fixed in (1). An analytical value of Z S is then found (Z S,analytical ) and used as a starting point for the design of the metasurface's unit cell.

3. A design for the metasurface's unit cell is fixed. The unit cell is then simulated in a periodic environment with a full-wave EM solver. By sweeping the geometric parameters of the unit cell, the value of the surface impedance Z S,simulated can be tuned to match the analytically found one Z S,analytical . A first set of geometric parameters is found. The full metasurface-tuned seam is then simulated, and the geometric parameters of the unit cell optimized to achieve the desired camouflage effect.

4. The metasurface, consisting of a dielectric substrate onto which a periodic repetition of metallic unit cells is patterned, is fabricated. The metasurface-tuned seam can then be assembled, and the camouflage effect can be experimentally validated.

I will now introduce the design of the MS-tuned radome juncture and the transmissionline model used to retrieve the surface impedance Z S of the MS. The simulation and fabrication processes will be detailed in the next chapter.

Model of a metasurface-tuned radome juncture

Let us consider a panel/seam/panel radome juncture, as shown in the schematic of Fig. 3.2. The radome seam is simplified as a homogeneous rectangular slab. Any shape irregularities due to the mechanical function of the seam (holes, curved surfaces) are not considered. The panels are considered to be finite in thickness and infinitely large on the side. While a real juncture in a geodesic radome would present a given curvature, a flat juncture is here considered. Given the very large size of quasi-spherical ground-based radomes, the local curvature in the area of the juncture is usually of the order of some degrees. It is then reasonable, when focusing only on an isolated juncture and not the entire radome, to consider the area to be locally flat. Lossy, realistic material properties are considered. Changes to the permittivity and dielectric losses as a function of frequency are assumed negligible. The material properties of the seam and the panel are considered homogeneous throughout the volume.

The juncture is illuminated on one side by an EM field F inc . Due to the different permittivity of the central seam ϵ par with respect to the one of the connecting panels ϵ ref , the scattered field F sca through the reference panel (F ref sca ) and the parasitic seam (F par sca ) will be locally different. The scattered field is defined as the difference between The aim is to tune the parasitic dielectric slab such that it mimics the electromagnetic behavior of the reference one upon illumination of an incident electromagnetic wave.

the total field F tot and the illuminating field

F inc : F sca = F tot -F inc .
It is important to highlight that a realistic panel with lossy material parameters, and thus not perfectly transparent, is considered. The panel will then also experience spurious scattering arising from polarization currents within the dielectric volume. My goal here is to sufficiently reduce the scattered field through the seam (F par sca ) to the same level of the panel (F ref sca ) in such a way that the seam is effectively "invisible" in the context of its surroundings. In fact, if the incident wave impinging on the seam is scattered in the same way as when impinging on the dielectric reference panel, the parasitic object is effectively hidden in this context. In this sense, I do not aim to classically cloak the parasitic structure but camouflage it with respect to a reference one in a "chameleon-like" fashion. Simply put, I aim to modify the scattering signature of the panel/seam/panel juncture in a way that it matches the one of the bare panel (without the seam) and thus renders the juncture invisible to an external observer, like a radar.

Determining the required number of metasurfaces necessary to camouflage a scatterer is not straightforward. Theoretically, the higher the polarization currents induced within the scatterer, the higher the counterbalancing currents must be to induce a camouflage effect. The two main parameters of the scatterer that can be directly correlated to polarization currents are the relative permittivity ϵ r and the size. By definition, the higher the permittivity ϵ r , the more easily polarizable a material is, thus the higher the induced polarization currents will be. Furthermore, the bigger the scatterer, the higher the number of polarizable dielectric molecules and thus the more important the internal polarization currents will be. In the general case, the higher ϵ r and the bigger the scatterer, the higher the required counterbalancing currents will be. On the other hand, the currents induced on a single metasurface, at a given frequency of operation, are usually fixed and may not always be sufficient to fully counterbalance the polarization currents of the scatterer. This problem can be solved by burying multiple metasurfaces in the scatterer's volume. For example, one single metasurface may be sufficient to tune and camouflage a low-index or electrically small scatterer, but two or more may be necessary for a high-index, electrically large scatterer. Accurately describing the distribution of internal currents in a bulky dielectric material requires solving volumetric integral equations [START_REF] Shavit | Radome electromagnetic theory and design[END_REF]. The computational cost of such equations significantly increases even more when a composite dielectric-metallic structure, such as a MS-tuned seam solution, is considered. Luckily, the exact characterization of the internal currents of the seam is not necessary to determine the number N of buried metasurfaces or the design of the buried meta-atoms and it is generally faster and more computationally friendly to describe the problem in terms of scattered fields or global parameters, such as the perturbation factor introduced in Eq.2.3. In this study, I have focused on camouflaging a finite slab seam whose relative permittivity and size are close to the ones of a commercially available radome seam. While metasurface-tuning of a generic scatterer of any shape, size, and relative permittivity with N buried metasurfaces is not treated, the results obtained can be easily extended to the general case and may be further developed in the future. In the following sections, metasurfacetuning in the case of N = 2 buried metasurface is analytically introduced, modeled with transmission-line theory and a complete case study, with full-wave simulations and experimental validation, is reported.

Transmission-line model of the metasurface-tuned seam

The metasurface-tuned seam, consisting of a dielectric volume with N buried metasurfaces, can be modeled by transmission-line theory. The metasurfaces are treated as lumped shunt impedances Z S and the different regions within the dielectric are treated as separate transmission-line segments. The goal here is to analytically retrieve a value for the metasurfaces' impedance Z S , from which a design for the metasurface's unit cell can be deduced. The model for a dielectric seam of permittivity ϵ par tuned with N = 2 metasurfaces placed at a burial depth t 1 is presented in Fig. 3.3. The dielectric substrates of the metasurfaces, of thickness t sub and permittivity ϵ sub , are also considered in the model. The total thickness of the tuned scatterer, including the dielectric substrates of the buried metasurfaces, is equal to t 2 + 2(t 1 + t sub ) where t i=1,2 are the lengths of the transmission line segments of the different regions separated by the metasurfaces. In particular, t 1 corresponds to the placement of the MS's substrate within the dielectric volume and as such is what I define as the burial depth of the metasurface. The tuned structure can then be modeled by one unique equivalent impedance Z eq that can be deduced from the impedances of all the different transmission-line segments, according to Equations 3.1 and 3.2. The equivalent impedance Z eq of the MS-tuned seam is thus a function of several parameters: the material properties of the seam and MS's substrates (ϵ i ), the length of each transmission-line segment (t i ) and the surface impedances of the MSs (Z S ). The analytical retrieval of Z S from Z eq necessarily requires the reduction of the number of variables. Several practical considerations can be applied here. Firstly, the material properties and total thickness of the seam can be chosen based on commercially available radome seams. In the context of the study, a total thickness of 27 mm and relative permittivity of the seam ϵ par = 3 are considered. At this stage, the burial depth t 1 and the surface impedance Z S remain the two unknowns of the system. Two different approaches can then be considered: fixing the burial depth t 1 and analytically retrieve the surface impedance Z S or, alternatively, fixing the surface impedance Z S and analytically retrieve the burial depth t 1 . While both approaches are viable, I consider that fixing the burial depth remains the easiest route. In fact, while the surface impedance Z S (of a metasurface buried at a fixed burial depth t 1 ) can be easily tuned via the geometric parameters of the constitutive parameters of the metasurface, burying a metasurface (of fixed impedance Z S ) at a variable burial depth may prove difficult from a fabrication standpoint. For instance, fabrication of a multilayer seam design, as shown in the exploded view of Fig. 3.1, is limited to commercially available material thicknesses, thus limiting the range of possible burial depths to be considered. With these considerations, the burial depth is also fixed, leading to a 1-unknown (Z S ) problem that can be analytically solved. The alternative scenario (which consists of varying the burial depth of a fixed MS design) will be further discussed in section 4.6, where the camouflage effect of a reconfigurable metasurface-tuned seam is studied as a function of various burial depth values. Once the material properties and burial depth t 1 and substrate width t sub are fixed, the equivalent impedance of the MStuned seam Z eq is only a function of the metasurfaces' surface impedance Z S . We consider that the MS-tuned seam is illuminated on one side by an EM wave. The reflection coefficient Γ of the wave on one side of the structure can then be written as a function of the equivalent impedance Z eq according to Eq. 3.1. At this stage, specifying a value of the reflection coefficient is a well-known strategy to analytically solve an impedance problem. Typically, artificially setting the reflection coefficient to zero to have perfect impedance matching with air is a simple solution for the problem. However, since our goal here is to "mimic" the behavior of the surrounding material, the reflection coefficient Γ of the tuned structure is equated to the reflection coefficient Γ ref of the reference dielectric panel via Eq. 3.1, thus matching the impedance of the metasurface-tuned scatterer to that of the reference structure. The retrieval of the reflection coefficient of the radome panel is discussed in the section 3.4. In Eq. 3.2, η 0 is the free-space impedance and η the intrinsic impedance of a medium of relative permittivity ϵ r , defined as η = η 0 / √ ϵ r . Depending on the design of the tuned dielectric scatterer, the transmission-line model can be generalized for the case of N metasurfaces buried in the scatterer. More explicitly, in the case of the example shown in Fig. 3.3, the impedances for each transmission line segment are the following:

Γ = η 0 -Z eq η 0 + Z eq = Γ ref (3.1) 1 Z eq = 1 Z 1 + 1 Z 2 + 1 Z 3 + 1 Z 4 + 1 Z 5 Z 1 = η par Z S + jη par tan 2π λ 0 √ ϵ par t 1 η par + jZ S tan 2π λ 0 √ ϵ par t 1 Z 2 = η sub η par + jη sub tan 2π λ 0 √ ϵ sub t s ub η par + jη sub tan 2π λ 0 √ ϵ sub t sub Z 3 = η par η sub + jη par tan 2π λ 0 √ ϵ par t 2 η par + jη sub tan 2π λ 0 √ ϵ par t 2 Z 4 = η sub Z S + jη sub tan 2π λ 0 √ ϵ sub t sub η sub + jZ S tan 2π λ 0 √ ϵ sub t sub Z 5 = η par η 0 + jη par tan 2π λ 0 √ ϵ par t 1 η par + jη 0 tan 2π λ 0 √ ϵ par t 1 (3.2)
The surface impedance Z S associated with the MS is a complex number (Eq.3.3), whose real and imaginary parts are particularly indicative of the nature of the MS.

Z S = R S + jX S ( 3.3) 
The real part R S corresponds to the resistance and the imaginary part X S to the reactance. Positive/negative values of the resistance R S are associated with energy losses/gain. Realizing a metasurface satisfying specific R S values may require additional electronic components (for example varactors) which make the metasurface active. If the resistance R S is negligible with respect to the reactance X S then the metasurface can be approximated as fully lossless. The sign of the reactive part X S is directly linked to the expected behavior of the metasurface: a negative imaginary part denotes a capacitive behavior, while a positive imaginary part indicates an inductive behavior. The knowledge of both real and imaginary parts of Z S is thus insightful on the expected behavior of the metasurface and can even be used to guess a possible design of the meta-atom. In the case of this work, I will only consider fully lossless (R S = 0) metasurfaces, as it will be thoroughly detailed in the following section. Some important remarks on the validity of the analytical values retrieved with this approach are necessary. While the transmission-line model takes into account the lossy material properties of the constitutive materials of the seam (including the metasurface's substrate), the thickness of the structure and the position of the metasurface inside the seam, the lateral size of the seam is not considered in the transmission-line model. A shift from the analytical impedance value is then to be expected. Furthermore, the surface impedance Z S implies that the metasurface extends infinitely on a plane perpendicular to the propagation direction. Due to the finite nature of the seam (and thus the finite area to be patterned by the metasurface's unit cells), a further shift from the analytical value is to be expected. The inevitable impedance mismatch will be further discussed in section 3.6. Nevertheless, the analytical method described above allows one to retrieve a surface impedance value that serves as a good starting point for the meta-atom's design. A complementary optimization procedure remains necessary and will be presented in section 3.6.

The use of transmission-line theory to analytically retrieve the value of compensating elements in a dielectric radome seam is not new in the literature. For example, in [START_REF] Virone | A design strategy for large dielectric radome compensated joints[END_REF] the authors present a transmission-line model of a grid-tuned seam, in which the compensation grid is treated as a parallel lumped impedance, in a similar way to what I present here. Information about a reference radome panel is used to retrieve the impedance value of the compensating grid. While the problem is easily solved analytically, finding a grid geometry exhibiting the required behavior simultaneously for transverse electric TE and transverse magnetic TM illuminations mainly relies on geometric considerations on the horizontal and vertical stripes of the grid (practically, a trial-and-error procedure). The compensated seam correctly reduces the perturbation of the seam within the desired bandwidth, but the robustness of the solution to oblique illumination is not reported. A similar transmission-line approach can also be found in [START_REF] Monti | Anisotropic mantle cloaks for tm and te scattering reduction[END_REF]. The authors utilize similar transmission-line equations to model a metasurface mantle cloak placed on a dielectric scatterer. Scattering reduction is achieved simultaneously for TE and TM illumination due to the use of a square grid unit cell design for the metasurface cloak. The main limit of this work is that the dielectric scatterers are deeply subwavelength in size (λ 0 /50 and λ 0 /10). While the analytical approach presented in this work clearly does not constitute a novelty in the fields of radomes or metasurfaces for cloaking applications, the possibility of easily tuning the camouflage frequency of an electrically large scatterer via the geometric parameters of the chosen unit cell design and the robustness of the measured camouflage effect to polarization and oblique illumination (presented in the following sections) constitutes two important results that set my work apart from what was previously presented in the literature.

Reflection coefficient of the reference radome panel

The transmission-line approach presented in section 3.3 relies on the knowledge of the reflection coefficient Γ ref of the reference radome panel. In the case of this study, a multilayer sandwich radome panel, consisting of a low-index dielectric core and two high-index dielectric skins, is considered. The radome panel, provided by Saint-Gobain, also presents on one side a very thin paint coat (tens of µm of thickness). The paint 3.4 Reflection coefficient of the reference radome panel 67 is usually applied onto the outer side to improve the weatherproof performance of the radome. A photograph of a similar panel is shown in Fig. 2.1c. The reflection coefficient can be obtained by various means. Three main strategies can be identified: (i) analytical retrieval of the reflection coefficient via Fresnel equations on a dielectric slab, (ii) full-wave simulations or (iii) waveguide measurements on a piece of the radome panel.

Analytically, the reflection coefficient of a simple dielectric slab of thickness w and refractive index n, surrounded by air and illuminated by an impinging EM radiation traveling through the material with a wave vector k 1 = 2π/λ 1 (where λ 1 = λ 0 /n), can be obtained via Eq.3.4.

Γ = ρ 1 + ρ 2 e -2jk 1 w 1 + ρ 1 ρ 2 e -2jk 1 w (3.4)
Here, ρ 1 and ρ 2 are the reflection coefficients at the interfaces between the slab and the surrounding air from the left (ρ 1 ) and right (ρ 2 ) side of the slab. An illumination from left to right is considered. In the case of a multilayer sandwich panel, a similar equation can be derived by considering an EM traveling through each layer. The reflection coefficient will then be a function of the reflection coefficient ρ i at each interface. While relatively straightforward, this analytical approach implies the refractive index of each layer (and the eventual frequency dependance of the materials) to be well determined. In the case of this work, while the material properties and thicknesses of the panel's core, outer skins and paint coat were tabulated, uncertainties due to fabrication tolerances and slight variations due to a possible minor frequency dependence of the materials may need to be considered. We have thus decided to retrieve the reflection coefficient by direct waveguide measurements on a piece of the panel.

The reflection coefficient was also simulated in HFSS for comparison's sake. The simulated (in orange) and measured (in blue) real part (on the left) and imaginary part (on the right) of the reflection coefficient of the panel are reported in Fig. 3.4 for C -band (4-6 GHz), X b -band (5.8-8.2 GHz) and X -band [START_REF] Eleftheriades | Negative-Refraction Metamaterials: Fundamental Principles and Applications[END_REF][START_REF] Pendry | Negative refraction makes a perfect lens[END_REF][START_REF] Grbic | Overcoming the diffraction limit with a planar left-handed transmission-line lens[END_REF][START_REF] Freire | Experimental demonstration of a =1 metamaterial lens for magnetic resonance imaging[END_REF](12). Discrepancies between the simulated and measured values may be due to the fact that the precise thicknesses and material properties of each layer of the multilayer panel are unknown. The measured values of the reflection coefficient Γ ref are then used to analytically retrieve the impedance value Z S of the MS and determine the initial design for the MS's unit cell, as detailed in the following section. 

Unit cell design and simulation set-up

Once the surface impedance Z S of the metasurface is retrieved, I then choose a unit cell design that can satisfy the required Z S value. The choice of the unit cell is nonunique as it is indeed possible to find multiple designs achieving the same impedance value. Since the goal is to achieve a camouflage effect robust to changes in the direction and polarization state of the impinging illumination, a simple circular ring design is considered, as shown in Fig. 3.5a. The ring is characterized by the period p, outer radius r and ring's width s. The equivalent impedance value of the meta-atom can be controlled via these parameters. Two main advantages of this design can be highlighted. Firstly, the rotational symmetry of the ring design makes it naturally insensitive to 3.5 Unit cell design and simulation set-up 69 the polarization state of the illuminating radiation or, in other words, the equivalent impedance value of the metasurface will not change significantly when changing the polarization state of the impinging illumination. This implies that the counterbalancing currents along the metasurfaces will not be induced only along a specific direction (like in the case of the wires aligned to the electric fields) and thus that the scattering reduction effect will take place independently on polarization. Secondly, by sweeping the geometric parameters of the ring, a large range of impedance values can be obtained. An initial unit cell design for a given Z S value can then be easily identified by sweeping the values of p, r, and s.

Once the periodic environment for the meta-atom is correctly defined, it is then possible to study how the surface impedance Z S,simulated of the meta-atom evolves as a function of its geometric parameters and identify a set of (p, r, s) parameters whose surface impedance Z S,simulated matches the analytically found one Z S,analytical , derived from the transmission-line model presented in section 3.3. The very first step is to calculate the surface impedance Z S,analytical . As detailed in sections 3. ) is negligible with respect to the reactance X S (Im[Z S ]), indicating that the MS associated to Z S can be assumed to be purely reactive and thus lossless. At this stage, I assume that Z S,analytical = R S,analytical +jX S,analytical ≃ jX S,analytical , study the evolution of X S,simulated as a function of the meta-atom's parameters and identify a first set of (p, r, s) for which X S,simulated matched X S,analytical . The meta-atom's reactance X S,simulated as a function of p and r, for a fixed value of s, is shown on Fig. 3.5c-e, at 4 GHz, 7 GHz and 10 GHz, respectively. Very interestingly, the meta-atom's reactance X S,simulated can easily span a large range of values for relatively small changes of p and r. This quick variation of reactance can be explained by considering the gap between adjacent meta-atoms, which can be easily visualized in the schematics of Fig. 3.5a. As the value of the radius r approaches p/2, the gap between adjacent meta-atoms closes, inducing stronger interactions among the meta-atoms and thus an increase in the reactance response of the MS. I believe this to be a major advantage of the ring meta-atom design as it allows us to finely tune the meta-atom's response by closing/opening the gap between adjacent meta-atoms.

Finally, the set of geometric parameters (p 0 ,r 0 ,s 0 ) for which X S,simulated = X S,analytical is found and their values are reported in the table of Fig. 3.5f. I use here the index "0" on purpose to clarify the difference between the initial set of parameters (found by matching the simulated reactance X S,simulated to the analytically found one X S,analytical ) and the final set of parameters, which will be determined post optimization. In fact, the parameters (p 0 ,r 0 ,s 0 ) constitute only the starting point for the MS design, which will then need to be optimized, as it will be thoroughly detailed in the following sections. 

Metasurface-tuned seam simulation set-up and discussion on edge effects

Once the metasurface's meta-atom is designed, the metasurface-tuned seamed radome juncture is simulated to study the scattering reduction effect and fine-tune the geometric parameters of the metasurface. The juncture consists of two reference panel slabs connecting the radome seam with the metasurfaces placed at the burial depth 3.6 Metasurface-tuned seam simulation set-up and discussion on edge effects 71 previously fixed. In order to verify the camouflage effect, the reference dielectric panel and a non-tuned radome juncture are also simulated. The goal here is to study how the forward scattering of the seam changes in the absence/presence of metasurfaces and compare it to the scattering signature of the bare reference panel. By fine-tuning the geometric parameters around the initial set (p 0 ,r 0 ,s 0 ) derived in section 3.5, the scattering signature of the seam can be controlled and suppressed. The seam is then successfully camouflaged when the scattering signature of the metasurface-tuned seamed juncture is as close as possible to the one of the reference panel.

The three structures under study are shown in Fig. 3.6 and are described as follows. The thicknesses and material properties have been chosen based on commercially available materials in anticipation of the fabrication of proof-of-concept prototypes.

1. A 27 mm-thick multilayer sandwich panel is taken as our reference. It consists of a low-index foam layer (the core) sandwiched between two high-index epoxy layers (the skins) and coated with a thin paint layer on one side. This is the commercially available multilayer panel from which the reflection coefficient Γ ref was determined in section 3.4.

