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Well, here at last, dear friends, on the shores
of the Sea comes the end of our fellowship in Middle-earth.
Go in peace! 1 will not say: do not weep; for not all tears are an evil.
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ABSTRACT

N the second decade of the new millennium, novel communi-
cation paradigms and technologies have emerged to meet the
growing demands of a world becoming increasingly data-centric
and data-dependent. Reconfigurable Intelligent Surfaces (RISs)
play a crucial role in this vibrant context by enabling the realiza-
tion of Smart Radio Environments (SREs) capable of sustaining
a continuous connection between physical and digital worlds.
Implemented as reconfigurable arrays, these low-cost electro-
magnetic (EM) surfaces achieve energy efficiency by recycling existing radio waves in
the SRE. Among different candidates for designing Reconfigurable Intelligent Surfaces,
Metasurfaces (MSs) have garnered significant attention due to their low fabrication
costs and exceptional capabilities for EM wave manipulation.

In the last few years, the concept of Simultaneous Transmitting and Reflecting Re-
configurable Intelligent Surface (STAR-RIS) arose as a cutting-edge development of
traditional RISs. By simultaneously enabling both refraction and reflection radiation,
these devices utilize the electromagnetic spectrum more efficiently, significantly enhanc-
ing the coverage and quality of wireless networks. STAR-RISs can be implemented as
Transmit-Reflect-array (TRA) antennas, structures comprising both Transmitarray (TA)
and Reflectarray (RA) functionalities. However, designing the array cells is challenging
due to time-consuming full wave optimizations.

In this manuscript, the criticality is approached by a rigorous analytical point of view.
First, by examining the behavior of a reciprocal MS with electric and magnetic response,
referred as Huygens’ Metasurface (H-MS), the relation between its surface parameter
that allows an arbitrary control of the transmission and reflection coefficients amplitude
is derived. However, an independence of refracted and reflected beam steering angles
cannot be achieved. Second, the design procedure of four meta-atoms to realize a
uniform 2-bit quantization is presented. To verify the cells behavior in a non-periodic
environment, a tool for the analysis of TRA radiation characteristics has been developed
based on physical optics and array theory. Lastly, this design procedure has been verified
through the realization and experimental characterization of several TRA prototypes.

To overcome the limit encountered by realizing H-MS elements for the design of
TRAs, Metasurfaces (MSs) that posses a bi-anisotropic response have been investigated.
Due to the presence of more degree of freedom in the form of surface parameters, a
fully independent control of both transmission and reflection phases is achieved. A
preliminary design of sixteen meta-atoms to realize a uniform 2-bit quantization in both
refraction and reflection is presented.

This research defines a comprehensive set of tools for the design of TRAs, exploiting
limits due to the choice of particular Metasurface (MS) elements and how to overcome
them.

IND =1
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SYNTHESE DE LA RECHERCHE

U cours de la deuxiéme décennie de I'actuel millénaire, de nou-
veaux paradigmes et de nouvelles technologies de communica-
tion sont apparus pour répondre aux exigences croissantes d'un
monde de plus en plus centré, et dépendant, de I'échange de
données. Les Surfaces Intelligentes Reconfigurables (SIRs), ou
en anglais “Reconfigurable Intelligent Surfaces”, jouent un role
crucial dans ce contexte dynamique. En effet, elles permettent
la réalisation d’environnements intelligents capables de traiter
et de transférer de grandes quantités d’informations. Mises en ceuvre sous forme de
réseaux reconfigurables, ces surfaces sont peu cotiteuses et tres efficaces, puisqu’elles
utilisent I'énergie des ondes radio dans 'espace environnant. Parmi les différents candi-
dats possibles pour la réalisation des SIR, les métasurfaces, ou en anglais “Metasurfaces”,
ont suscité un grand intérét en raison de leur faible cotit de fabrication et de leur ex-
ceptionnelle capacité a manipuler les ondes électromagnétiques, aussi bien réfléchies
que réfractées, et ce, quelles que soient les conditions imposées a leurs parametres
caractéristiques.

Ces derniéres années ont vue 'émergence des réseaux transmetteurs ou réflecteurs
pour la réalisation de RIS. Cependant, de telles technologies ne fonctionnant qu’en
émission ou transmission, elles impliquent donc une faible couverture spatial du signal
émis et laissent place a des zones d'ombre. Récemment, la fonctionnalité des SIR a
été élargie pour combiner ces deux fonctions, sous le nom de Surfaces Intelligentes
Reconfigurables avec Transmission et Réflexion Simultanées (TRS-SIR). Pour réaliser ces
focntions conjointement, des antennes positionnées en réseau étant a la fois émettrices
et réfléchissantes sont utilisées. On les appele (TRA) pour Transmit Reflect Antenna
en anglais. Le travail présenté dans ce manuscrit s'inscrit dans ce contexte. Nous mon-
trons comment mettre en ceuvre des cellules de métasurface introduisant une division
arbitraire de la puissance entre le champ transmis et le champ réfléchi.

Pour soucis de simplicité, I'analyse commence par des métasurfaces de Huygens
sans perte. Les coefficients de diffusion sont dérivés en fonction des parametres de
surface, c’est-a-dire la susceptance et la réactance, en considérant la structure comme
éclairée par une onde plane sous incidence normale, comme le montre la Fig. 0.1.

En imposant I'égalité suivante entre les modules des coefficients de réflexion et de
transmission :

7l =11, (0.1)

une relation est dérivée qui relie la suceptance électrique et la réactance magnétique
de la surface. Cependant, la différence entre les phases des coefficients de transmission
et de réflexion est fixe et égale a 900. Les faisceaux rayonés sont donc dépendant 'un de
l'autre. A partir de ces analyses, quatre cellules fonctionnant a 30 GHz ont été congues

XxXi
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FI1GURE 0.1 : Métasurface infinie entre deux régions aux propriétés matérielles différentes, éclairées par un
champ incident normal, en ligne bleue, provenant de la Région 1. Les champs réfléchis et transmis sont
représentés par des lignes violettes et jaunes, respectivement.

pour réaliser un TRA avec une quantification uniforme de 2-bit de la phase en trans-
mission et en réflexion. Les cellules ont été construites comme une superposition de
trois couches métallique séparées par deux substrats diélectriques. Les quatre valeurs
de phase de transmission suivantes ont été choisies pour les méta-atomes : ¢;, = 15°,
¢, = 105°%, ¢, = 195° et ¢, = 285°. Les parametres de surface quileur sont associés et
les phases de réflexion sont présentés respectivement dans les Fig. 0.2a et Fig. 0.2b.

En connaissant les parameétres de surface d'un méta-atome, nous avons pu détermi-
ner les impédances que devaient avoir chacune des couches métalliques en supposant
des conditions aux limites périodiques. Les motifs métalliques de chaque couche ont été
choisis sur la base de géométries simples, telles que des méandres, afin de synthétiser
un comportement inductif ou capacitif.

Lors de la réalisation des méta-atomes, 'épaisseur commerciale des substrats et
l'effet de la colle pour maintenir la structure compléte ont également été pris en compte.
La conception compleéte de chaque cellule est illustrée a la Fig. 0.2c, Fig. 0.2d, Fig. 0.2e
et Fig. 0.2f. Lamplitude des coefficients de diffusion se situe entre —4dB et —2dB dans
une largeur de bande relative de 5% centrée sur 30 GHz. La largeur de bande est princi-
palement limitée par la variation en fréquence des impédances des couches concues.
Dans la méme bande, les déphasages relatifs introduits par les différentes cellules, en
transmission et en réflexion, sont approximativement des multiples de 90° comme
évoqué plus haut.

Pour concevoir un TRA avec une quantification uniforme de la distribution de phase,
en transmission et en réflexion, un modele d’analyse basé sur l'optique physique et la
théorie des réseaux est proposé. En utilisant 'outil développé, plusieurs TRAs fonction-
nant a 30 GHz et ayant un profil de phase optimisé pour diriger les faisceaux réfléchis et
réfractés a différents angles ont été analysés. Des comparaisons avec des simulations
électromagnétiques sont présentées. Enfin, plusieurs prototypes ont été fabriqués et les
résultats des mesures sont comparés a l'outil dévelopé et aux résultats des simulations
électromagnétiques.
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FIGURE 0.2 : (a) Lieu des parametres de surface décrits par la solution A dérivée de (0.1) et (b) phases des
coefficients de transmission et de réflexion pour cette solution. Les symboles indiquent les caractéristiques
des quatre cellules congues. Méta-atomes TRA fabriqués, avec une période p = 1,2 mm, mettant en oeuvre a
30 GHz, en transmission, un déphasage de : (c) ¢z, =15°, (d) ¢p7, =105°, () P75 = 195° et (f) ¢, =285°. Les
épaisseurs des substrats et des couches de liaison sont respectivement de 0,787 mm et 100 ym.

Parmi les différents TRA fabriqués, il est intéressant de souligner le prototype de
taille 144 x 144mm?, illustré a la Fig. 0.3a et Fig. 0.3b. La distance focale est de 99.4mm et
la distribution de phase sur le réseau est telle que le faisceau transmis dépointe a 6 = 30°
et ¢ = 0°. En réflexion, étant donné la différence de 90° entre les phases de transmission
et réflexion, le champ est rayonné a 6 = 150° et ¢ = 0°. La comparaison entre notre
modele analytique et les résultats des mesures est présentée a la Fig. 0.3c. Nous pouvons
noter qu’un trés bon accord est obtenu entre les deux courbes. Le faisceau transmis
mesuré présente un gain maximal égal a 26.4 dBi avec n,p = 36.4%. Cependant, un léger
strabisme dans la direction de l'orientation est présent, ce qui fait que le faisceau pointe
vers 6 = 31°. Les résultats calculés analytiquement et mesurés s'accordent tous deux sur
un niveau de lobes secondaires de —18dB. Les deux faisceaux réfractés présentent une
largeur de faisceau a mi-puissance de 4°. La Fig. 0.3d présente la stabilité des faisceaux
en fonction de la fréquence. 11 est possible d’observer que, dans la bande de fréquence
qui nous intéresse, de 29 a 31 GHz, l'erreur de pointage reste faible. De plus, le niveau de
la polarisation croisée est inférieur a —30,dB en transmission et a —34,dB en réflexion.

Pour surmonter la contrainte de direction entre les faisceaux réfléchis et réfracté, une
autre classe de structures a été étudiée. En effet, les cellules de métasurface bianostropes
de type oméga peuvent obtenir une phase indépendante de la transmission a la réflexion
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FIGURE 0.3 : (a) Configuration de mesure dans la chambre anéchoique et (b) prototype de réseau d’antennes
de taille 14.4 x 14.4)%. (c) Diagramme de rayonnement mesuré a ¢ = 0°. (d) Stabilité des faisceaux transmis et
réfléchis en fonction de la fréquence.

en raison de la présence d'un autre degré de liberté sous la forme d’un coefficient de
surface supplémentaire. Si I'isotropie est imposée a ce type de structure, la relation (0.1)
est retrouvée lorsqu'une onde plane sous incidence normale éclaire la surface.

En partant des relations entre les coefficients de surface obtenus, on congoit 16
meéta-cellules qui permettent une quantification de phase uniforme de 2-bit, tant en
transmission qu’en réflexion. En effet, pour chaque état de transmission, quatre état
de réflexion doivent exister afin de garantir des directions de dépointage différentes de
chaque coté de la structure. Les Fig. 0.4a et Fig. 0.4b montrent les réponses en phase et
en amplitude des quatre cellules pour I'état de phase de transmission ¢; = 90°. Dans
la bande 28-32GHz, les phases ZI" de ces cellules sont ensuite espacées de 90° +10°.
Les quatre cellules correspondant a I’état de phase /7 = 90° atteigent bien cette valeur
a 30 GHz et gardent cette valeur sur toute la bande. Lamplitude des coefficient 7 et T
varie entre —4dB et —2dB sur la bande [28,31] GHz fournissant ainsi une largeur bande
relative de 10%. Les Fig. 0.4c et Fig. 0.4d montrent qu'un comportement a large bande
similaire est observé pour les quatre cellules caractérisées par I'état de phase de réflexion
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¢r =105°. Les valeurs de |7| et [I'| sont trés proches de —3dB a 30 GHz, comme prescrit
par la procédure de conception. On obtient ainsi une largeur de bande relative de 13%
centrée sur 30 GHz, avec une amplitude des coefficients de diffusion comprise entre

—4dB et —2dB.
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FIGURE 0.4 : Phases des coefficients de (a) réflexion et de (b) transmission en fonction de la fréquence de
quatre cellules avec /7 = 90° a 30 GHz. Phases des coefficients de (c) réflexion et de (d ) transmission en

fonction de la fréquence de quatre cellules avec /T =105° 4 30 GHz.
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INTRODUCTION

All human knowledge begins with intuitions,
proceeds from thence to concepts,
and ends with ideas.

Immanuel Kant

This first chapter serves as a concise introduction to the topic presented throughout the
manuscript. An outline is proposed to indicate each chapter subject.



2 1. INTRODUCTION

1.1. BACKGROUND

APERE AUDE! No better words could be chosen to start an ex-
perimental dissertation since they embody the craving for sci-
entific awareness that has driven these three years of research.
Employed by Horatius' and looslely translated as "Dare to know
things through reason!", it became the adage of the "Age of En-
lightenment" with Kant’s definition [2]. This sentence represents
the striving of knowledge and criticism that characterized the
XVII and the XVIII centuries but, it has always been intrinsic to
the human soul, leading scientists, century after century, to learn about nature and the
laws by which it is governed. As for the interest in controlling fire, mankind had, since
ancient times, a strong interest in electrical phenomena that eventually lead it to exploit
this kind of energy and the electromagnetic (EM) interactions of matter. However, as the
saying goes "Rome ne fu pas faite toute en un jour" [3], which means " Rome wasn't built
inaday", this did not happen overnight. Over the centuries, scientists gradually defined
electric and magnetic phenomena through study and experimentation. Nevertheless,
it was in 1865 that the ultimate expression of these studies were linked, derived and
organized by Maxwell [4], then written in a reduced form, as we know them now, by
Heavyside?” [9], [10]. Thanks to these works and the ones that followed, a better compre-
hension of the EM phenomena allowed the emergence of numerous applications in a
wide variety of fields. In particular, in a world where information rarely traveled across
the globe, the turning point came with the invention of radio and wireless transmissions,
driven by the experiments of Nikola Tesla and Guglielmo Marconi [11], [12]. From this
time on, a succession of breakthroughs characterized the XX and XXI centuries: televi-
sion, mobile phone, Internet and satellite networks, to name a few.

At this point, someone could ask: can human curiosity stop here? Of course not.
New discoveries led to novel studies and experiments with interesting insights of the
existing scientific knowledge. Unsurprisingly, the field of telecommunications was no
exception®. Satellite and terrestrial networks started demanding faster, low-latency,
ultra-reliable communications, requiring the use of new Radio-Frequency (RF) bands,
at higher frequencies due to overcrowding of the RF bands, and bigger data rates. In this
fertile environment for technological advancement, researchers have begun looking to
quasi-optical systems, over the past decade, as solutions for deep space exploration and
links between satellites due to extremely wide bandwidth [14]. Albeit attempts to use
these systems for ground-to-space communications with error mitigation techniques
have been explored, RF systems working in Ka-band and, between satellites, in V-band

1The Roman lyric poet of Augustus’ era uses this expression as an exhortation to his friend Maximus Lollius to
pursue wisdom and moral integrity [1, line 40].

2The English scientist spent nearly a decade comprehending and reducing Maxwell’s equations from 20 to just
4 using a vectorial formulation [5]. The interested reader will find in [6] a very deep and precise analysis of all
the studies, publications and works conducted by Heaviside. Some little reviews on his life and the specific
procedure to derive the Maxwell equations in vectorial form can be found instead in [7] and [8], respectively.

3Notably, Phil Edholm of Nortel Networks has made an intriguing observation regarding the evolution of the
communications industry. Edholm’s law, as it is known, forecasts that bandwidth and data rates will double
approximately every 18 months, mirroring the exponential growth predicted by Moore’s law for the number
of transistors [13].
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have continued to be preferred due to an inadequate market for optical communica-
tions and problems related to atmospheric propagation [15], [16]. At the same time, this
vibrant environment of scientific research also affected terrestrial networks.

With the exponential increase in electronic devices, a whole new concept of the
Internet, called Internet of Things (IoT), emerged, where every system can communicate
and interface with others through wireless channels. Among the myriad of applications
that appeared on the horizon, the infrastructural one began to grow. The novel concept
of smart city, that arose at the dusk of the previous millennium, with the following
Robert E. Hall definition finally had a reason to emerge [17]:

“[...] urban center of the future, made safe, secure environmentally green, and efficient because
all structures - whether for power, water, transportation, etc. are designed, constructed, and
maintained making use of advanced, integrated materials, sensors, electronics, and networks
which are interfaced with computerized systems comprised of databases, tracking, and
decision-making algorithms. [...]”

Another push in this direction came in recent years with the phone companies’
deployment of the fifth-generation (5G) technology standard for cellular networks [18].
With a massive data rate increase, better area coverage, low latency and higher energy
efficiency, fast connections between devices was no more a dream.

However, in an ever-changing world, where everyday life is becoming progressively
more data-centric and data-dependent, this is no longer enough. For this reason, the
scientific research has already begun to explore solutions for turning future wireless
networks into “smart” platforms, capable of adapting to the environment and sup-
porting even higher data rates. Thus, the upcoming sixth-generation (6G) technology
systems will be responsible for creating a seamless connection between the physical and
digital domains, advancing the vision of a fully interconnected world [19]. To satisfy this
demanding specification, two challenges need to be addressed: avoiding lack of service
under harsh propagation environments and limiting the high-power consumption of
wireless interfaces, e.g. transceivers [20]. To overcome the first limitation, the concept
of Smart Radio Environment (SRE) emerged: an intelligent, adaptable space capable
of actively processing and transferring information [21], [22]. To realize such vision,
a structure, that can shape incoming EM waves and capable of updating itself when
the environment changes, is required. Nevertheless, the second challenge, mentioned
before, still needs to be addressed and it should not be ignored: this device must be
energy-constrained and re-use radio-wave energy in the SRE. Based on these require-
ments, a brand new technology emerged in the wireless community: the Reconfigurable
Intelligent Surfaces (RISs), low cost EM surfaces implemented as reconfigurable arrays
or programmable liquid crystals [23].

In this exciting period of scientific research on RISs, Metasurfaces (MSs) are prov-
ing to be an outstanding candidate due to their inexpensive fabrication and ability of
extreme EM wave manipulation for transmitted and reflected fields [24]. This disserta-
tion wedges itself into this fervent context, showing how simultaneous refraction and
reflection can be achieved from MSs through an elegant mathematical definition, partic-
ularly suitable for a straightforward design not requiring time-consuming optimization
procedures. Experimental results support these claims.
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1.2. MOTIVATION

Starting with a comprehensive study of the literature on MSs, it quickly became clear
why they captured the researchers’ attention. Their easy realization and planar profile
make them a perfect fit for telecommunications. Their ability to shape EM fields led to
amyriad of applications: absorbers, cloaking, polarizers, leaky waves, lenses, imaging
and as antennas for tailoring aperture fields, to name a few [25]-[31].

The latter case has garnered the most interest from the wireless community as a
perfect candidate for RISs design. Specifically, research has focused on utilizing these
structures to tailor transmitted or reflected fields in IoT applications, enabling control
and enhancement of wireless signals. Pre-existing solutions that align with the concept
of MS, and consequently RIS, include space-fed devices denominated Transmitarrays
(TAs) and Reflectarrays (RAs) [32], [33]. Due to their capability of adjusting the phase of
transmitted and reflected signals, respectively, RISs can steer beams towards specific
receivers, optimize signal paths based on real-time channel conditions, and achieve
high gain and directive patterns, thereby enhancing the overall coverage and improving
the Signal-to-Noise Ratio (SNR) [23], [34], [35].

Furthermore, a cutting-edge development has recently emerged as an extension of
traditional RISs: Simultaneous Transmitting and Reflecting Reconfigurable Intelligent
Surfaces (STAR-RISs), devices capable of simultaneously radiating in refraction and
reflection [36]-[40]. Their dual functionality allows a more efficient use of the electro-
magnetic spectrum and enhances the coverage and quality of wireless networks. By
electronically control the surface characteristic parameters, STAR-RIS properties can be
adjusted in real-time allowing adaptive beamforming and improved signal manipulation.
While TAs and RAs are good solutions for RISs, on the other hand emerging structures
under the name of Transmit-Reflect-arrays (TRAs), that combine these two features, are
a perfect match for STAR-RISs. However, given the novelty of this topic, the literature is
still in its earliest days: as an example, some works consider simultaneous transmission
and reflection through Geometrical Aperture Division (GAD) or Superposition of the
Aperture Fields (SAF) strategies [41], [42]. By alternating TA and RA elements, it has
also been shown the capability of generating multiple beams in transmission and re-
flection [43]. Nevertheless, these solutions have low aperture efficiency values due to
the inability to use all of the array available area. Other recent works have achieved this
feature of implementing simultaneous transmission and reflection employing the entire
antenna area [44], [45]. They also added some other functionalities as reconfigurability
[46], polarization conversion [47]-[50], and generation of vortex beams [51]. However,
all of this works are based on an extensive numerical analysis of the array elements to
obtain the desired transmission and reflection properties for the antenna array design.