2. The reference panel is perturbed by a 100 mm wide high permittivity dielectric slab with a thickness of 27 mm. This is the simplified seam. The material chosen is a F 4 BM 300, a Teflon woven glass fabric laminate with relative permittivity of ϵ par = 3.0 and tangent losses tan δ = 0.0015. This structure does not contain any metasurface.

3. I then consider the same reference panel perturbed by a 100 mm wide metasurfacetuned seam. Two metasurfaces are buried at a burial depth of 8 mm and are composed of copper meta-atoms patterned on a 0.5 mm-thick F 4 BM 220 substrate, a Teflon woven glass fabric copper-clad laminate with a relative permittivity of ϵ d = 2.2 and tangent losses tan δ = 0.001. The scatterer thus consists of three different pieces of F 4 BM 300 (8, 10 and 8 mm, respectively) sandwiching two metasurface F 4 BM 220 substrates for a total thickness of 27 mm.

The three structures are simulated in a finite radiation box, illuminated by a plane wave. The frequency, impinging direction and polarization state of the plane wave can be controlled at will. The size of the seam is finite and fixed to 100 x 100 x 27 mm 3 . The metasurfaces cover a finite 100 x 100 mm2 surface area, which necessarily implies a limited number of meta-atoms. It's important to highlight that the same seam size and metasurface area is considered for different frequencies of operation. Since the period of the meta-atom changes depending on the frequency of the illuminating radiation, the number of meta-atoms covering the 100 x 100 mm2 area can change considerably. For example, if we consider two different frequencies of operation, 2 GHz (λ 0 = 150 mm) and 10 GHz (λ 0 = 30 mm), and a meta-atom period p of λ 0 /5, the metasurface covering a 100 x 100 mm2 area would include a maximum number of 3 x 3 = 9 metaatoms at 2 GHz or 16 x 16 = 256 meta-atoms at 10 GHz, respectively. The finite nature of the surface will necessarily imply that the surface impedance Z S associated with the realized finite metasurface will not match the exact impedance determined analytically via the transmission-line model.

In order to understand what causes this impedance mismatch, I propose to relate a decrease of the number of meta-atoms to an increase in edge effects. Theoretically, a metasurface is defined as an infinite periodic repetition of subwavelength unit cells, which can be modeled as a homogenized surface impedance Z S . Practically, however, a metasurface will always be finite and the surface impedance Z S will necessarily shift from the theoretical one due to edge effects. A simple way to estimate the "degree of finiteness" of a metasurface is to consider the amount of meta-atoms located along the edges of the finite metasurface (referred to here as edge meta-atoms) with respect to central meta-atoms located away from the edges. This distinction is easily visualized in Fig. 3.7, where edge and central meta-atoms are depicted in red and black, respectively. I consider a finite metasurface of size d x d, patterned with circular meta-atoms of size p. I assume the periodicity p to be subwavelength with respect to an illuminating wavelength. As the meta-atom size p lowers with respect to the metasurface size d, the number of meta-atoms in the area increases. The percentage of edge atoms (in red) with respect to the total amount of meta-atoms is shown below each example. In the first case (p = d/3), only one central atom has four adjacent atoms, while the rest of the atoms (88% of the total atoms) lie along the edges. In this case, edge effects will be predominant, causing an important mismatch in surface impedance Z S with respect to the theoretical one. In the second example (p = d/16), 23% of the total meta-atoms lie along the edges. Edge effects will still be present and a smaller 3.7 Metasurface optimization protocol 73 mismatch in surface impedance Z S , with respect to the analytically expected value, is to be expected. In the third example (p = d/100), only 4% of the total atoms are placed along the edges. I can then assume that edge effects will be minimal and the value of the surface impedance Z S of the finite metasurface will be closer to the one of an infinite metasurface. Interestingly, as the size of the meta-atoms decreases, the human eye tends to naturally homogenize the repetition of rings as one smooth square. The reader may verify the phenomenon by looking at the examples of Fig. 3.7 from a distance. In summary, it is important to keep in mind that, due to the limited number of meta-atoms patterned in a finite metasurface, edge effects will arise and an impedance mismatch with respect to analytical models is to be expected. The final design of the metasurface will have to be optimized to face this impedance mismatch. 

Metasurface optimization protocol

Due to the edge effects presented so far, the impedance mismatch between an infinite metasurface and the respective finite metasurface, will imply that the initial set of geometric parameters (p 0 , r 0 , s 0 ), previously determined by simulating the metasurface's unit cell, will not optimally induce the scattering reduction effect predicted by the theory. As such, this set of parameters (p 0 , r 0 , s 0 ) can only constitute a good starting point for the design of the metasurface. An optimization step remains necessary to account for the finiteness of the structure and edge effects. The easiest strategy to find the optimal geometric parameters is to simulate the entire panel/seam/panel juncture and study the evolution of its scattered field. The optimization procedure can be divided into two steps, as detailed in the workflow of Fig. 3.8. Firstly, I analytically retrieve a value for the surface impedance Z S for the buried metasurfaces via the transmission-line model previously introduced in section 3.3. Based on this impedance value, I then find a preliminary metasurface design by performing full-wave simulations on the ring unit cell and obtain the initial set of geometric parameters (p 0 , r 0 , s 0 ) to be optimized, as detailed in section 3.5. This corresponds to the initialization step of the optimization protocol of Fig. 3.8. At this stage, I simulate the entire radome juncture including two pieces of the reference radome paneland the metasurface-tuned seam. The juncture is placed in a finite radiation box, illuminated by an incident plane wave, whose frequency, impinging direction and polarization state can be controlled at will. The finite size of the seam (100 x 100 x 27 mm 3 ) corresponds to a realistic radome seam size. By limiting the size of the simulated seam to the one of a commercially available one, I can estimate how efficiently the scattering signature of the seam is reduced, for a given set of geometric parameters of the metasurfaces, in a realistic scenario. The scattered field (defined as the total field minus the incident field E sca = E tot -E inc ), can be easily studied both in the near-field and far-field regions. In the near-field region, I expect a significant reduction of the scattered field amplitude and, consequently, a planar transmitted phase profile. In the far-field region, I expect the spurious lobes of the scattering patterns of the bare juncture (without metasurfaces) to be suppressed and the scattering patterns of the tuned structure to "mimic" the scattering patterns of the reference structure. However, due to the limitations discussed above, I expect the scattering reduction effect not to be optimized. At this stage, I choose slight variations of the initial parameters (p 0 , r 0 , s 0 ) to obtain a new set of parameters (p 0 + ∆p, r 0 + ∆r, s 0 + ∆s), simulate the tuned structure with the updated set of parameters and repeat the process until the camouflage effect is optimized. The optimized set of parameters (p 0 + ∆p, r 0 + ∆r, s 0 + ∆s) is then chosen as the final metasurface design to be fabricated. Practically, I have kept the ring's size s at 300 µm (which can be easily achieved with standard fabrication techniques) and mostly tuned the ring's period p and outer radius r by considering small shifts (∆p, ∆r) in the order of hundreds of µm around the initial values (p 0 , r 0 ). I will now present an example of the optimization process. I consider a target camouflage frequency of 4 GHz and buried metasurfaces with the initial set of parameters (p 0 , r 0 , s 0 ) = (15, 7.2, 0.3) mm determined in section 3.5. I can then simulate the reference panel, the bare juncture (without metasurfaces) and the MS-tuned juncture and study how efficiently the scattered field of the tuned structure is reduced. The scattered field amplitude profiles for these structures are reported in Fig. 3.9. Firstly, some scattering can be observed in the case of the panel (first row): this is due to the lossy material parameters of the radome panel, which imply a slight impedance mismatch with respect to the surrounding air. The perturbation of the seam is clearly visible in the second row as an important increase in the scattered field amplitude: this is the forward scattering phenomenon previously described. In the third row I finally present the scattered field profiles of a metasurface-tuned juncture with the unoptimized set of parameters (p 0 , r 0 , s 0 ) and the optimized set of parameters (p 0 + ∆p, r 0 + ∆r, s 0 + ∆s). In the first case (with the unoptimized metasurfaces), a decrease in the scattered field amplitude can be noticed by comparing the color level of the non-tuned (green/yellow) and tuned (blue) structures in the transmitted region. An increase of the backward scattered amplitude in the reflected region of the tuned structure, with respect to the non-tuned one, can also be noticed. The reduction of the forward scattering is a sign that the polarization currents arising within the high-index dielectric material have been partly counterbalanced by the additional currents induced along the buried metasurfaces. While in this case the forward scattering of the seam has been overall reduced, the transmitted wavefront is still clearly disrupted, and the signature of the seam remains visible. An optimization step is then necessary to achieve the desired camouflage effect. At this stage, I slightly modify the initial parameters of the metasurface and simulate the tuned structure with the new set of parameters until the scattering suppression is optimized, as schematized in the workflow presented in Fig. 3.8. By changing the radius value of the ring from r = 7.2 mm to r = 7.5 mm, the scattered field of the tuned structure is correctly reduced to similar levels as the reference. More importantly, the planar transmitted wavefront is now restored, and the forward scattering of the seam is no longer visible. Since the seam is now effectively undetectable (or, in other words, indistinguishable with respect to the reference panel), I consider the camouflage effect achieved. This example clearly shows the difference between an unoptimized tuned structure and the proposed camouflage solution I have explored during my PhD. In the first case, the scattered field amplitude of the tuned structure is reduced, and the seam will thus have less impact on the transparency performance of the radome. The planar transmitted wavefront is, however, not restored and the signature of the seam will thus still be visible on the far-field patterns of the antenna enclosed in the radome. This is mostly the case of regular unoptimized wire/grid-tuning techniques, well known by radome manufacturers. In the second case, reducing the scattered field of the tuned structure to a similar level of the reference panel not only implies the suppression of the scattering signature of the seam by reducing the scattered amplitude, but also, more importantly, the restoration of the planar transmitted wavefront by suppressing the phase difference between the panel and the seam. Figure 3.9: Scattered field distributions of the reference structure (first row), the reference structure perturbed by a scatterer (second row) and the reference structure perturbed by a metasurface-tuned scatterer (third row). Two distributions are presented for the last case: when the scatterer is tuned with the unoptimized set of parameters (found analytically and reported in the inset), the scattered field amplitude is only slightly reduced. By optimizing the geometric parameters of the metasurfaces, the scattered field is correctly reduced to the level of the reference (first row) Before concluding this section of the report, I'd like to offer to the reader yet another example of the camouflage effect, by considering once again the very first juncture introduced in section 2.2. This time, the seam has been purposely metasurface-tuned to suppress its scattering signature. The reference and non-tuned structure, initially presented in Fig. 2.2, have been added to Fig. 3.10 for the reader's convenience. The structures are again simulated at 10 GHz and the camouflage effect can be clearly observed by comparing the 2D and 3D radiation patterns of the bare radome panel (top row) and the radome with an optimized MS-tuned seam (bottom row). The parasitic side lobes that were present in the case of the untuned seam have now been correctly suppressed and the forward scattering signature of the seam is no longer visible. Besides a small increase of the backward lobe at 180°, the main lobe levels in the bare and perturbed antenna gains are nearly identical, which suggests that the high-index seam has been successfully camouflaged with respect to the low-index reference panel. 

Conclusion

In this chapter, I have first introduced the concept of metasurface-tuning to camouflage volumetric dielectric scatterers (section 3.1). This technique consists in integrating metasurfaces within the dielectric volume of a scatterer and is here applied to tune a radome seam (section 3.2). When the currents induced along the metasurfaces de-structively interfere with the internal polarization currents of the dielectric, then the scattering is suppressed and the seam is camouflaged. The buried metasurfaces are treated as surface impedances Z S and a transmission-line model for the analytical retrieval of Z S , based on the knowledge of the reflection coefficient of a dielectric reference, is introduced (section 3.3). A complete workflow for the design of the metasurfaces was presented and applied at various frequencies of operation. A unit cell design for the metasurface is proposed and the realized Z S is retrieved from full-wave simulations (section 3.5). The metasurface-tuned seam is then simulated and the geometric parameters of the metasurface optimized by following a specific optimization protocol (section 3.7).

The simulation examples presented in the chapter validate the scattering suppression capabilities of metasurface-tuning. At this stage, proof-of-concept metasurface-tuned seam prototypes can be realized and near-field and far-field measurements can be performed to experimentally validated the correction of the transmitted planar wavefront and the suppression of the spurious lobes in the far-field radiation patterns. Complete case scenarios (fabrication, measurements, experimental results) validating the concept will be thoroughly detailed in chapter 4. After having introduced the analytical and simulation framework needed to design and optimize metasurfaces for camouflaging applications in chapters 2 and 3, I now apply this framework to design several proof-of-concept metasurface-tuned seam prototypes and experimentally validate the camouflage effect. I first present how the metasurfacetuned seam prototype is fabricated and describe the prototypes realized with their respective metasurfaces. I then describe the near-field and far-field measurement setups and finally present the main simulation and experimental results for each prototype. I will mainly focus on how well the perturbation of the seam is suppressed at the nearfield and far-field level and identify the realized camouflage band for each prototype. 

Chapter 4 Experimental validation of the camouflage effect

Metasurface-tuned seam prototype fabrication

In order to experimentally validate the camouflage effect of the radome seam, proof-ofconcept metasurface-tuned seam prototypes are fabricated, and near-field and far-field measurements are performed. Since the goal here is to study how the scattering signature of the radome juncture is modified after burying metasurfaces within the seam, it is necessary to compare the measurements on the tuned juncture to similar measurements performed on a piece of reference radome panel and on a non-tuned radome juncture. I will then be able to assess how efficiently the scattering signature of the seam is suppressed and thus how well the juncture is camouflaged with respect to the reference panel. I consider the camouflage effect to be achieved when the near-field transmitted amplitude and phase profiles are correctly restored and the spurious lobes in the far-field region are suppressed. The metasurface-tuned seam prototypes are realized according to the design schematized in Fig. 3.2 : three dielectric slabs (8, 10 and 8 mm thick and of permittivity ϵ r = 3.0) sandwich two metasurfaces, consisting of thin copper rings, patterned on a 0.5-mm thick dielectric substrate with ϵ r = 2.2. The metasurface-tuned seam prototype is then a metallic/dielectric composite structure made of two different dielectric materials (ϵ r = 2.2 and 3.0) and copper. The metasurfaces are patterned by chemically etching the copper layer. The realized MStuned seam prototypes are 400 mm tall, 100 mm wide and 27 mm thick, as shown in the photographs of Fig. 4.1. All the prototypes presented in this work share the same dimensions, the only difference being the geometric parameters of the metasurface's unit cells, which have been optimized to achieve the camouflage effect at different frequencies of operation (as presented in the following section). The dielectric pieces and patterned metasurfaces were purchased and then assembled in-house.

To realize the desired sandwich design, two simple methods have been envisioned: either gluing all the pieces together or mechanically holding all the pieces together with standard tape. Four prototypes were glued together, and one prototype was assembled with tape. As it will be later detailed in this work, assembling the prototype with tape has allowed me to measure different seam configurations, depending on where the metasurfaces are located within the seam. While not the most mechanically stable solution compared to simply gluing all the pieces together, the reconfigurability of a simple taped solution has proven to be highly valuable to get further insight on how the burial depth of the metasurface is related to the optimal camouflage frequency. I will now detail the gluing process and highlights its benefits and disadvantages.

The gluing process was carried out at Saint-Gobain Research Paris in Aubervilliers, by Dr. Jérémie Lacombe. Dr. Lacombe prepared the glue and applied it to the different pieces, as shown in the photographs of Fig. 4.1. I supervised the gluing process and took the photographs shown in this report. A standard epoxy glue mixed with a curing agent were used to assemble the prototypes. The multilayer design is realized by gluing each layer in a bottom-up way. First, a thin layer of glue is applied with a roller onto the bottom-most dielectric piece. The first metasurface is then placed on top of this layer and a different roller is used to apply pressure onto the metasurface to remove excess glue and air trapped in-between these two pieces. A standard epoxy glue mixed with a curing agent was used to assemble the prototypes. The excess glue coming out of the layers can be noticed in the photographs of Fig. 4.1b,c. This process is then repeated for the central dielectric piece, the second metasurface and the final top-most dielectric piece to complete the seam prototype. The metallic patterns of the metasurfaces face outwards. Once all the pieces are glued together, the glue is mostly dry after 12 hours and the final chemical stability is obtained after 3 to 4 days. While this process is straightforward and guarantees the mechanical stability of the glued sandwich design, we did not consider an important flaw. Even though the glue hardens relatively fast, it is still mostly liquid during the process and the layers very often glide onto each other and need to continuously be repositioned to keep all the pieces aligned. Furthermore, if the pieces are not kept at a fixed position during the hardening process or if they are not placed on a perfectly horizontal surface, small gliding phenomena may still occur before the glue is completely hardened. This problem could have been avoided by waiting for each layer of glue to be fully hardened before placing the next one. This solution would have significantly increased the fabrication time. Alternatively, placing each piece in a pre-made 400 x 100 x 27 mm 3 mold could have reduced inter-gliding phenomena. I believe the misalignment to be an important concern for two reasons. Firstly, the aligned design is considered on purpose to keep the MS-tuned seam a fully symmetrical system. In fact, I suppose the antenna enclosed in the radome to be used in both transmission and reception modes and thus that spurious scattering phenomena would take place regardless of the side onto which the EM radiation is impinging. Misaligning the pieces would break the symmetry of the system and it may cause the camouflage effect to be more effective depending on the side of illumination. A second consideration involves the stability of the camouflage effect to polarization and oblique illumination. Important misalignment of the two metasurfaces may accidentally create a polarization or illumination dependance of the camouflage effect. In other words, by misaligning the metaurfaces, the camouflage phenomenon may be most effective for a specific incidence and polarization state at the expense of other incidence and polarization states and thus creating a solution that is not robust to changes in the polarization state and direction of the illumination. After the gluing process was complete, a slight misalignment can be observed in all the prototypes. Thoroughly analyzing misalignment errors due to gliding phenomena is not straightforward because the metasurfaces are no longer visible after the metasurface-tuned seam is assembled. However, as it will be shown in the results sections, these slight misalignments do not significantly impact the effectiveness of the camouflage effect. In perspective, this is a rather positive result as it implies that it is reasonably safe to assume that the solution presented in this study is robust to fabrication tolerances. Furthermore, in a better fabrication scenario, I expect misalignment effects not to be a major fabrication concern. Since slight metasurface misalignment due to interlayer gliding during the gluing process is more of an engineering issue and does not actually hinder the experimental validation of the camouflage effect, I have not further studied it during this thesis.

Once the metasurface-tuned seam prototypes are assembled, they are ready to be measured. I will now present in detail all the prototypes realized, the different measurement set-ups and finally the main simulation and experimental results. 

Overview of metasurface-tuned seam prototypes

I have applied the analytical and simulation approaches detailed in the previous chapters to design five metasurface-tuned seam prototypes. All five prototypes share the same seam design and are only differentiated by the geometric parameters of the metasurface's unit cells. My goal here is to demonstrate that, for a given seam geometry and material properties, not only is it possible to induce a camouflage effect by burying metasurfaces inside the seam but also that, by changing the geometric parameters of the metasurface's unit cells, the camouflage frequency can be tuned at will. The main reason for working with a fixed seam design comes from practical considerations: in a real-world scenario, a radome seam is simply designed to ensure the mechanical stability of the radome, regardless of the frequency of operation of the radome. This implies that the electrical size of the seam can vary vastly from being subwavelength at lower frequencies or of the order of the wavelength at higher frequencies. The intensity of the perturbation induced by the seam will then also vary depending on its electrical size. In the context of EM cloaking solutions with metasurfaces, the size of the cloaked scatterer is often subwavelength and/or usually a tunable parameter of the problem, for example λ/5, λ/10 or smaller. In this study, I have decided not to adjust the electrical thickness of the scatterer (in this case the seam is always 27 mm thick) and challenged myself to camouflage it regardless of its electrical thickness. I believe this to be an important and very practical aspect of this work, as it can be easily applied to any electrical size of the scatterer and not only to deeply subwavelength scatterers. Practically speaking, the metasurfaces designed in this study have allowed us to camouflage relatively thick scatterers, ranging from λ/3.7 at 3 GHz, all the way to roughly one unit wavelength at 10.5 GHz (λ/1.05). Besides its thickness, the lateral width of the seam (kept at 100 mm for all the prototypes) also plays an important role in how important the perturbation will be at a given operating frequency: in fact, the electrical width of the seam varies from one unit wavelength at 3 GHz, to 3.33λ at 10 GHz. The perturbation induced by the seam will thus be more visible at higher frequency bands.

The realized metasurfaces and their respective parameters are shown in Fig. 4.2. The frequency f presented with each metasurface corresponds to the realized camouflage frequency. The metasurface's parameters are expressed in terms of the respective camouflage wavelength. Five seam prototypes are realized and are here referred to with letters A-E depending on the different buried metasurfaces. The seam prototypes A, B, C and E were glued together while prototype D was held together by tape. Metasurfaces A-D are single-sided (only one side of the substrate is patterned with meta-atoms), while metasurface E is double-sided (both sides of the substrate are patterned, as detailed below).

Metasurfaces A and B have both been designed for S-band and a central camouflage frequency of 4 GHz, but present different meta-atom designs: simple rings for MS A and double rings for MS B, as it can be seen in Fig. 4.2a,b. The motivation for designing two metasurfaces at the same frequency comes from practical considerations on the meta-atom size with respect to the available surface and edge effects, as previously discussed in section 3.6. In fact, if we pattern the finite 400 x 100 mm2 surface with the initial MS design (A) with a meta-atom periodicity of 15 mm (around λ/5 at 4 GHz), 38% of the total meta-atoms (60/156 atoms) will be placed at the edges of the surface and will thus be responsible for edge effects. Since the size of the surface cannot be increased (the seam size is a fixed parameter), the simplest solution was to miniaturize the design by lowering the periodicity of the meta-atoms. In fact, by shrinking the meta-atom periodicity from 15 mm (A) to 10 mm (B), the number of meta-atoms covering the same surface increases from 156 (400 x 100 mm2 = 26 x 6 atoms) to 400 (400 x 100 mm2 = 40 x 10 atoms) and thus the percentage of edge atoms lowers from 38% (60/156 atoms) in MS A to 24% (96/400 atoms) in MS B. The parameters for the double ring design of MS B are obtained by following the same procedure described in the previous sections. In both cases, the camouflage effect was obtained, but at slightly different frequencies: 3.6 GHz for prototype A and 4 GHz for prototype B. The shift in the camouflage frequency of prototype A with respect to the desired frequency will be discussed in sections 4.5.1 and 4.5.2. These two solutions demonstrate that there is no unique design for a given camouflage frequency and offers an interesting way to deal with patterning electrically smaller areas by miniaturizing the meta-atom design.

Metasurfaces C and D were designed for C-and X-bands to achieve a camouflage frequency of 7 GHz and 10 GHz, respectively. The seam prototype D was purposely assembled by simply taping all the pieces together. Removing the tape has allowed us to test different MS-tuned seam configurations and to study how changing the burial depth of the MS (where the MS is located inside the seam) can tune the camouflage frequency.

Metasurface E has been designed to study the possibility of a dual-frequency solution, capable of simultaneously achieving the camouflage effect at two distinct frequencies of operation. The metasurface's substrate was patterned differently on its two sides. The two ring patterns of the same metasurface can be seen in the photography of Fig. 4.2e. The initial dual-frequency MS design was obtained by simply placing the MS design (a) and the MS design (c), optimized for S and C band operation, on different sides of the same substrate. I then tuned the geometric parameters of one of the two metasurfaces until the scattering suppression behavior was simultaneously observed at two distinct frequencies. In the final dual-frequency metasurface design (e), the C-band design (c) was left untouched on one side (the reader will notice that (p, r, s) = (9.7, 4.7, 0.3) mm is the same in MSs C and E) and the S-band design was modified. The dual-frequency camouflage was then experimentally validated at 2.8 GHz and 6.8 GHz and will be further detailed in the next section. While the dualfrequency operation was experimentally demonstrated in this study, it is important to remind that a fully analytical approach to design a MS for two given camouflage frequencies is not straightforward. The main limitation arises from the fact that, by placing two unrelated periodic patterns on both sides of an electrically thin substrate, a common periodicity cannot be defined and thus a "dual-frequency meta-atom" cannot be described, nor can it be simulated in a periodic environment with Floquet ports. Furthermore, the interaction between the top and bottom layer is currently not taken into account in our model. As of the writing of this thesis, the simplest approach to design a dual-frequency MS consists in separately designing two metasurfaces at the desired frequencies and then optimizing the top/bottom design by simulating the entire MS-tuned seam structure.

Near-field measurement set-up

The RF perturbation of mechanical pieces in a juncture illuminated by an impinging EM wave can be first characterized, in the near-field region of the juncture, as an important increase of the scattered amplitude transmitted through the juncture and a disruption of the planar wave front. This is the forward scattering of the seam, as introduced in section 2.2. Since my goal is to experimentally validate the camouflage effect induced by tuning a radome juncture with carefully designed metasurfaces, it is important to, first, measure the scattering signature of the juncture (in terms of transmitted amplitude and phase), then compare it to the one of a reference radome panel and finally evaluate how the scattering signature (the transmitted amplitude and phase) are modified after introducing metasurfaces in the system. To achieve this goal, a near-field measurement setup is realized. The setup mainly consists of three elements: a horn antenna, the structure under study (the radome panel or radome junctures with/without metasurfaces) and a field-sensing probe. Absorbing material is placed around the set-up to minimize spurious reflections from the room. The horn antenna used for illumination is a standard dual polarized antenna working in the 2-18 GHz frequency range. The antenna illuminates the structure from 1 meter away, which can be considered to be in the far-field region at the frequency range of interest (3-10 GHz). The wave emitted by the antenna can then be approximated to be planar once it impinges onto the structure under study. After being transmitted through the radome panel or the radome juncture, the wave is locally detected by the field-sensing probe placed on the other side of the structure. The probe is held by a mechanical arm which is electronically moved to scan in a 250 x 250 mm2 surface, depicted in orange in Fig. 4.3b. The electrical output from the probe is directly related to the local amplitude and phase of the electric field and allows us to reconstruct the near-field wavefront transmitted through the radome panel/junctures. In fact, we can define a simple relation between the wave radiated by the horn antenna (the initial state or port 1) and the wave transmitted through the panel/juncture and detected by the probe (the final state or port 2) via a standard complex 2-port S matrix: The S 11 and S 22 parameters of the S matrix correspond here to the power reflected at port 1 and port 2, while S 12 and S 21 to the power transmitted from one port to the other. The field-sensing probe we used directly measures the real and imaginary part of the entire S matrix. Since here I am interested in the power transferred from port 1 (the horn antenna) to port 2 (the probe), I retrieve the S 21 parameter, locally measured by the probe, and then recover the local electric field amplitude and phase by taking the modulus (Abs[S 21 ]) and argument (Arg[S 21 ]) of the S 21 parameter. The reference radome panel and all the different junctures (with and without the metasurfaces described above) are measured in the case of TE-and TM-polarized illuminations and the measured near-field amplitude and phase profiles are presented in section 4.5.

Far-field measurement set-up

While visible in the near-field region of the radome juncture, the perturbation of mechanical radome seams is usually noticed on the far-field radiation patterns of the enclosed antenna as spurious lobes diverging the energy towards undesired directions and thus generally lowering the transparency performance of the radome. Since the main goal of my PhD is to enhance the performance of radome structures (which, in this context, practically translates to alleviating the scattering problems from mechanical seams in the far-field domain), experimentally validating the suppression of spurious lobes and the restoration of the main energy lobe towards the desired direction is of paramount importance. In fact, while the in-depth study of how the scattered wave's amplitude and phase are modified by the presence of buried metasurfaces, in the near-field region of the juncture, is interesting from a purely scientific perspective, the suppression of spurious lobes and the redirection of energy towards the desired direction are the most interesting aspect of this solution from a more practical, industrial perspective. Personally, I believe that the combination of both near-field and far-field considerations is necessary to understand the problem and get the full picture: as currents are induced along the metasurfaces inside the seam, the amplitude and phase wavefronts are restored in the near-field region of the juncture and the spurious lobes are then consequently suppressed in the far-field region. In order to study how the far-field radiation patterns of an antenna placed in front of a radome juncture is modified when metasurfaces are added to the system, the radome panels and the different radome junctures (with and without the metasurfaces) are measured in an anechoic chamber. A schematic of the far-field measurement setup is presented in Fig. 4.4a. The structure under study (radome panel/juncture) is illuminated by an emitting Tx horn antenna placed 1 meter away from it. This antenna can be seen as being placed inside the full radome. The radome and the Tx antenna are mounted on a rotating 360°structure to measure the full 360°radiation patterns. The Tx antenna can also be rotated with respect to the radome for offnormal illumination tests. In the schematic, the 0°(normal illumination) and 45°o blique illumination cases are depicted. A second emitting Rx horn antenna, placed 6 meters away from the radome, is then introduced. The system is placed in anechoic chamber to drastically reduce spurious reflection from the environment and emulate the behavior of the antenna in a free-space environment. The radiation patterns can then be obtained by measuring how the radiation emitted by the Tx antenna and received by the Rx antenna is modified by the presence of the radome in between. Similar to the near-field measurement set-up described above, this system can also be described in terms of a 2-port S matrix. In this case, the two antennas play the roles of the first and second port and the power transmitted from one port to the other is described with the respective S 21 parameter. The radome panel and various radome junctures were measured in the case of TE and TM polarized, normally (0°) and obliquely (15°, 30°, 45°) incident illuminations. The measured radiation patterns for the five seam prototypes presented above will be shown in section 4.5.

Simulation and experimental validation of the camouflage effect

After introducing the simulation environment and detailing the near-field and far-field measurement set-ups, I now report the main simulation and experimental results for all the different prototypes. I have decided to present all the main results in a compact format to easily give the reader an overview of how the camouflage effect is achieved in simulation and how efficiently it then translates in a real scenario. A comparison with respect to the reference radome panel and a reference non-tuned radome juncture is given. TE and TM illuminations are considered for each case. In the following subsections, I will present the following results:

1. The scattered field amplitude profiles and scattering patterns, simulated in HFSS.

2. The measured near-field amplitude and phase profiles.

3. The measured far-field radiation patterns.

4. The perturbation factor in the frequency band considered. I will then discuss the camouflage effect by considering both simulation and experimental results and draw the conclusions on the efficiency of each prototype.

S-band prototype

This first prototype was optimized for a camouflage frequency of 4 GHz. The simulated scattered electric field profiles and the respective scattering patterns are reported in Fig. 4.5. Let us first focus on the scattering behavior of the reference panel (first column) and the non-tuned juncture (second column). The panel or juncture, placed in the center of a finite 3D environment, is illuminated by a plane wave. The scattered field profiles presented here are traced on a 2D plane passing through the center of the panel or juncture, which allows us to study the backward scattered field (in the reflected regions) and forward scattered field (in the transmitted region). The directions of the wave vector k, the electric field E and magnetic field H are clearly shown with white arrows in each illumination case. The radome panel (first column) induces some low forward scattering, due to the realistic material losses considered in the simulation, and almost no backward scattering. At a microscopic level, the scattering phenomenon observed here is due to weak polarization currents arising within the dielectric volume of the panel when excited by the impinging EM wave. The amplitude of the scattered field slightly increases as a function of the illumination direction and is mostly the same for TE and TM illuminations. After introducing the seam in the simulation (second column), the perturbation is apparent. Similar to the dielectric panel, the dielectric seam is also polarized here when illuminated by the EM wave. Due to its higher permittivity, the dielectric material of the seam is, by definition, more easily polarized and thus more polarization currents are induced inside its volume, which leads to more important scattering effects. The important increase in the forward scattered amplitude is what I refer to as the scattering signature of the seam. Some low backscattering can also be observed. This perturbation, visible in the near-field region of the juncture, can be directly related to spurious lobes in the far-field scattering patterns, shown in red in the last column. These lobes can be mostly appreciated within a ±30°angular range around a given illumination direction. It is due to these lobes that the seam becomes electromagnetically "visible" to an external observer, such as a radar placed in the far-field of the radome juncture.

The seam is then tuned with the metasurfaces previously presented in section 4.2. The scattering suppression phenomenon is apparent when comparing the scattered field amplitude profiles of the non-tuned (second column) and metasurface-tuned (third column) junctures. The forward scattered amplitude is significantly lowered to similar levels as the reference and spurious lobes are no longer visible in the green patterns. Since the scattering signature of the seam is suppressed, it implies that the object is no longer "electromagnetically detectable" (that is, it can't be seen by an observing radar) and thus that it has been successfully camouflaged. The accuracy of the word "camouflage" is exemplified by comparing the scattering patterns of the reference panel (in blue) and the metasurface-tuned juncture (in green): since the scattering patterns almost coincide in the forward region, an observer would not be able to "tell the difference" between the two. In other words, based on the information provided by the scattering patterns alone, an observer cannot easily guess the presence of an additional object (the seam) in the environment of the reference panel. While in the forward direction (roughly ±60°around the considered illumination direction) the scattering patterns of the reference panel and the metasurface-tuned juncture match almost perfectly, they diverge mostly at the horizon (90°). I believe this phenomenon to be related to the finite size of the simulation environment, as this divergence is in fact way less apparent in the measured radiation patterns. The robustness of the camouflage effect to changes in the polarization state and direction of illumination can clearly be appreciated here. Interestingly, as the scattering amplitude of the panel slightly increases as a function of the angle, so does the scattering amplitude of the MS-tuned juncture. This can be seen, for example, in the case of 45°-incident TE-polarized illumination. In summary, the simulated scattered field profiles suggest that the seam has been successfully camouflaged for both normal and oblique, TE-and TM-polarized illuminations.

Once the camouflage effect is observed in simulation, it is then experimentally validated by performing near-field and far-field measurements on the proof-of-concept prototype, tuned with the same metasurfaces as the simulation. The measured nearfield amplitude and phase profiles of the electric field transmitted through the reference panel, the bare juncture and metasurface-tuned juncture, in the case of normally incident TE-and TM-polarized illuminations at 3.4 GHz, are presented in Fig. 4.6. In the case of the reference panel (first column), the transmitted field presents very regular amplitude and phase profiles. The slight curvature of the radome panel can be easily seen both in amplitude and phase. In the case of the bare juncture (second column), the perturbation is clearly visible as an important increase in amplitude in the central area (right after the seam), delimited by very low amplitude zones (in dark blue). This constitutes the well-defined "signature" (or "shadow") of the scatterer. The perturbation is also visible as a phase mismatch, highlighted with black dashed lines in the phase profiles. After tuning the seam with metasurfaces (third column), the camouflage effect is apparent: the signature of the seam is no longer visible, and the original wavefront is restored. In particular, the amplitude profiles in the case of the metasurface-tuned juncture are very similar to the reference ones (for both TE and TM illuminations). Since the perturbation is correctly addressed both in amplitude and phase, the camouflage effect is here experimentally validated in the near-field region of the structure.

The next validation step consists of measuring the far-field radiation patterns of the panel, the bare juncture and the metasurface-tuned juncture and verify whether the side lobes induced by the seam are correctly suppressed. The measured radiation patterns in the case of TE-and TM-polarized normal and oblique incidence illuminations (up to 45°) are reported in Fig. 4.7. The perturbation of the seam is clearly visible in the red patterns as two spurious lobes redirecting the energy towards undesired directions. For example, this can be observed in the case of TE normal incidence (0°) illumination, where three distinct energy lobes towards 0°and ±25°are observed. Interestingly, a clear link between the perturbation of the seam in the near-field region and the respective far-field radiation pattern can be drawn. The perturbed near-field wavefront, consisting of an increase in amplitude towards the illumination direction (0°) and two localized low amplitude zones (in dark blue in Fig. 4.6), translates in the far-field region as the central energy lobe (0°) and two very clear -30 dB dips at around ±15°(shown in Fig. 4.7). Due to the presence of the seam, the power transmitted by the antenna is blocked at very well-defined directions (±15°with respect to the illumination direction) and redirected towards other directions (the spurious lobes). The blocking effect of the seam (described in the Kay's paper [START_REF] Kay | Electrical design of metal space frame radomes[END_REF] where the IFR is introduced) is thus very clearly observed here. The blocking area of the seam can also be defined here as the spatial region delimited by the peaks of the two spurious lobes, spanning here from -25°to +25°with respect to the illumination direction. After tuning the seam with metasurfaces (green patterns), the suppression of the -30 dB dips, which separated the central lobe to the spurious lobes, is apparent. The side lobes are now no longer visible and the whole radiation pattern is relatively close to the one of the reference panel (in blue). The correction of the radiation pattern can be seen for both polarizations and for the entire 0°-45°illumination range. The changes in the radiation patterns of the tuned juncture are indicative of the scattering reduction capabilities of the metasurfaces. Since the perturbation of the seam has been correctly addressed in the near-field (scattered amplitude reduction, phase mismatch correction) and in the far-field regions (side lobes suppression), experimental validation of the camouflage effect has been successfully achieved.

The final step consists of studying the stability of the camouflage effect as a function of frequency and define a camouflage band associated to the metasurface used for tuning the seam. This was done by calculating the perturbation factor of the bare and metasurface-tuned junctures in S-band (2 -6 GHz), for TE and TM polarizations, presented in Fig. 4.7b. The perturbation factors are obtained from the measured radiation patterns within the blocking area defined above. In this frequency band, maximum perturbation (ρ = 100%) is achieved at 5.7 GHz for TE polarization and all the calculated perturbation factors are normalized accordingly. As a reminder to the reader, a perturbation of ρ = 0% is achieved if the energy transmitted through the juncture, integrated within the blocking area of the seam, is the same as the one through the reference panel alone (that is, S 21,juncture = S 21,panel ). Thus, the more the perturbation factor is reduced, the more the tuned juncture "behaves" in a similar way as the reference panel. In this case, a very clear reduction of the perturbation factor of the tuned juncture (in orange) around 3.4 GHz is observed for both polarizations. A camouflage band can then be defined by specifying a perturbation threshold. I have chosen here an arbitrary threshold of ρ = 20% (indicated by a red horizontal line in Fig. 4.7b), which results in the camouflage band highlighted on the right side of Fig. 4.7b. This corresponds to the frequency band within which the perturbation of the metasurface-tuned juncture is lower than ρ = 20%. Depending on the acceptable level of perturbation, various thresholds (and thus various camouflage bands) can then be defined. Studying the evolution of the perturbation of the tuned juncture (in orange) under TE-and TM-polarized illuminations, several conclusions can be drawn. First, minimum perturbation is achieved at different frequencies depending on the polarization of the illumination (3 GHz for TE and 3.4 GHz for TM). The oscillating behavior of ρ T M (not present in the TE case) suggests that the scattering reduction effect is more stable for TE polarization. The existence of a preferential polarization state of illumination (for which the camouflage effect is more efficient) is undesired as it breaks the dual-polarization feature of the solution. In the case of this prototype, while ρ T E is below 20% between 2.6 and 3.6 GHz, ρ T M oscillates between 8% (3.4 GHz) and 30% (3 GHz). The optimal operational band would then be between 3.2 and 3.6 GHz.

Second, the perturbation factor of the tuned juncture above 4.8 GHz is at a similar level as the bare juncture, indicating that the metasurfaces have here a negligible impact on the scattering of the seam and thus that the presented solution is relatively narrowband. Moving away from the optimal camouflage frequency implies that the impedance response of the metasurface no longer satisfies the condition for which the scattering reduction effect is achieved. A shift in the camouflage frequency can then be achieved by redesigning the ring, which is the case of the other prototypes shown in the following sections.

While the scattering suppression is correctly observed, a shift in the camouflage frequency from 4 GHz to around 3.4 GHz has been clearly presented. This frequency shift could be explained by considering two different aspects. Firstly, during the fabrication process, several thin layers of glue are used to keep the seam together. This glue is not considered in the analytical model, nor the simulations and slight shifts in frequency could be explained by considering the presence of this additional material in the system. Furthermore, since the glue was manually applied onto each layer and non-negligible amounts of excess glue coming from the layers was observed (as clearly shown in the photograph of Fig. 4.1b), estimating the amount and homogeneity of the glue on each layer is not a simple task. On top of this uncertainty, the possibility of small amounts of air trapped between layers cannot be excluded. The oscillating nature of the perturbation (visible in both bare and tuned junctures) may also be due to these fabrication concerns. Regardless of these irregularities, the camouflage effect is still observed, both in near-field and far-field, which suggests that the solution presented in this work is robust to fabrication tolerances. The second consideration concerns the nature of the metasurface itself. As discussed in section 3.6, edge effects on a finite metasurface can lead to shifts in the metasurface's behavior and, in the case of this specific prototype, almost 40% of the meta-atoms are along the edges of the surface. Simply put, the further the realized finite metasurface is from an infinitely periodized one, the more the impedance response of the metasurface will be different from the theoretical one. An important change in the realized impedance due to edge effects may then explain the shift in camouflage frequency. To sum up, due to possible fabrication irregularities (excess glue, trapped air) and edge effects, the actual impedance response of the metasurface is such that the scattering suppression occurs in a lower frequency band than expected. In order to verify whether reducing edge effects by lowering the metasurface's periodicity may lead to better results, a second S-band prototype is realized.

Miniaturized S-band prototype

The second metasurface-tuned prototype (also designed for a camouflage frequency of 4 GHz) presents a smaller meta-atom periodicity p = 10 mm with respect to the previous prototype, for which p = 15 mm. Simulation and experimental results will here be presented in comparison to the ones of the previous prototype (section 4.5.1). The simulated scattered fields for the reference panel and the bare junctures, shown in the first two columns of Fig. 4.8, are the same as in Fig. 4.5. The simulated scattered fields of the metasurface-tuned juncture are similar between the two prototypes: in both cases, the signature of the seam is strongly reduced to the level of the reference (in terms of near-field amplitude and spurious lobes in the scattering patterns on the last column). The miniaturized prototype presents however a slightly lower scattered amplitude in the case of 30°and 45°incident illuminations. Overall, simulation results suggest that the two solutions are comparable and in both cases the desired camouflage effect is observed. Similar results were also obtained in the case of TM illumination.