This dissertation stands as a milestone in this topic, establishing the fundamentals
to study MSs for simultaneous manipulation of refracted and reflected fields. In fact,
along the text, a mathematical method is proposed to derive in closed form the optimal
constitutive MS parameters in such a way that TRA cells can be rapidly designed. In
this way, aperture efficiency problems related to the use of techniques such as GAD or
SAF can be avoided, given the dual functionality of the array elements. Moreover, the
proposed analysis can be used to in case of reconfigurable TRAs. Knowing the optimum
surface characteristic parameters, these values can be encoded in the cells to synthesize
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the desired binary states, similarly to what Kim ef al. with H-MSs [52].

1.3. OUTLINE

The main topic of the manuscript is the description of a new mathematical derivation
for the optimal parameters of the MS for simultaneous manipulation of refracted and
reflected fields, and the subsequent design of devices exploiting this formulation. How-
ever, before dealing with this specific topic, Chapter 2 presents how the concept of
Metamaterial (MM) was born and the need of a low-profile structure that led to the
emergence of MSs. Then, an overview on the MS model, taxonomy and methods of
analysis are provided. In this context, possible applications are listed with a strong
emphasis on spatially fed arrays and STAR-RIS.

The upcoming chapters are arranged in two main parts, following a thread of expo-
sure from a particular case to its generalization. On one hand, Chapter 3 and Chapter 4
provide the study and implementation of the surface parameters for an isotropic H-MS
to achieve simultaneous transmission and reflection. On the other, Chapter 5 extends
the analysis considering an Omega-Type Bi-Isotropic Metasurface (O-BIMS) showing
how it is possible to overcome certain limitations imposed by the use of H-MSs.

Going into more detail, Chapter 3 presents at first the optimum surface parameters
for an isotropic H-MS when arbitrary power division between refracted and reflected
fields is imposed. Then, by focusing on the particular case of an evenly split of the
incident power between refraction and reflection, it is found that there is a limitation
on the generation of independent transmitted and reflected beams. Additional studies
are then conducted to determine the minimum number of layers required for designing
H-MSs capable of simultaneous transmission and reflection. Insights on the metallic
patterns that realize these impedance sheets concludes the chapter.

Building on this foundation, Chapter 4 focuses on the practical design and imple-
mentation of H-MSs. To verify the optimal surface parameters derived in Chapter 3,
H-MS cells are realized as cascaded structures composed of three sheet impedances
spaced by two dielectric slabs. Subsequently, multiple TRAs are designed using these
elements, and their full-wave behavior is analyzed. Several of these structures were
fabricated, and measurement results are compared against simulation data.

As previously mentioned, Chapter 5 extends the analysis presented in Chapter 3.
It demonstrates the generation of independent transmitted and reflected beams by
incorporating additional surface parameters, enabled by the bi-isotropic properties of
the analyzed structure. This chapter further explores the minimum number of layers
needed to design O-BIMSs capable of simultaneous transmission and reflection. Addi-
tionally, a preliminary design for O-BIMS elements realized as a cascade of three sheet
impedances spaced by two dielectric slabs is proposed.

Finally, Chapter 6 summarizes the findings from this research, offering a compre-
hensive review of the studies conducted over the past years. It also provides insights
into potential future developments in this field.






STATE OF THE ART

An idea must not be judged by its immediate result.

Nikola Tesla

This chapter starts exploring the historical emergence of MM concept and subsequent
advent of its low-profile equivalent under the name of MS. After this brief review of
past research accomplishments, the general MS model described as a set of homogenized
parameters is presented and, depending on the behavior of these values, a classification is
proposed. Different techniques to analyze MS are discussed and applications in which
they can be employed are treated. To conclude, a review on the novel concepts of STAR-RIS
and TRA are presented, emphasizing how MSs fits as perfect candidate for these usages.
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2.1. METAMATERIALS: AN ELECTROMAGNETIC REVOLUTION

N the realm of scientific progress, multiple discoveries have risen
from the depths of human curiosity with profound impact. Among
these, Metamaterials (MMs) deserve honorable mention. The
advent of these structures represents a crucial transformation in
our understanding of the material world as extraordinary phe-
nomena emerge from mundane reality in mythical or fantastic
literature. Féanor, in J.R.R. Tolkien’s legendarium, creates three
Silmarils, magnificent jewels crafted from the essence of the two
trees of Valinor and holding within them a brilliance and power unmatched by any
other creation. Hence, his peerless skill and profound comprehension of the world’s
hidden properties permitted him to forge such artifacts. Similarly, visionary scientists
who dared to question the limitations of natural substances, sought to create materials
that could transcend the conventional bounds of physics. Their efforts paved the way
for a new era of innovation, enabling the design of materials with enhanced capabilities.

But was this revolutionary journey swift? Were there few or many contributors? And
how did it begin? As for every scientific discovery, it undoubtedly took a considerable
amount of time and involved numerous pioneers before the term “Metamaterial’ came
into use. Generally, the academic community agrees that Veselago’s work laid the theo-
retical groundwork for subsequent insights'. Back in 1968%, when these structures were
called artificial dielectrics, he pondered the behavior of propagating electromagnetic
waves in materials with negative electric permittivity, €, and magnetic permeability, p
[54]. His conceptual research revealed that the incident wavefront bends in a manner
that yields a negative refractive index and a backward wave®.

However, these insights remained largely dormant due to the inability to engineer
such materials at the time. Three decades later, three seminal works emerged, experi-
mentally demonstrating and elucidating potential applications aligned with the studies
pioneered by the Russian researcher. The first, in 2000, showcased an engineered struc-
ture capable of simultaneously exhibiting negative electric permittivity and magnetic
permeability within the same frequency band [57]. Moreover, it experimentally con-
firmed that electromagnetic waves do not propagate in a medium where only one of
these material constants is negative, but propagation is restored when both are negative.
The second, in the same year, showed possible applications for these new kinds of mate-
rials by employing an unconventional lens made of a silver slab with negative refractive
index [58]. This work demonstrated extremely interesting capabilities, such as focusing
light and restoring the phase of propagating waves and amplitude of evanescent states.
The last one, in 2001, already uses the term “Metamaterial” instead of “artificial dielec-
tric”. It experimentally demonstrated the unusual direction of scattered electromagnetic
waves by a prism with negative refraction index, validating Veselago’s theory [59]. These

1A decade before Veselago’s work, an earlier publication broadly addressed the topic of wave propagation in a
medium with a negative refractive index [53]

2To be precise, Veselago’s article was published in English this year, but its Russian publication was in 1967.

3Backward waves have been studied since at least 1904, when Lamb suggested their existence, although his
examples pertained more to mechanical systems [55]. Later, in the same year, Schuster extended this concept
to electromagnetism [56].
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four works together sparked a surge of research publications in the field of artificial
dielectrics.

Figure 2.1: Negative refractive index material prototype developed by Padilla et al. [60].

After this historical excursus, a question arises: when was the term “Metamaterial”
coined? The first accredited use and definition of this word is attributed to Rodger Walser
at the start of the XXI century*°:

“Metamaterials are defined as macroscopic composites having a man-made, three dimensional,
periodic cellular architecture designed to produce an optimized combination, not available in
nature, of two or more responses to a specific excitation. Each cell contains metaparticles,
macroscopic constituents designed with low dimensionality that allow each component of the
excitation to be isolated and separately maximized. The metamaterial architecture is selected to
strategically recombine local quasi-static responses, or to combine or isolate specific non-local
responses.”

The choice of this name underscores his intention to highlight that these structures
can achieve performance beyond the limits of conventional composites. Indeed, the
term “Metamaterial” is a compound word where the prefix meta- comes from Greek
(uet&) meaning “beyond”®’. The composite exhibits distinct properties that are not
present in the individual components. These unique characteristics arise from the
specific three-dimensional arrangement and interaction of its constituent elements
while still maintaining large-scale homogeneity. This last consideration underscores
the importance of selecting sub-wavelength molecules so that spatial inhomogeneities

4R. Walser employed this term for the first time in 2000 [61], followed by another publication in 2001 [62].
Nevertheless, he already used it in September 1999 in the general invitation for a DARPA workshop [63], [64].
It is clear now why Shelby employed in 2001 the term “Metamaterial” in his work.

5For more historical information on RF Metamaterial, the interested reader can refer to [64], [65]. A very deep
analysis of the early years of concept development in the USA are detailed in [63]. Additionally, [66] provides
a comprehensive overview of the congresses and meetings that paved the way for this flourishing research
field with scientific works of both Former Soviet Union and the West.

6A similar definition can be found on the site of Virtual Institute for Artificial Electromagnetic Materials and
Metamaterials: https://wuw.metamorphose-vi.org/index.php/metamaterials

71t is important to note that defining “Metamaterial” was not a trivial matter. Common definition, such
as properties "not found in nature" or "not observed in constituent materials" are not entirely accurate.
Therefore, a more fitting term has been employed to describe MM properties: “emergence” [67]-[69]



https://www.metamorphose-vi.org/index.php/metamaterials

10 2. STATE OF THE ART

are negligible and unique effective material parameters can be employed to describe
the medium’s characteristics.

2.2. FROM METAMATERIALS TO METASURFACES

Following our exploration of the historical context and the challenges the scientific
community faced in defining the term Metamaterial in Section 2.1, we can now delve
into the spectrum of possibilities this technology offers at the application level. As
three-dimensional arranged particles, these structures are widely employed for mul-
tiple electromagnetic purposes: from cloaking to imaging, antennas to sensing and
communications systems to absorbers [70]-[76]. Nevertheless, these applications face
three common problems: significant space occupied, substantial energy losses within
the bulk material, challenges in fabrication, especially at the nanoscale, and difficulty
in integrating 3D structures with existing photonic and electronic systems [77]-[80].
Therefore, why not engineer a 2D structure instead of a bulky 3D one? A decade after
the definition of Metamaterial, its bi-dimensional equivalent arose under the name of
Metasurface, further energizing the already dynamic scientific research. Due to their low
profile nature, structures exhibiting reduced losses can be engineered with applications
spanning from microwave to optical frequencies. These include those previously identi-
fied for MMs, as well as emerging uses such as RISs, innovative wave-guiding structures,
and flat lenses, among others [24]-[26], [29], [30], [81].

In the first decade of the XXI century, before the advent of MSs, another kind of
periodic structure draw the scientific community attention: Electromagnetic Band-Gap
(EBG) and one of their categories called Frequency Selective Surface (FSS). Nevertheless,
they differ from MSs based on their electromagnetic behaviour. This distinction can
be done by defining three regions (see Fig. 2.2), where a composite material can be
assigned depending of its electromagnetic behaviour at different frequencies [82].

Floquet-Bloch modes
Resonances

associated with

Dispersive effective : .
lattice periodicity

media

Effective media with individual
Classical mixing theory scatterers

Frequency
(or length) scale

Figure 2.2: Metasurface distinction with respect to electromagnetic bandgap structures [82].

The first region considers frequencies at which the wavelength is much larger than
the periodicity of the composite scatterers. To extract the equivalent-effective properties
of the material, classical electromagnetic formulas are employed. Typical examples that
falls in this category are thin-film materials. The second region is similar to the previous
one in terms of periodicity with respect to the wavelength. However, the elements
are engineered with patterns that induce resonances at the desired frequency, causing
the composite to behave as an effective medium with inherent frequency-dependent
material properties. MSs falls under this definition. The last region, the one where
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EBGs are associated to, considers the case where the periodicity is comparable or bigger
then the wavelength. In this case the structure cannot be seen anymore as an effective
medium and Floquet Bloch mode expansion approaches need to be employed for their
analysis.

NN NN
NN NN
NN NN
WA K XK I
{0 M

X

(a) (b)

Figure 2.3: Metasurface categories: (a) metafilm and (b) metascreen

After defining the differences between MSs versus other periodic structures, different
subclasses of MSs can be identified. By classifying on the basis of the composition
of the scatterers, three categories can be established: metafilm, metascreen and an
hybrid solution between these two extremes [82]. The first refers to an array of distinct
metallized scatterers while the second one to a surface with periodically spaced apertures
as reported in Fig. 2.3. MSs considered in the following chapters falls in the third hybrid
class.

2.3. METASURFACE MODEL

With the definition of the term Metasurface now clear, how they can be effectively
modeled to obtain the desired manipulation of electromagnetic fields is discussed in
this section. Previous works showed analysis of MSs providing purely electric response
to control EM waves [83]-[85]. The addition of a magnetic behavior was shown to
dramatically decrease reflection losses and increase their efficiency [86]-[88]. For amore
complete control of an electromagnetic wave front’s polarization and phase, anisotropy
and magnetoelectric coupling have been incorporated in the metasurface design. This
level of generality is suitable to define a model and describe the structure operation.
Macroscopically, these surfaces can be considered as infinitesimally thin sheets
separating two regions with different electric and magnetic properties as shown in
Fig. 2.4. The structure acts as a discontinuity that performs desired field manipulations
through the Schelkunoff’s equivalence principle®: the total fields above, (E,, H,), and
below the MS, (E;,H;), are obtained by properly design surface electric and magnetic

8Known as Schelkunoff’s surface principle,it is an extension of Love’s formulation. Notably, Love developed
rigorously Huygens’ theorem specifying secondary sources in terms of fictious electric and magnetic currents
[89] [90] [91]
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n (EZ! HZ)

@ (EltHl)

Figure 2.4: General metasurface model.

currents, Js and Mg respectively [92].
Js=nx (H;-Hy), (2.1a)
Msz—ﬁx (Eg—El) y (21b)

where 11 is the unit vector normal to the surface. Let us consider now that an incoming
electromagnetic wave in Region 1, described by an electric field E; and magnetic one Hj,
illuminates the structure as in Fig. 2.5.

_____

~

Region 1
(eq, a1

(E, H;)

(E;, Hy)

Figure 2.5: Scattering from an infinite lossless MS illuminated by a plane wave.

A reflected, E; and H;, and refracted, E; and Hy, fields will appear: the total electric
and magnetic contributions in the first region are E; = E; + E; and H; = H; + H;. On the
other hand, H, = H; and E;, = E; are the ones in the refractive region. To ensure that these
current densities are passively induced on the surface, a set of homogenized parameters
must be introduced. There are three possible equivalent form: surface polarizabilities,
susceptibilities or impedances/admittances. Due to the absence of volume, constitutive
parameters such as permeability or permittivity cannot be properly defined [93].

In this manuscript, the latter one will be considered, since this formulation can lead
to simple closed-forms for the reflection and transmission coefficients under plane
wave incidence. After introducing the impedance boundary condition that relates its
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average tangential fields to the fields discontinuities, (2.1) becomes:

XeEgllJleg}:ﬁX(Hz—H1)=E(H2—H1), (2.2a)

YED+Z, HY=—fix(E;—E)=-n(E—E). (2.2b)

The unit vector i can be substituted with no loss of meaning by the rotation matrix
n, defined in contrast with the identity matrix I as:

n= 0 —1] l=[1 0]. (2.3)

1 0 0 1

The matrix Y , represents the electric admittance on the MS due to J; while Z _ is the
magnetic impedance due to Ms. The electromagnetic and magnetoelectric coupling are
expressed by y and Y, respectively. All these parameters are tensor quantities to take
into account anisotropy ( e.g. useful for polarization transformation), and are defined

generically:
al al
a=\ g i (2.4)

The average electric tangential field is defined as Eg; = (E; +Ey) /2, while the mag-
netic one as HY = (H; + Hp) /2. Then, (2.2) can be written in matrix form:

Y. x Eg;)
- . 2.5
X zm)(ﬂfi‘ @

2.3.1. TAXONOMY
Bi-anisotropic MSs can be classified based on their operational characteristics, electro-
magnetic response and structural properties.

Firstly, depending on their attributes, MSs can be categorized in reciprocal and non-
reciprocal, with both lossy and lossless cases considered. The property of reciprocity
introduces the following relations” on the characteristic parameter tensors: Y, =Y,
Z. =7 ITn and y = -YT. By adding the lossless attribute, both magnetic impedance
and electric admittance tensors become purely imaginary (Re{Y,} =Re{Z }=0),
while both magnetoelectric and electromagnetic coupling tensors become purely real
(Jm{ x} =Jm{Y} = 0). When a MS is non-reciprocal, the following relations hold:
Y. #Y.,Z #Z! and (i)‘{e {1},9% {I}) # 0. Under this assumption, by adding the
lossless condition, constrains'®
Y. =Yz, =2 andy=X"

Another possible categorization of MSs is based on their EM response. A bi-

on the MS characteristic parameters are introduced:

anisotropic behavior, as reported in (2.5), considers (S_( o XX, Zm) # 0. When a com-
bination of electric and magnetic response is present with no electromagnetic and

9The superscript “T” reported in these relations represents the transpose operation.
10The superscript “t” reported in these relations represents the transpose conjugate operation.
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magnetoelectric coupling, the structure is called H-MS and y = Y = 0 holds. The last two
cases consider a purely electric or magnetic behavior. The first, referred to as Electric
Metasurface (E-MS), presents only Y, # 0 while the other one, called Magnetic Metasur-
face (M-MS), shows justZ  #0.

Reciprocal MSs can be classified based on their structural properties. The main
distinction defines the concepts of isotropy, bi-isotropy, anisotropy and bi-anisotropy
related to the surface parameters and how each of them affect the boundary conditions.

IsoTrOPY

An isotropic medium is characterized by a high degree of spatial symmetry leading to
an EM response that is unaffected by the media position with respect to the incident
field. In terms of surface parameters, the electric admittance and magnetic impedance
of an isotropic MS reduce to scalar quantities, Y, = YeI and Z , = Z1, and if no electro-

magnetic and magnetoelectric coupling ( x=X= g). The boundary conditions in (2.5)

reduce to:
( Js ) Yel 0
Ms ) | 0 Zul

It is clear that both surface parameter tensors are diagonal and, due to isotropy, the
following relationships holds: Y = ), v) = ¥)' =0, Zii = Z) and 7], = Z}, = 0.

( g@ ) . (2.6)

ANISOTROPY

When a medium or material is not presenting a spatial symmetry and its behavior or
physical properties vary on the direction, it is called anisotropic. A MS that presents this
behavior requires a tensor description. However, y = Y = 0 still holds. The boundary
conditions in (2.5) becomes: -

Y. 0 Eg})
B , 2.7
0 Zm)(Hﬁ? &0

where, in this case, Y} # ng, Yeij = Ygi #0, ZI # zﬂl and zjﬂl = Z,j]i1 £0.

B1-1SOTROPY

Bi-isotropy is a property of materials in electromagnetics that are both isotropic and
exhibit coupling between the electric and magnetic fields. In a MS that presents this
behavior, applied electric fields induce electric and also (equivalent) magnetic currents.
Analogously, applied magnetic fields induce (equivalent) magnetic and also electric cur-
rents. These materials are generally described using constitutive relations that include

coupling terms: ( x,x) # 0. However, due to isotropy, all surface parameters are scalar
quantities and their descriptions vary depending if the structure has a chiral or omega

behavior. If the MS shows chirality, besides the expression of Y, and Z,,, that apply as in
the isotropic case, y = —yI and Y = YI hold. Moreover, due to chirality, y" = -YY. The
boundary conditions in (2.5) becomes:

Is _ YeI —x1 EE}
(Ms)_(n Zml (HS}) 28)
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Metasurfaces presenting a bi-isotropic omega response are characterized by the
following relations: y = —ynand ¥ = —-Yn. Then y” = —Y)". This kind of structures, are
denominated as O-BIMS. The boundary conditions in (2.5) becomes:

Js )\ _ En
( " )_ ( . 2.9)
BI-ANISOTROPY

HEY

Bi-anisotropy generalizes the concept of anisotropy and bi-isotropy. Bi-anisotropic
materials have direction-dependent properties (anisotropy) and exhibit coupling be-
tween electric and magnetic fields. Their properties are described by tensors rather than
scalar values, making their response dependent on the direction and type of applied
electromagnetic fields. The general case of a bi-anisotropic MS presents in the boundary
condition the presence of all four surface parameters tensors as in (2.5).

As for O-BIMSs, a distinction between chiral and omega behavior can be made [94].
A bi-anisotropic MS is defined chiral when the relation y' # YJl is satisfied. On the other
hand, it is omega when yJ # 0 and YJi # 0.