The measured near-field amplitude and phase profiles of the transmitted electric field, the bare juncture and metasurface-tuned juncture, in the case of normally incident TE-and TM-polarized illuminations at 4 GHz, are presented in Fig. 4.9. Comparing the measured amplitude profiles of the bare/tuned junctures (second/third column) and the reference panel (first column), the camouflage effect is apparent: the amplitude signature of the seam is strongly reduced, the regular wavefront is restored, and the phase mismatch is no longer present. Results for TE and TM illuminations experimentally validate the dual-polarized camouflage effect at 4 GHz. Similarly, in the far-field region, tuning the seam with metasurfaces induces the suppression of the -30 dB dips and the spurious side lobes and an overall restoration of the original radiation patterns. Robustness to polarization and oblique incidence illuminations is also verified here. Far-field experimental validation is thus also achieved.

The main differences between the two prototypes can be drawn by studying the evolution of the perturbation factors of the bare/tuned junctures in the 2-6 GHz frequency band, presented in Fig. 4.10b. While the scattering suppression is achieved in both cases, the second prototype, with a smaller meta-atom periodicity, achieves the camouflage effect closer to the design frequency. If I consider the same ρ = 20% perturbation threshold as before, the 3.4 -4.2 GHz camouflage band is defined. Furthermore, differences between the perturbation in the case of TE and TM illuminations of the tuned junctures are minor and no oscillatory behaviors are observed. Comparatively, the miniaturized solution offers not only a camouflage band closer to the desired frequency of 4 GHz, but also more robustness to polarization (TE and TM perturbations are particularly close in the zoomed view of Fig. 4.10b). If we consider that both structures were assembled at the same time and under the same conditions, it is relatively safe to assume that fabrication irregularities (excess glue, possible air trapped between layers, misalignment) are comparable between these two S-band prototypes and thus that the different response can be explained in terms of the different meta-atom periodicity. As previously described in section 4.2, lowering the periodicity p from 15 mm to 10 mm enables the inclusion of more meta-atoms for the same 100 x 100 mm2 surface area and reduce the number of meta-atoms placed along the edges from 38% to 24%. Less prominent spurious edge effects (which modify the metasurface's response and can lead to a lower camouflage frequency) are then to be expected. The hypothesis I propose here is that lowering the meta-atom's periodicity has led to lower edge effects (since less atoms are on the edges), a better homogenization of the metasurfaces and thus a realized impedance closer to the one necessary to achieve the scattering effect 

C-band prototype

The next metasurface-tuned seam prototype is very similar to the previous ones (same seam size and material properties, same fabrication procedure, same metasurface burial depth), except for a different meta-atom design, optimized for a target camouflage frequency of 7 GHz. In a similar fashion as the previous prototypes, simulated and experimental results are presented in Figs. 4.11, 4.12, 4.13 and discussed. From the simulated scattered fields of Fig. 4.11, the signature of the seam can be seen as an 4.5 Simulation and experimental validation of the camouflage effect 103 important increase of the scattered amplitude (in green and red according to the color scale) perturbing the planar wavefront and inducing spurious lobes on the scattering patterns of the juncture (red patterns). The camouflage effect induced by the metasurfaces is then observed on the scattered field profiles of the tuned juncture as a significant decrease of the scattered amplitude and a reduction of the spurious lobes (green patterns). An increase in the backward scattering of the tuned juncture can also be observed. I believe this to be a relatively minor problem that should be resolved by further optimizing the metasurface's design.

The measured near-field amplitude and phase profiles of the reference panel, the bare juncture and the metasurface-tuned juncture at 6.55 GHz are shown in Fig. 4.12. Like the previous cases, the perturbation is here observed as an important increase in amplitude, delimited by localized zero amplitude zones, and a phase mismatch, highlighted in the phase profiles with dashed black lines. After tuning the seam with metasurfaces, while the amplitude is strongly reduced for both polarizations, some phase mismatch is still present and is particularly visible in the case of TE polarization. Interestingly, the symmetric phase mismatch induced by the bare juncture in both polarizations is not symmetric in the case of TE illumination of the tuned juncture (the reader will notice an important phase mismatch on the right side, not present on the left side). In the case of TM illumination, some slight phase mismatch can still be observed, but an overall phase correction is achieved. The fact that the important phase mismatch is only visible for TE polarization and clearly localized is indicative that the realized metasurface-tuned juncture is not symmetric. A possible explanation can be offered by considering fabrication irregularities and misalignment of the metasurfaces which may cause the camouflage effect (amplitude reduction, phase correction) to be more effective for a specific polarization (in this case, TM). This hypothesis is further supported by the fact that this problem is not present in any of the other prototypes. More specifically, in the case of the dual-frequency prototype (presenting on one side the exact same geometric parameters as the prototype discussed here), the transmitted phase profile in case of TE illumination at a frequency of 6.8 GHz does not present any phase mismatch, as shown in Fig. 4.17. The reader is here invited to compare the amplitude and phase profiles for TE illumination of Fig. 4.12 and Fig. 4.17. It is then safe to assume that this artefact is due to fabrication concerns and not related to the actual metasurface design (no phase mismatch is shown in Fig. 4.17). Overall, while not optimal, a reduction of the amplitude and a correction of the phase mismatch are observed, suggesting the camouflage capabilities of the metasurface.

As for the far-field radiation patterns of the panel and bare/tuned junctures (shown in Fig. 4.13), the perturbation of the seam is still visible as two -30 dB dips at ±15°a nd two spurious lobes at ±25°around the illumination direction. Tuning the juncture with metasurfaces offers significant improvements (no dips and lowered spurious lobes) with respect to the case of the bare juncture, for both polarization states and within the entire 0°-45°incidence illumination range. However, in comparison to the radiation pattern correction achieved by other prototypes, I believe that the camouflage effect could still be further optimized, mostly by improving the fabrication procedure. The stability of the scattering reduction effect in the 5.0 -9.0 GHz frequency band is presented in Fig. 4.13b. Maximum perturbation (ρ = 100%) is here achieved for TE illumination at 8.8 GHz. The TE and TM perturbation factors of the bare/tuned junctures are normalized accordingly. An overall reduction of the perturbation of the tuned junctures (in orange) is observed in the entire band for both polarizations and is mostly minimized in the 6.0 -6.6 GHz band. This constitute the camouflage band associated with this prototype and is highlighted on the right side of Fig. 4.13b. The TE and TM curves are quite close in the 5.5 -9.0 GHz frequency band, suggesting the robustness of the dual-polarized feature of the solution. A shift in the realized camouflage frequency from the desired 7 GHz to around 6.6 GHz is observed and can be explained by the same considerations discussed in section 4.5.1.

X-band prototype

The next metasurface-tuned seam prototype was then optimized for a frequency of operation of 10 GHz. What sets this prototype apart from the previous ones (besides the different meta-atom design) is that the metasurface-tuned seam was assembled by taping the pieces together, instead of gluing them. While not as mechanically stable, the absence of several layers of glue is an advantage of this solution. Misalignment of the metasurfaces, while still a possibility, is also reduced as the metasurfaces can be easily moved and repositioned at will. In the case of the glued prototypes, interlayer gliding effects during the hardening process of the glue caused the misalignment and were irreversible. Experimental results on this prototype can thus offer some insight into how efficiently the camouflage effect is achieved with this fabrication procedure, as opposed to the previous one. Furthermore, the reconfigurability of the solution has made it possible to study the evolution of the camouflage frequency associated with the metasurfaces when changing their burial depth and will be thoroughly detailed in section 4.6.

From the simulated scattered fields of the panel and the bare/tuned junctures at 10 GHz, the signature of the seam and its significant reduction, induced by the buried metasurfaces, is clearly shown in Fig. 4.14. Besides some backscattering induced by the tuned juncture, the forward scattered wavefront is correctly restored. Similar results were obtained in the case of TM illumination.

The measured near-field amplitude and phase profiles (shown in Fig. 4.15) show a well-defined perturbation of the seam, as an amplitude increase and a clear phase mismatch, which are both addressed when tuning the seam with metasurfaces. While the amplitude correction may still be further optimized (the "shadow" of the seam can still be noticed in the amplitude profiles, especially very close to the seam), the corresponding phase wavefront appears to be planar, and no phase mismatch is present further away from the seam position. The scattering reduction capability of the metasurfaces in the near-field domain are here validated.

The efficiency of the camouflage effect can be particularly appreciated by comparing the far-field radiation patterns of the reference panel to the ones of the bare/tuned junctures at 10.5 GHz, shown in Fig. 4.16a. At this frequency of operation, the perturbative effect of the seam is such that the energy radiated towards the illumination direction is almost entirely redirected towards two spurious lobes at ± 10°with respect to the illumination direction. The absence of the main lobe at 0°and the appearance of two spurious lobes can be seen on the red patterns of Fig. 4.16a. The energy radiated to a given direction is thus here fully blocked by the seam. After tuning the seam with metasurfaces, this perturbation is no longer visible: the central energy lobe is restored, the spurious lobes suppressed, and the overall radiation patterns of the tuned juncture (in green) appear to be very close to the reference ones (in blue), validating the camou- achieved here: the perturbation factor in the case of TE-and TM-polarized illuminations of the metasurface-tuned juncture match particularly well within the camouflage band and are both minimized at around 10.5 GHz. The camouflage effect is thus also validated in the far-field domain.

When comparing the evolution of the perturbation factors of the taped prototype and the glued ones, the scattering reduction effect appears to be more stable to polarization changes when the metasurface-tuned seam is taped. This can be appreciated by studying how well the TE and TM curves overlap in the frequency band of interest. In the case of the glued prototypes, while the perturbation factor is overall reduced, some mismatch between the TE and TM curves can always be noticed (the reader will refer to Figs. 4.7b, 4.10b, 4.13b). In the worst case (Fig. 4.7b), some oscillatory behavior of the perturbation factor for only one specific polarization is observed. In comparison, the TE and TM perturbation factors of the taped prototype (Fig. 4.16b) almost coincide in the 10.0 -12.0 GHz. The hypothesis I propose here is that the differences between the TE and TM perturbation factors of the glued prototypes are due to the presence of uneven levels of glue between layers and a misalignment of the metasurfaces, due to slight movements during the hardening process of the glue. In the case of the taped prototype, the absence of the glue and an overall better metasurface alignment lead to a more symmetric system and thus to an almost identical TE and TM responses. This hypothesis can be further backed by considering how the polarization stability of the scattering reduction effect is maintained when reconfiguring the taped prototype. Without going into the details of the configurations (which will be discussed in section 4.6), the reader will here simply notice how the curves for TE and TM polarizations shown on Fig. 4.19 almost coincide, regardless of the configuration of the seam.

Dual-frequency prototype

After designing metasurfaces to camouflage the presence of the radome seam at 4 GHz, 7 GHz and 10 GHz, an interesting variation of the concept to achieve a similar effect simultaneously at two frequencies of operation was explored. At first, the idea was to design a dual-impedance metasurface including two periodicities, each of which would be related to a specific frequency. This solution proved difficult to implement. If two unrelated meta-atoms of size p 1 and p 2 are considered, arranging them on a single surface in such a way that, not only, are they periodically repeated with periodicity p 1 and p 2 , but also that periodicity p 1 does not break the periodicity p 2 (meta-atoms p 1 cannot overlap meta-atoms p 2 ) is not always possible. Compromises will then have to be made to contain both periodicities on a single surface (for example locally breaking one of the two periodicities), which would lead to a non-homogenizable arrangement of unit cells. A second solution, proposed here, consists in a double-faced metasurface, presenting a different pattern on each side, hence realizing two surface impedances. By keeping the two periodicities separate, any set of (p 1 , p 2 ) can be considered without compromising any of the two patterns. A photograph of the realized double-faced metasurface is presented in Fig. 4.2. The metasurface presents on one side the same pattern as the C-band prototype and a variation of the initial S-band pattern on the other side, as detailed in section 4.2. The simulated scattered field profiles for this prototype are very similar to the ones presented in Fig. 4.5 and Fig. 4.11 and will not be presented here for brevity. I will focus on the experimental results instead.

The measured near-field amplitude and phase profiles at 2.8 GHz and 6.8 GHz for TE-polarized illumination are presented in Fig. 4.17. A clear camouflage effect is achieved at the two distinct frequencies of operation. Interestingly, as pointed out in section 4.5.3, even though the C-band prototype and the C-band layer of the dualfrequency prototype have the same geometric parameters, a better phase correction at 6.8 GHz is achieved here than in the case of the C-band prototype. Since the scattering reduction effect is observed at two distinct frequencies in two separate frequency bands (S and C bands), dual-frequency capabilities of the proposed solution are experimen-tally demonstrated in the near-field region.

The camouflage effect induced by the dual-frequency metasurfaces is also visible on the radiation patterns of Fig. 4.18a, at 2.8 GHz and 6.8 GHz. The reader will notice that the S-band radiation patterns are similar to those of the single-frequency prototypes presented in the previous sections. At both frequencies, the -30 dB dips are suppressed, the spurious lobes are lowered and an overall correction of the radiation patterns of the tuned juncture, with respect to the bare juncture, is achieved. Robustness to changes in the polarization state and direction of the illumination is also verified. As for the stability of the scattering reduction effect as a function of frequency, the TE and TM perturbation factors in the 2-8 GHz band clearly shows two dips around 2.8 GHz and 6.8 GHz. A slight mismatch between the TE and TM curves in the entire 2-8 GHz band can also be observed. Besides the fabrication considerations previously mentioned, I hypothesize that the mismatch can also be partly due to the lack of symmetry of the double-faced metasurface. In fact, while each pattern, on the top and bottom side of the metasurface, has circular symmetry, the combined pattern does not. This can be easily noticed on the photograph of the realized metasurface of Fig. 4.2e., where the superposition of the top and bottom patterns (seen through the substrate) leads to an asymmetric pattern. When illuminated by an EM radiation, the impedance realized by the double-faced metasurface is then expected to be different in the case of TE and TM polarizations. Very interestingly though, measurements show that the desired effect is achieved at the two frequencies for both polarizations, suggesting that despite a global asymmetric pattern, the wave interacts somewhat selectively to the two patterns. The measured far-field radiation patterns further validate the dual-frequency capabilities of the solution.

As of the writing of this thesis, designing a dual-frequency metasurface was achieved by simply combining already existing designs and adjusting the geometric parameters by simulating the full structure. While experimental validation of the dual-frequency effect was achieved, it's important to highlight, however, that the limitations of the proposed approach are not known, and that the analytical and simulation approaches presented in the previous chapter cannot be applied here. Furthermore, the interaction between the top and bottom patterns of the single metasurface is here supposed to be negligible, which happens to be a relatively valid hypothesis in this specific case (dual-frequency camouflage is experimentally validated) but may not generally be true for any set of parameters p 1 and p 2 . The presented results thus positively indicate the dual-frequency capabilities of the proposed solution, but more dual-frequency solutions would have to be investigated to reach more general conclusions on the matter. 

Impact of the metasurface's burial depth on the camouflage performances

After experimentally validating that a radome seam can be camouflaged by burying metasurfaces within its dielectric volume, the relation between the burial depth of the metasurfaces and the realized camouflage frequency is explored. In fact, in the five metasurface-tuned prototypes presented in section 4.2, the metasurfaces are all placed at a fixed burial depth of 8 mm. Changing the geometric parameters of the ring metaatoms has enabled to easily shift the camouflage frequency across various frequency bands. The meta-atom's parameters thus clearly constitute the main degrees of freedom exploited to engineer the camouflage frequency of the radome seam. But what about the burial depth of the metasurfaces? The robustness of the camouflage effect to changes in the burial depth is here explored. By changing the position of the metasurfaces inside the seam, various metasurface-tuned seam configurations were obtained, and far-field measurements were performed. The evolution of the perturbation factors for the different configurations can then be used to study the stability of the camouflage effect to changes in the metasurface's burial depth.

The X-band prototype (whose simulation and experimental results were presented in section 4.5.4) is realized by taping the pieces together and can be reassembled into the various configurations shown in Fig. 4.19. As previously detailed, the dielectric seam is made of two 8 mm thick slabs (light grey) and a 10 mm thick slab (in dark grey), all having the same permittivity ϵ r = 3. The position of the 10 mm thick slab is changed, depending on the desired configuration (the reader will notice how the dark grey piece is not placed at the center of configurations (d) and (e)). The two metasurfaces present the X-band meta-atom design (p, r, s) = (5.5, 2.5, 0.3) mm, which was shown in Fig. 4.2d. The meta-atom design is the same for all the configurations and the total thickness of the metasurface-tuned seam is kept at 27 mm. The position of the metasurfaces inside the seam (their burial depth) is shown by the red numbers placed below each metasurface on the exploded views. The red arrows above the metasurfaces indicate the metallization face of the 0.5 mm-thick substrate. This corresponds to the face onto which the metasurface was patterned. By simply rotating the substrate by 180°, the burial depth of the metasurfaces can be shifted by ±0.5 mm. I will now describe each configuration of Fig. 4.19 and focus on the impact of the burial depth on the realized camouflage frequency. An illumination from the left side of the exploded views is here considered. Configuration (a) corresponds to the case already discussed in section 4.5.4. The metasurfaces are placed at a burial depth of 8 mm, facing outward. The realized camouflage frequency is 10.5 GHz for both TE and TM incident illuminations and constitute the starting point for this study. By turning one of the two metasurfaces by 180°, the burial depth of one of two metasurfaces is shifted from 8 mm to 8.5 mm and configuration (b) is obtained. In this case, one metasurface faces inward and the other one outward. A small shift of the camouflage frequency is observed: a 0.5 mm shift for one of the two metasurfaces causes the camouflage frequency to shift by 100 MHz, from 10.5 GHz to 10.6 GHz, for both polarizations. Turning both metasurfaces by 180°, so that they are both placed at a burial depth of 8.5 mm facing inward, leads to configuration (c). In this case, a further 100 MHz shift of the camouflage frequency is observed. Besides, a small mismatch between the perturbation factor for TE and TM illuminations is observed. Given how both curves match very well in all the other configurations, I suppose this mismatch to be mostly related to some irregularities during the assembly of the prototype. In particular, while no glue is present in this case, some air could be trapped between the layers, which could explain the small mismatch.

In configurations (d) and (e), both metasurfaces face outward but the order of the dielectric pieces is changed in such a way that one of the two metasurfaces is buried 10 mm deep inside the seam, while the other one is kept at a burial depth of 8 mm. Configurations (d) and (e) are then not symmetric (due to the different burial depths), but they are a mirror to each other. In other words, they can be considered as one unique configuration, but illuminated from two different sides. The reader will notice that illuminating configuration (d) from the left is equivalent to illuminating configuration (e) from the right. The realized camouflage frequency appears to have shifted considerably from the original configuration (a). In fact, when comparing configurations (a) and (e), switching the 8 mm piece (light gray) with the 10 mm piece (dark gray) implies a 2 mm change in the burial depth of one of the metasurfaces (from 8 mm to 10 mm), which results in almost a 1 GHz shift in camouflage frequency, from 10.5 GHz to 11.4 GHz. Very interestingly, the side of illumination has an impact on the realized camouflage frequency: when the same asymmetric structure is illuminated from both sides (configurations (d) and (e)), a small 100 MHz shift in the camouflage frequency is observed depending on the side of illumination. This result is quite significant as it confirms experimentally that having a fully symmetric system is necessary to achieve a camouflage effect independent of the illumination side. This condition is very important in the context of radomes where the enclosed antenna can a priori emit or receive a signal. Ideally, the optimal camouflage effect will have to be achieved at the desired frequency regardless of the illumination side. The variation of the camouflage frequency observed when repositioning the metasurfaces inside the seam experimentally validates that, besides the geometric parameters of the meta-atom, the burial depth of the metasurface also plays an important role in the scattering reduction phenomenon and can be used as an additional degree of freedom to tune the realized camouflage frequency.

The measurement results presented in sections 4.5 and 4.6 experimentally validate that both the geometric parameters and burial depth of the metasurfaces allow to change the camouflage frequency of the seam. Experimental results on the different configurations presented in this section experimentally validate the robustness of the camouflage effect to changes in the metasurface's burial depth.

Conclusion and further developments

In part I of my thesis, I've first introduced the problem of spurious scattering arising from mechanical dielectric seams in ground-based radomes. The seam locally modifies the amplitude and phase profiles of the EM wave transmitted through it and induces spurious lobes on the far-field radiation patterns of the antenna enclosed in the radome. My solution consists in tuning the seams with metasurfaces to significantly reduce their scattering and thus induce a camouflage effect with respect to the radome's panel. A workflow for the design of the metasurface, based on a transmission-line approach to analytically retrieve the required surface impedance Z S and full-wave simulations of the metasurface's unit cell, is introduced and applied to design various metasurfaces in S-, C-and X-bands. Five metasurface-tuned seam prototypes are realized, and the camouflage effect is experimentally validated by near-field and far-field measurements in both TE and TM polarized normally and obliquely incident illumination up to 45°.

One of the most important aspects of this work is that the camouflage effect is demonstrated at various frequencies by only changing the parameters associated with the metasurfaces (geometric parameters, burial depth) while keeping the geometry and material properties of the radome panel and seam the same across all the prototypes. The extensive experimental work conducted in this PhD has demonstrated the use of metasurfaces in a realistic scenario to successfully tackle a well-defined problem (perturbation in radomes due to dielectric seams). Several strengths of the proposed solution have been highlighted throughout this study and are here summarized.

• The possibility of engineering the camouflage effect via the geometric parameters of the metasurface has been experimentally demonstrated. For one unique seam design, several camouflage frequencies, spanning from 3 GHz to 10 GHz are achieved by changing the buried metasurface design.