Ye! —xn
-Yn Zpyl
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2.3.2. SCATTERING RESPONSE

The boundary conditions reported in (2.2) allow to directly relate the MS scattering
properties to its constitutive parameters [95]. When an x-polarized wave is normally
incident to the Bi-anisotropic Metasurface (BMS) from Region 1 as in Fig. 2.5, electric
and magnetic fields of this hemispace are defined as E; = I;+8%; and H; = 17;1 n (I +S%,).
Then, the fields in Region 2 are written as E; = 8%, and H, = r]gl nS%,. Then, Iy = (1 0T,
ST, =(SH S}ﬁ()T and S}, = (S5} SZ’I()T. By inserting the values of the fields in the two
regions in (2.2), the following expressions are derived:

Y xn g s* S% -I, S S

= (I +S¥5, + ===+ == —=+—==+—=/, .10a
e I lel Sél X 11 21 X 11 21 2.10
2 2\m m m nmo MmN

Y Z n(, S S%

= (I, +8%, +S% +—m——(—"—i+£):—n I, —S%, +S%,), (2.10b)
5 (I +87, +8%1) 2 \m m n(-I-8%, +8%))

leading to the closed-form expression of the following linear system:

-1
o\ [Ye XD 1 Y, xm o1 ¥aoxmkog
12 2 2m m 2 2n2 12 2 2m m
- . (2.11)
Y Z_n Y Z_n Z L
S% =_==_p =4+==.4n - mnx—&+nX
2 2m = 2 2 = 2m 2

To find %, = (8%, S};xz)T and S%, = (S%5 SYIXZ)T, the expressions for E;, E, H;
and H; needs to be considered due to the fact this time the incoming wavefront is
illuminating the structure from Region 2. The fields are then expressed as E; = I +8%,,
H, =n,'n(-Ik+8%,), E1 =S¥, and H; = -1, 'n $%,. As before, by inserting the values of

the fields in the two regions in (2.2), the following expressions are derived:

Y xno 1. 8%, S% I, S5, S
——e(IX+s’;2+s"22)+——(——X—£+£)=—(——X+—lz+ﬁ : (2.12a)
2 2 Um m M N2 Mmoo M2

Y Z,n( I, S, S

5(1X+sx12+sx22)+ I; (—%—H+n—2)=—g(lx—s’§2+s’;2), (2.12b)

leading, as shown previously, to the closed-form expression of the following linear
system:

Y, xn 1 Y  xn 1 \! nl
S __e_—_+; __e+—_+; _&4_1_)(4.1_)(
12 2 2m om 2 2mp 2 2m2 M2
_ (2.13)
Y Z_n Y Z_n Z | YI
2 2m 2 2n 212 2 -

The expressions of the couple (8,5, ) and (S%,,S%,) are derived by changing I in
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I;=(0 1)T. The complete scattering matrix can then be written as [95]:

Y, xn 1 Y, xn 1 \!
S:( S, Si, ): 2 2m m 2 2m2 M s
- S S Y Z_ n Y Z n
o1 O X Zyo X Z,0
2 2m = 2 25 =
Y, xn 1 Y, XD I
2 2m m 2 2m2 M2
x (2.14)
Y Z_n Y Z_ n
-=-=——4n -=+="=-n
2 2m - 2 2n T

Due to the bi-anisotropy behavior, the scattering matrix results in a full 4 x 4 matrix.
Starting from this expression, the MS characteristic parameters are defined as [95]:

¥ I 8y Sy I Sp Sy
A== X ol mom o N2 M M2 x
n+n8,,-nS,, -n+n$,,-nS,,
I+Su+8, I+8,,+8y '
“| n_ns,, nS, n nS, nS, | - (2.15)

m m 2 m2 n1 n2

From (2.14), the total surface characteristic parameters required to realize a specific
S-matrix can be evaluated. These are degree of freedom of the structure. Generally
speaking, a BMS has 16 complex values as entries for A. When the surface is reciprocal
and port impedances identical, the S-matrix is symmetric and § = S'. In this case, the
total number of independent variables reduces from 16 to 10. Nevertheless, each of this
entry is a complex number with a real and imaginary part. The amount of free variables
is 20. If the MS is lossless, then §'S' = L. In this way, the total amount of free variables
reduces to 10. Intuitively, this value can be extracted from the reciprocity attribute of a
lossless MS: Y, = S_{;f, Z. =7 ITn means there are a total of 3, 4 and again 3 free variables
for each characteristic parameter, respectively.

By restricting to the case of single polarization, S, = = Sy,l, the scattering matrix
reduces to the one of a two port network [96]:

S Si2 )
S= . 2.16
- ( 821 Sa2 (2.16)

Each entry of the matrix is a complex value with a total of 8 degree of freedom. If the
MS is reciprocal with identical port impedances, S»; = S12, then the unknowns reduce
to 6. When the MS is also lossless, three independent equations can be extracted:

ISt 12 4181212 = 1, (2.17a)
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1S221% +1821 12 = 1. (2.17b)

81180, + 82285, = 1811118121/ 5 =E512) 4|85, |18y €] 4 S22 4521) — (2.17¢)

2.4. METASURFACE ANALYSIS

So far, how to model a MS and its taxonomy depending on the values its charactherics
parameters assume have been explored. But how can it be designed to achieve the
desired EM field manipulations? There are multiple techniques applicable depending
on the application. One way, that is considered along this work, is to consider the MS
elements as a cascade of sheet impedances alternated with dielectric slabs, forming a
layered structure which can guide and manipulate electromagnetic waves. Starting from
this model, different methods can be employed to evaluate the scattering parameters of
MS cells, when illuminated by a normally incident plane wave, as well as to analyze and
engineer the dispersion properties of the modes propagating across and along a MS.

A very powerful tool for these kind of layered structures is the transmission, or
ABCD, matrix. By considering each layer as a two or more two-port networks, the
complete behavior in terms of impedance, admittance and scattering representations
can be computed by multiplying the transfer matrices of each layer. By way of example,
consider a lossless MS unit cell composed by three impedance surfaces interleaved by
two identical dielecric slabs, as shown in Fig. 2.6. Assume that the MS is periodic along
the X and ¥ direction, and that is illuminated by a plane wave propagating along z.

Zs

1 t

Zs

2

Figure 2.6: Geometry and equivalent circuit model of a Metasurface unit cell comprising three sheet admit-
tances.

For analytic purpose, the sheets are purely imaginary admittances, Y, = jB, with
B, being the tensor susceptance of each metal layer. The dielectrics have thickness ¢
and characteristic impedance Z;;. The currents and voltages on either side of each unit
cell can be related using a transfer matrix approach [95]. The 4 x 4 ABCD matrix of the
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unit cell in Fig. 2.6 will be:

] . (2.18)

[=A]--!

Tror= Isl Tpo Isz IRL153 = [

|6 15

Each transfer matrix related to the sheet admittances and dielectric slabs in the
cascade are defined as follow:

I 0
IYSi B [ ny 1

==5

cos(Byn)l
jYasin(Bat)n

ArL= (2.19)

—jZysin(fgat)n
cos(Bn I ’

where By = 27,/€,1/ Aop is the propagation constant in the dielectric, which has a relative
permittivity £,4, and Aop is the free-space operating wavelength at frequency f,p. The
scattering coefficients of the structure are related to the ABCD matrix of the cascaded
sheet admittances or the single layers by the following expression [95], [97]:

Bn -1 Bn
_1 :+A 1 :_A
(§11 S )= 2 " , (2.20)
§21 §22 n Dn n Dn
= :+C _— :_C
mo N2 T m  n2

where 77, and 7, are the characteristic impedances of the region below and above the
MS, respectively. An arbitrary structure transfer matrix entries can be extracted from
(2.20) in function of the scattering parameters:

-1

A B I+S,, S, Sy I+S,,
[ cC D ]= n n n n . (2.21)
- = _(1_§11) -=S,, =S, _(_l+§22)
m m 2 n2

A generic structure transfer matrix is related to its impedance matrix trough the
following expression [98]:

-1 -1
ZIIZZI le ZZI ZZZ _Z12

] - ( | (2.22)

-1 -1
ZZI ZZIZZZ

o)l
IS 1w

When a linear polarized and normal incident wave impinges the MS, both trans-
fer and impedance matrices entries reported in (2.22) reduces to a two-port network
problem [96]:

a1l

[A B ]: Zon  Zn (2.23)

C D 1 Zoa |’ )
Zn  ZIn

where |Z| = Z11 Zop — Zp1 Z12.



2.4. METASURFACE ANALYSIS 21

2.4.1. SHEET IMPEDANCE CASCADE

This method can be used in the synthesis of MS cells with certain characteristics on scat-
tering parameters by knowing the A matrix. Firstly, spatially fed MS under plane wave
incidence can be modeled, in general, as a four-port microwave device, characterized
in terms of an impedance matrix, see Fig. 2.7a.

(a) (b)

Figure 2.7: (a) Four and (b) two port models of matesurfaces under bianisotropy and isotropy condition,
respectively.

Specifically, the impedance matrix relates the currents and voltages applied to the
ports of the device. In the case of translating field boundary conditions to an equivalent
Z-matrix, the ports of the MS can be thought of as the two half-spaces containing
the desired fields for Transverse Electric (TE) and Transverse Magnetic (TM) polarized
incident waves. Isotropic MSs can instead be modeled as two-port networks, see Fig. 2.7b.
One port of the equivalent network will represent the domain of the normally incident
plane wave while the second port will resemble the domain of the refracted plane wave.
As the electric field is analogous to a voltage and the magnetic field is analogous to a
current, the boundary conditions can be rearranged into a matrix format to resemble

that of a microwave two-port network [99]:
B2 2N = (R 2 e
V2 Zn Zn )\ -k E; Zn Zp )\ -Hz |’ '
Reciprocal O-BIMS are modeled as a two-port networks in case of anormally incident
plane wave polarized along §. By combining (2.5) with (2.24), after some manipulations,

the entries of the symmetric impedance matrix can be linked to the surface parameters
Ye, Zm and y as follows [100]:

( VAYRVAY! ): 4Ye

2.25
Zyn Zx (2.25)
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By realizing the MS as a cascade of three sheet impedances or admittances, three
degrees of freedom are provided to emulate the three surface properties Z,, Y. and y
shown in Fig. 2.6. The impedance sheets Z;,, Z;, and Z;, are derived by equating 2.23
with the ABCD matrix obtained by the layers cascade [100]:

Zytan (ﬁrl t)

Zy = - e (2.26a)
Jj+ Zatan (But) ————5-
ZnZa— 25,
2 Zn
[Zutan (But)]” ———5
Zy, = — Inte = 2y, (2.26b)
Sy = .

Z

Se(:2 (ﬁrl t) - Zerl tan (ﬁrlt) m
21

Zs, = Zatan (Bat) (2.26¢)
8T In+Zn '
Jj+Zjtan (ﬁﬂ t) —
ZnZaxp — 25

These expressions allows to rapidly compute the sheet impedances Z;,, Z;, and Z,
by knowing the target A matrix through (2.25).

2.4.2. DISPERSION STUDY: PASSBAND AND STOPBAND

The previous methods can be used to evaluate the transmitted and reflected fields of a
MS under plane-wave incidence. This is a scattering problem, where an EM source is
defined and the field excited by the source in the presence of the MS is computed.

For the sake of completeness, it is important to remember that the same analytic
tools can be used also to determine the modes propagating across a periodic series of
layers and MSs, or propagating along a surface in a layered environment. In this case no
source is present and the features of the mode (propagation and attenuation constants,
etc) need to be computed [96], [101].

For example, the frequency dispersion of the modes propagating in an isotropic,
reciprocal and lossless three-layer MS shown in Fig. 2.6 can be analyzed assuming that
it is periodic along z-axis. Then, a wave with propagation constant k, = a; + jf;, where
a, and B, are respectively the attenuation and phase constants, is supposed moving
along +z. The transfer matrix approach is used to relate the voltages and currents on
either side of each n-th unit cell [96]:

Vn+lekzp
In+lekzp

Vn+1
In+1

Vin
In

=T o (2.27)

The ABCD matrix obtained by the cascade of all the elements with periodicity p = 2¢
is defined as:

A B
ITOT:181IRLISZIRLIS3:[ C D ] (2.28)
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For isotropic MS, the transfer matrices related to the sheet admittances and dielectric
slabs reported in (2.19) reduces to:

1 0

T. = cos(Bt) —jZasin(But)
=Yy 7| Yy 1
Si

JjYasin(Bnt) cos(But) (2.29)

ARL T

By inserting (2.28) in (2.27), the following simplified expression can be found:

A—ekep B
o D - ek

Vn+1

=0. (2.30)
[n+1

Due to reciprocity, the determinant of (2.28) is AD — BC = 1. Moreover, to find a non
trivial solution, it is necessary that the determinant of (2.30) vanishes. Based on these
conditions, the following expression is obtained:

1+ eZkZp _ (A+D)ekzp =0. (231)

The MS is assumed symmetric, Y5, = Ys,, and with inductive sheet admittances,
Ys, = j/ (wL;) and Ys, = j/ (wLy). Then, the expression of Aand D in (2.31) are calculated
by inserting (2.19) in (2.28). Therefore, equation (2.31) reads as:

27,
cosh® = cos? (B 1) - w_Lrll sin (B ) cos (B t) —sin? (By t)

) (2.32)
11 -2 Zl‘l .
FLiL, sin” (B t) - oL, sin (But)cos(Bnut),

where ® = k,p. In Fig. 2.8 are reported the values of a, and §, for L; =2nH, L, =3nH,
t=1.4mm and ¢4 = 3.

150 150
-—
X100 2100
5P 5
oy >
& 5]
= =]
8 50 8 50
L [T
0 0
0o 05 1 15 2 25 3 0 13n 237 7r
ap [Np) B.p [rad]
(a) (b)

Figure 2.8: (a) Attenuation constant and, (b), propagation constant for L; =2nH and Ly = 3nH.

It is observed that bengaps are present in the stopbands at different frequencies. In
order to close these bandgaps and achieve a wideband behavior, ® = 7 is enforced in
(2.31):

Z
cos (Bnt) - w—zll sin (B 1)

2cos(Bt) - wz—zlz sin(Bqt)| =0. (2.33)
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It is clear that the relation L; = 2L, ensures that the first bandgap is closed, as shown
in Fig. 2.9 where the behavior of @, and §, are reported for L; =4nH and L, = 2nH [102].
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Figure 2.9: (a) Attenuation constant and, (b), propagation constant for L; = 4nH and L, = 2nH.

2.4.3. TRANSVERSE RESONANCE METHOD
The modes propagating along a MS and their resonance frequencies can be computed
using the Transverse Resonance Method (TRM). This technique is a powerful tool for the
analysis of structures fed for instance with a coaxial pin and based on the propagation
of surface waves or radiating due to leaky modes.

(a) (b)

Figure 2.10: (a) Three-layer symmetric, reciprocal and isotropic MS and (b) TRM circuit model.

Tounderstand the capabilities of this method, an isotropic, reciprocal and symmetric
MS working at fo, = 30 GHz, comprising three sheet impedances and spaced by two
dielectric slabs is considered (see Fig. 2.10a). The spacers have thickness ¢ = 1.4 mm and
electric permittivity €5 = 3. Due to symmetry, the external layers are equal, Z;, = Z,.
The inner layer is located at z = 0 and the MS circuit model is reported in Fig. 2.10b.

To apply the TRM, a reference plane that splits the MS equivalent network in two
circuits is established: in this case the xy-plane at z = 0. Then, by enforcing the Kirchoff
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laws of currents and voltages at this section, the following conditions are enforced:

Zi=-2, (2.34a)

Yi=-Y;. (2.34b)

Due to circuit symmetry (see Fig. 2.10), Z = Z and also (171 = T/; Then, from Fig. 2.10,
Z; and Y; are evaluated:
7 27207, [ 21+ jZutan (kg ?)]
1= N : ’
27, [Zn+ jZutan (kg t)| + Zy [ Z1 + j Zy tan (kn 1) |

(2.35a)

Ysz YL+ jYytan (kn )

L | , 2.35b
2 "y + jvitan (k) (2.35b)

Y, =

where Z1, = 19 Zs,/ (1o + Zs, ). To find the propagation constant k; of the modes prop-
agating on the xy-plane, the expressions in (2.35) are inserted in (2.34). For TE
modes, the free space impedance 7 is equal to ngE = 27 fop o/ kyis while in the slab

is Z15 = 271 foppio/ k,a. The propagation constant along Z is kygs = |/ k2, — kZ and kg =

\/ ksper — k¢ for free space and slabs, respectively. Similarly, TM modes have the fol-
lowing impedance expressions g™ = kyg/ (271 fopeoer) and ZI™M = kya/ (27 fop€oen). The
propagation constant at the working frequency fop, is kop = 27 fop /€0 Ho.

The TE and TM modes propagating in the structure are evaluated numerically from
(2.34) and reported in Fig. 2.11.
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Figure 2.11: Propagation constant of TE and TM modes as a function of (a) normalized dielectric thickness
and (b) frequency.

2.5. INTELLIGENT SURFACES FOR WIRELESS ENHANCEMENT

As already introduced in Chapter 1, MSs have found in this ever-changing world a
perfect spot in the design of surfaces that can tailor EM waves and adapt to environment
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changes. Denominated as RISs, these structures are a pretty recent discovery employed
to implement so called smart environments. The first pioneering works are younger
then a decade. After the general concept of intelligent surface to implement SRE [21],
[22], the publications that paved the way to the employment of MSs for Reconfigurable
Intelligent Surface (RIS) networks came in 2019 [23], [24].

Recently, an upgraded version of the classical RIS concept emerged. Defined as
STAR-RIS, it allows simultaneous refraction and reflection to increase indoor and out-
door signal coverage, as reported in Fig. 2.12 [38]. The picture considers general scenarios
where this technology offers an incredible flexibility. For example, a signal coming from
a satellite or base station that illuminates a STAR-RIS placed on the Stadium wall is sent
both to users on streets and inside on grandstands.

Link to RIS or
Direct Link

RIS Reflecton ~———
RIS Transmiton —e

\ndoor RIS Transmission

Figure 2.12: General application scenarios of STAR-RIS networks [38, Fig. 1].

There are three ways of implementing STAR-RISs: by mean of energy splitting, mode-
commutation and time switching [37]. The first one divides arbitrarily the incident power
on the surface between the transmitted and reflected signals. The energy allocation
in the scattered waves and the phase distribution on the surface are configured to
satisfy the wireless links requirements. In the mode-commutation operation, STAR-RIS
elements are divided into two groups. One of them operates in transmission mode,
the other one in reflection. The STAR-RIS can be considered as formed by a reflecting-
and transmitting-only RIS. This solution is not employing the full available area and
has worse performances in terms of efficiency with respect to the energy-splitting case.
Time switching strategy is based on a periodically switch of all STAR-RIS cells between
transmission and reflection mode, creating a blind time frame.

To enhance signal strength and minimize interference, TRAs can be employed in
STAR-RIS scenarios due to their high-gain directional simultaneous transmission and
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reflection.

2.6. TRANSMIT-REFLECT ARRAY

Space-fed array antennas, as TAs or RAs, are excellent solutions for RIS networks due to
their capability of tailoring refracted or reflected waves. The absence of a Beam Forming
Network (BFN) greatly reduces the losses due to RF phase shifters, power dividers and
cables. Moreover, these array structures are energy-constrained capable of focusing
incoming EM waves to obtain narrow beams. For a more precise control of phase,
amplitude, and polarization of refracted or reflected wavefronts, these antennas require
sub-wavelength cells, making them well-suited for MS applications.

Since both TAs and RAs are suitable for RIS networks, a device that can combine
these two functionalities, referred as TRA, would be required for STAR-RIS scenarios
(see Fig. 2.13).

(a) (b) (c)

Figure 2.13: Three possible designs for space-fed antenna arrays: (a) TA, (b) RA and (c) TRA

This leads to an important question: Is it possible to integrate TA and RA functional-
ities into a single structure, and if so, what are the key challenges and considerations
involved in achieving this integration? The pioneering work of Lau et al. in 2010 started
addressing these problems considering reconfigurable array elements [103]. By precisely
biasing varactor diodes, their design allowed the antenna to switch between TA and RA
operation modes, setting the stage for future research in this direction.

Building on this preliminary work, three more seminal studies moved the first steps
in designing space-fed bi-directional antenna arrays. In 2015, Malhat et al. advanced
in the research by successfully integrating transmission and reflection capabilities at
different frequencies through the use of plasma cells [104]. Their design demonstrated
an innovative approach to frequency-selective dual functionality, operating at 19.75 GHz
for refraction and 19.75GHz for reflection. In 2016, Xu et al. introduced a MS design
comprising linear polarization conversion and radiation pattern diversity [105]. Notably,
simultaneous TA and RA functionality was obtained near the central frequency, while
single-mode operation was observed at lower and higher frequencies for refracted
and reflected beam, respectively. However, achieving simultaneous transmission and
reflection across the entire band remained a challenge. Cai et al. made significant strides
in 2017 by implementing a MS with EM wave focusing, in TA mode, or bending, in RA
mode, or both simultaneously based on the incident field’s linear polarization [106].
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Around the same time (2018), Cai et al., Yi et al. and Yang et al. took a significant leap
forward by demonstrating the implementation of a simultaneous transmission and re-
flection within a single structure [44], [48], [107]. While the first achieved both operation
modes with a 45° polarized feed, the others demonstrated to achieve a refracted and
reflected field 90° rotated with respect to the incident linear polarized wave. Notably, Yi
et al. addressed the criticality of dependent transmitted and reflected beams, solved by
adding extra layers to their design structure. On the other hand, Yang et al. extended the
analysis from linear to circular polarization of the incident and scattered fields.

With Yang’s work, the concept of “ Transmit-Reflect-array” (TRA) was finally formal-
ized and employed in the following publications to indicate these novel Bidirectional
High Gain Antenna (Bi-HGA).

2.6.1. DESIGN APPROACHES

Although the topic is relatively recent, a significant amount of publications has already
emerged in the literature regarding TRA antennas. These contributions can be catego-
rized based on several key factors: materials used, cells realization, and bi-directional
functionality implementation. Each of these aspects plays a crucial role in defining the
performance, efficiency, and applicability of these antennas in different scenarios.

The material choice affects TRA electromagnetic properties, cost, and ease of fabrica-
tion. Indeed, metal-only or dielectric cells have established manufacturing techniques
and predictable performances. The firsts ensure minimal losses and thickness very
small maintaining an high efficiency [48], [108]-[110]. The seconds can control phase
and amplitudes of waves with a wideband behavior [111]. However, MMs, MSs or FSS
have been recently employed due to their ability of combining more functionalities
together by engineering theirs constitutive parameters [47], [51], [112].

Based on the desired behavior of the array, various techniques can be applied in
the elements design. For instance, anisotropic resonators can be employed to achieve
polarization conversion [48], [49], [113], [114]. On the other hand, reconfigurability
can be introduced by integrating active devices, such as varactors and Positive Intrinsic
Negative (PIN) diodes [42], [46], [115]-[122]

The last category is defined upon the implementation of transmit-reflect func-
tionality. There are four possible techniques to achieve this behaviour: Mode Switch-
ing (MoSw), Frequency Selection (FS), Aperture Division (AD), Energy Splitting (ES).

2.6.2. MODE SWITCHING
The MoSw approach consists of changing from TA to RA functionality through the use of
active components, as shown in Fig. 2.14. Lau et al., in 2010, presented a 6 x 6 elements
reconfigurable array working at fy = 5.7 GHz [103]. To switch between the two operation
modes, each varactor on the cells is biased between 0 — 20V, as shown in Fig. 2.14a.
An element spacing of 0.5714 was considered and the experimental results showed a
maximum gain at broadside of 12.3dBi in transmission and 10dBi in reflection. These
low values of gain for both beams were maily caused by a low efficiency feeding system
and element losses.

Zhang et al. proposed another electrically reconfigurable TRA capable of switching
TA to RA functionality using a single PIN diode, as reported in Fig. 2.14b [123].The



2.6. TRANSMIT-REFLECT ARRAY 29

I E-plane

PIN diode state: BJON NOFF

oy
.

-
S S oSe
=3 SSSS S N

——
%ﬁé’t‘
2yt 7 ¥
B X-pnl' ‘
beam

Reflection Mode

W

N
Incident Wave :§§=§ )
Eaﬁhgﬁ

()

Figure 2.14: Examples of TRA based on MoSw strategy. (a) Approach based on cells with integrated varactors
to commute between transmission and reflection [103]. (b) Startegy involving elements with integrated PIN
diodes [123]. (c) Reconfigurable TRA with PIN diodes controlled by an Field Programmable Gate Array (FPGA)
[119].

structure comprises 9 x 9 elements with periodicity 0.414 working at fq = 10GHz. The
designed prototype has a gain in transmission and reflection of 17.3dBi and 17.2dBi,
respectively. They corresponds to an aperture efficiency of 32.2% and 33.7%. Moreover,
differently from Lau et al., a precise phase distribution in both refraction and reflection
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is obtained by fitting the phase response function for TA or RA operations. In this way,
an higher gain and aperture efficiency are obtained.

A greater variety of functionalities were introduced by Yin et al. (see Fig. 2.14c) [119].
By employing meta-atoms with PIN diodes, the transmission and reflection modes are
obtained by controlling the voltage across these active elements through a FPGA. To
verify the designed cells capability, thy fabricated a prototype of 12 x 12 meta-particles
of periodicity 0.414 and working at fy = 3.5GHz. Notably, through the FPGA coding,
beam shaping,spatial scattering and beam scanning can be achieved.

Nevertheless, in all these works, a simultaneous transmission and reflection cannot
be achieved and the cells losses are mainly due to the active devices.

2.6.3. FREQUENCY SELECTION

The FS strategy, differently from the MoSw, involves the design of TRAs that implements
both TA and RA functionalities at only one frequency and singularly at different fre-
quencies. As introduced before, in 2015, Malhat ef al. obtained a frequency-selective
dual functionality, operating at 19.75 GHz for refraction and 19.39 GHz for reflection
[104]. The novelty of this work resides in the elements consisting of an ionizing gas as
conductive material (see Fig. 2.15a). The array comprises 13 x 13 elements with period-
icity 0.714 working at fyq = 19.5 GHz. However, the authors work is purely analytical, no
experimental results are presented.

In 2016, Xu et al. designed and fabricated a 15 x 15 elements array having periodicity
0.314 and working at fg = 9GHz [105]. In their work, the antenna shows a TA, RA or
TRA functionality depending on the frequency. Indeed, from f =8GHz to f = 9GHz
the array works in transmission, at f = 10GHz in reflection and at f = 9.3GHz both
behaviors are present. The antenna element acts as a polarization converter, trasmitting
in co-polarization and reflecting in same cross-polarized wave as the incident one. The
fabricated prototype, shown in Fig. 2.15b, shows a measured peak gain in transmission of
18.5dBi, corresponding to an aperture efficiency of 28%. In reflection, 13.1dBi and 31%
have been obtained. At f = 9.3 GHz, the TRA behavior determines an energy splitting
betweem the scattered fields showing for both beams a gain of 15.8dBi.

The work of Zhong et al. improves the previous design obtaining higher gain and
lower losses in their 9 x 9 elements array [124]. The cells are designed as a cascade of four
layers plus a fifth that implements the RA mode, (see Fig. 2.15¢). They have periodicity
equal to 0.6, at the working frequency fq = 11 GHz. From f =8.4GHz to f =10.8GHz
the array works in transmission mode while from f = 10.8 GHz to f = 13GHz in reflection.
At f = 10.8 GHz the array achieve simultaneous transmission and reflection. The forward
and backward peak gain is 18.2dBi and 18.2 dBi respectively

It is worth to mention also the multi-functional antenna of Yang et al. [125]. This
array of FSS elements depending on the frequency band of the incident field, implement
TA or RA operation mode. The schematic view is reported in Fig. 2.15d. Through the
cross dipoles inserted in the cross slots placed in the middle layer, the tranmission at
Ku-band can be controlled. On the other hand, reflection characteristics at Ka- and
K-band are managed by the double square rings at top and bottom layer. The fabricated
prototype shows at Ku-band a peak gain of 23.8dBi with an aperture efficiency of 40%
at 14.25GHz and 1dB gain bandwidth of 6.5%. At Ka-band, the measurements present
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Figure 2.15: Examples of TRA based on FS strategy. (a) Approach based on elements consisting of an ionizing
gas as conductive material [104]. (b) Strategy involving elements that tailor fields in both reflection and
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a peak gain of 31.5dBi at 30.5 GHz with an aperture efficiency of 47%. The 1dB gain
bandwidth is 7.1%. At K-band, a peak gain of 28 dBi with an aperture efficiency of 44%
at 21 GHz and 1 dB gain bandwidth of 7.3% is measured.

Nevertheless, all these designs required a change in the feed frequency to switch the
operation mode. Moreover, when it is supported, TRA functionality is available just at
one frequency limiting the possible applications for STAR-RIS.

2.6.4. APERTURE DIVISION
The AD approach involves the use an array section in TA mode and the other one in RA
mode, as showed in the collection of works reported in Fig. 2.16.

In this context, several techniques can be employed to implement this aperture area
division. Liu et al. presented an array cells disposition that is called SAF, reported in
Fig. 2.16a, where 45.3% of the radiation units operate in transmission mode while others
in reflection mode [41]. With this technique, simultaneous TA and RA functionalities
can be achieved at the expense of the aperture efficiency. From the measured results of
a fabricated prototype, the authors obtained maximum gain of 21.4 dBi with a 1dB gain
bandwidth of 6.7% for the transmitted beam. In reflection, a maximum gain of 24.4 dBi
with a 1dB gain bandwidth of 9.3% was achieved. A similar technique was employed
also by Yang et al. and Mu et al. [114], [121]. The first proposed meta-atoms with
circular polarization conversion placed in the array aperture through a genetic algorithm-
based method. Notably, this displacements allow the generation of four beams two in
transmission and reflection as shown in Fig. 2.16d. The measured prototype shows a
wide bandwidth: 30.7% for TA mode and 47.5% for RA mode. Mu et al., on the other hand,
introduced reconfigurability by placing PIN diodes in the elements (see Fig. 2.16¢e). The
scanning capability is obtained by controlling each array element with a FPGA to change
the phase distribution on the aperture. Moreover by digitally modify the response of the
meta-atoms, TA, RA or TRA operations can be obtained.

Another techniques to implement this aperture area division is called GAD. Yu et
al. compared on a reconfigurable array the results obtained by implementing GAD and
SAF, as reported in Fig. 2.16b [42]. They showed that GAD introduces high Side Lobe
Level (SLL) with respect to SAF.

A mixed technique in between GAD and SAF has been introduced by Guo et al. by
placing alternate elements working in TA or RA mode, as reported in Fig. 2.16¢ [43]. With
this strategy, and by phasing the periodic elements, the authors showed the possible
generation of multiple transmitted and reflected beams.

Nevertheless, as mentioned earlier, all these solutions show low aperture efficiency
due to an impossible exploitation of the complete antenna effective area.

2.6.5. ENERGY SPLITTING
To have bidirectional radiation and no limits in total aperture usage, the last strategy;,
covered in this work, consists in designing elements that divide the incident power
equally between forward and backward radiated fields, as reported in Fig. 2.17 and
Fig. 2.18. Although, as consequence, a drop of —3dB is obtained for equal refracted and
reflected radiation, the full array area is employed.

Yang et al. conceived a metal-only and single layer array with defected square ring
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Figure 2.16: Examples of TRA based on Aperture Division Strategy. (a), (d), and (e) approaches based on SAF
distribution of the array cells [41], [114], [121]. Notably, (d) employs a mosaic distribution to achieve multiple
beams. (b) Comparison between GAD and SAF techniques [42]. (c) Approach based on mixing GAD and SAF:
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cells [48]. The structure is fed by a y-polarized currugated horn and both transmitted
and reflected beams are x-polarized due to the defected ring, as shown in Fig. 2.17a. A
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Figure 2.17: Examples of TRA based on Energy Splitting Strategy. (a) Metal-only and very thin TRA imple-
menting polarization conversion [48]. (b) MS-based antenna achieving TA, RA and TRA operation by rotating
the focal source [44]. (c) Dielectric-based TRA [111].

gain in transmission and reflection of 25.5dBi and 25dBi, respectively. Notably, the low
aperture efficiency, 15% and 14% for TA and RA beams, is due to the power splitting of

the input energy between co- and cross-polarization and the energy splitting between
transmitted and reflected beams.

Other published works on TRAs considers antenna arrays that exhibits both TA and
RA operation modes when the feed is aligned along the main axis [44], [49], [128], [129].
Simultaneous transmission and reflection is achieved by rotating the linear polarized
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Figure 2.18: Examples of TRA based on Energy Splitting Strategy. (a) Wideband and flat gain TRA with miti-
gated beam squint effect [126]. (b) Ultrawideband TRA achieving with dual-polarization [112]. (c) Wideband
and high-efficiency TRA with distinct circular polarizations [127]

feed of 45° on the azimuth plane. As an example, Cai et al. conceived a four layer array
with anisotropic rotators fed by Vivaldi antenna [44]. The proposed prototype and
radiation pattern is reported in Fig. 2.17b. The transmitted beam is y-polarized while
the reflected is x-polarized with gain 18.6dBi and 16.8 dBi, respectively.
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Zheng et al. proposed an interesting work based on a 3D-Printed TRA, shown in
Fig. 2.17c [111]. The antenna array is composed by 12 x 12 elements realized as a dielec-
tric post and three copper wires. Due to an independent control of transmission and
reflection phase shift of the proposed cell over a large bandwidth, a broadband behavior
is obtained for transmitted and reflected beams. The fabricated prototype showed a
measured peak gain of 24.4%dBi over a bandwidth of 46.8% in the 18-29 GHz band for
the TA operation. In reflection, a peak gain of 22.9%dBi with a bandwidth of 52.2% in
the 17-29 GHz band was obtained.

To take into account beam squint effect, Yin et al. developed a multi-frequency phase
synthesis approach to design TRAs with tilted beams (see Fig. 2.18a) [126]. The strategy
effectiveness is enhanced by introducing the pre-deviated beam direction at optimized
frequency point to mitigate the beam squint, thus achieving a wide-band flat gain. A
fabricated prototype has been measured achieving a 1-dB gain bandwidth of 40.2%
(33.7%) and a peak aperture efficiency of 43.7% (35.3%) in transmission (reflection)
mode.

Gao et al. presented a novel ultrawideband TRA achieving with dual-polarization
[112]. In transmission the array produce a y-polarized beam while in reflection x-
polarized. Moreover they can be independently controlled. The TRA comprises 24 x 24
elements designed as tightly coupled modified dipole radiators, reported in Fig. 2.18b.
The fabricated prototype shows a measured peak gain of 24.9dBi and 25dBi and a peak
aperture efficiency of 38% and 39% in transmission and reflection, respectively.

Lastly, another interested work was proposed by Yang et al. [127]. The authors
presented a wideband high-efficiency TRA with independent manipulations of trans-
mitted and reflected beams with distinct circular polarizations. The antenna transmit a
left-handed circularly-polarized in TA operation mode, while in right-handed circularly-
polarized in RA functionality. The fabricated prototype showed a measured peak gain of
22dBi in transmission and 21.5dBi in reflection.

A comparison between all these works and the ones that employ different strategies
are reported in Table 2.2. Nevertheless, a clear analytical model for the design of TRA
cells is not present. Moreover, in all these analysis, the array meta-atoms are designed
through time consuming full-wave optimization.
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38 2. STATE OF THE ART

2.7. CHAPTER LANDMARKS

This chapter starts by tracing the births of MMs and MSs to comprehend the major dif-
ferences between them and with respect to other periodic structures. Then, a MS model
is proposed considering the surface as a discontinuity described by a set homogenized
parameters. Based on these characteristic parameters, three classifications are proposed
depending on the MS response. Moreover, isotropy, anisotropy and bi-anisotropy at-
tributes are discussed. To complete the study, different techniques to analyze MSs are
discussed and applications in which they can be employed are treated. To conclude,
areview on the novel concepts of STAR-RIS and TRA are presented, emphasizing how
MSs fits as perfect candidate for these usages. In this context, a classification of TRA
design approaches is presented, with a focus on the energy splitting strategy that will be
treated in the next chapters.



METASURFACES
FOR SIMULTANEOUS
REFRACTION AND REFLECTION

If I have seen further, it is by standing on the shoulders of Giants.

Isaac Newton

This Chapter examines reciprocal MSs with electric and magnetic response, referred as
H-MS, to identify which relation between its characteristic parameters allows an arbitrary
control of the transmission and reflection coefficients amplitude. Starting from this
expression, the equal power division between refracted and reflected waves is explored.
The minimum number of impedance sheets needed for the design of H-MS cells that acts
as power dividers for the incident wave are studied. The design method and some physical
implementations of these impedance sheets are reported.

Parts of this chapter have been published in [C1]-[C3] and [J1].

39
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3.1. HUYGENS’ METASURFACES

N the last decade, Huygens’ Metasurfaces (H-MS)s have been
an incredible attention by the electromagnetic and optics com-
munities, to address very diverse applications and demonstrate
unprecedented field manipulations [86], [88], [99]. In particular,
several studies demonstrated that, when illuminated by a space-
wave, they H-MSs can accurately tailor either the reflected field
or the refracted one, through a precise design of its constitutive
parameters, introducing negligible losses [93], [130], [131]. The
first reported designs were formed by sub-wavelength scatterers realized with co-located
electric and magnetic dipoles, effectively forming Huygens’ sources. Over the years,
various designs and fabrication techniques have been proposed, depending on the oper-
ation frequency [86], [132]. For example, at microwave frequencies, the MS meta-atoms
can be realized as a cascade of several impedance sheets [86] using planar multi-layer
fabrication technologies. In this case, the metal traces support the electric currents,
emulating an electric dipole, and the vertical coupling among stacked layers determines
the magnetic response of the surface, emulating an orthogonal magnetic dipole.

Following the modeling approach presented in Chapter 2, the electrical and magnetic
behaviors of an H-MS can be described by the constitutive parameters Y, and Z . Most
numerical models and optimization methods in the literature focus on isotropic H-MSs,
because they are completely characterized by scalar surface constitutive parameters
which enable an easier mathematical treatment. [133], [134]. Nevertheless, in presence
of anisotropy, Y, and Z  are tensors meaning they exhibit directional dependence,
influencing the H-MS response. By optimizing all entries of the constitutive parameters,
the polarization of the fields scattered by an H-MS can be transformed with respect to
that of the incident wave [32], [135], [136].

Designs based on H-MS have been widely employed to achieve field deflection, far-
and near-field beam-forming, absorption, and to realize perfect refraction or reflection.
[86]-[88], [133], [136]-[139]. Forinstance, an H-MS at the interface between two different
dielectric media can nearly perfectly refract a normally incident TE plane-wave [86],
[138], [140], which would be, instead, partly reflected in absence of the surface [141]-
[143]. Indeed, H-MS meta-atoms can be employed in the design of space-fed arrays, like
TAs and RAs, to precisely control the phase distribution on the meta-lens and amplitude
tapering of the generated radiation pattern [32], [137], [144]-[149].

Due to H-MS capability of tailoring refracting and reflected waves, the idea of per-
forming both manipulation at the same time naturally arises. With this goal in mind,
the following sections address the problem of enforcing first an arbitrary, then an equal
amplitude condition on the scattering coefficients for an H-MS between different media.
Then, the focus shifts to an a general power division of the incident power between
transmission and reflection for an H-MS embedded in a uniform medium, followed
by the specific case of equal power division. For a design perspective, H-MS cells that
satisfy this condition are realized as a cascade of impedance sheets analyzing the mini-
mum number required to cover the full phase range in both transmission and reflection.
Examples of simple metal patterns that can realize these impedance sheets values are
investigated.
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3.2. ANALYTICAL MODEL

This analysis based on [150] discusses the scattering properties of an infinite, homoge-
neous, isotropic and reciprocal H-MS are analyzed. The structure lies between two
semi-infinite, isotropic dielectric regions having, in general, different electric and
magnetic properties and different characteristic impedances 1, = 19/er, /uy, and
N2 = 10\/€r,/ ir,, Where 7 is the free-space characteristic impedance. The H-MS is
illuminated by a normally incident plane wave, polarized along y and propagating in
Region 1, as showed in Fig. 3.1.

Region 1 H,
(81; H1r T]l)

Figure 3.1: Infinite MS between two regions with the different material properties, illuminated by a normal
incident field, in blue line, coming from Region 1. Reflected and transmitted fields are in purple and yellow
lines, respectively.