• The robustness of the camouflage effect to oblique illumination up to 45°is experimentally validated.

• Dual-polarization capabilities of the proposed solution is experimentally demonstrated.

• The camouflage effect was demonstrated regardless of the electrical size of the scatterer.

• Dual-frequency capabilities of metasurface-tuning are experimentally validated by burying dual-impedance metasurfaces in the seam's volume.

• The possibility of engineering the camouflage frequency via the burial depth of the metasurface, for a given metasurface design, is experimentally demonstrated.

• The metasurfaces are realized by well-established techniques (chemical etching) on a standard dielectric substrate. They are low-cost, compact (0.5 mm thickness) and easily fabricated from standard materials, making them particularly appealing from an industrial point of view.

• The reference panel considered in this study is a commercially available radome panel. The bare seam's size and geometric parameters are similar to the ones of a real dielectric radome seam. The experimental results presented in this work are then representative of a real radome scenario.

Besides the robustness of the solution and the technological advantages listed above, I believe that the experimental focus of this work constitutes an interesting contribution to the vast literature of metasurfaces for applications in the cloaking domain. While the analytical and simulation approaches are well known in the literature, experimental validation of metasurface-induced EM camouflage of electrically large scatterers at various frequencies of operation offers an interesting perspective on the use of metasurfaces in real scenarios and helps bridging the gap between fully theoretical metasurface cloaks and implementable real-life metasurface solutions.

The most important limitations of the proposed solution must also be highlighted and are here summarized.

• Metasurface-tuning can only be applied to dielectric scatterers. Scattering control of metallic scatterers cannot be achieved by burying metasurface inside a metallic volume, as the medium behaves differently when illuminated by an EM radiation (no internal polarization currents are present inside a metal).

• Metasurface-tuning is, by definition, an invasive solution that requires metasurfaces to be buried inside the dielectric volume. While metasurfaces may be easily integrated in a radome seam, it may prove difficult in other cases and a redesign of the camouflaged scatterer may be needed. Non-invasive solutions, consisting of placing the metasurfaces onto the external surface of the scatterer would solve the problem. Conceptually, the idea of metasurface cloaks has already been presented in the literature but has proven to have some important limitations related to the size of the scatterer. As already discussed in chapter 1 of this report, metasurface cloaks have been successfully designed to suppress the scattering of deeply subwavelength objects. This solution cannot be considered for bulky non-subwavelength scatterers, like radome seams. Further work needs to be done to achieve the desired camouflage effect (like the one presented in this work), all while keeping the solution non-invasive.

• While the camouflage effect can be easily tuned by changing various metasurface's parameters, the optimal camouflage band remains relatively narrowband. In the case of ground-based radomes, this is usually not a problem (as the radome works at well-defined operational frequencies) but it may be an important concern for broadband RF systems. As of the writing of this thesis, a broadband camouflage effect has not been achieved.

• The backward perturbation of the seam is usually a minor issue in the case of radomes compared to the prevalent forward perturbation. In this work, I have treated the case of the forward perturbation (in the direction of propagation through the radome) but have not focused on how efficiently the backward scattering (reflected from within the radome back to the antenna) is reduced. In the simulated scattered fields, some backward scattering can still be observed in the case of the metasurface-tuned junctures. Backward scattering has however not been measured in the near-field regime. Theoretically, fully counterbalancing the polarization currents from which the scattered field arises should fix both the forward and backward scattering. I believe that some residual backward scattering after tuning the seam with metasurfaces should be resolved by further optimizing the metasurface design.

Finally, I'd like to conclude this section by offering some interesting perspectives that can be further developed to address the limitations of the proposed solution.

• A non-invasive alternative of the invasive metasurface-tuning concept can be envisioned by placing the metasurfaces (and their substrates) onto the outer surface of the scatterer in such a way that they are effectively "buried" inside the object if the metasurfaces' substrate is taken into account. In fact, if a dielectric scatterer is considered and the metasurface (patterned onto a dielectric substrate of thickness t and having similar material properties as the scatterer) is placed onto its outer surface, the metasurface will be effectively placed at a "burial depth" t from the surrounding air, all while not actually being buried inside the scatterer! In this scenario, the metasurface may act like a "smart skin" covering the scatterer. Further developments of this idea need to be explored.

• A possible solution to extend the camouflage band of the metasurface-tuned seams may be found by further investigating dual-frequency metasurfaces. In section 4.5, dual-frequency camouflage was experimentally validated. Can a dual frequency metasurface be designed by combining two designs optimized for two frequencies close to each other to achieve a larger camouflage band?

• A generalization of the concepts presented in this work could be explored. Given the industrial context of this PhD, I've focused on the camouflage of radome seams (with specific material properties and geometry), but similar techniques could be considered to camouflage any dielectric scatterer ϵ 1 with respect to a dielectric reference ϵ 2 . It may be interesting to study whether it's possible to achieve a camouflage effect in the case of important differences in their dielectric properties (for example, ϵ 1 = 1 vs ϵ 2 = 10) and for any electrical thickness (several λ). In fact, as of the writing of this report, the limitation of this approach in terms of how different the two dielectric scatterers can be and their thickness with respect to wavelength have not been fully investigated yet.

• The concepts presented here to reduce the scattering of a wave transmitted through a juncture may be applied to modify the behavior of an EM wave interacting with any generic juncture. It may be interesting to generalize this approach to the case of transmissive, reflective, or absorbing junctures. For example, metasurfaces may be integrated in a dielectric juncture to improve its reflection or absorption behavior and thus reduce the contrast with respect to a dielectric reference. In this chapter, I first offer a general introduction on radomes for airborne applications. I then present an overview of the main metamaterial-and metasurface-based functional radomes for the enhancement of performances of phased array antennas.

Part

Introduction

Radome structures for airborne applications need to satisfy a variety of strict material and structural requirements [START_REF] Shavit | Radome electromagnetic theory and design[END_REF]. Aside from being weatherproof and mechanically stable, airborne radomes are subjected to precise aerodynamics constraints to minimize air drag and are designed to follow specific profiles [START_REF] Shankar | Aerodynamic optimization of airborne radome for maritime patrol radar[END_REF]. In particular, the shape of the radome can have a major impact on its transparency performance. In the case of large, ground-based radomes (discussed in chapter 2), the geodesic shape is purposely chosen to minimize reflections on the radome by keeping the radiation from/to the antenna system mostly normal to the radome surface. However, geodesic or semi-spherical radome shapes are usually incompatible with an airborne environment as they often imply very high air drag and can negatively affect the aerodynamics performance of the aircraft. Low-drag radome solutions, such as quasi-planar or planar radome shapes, are then prioritized. A low drag radome solution for airborne applications is shown in 126 Chapter 5. Functional radomes for the enhancement of phased-array antennas Fig. 5.1a. While highly efficient in terms of air drag reduction, they suffer from high reflection losses for wide incidence angles of the impinging EM radiation. This is due to reflections that naturally occurs when an EM wave impinges on a surface at an offnormal angle of incidence. The larger the angle of incidence, the more important the reflection will be. High reflection losses are directly linked to low transmission of the signal going through the radome structure and have a negative impact on the overall radome transparency. A well-known technique to reduce wide-angle reflection losses is to mechanically steer the antenna system towards the desired angular direction. This allows to bring the radiation's incidence angle closer to the optimal normal case. This is classically the case of the front radar placed in the nose radome of aircrafts. One major drawback of mechanically steered antenna systems is that they require a relatively wide free space area surrounding the system and therefore a bulky radome profile. Depending on the size of the antenna, a trade-off between steering ability and compactness of the required radome needs to be found. A common alternative to mechanically steered antennas is phased array antenna systems (PAA).

Phased array antennas are made of multiple antenna elements which can be individually controlled to radiate a beam to desired angular directions without mechanically steering the system [START_REF] Mailloux | Phased Array Antenna Handbook[END_REF]. Beamforming in PAAs is based on constructive and destructive interferences between the radiations of all the individual antenna elements. By accurately tuning the phase-or time-delay between each array element, the global radiation of the PAA, which is the superposition of all the individual radiations from the array elements can be controlled at will. In particular, the direction of the radiation can be steered without the need to mechanically steer the system. While an optimized PAA system can achieve high directivity and scanning control for the entire ±60°scanning range, the rise of important parasitic grating lobes at unwanted angular directions severely hinders their use for wide-angle scanning (defined here as beam scanning above 60°or below -60°). An example of an unwanted grating lobe appearing at the horizon (-90°) when scanning the radiated beam towards 50°is shown in Fig. 5.1d. Grating lobes are linked to the periodic spacing of the antenna elements and therefore constitute a physical limitation of the PAA technology which has been proven hard to overcome. In summary, while the high-directivity and compactness of PAAs are highly attractive for airborne applications, the lack of reliable wide scanning functionality remains a major drawback. In recent years, the possibility of extending the scanning range of phased array antennas by functionalizing the radome enclosing the PAA has been proposed and will be presented in the following section. 

Metamaterial-and metasurface-based radomes for the enhancement of phased array antennas

A viable solution to increase the scanning range of a phased array antenna consists in covering the system with a thoughtfully designed radome capable of steering the radiated beam from an incident angle θ in to a larger angle θ out . Several metamaterial-and metasurface-based solutions have been presented in literature and are reported here in chronological order. A general method to design an extended scanning-range radome, based on transformation optics, was presented in 2014 by Fei Sun et al. in [START_REF] Sun | A general method for designing a radome to enhance the scanning angle of a phased array antenna[END_REF] and is shown in Fig. 5.2. The concept of transformation optics has been presented in chapter 1 (section 1.5) of this thesis. The radome is defined as the 2D area enclosed by two arbitrary curves Γ 1 and Γ 2 . A beam generated by a phased array antenna placed at the origin impinges on the radome at an angle θ. A spatial transformation G can be defined and applied to each point of the radome area (in yellow). The radiation entering the radome at a direction θ will then be bent by the transformed space and will exit at a different direction θ ′ = G -1 (θ). As an example, three radiations incident at 10°, 20°a nd 30°(a, b, c respectively) are steered to 55°, 65°and 75°by a 45°angular extension radome (d, e, f). This constitutes a good example of a metadome: an enhanced radome which is not only transparent to EM radiation, weatherproof and structurally stable, but can also provide a specific function, thanks to metamaterial technology integrated in the radome. In this specific case, the radome is functionalized to purposely refract the radiation from an illuminating PAA. While such a transformation-based metadome can theoretically extend the scanning range of a PAA to the horizon, its implementation requires highly complex, spatially varying material profiles and experimental validation of the concept has yet to be achieved. Moreover, transformation-based functional metadomes often require thick and bulky structures, which are generally incompatible with the strict low-drag constraints stated above. To overcome the limitation of metamaterial-based solutions (thoroughly detailed in chapter 1 of this thesis), various metasurface-based electrically thin solutions have instead been envisioned.

From the mid 2010s up until the early 2020s, metasurface-based solutions have played a major role in the context of functional metadomes. Extending the scanning and the metadome-covered PAA (in red). Refraction of the impinging illumination and suppression of spurious grating lobes is observed [START_REF] Lv | Scanning range expansion of planar phased arrays using metasurfaces[END_REF].

range of a PAA can be achieved by implementing phase-gradients which anomalously refract the impinging illumination towards a larger direction. The theoretical background of phase-gradient metasurfaces, based on the generalized Snell's law, has already been introduced in chapter 1 of this thesis. An in-depth theoretical study to design a phase-gradient metadome to increase the scanning range of phased arrays was presented by the group of Prof. Maci in 2018 [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF] and is shown in Fig. 5.3a. The metadome is modeled as an arbitrary zero-thickness 2D curvilinear profile s placed above a phased array antenna. The local phase shift induced by the metadome allows to refract the radiation generated by the PAA from an input angle θ in (before the metadome) to a larger output angle θ out (after the metadome). By purposely applying phase and amplitude modulations to the PAA radiation, it is theoretically shown that this metadome solution can extend the scanning range of a PAA from θ in = ±40°to θ out = ±70°without inducing parasitic grating lobes. The refraction induced by the metadome can be seen on the right in Fig. 5.3a, where various illumination directions from the PAA (in red) are refracted towards larger directions (in black) up to ±70°. In this context, the position of the PAA and the realized phase and amplitude modulations play a major role in the design of the metadome. This constitutes a rather interesting conclusion since it suggests to co-design the metadome and the PAA to fully optimize the entire system. While the proposed solution is conceptually promising, the metasurface required to practically realize such a metadome is only assumed to exist and is not presented in the work. Experimental validation of the proposed metadome concept has yet to be presented. Experimental validation of a semi-circular metadome to enhance the scanning range of a PAA was presented in 2020 [START_REF] Liu | Extending the scanning angle of a phased-array antenna using a thin radome of curved metasurface[END_REF] and is shown in Fig. 5.3b. The meta-atom consists of a ceramic slab with variable length, width and height. The transmitted phase realized by each meta-atom is controlled via their geometric parameters. Refraction of the incident illumination is then achieved by realizing specific phase-gradient profiles. In the example of Fig. 5.3b, the illumination from the center of the semi-circular radome is correctly refracted towards a larger direction. This is observed both in the electric near-field field profile transmitted through the radome and the far-field radiation pattern. While the refraction performance of the radome is experimentally validated, the semi-circular design of the metadome constitutes a major drawback of the solution for airborne applications. In fact, as already discussed above, in order to limit the air drag induced by the radome, its profile must be as compact as possible. Ideally, planar or quasi-planar conformal profiles are to be prioritized.

A planar metadome design for the expansion of the scanning range of PAAs was proposed in 2020 by Yan-He Lv et al. [START_REF] Lv | Scanning range expansion of planar phased arrays using metasurfaces[END_REF] and is shown in Fig. 5.3c. The metadome is here based on a planar 3-layer phase-gradient metasurface, placed in the close vicinity of a PAA. A photograph of the complete structure, including the phase-gradient metasurface and a 6-element PAA, is presented on the left in Fig. 5.3c. By varying the phase-shift between the 6 consitutive antennas of the PAA, the illumination is steered 5.2 Metamaterial-and metasurface-based radomes for the enhancement of phased array antennas 131 at will from -36°to 38°. The illumination incident on the metadome is then refracted towards a larger angle, thus effectively increasing the scanning range of the PAA. The measured radiation patterns of the metadome-covered PAA, for various phase shifts between its elements, are reported on the right in Fig. 5.3c. The blue patterns, corresponding to the PAA without the metadome, show the desired energy lobe as well as the presence of grating lobes. After covering the PAA with the metadome, the energy is refracted and the grating lobes are largely reduced. Scanning range extension from θ in = (-36°, 38°) to θ out = (-56°, 60°) was here experimentally validated. However, scanning above the ±60°PAA limit is not demonstrated. A recent implementation of a planar phase-gradient metadome covering a PAA was presented in 2021 in [START_REF] Sakurai | Millimeterwave huygens' transmit arrays based on coupled metallic resonators[END_REF] and is shown in Fig. 5.4a. The unit cell consists of two oval metallic patches placed on both sides of a dielectric spacer. A photograph of the realized metadome, placed in the near-field of the PAA (below the metadome), is shown in the center in Fig. 5.4a. By varying the geometric parameters of the unit cells across the metadome, various functions are enabled. In this case, a phase-gradient refracting the incident radiation from the PAA is desired. The measured and simulated far-field radiation patterns of the bare PAA and the metadome-covered PAA validate the refraction capabilities of the metadome. Finally, one of the most recent works in the field of metadomes for the enhancement of PAAs was presented in 2022 [START_REF] Monti | Quadratic-gradient metasurface-dome for wide-angle beam steering phased array with reduced gain-loss at broadside[END_REF] and is reported in Fig. 5.4b. The multizone metadome design proposed in this work consists of a discrete number of cells, optimized for the specific illumination radiated by the PAA placed below it. The attempt here is to discretize the theoretical metadome introduced in the framework of [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF] (Fig. 5.3a) and thus achieve a realistic, achievable design. Each zone of the metadome consists of 3 dielectric patches onto which 4 metallic layers are patterned. All the different multilayer patches are then placed onto a curved dielectric substrate (in pink). Simulation results on a realistic patch design (on the right in Fig. 5.4b) show that wide-angle beam steering can be achieved with relatively low losses. The various curves correspond to the different phase shift values between the PAA elements. By covering the PAA with the metadome, the theoretical 60°scanning limit of the PAA can be overcome and a 4 dB gain around 80°of scanning is observed. A phase modulation of the illuminating wave from the PAA, as presented in [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF], is also considered here to reduce spurious grating lobes. The multizone metadome concept introduced in this work constitutes an interesting development of the concept, aimed to bridge the gap between a fully theoretical approach ( [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF]) and an actual realizable design. As of the writing of this thesis, experimental validation of such a multi-zone metadome design has not been presented in the literature. 

Conclusion

In this chapter, I have first presented the important aerodynamic constraints limiting the design of radomes for airborne applications. Significantly reducing the radome's volume, as a way to minimize the air drag of the radome, is incompatible with mechanically steered antennas. In this context, very compact planar phased array antennas, capable of steering the beam directions by applying phase shifts or time delays between the array's elements, are ideal. However PAAs are technologically limited to a ±60°s canning range, due to the appearance of spurious grating lobes related to the periodic nature of the array. An interesting solution to extend the scanning range of PAAs is to functionalize the radome within which they are enclosed. I have then offered an overview of the most important development in the field of functionalized metaradomes (metadomes) since the mid 2010s. In particular, I have presented the first concept of a functionalized metamaterial-based metadome [START_REF] Sun | A general method for designing a radome to enhance the scanning angle of a phased array antenna[END_REF] (conceptually interesting, but technologically challenging) and various metasurface-based implementations of the concept, ranging from semi-circular [START_REF] Liu | Extending the scanning angle of a phased-array antenna using a thin radome of curved metasurface[END_REF], to planar [START_REF] Lv | Scanning range expansion of planar phased arrays using metasurfaces[END_REF] [75], and multi-zone designs [START_REF] Monti | Quadratic-gradient metasurface-dome for wide-angle beam steering phased array with reduced gain-loss at broadside[END_REF].

Functional radomes for the enhancement of PAAs are still a relatively new topic, with interesting developments being released even during the writing of this thesis. While in-depth theoretical works have been presented (especially in [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF] and [START_REF] Monti | Quadratic-gradient metasurface-dome for wide-angle beam steering phased array with reduced gain-loss at broadside[END_REF]), experimental validations suggest that there is still a lot of room for improvement. In particular, the frequency stability, angular and polarization robustness of the proposed designs are not often reported. Furthermore, the necessary degree of metasurface complexity required to achieve a stable response is not clear: two-layer (Fig. 5.4a), three-layer (Fig. 5.3c) and four-layer (Fig. 5.4b) designs have all been proposed in the literature. Minimizing the number of layers, all while maintaining acceptable performances, plays an important role in the fabrication, implementation and cost of such structures in real-case scenarios. In this chapter, I first introduce the concept of a multizone refractive metadome and present a bottom-up design strategy for the structure. I then focus on the unit cell, supercell and multizone design and conclude on the experimental results obtained from proof-of-concept prototypes.

Introduction

Planar phased array antennas (PAAs), while ideal for airborne applications due to their reduced volume, are fundamentally limited to a scanning range of ±60°due to spurious grating lobes. Covering the antenna array with a metamaterial-or metasurface-based functional radome is a viable solution to extend the scanning range above this limit. Various implementations of the concept (from bulky transformation optics metamaterials to multilayer planar and non-planar metasurfaces) have been presented in the literature and were reported in chapter 5. In the context of metadomes for the perfomance enhancement of antennas, I propose here a planar multizone metadome, based on phase-gradient metasurfaces, to refract the radiation incident on the metadome from a direction θ in towards a larger direction θ out . The various zones are optimized for a specific incident illumination and are juxtaposed in a cascaded design, as schematized 136 Chapter 6. Multizone refractive metadome: model and experimental results in Fig. 6.1. Each zone of the metadome realizes a specific phase gradient, based on the generalized Snell's law, introduced in chapter 1. The phase gradients, anomalously refracting the impinging wavefront, are achieved by a periodic repetition of supercells made of N unit cells. The unit cells must satisfy two main conditions: very high transmission amplitude, to ensure that the radiation is maximally transmitted through the metadome, and 360°phase control, necessary for the actual implementation of the gradient. In order to realize the desired multizone metadome, I have defined a bottom-up design strategy, presented in the workflow of Fig. 6.1. The main steps are the following:

1. Starting from the generalized Snell's law, the desired refracted range θ out can be related to the illuminating range θ in via the specific phase gradient along the x direction (∆Φ/∆x) to be realized by the metadome.

2. A unit cell design, with controllable 360°transmitted phase control and high transmission amplitude, is chosen. The evolution of the transmitted phase and amplitude as a function of the geometric parameters of the cell is studied with full-wave simulations so as to establish a look-up table.

3. A supercell, realizing the required phase gradient, is constructed from the lookup table . A zone is then achieved by periodically repeating the supercell. The refractive capabilities of the supercell can be studied via full-wave simulations.

4. Proof-of-concept single-zone metasurfaces are then fabricated and assembled into the multi-zone metadome. Measurements on the prototypes are then performed to experimentally validate the refractive capabilities of the single-zone and multizone structures.