The wavevectors of incident, k; = k;z, and reflected wave, k;, are equal and oppo-
site k; = —k;, where k; = kop/Er;, kop = 27 fop/ ¢ is the free-space wavenumber at the
operating frequency fop and c is the speed of light in vacuum. The wavevector of the
transmitted wave is k¢ = ko2 = kop/€r,Z. The incident, reflected and refracted electric
and magnetic fields are defined as follows:

1 E;
Ei = Ey H; = —k; xE; = ——%, (3.1a)
m m
1 E
E; = E¥ H, = —k xE = —%, (3.1b)
m m
1 E
E = Ey H= —k¢xE = ——%. (3.1c)
12 12

By applying the interface conditions at z = 0, as described in (2.6), the electric
and magnetic currents on the surface, Js and M, are expressed as functions of the
discontinuities of the tangential fields across the H-MS, and:

Vs =2x%X(Hy —Hy) =y YED, (3.2a)
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KM = —2 x §(Ep — Ey) = X Zn H?, (3.2b)

where H; = (H; + H;) X, H, = HiX, E; = (E; + E;) ¥ and E, = Ey. The average electric and
magnetic fields tangent to the surface are defined as Eg} = (Ei+E;+Ey) /2 and Hg} =
(H; + H; + Hy) /2, respectively. By replacing in (3.2a) the expressions for the average
tangential electric field and for the magnetic fields as functions of incident and scattered
fields, the following relation is found:
E. E E Y
L - S (B+E+E). (3.3)
2 m m 2
The transmission and reflection coefficients, denoted, in general, with 7 and T,
respectively are defined as:

E; E,
= — I'=—.
E; E;
In this Section, they will be denoted with an additional subscript indicating the half-
space (Region 1 or 2) where the incident wave propagates. Therefore, in the case under
analysis, 71 and I'; are used. By multiplying each side of (3.2a) by 1/E;, after some

manipulations, the following expression for 7, is found:

T (3.4)

N2 —MYe—2 1n22-mYe
m meYe+2 mimeYet+2’

(3.5)

Starting from (3.2b) and carrying out similar steps, the following equation is ob-

tained: , E B E
E—E-E = —m(——1+—r——‘) :

2\m m n
By multiplying each side of (3.6) by 1/E;, a second expression of 7; as a function of

I';1, is found:

(3.6)

o Me2m+Zm M2 2M—Zm
T.=I1— + — .
m 202+Zm M 202+ Zm
By equating (3.5) to (3.7), the reflection coefficient is expressed as a function of the
surface parameters:

(3.7)

 AZm M2 4+ Zin Ye) — 11 (4 + 42 Ye + Zn Ye)
47m+12 4+ ZmYe) + 1 (4 +4n2Ye + Zn Ye)

1 (3.8)
Eventually, by inserting (3.8) in (3.5) or (3.7), the following expression for 71 (Ye, Zp)
is derived:
7= 2n2(4—-ZnYe)
AZm+1m2 (44 ZmYe) +m1 (4+4n2Ye + ZmYe)

It is straightforward to analyze the case where the incident wave arrives from the
half-space above the MS (z > 0), as reported in Fig. 3.2.

The wavevectors of the incident, reflected and transmitted waves are k; = —k»2,
k; = k»Z and k; = -k, Z, respectively. The expressions for the electric and magnetic fields
are:

(3.9)

1 E;
Ei = Ei)A’ H; = Eki x Ej = n—;f(, (3.103)
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]

Region 1
(517 Ha rll)

Figure 3.2: Infinite MS between two regions with the different material properties, illuminated by a normal
incident field, in blue line, coming from Region 2. Reflected and transmitted fields are in purple and yellow
lines, respectively.

1 E

E = E¥ H; = —k; xE, = - —%, (3.10b)
12 n2
1 E

E = Ey H;= —kxE = —%. (3.10¢)
m m

The transmission and reflection coefficients, named 7, and I'y, respectively, are
derived as describe for the case of incidence from Region 1, starting from (3.2). Their
expressions as functions of the surface parameters are:

_ 4Zm 2 (4+ Zin Ye) + 11 (4= 412 Ve + Zin Ye)

= , (3.11)
4Zm+1M2 4+ ZmYe) + M (4 +402Ye + Zin Ye)

2

2771 (4 - Zm Ye)

Ty= . (3.12)
4Zm+1M2 4+ ZmYe) +m1 (4 +402Ye + Zm Ye)

It can be noticed that 7, = 711 /12. The amplitudes and phases of the scattering
coefficients of an H-MS illuminated by either the lower or the upper half-space are
plotted in Fig. 3.3, as functions of the surface parameters. The relative permittivity
considered for the two regions are ¢, = 10 and ¢, = 2. It can observed that the surface
parameters can be chosen to achieve a perfect transmission or reflection of the incident
wave, when it comes from the medium with higher permittivity (Region 1). On the other
hand, a wave impinging from Region 2 cannot be perfectly transmitted.
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Figure 3.3: Scattering parameters of an H-MS, located between two semi-infinite dielectric media (see Fig. 3.1),
having e, =10 and &, =2, as functions of its electrical admittance and magnetic impedance (normalized
to the free-space characteristic impedance ng). Transmission coefficient (a) magnitude and (b) phase, and
reflection coefficient (c) amplitude and (d) phase for a normally incident wave coming from Region 1. (e)
The magnitude of the transmission coefficient and (f) the phase of the reflection coefficient for a normally
incident wave coming from Region 2. Since Z75 = Z7] and |I'»| = |['1], these functions are not reported.
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3.2.1. FREE SPACE CONDITION

If the H-MS is located in a homogeneous medium, then 1; = 1,. Under this assumption,
it is clear from (3.9) and (3.12) that transmission coefficients when the incident wave
comes from the first or the second half-space are equal: 7; = 7, = 7. Similarly, the
reflective response at both MS side is equal, i.e. I'y =T'; = I'. In particular, when the
H-MS is in free-space (11 =172 = 119), the scattering coefficients reduce to:

_ 10 (4 —YeZm) (3.13a)
(2+n0Ye) (210 + Zm) '
2(Zm — Yer?
= (Zm — Yeny) (3.13b)

(2+n0Ye) (200 + Zm)

As explained in Chapter 2, when the system is lossless, the H-MS characteristic
parameters are purely imaginary. Then, Z, = j Xy, where Xy, is the magnetic reac-
tance, and Y, = jBe, where Be is the electric susceptance. Therefore, transmission and
reflection coefficients can be expressed as:

T= T8+ Bedm) (3.14a)
(2+ jnoBe) (2m0 + j Xm)
27 (Xm — Ben?
r= ,]( = en"), . (3.14b)
(2+ jnoBe) (2n0 + j Xm)

Fig. 3.4 shows the amplitudes and phases of 7 and I under these assumptions, as
functions of Xy, and Be, similarly to the plots reported in Fig. 3.3 for the general case.

It is interesting to note that perfect transmission is obtained when B, = X,,, whereas
the incident wave is perfectly reflected if B, = —4/X,. Moreover, any value of /1 or /T’
in a range of 360° can be achieved by properly choosing the surface parameters. On the
other hand, the phases of transmission and reflection coefficients are relatively shifted
by either 90° or —90°, as it can be observed from the expression of their difference:

/1-/T= g [1—sgn (4+ XmBe) — sgn (Xm — Be)| +217, (3.15)

where [/ € Z and sgn (-) denotes the signum function.

3.3. ARBITRARY AMPLITUDE CONDITION OF SCATTERED FIELDS

FOR A MS BETWEEN DIFFERENT MEDIA
The possibility to arbitrarily stipulate the intensity of the scattered fields of an isotropic
H-MS at the interface between two different media (1; #n;) is analyzed. The incident
wave propagates in Region 1. The energy conservation law [96], [150] stipulates the
following relation between the amplitudes of reflection and transmission coefficients:

Ty (Xm, Be)l? + Z—l 171 (X Be) 2 =1. (3.16)
2
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I7|
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0.2
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Figure 3.4: Scattering parameters of an isotropic, infinite, lossless and homogeneous H-MS located in free
space as a function of its electrical susceptance and magnetic reactance. Transmission coefficient: (a) magni-
tude and (b) phase. Reflection coefficient: (c) amplitude and (d) phase.

The ratio between the amplitudes of reflection and transmission coefficient can be
set by imposing:
IT1 (Xm, Be)|* = 6171 (Xim, Be)l” . (3.17)

By inserting (3.17) in (3.16), the transmission coefficient amplitude squared is ex-

pressed as:
2

X, Be)P = ———.
[T1 (Xm, Be)l S -

(3.18)
The amplitude of 7; when the system is lossless is derived from (3.9):

212 (4 + Be Xim)

V16 (Xon + 172Be)” + (1 +172)” (4= Xin Be?

if4+B.Xm =0, (3.19a)

IT11 =1
_2772 (4+BeXm)

V16 (Xon + 12Be)” + (71 +172)” (4= XimBe?

if4+BeXm<0.  (3.19Db)
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DIFFERENT MEDIA
The pairs of surface parameters (Xp, Be) that satisfy (3.18) are found by solving the

following expression, obtained by inserting (3.19) in (3.18):
(3.20)

a5 (01 +62) 4+ X Be)® = 16 (Xon +1m1m2Be)* + (11 +12)% (4 — X Be)? .

Two solutions (A and B) are found for (3.20):

— X (32615 Xm + 813 + 815 + 167112 Xm) + \/ X2 (326n§Xm + 803 + 85+

2 (2n1n2 X2 + 4613 X2, — 160%1% — 1% X2 — 02 X2)

BeA,B =

2
+ 1671712 Xom | =8 (27170 X2, + 46m3 XB, — 1617203 — 12 X2 —~ n3 XB,) (32m170+

(3.21)

+645m3 ~ 16 X2, ~ 1613 — 16173

The graph of each solution exhibits the following vertical and horizontal asymptotes:

(3.22)

16m3n3

16
Bey, =+
2112 + 4805 — 0% -3 e \/anz +46m5 - % -3

Xmyp =+

Fig. 3.5 shows the two loci of (X, Be) solving (3.18), when €, = 10 and &, = 2, for
three different ratios ¢ of the reflected field intensity to the transmitted one. In the
case of § — oo, the amplitude of 7; tends to 0, whereas, if § = 0, perfect transmission is
obtained. When 6 = 1, the amplitudes of the two scattering parameters is equal.

10 T 10
/ —0 = 0.7 —d = 0.7|
I -5 =1.3 -5 =1.3
/ §= 5=
5 - 5
S S
> 0 2 0
Q Q
5 5 -
II'
!
-10 -10 L
-10 -5 0 5 10 -10 0 5 10
Xln/770 Xm/nO
(b)

(a)

Figure 3.5: Loci of points Be, ; (Xm) derived from (3.20) for an isotropic, lossless and reciprocal H-MS that

implements an arbitrary power division for different values of §: (a) Be, and (b) Bey.
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3.3.1. EQuaL AMPLITUDE CONDITION
By setting § = 1 in (3.18), the condition |T';| = |7, is enforced. Under this condition of
equal amplitude of the scattering coefficients, (3.18) reads as:

12

IT (Xm, Be)l? = ——.
n1+1n2

(3.23)

It is clear that, only when 7 =1, the transmission and reflection coefficient ampli-
tudes are equal to —3 dB. When 71 # 12, due to the difference in the relative permittivity
of both hemispaces above and below the surface, |T';| and |7;| are equal but different
from —3 dB. Then, the second degree equation reported in (3.20) when § = 1 reduces to:

40 (M1 +n2) (4 + XmBe)* = 16 (X +171T)23e)2 +(m +T]2)2 (4—XmBe)? . (3.24)

Two solutions (A and B) are found for (3.24):

— X (4003 + 802 + 161112 £ \/X§1 (40m5 +8n% + 167172)° —4(2171172Xr2n+

2(2mim2 X5 + 305 X% — 16m305 — 13 X3)

Beyp =

+ 302 X2, ~ 16n3n3 — 112 X5 | (32715 + 48175 — 16.X5, — 16172) (3.25)

The graph of each solution exhibits the following vertical and horizontal asymptotes:

167315 16
Xpg=dy|—— L2 po=s | = (326)
e J 2pme+3n5-n5 M T\ 2mna +305 -}

The loci of points (Xp,, Be) that satisfy (3.23) and the correlated covered phase ranges
in transmission and reflection are reported in Fig. 3.6. On the left column, the case with
€r, =10 and ¢, = 2 is considered. On the right column, solutions when the incoming
wave arrives from Region 2 are reported. It can be observed from Fig. 3.6 that the phases
obtained for the two solutions cover the 360° range except in the asymptotic values.

3.4. ARBITRARY DIVISION OF INCIDENT POWER INTO SCAT-

TERED FIELDS FOR A MS IN FREE SPACE

This Section analyzes isotropic, infinite and lossless H-MSs located in free space which
arbitrary split the incident power into the transmitted and reflected wave. Then, the
particular case of equal scattering will be studied in detail, providing a solid analytical
background to the design of the TRA cells and antennas presented in the rest of this
manuscript.

The optimal surface parameters to arbitrarily stipulate the intensity of the scattered
fields are here presented for the relevant case of an H-MS in free-space (1 =12 =19).
Under this assumption, (3.16) reduces to:

IT (Xm, Be) | + |7 (Xm, Be) I = 1. (3.27)
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Figure 3.6: (a) Loci of (Xm, Be) for which |71| = |1 | when 11 # 12. Two separate solutions are found. Phase of
the (b) transmission and (c) reflection coefficients, obtained for these solutions. The left column reports the
case for ey, =10 and &r, = 2. On the right, &y, =2 and ¢, = 10.

Then, (3.18) simplifies as follows:

1
1T (Xm, Be)l? = —= =v. (3.28)

1+6
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It is straightforward to check that v=0when § — oo, v=1when § =0and v =0.5
when 6 = 1. These cases correspond to perfect reflection, perfect transmission and
equal power division between refracted and reflected waves. Arbitrary values of the
transmitted power are fixed choosing 0 < v < 1. The expression of |7| can be derived

from (3.19), using 11 =12 = or from (3.14a):

4+ BoX,
Mo 4+ BeXm) = 4+ BeXn 20, (3.29a)
V1 (4~ BeXin)? + 4 (X + 712 Be)

[T] =<
= 4 B X
7]0( + De m) if 4+ Be Km <0. (3.29b)

\/ng (4= BeXm)? +4 (Xm +n2Be)°

Only two loci of surface parameters fulfill (3.28). They are found by substituting
11 =12 =1 in (3.20) and solving it for Be:
B - —4Xmn 2 (X2 +4n?) Vv (I V) (3.30)
M (X VI=v = 20v) (XmVI=v +20yV) '

Both solutions are plotted in Fig. 3.7, when the transmitted power is 30%, 50% and
70% of the incident one.

10

—2 =0.3 —v =0.3
—-v=0.5 —.v = 0.5
v=0.7 5 v =0.7

=l

-10 -10
-10 -5 0 5 10 -10 -5 0
Xm/nU Xm/nl)

(a) (b)

Figure 3.7: Loci of points Be,  (Xm) derived from (3.30) for an isotropic, lossless and reciprocal H-MS that
implements an arbitrary power division for different values of v:(a) Be, and (b) Be.

3.4.1. EQUAL AMPLITUDE
Now, the case where § =1 is considered. Under this specific conditions, v = 0.5 and an
evenly split of the incident power in both transmission and reflection is obtained. The

relation reported in (3.28) reads as:

IT (Xm, Be)I* = IT (Xm, Be) > = 0.5. (3.31)
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The amplitude of the reflection coefficient is found by and can be written as (3.14b):

2(Xm — Ben?
(Xm — Betro) = f Xin— Be? 20, (3.32a)
\/ng (4 — BeXm)?* +4(Xm +15Be)
IT| = <
—2(Xm — Ben?
(Xm — Berr) = f Xin — Ben? < 0. (3.32b)
\/ng(4—BeXm)2+4(Xm+n§Be)

Two solutions to (3.31) are found, which relate the electric admittance to the mag-

netic reactance:
2(Xm F2n0)

B = .
o (2n0 + Xm)

They are both plotted in Fig. 3.8a. The asymptotes of first solution (A), are Be = 2/
and for X, = —2ng. On the other hand, for the second solution (B), the vertical and
horizontal asymptotes are Xy, = 2/1¢ and Be = —2/1), respectively.

10 T
—Solution A
—-Solution B

(3.33)
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Figure 3.8: (a) Loci of (X, Be) for which |7] = |T| when 177 =12 =1)9. Two separate solutions are found. Phase
of the (b) transmission and (c) reflection coefficients, obtained for these solutions.
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The transmission coefficient can be expressed as function of a single variable, e.g.
the magnetic reactance, by substituting (3.33) in (3.14a):

X2 +4n?

TAB = - . (3.34)
4N + 410 Xm — X3, + J (410 Xm F 415 + X3)

The phases of 74 and 7 are shown in Fig. 3.8b. Each phase spans the entire 360°
range, except for two values associated to the asymptotes of (3.33). Concerning solu-
tion A, Zt — 135° for X, = —2n9 and Be — oo, whereas Z/17 — —135° for X;;; — oo and
Be =2/n9. Concerning solution B, the values /7 — —135° and £t — 135° are obtained
asymptotically, for X, = 219 and B — oo, and for X;;, — oo and B = —2/1), respectively.

The magnetic impedance that fulfills (3.23) and provides a given phase of the trans-
mission coefficient can be determined using the following closed-form formula, partic-
ularly useful in the design, which is derived from (3.34):

_ 219 [(cos £ £5in /1) — V2]

XmA,B -

3.35
sinZt FcosZt ( )

Notice that /7 =45° and £t = —45°, and values differing from them by multiples of
360°, are removable singularities of Xy, and Xp;, respectively. For these values, the MS
has a purely electric response, Xm, ; =0Q and Be, ; = ¥219. The reflection coefficient
can be also written as a function of the magnetic reactance:

Tpp = +j (X2 + 817%) (3.36)
T (2n0+ i Xm) [2110 = Xin + (X F 410)]

The phases of I' obtained for the two solutions are shown in Fig. 3.8c and both cover
the 360° range, except for the asymptotic values. Considering solution A, /" — —135° for
Xm = —2n9 and B, — oo, whereas £T" — —45° for X, — oo and Be = 2/19. When solution
B is considered, the values 135° and 45° are obtained asymptotically, for X;, = —2n
and Be — oo, and for X, — oo, respectively. By comparing Fig. 3.8b and Fig. 3.8c, it can
be observed that the difference between /7 and ZT is —90°, for the first (A) solution.
This difference is, instead, 90° for the second (B) solution. Therefore, the phases in
transmission and reflection cannot be controlled separately. Once the spatial profiles
of either /7 or /T is arbitrarily fixed, the other one is automatically stipulated. This
fundamental property prescribes a relation between the scan angles of the beams that
an H-MS-based TRA radiates in the two half-spaces.

3.5. DESIGN OF TRA H-MS CELLS AS CASCADES OF IMPEDANCE

SHEETS
In this Section, the design of H-MS elements using n stacked impedance sheets inter-
leaved by n — 1 dielectric slabs, where n > 1, is discussed. In particular, an analysis on
the minimum 7 required to freely synthesize the H-MS surface parameters is presented,
with application to the design of TRA unit-cells at the interface between two half-spaces
filled with vacuum. Previous studies have proved that FSSs with two identical stacked
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sheets on a dielectric substrate do not enable a simultaneous control on the phase and
amplitude of the transmitted field. Arbitrary phase values can only be obtained if the am-
plitude of the transmission coefficient is less than —3dB. [151]. Several works reported
isotropic H-MSs designed with two impedance sheets [146], [147]. In most cases, no
conditions on the transmission amplitude are prescribed enabling a full phase coverage
in transmission using two equal sheet impedances. [148], [149]. In these designs, the
magnetic and electric polarizabilities of an H-MS are achieved through the excitation of
stacked congener dipoles [152].

Isotropic H-MS meta-atoms realized with three impedance sheets (see Fig. 2.6) can
achieve perfect transmission (|7| = 1) and, at the same time, any phase of the transmitted
field (except for two values that are obtained asymptotically) [88], [99], [140]. However,
to the best of the author’s knowledge, no works in the open literature have analyzed
the design of H-MSs with stacked impedance sheets and the related limitations on the
achievable phase coverage when the equality of the amplitudes of transmission and
reflection coefficients is stipulated.

3.5.1. DESIGN wITH TwWO IMPEDANCE SHEETS

The design and performance of an H-MS comprising two impedance sheets is discussed.
The structure is shown in Fig. 3.9. The substrate between the two sheets has a thickness
t and a dielectric permittivity €. The difference of the phases of transmission and
reflection coefficients is fixed by (3.15). Intuitively, two independent design parameters
are necessary to stipulate both |7| = |T'| = 1/v/2 and an arbitrary value for /7. However,
since the reciprocal H-MS under analysis lies in a homogeneous medium (free space), it
is a symmetric structure, with two equal sheet impedances [150]. Therefore, for a given
electrical thickness of the substrate, only a degree of freedom is available for the design,
limiting the range of realizable surface parameters. This observation will be rigorously
demonstrated in the following lines.

o 1

Figure 3.9: Model and equivalent circuit of a MS meta-atom comprising two sheet impedances spaced by a
dielectric slab.

The transfer matrix Ttor of the overall two-sheet isotropic unit-cell can be derived fol-
lowing the approach described in Chapter 2, considering two generic sheet impedances
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Zs, and Z,:

Z,
cos (Bnt) + jZ—rl sin (B ?) jZuasin (Bnt)

S2

- | , (337
2TOT - cos (Brt)+ jYyusin(fut) + Z o
o ]_1‘1 sin (ﬁrl [) + COS (ﬁr] t)

Zy . 1 7.
sin t)+——cos t S1
ZSIZSZ (ﬁrl ) Zsz (ﬁrl )

+]

where Z =1¢/,/€q and g are the characteristic impedance and propagation constant in
thee substrate, and Yy = 1/ Zy. Then, by equating (3.37) to (2.23), the values of Z;, and
Zs, can be computed as functions of the entries of impedance matrix of the equivalent
two-port representing the H-MS cell:

j Zo1 2y sin(By t
ZSIZ J 4214y (,Brl) ’ (3.38&)
Zyy — Zpy cos(fy 1)
7 = JZ21Zsin(fy 1)
27 21— Zorcos(But)

(3.38b)

Due to assumption of reciprocity, Z;» = Z;. Moreover, the symmetry of the structure
imposes Zj) = Zy,. Therefore, it is straightforward to see from (3.38) that Z, = Z;, = Z;.
Moreover, as shown in [99], [153], for an isotropic and lossless H-MS, the impedance
matrix reported in (2.25) reduces to:

+
( Zn Zi ) iy Be 4 Be 4 (3.39)
Zyn  Zp ’ )

Then, by using (3.39) and (3.38), the sheet impedance Zs is expressed as a function
of X, and Be:

5 _ %1+ XuBe)sin(fn)
" 4— XmBe— (4+ XmBe) cos (But)
The relations Be (Xp) reported in (3.33) ensure that the amplitudes of the scattering

coefficients are equal. By inserting them in (3.40) the two expressions for Z,; that fulfill
|T| = |T'| are obtained:

(3.40)

JZa (X3 + 41]%) sin (B 1)
(4n3 £ 4Xmno — X3) — (X3 +4n3) cos (But)
The ranges of realizable surface parameters and achievable values of Z7 can be
determined from (3.37). The following relevant relation between the H-MS parameters

and the electrical length of the slab is obtained by equating the expressions for B (or C)
in (2.23) to the corresponding ones in (3.37):

Lspp = (3.41)

2 _ 52
Zn— 2y

sin t)= .
(Bat) JZnZx

(3.42)
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After substituting (3.39) in (3.42), it is possible to express the electrical length of the
slab as a function of B, and X;:

4 Xm\Ex
sin (ﬁr] t) = nO(T}\én_;e) . (343)

When |7]| = |T'| holds, the relation in (3.43) can be reduced to the following one, using
(3.33):

2 X /B (210 + X, 2(Xm—2
m\/?( 1702 m) with Be — BeA = M , (3443)
X5 +4n5 10 (270 + Xm)
sin(Bnt) =
2 Xm /&1 (200 - X, 2{Xm +2
m\/?( TIOZ IIl) with Be = BeB — M . (344b)
X2 +4n? 1o (210 — Xm)
It can be easily observed that, when |t| = |I'|, only H-MSs having magnetic

impedances which make the right-hand side of (3.44) less or equal to 1, can be physically
realized using two impedance sheets.

In Fig. 3.10, the phase of the transmission coefficient is plotted as a function of
Xm, when the first solution (3.44a) is considered. The results for ¢ = 1 and & = 10 are
reported in Fig. 3.10a and in Fig. 3.10b, respectively. The sets of realizable magnetic
impedances are highlighted in green, whereas the white dots denote phase values that
can be attained only asympotically. The maximum achievable phase range in transmis-
sion is 180° when ¢;; = 1. The phase coverage tends to shrink for increasing values of the

substrate permittivity.
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® £ \
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Figure 3.10: Transmission phase range coverage for the first case of (3.44). (a) ;) =1 and (b) &, = 10.

Fig. 3.11 shows the phase of the transmission coefficient as a function of X;,,, when
the solution (3.44b) is chosen to enforce |7| = |T'|. The cases of substrates with £, = 1
and &, = 10 are analyzed, as in the previous example. Similar results are found. The
maximum achievable phase range in transmission is again 180°. It is attained when

en=1.
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Figure 3.11: Transmission phase range coverage for the second case of (3.44). (a) e, = 1 and (b) &, = 10.

Therefore, it has been proved mathematically that a reciprocal, lossless and isotropic
H-MS in free space, designed with two stacked impedance sheets, cannot equally split
the power of a normally incident plane wave into the scattered fields, and, at the same
time, cover the full phase range in transmission or reflection. Hence, three-layer H-MS
designs will be considered next for the realization of TRAs.

3.5.2. DESIGN WITH THREE IMPEDANCE SHEETS

The design of a power-splitting H-MS using three stacked impedance sheets, spaced by
two dielectric substrates of thickness ¢ relative permittivity £, (see Fig. 2.6 in Chapter 2),
is discussed. As it has been demonstrated in [100], any reciprocal, lossless, omega-type
bi-isotropic metasurface can be realized using this three-layer structure. It is clear that,
since the H-MSs under analysis form a subset of this class of MSs, they can be also
synthesized with this design. The general expressions for the three sheet impedances
(Zs,, Zs,, Zs,) are found by substituting in (2.26) the entries of the impedance matrix
reported in (3.40), yielding:

Sy __dXmZatan (But) (3.45a)
S1 S3 —Xm +2Z tan (ﬁrl t) ' |
Jj[Zatan (Bat)]? 4+ XmBe) (3.45b)

2 = 4 X, seC? (But) =27y (4 + XmBe) tan (Bnt)

It is possible to note that external layers are equal, due to the symmetry of the H-MS,
and that they depend only on the magnetic reactance. On the other hand, Z;, is deter-
mined also by the H-MS electric susceptance. The inner sheet impedance that equalizes
the amplitudes of transmission and reflection coefficients is derived by inserting in
(3.45b) the optimal relations (3.33) between (3.33) the surface parameters. In this way,
the two following expressions for Z, are obtained:

j[Zatan(By t)]z (X2 +4n?)

7 = . 3.46
A8 T 2 X (213 £10Xm) sec? (Bu t) — 2Zq (X5 +4n3) tan (B 1) (3.46)
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Fig. 3.12 shows how Z, and Z;, _ vary as functions of the H-MS magnetic reactance
and normalized slab thickness when ¢, = 2.2. Their variations are relatively smooth,
except in the domain highlighted in gray.

S{Zs, } /o
0.5 i -10°
0.4
5 ‘Jsoo
10.3
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202

X /M0 X /Mo
(b) ()

Figure 3.12: Sheet impedances of a reciprocal, isotropic and lossless three-layer H-MS cell, as functions of
the magnetic reactance and the electrical thicknesses of its two substrates with &;; = 2.2, when (3.31) holds.
(a) Impedance Zs, of the two outer sheets. The possible inner sheet impedances: (b) Zsy, and (c) Zsyy -

3.6. IMPEDANCE SHEET DESIGN USING PATTERNED METAL LAY-

ERS

Each impedance sheet of a multi-layer H-MS can be practically realized using a pat-
terned metal layer. This Section describes a method for computing and optimizing
the equivalent sheet impedance of a patterned metal layer, with the aid of a full-wave
solver, and studies several basic designs exhibiting capacitive or inductive responses.
The design of the TRA unit-cells presented in Chapter 4 will be based on this approach
and on the preliminary guidelines here discussed. The sheet impedance is evaluated for
each layer individually, using the simulation model shown in Fig. 3.13 and neglecting
possible coupling with other stacked layers [95].
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Figure 3.13: Simulation setup for the unit-cell of a general sheet impedance. The patterned layer is located at
z =0, between two different media with characteristic impedances 77 and 772. The scattering parameters are
evaluated using two Floquet ports, applying a de-embedding to z = 0. Periodic boundaries are enforced along
the other four faces of the model. Image taken from [95]

The unit-cell of the patterned layer is located, in general, between two dielectrics
with characteristic impedances 1; and 7,, which model the impact of the substrates
above and below the sheet under analysis in a multi-layer metasurface. Indeed, not
only the chosen geometry, but also the surrounding dielectric media affect the value
Zs of the sheet impedance. Periodic boundary conditions are enforced on the four
lateral faces of the box. The incident fields are excited through two Floquet ports and
the scattering matrix S is evaluated after de-embedding at the plane of the patterned
layer. The physical implementation is realized by using FSS theory [154], [155]. The
simulated scattering coefficients are used to derive the sheet impedance, which, in the
general case, is a 2 x 2 tensor Z .. By using (2.19) and (2.21), the following expression for
the sheet admittance tensor Y = Z;! is obtained [95]:

S _+§11 -1 l_§22 l+§22 -1
Y= ——)(!+§11) :(T_T (I+85) (3.47)

Then, the metal pattern dimensions are adjusted to maximize bandwidth and mini-
mize loss. Under a linear y-polarized and normal incident plane wave from Region 1,
the expression of Z; can be derived from (3.47) [95]:

1-S§ 1+S
Zs:[( 1 11

-1
(1+su)*1] : (3.48)
m 12

As a proof of concept, three simple geometries widely employed to physically real-
ize sheet impedances are presented. For each of them, a circuit model to predict the
frequency behavior of 7 is proposed. Lastly, a parametric evaluation of the metallic
patterns dimensions is reported.
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3.6.1. PaTcH

A square patch has been analyzed at the operation frequency f,, = 30 GHz due to its
simple design and synthesis process. The metallic shape is placed in between an air
filled media of thickness Ap/4 and a dielectric substrate of thickness ¢ = 0.84 mm with
and & = 2.2. The simulation setup is reported in Fig. 3.14a.

O ..............
2L 0 m=====7 7
-4
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=
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-10 = I, = 0.8mm|
-l = 1.1mm)|
-12
20 25 30 35 40

Frequency [GHz|
(a) (b)

Figure 3.14: (a) Squared patch simulation setup and pattern dimensions. (b) Normalized Z; variation as
function of frequency for three different patch side, [, values.

An element periodicity of p = 1.2mm and patch side of I, = 0.8mm are consid-
ered. The performances have been evaluated enforcing periodic boundary conditions
and considering a y-polarized normally incident plane wave. In Fig. 3.14b the sheet
impedance variation as a function of frequency for three different values of I, are re-
ported. It can be noted that an increase of the patch side involves a rise of the metallic
pattern capacitive response. Due to this behavior, the patch can be modeled with the
equivalent circuit reported in Fig. 3.15a.

—FWA
9 —-Circuit Model

X

z \I/‘ y 20 25 30 35 40

Frequency [GHz]
(a) (b)

Figure 3.15: (a) Patch equivalent circuit model. (b) Comparison normalized sheet impedance as a function of
frequency between the model defined in (3.49) and the full wave simulation.
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The sheet impedance can then be computed from the capacitance value of the patch:

1
CjwCy

(3.49)

Zs
A comparison between the equivalent circuit behavior and the full wave analysis
of the patch for [, = 0.8mm is shown in Fig. 3.15b. The model predicts with a good

agreement the simulation results of the sheet impedance variation as a function of
frequency.

3.6.2. DOG-BONE

A dog-bone metal pattern has been studied next at the operation frequency fop = 30GHz.
The sheet is placed in between two dielectric substrates of thickness ¢ = 0.84 mm and
&y = 2.2. The simulation setup is reported in Fig. 3.16a.
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Figure 3.16: (a) Dog-bone simulation setup and pattern dimensions. Normalized Z variation as function of
frequency for three values of: (b) wg,(c) Ig and (d) gq.

The dog-bone pattern is composed by two conductors having width wyq =0.1mm
and length I3 = 0.2mm separated by a gap of gq = 0.1 mm. The metal shape lines that
connect both termination is placed along the y-axis and has a width of w; = 0.1 mm. The
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geometry is symmetric with respect to the xz-plane and has periodicity p = 1.2mm. In
Fig. 3.16b, the sheet impedance variation as a function of frequency for three different
values of wy is reported. It can be noted that the capacitive response of the metallic
pattern rises when the dog-bone termination is increased to 0.2mm. By rising again
wq, no appreciable increase of Z; is obtained. Another way to achieve a noticeable high
capacitive response is trough the dimension /4. It can be noted from Fig. 3.16¢ that a
long termination produce an high sheet impedance value. The last parameter to be
considered is the gap between two consecutive dog-bone terminations. It is possible to
observe from Fig. 3.15d that as for capacitors in circuit theory, an increase in the gap
produce a decrease of the capacitance and then Zg becomes smaller.

The dog-bone pattern can then be modeled with the equivalent circuit reported in
Fig. 3.17a. This model takes into account both inductive effect of the line connecting
each pattern termination and the capacitive behavior due to two consecutive tails gap.

—FWA
—-Circuit Model

0

Y RN

X

N -2
z ‘\]/ y 20 25 30 35 40

Frequency [GHz|
(a) (b)

Figure 3.17: (a) Dog-bone equivalent circuit. (b) Comparison normalized sheet impedance as a function of
frequency between the model defined in (3.50) and the full wave simulation.

The sheet impedance can then be computed knowing the inductor and capacitor
value as follows:

Zs= jwLq+ (3.50)

joCq’

A comparison between the equivalent circuit behavior and the full wave analysis of
the dog-bone for wq =0.1mm, /3 =0.4mm, gq =0.1mm and w, = 0.1 mm is shown in
Fig. 3.17b. The model predicts perfectly the simulation results of the sheet impedance
variation as a function of frequency.

3.6.3. MEANDER
The last investigated metal pattern at the operation frequency f,, = 30 GHz is the mean-
der line. As for the patch impedance sheet, the metallic shape is placed in between an
air filled media of thickness A,p/4 and a dielectric substrate of thickness ¢ = 0.84 mm
with and e = 2.2. The simulation setup is reported in Fig. 3.18a.

The meander is composed by a line placed along the y-axis of width w; = 0.1 mm
that bends and forms a shape having width wy, = 0.5mm and length /;, = 0.4mm. The




62 3. METASURFACES FOR SIMULTANEOUS REFRACTION AND REFLECTION
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Figure 3.18: (a) Meander simulation setup and pattern dimensions. Normalized Zs variation as function of
frequency for three values of: (b) wy, and (c) .

geometry is symmetric with respect to the xz-plane and has periodicity p = 1.2mm. In
Fig. 3.18b, the sheet impedance variation as a function of frequency for three different
values of wy, is reported. It can be noted that the inductive response of the metallic
pattern rises when the distance between the two bending lines along y increases. On
the other hand, by varying [, no appreciable increase of Z; is obtained as reported in
Fig. 3.18c. From both analysis, it is possible to observe that the inductive response of
the sheet impedance strengthens and Zs; becomes higher by increasing the meander
line length.

The meander can then be modeled with the equivalent circuits reported in Fig. 3.19a
and Fig. 3.19b. The first circuit model uses an inductance to predict the geometry
behavior as a function of frequency:

Zs= 71, = joLy. (3.51)

The second equivalent circuit proposed here models the distance between the two
meander bends with a capacitance. Then, a shunt inductance can be used to model the
transmission line: .

JoLy

Zo= 2yl 20, = T

(3.52)
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A comparison between the equivalent circuits responses and the full wave analysis of
the meander for wy = 0.5mm, /, = 0.3mm and w; = 0.1 mm is shown in Fig. 3.19c. Both
models match with a good agreement the simulation results of the sheet impedance
variation as a function of frequency.
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Figure 3.19: Meander equivalent circuit: (a) inductance and (b) capacitance with a shunt inductance. (c)
Comparison of the normalized sheet impedance as a function of frequency between the circuit models and
the full wave simulation.

3.7. CHAPTER LANDMARKS

After a general review on H-MSs, its scattering parameters under isotropy and reci-
procity attributes with a normal incident illumination are derived. Starting from these
expressions, relations between the H-MS constitutive parameters have been found when
an arbitrary power division and an equal amplitude condition is enforced. In design
perspective for TRAs, the case where the surface is located in free space has been high-
lighted and the direct relations between the magnetic impedance and the transmission
coefficient phase have been reported. However, a constant phase difference of +£90° be-
tween the scattering coefficients has been found. This limitation implies the realizations
of TRAs with, for example, an arbitrary phase profile in transmission and a fixed one in
reflection leading to the generation of dependent beams. To realize TRA cells starting
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from the derived H-MS constitutive parameter relations, cascaded impedance sheets
have been considered. At first, a two sheet impedance cascade has been considered.
The limitation determined by the presence of equal layers does not allow to cover the full
phase range in transmission and, consequently, in reflection. Then a cascade of three
sheet impedance is required, confirming the choice reported in most of literature works.
Finally, some examples of these sheet impedance practical implementation have been
shown. Simple geometries like dipoles, patches and meanders have been considered.



TRANSMIT-REFLECT ARRAYS:
DESIGN AND CHARACTERIZATION

Experience without theory is blind,
but theory without experience is mere intellectual play.

Immanuel Kant

Following the analysis shown in Chapter 3, the design of H-MS elements for the realization
of TRAs is presented here. This chapter starts with a description of TRA models suitable
to develop analytical tools for the evaluation of radiation characteristics. Then, designs
of uniform 2-bit TRAs are proposed. To properly realize these arrays, firstly, the H-MS
optimum surface parameter are derived for four transmission coefficient phase values.
Then, metal patters are designed to realize the impedance sheets yielding the constitutive
parameters defined before. The cell behavior in case of normal and oblique incident field
is investigated. To take into account the non-idealities due to fabrication processes and
materials availability, the full-wave EM response of the elements has been verified. Lastly,
several TRA designs with different aperture sizes and steering angles are presented. To
validate the procedure, some prototypes have been fabricated and the measurements
results are compared with the analytical simulations.

Parts of this chapter have been published in [C1]-[C3] and [J1].

65
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4.1. INTRODUCTION

R ETASURFACES are effective solutions for the design of space fed
PR &7 array antennas, as TAs or RAs [32], [138], [144], [145], [156]. Differ-
ently from these structures, which generally adjust the wavefront
phase in discrete steps through elements with half wavelength
side, MSs allows a more precise control of amplitude, phase and
polarization of refracted or reflected field due to theirs subwave-
length meta-atoms. Already in 2007, Pozar discussed the gain
bandwidth improvement of RAs employing artificial impedances
spaced less then half a wavelength [157]. Later on, MSs proved their capabilities also in
the design of TA, reducing unwanted reflections and SLL by achieving perfect refraction
[138]. Building on this line of research, several subsequent works have emerged, further
advancing the capabilities of MS array antennas, e.g. independent optimization of am-
plitude and phase distribution, synthesis of anisotropic structures for multifunctional
operations [158]-[160]. Among all the possible capabilities, the latter is particularly
suitable for simultaneous control of amplitude, phase and polarization of refracted and
reflected field to realize TRAs [44], [50], [161].

The goal of this chapter is threefold. First, introducing a technique to compute
the radiation patterns of TRAs based on physical optics and array theory capable of
combining both TA and RA models. Secondly, defining a design approach to avoid brute-
force optimization when realizing the metal patterns of the array elements, leveraging
the theory presented in Chapter 3. Thirdly, demonstrating the accuracy of the developed
tool based on the TRA model and validating the behavior of the designed MS meta-
atoms through full wave simulations and measurements in anechoic chamber of several
prototypes.

Based on the analysis discussed in Chapter 3, the design of four Huygens’ cells of a
TRA working at 30 GHz to realize a uniform 2-bit quantization of the full phase range
is proposed. Four transmission coefficient phases are selected and the corresponding
values of the electric admittance and impedance are computed through the relations
reported in subsection 3.4.1. Then, these meta-atoms are realized as a cascade of three
impedance sheets spaced by two dielectric slabs. By considering these sheets frequency
independent, preliminary scattering coefficients are evaluated by mean of the optimum
surface parameters previously derived. These impedance sheets are physically imple-
mented through simple metallic patterns, e.g. meanders and dog-bones due to their
natural inductive or capacitive behavior. Then, the complete cells are simulated in a
periodic environment to verify their scattering response under normal and oblique
incidence. From the perspective of manufacturing several TRA prototypes, the impact
of a commercial stack-up is investigated.

Using tools based on physical optics and array theory, several TRAs having phase
profile optimized to steer the forward and backward beams at different angles have
been analyzed. Comparisons with full-wave simulations are presented to validate the
accuracy of the developed tool. Lastly, several prototypes with different sizes have been
fabricated and the measurement results are compared with simulations performed with
the developed tool and full-wave software. The obtained results are further compared
with existing works in the literature, highlighting improvements in the performances.
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4.2. GEOMETRICAL OPTICS APPROACH

Generally, a rectangular space-fed antenna, TA , RA or TRA, comprises a planar discrete
lens with M x N unit cells and a feed, aligned to its center, at a distance F, as shown in
Fig. 4.1. The array sides are Lys and Ly.

Figure 4.1: Trasmitarray with M x N squared unit cells having side sy and located at z = 0. The full structure
has size Ly; x Ly and the feed is aligned to its center, at a distance F. Each element position, with respect to
the source, is determined by the angle 6,5, ¢ m, and distance p ;5.

The elements are assumed to be in the far-field region of the source and are electri-
cally thin, with size sy x syc. By assuming that the array plane is at z = 0 and that the
origin of the reference system is at the center of the array, the position of each element

on the xy-plane is determined by the simple geometrical relation 1y, = \/ X2, + Y2,

where X, and y,,,, are the mn™ cell center value. The azimuthal angle ¢,,, defines the
mn'™ array element angular position with respect to the origin:

Pmn =arctan2(m). (4.1)

Xmn

Its location, with respect to the source, is defined by the angle 6,,, and distance p .