In this chapter, I will apply this workflow to design a 3-zone refractive metadome. I will first present the analytical model, based on the generalized Snell's law, in section 6.2. I will then present the unit cell and supercell designs to realize the required phase gradients in section 6.3. Finally, I will report the main measurement results on single zones and a multizone metadome prototypes, experimentally validating the concept, in section 6.4. General conclusions on the proposed solution and possible further developments will be presented in section 6.5. 

Analytical model

Extending the scanning range of an illuminating source can be achieved by anomalously refracting the radiation from an input direction θ in to a larger output direction θ out via a phase-gradient metasurface. The concept of anomalous reflection and refraction, based on the generalized Snell's law, has already been presented in chapter 1 of this thesis and will not be repeated here. I will instead start from the general equation and relate it to the geometric parameters of the metasurface, from which a design can then be retrieved. The behavior of a wave incident on an interface separating two media can be described by the generalized Snell's law as follows:

n out sin (θ out ) -n in sin (θ in ) = λ 0 2π dΦ dx (6.1)
Where λ 0 is the free-space wavelength associated to the impinging illumination. In the case of a refractive interface placed in air (n 1 = n 2 = 1), the refraction direction θ out can be expressed as follows:

θ out = arcsin λ 0 2π dΦ dx + sin (θ in ) (6.2) 
This expression relates the incident θ in and refracted θ out angular directions to the phase gradient realized by the metasurface via the term dΦ dx . More specifically, dx can be interpreted as the meta-atom periodicity and dΦ as the phase difference between each of these elementary cells. Fixing the desired refraction direction θ out for a specific angle of incidence θ in can then be related to the specific dΦ dx to be achieved for a given metasurface.

An example of a phase-gradient metasurface following the generalized Snell's law is presented in Fig. 6.2a. I consider here a zero-thickness metasurface illuminated from below at an illumination direction θ in . θ in = 0 corresponds to a normally incident wave and the angles θ in,out are considered with respect to this direction, schematized by the grey line passing through the metasurface. The metasurface consists of a periodic repetition of supercells (in blue), made of N juxtaposed unit cells (in orange). The transmitted phase Φ i of each individual unit cell is controlled by varying its geometric parameters to achieve the required phase-gradient (the reader will notice how the unit cell varies within the supercell). Depending on the unit cell size ∆x and the phase difference ∆Φ = Φ i -Φ i-1 between each cell, the illumination θ in is anomalously refracted to a direction θ out according to Eq. 6.2. In this specific case, the supercell consists of N = 6 unit cells and the phase difference ∆Φ between each cell is equal to 360°/6 = 60°to fully control the impinging wave-front.

In order to further understand how the geometric parameters of the metasurface are related to the anomalous refraction, I report in Fig. 6.2b the refraction direction θ out as a function of ∆x (for a fixed ∆Φ = 60°) and ∆Φ (for a fixed ∆x = λ 0 /2), for various illumination directions θ in , as predicted by Eq. 6.2. I will here consider an input illumination range of θ in ∈ [0°, 45°] (below the PAA scanning limit of 60°) and an output refracted range of θ out ∈ [0°, 90°]. A value of θ out = 90°corresponds to a refracted wave parallel to the metasurface or, in other words, to the horizon. I will first focus on the influence of the unit cell size ∆x on the refracted direction θ out . On the left graph of Fig. 6.2b, I fix the phase difference ∆Φ to 60°(similar to the case shown in Fig. 6.2a) and consider various unit cell sizes ∆x ranging from λ 0 to λ 0 /4. In the case of ∆x = λ 0 (in blue), the input range θ in ∈ [0°, 45°] is only refracted to the output range θ out ∈ [9.6°, 60.9°]. Lowering ∆x to λ 0 /2 (in red) allows to further extend the output range to the horizon θ out ∈ [19.5°, 90°]. Further lowering ∆x to λ 0 /3 and λ 0 /4 (in green and purple respectively) allows to efficiently extend the input range to the horizon with a reduced input range (θ out = 90°is achieved for θ in = 30°a nd 20°, respectively). Interestingly, the smaller the unit cell size, the more important the refraction will be: in the ∆x = λ 0 /4 case (in purple), the generalized Snell's law predicts a normally incident wave to be anomalously refracted towards 42°and a 25°incident wave to be refracted to the horizon (90°), suggesting that the phase-gradient is very sensitive to even small changes in the illumination direction θ in . Depending on the desired application, this behavior may be problematic, as even slight variations in θ in , especially within the [10°,20°] range, imply a very important change in the output direction θ out . In order to efficiently extend the input range [0°,45°] to the horizon, all while maintaining a stable control over the output direction θ out , targeting a unit cell size around λ 0 /2 and λ 0 /3 seems ideal. This can be seen in the λ 0 /2 case (in red), where the input range θ in ∈ [0°, 45°] is refracted to θ out ∈ [19.5°, 90°]. I will now focus on the influence of the phase difference ∆Φ on the refracted direction θ out . As it can be seen in Fig. 6.2b on the right, varying ∆Φ from 15°(in blue) to 60°(in purple) allows to extend the output range from θ out ∈ [4.8°, 52.2°] to θ out ∈ [19.5°, 90°]. It's important to remind here that the number N of unit cells in a supercell is defined as 360°/∆Φ, which implies that the lower ∆Φ, the higher N and thus the larger the supercell will be. More specifically, ∆Φ = (15°, 30°, 45°, 60°) implies a number of unit cells N = [START_REF] Sun | High-efficiency broadband anomalous reflection by gradient meta-surfaces[END_REF]12,[START_REF] Eleftheriades | Negative-Refraction Metamaterials: Fundamental Principles and Applications[END_REF][START_REF] Holloway | A double negative (dng) composite medium composed of magnetodielectric spherical particles embedded in a matrix[END_REF] and thus, in the case of ∆x = λ 0 /2, a supercell size of (12, 6, 4, 3)λ 0 respectively. These results suggest that the output refraction range θ out can be tuned at will via ∆Φ at the expense of increasing/reducing the overall supercell size. These considerations on the role of ∆x and ∆Φ suggest that, at least theoretically, an input scanning range θ in can be anomalously refracted towards a desired output range θ out by judiciously engineering unit cell/supercell size and the phase-difference between each element. Some important considerations on the practical implementation of such a phasegradient metasurface are here necessary. From a purely theoretical approach, based on Eq. 6.2, any value of ∆x and ∆Φ can be considered. Practically, however, this is not the case. In fact, while ∆x can be easily tuned by varying the geometric parameters of the unit cell, arbitrary values of ∆Φ cannot be achieved due to the necessary discretization of the metasurface into discrete unit cells. This implies that any mathematical solution of Eq. 6.2 requiring a non-integer value of ∆Φ cannot be implemented by a metasurface. I will here consider a very practical example: according to Eq. 6.2, anomalously refracting a normally incident (θ in = 0°) wave to exactly θ out = 20°, in the case of a unit cell size of ∆x = λ 0 /2 would require ∆Φ = 61.56°and thus N = 360°/61.56°= 5.84 unit cells per supercell. Practically, this scenario can be approximated by considering N = 6 unit cells, which results in θ out = 19.5°, relatively close to the original 20°target. This approximation is due to the limits of metasurface technology (the discretization into unit cells) and not to the generalized Snell's law per se. In a very practical scenario, it is thus easier to fix ∆Φ and tune the unit cell size ∆x to achieve an implementable design. In the following sections, I will first design various phasegradient metasurfaces, by choosing a unit cell design and assembling the unit cells into supercells, and experimentally validate the refraction mechanism with measurements on proof-of-concept prototypes.

Phase-gradient metasurface design

The implementation of a phase-gradient metasurface, realizing a specific anomalous refraction as discussed in the previous section, is based on a bottom-up design approach: first, the unit cell design is chosen, then the unit cells are assembled into a N -cell supercell and finally the supercells are periodically repeated to form the metasurface. In order to choose a suitable unit cell design, two conditions must be met: high transmission amplitude, to maximize transmission of the incident wave through the metasurface, and 360°transmitted phase control, necessary to realize the required Φ i values for each cell of the supercell. While the first condition can be easily met by optimizing transmission through a unit cell via its geometric parameters, obtaining specific phase values is challenging as very important changes in phase are often related to resonance phenomena associated to reflection, not transmission. Theoretically, the problem can be solved by fully controlling the electric and magnetic responses of the unit cell in order to simultaneously manipulate the transmitted amplitude and phase and achieve a reflectionless sheet. In literature, a solution of the problem was offered by Grbic's group in 2013 [START_REF] Pfeiffer | Metamaterial huygens' surfaces: Tailoring wave fronts with reflectionless sheets[END_REF], where they introduced the concept of a Huygens' metasurface, made of polarizable unit cells with controllable electric and magnetic response. In this work they demonstrated that, whenever the electric sheet admittance and magnetic sheet impedance of the structure are exactly equal and imaginary, unitary transmission amplitude and 360°transmission phase coverage is achieved. However, the major drawback of the proposed solution lies in the actual implementation, shown in the photograph of Fig. 6.3a. The structure is based on periodically spaced plates, parallel to the illumination direction (along x) to efficiently control the magnetic response of the unit cells (the magnetic field is here along z). This exotic non-planar design is difficult to fabricate and not suitable for most real-case scenarios. A similar solution to the problem was also presented by Prof. Alù's group in 2013 [START_REF] Monticone | Full control of nanoscale optical transmission with a composite metascreen[END_REF]: a metasurface made of periodically spaced plates of a composite plasmonic material is proposed and anomalous refraction is validated by full-wave simulations. Similar to the solution shown in 6.3a, fabrication and implementability are two major drawbacks.

During the 2010s and early 2020s, various alternatives to simplify the design and achieve planar Huygens' metasurfaces have been proposed [START_REF] Cuesta | Planar broadband huygens' metasurfaces for wave manipulations[END_REF], [START_REF] Peng | High-effciency planar huygens' metasurface for wave manipulation[END_REF], [START_REF] Ataloglou | Microwave huygens' metasurfaces: Fundamentals and applications[END_REF]. One of the most recent propositions of a planar Huygens' metasurface was presented in 2020 [START_REF] Xue | Ultrathin dual-polarized huygens' metasurface: Design and application[END_REF] and is shown in Fig. 6.3b. The proposed unit cell design is based on a single dielectric layer with top and bottom metallic patterns. Contrarily to the original design strategy of [START_REF] Pfeiffer | Metamaterial huygens' surfaces: Tailoring wave fronts with reflectionless sheets[END_REF], which purposely place metallic elements perpendicular to the magnetic field to control the magnetic response, this planar design is based on induced magnetism between the top and bottom layers, leading to a significantly simpler and more implementable structure. Furthermore, due to the 90°rotational symmetry of both the top and bottom designs, the unit cell has a similar response in case of TE and TM illumi-6.3 Phase-gradient metasurface design 143 nations (the metasurface is then said to be dual-polarized). This planar top/bottom unit cell was applied here to realize a dual-polarized metalens, but a similar unit cell design is definitely suitable for the implementation of phase-gradient metasurfaces for planar and compact functional radomes. Inspired by this work, I have thus chosen the unit cell design presented in [START_REF] Xue | Ultrathin dual-polarized huygens' metasurface: Design and application[END_REF] to realize the phase-gradient metasurface introduced in the previous section. This unit cell is an ideal candidate for a functional airborne radome due to its easily implementable planar design and reduced volume and weight (only one dielectric layer is needed). As for the multizone design presented in the workflow of Fig. 6.1, the work presented in [START_REF] Kalaagi | Multiangle retrodirective cascaded metasurface[END_REF], shown in Fig. 6.3c, has been the main source of inspiration. A retrodirective metasurface is made of individually designed phase-gradient supercells, based on the generalized Snell's law, arranged in a cascaded configuration (Fig. 6.3 on the left). The multizone metasurface is then capable of efficiently retrodirecting (anomalously reflecting) an impinging beam in a larger scanning range (in blue) compared to a conventional reflector (in red). In the case of my work, I apply a similar strategy to design singlezone metasurfaces and then assemble them into a multizone structure, but in the case of anomalous refraction and not reflection. 
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The electric and magnetic responses of the unit cell, consisting of top and bottom patterns separated by a dielectric layer, can be controlled by 5 geometric parameters (p, w, s, l, g) as well as the thickness of the substrate t. An overview of the unit cell is offered in Fig. 6.3b, Fig. 6.4 and Fig. 6.5a. First, the periodicity of the cell p, the width of the metallic patterns w and the extension of the metallic patterns s within a period p are the same for both the top and bottom layers. The response of the top layer is controlled by the gap g between each of the four corners while the response of the bottom layer is controlled by the length l of each segment. By keeping (p, w, s) the same across the top and bottom layers, the two layers are effectively complementary and varying (l, g) allows to increase or reduce the "overlap" between the two layers. The complementary nature of the top/bottom unit cell plays an important role in how magnetic control is achieved and allows to achieve the required high transmission amplitude and full 360°phase control. This behavior can be observed by studying the resonances of the top and bottom layers and comparing them to the one of the full top/bottom unit cell, as shown in Fig. 6.4. I here specifically choose the geometric parameters of the top and bottom layer (in blue and orange) such that their resonances coincide at a given frequency: in this case, an important dip in the transmission amplitude around 15 GHz is indicative of a resonance of the top and bottom layers. Interestingly, when the top and bottom layers are assembled into one unit cell, an almost unitary transmission is observed around the resonance frequency of the bilayered structure. This constitutes a clear example of what Grbic's group referred to in [START_REF] Pfeiffer | Metamaterial huygens' surfaces: Tailoring wave fronts with reflectionless sheets[END_REF] as a Huygens' resonance due to an almost perfect match between the electric and magnetic responses of the structure. This interesting behavior can be explained in terms of induced magnetic dipole between the two layers: when the unit cell is illuminated by an EM wave, currents are induced along the top and bottom metallic patterns. These top and bottom surface currents, if sufficiently close to each other, can effectively create a current loop between the two layers, resulting in an induced tangential magnetic field between the two layers. Changing the thickness and the (l, g) parameters allows to control the induced magnetic field and thus the magnetic response of the unit cell, without the need of metallic loops perpendicular to the magnetic field, such as the ones of Fig. 6.3a. Once the Huygens' resonance is correctly stimulated, 360°phase control, due to the top and bottom resonances, and unitary transmission amplitude, due to the balance between electric and magnetic responses of the unit cell, is achieved. To sum up, while the electric response of the top and bottom layers are controlled via their geometric parameters, the magnetic response is controlled via the overlap between the two patterns separated by the substrate. By tuning the overlap via l and g, the response of the unit cell to the magnetic field passing through it is controlled, in a similar way to what is achieved in a non-planar Huygens' metasurface. This allows to simultaneously achieve high transmission (as shown in Fig. 6.4) and full 360°transmitted phase control. Phase gradients can thus be achieved by selecting the (l, g) parameters of each unit cell required for a specific Φ i value.

Once the unit cell design is chosen, I can then realize various phase-gradients to achieve the desired multi-zone metadome structure. In this study, I aim to design a 3-zone metadome, by assembling three phase-gradient metasurfaces optimized for 0°, 15°and 30°illuminations, respectively. The first step consists in retrieving the geometric parameters of the unit cell associated to a specific transmitted phase Φ i . This is done by simulating the unit cell in a periodic environment, as shown in Fig. 6.5a. The unit cell is placed in a vacuum box with periodic boundary conditions applied on the four lateral walls and excited by two Floquet ports. The illumination direction θ in between the two ports can be tuned at will to retrieve the unit cell's response to oblique illuminations. I have then set the substrate thickness to 3 mm and its electrical properties to the ones of a commercially available lossy material(ϵ r = 3.5, tan δ = 0.002) in view of experimental validation of the concept (detailed in the following section). Full-wave parametric simulations are then performed on the unit cell at various incident illuminations (0°, 15°and 30°) at 15 GHz. The periodicity p of the unit cell is (9.35, 10, 10.2)mm = (λ 0 /2.13, λ 0 /2, λ 0 /1.95) for the three illuminations and a phase difference ∆Φ = 60°is considered. Given these ∆x (= p) and ∆Φ values, I expect the refraction behavior of the red curve in Fig. 6.2, analytically predicted by Eq. 6.2. The retrieved transmitted amplitude and phase profiles as a function of (l, g) are reported in Fig. 6.5b. The desired unit cell behavior is observed along the diagonal of the profile, where high transmission amplitude (in red) is associated to 360°phase control (from -π to π) in the respective phase profiles. These regions constitute narrow transmission windows within which the electric and magnetic responses of the unit cells are balanced, giving rise to Huygens' resonance, as described above. The geometric parameters of the unit cell related to high transmission amplitude and specific transmitted phase Φ i values can finally be chosen within the transmitted windows. Fine tuning the geometric parameters of the unit cell to "open" these transmission windows is thus a crucial step to obtain a look-up table from which the unit cells can then be designed. Based on the simulation data presented in Fig. 6.5, I have designed three phase-gradient metasurfaces, which I then assembled into a single 3-zone structure. The geometric parameters of the unit cells as well as simulation and experimental results on proof-ofconcept prototypes will be presented in the next section.

Experimental validation

In order to experimentally validate the concept of a multizone functional radome capable of extending the scanning range of an illuminating antenna, I have applied the workflow presented in section 6.1 to design three phase-gradient metasurfaces, which I then assemble into a 3-zone metadome. The expected refraction behavior of the metasurfaces, based on the generalized Snell's law for specific values of ∆x and ∆Φ, has been presented in section 6.2. Each phase-gradient is realized by judiciously choosing the geometric parameters of the unit cells with a specific phase value Φ i and high transmitted amplitude, from within the transmission windows presented in Fig. 6.5 of section 6.3. Photographs of the realized three single-zone metasurfaces are presented in Fig. 6.6. The metasurfaces are 420 mm long and 210 mm wide. Prototypes (a), (b) and (c) have been designed for 0°-, 15°-and 30°-incident illuminations respectively, based on the simulated amplitude and phase profiles presented in Fig. 6.5. The copper meta-atoms are chemically etched on both sides of a 3 mm thick Teflon woven glass fabric laminate with relative permittivity ϵ r = 3.5 and very low dielectric losses (tanδ = 0.002). The locally varying top and bottom meta-atoms are visible on the zoomed photographs of Fig. 6.6. The supercells consist of 6 meta-atoms, whose geometric parameters are reported in the respective tables of Fig. 6.6. The first three columns of the tables correspond to the transmission phase target for each atom (Φ i ∈ [-180°, 180°] with a ∆Φ = 60°step) and the simulated transmission phase and amplitude for a given set of geometric parameters (p, s, w, l, g). In order to optimize the transmission through each unit cell, a -3 dB maximum limit for the amplitude is applied. The white numbers on the zoomed photographs correspond to the atoms of the tables. The supercells (made of atoms 1 through 6) are periodically repeated along the metasurface's length (meta-atom 6 is followed by meta-atom 1 along x), while each meta-atom is simply repeated along the metasurface's width y, as visible on the zoomed photographs. This configuration implies that the refraction will occur specifically along the xz plane. The refractive behavior of the three metasurfaces is verified with full-wave simulations in HFSS. The simulation set-up and simulated electric field distributions are shown in Fig. 6.7. The phase-gradient supercell is placed in an an airbox with periodic boundary conditions to correctly simulate the behavior of an infinitely large metasurface. An incident plane wave illuminates the structure from below at a direction θ in and is then refracted towards a direction θ out above the structure. Similar simulations are also performed on the same airbox without the supercell to compare the refracted wavefront to the unperturbed one. The electric field distributions for the airbox and the 0°-, 15°-and 30°-supercells are shown on the right of Fig. 6.7. Simulation results show that the illuminating wavefront θ in = (0°, 15°, 30°) (simple propagation of a plane wave through the airbox) is anomalously refracted towards θ out = (20°, 38°, 54°). The refraction can be clearly seen by comparing the wavefronts propagating in the absence and presence of the phase-gradient supercell, as well as in the difference between the illuminating wave vector k in and the refracted one k out . The simulated refracted directions are close to the ones analytically predicted by Eq. 6.2: θ out,analytical = (19°, 35°, 55°). The slight variations (of the order of only some degrees) between θ out,simulated and θ out,analytical may be explained by the fact that the phase difference ∆Φ between each atom is not exactly 60°: this can be seen by comparing the target and realized phase on the first two columns of the tables of Fig. After simulating the behavior of the refractive supercells, the prototypes are fabricated and measured in an anechoic chamber to experimentally validate the concept. The measurement set-up is shown in Fig. 6.8. The structure under study (single-zone or multi-zone metasurfaces) is illuminated by an emitting Tx horn antenna placed 1 meter away from it. The structure and the Tx antenna are mounted on a 360°rotating structure to measure the full 360°radiation patterns. The Tx antenna can also be rotated with respect to the radome for measurements under off-normal incidence illuminations. In the schematic, the 0°(normal incidence illumination) and 45°oblique incidence illumination cases are depicted. A second emitting Rx horn antenna, placed 6 meters away from the radome (visible in Fig. 6.8c), is then introduced. The radiation patterns are then obtained by measuring how the radiation emitted by the Tx antenna and received by the Rx antenna is affected by the metasurface in between. The multizone metadome is assembled by placing the three metasurfaces, presented in Fig. Similar measurements were also performed on the foam panel and the absorbers without the metasurfaces, to quantify the impact of the supporting structure. Refraction through the metasurfaces is compared with respect to this reference to estimate how much energy is lost through the structures.