The latter is defined as:
Pmn =1 Ton +F2. (4.2)

The angle of incidence for an incoming wave radiated by the source on each scatterer
is determined by the elevation angle 6,,,:

Omn = arccos( Tmn ) . (4.3)

Pmn




68 4. TRANSMIT-REFLECT ARRAYS: DESIGN AND CHARACTERIZATION

Another relevant parameter similar to the rim angle in dish reflector antennas is the
angle between the primary feed and the greatest edge of the array,defined as [162]:

(maX{LM, LN})

05 = arctan (4.4)

4.2.1. FOCAL SOURCE

Several models of the primary feed have been considered for the analysis of the array in
this work. The easiest is an ideal point with a radiation pattern expressed in the following
axisymmetric form [163]-[165]:

cosFS(9) iffe [0; g] and ¢ € [0;27]
Ers (6) = (4.5)
0 elsewhere

where gFS models the source directivity and allows a direct control of the illumination
tapering on the aperture. In this way, the feed pattern is limited to the front hemisphere
(z = 0) with a zero backward radiation and the antenna directivity can be directly evalu-
ated [163]. A more realistic expression for modelling the far field radiated by a linearly
polarized source, e.g. a horn antenna, can be obtained using the following elliptical
approximation with unequal beamwidths [163], [166], [167]:

o ikopr [Ccos ()]0 - [Cusin ()] @ for % pol. (4.62)

Egs (6, (P) = jkop oar

[Cesin ()]0 + [Cucos(¢)] ¢ for § pol. (4.6b)

where the factors Cg (0) = [cos (8)]9F and Cy (0) = [cos (8)]7 represent the E- and H-
plane patterns, respectively. The parameters gE and g H control the degree of tapering
applied to the patterns in E- and H-planes, allowing for flexible adjustment of their
shapes. The propagation constant ko, is defined as kop = 27/ Aop, where Aqp being
the the free space wavelength at the operating frequency f,,. Since, in Chapter 3 a
y-polarized incident field is considered to extract the analytical constitutive parameters
of the MS, in the following of this chapter, the focal source radiated field in (4.6b) is
considered.

It is important for the following description of the lens design that the field radiated
by the focal source illuminates the mn™ unit cell of the array with an incident phase

defined as [162], [168]:
ZEFS:—]COP\/F2+T,%””. (4.7)

An even better accuracy of the space-fed antenna radiation characteristics is possible
by means of the extraction of fields of a real feeder obtained through full-wave analysis.
In this work, the 10dBi gain pyramidal horn antenna with aperture size ars x bps and
manufactured by ATM has been employed. Its characteristics' are reported in Table 4.1.

IMore information on the manufacturer site: https://www.atmmicrowave.com/waveguide/
horn-antenna-standard-gain-wide-band/


https://www.atmmicrowave.com/waveguide/horn-antenna-standard-gain-wide-band/
https://www.atmmicrowave.com/waveguide/horn-antenna-standard-gain-wide-band/
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Table 4.1: ATM 10dBi gain pyramidal horn antenna characteristics.

HPBW* Aperture size [mm]
WGsize Frequency [GHz] Model Gain [dBi] E-Plane H-Plane ars bgs
WR34 22-33 34-440-6 10 54.2° 53.2° 13.462 9.906

* Half Power Beam-Width (HPBW)

With respect to the other available sources, the ATM34 — 440 — 6 presents lower gain
values between 60° and 90° and enables a good trade-off between taper and spillover
efficiencies. A comparison between the full-wave simulation of this pyramidal horn
performed with the commercial software Ansys HFSS and the cosine model for a y-
polarized field of (4.6b) is reported in Fig. 4.2.
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Figure 4.2: Comparison at 30 GHz between the ideal focal source pattern reported in (4.6b) and the 10 dBi
gain pyramidal horn fabricated by ATM: (a) E-plane and (b) H-plane.

By setting gE = 3.2 and g H = 3.6, a good match between the two patterns is achieved
for —45° < 6 < 45°. It is clear that for a lower focal distance F, the value of 05 increases
and the lens illumination includes a more significant portion of the angular region
showing a discrepancy between the real horn and the cosine model.

4.2.2, UNIT CELLS

In this paragraph the computation of the radiated field of each unit cell of the lens is
addressed, in order to later apply an array approach for the design of the complete
structure. In order to compute the field radiated by a unit cell, the incident field on
the cell due to the feed needs to be defined. Due to the small size of each cell, an
approximation is done assuming a uniform illumination within each mn™ cell. The
value of the incident field is assumed constant over the cell at z=0" and equal to the
incident field (4.6b) in the cell center. It is also assumed that the tangential electric
field on the radiating side of the mn™ cell (at z = 0*) has a single component and is
uniform. As done for the feed, ideally, a first approximation of the radiation pattern of
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each element can be described by a cosine function:
Eyc (0) = [cos (0))77€ . (4.8)

In this case, as for the general focal-source approximation with null back radiation,
the pattern is axisymmetric. Differently from the feed, where high cosine exponent
values are employed, here typically 0 < qUC < 1. This choice is related to model the low
directive elements present in the array.

A different “sinc” approximation is obtained by assuming that the far-field patterns
of the unit cells are those radiated by y-polarized uniform rectangular apertures in
free-space [165]:

Ky Suc )

. kxsuc) .
Euc (0, ¢) = [1+cos(0)] smc(7) smc( Py (4.9)

A comparison between the radiation patterns RP,. normalized to their maximum
values from (4.8) and (4.9) is shown in Fig. 4.3.
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Figure 4.3: Comparison at 30 GHz between the ideal cell pattern reported in (4.8) with the one considering a
uniform field distribution: (a) E-plane and (b) H-plane.

The two models start to differ from 45° to 90° where a uniform aperture model
presents a higher field value. This means that for larger angle of incidence, a higher gain
will be assumed in the computation of the array pattern.

4.2.3. MODEL FOR THE ANALYSIS OF THE TRANSMITTED FIELD

The field radiated in transmission (z = 0) by the array is due to the vector addition of
the field contribution of each element, as for array theory [165]. The coupling between
elements is neglected. The array radiation pattern is equal to the field generated by
the cells plus spillover radiation. The latter is due to the power directly radiated by the
feed, which does not impinge on the lens surface. The radiation due to the lens can be
expressed as follows:

7 (m, n) Egs (m, n) e/ M=V xsuc) (=D (kysuc) (4.10)
1

AF 1A (0,9) =

Il
—

™M=
M=

n
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where kyx = kopsin(0) cos(g) and ky = ko sin(0) sin(¢) are the propagation constants
along X and y. Egs (m, n) is the incident field due to the feed on the mn™ cell, which
is assumed to be purely linearly polarized, computed as explained in the previous
paragraph. The complex transmission coefficient 7 is defined as:

T(m, n) = |7(m, n)| /<70 (4.11)

It depends on the unit-cell shape and can be obtained via full-wave periodic simu-
lations as detailed in subsection 4.3.3. Its optimal value depends on the functionality
of the MS under design. Their phase must compensate the incident feed field phase to
radiate into the desired direction defined by the spherical coordinate angles (62, ¢'):

£7(m,n) = —ZEps (m, n) = kop Sin (04 [ Xmn cos (¢4F) + ymnsin ()] - (4.12)

To evaluate the pattern due to spillover, the area outside the TA is discretized with
fictious cells [167] (see Fig. 4.4).

y

(xabr yab) /x”’/

N Tab

Figure 4.4: Transmitarray array with M x N squared unit cells having side sy and located at z = 0. The aperture
is enlarged on both of its sides along X by Ly sy The same is performed along § by Ly ¢,ii1- The white space
around the array delimited by dashed line is discretized by squared cells of side sgp;; whose position, with
respect to the source, is determined by the angle 6,5, and distance p . In Cartesian coordinates, by r,; and

Pab-

The spillover array factor is then computed as follows:

Ny M,
AFs,(0,0) =Y. Y u(a,b) Egs(a,b) e/ @V kxsop) pfb-Dlkyssp) (4.13)
b=1a=1
where M; = M + M, and N; = N + N, represent the total number of elements, with M
and N being the elements of the array, and My, and Ny, accounting for the spillover
elements of side sgp. The function u(m, n) is equal to 1 outside the lens and 0 inside. The
total TA field is the sum of the array factor due to the TA cells radiation plus spillover
degradation, all multiplied by the radiation pattern of the array element:

Ett(a)'t (9' (p) = [AFTA (6» (P) + AFSp (6)(,0)] Eyc (er (,0) . (414)
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4.2.4, MODEL FOR THE ANALYSIS OF THE REFLECTED FIELD

The RA model is similar to the TA one with some differences (see Fig. 4.5). First of all,
the coordinate system changes: the phase center of the feed lies on the positive z axis
differently from Fig. 4.4.

<)
=)

Y

Tmn AN
3

(xmn: ymn) Lot .
P,

Figure 4.5: Reflectarray array with M x N squared unit cells having side sy and located at z = 0. The full
structure has size Lys x L and the feed is aligned to its center, at a distance F. Each element position, with
respect to the source, is determined by the angle 0,,, and distance p;. In Cartesian coordinates, by 7,
and @mn-

The array factor considers the complex reflection coefficient I' of each unit cell
instead of 7:

N M . X
AFpa(0,9)= Y. Y. T (m, n) Egs (m, n) e/~ D kxsue) g (=D (kysuc) (4.15)
n=1m=1

Then, the complex T, as for 7, can be expressed as:
T (m,n) =T (m,n)| e/ <"™™ (4.16)

Its magnitude must be equal to [T (m, n)| = 0.5 and its phase must compensate the
impinging field phase in order to radiate into the desired direction (8%, ¢):

ZT (m,n) = —=ZEps (M, n) — kop sin (057 [ Xmn cos (¢5) + ymnsin ()] - (4.17)

The total RA field is due to the array factor multiplied by the radiation pattern of the
array element with no effect of the spillover degradation:

1 (0,¢) = AFga (0,9) Euc (0, ¢) - (4.18)
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4.2.5. TRANSMIT-REFLECT-ARRAY MODEL
The total field of the TRA consists of contributions from both the transmitted and
reflected fields, in the upper and lower hemispheres of the array, respectively.

ES-TRAs have intrinsically low aperture efficiencies n,, with respect to TA or RA
antennas of similar sizes, if one considers the radiation in a single half-space. In this
work, an alternative definition of the maximum achievable directivity in transmission
and in reflection by a TRA is defined as:

3 47 Aph

D= , (4.19)
215,

where Apy, is the physical area of the antenna.
Due to the —3dB drop in the directivity introduced by the array elements to obtain
equal power splitting between transmitted and reflected fields, 14, is defined as:

, 2G

nap = Aopm . (420)

This efficiency factor 7, includes losses due to tapering 7, scan 1sc, quantization
ng, spillover n¢p, and element ny:

ntflscanISpn{lac
Nap = (4.21)
NiNscTqMspTuc

While the loss due to the nonuniform amplitude distribution of the radiating aperture
is captured by 7, the power radiated by the feed that is not intercepted by the array is
represented by the spillover degradation factor 7sp. Both losses can be directly computed
for an axisymmetric feed power pattern, as given in (4.5) [168]. A non-ideal phase
distribution across the array introduces quantization loss, 1. The insertion loss, 17y, of
the cells is primarily caused by variations in the scattering parameters of the surface as
a function of frequency. The drop in directivity due to the scan angle, 7y, is given by
Nsc = 10log;, [cos (Os0)].

4.3. UNIT CELLS DESIGN

In this section, the design of four Huygens’ cells to realize a TRA with a uniform 2-bit
quantization of the full phase range in both transmission and reflection is presented.
With this number of bits, the quantization loss is less then 1 dB, without a significant
degradation of the scanning performance [169]. First, four desired transmission coef-
ficient phases are selected from solution A in previous chapter: ¢;, = 15°, ¢, = 105°,
¢z, = 195° and ¢, = 285°.

Then, the corresponding values of magnetic reactance, Xp,, and electric suscep-
tance, Be,, are computed using (3.35) and (3.33), respectively. The MS characteristic
parameters for each cell are reported in Table 4.2 and shown with markers in Fig. 4.6a.
The reflection coefficient phases are shifted by 90° with respect to the transmission ones,
as stated in Chapter 3. Their values are reported in Table 4.2, and shown with markers
in Fig. 4.6b.
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Table 4.2: Phases of the transmission and reflection coefficients, equivalent magnetic impedances and electric
admittance, and sheet impedances at 30 GHz of the four H-MS-based TRA cells.

¢r [Degl  ¢r [Degl Xm/mo Bemo Im{Z,} Q] IJm{Z,} Q)

15 105 0.54 -1.16 167.52 —2128.53
105 195 -1.16 —7.46 -117.17 -82.31
195 285 —7.46 3.46 -215.13 123.76
285 15 3.46 0.54 —415.87 50.61
10 400
300
5
200
g — | ¥
o 0 a 100
0
-5
-100
-10 -200
-10 -5 0 5 10 -10 -5 0 5 10
Xm/"](] Xm/'r](]
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Figure 4.6: (a) Locus of surface parameters described by (3.33) and (b) phases of transmission and reflection
coefficients for this solution. The symbols indicate the characteristics of the four designed unit-cells.

4.3.1. DIELECTRIC SLABS: THICKNESS IMPACT

Each H-MS element is realized as stacked configuration of three impedance sheets
interleaved by two dielectric slabs, as shown in Fig. 2.6. While Z;, = Z;, for reciprocal
and isotropic H-MSs, the presence of Z;, adds a degree of freedom that allows to in-
dependently choose Z7 or /T after enforcing a condition on |7|. Thus, as discussed in
Chapter 3, the full phase range in transmission and reflection can be covered.

The variations of Z;, and Z;, of each cell reported in Table 4.2 as a function of the
slabs thickness with ¢, = 2.2 are shown in Fig. 4.7a and Fig. 4.7b, respectively.

Small slab thicknesses are preferable to maintain the assumption of thin MS. More-
over, for a stable behavior, a sheet impedance frequency variation far from resonances
is preferable (see Fig. 4.7). Therefore, a slab permittivity thickness ¢ = 14/8, where
Ag = Ada//€q and A4 is the free-space wavelength at the design frequency fq = 30 GHz, is
chosen. With these parameters, using (3.45a) and (3.46), the pairs of impedance sheets
Zs, and Zs, shown in Table 4.2 are found for the four TRA cells.

4.3.2. SCATTERING RESPONSE

The scattering parameters of the designed unit cells are computed as functions of fre-
quency, using the transfer-matrix approach, [95], and the equivalent circuit of Fig. 2.6.
The values of Z;, and Z;, are considered constant with respect to the frequency. The
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Figure 4.7: Sheet impedance variation as a function of the normalized dielectric slab thickness for each cell
reported in Table 4.2: (a) the outer layers Zs, and (b) the inner layer Zs,.

impact of frequency dispersion introduced by the slabs in the range 28 — 32 GHz is
analyzed. The frequency behavior of |7| and |T'| is reported in Fig. 4.8.
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Figure 4.8: Magnitudes of the (a) transmission and (b) reflection coefficients of the TRA cells as functions of
frequency.

In a 13% relative bandwidth, the variation in the amplitude of both 7 and I" is only
+0.5 dB, with respect to their values at the central frequency of 30 GHz. The phases of
reflection and transmission coefficients of the four cells are plotted versus frequency in
Fig. 4.9. It can be noticed that at 30 GHz, the phases are spaced by exactly 90°. In the
considered frequency range, the maximum relative phase error is 8°.

4.3.3. IMPEDANCE SHEET PHYSICAL IMPLEMENTATION

To realize the impedance sheet values reported in Table 4.2, each layer has been engi-
neered singularly using the approach showed in section 3.6 to match with the reference
sheet impedance. A periodicity p = 0.1214 of the elements has been chosen to satisfy
the MS condition on small scatterer with respect to the wavelength and to obtain a
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Figure 4.9: Phases of the (a) transmission and (b) reflection coefficients of the TRA cells as functions of
frequency.

gradual phase variation (differently from general space fed arrays with p = 0.514). The
optimized geometries are reported in Fig. 4.10 and 4.11 for the top and middle layer,

respectively.

(@)

Figure 4.10: Outer layer metal pattern of each cell: (a) ¢r = 15°, (b) ¢7 = 105°, (c) ¢ = 195° and (d) ¢, = 285°
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Table 4.3: Metal patterns dimensions for ¢; = 15° H-MS-based TRA cell.

General [mm]  Top and Bottom Layers [mm] Middle Layer [mm]

w de v doz B B he  mmi  Smm2  Imm  Fom  Iml
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Figure 4.11: Inner layer metal pattern of each cell: (a) ¢ = 15°, (b) ¢pr =105°, (c) ¢p7 = 195° and (d) ¢ = 285°.

The dimensions reported in Table 4.3, 4.4, 4.5 and 4.6 refer to the metal patterns
of cell ¢; = 15°, ¢; = 105°, ¢, = 195° and ¢, = 285°, respectively. The realized sheet
impedance values at 30 GHz are reported in Table 4.7. It can be noted that the design
values are very close to the reference ones.

Table 4.4: Metal patterns values for ¢y = 105° H-MS-based TRA cell.

General [mm] Top and Bottom Layers [mm)] Middle Layer [mm]

w  de & b hae  hdaa lan lawe  lam lage hame ldmet lamez lamn lamiz

0.10 0.70 0.10 0.80 0.10 0.20 0.20 040 020 030 0.10 0.25 020 030 0.20
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Table 4.5: Metal patterns values for ¢; = 195° H-MS-based TRA cell.

General [mm] Top and Bottom Layers [mm] Middle Layer [mm]

0.10 0.70 090 0.10 0.30 0.70 0.50 0.40

Table 4.6: Metal patterns values for ¢; = 285° H-MS-based TRA cell.

General [mm] Top and Bottom Layers [mm] Middle Layer [mm]

wy dc It 84 Pt lbm  hom hn

Table 4.7: Sheet impedances at 30 GHz of each H-MS-based TRA cells.

Jm{Z,} Q] Jm{Z,} [

¢, [deg] Theoretic Designed Theoretic Designed

15 167.52 172.58 —2128.53 —2196.76
105 -117.17 -114 -82.31 -97.09
195 -215.13 —218.50 123.76 121.39
285 —415.87 —421.41 50.61 56.11

Then the complete cells have been simulated to check their scattering response. The
full wave amplitudes of the reflection and transmission coefficients of the four designed
cells are plotted in Fig. 4.12b and Fig. 4.12a as functions of frequency, respectively. They
are all very close to —3 dB at fy, as prescribed by the design procedure. In a 5% relative
bandwidth centered at 30 GHz, they are all between —4 dB and -2 dB. The bandwidth
is mainly limited by the frequency variation of the designed sheet impedances. In the
same band, the relative phase shifts introduced by different cells, in transmission and
reflection, are approximately multiples of 90°, as shown in Fig. 4.13b and Fig. 4.13a,
respectively.

4.3.4. OBLIQUE INCIDENCE
Another important factor to take into account when designing space fed arrays is the
oblique incidence degradation of the scattering parameter amplitude and phase. Each
element supports a y-polarized field due to their geometrical design. To verify each
cell robustness to oblique incidence, full wave simulations of y-polarized plane waves
with incident angle 0, varying between 0° and 50° illuminating the elements have
been studied. For the sake of brevity,only the amplitude degradation of the scattering
coefficients for the less robust cell, ¢; = 195°, is reported in Fig. 4.14.

The transmission coefficient amplitude shows a big variation from 6, = 10° till 30°
at 30 GHz. For this angle, |S»; | is equal to —1.3dB. On the other hand, the |S;;| shows a
drop of more than —3dB at 30 GHz when 6}, = 50°. From the viewpoint of TRA design, it
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Figure 4.12: Full wave simulated amplitudes of the (a) transmission and (b) reflection coefficients of the TRA
cells as functions of frequency.
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Figure 4.13: Full wave simulated phases of the (a) transmission and (b) reflection coefficients of the TRA cells
as functions of frequency.

would be best to place this cell in the central region of the array to avoid incidence angles
greater than 20°. The scattering phases variation due to 6, are shown in Fig. 4.14. The
values of £Sy; and £S;; present a maximum variation of 40° at 30 GHz. Nevertheless, it
remains within the quantization error. For completeness The scattering coefficients of
the other cells are reported in Appendix A.

4.3.5. FABRICATION CONSTRAINTS

With the aim of manufacturing TRA prototypes with planar multilayer fabrication tech-
nology, e.g. PCB, it is necessary to make some considerations about the physical re-
alization of the array elements. First of all, a pivotal issue is the dielectric availability
at the manufacturer’s stock. Roger RT5880 substrates having thickness ¢ = 0.787 mm
and ey = 2.2 were available in the warehouse. They are characterized by an electrode-
posited copper foils with thickness of 18 um. In the previous elements design, spacers
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Figure 4.14: Full wave simulated amplitudes of the (a) transmission and (b) reflection coefficients as functions
of frequency and angle of incidence 8}, of the impinging plane wave for ¢; = 195°.
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Figure 4.15: Full wave simulated phases of the (a) transmission and (b) reflection coefficients as functions of
frequency and angle of incidence 8}, of the impinging plane wave for ¢; = 195°.

with height of # = 0.84 mm have been considered. Then, by setting ¢ = 0.787 mm in the
evaluation of Z; , in (3.45a), and Z,, in (3.46), different sheet impedances values are

obtained and they are reported in Table 4.8.
Table 4.8: Sheet impedances at 30 GHz of the H-MS-based TRA cells having slab thickness ¢ = 0.787 mm.