The far-field radiation patterns and frequency stability for the 8 different illuminations in the 13.0 -16.0 GHz frequency range for the three single-zone metasurfaces and the multizone structure are presented in the four following figures: Fig. 6.9, 6.10 and 6.11 correspond to prototypes A, B and C, designed for a 20°angular extension under 0°-, 15°-and 30°-incident illuminations, respectively; Fig. 6.12 corresponds to the multi-zone metadome. The measured refraction directions θ out,measured are then compared to the analytical ones θ out,analytical , predicted by Eq. 6.2, in Fig. 6. [START_REF] Schurig | Metamaterial electromagnetic cloak at microwave frequencies[END_REF]. In these figures, the measurement results are organized as follows. The top patterns and graphs correspond to 0°-(orange), 15°-(blue), 30°-(green) and 45°-(purple) incident illuminations. The radiation patterns are taken at an operating frequency of 14.75 GHz, corresponding to the vertical line on the graph below the patterns. In the first graph, the quantity ∆T is the transmission amplitude difference in dB between the reference and the metasurface for a given illumination (θ in ∈ [0°, 45°] depending on the curve) at the respective refraction direction θ out as a function of frequency. The second graph zooms on the optimal frequency range, shown with a dashed line in the main graph. The bottom patterns and graphs work in a similar way, but in the case of -15°(blue), -30°(green), -45°(purple) and -60°(red) illuminations. My goal here is to verify the angular robustness and frequency stability of the refractive properties of the single-zone metasurfaces and compare it to the multi-zone one. The first metasurface, shown in Fig. 6.6a, was designed for normal incidence illumination, based on the amplitude and phase profiles of Fig. 6.5. The refractive capabilities of the metasurface can be observed on the far-field radiation patterns of Fig. 6.9. At 14.75 GHz, in the θ in = [0°, 15°, 30°, 45°] angular range, the metasurface anomalously refracts the impinging illumination towards θ out = [20°, 35°, 55°, 68°]. The radiation patterns for 0°, 15°and 30°incidence illuminations show a clearly formed energy lobe towards the refracted directions with low side lobe levels (below -10 dB with respect to the main lobe). In the 45°case, the main 68°lobe is observed but spurious lobes appear. Overall these results suggest that the metasurface is robust to oblique illuminations in the [0°, 30°] angular range. As for the frequency stability of the refraction effect, when considering a -3 dB energy loss condition (horizontal red line on the graph), the metasurface presents relatively broadband refractive capabilities in the case of normal illumination (in orange) in the 13.8 -15.25 GHz frequency range. A zoom on the optimal frequency window is presented next to the main graph. Within the 14.2 -15.0 GHz frequency range, the refractive metasurface is robust to normal and oblique illuminations (up to 30°) and presents acceptable losses (less than 3 dB).

In particular, at 14.75 GHz, the metasurface is capable of anomalously refracting 0°-, 15°-and 30°-incident illuminations all while offering less than 1.5 dB losses. As for the 45°illumination case, while ∆T never goes above -3 dB, refraction with 4 dB losses is still achieved at 14.75 GHz. Anomalous refraction towards almost 70°(visible on the 45°-radiation pattern) suggest that this metasurface is a good candidate to extend the scanning range of illuminating antenna above 60°. As for the θ in = [-15°, -30°, -45°, -60°] angular range, refraction towards θ out = [5°, -10°, -22°, -30°] is visible on the respective radiation patterns. Clear energy lobes towards the refracted directions are observed on all patterns, with spurious side lobes mostly present on the -45°and -60°p atterns. These results thus suggest that the refractive metasurface is robust within the entire θ in ∈ [-30°, 30°] illumination range at 14.75 GHz. The respective energy losses ∆T as a function of frequency suggest that the refractive capabilities of the metasurface are optimal within the 14.25 -15.25 GHz frequency range. The refraction directions θ out realized by the metasurface correctly follow the ones predicted by the generalized Snell's law, as shown in Fig. 6.13. Besides a divergence towards θ in = 45°, θ out,measured almost perfectly matches the respective analytical values (in purple). To sum up, far-field measurements on the metasurface suggest an impressive 60°angular robustness between -30°and 30°, as well as a moderately broadband behavior (bandwidth of 1 GHz around 14.75 GHz). Given how anomalous refraction is also observed (albeit inefficiently) in the case of 45°, -45°and -60°illumination, further optimization of the metasurface to suppress the side lobes may extend the angular range of the metasurface even further.

The second metasurface, shown in Fig. 6.6b, was designed for 15°-incident illumination, based on the amplitude and phase profiles of Fig. 6.5. The refractive capabilities of the metasurface can be observed on the far-field radiation patterns of Fig. 6.10. Similar to the previous case, this metasurface anomalously refracts θ in = [0°, 15°, 30°, 45°] towards θ out = [19°, 31°, 54°, 68°] at 14.75 GHz. The radiation patterns show clearly defined energy lobes towards the refracted direction, but overall higher energy losses compared to the previous metasurface and more spurious lobes. In particular, the pattern for 45°incidence illumination presents a main energy lobe close to 70°, but highly hindered by parasitic lobes. ∆T as a function of frequency reveals an optimal frequency window around 14.75 GHz (visible in the zoomed graph on the right), where 0°-, 15°-and 30°-incident illuminations are correctly refracted with acceptable energy losses. The optimal 14.75 GHz point, however, reveals overall higher losses (slightly above 1 dB for normal illumination and 2 dB for 15°and 30°illuminations) compared to the previous metasurface, where all three illuminations present less than 1.5 dB losses. In the case of θ in = [-15°, -30°, -45°, -60°], the incident illumination is anomalously refracted by the metasurface towards θ out = [6, -11, -18, -30], although inefficiently. The radiation patterns show clearly defined energy lobes towards the refracted directions, hindered with parasitic side lobes. The best performance is still achieved around 14.75 GHz, although with more important energy losses, as shown in the ∆T graph below the radiation patterns. The refraction directions θ out,measured correctly follow the analytical ones θ out,analytical predicted by Eq. 6.2, as shown in Fig. 6.13. While these results experimentally validate the refractive capabilities of the metasurface (clearly visible on the various radiation patterns), important energy losses and parasitic side lobes suggest an overall sub-optimal metasurface response. The third metasurface, shown in Fig. 6.6c, was designed for 30°-incident illumination, based on the amplitude and phase profiles of Fig. 6.5. The refractive capabilities of the metasurface can be observed on the far-field radiation patterns of Fig. 6.11. In the θ in = [0°, 15°, 30°] incidence illumination range, refraction towards θ out = [19°, 31°, 54°] is observed on the respective far-field radiation patterns. Important side lobes along the main energy lobes are also observed, especially in the 15°and 30°incidence illumination cases. Refraction is not observed in the case of 45°-incident illumination. The reader is invited to compare the radiation pattern for 45°incidence illumination of Fig. 6.11 (where the energy is mostly distributed towards 45°and no anomalous refraction is observed) to the one of Fig. 6.9 (where a clear energy lobe towards 70°is observed). ∆T as a function of frequency shows important energy losses (above the 3 dB limit) for all the illumination directions considered. Even at the optimal 14.75 GHz frequency, energy losses are more than 1.5 dB for all illuminations, in stark contrast to the metasurface A (Fig. 6.9), where energy losses less than 1.5 dB are observed within the entire θ in ∈ [-60°, 30°] scanning range. Similarly, in the θ in = [-15°, -30°, -45°, -60°] illumination range, anomalous refraction towards θ out = [6, -11, -22, -30] is also observed, albeit with more important spurious lobes than the previous cases. ∆T as a function of frequency for these illuminations also show a similarly inefficient scenario, with energy losses above 1.5 dB for all illumination cases. While the measured refraction directions θ out,measured are close to the analytical ones θ out,analytical , this metasurface offers the worse response out of the three (higher energy losses, more spurious lobes, important reflection).

The multizone structure was then assembled as shown in Fig. 6.8b. Zones 1, 2 and 3 correspond to metasurfaces A, B and C respectively (Fig. 6.6), whose individual validations have been presented above. The Tx antenna (visible in the schematics of Fig. 6.8b) is placed in front of zone 2 and is then turned from -60°to 45°, illuminating the entire 3-zone structure. My goal here is to study whether dividing a single structure into various zones, optimized for different illuminations, allows to efficiently refract the impinging illuminations within the largest scanning range θ in possible, towards the refracted range θ out predicted by the generalized Snell's law. As a reminder, theoretically, with the chosen ∆x and ∆Φ values, refraction to the horizon (90°) is predicted, as seen in purple in Fig. 6.13. The refractive capabilities of the multizone structure can be observed on the far-field radiation patterns of Fig. 6.12. At 14.75 GHz, in the θ in = [0°, 15°, 30°, 45°] angular range, the metasurface anomalously refracts the impinging illumination towards θ out = [19°, 34°, 52°, 70°]. The energy lobes are clearly formed towards the refracted directions (even in the 45°illumination case), albeit with clear spurious side lobes and important reflection. The evolution of ∆T as a function of frequency shows a relatively stable frequency response in the 14.0 -15.0 GHz frequency range for 0°, 15°and 30°illuminations, although below -2 dB for the 15°and 30°illuminations. In the θ in = [-15°, -30°, -45°, -60°] angular range, the meta- When comparing the response of the single-zone metasurfaces to the multi-zone one, the advantage of a multi-zone design is not apparent. While the refraction is clearly observed in all the radiation patterns as a clear deviation of the main energy lobe from the illumination direction (the one of the reference, in blue) towards a different direction (in red), important energy losses and the appearance of spurious lobes significantly hinder the efficiency of the multi-zone structure in a real case scenario. Most importantly, when comparing the behavior of the single-zone metasurface A (Fig. 6.9) to the one of the multi-zone structure (Fig. 6.12) one conclusion is apparent: since the design of zone 1 is already robust within the entire θ in ∈ [-30°, 30°] scanning range (correct refraction with minimal energy loss), there is no need to design any extra zones! In this sense, zones 2 and zones 3, designed by engineering the unit cell under 15°and 30°incidence illumination, are not only superfluous but actively worsens the response of the multi-zone structure. In this context, it would then be more useful to improve upon the refractive behavior of zone 1 by adding an additional zone designed for θ in > 30°to optimize refraction towards critical angles (70°and above), which currently constitutes a clear limit of this metasurface. While experimental results on the multi-zone structure are at the moment not conclusive on the benefit of the multi-zone design, the angular robustness of metasurface A is indicative of the potential of the chosen unit cell design for the development of functional refractive metadomes and constitutes a good starting point for further, more in-depth developments on the subject. In particular, the simplicity and compacity of the design, made of one single 3-mm thick dielectric layer, is one of the biggest strengths of the proposed solution, especially compared to non-planar or multi-layer structures, presented in section 5.1. Most importantly, I believe that the work presented in this report constitutes an interesting contribution to the landscape of ultra-thin planar refractive metasurfaces, which is still an active field of research as of the writing of this thesis.

Conclusion and further developments

In this chapter I have designed three refractive metasurfaces which I have then further assembled into a 3-zone refractive metadome. The goal here is to design a structure capable of efficiently refracting the scanning range of a phased array antenna above its 60°limit. By individually designing various zones optimized for different illuminations and then assembling them in a cascaded multi-zone structure, it would then be possible to correctly refract the impinging θ in illumination towards a larger direction (outside the dome) θ out and thus extend the scanning range of the illuminating source with minimal energy loss. In order to achieve this goal, I have first presented in section 6.1 a workflow to design the different refractive zones of the metadome, which I then applied to realize three proof-of-concept metasurfaces. The first step consists in the analytical study of the generalized Snell's law in the case of a refractive interface, from which the metasurface's unit cell periodicity ∆x and phase difference ∆Φ between atoms can be retrieved, as discussed in section 6.2. The second step consists in choosing a suitable unit cell design capable of high transmission amplitude and 360°phase control. I have then presented a simple unit cell design consisting of a single dielectric layer with two distinct top/bottom metallic patterns. The desired transmission control can be obtained by judiciously designing the top and bottom resonances and thus realizing transmission windows within which the geometric parameters for the phase gradients can be chosen. After simulating the unit cell for various incident illuminations, the transmitted amplitude and phase profiles shown in Fig. 6.7 are obtained. Three supercells are then constructed based on these profiles and the respective proof-of-concept metasurfaces, shown in Fig. 6.6 are fabricated and measured in an anechoic chamber to experimentally validate the concept. Experimental results on the three single-zone metasurfaces and the multi-zone metadome validate the refraction capabilities of the supercell, but also show important energy losses, spurious lobes and reflection, which need to be adressed to implement such refractive structures in a real-case scenario.

The most important conclusions to be drawn from this study are summarized here:

• The refractive capabilities of the single-zone and multi-zone metasurfaces are experimentally validated.

• The unit cell design chosen for the metasurface constitutes an ideal candidate for the implementation of compact refractive metadome due to its very compact design (3 mm thick), relatively low loss and 360°phase control.

• The unit cell design approach, based on the tuning of the geometric parameters to "open" transmission windows from which the parameters of the cells are chosen, has proven successful to realize refractive structures.

• The angular robustness, relatively broadband frequency stability (800 MHz) with acceptable energy losses of metasurface A further suggest the potential of the chosen unit cell design for refractive applications.

• The multi-zone metadome presents an overall worse behavior compared to the single-zone metasurface A. The advantage of the multi-zone design is not verified.

Several further developments to be explored can be envisioned:

• The refractive performance of the structure in the case of illumination from an actual PAA has not been studied due to lack of time.

• While the geometric parameters of the unit cell are retrieved by simulating plane wave illumination, they are not optimized for the case of a specific illumination source placed below the structure, such as a PAA. Fixing the illumination source and distance of the source and fine-tuning the geometric parameters accordingly may lead to less energy losses and suppression of spurious side lobes.

• A different multi-zone design can be envisioned by combining metasurface A (stable in the θ in ∈ [-30°, 30°] scanning range) and an additional refractive metasurface specifically optimized for θ in > 30°. The 2-zone structure may then be further improve upon the response of metasurface A.

• The problem of the transition between the zones has not been properly tackled.

• As shown in the literature, adding additional layers to the structure may be beneficial to further improve transmission at oblique illuminations. A study between the number of layers and transmission performance may be needed to further clarify the ideal configuration.
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While a significant amount of work is still necessary to draw precise conclusions on the proposed multi-zone design, especially in the case of PAA illumination, which has not been treated in this study, I believe it important to remind that the majority of this work has been performed towards the very end of my PhD. The addition of a PAA source to the analytical model significantly complexifies the problem (as presented in [START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF] and [START_REF] Monti | Quadratic-gradient metasurface-dome for wide-angle beam steering phased array with reduced gain-loss at broadside[END_REF]) and a proper development of the problem could have easily been the main focus of the entire thesis. Based on the time available, I have instead decided to focus on a simple analytical model based on generalized Snell's law, simulate the unit cell with a simple plane-wave illumination and thus retrieve a design which could then be fabricated and measured. In conclusion, while the presented approach may not be innovative per se in the field of refractive metasurfaces, experimental validation of the structures, especially in a rather large scanning range, has demonstrated the angular stability of the proposed unit cell design, which may be a good starting point for more in-depth research on the subject.

General conclusion

In the course of this PhD, I have worked on metasurfaces for the performance enhancement of ground-based and airborne radomes. Detailed workflows for the design of the metasurfaces, based on analytical and simulation approaches, have been introduced and applied to realize proof-of-concept prototypes. Experimental validation of the proposed concepts has then been presented and thoroughly discussed. I have started this work by introducing, in Chapter 1, the general theoretical background on metamaterials and metasurfaces based on Maxwell's equations. An impedance-based analytical model for metasurfaces and a literature overview of the main metasurface applications, with a focus on the state-of-the-art applications for EM cloaking and camouflage, have been presented. This report is then divided into two distinct part, summarizing my work on the two problems tackled during this PhD. In Part I, consisting of Chapters 2-4, I have introduced the concept of metasurface-tuning to camouflage radome seams in large ground-based radomes. In Part II, consisting of Chapters 5-6, I have presented a multizone metadome to enlarge the scanning range of the illuminating source under the radome.

In Chapter 2, I have offered a general introduction on ground-based radomes and introduced the problem of mechanical dielectric seams, whose scattering negatively affects the radiation from the antenna placed under the radome. In Chapter 3, I propose to tune the radome seam with metasurfaces to camouflage it with respect to a reference radome panel. An analytical model, based on transmission lines, is introduced and applied to retrieve a value for the surface impedance Z S to be realized by the metasurface. A unit cell design for the metasurfaces is then proposed and optimized. Full-wave simulations validate the suppression of the seam's scattering signature. In Chapter 4, several proof-of-concept metasurface-tuned seam prototypes are realized, near-field and far-field measurements are performed and experimental validation of the metasurface-tuning concept is achieved.

In Chapter 5, a general introduction on airborne radomes is offered. A literature overview on metamaterial-and metasurface-based functional radomes, for the enhancement of the scanning range of an illuminating source placed under the radome, is presented. In Chapter 6, I propose a multizone functional radome, based on phasegradient metasurfaces, as a mean to enlarge the scanning range of the enclosed antenna. An analytical approach, based on the generalized Snell's law, is introduced. A unit cell design for the metasurface is proposed and simulated. Three metasurfaces are then designed and fabricated. The refractive performance of the singlezone and multizone metasurfaces are evaluated by performing in-chamber measurements.

Several conclusions on the experimental work and the performance of the various prototypes have already been drawn and summarized at the end of Chapters 4 and 6. I highlight here several directions that may be followed to continue this work:

• Non-invasive metasurface tuning: while the efficiency of metasurface-tuning as a mean to camouflage electrically large dielectric scatterers has been experimentally demonstrated, its invasive nature (the metasurfaces are placed inside the scatterer) constitutes an important drawback. A non-invasive alternative, in which the metasurfaces are placed onto the scatterer, would make this solution more easily implementable in real case scenarios.

• Broadband camouflage effect with double-faced metasurface-tuning: the camouflage effect achieved with metasurface-tuning is relatively narrowband. In this study, the dual-band capabilities of the solution, via a double-faced metasurface, have been experimentally validated. The use of dual-faced metasurfaces, designed for two frequencies close to each other, may be envisioned as a possible way to broaden the realized camouflage band.

• Metasurface-tuning to enhance the scattering signature of dielectric objects: metasurface-tuning allows to suppress the scattering of a dielectric object thanks to counterbalancing currents induced along the metasurfaces. Such currents can also be purposely induced to constructively add to the polarization currents of the dielectric and thus enhance their scattering signature. This solution may be useful to improve the visibility/detectability of dielectric objects.

• Design of the multizone metadome by considering an illuminating phased-array antenna: the multizone metadome presented in Chapter 6 has been designed by considering a plane wave illuminating the structure. In a real case scenario, such a metadome would be illuminated by a phased array antenna, whose illumination must be considered in the design of each zone.

• Further enhancement of the angular robustness of the metadome by adding vias to the unit cell: the stability of the singlezone metasurfaces in the [-30°, 30°] scanning range has been experimentally validated. As the incident illumination reaches higher directions, the Huygens' resonance is not efficiently achieved and the anomalous refraction is not realized. Modifying the unit cell by possibly adding vias as a way to better control its magnetic response in the case of wider angles of incidents (e.g. 45°) may prove useful to further enhance its angular stability.
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Figure 1 . 1 :

 11 Figure 1.1: (a) Classification of materials based on their permittivity ϵ and permeability µ properties. The blue areas correspond to combinations of (ϵ, µ) that can only be achieved with artificial meta-materials. (b) Homogenization principle of metamaterials.A composite structure, with subwavelength constitutive elements, is illuminated by an EM wave. Within a specific frequency band, for which the constitutive elements of the composite are subwavelength, the structure can be homogenized as a bulk material with effective material properties (ϵ ef f , µ ef f ). (c) DNG metamaterial combining metallic wires, for negative ϵ, and split ring resonators, for negative µ[4].
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 12 Figure 1.2: (a) Photograph of the metamaterial super-lens. The measured image on the right shows subwavelength details below the diffraction limits [10]. (b) Schematics of the silver super-lens. (A) FIB image of the object, (B) AFM the developed image with a superlens, (C) AFM of the developed image without a superlens. (D) The width of the letters is smaller and close to the actual width of the object when a superlens is employed (blue) [14].
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 13 Figure 1.3: A 2D metamaterial is placed in a volume V, illuminated by an EM wave.According to Huygens' principle, it exists an electrically thin surface with electric J e and magnetic J m currents enclosing the volume which generates identical fields outside the volume (E out , B out ).

Figure 1 . 4 :

 14 Figure 1.4: Schematic of a metasurface illuminated by an EM wave and corresponding transmission-line model, in the case of a metasurface with: (a) only electric response, (b) only magnetic response or (c) both electric and magnetic response.

Figure 1 . 5 :

 15 Figure 1.5: Frequency selective surface (FSS) elements divided into three groups.These geometries, thoroughly studied in[START_REF] Munk | Frequency Selective Surfaces: Theory and Design[END_REF], are also common meta-atom designs in the context of metasurfaces.

Figure 1 . 6 :

 16 Figure 1.6: (a) Schematics of regular and anomalous reflection and refraction of a wave incident on an interface between two media. (b) SEM image of a refractive metasurface. Angle of refraction as a function of incidence angle in the case of transmission through a reference wafer (black) and the refractive metasurface [23]. (c) Schematics of an incident wave anomalously reflected by the metasurface. SEM image of the reflective metasurface. Normalized reflected Field intensity for various incident angles [24].

Figure 1 . 7 :

 17 Figure 1.7: (a) Metasurface for linear-to-circular polarization conversion. A linearly polarized incident wave is anomalously refracted by the phase-gradient supercells as a circularly polarized wave. Measured degree of circular polarization and intensity of the refracted beam as a function of wavelength [26]. (b) Active reconfigurable metasurface for linear-to-circular polarization conversion. The metasurface's response is controlled and reconfigured by changing the voltage applied to the meta-atoms' varactor diodes. Measured radiation patterns at various frequencies for different applied voltages. The metasurface is illuminated by a linearly polarized wave. Changing the voltage induces right-hand and left-hand circularly polarized reflected wave at different frequencies [29].

Figure 1 . 8 :

 18 Figure 1.8: (a)[START_REF] Landy | Perfect metamaterial absorber[END_REF]. (b) unit cell design of the metasurface absorber. Slot antenna with the metasurface absorber placed onto its ground plane. RCS measurements on the slot antenna with and without the metasurface absorber[START_REF] Liu | Rcs reduction of waveguide slot antenna with metamaterial absorber[END_REF]. (c) Schematics of the tri-state metasurface. Meta-atom consisting of a honeycomb layer, two dielectric layers with integrated p-i-n diodes and two glass layers. Measured reflection, transmission and absorption response of the metasurface for different applied current to the p-i-n diodes[START_REF] De Lustrac | Tri-state metasurface-based electromagnetic screen with switchable reflection, transmission, and absorption functionalities[END_REF].

Figure 1 . 9 :

 19 Figure 1.9: (a) Coding metasurface. A 0 or 1 state is associated to each meta-atom.Various refraction operations enabled by changing the 0/1 metasurface profile[START_REF] Cui | Coding metamaterials, digital metamaterials and programmable metamaterials[END_REF]. (b) Meta-atom of 2-bit coding metasurface. The top and bottom layers have two separate pin diodes, enabling 4 possible states (00, 01, 10, 11) for each atom. Schematics of the imaging process. The metasurface is normally illuminated by a source. According to the profile coded on the metasurface, a specific image is reconstructed in the far-field region[START_REF] Li | Transmission-Type 2-Bit Programmable Metasurface for Single-Sensor and Single-Frequency Microwave Imaging[END_REF]. (c) Meta-atom of the coding metasurface. Top-view photograph of the realized coding metasurface. Simulated and measured holographic images obtained by applying the specific phase profiles[START_REF] Feng | Reprogrammable digital holograms and multibit spatial energy modulation using a reflective metasurface[END_REF].
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 110 Figure 1.10: (a) Spherical cloak based on transformation optics. The Cartesian space (on the left) is transformed into the transformed space (on the right). The red arrow represents a radiation whose direction can be controlled when transforming the Cartesian space into the transformed space. A cloaking device of radius R 2 envelops a sphere of radius R 1 . The cloak is designed to bend the direction of the impinging radiation around the object. 3D representation of the spherical cloak concept [12]. (b) Experimental validation of an invisibility cloaked based on transformation optics. The MM cloak is made of 10 cylinders with spatially varying SRR. Electric field pattern simulations of the ideal and the simplified cloak (top row). Measured electric field patterns of the bare metallic cylinder and the cloaked structure (bottom row) [13]. (c) Schematics of a carpet cloak covering a surface scatterer. Simulated electric field distribution of the carpet cloaked scatterer (top) and the bare scatterer (bottom) [44].

Figure 1 . 11 :

 111 Figure 1.11: (a) Electric field distribution of a spoon, (b) a spoon placed in an illusion device and (c) a mug. The electric field distributions (b) and (c) are the same. (d) Electric field distribution of a non-transmissive wall, (e) a wall with an illusion device and (f) a wall with a hole. Distributions (e) and (f) are the same [45].
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 113 Figure 1.13: (a) Possible implementation of a mantle cloak for a spherical scatterer. Electric field amplitude (top row) and phase (bottom row) distributions in the presence (first column) and absence (second column) of a cloak. Scattering cross section as a function of frequency of the bare and cloaked sphere [50]. (b) Photograph of a cloaked dielectric cylinder in a bi-static measurement set-up. Electric field distributions of the uncloaked/cloaked cylinders and free space at various frequencies [51]. (c) Photograph of two cloaked radiators. Electric field distributions of the uncloaked (top row) and cloaked (bottom row) radiators at 2.42 GHz (first column) and 5.2 GHz (second column) [52].
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 21 Figure 2.1: (a) Solid laminate radome of L-3 Communications-ESCCO, Concord, Massachusetts. (b) SHEERGARD inflated radome [55]. (c) High/low/high-index sandwich radome [55]. (d) Metal space frame MSF radome at MacDill Air Force Base [56]. (e) AFC (Antennas For Communication) dielectric space frame DSF radome in Okinawa, Kapan [57].
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 22 Figure 2.2: 2D and 3D far-field antenna gains of a horn antenna covered by a bare radome (top row) vs a seamed radome (bottom row) at 10 GHz. The low-index and high-index dielectric materials have a relative permittivity ϵ r of 1.2 and 3.0 respectively. Realistic material losses are considered in the simulations.
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Figure 3 . 1 :

 31 Figure 3.1: Metasurface-tuned seam design protocol. (I) Exploded view of the MStuned seam design, including 2 buried MSs. (II) Transmission-line model applied to the MS-tuned seam design. A value of the MS's surface impedance ZS is retrieved. (III) Simulations to determine the geometric parameters of the MS's unit cell. The simulation environment is presented. (IV) Photograph of a fabricated MS. Zoom on the unit cell design and table with the optimized geometric parameters.
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 32 Figure 3.2: Schematic illustration of the studied structure. A radome juncture made of two dielectric slabs (the radome panel) connected via a metasurface-tuned seam.The aim is to tune the parasitic dielectric slab such that it mimics the electromagnetic behavior of the reference one upon illumination of an incident electromagnetic wave.

Figure 3 . 3 :

 33 Figure 3.3: Transmission-line model of a metasurface-tuned seam. The two metasurfaces, modeled as lumped shunt impedances Z S , are placed at a burial depth t 1 inside the volume of a dielectric seam.

Figure 3 . 4 :

 34 Figure 3.4: Real part (left) and imaginary part (right) of the simulated (orange) and (measured) reflection coefficient of the reference radome panel in: (a) C -band, (b) X b -band and (c) X -band.

  3 and 3.4, Z S,analytical is retrieved analytically by injecting the reflection coefficient Γ ref of the reference panel into Eq. 3.1. The values of Γ ref and Z S,analytical at 4 GHz, 7 GHz and 10 GHz are obtained numerically with the software Mathematica and are presented in the table of Fig. 3.5f. The resistance R S (Re[Z S ]

Figure 3 . 5 :

 35 Figure 3.5: (a) Circular ring meta-atom, with geometric parameters p, r, and s. (b) Meta-atom's simulation environment in HFSS. The meta-atom is placed in a periodic environment of periodicity p, defined by Master/Slave boundary conditions, and excited by two Floquet ports. (c, d, e) Evolution of the meta-atom's reactance X S as a function of p and r, for a fixed value of s = 0.3 mm, at (c) 4 GHz, (d) 7 GHz and (e) 10 GHz. (f) Table with the measured reflection coefficient Γ ref of the panel, the analytically retrieved surface impedance Z S and initial geometric parameters p 0 , r 0 , s 0 , of the ring associated with Z S .
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 36 Figure 3.6: Schematics of the three structures used in the simulations: (a) low-index reference dielectric panel, (b) reference panel perturbed by a parasitic dielectric seam, and (c) the reference slab with a metasurface-tuned seam.
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 37 Figure 3.7: Schematics to illustrate the relation between the periodicity p of the meta-atom and the percentage of edge meta-atoms in a finite MS. For a MS of finite size d, reducing the meta-atom's periodicity p from d/3 to d/100 drastically reduces the percentage of edge atoms from 88% to 4% which can then significantly reduce spurious edge effects when illuminating the MS.
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 38 Figure 3.8: Optimization protocol for the constitutive parameters of the buried metasurfaces.
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 310 Figure 3.10: 2D and 3D far-field radiation patterns of a horn antenna under a bare radome (top row), a seamed radome (middle row) and a MS-tuned seamed radome (bottom row) at 10 GHz. The low-index and high-index dielectric materials have a relative permittivity ϵ r of 1.2 and 3.0 respectively. Realistic material losses are considered in the simulations.
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 824 Experimental validation of the camouflage effect

Figure 4 . 1 :

 41 Figure 4.1: (a) Photograph of the metasurface-tuned seam fabrication set-up. The MS-tuned seam is realized by gluing together three dielectric pieces and two metasurfaces. The glue is applied homogeneously on each piece with a roll. A second roll is used to remove excess glue and air trapped between pieces. (b) A photograph of the seam pieces and metasurfaces glued together. Excess glue can be noticed. (c) Photograph of the glued pieces being kept at a given position during the drying process.
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Figure 4 . 2 :

 42 Figure 4.2: Fabricated metasurfaces for the MS-tuned seam prototypes. The metasurfaces are buried within the seam volume to induce a camouflage effect.
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 4322 Figure 4.3: (a) Schematics of a metasurface-tuned radome juncture illuminated by a horn antenna. (b) A photograph of the near-field measurement set-up consisting of a horn antenna illuminating a piece of the reference radome panel and a fieldsensing probe measuring the power transmitted through the panel. The orange area corresponds to the surface scanned by the probe. (c) A photograph of a radome juncture placed in the measurement setup [64].
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 44 Figure 4.4: (a) Schematic illustration of the studied structure. Two low-index radome panels are connected via a high-index MS-tuned seam. The structure is illuminated by an emitting (Tx) antenna and a receiving (Rx) antenna allows to measure the antenna radiation patterns for different angles of incidence. (b) Photography of the far-field measurement setup in an anechoic chamber. (c) Close up of the emitting antenna illuminating the seamed panel [65].
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 45 Figure 4.5: Simulated scattered field profiles and scattering patterns for TE-and TM-polarized, normal and oblique incidence illumination at 4 GHz.

Figure 4 . 6 :

 46 Figure 4.6: Measured electric field amplitude and phase profiles, transmitted through the reference panel (first column), the seamed panel (second column) and the MS-tuned seamed panel (third column), in the case of TE-and TM-polarized normal incidence illumination at 3.4 GHz.
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 47 Figure 4.7: Far-field radiation patterns of the reference panel (blue), the bare juncture (red) and the metasurface-tuned juncture (green), measured at 3.4 GHz in the case of TE and TM polarized, normal and oblique illumination. (b) Perturbation factor of bare and MS-tuned junctures calculated in S-band for TE and TM illumination. Zoom on the camouflage band.
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 48 Figure 4.8: Simulated scattered field profiles and scattering patterns for TE polarized normal and oblique incidence illumination.

Figure 4 . 9 :

 49 Figure 4.9: Measured electric field amplitude and phase profiles, transmitted through the reference panel (first column), the seamed panel (second column) and the MS-tuned seamed panel (third column), in the case of TE-and TM-polarized normal illumination at 4 GHz.
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 410 Figure 4.10: (a) Far-field radiation patterns of the reference panel (blue), the bare juncture (red) and the metasurface-tuned juncture (green), measured at 4 GHz in the case of TE and TM polarized, normal and oblique illumination. (b) Perturbation factor of bare and MS-tuned junctures calculated in S-band for TE-and TM-polarized illuminations. Zoom on the camouflage band.

Figure 4 . 11 :

 411 Figure 4.11: Simulated scattered field profiles and scattering patterns for TE and TM polarized normal and oblique incidence illumination at 7 GHz.

Figure 4 . 12 :

 412 Figure 4.12: Measured electric field amplitude and phase profiles, transmitted through the reference panel (first column), the seamed panel (second column) and the MS-tuned seamed panel (third column), in the case of TE-and TM-polarized normal incidence illumination at 6.55 GHz.
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 413 Figure 4.13: (a) Far-field radiation patterns of the reference panel (blue), the bare juncture (red) and the metasurface-tuned juncture (green), measured at 6.55 GHz in the case of TE and TM polarized, normal and oblique illumination. (b) Perturbation factor of bare and MS-tuned junctures calculated in S-band for TE and TM illumination. Zoom on the camouflage band.

Figure 4 . 14 :

 414 Figure 4.14: Simulated scattered field profiles and scattering patterns for TE and TM polarized normal and oblique incidence illumination at 10 GHz.

Figure 4 . 15 :

 415 Figure 4.15: Measured electric field amplitude and phase profiles, transmitted through the reference panel (first column), the seamed panel (second column) and the MS-tuned seamed panel (third column), in the case of TE-and TM-polarized normal incidence illumination at 10.5 GHz.

Figure 4 . 16 :

 416 Figure 4.16: (a) Far-field radiation patterns of the reference panel (blue), the bare juncture (red) and the metasurface-tuned juncture (green), measured at 10.5 GHz in the case of TE and TM polarized, normal and oblique illumination. (b) Perturbation factor of bare and MS-tuned junctures calculated in S-band for TE-and TM-polarized illuminations. Zoom on the camouflage band.

Figure 4 . 17 :

 417 Figure 4.17: Measured electric field amplitude and phase profiles, transmitted through the reference panel (first column), the seamed panel (second column) and the MS-tuned seamed panel (third column), in the case of TE-and TM-polarized normal incidence illuminations at 2.8 and 6.8 GHz.

Figure 4 . 18 :

 418 Figure 4.18: (a) Far-field radiation patterns of the reference panel (blue), the bare juncture (red) and the metasurface-tuned juncture (green), measured at 2.8 GHz and 6.8 GHz in the case of TE and TM polarized, normal and oblique incidence illuminations. (b) Perturbation factor of bare and MS-tuned junctures calculated in S-band for TE and TM illumination. Zoom on the camouflage bands.
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 6 Impact of the metasurface's burial depth on the camouflage performances 115

Figure 4 . 19 :

 419 Figure 4.19: Exploded views of various metasurface-tuned seam configurations and the perturbation factors for TE and TM polarized illuminations for bare (blue) and metasurface-tuned junctures (orange). The seam is made of two 8 mm thick pieces (light grey) and a 10 mm thick piece (dark grey). The red arrows show the facing of the metasurface and the red text, below the exploded structures, indicate the burial depth of the respective metasurface.
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 212751 Figure 5.1: (a) Low-drag radome for airborne applications [55]. (b) Mechanically steered antenna in a nose radome [69]. (c) Commercially available planar phased array antenna for airborne applications [70]. (d) Directivity of a phased array antenna as a function of the azimuth angle. Besides the desired energy at 50°, a spurious grating lobe is observed at 90°.

Figure 5 . 2 :

 52 Figure 5.2: Schematics of a phased array antenna covered by a 3D air radome (top row) and a transformation optics metadome (bottom row) [71]. The illumination radiated by the PAA to a direction θ is refracted towards a larger direction θ ′ = G -1 (θ) by the metadome. The refraction can be observed by comparing the simulated electric field profiles in the case of an air radome (top row) and a tranformation optics metadome (bottom row) for various illuminations θ.

5. 2 129 Figure 5 . 3 :

 212953 Figure 5.3: (a) Schematics of a 2D curvilinear metadome covering a phased array antenna.The illumination radiated by the PAA impinges the radome with an angular direction θ in and is refracted by the metadome towards a larger direction θ out . After applying a specific phase and amplitude modulation to the illumination from the PAA, the radiation is correctly refracted post-metadome without any grating lobes[START_REF] Benini | Phase-gradient meta-dome for increasing grating-lobe-free scan range in phased arrays[END_REF]. (b) unit cell of the phase-gradient metadome made of a ceramic slab. The realized phase of the unit cell is tuned via the length, width and height of the slab. Near-field electric field profile and far-field radiation patterns of an illuminating source placed at the center of the semi-circular metadome. Refraction is observed[START_REF] Liu | Extending the scanning angle of a phased-array antenna using a thin radome of curved metasurface[END_REF]. (c) Photographs of the fabricated planar phase-gradient metadome covering a 6-element phased array antenna. Measured far-field radiation patterns of the PAA without metadome (in blue) and the metadome-covered PAA (in red). Refraction of the impinging illumination and suppression of spurious grating lobes is observed[START_REF] Lv | Scanning range expansion of planar phased arrays using metasurfaces[END_REF].

Figure 5 . 4 :

 54 Figure 5.4: (a) unit cell design for the phase-gradient metadome. Photograph of the realized metadome placed on top of a PAA. Measured radiation patterns of the PAA (without the metadome) and the metadome-covered PAA [75]. (b) Multi-zone metadome design. The metadome is made of distinct zones, placed above a PAA.Multilayer unit cell design for the metadome. Simulated scanning directions for various phase shifts between the PAA elements with and without the metadome[START_REF] Monti | Quadratic-gradient metasurface-dome for wide-angle beam steering phased array with reduced gain-loss at broadside[END_REF].
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Figure 6 . 1 :

 61 Figure 6.1: Workflow for the design of a multi-zone metadome. (I) Analytical model based on the generalized Snell's law. (II) Full-wave simulations on the unit cell. (III) Full-wave simulations on the supercell. (IV) Fabrication of proof-of-concept prototypes and experimental validation.

Figure 6 . 2 :

 62 Figure 6.2: (a) Schematics of a phase-gradient metasurface anomalously refracting an incident wave from an input direction θ in to an output direction θ out . The metasurface consists of supercells made of N unit cells. (b) Refraction direction θ out as a function of the incident direction θ in in the case of various unit cell sizes ∆x and fixed phase difference ∆Φ (on the left) and various phase differences ∆Φ and fixed unit cell size ∆x (on the right).

Figure 6 . 3 :

 63 Figure 6.3: (a) Photograph of a Huygens' metasurface made of periodically spaced plates perpendicular to the magnetic field (z). Zoom on the top and bottom designs of each plate. [77]. (b) Photograph of a planar Huygen's metalens. Schematics of the top and bottom design of the planar metasurface. [82]. (c) Multizone cascaded metasurfaces for anomalous reflection. Monostatic RCS for a regular reflector (in red) and the multizone metasurface (in blue) [83].

Figure 6 . 4 :

 64 Figure 6.4: S 21 parameter for the top layer only (blue), bottom layer only (orange) and the full unit cell as a function of frequency.

Figure 6 . 5 :

 65 Figure 6.5: (a) Geometric parameters of the top and bottom layers and simulation environment of the unit cell. (b) Simulated transmission amplitude and phase profiles as a function of (l, g) for normal (0°), 15°and 30°illuminations at 15 GHz. The parameters (p, s, w) are reported for each case in the inset of the amplitude profiles.

Figure 6 . 6 :

 66 Figure 6.6: (a) Phase-gradient metasurface optimized for normal incidence illumination. (b) Phase-gradient metasurface optimized for 15°-incidence illumination. (c) Phase-gradient metasurface optimized for 30°-incidence illumination.
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Figure 6 . 7 :

 67 Figure 6.7: Simulation environment for the phase-gradient supercell. Simulated electric field distributions in the absence (first column) and presence (second column) of the three supercells.
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  .6, next to each other, as shown in the photograph of Fig. 6.8b. Zone 1, 2 and 3 correspond to the metasurfaces (a), (b) and (c) respectively. The metasurfaces are mounted on a low-index foam panel (visible in Fig. 6.8b) to ensure mechanical stability during measurement. Absorbers are placed around the metasurfaces to minimize spurious reflections at the edges of the structure. The three individual single-zone metasurfaces and the assembled multi-zone one were all measured in the case of 8 different illumi-nations (θ in ∈ [-60°, 45°], with a step of 15°) in the 13.0 -16.0 GHz frequency range.

Figure 6 . 8 :

 68 Figure 6.8: (a) Far-field measurement set-up. (b) Photograph of the 3-zone metadome. (c) Photograph of the anechoic chamber.

Figure 6 . 9 :

 69 Figure 6.9: Experimental results on metasurface A of Fig. 6.6. Radiation patterns for θ in ∈ [-60°, 45°] scanning range and energy losses ∆T between the reference and the metasurface in the 13.0 -16.0 GHz frequency range for various illuminations.

Figure 6 . 10 :

 610 Figure 6.10: Experimental results on metasurface B of Fig. 6.6. Radiation patterns for θ in ∈ [-60°, 45°] scanning range and energy losses ∆T between the reference and the metasurface in the 13.0 -16.0 GHz frequency range for various illuminations.

Figure 6 . 11 :

 611 Figure 6.11: Experimental results on metasurface C of Fig. 6.6. Radiation patterns for θ in ∈ [-60°, 45°] scanning range and energy losses ∆T between the reference and the metasurface in the 13.0 -16.0 GHz frequency range for various illuminations.

Figure 6 . 12 :

 612 Figure 6.12: Experimental results on the multizone structure shown in Fig. 6.8b. Radiation patterns for θ in ∈ [-60°, 45°] scanning range and energy losses ∆T between the reference and the metasurface in the 13.0 -16.0 GHz frequency range for various illuminations.
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 613 Figure 6.13: Refraction direction θ out as a function of the incident direction θ in for the three single-zone metasurfaces, the multi-zone structure and the analytical values retrieved from Eq. 6.2.
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