Jm{Z} Q] Jm{Z,} Q]

¢, [deg] Theoretic Designed Theoretic Designed

15 180.45 178.47 —2095.68 —2890.80
105 —111.58 —104.95 -74.11 —89.06
195 -197.01 -216.31 110.48 112.73

285 —353.10 —397.48 45.32 59.45
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To stick together the dielectric slabs, according to the manufacturer suggestion
to achieve a better substrate alignment, Taconic FR-27 — 0040 — 43F prepreg having
thickness ' = 100 um and &, = 2.77 has been employed. Due to its small height, lower
then 0.07Ay, it can be considered negligible in the sheet impedance computation with
the transfer matrix approach. However, in the full wave extraction of Z;,, the prepreg
presence has been considered following the simulation setup reported in Fig. 3.13.

It is clear that only the Z; of the middle layer is affected by the prepreg presence. To
match the new theoretic sheet impedances reported in Table 4.8, the metal patterns in
Fig. 4.11 have been re-optimized. Whereas the cell middle layer for ¢p; = 195° already has
a good match with the reference value (see Table 4.8), the other three cases underwent
minor changes. In particular, for ¢p; = 105°, the following dimensions have been changed:
ldmn = lamz = 0.20mm and lgyy = 0.15mm. For ¢, = 285°, the variation affected only
hy = 0.20mm. More adjustments have been introduced in the metal pattern of the
¢r = 15° where the affected dimensions changed to [j;) = 0.10mm, gym; = 0.15mm,
Imm = 0.30mm and gmm2 = 0.40mm. The remaining space has been filled with a small
bend of /;mm2 = 0.20mm as shown in the complete cell reported in Fig. 4.17a. The
designed sheet impedances at 30 GHz are reported in Table 4.8 while their variation in
the 28 — 32 GHz range is shown in Fig. 4.16.
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(a) (b)

Figure 4.16: Elements sheet impedance patterns variation as a function of frequency after the re-optimization
to use the commercially available substrates and prepreg: (a) external and (b) internal layers.

The final design of the four cells are shown in Fig. 4.17. The full wave amplitudes
of the transmission and reflection coefficients of the four designed cells are plotted in
Fig. 4.18a and Fig. 4.18b as functions of frequency, respectively.

They are all very close to —3 dB at fy, as prescribed by the design procedure. In a 5%
relative bandwidth centered at 30 GHz, they are all between —4 dB and —2 dB. The band-
width is mainly limited by the frequency variation of the designed sheet impedances. In
the same band, the relative phase shifts introduced by different cells, in transmission
and reflection, are approximately multiples of 90°, as shown in Fig. 4.19a and Fig. 4.19b,
respectively.
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Figure 4.17: Designed TRA cells, with a period p = 1.2 mm, implementing at 30 GHz, in transmission, a phase
shift of: (a) ¢7; = 15°, (b) ¢r, = 105°, (c) ¢r4 = 195° and (d) ¢, = 285°. The thicknesses of substrates and
bonding layers are ¢ =0.787mm and ¢’ = 100 um respectively.

4.4, TRANSMIT-REFLECT-ARRAY DESIGN

Based on the physical optics and array theory model presented in section 4.2, a tool to
analyze the performances of several TRAs with different steering angles and aperture
sizes has been developed. The radiation characteristics of the source reported in Table 4.1
have been employed in the calculations. Moreover, both transmission and reflection
coefficients variations under oblique incidence, reported in subsection 4.3.4, have been
considered in the far field computation. These values have been computed considering
a y-polarized plane wave and several angles of incidence in the plane ¢ = 90°. The
angular responses of all cellshave been assumed independent of the azimuthal plane.
The free space wavelength 14 is defined at the design frequency fyq = 30GHz. The
tool results are compared with those obtained with a commercial full-wave solver. A
preliminary parametric analysis on the focal distance has been performed. The field
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Figure 4.18: Full wave simulated magnitudes of the (a) transmission and (b) reflection coefficients of the TRA
cells reported in Fig. 4.17 as functions of frequency.
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Figure 4.19: Full wave simulated phases of the (a) transmission and (b) reflection coefficients of the TRA cells
reported in Fig. 4.17 as functions of frequency.

magnitude of the ATM 10dBi gain horn and its incident phase on the array are reported
in Fig. 4.20.

As first scenario, a broadside radiation, an ideal phase compensation on the array
and |7| = |T| = 1/v/2 for all cells have been considered. The taper and spillover losses are
shown together with the aperture efficiency in Fig. 4.21a. The computed directivity and
gain are reported in Fig. 4.21b.

The optimum F/D ratio to achieve the highest aperture efficiency is obtained for
F = 41.76 mm, corresponding to F/D = 0.58. At this point, the gain in transmission
and reflection are both G = 23dBi and the aperture efficiency is n.p = 70%. However,
by slightly increasing the focal distance, the gain bandwidth improves, although this
introduces additional spillover losses [170]. For this reason, an F/D = 0.67 has been con-
sidered in the following design examples and the prototypes shown in section 4.5. Next,
the scanning performance of several TRAs working at fy = 30 GHz and designed with
the four proposed H-MS cells are investigated. The TRAs have the same size (D =7.21y),
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Figure 4.20: Field of the 10dBi gain horn field intercepted by the TRA: (a) normalized magnitude on its
maximum in dB and (b) incident phase.
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Figure 4.21: Impact of the focal-to -diameter ratio effect on a broadside TRA: (a) aperture, spillover and taper
losses and (b) directivity and gain.

focal distance F = 0.67D and are illuminated by the aforementioned 10dBi horn feed.
They are optimized at F/D to steer the transmitted beam at several angles, up to the
horizon, in the plane ¢ = 0°. Results obtained with the numerical tool are presented
along with full-wave simulations.

4.4.1. STEERING AT 0% = 15° AND % =0°
First, a 60 x 60 elements TRA working at 30 GHz is considered. It steers the beam in
transmission at % = 15° and ¢ = 0°. Consequently, the reflected pattern points to
(622 =165°, ¢ = 0°), because of the constant 90° phase difference between /7 and /T
for each H-MS cell, as shown in Fig. 4.6b. The ideal and quantized phase profile in
transmission are reported in Fig. 4.22.

A comparison between the total radiated field of the TRA computed analyically and
simulated with the full-wave solver Ansys HFSS is reported in Fig. 4.23.

It is possible to observe that a good agreement is obtained between the analytical
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Figure 4.22: Phase distribution on a 60 x 60 elements TRA working at 30 GHz, having focal-to-diameter ratio
F/D = 0.67 and focusing the radiated beam in transmission at 0;? =15° and ¢;§ =0°: (a) ideal and (b) realized
through a uniform 2-bit quantization.
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Figure 4.23: Computed and simulated TRA radiation pattern at ¢ = 0° and f3 = 30GHz for steering in
transmission at 02 = 15° and % = 0°.

and simulated patterns. The maximum achievable gain in transmission derived with the
analytical tool is equal to 21.97dBi corresponding to 1, = 48.31%. On the other hand,
the backward beam has GJ3,, = 22.04dBi with a corresponding aperture efficiency of
Nap = 49.01%. Both maximum values are reached at the nominal steering angles (15°,0°)
and (165°,0°) for transmission and reflection, respectively. The maximum antenna
directivity computed from (4.19) is equal to 25.13dBi. The gain drop in transmission is
due, in part, to the sum of spillover loss (1.2 dB), quantization loss (0.89 dB), amplitude
taper loss (0.44dB) and scan loss (= 0.15dB). Another factor that impacts on the gain
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is the effect of insertion loss, pattern and phase error introduced by the elements. In
transmission the average unit-cell insertion loss, computed by averaging the magnitudes
of the transmission coefficients of the four cells, is 0.48 dB. In reflection, the insertion
losses of the cells computed by averaging the magnitudes of the reflection coefficients
of the four cells, is 0.36 dB. The maximum forward simulated gain is equal to 20.63 dBi
at 0 = 14.65° with 1,, = 35.48%. In reflection, G,, = 22.28dBi at § = 165.38° with a
corresponding aperture efficiency of 51.88%.

4.4.2. STEERING AT 0% = 30° AND % =0°

The following 60 x 60 elements TRA working at f3 = 30 GHz has a phase profile to direct
the transmitted beam at 8% = 30° and ¢ = 0°. A comparison between the ideal and
quantized phase distribution introduced by the elements to achieve this steering is
reported in Fig. 4.24.
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Figure 4.24: Phase distribution on a 60 x 60 elements TRA with focal to diameter ratio F/D = 0.67 to focus the
radiated beam in transmission at 9;‘ =30° and ¢§t‘ =0°: (a) ideal and (b) realized through a uniform 2-bit
quantization.

A comparison between analytical and simulated results in the plane ¢ = 0° is reported
in Fig. 4.25. Once again, a good agreement between the patterns computed analytically
and the simulations is obtained. The maximum gain in transmission derived with the
analytical tool is equal to 21.25dBi at 8 = 29.5° corresponding to 7, = 40.93%. This
time, the gain drop with respect to the maximum directivity of 25.13dBi is determined
by an additional scan loss (0.6 dB) and the loss due to the cells (average value: 0.6dB ).
On the other hand, the reflected beam has G73,, = 21.64dBi at 8 = 150.5° with a corre-
sponding aperture efficiency of nap = 44.77%. In reflection, the average insertion losses
of the cells change: 0.32dB. The maximum simulated gain in transmission is equal to
20.16dBi at 6 = 29.1° with 1, = 35.89%. In reflection, G1j,; = 22.35dBi at 0 = 150.1° with
a corresponding aperture efficiency of 58.08%.

4.4.3. STEERING AT 0% > 60° AND ¢ =0°
The last 60 x 60 elements TRA working at fy = 30 GHz studied steers the transmitted
beam at 6% = 60° and ¢ = 0°. The ideal and quantized phase profiles are reported in
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Figure 4.25: Computed and simulated TRA radiation pattern at ¢ = 0° and f3 = 30GHz for steering in
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Figure 4.26: Phase distribution on a 60 x 60 elements TRA with focal to diameter ratio F/D = 0.67 to focus the
radiated beam in transmission at Gstf =60° and (bé‘t‘ =0°: (a) ideal and (b) realized through a uniform 2-bit

quantization.

A comparison between the computed data and the simulated results is reported in
Fig. 4.27.

Also for this TRA case, a fair agreement between the patterns computed numerically
and the simulations is obtained. The maximum achievable gain in transmission derived
with the analytical tool is equal to 20.39dBi at 6 = 57° with 7,, = 33.57%. This time,
the gain drop with respect to the maximum directivity of 25.13dBi is determined by an
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Figure 4.27: Computed and simulated TRA radiation pattern at ¢ = 0° and fy = 30GHz for steering in
transmission at 8 = 60° and @3 = 0°.

increase of the scan loss (3.01dB) and by the elements 0.3dB. On the other hand, the
reflected beam has G}3,, = 19.56dBi at 0 = 121° with a corresponding aperture efficiency
of nap = 27.73%. In reflection, the losses due to the cells are very small: 0.1dB. The
maximum forward simulated gain is equal to 18.25dBi at 8 = 56.59° with n,p = 20.51%.
In reflection, Gi5,, = 18.26dBi at 6 = 122.19° with a corresponding aperture efficiency of
20.56%.

It is interesting to observe that, in this last TRA case, the beams are approaching to
each other since they are both closer to endfire direction. The gain drop at 8 =90° is
18dB lower than the maximum gain in transmission. Then, it is reasonable to imagine
that, by increasing the steering angle, this drop can be minimized to achieve a solution
where the transmitted and reflected beams merge together to obtain a single endfire
beam. In order to test this hypothesis, different designs with steering beams 6% varying
between 65° and 80° have being analytically computed and validated with full-wave

simulations. Their gain pattern cuts at ¢ = 0° are reported in Fig. 4.25.

The radiation pattern computed with the analytical tool achieves a gain drop of 1.8dB
at @ = 90° when the phase distribution on the array is designed to have 8 = 80°. On the
other hand, the full-wave analysis shows, for all designs, a dip between the two beams
and a degraded quality of the reflected pattern and gain. These effects are probably
due to the interference between transmitted and reflected fields, and to diffraction an
from the TRA edges, which are not taken into account in the developed analysis tool.
Moreover, the actual element patterns of the TRA cells decay more rapidly than the
analytical functions used to model them, especially at grazing angles.
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Figure 4.28: Radiation patterns (cut in the plane ¢ = 0°) of a 60 x 60 elements TRA with focal to diameter
ratio F/D = 0.67 to focus the radiated beam in transmission at 9;‘{‘ > 60° and (p;‘: =0°: (a) analytical and (b)
full-wave results.

4.5. MEASUREMENTS

To experimentally validate the design of the H-MS unit cells presented in subsection 4.3.5,
three prototypes working around 30 GHz with different aperture sizes and similar F/D
have been fabricated. All the TRA prototypes are illuminated by a 10dBi pyramidal horn
by ATM (reported in Table 4.1). The sizes of the three radiating apertures are: 7.2 x 7.2A2,
9.6 x 9.6/1?1, 14.4 x 14.4/1(21. The focal-to-diameter ratio of the first two antennas is 0.67.
The F/D of the third one is 0.69. The phase profiles of all prototypes have been designed
to steer the transmitted field at the same scan angle (0 =30°%¢= O°), at 30GHz. The
prototypes have been characterized in the anechoic chamber of CEA-Leti (see Fig. 4.29Db).
A mechanical structure to hold the array feed ad the prototype has been designed and
fabricated specifically for this measurement campaign, as shown in Fig. 4.29.

The measurement system comprises a receiving, Ry, and a transmitting, Ty, antenna
separated by a distance r = 3m. Each antenna is located in the far field region of the
other one. The two antennas are connected to two ports of a vector network analyzer
operating up to 70GHz. In this link, the Ty antenna is a 20dBi standard gain horn,
whereas the Antenna Under Test (AUT) is on the receiving side.

The gain transfer method is employed to evaluate the TRA prototype gain [165].
Before characterizing the AUT, a reference measurement is performed. An antenna
of known gain Gy, 20dBi horn identical to the probe antenna on the Ty end, is used
at the receiving side. The received signal level RL when the reference antenna and
the Ty horn are aligned is saved as reference. Then, the TRA is placed at the Ry side
and tested. A motion system is used to rotate the TRA around a single vertical axis,
aligned to the its aperture, so that the radiation pattern is measured for all azimuth
angles in the azimuthal plane ¢ = 0°. Co-polar and cross-polarization components of
the gain patterns have been measured by rotating by 90° the Tx probe. The signal level
SL received at Ry can be used to evaluate the prototype gain:

Gy (6,9) = Gnyy + (SLag (6,9) — RLag (6,9)) - (4.22)
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Figure 4.29: (a) Prototype with 14.4 x 14.4/1(21. (b) Measurement setup in the anechoic chamber.

4.5.1. TRANSMIT-REFLECT-ARRAY OF 60 x 60 ELEMENTS

The 60 x 60 elements TRA having F/D = 0.67 and 62 = 30° and ¢ = 0° has been charac-
terized first. The computed radiation characteristics obtained from the analytical tool
have been previously compared with the full-wave results showing a good agreement
(see Fig. 4.24). The measured gain pattern at 30 GHz for ¢ = 0° and is compared, as a
function of the elevation angle, with the patterns obtained using the proposed numerical
tool and a commercial full-wave solver, in Fig. 4.30.

It can be noted that a very good agreement between the three curves is obtained.
The measurements agree with the simulated and analytically computed HPBW in trans-
mission of 10°. Moreover, a SLL of —16dB is obtained. In reflection, the measured HPBW
and SLL are equal to 15° and —11dB, respectively. The differences between the char-
acteristics of reflected and transmitted beams are probably due to the presence of the
feed.

The maximum measured gain in transmission is to 22.1dBi at 8 = 29.5° correspond-
ing to an aperture efficiency of 49.77%. Differently, in reflection, GJ3,, = 20.1dBi at
0 = 148.75° with n,p = 31.4%. There is a difference between the numerical and measured
gains of 0.8dB and 1.5dB in transmission and reflection, respectively. This discrepancy,
may be attributed to slight misalignments betweem the feed and the TRA, fabrication
tolerances, as well as to the measurement uncertainty (in the order of +£0.5dB)

The peak gain and aperture efficiency as a function of the frequency are shown in
Fig. 4.31a and Fig. 4.31b for the transmitted and reflected radiation patterns, respectively.
The maximum measured gain in transmission is 22.3dBi at 32 GHz, with an aperture
efficiency of 45.4%. The 1-dB gain bandwidth covers the frequency range of 29.4-32 GHz
that is a 8.6% around 30GHz. The aperture efficiency is greater than 40% in the full
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Figure 4.30: Analytically computed, full-wave simulated and measured radiation patterns at ¢ = 0° and
fa=30GHz of the 7.2 x 7.2A% TRA steering in transmission at 9 = 30° and o3 = 0°.

frequency range of interest (28 — 32 GHz). On the other hand, in reflection, a maximum
measured gain of 20.8dBi is observed at 32 GHz, corresponding to an aperture efficiency
0f 32.4%. The 1-dB bandwidth covers the frequency range of 29.8 —32 GHz that is a 7.6%
around 30 GHz. The aperture efficiency is greater than 27% between 29 and 32 GHz.
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Figure 4.31: Measured and computed values of the peak gain and aperture efficiency of the 60 x 60 elements
TRA pointing at 0;‘? =30° and (,b;‘t‘ =0° as a function of frequency: in (a) transmission and (b) reflection.

In Fig. 4.32, the contour plots of measured and simulated gain as functions of fre-
quency and elevation angles are reported. It is possible to observe that, in the frequency
band of interest, from 29 to 31 GHz, the beam-squint remains small and the pattern
characteristics are stable.. Moreover, the cross-polarization level has a maximum of
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—6dB in the frequency band, i.e. 26 dB less than the co-polarized component.
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Figure 4.32: Gain patterns (¢ = 0°) as functions of frequency and elevation angle in dBi of the 60 x 60 elements
TRA pointing at 8% = 30° and ¢ = 0° as a function of frequency: (a) analytical and (b) measured. (c)
Crosspolar pattern variation.

4.5.2. TRANSMIT-REFLECT-ARRAY OF 80 x 80 ELEMENTS

The second structure considered is the TRAs having aperture size 9.6 x 9.6/13. It has
been designed to have a focal to diameter ratio of F/D = 0.67 to achieve a larger gain
bandwidth, as for the TRA solutions with 7.2 x 7 .2/131 physical area. The tool has been
employed to compute the field radiated by the source and the total pattern of the array.
The 10dBi ATM gain horn illuminates the array with magnitude and phase reported in
Fig. 4.33.

The transmitted beam points at % = 30° and @@ = 0°. The ideal and quantized
phase profiles are reported in Fig. 4.34.

The analytical, simulated and measured data at 30 GHz and ¢ = 0° are shown in
Fig. 4.35.

It can be noted that a very good agreement between the three curves is obtained.
The maximum gain in transmission derived with the analytical tool is equal to 24.3 dBi
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Figure 4.33: Field of the 10dBi gain horn field intercepted by the 80 x 80 elements TRA: (a) normalized
magnitude on its maximum in dB and (b) incident phase.
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Figure 4.34: Phase distribution on a 80 x 80 elements TRA with focal to diameter ratio F/D = 0.67 to focus the
radiated beam in transmission at 93 =30° and (pg‘ =0°: (a) ideal and (b) realized through a uniform 2-bit
quantization.

at 8 = 30° with an aperture efficiency of 46.5%, lower then the maximum directivity of
27.63dBi computed from (4.19). The gain drop in transmission is due to the sum of
spillover losses (1.2 dB), quantization losses (0.93 dB), amplitude taper losses (0.45dB),
scan losses (0.63 dB) and the losses in transmission of the unit-cell (average value: 0.1dB).
The simulated pattern shows a maximum gain in transmission equal to 23.4dBi at
0 = 29.7° with 1,4, = 37.8%. The measured beam shows the same maximum gain of
23.4dBi. However, a squint in the steering direction is present making the beam to point
at 8 = 31.5°. Both simulated and measured results agrees on a SLL of —15dB, while the
analytical tool shows a SLL equal to —18dB. For all three refracted beams, an HPBW of
8° is achieved.

In reflection, the analytically computed beam has G35, = 24dBi at 6 = 150° with a
corresponding aperture efficiency of n,p = 43.4%. In this case, the losses of the cells
are equal to 0.38dB. The simulated pattern shows a maximum gain in reflection G}5,, =



94 4. TRANSMIT-REFLECT ARRAYS: DESIGN AND CHARACTERIZATION

30

T
—Analytical
--Simulated
20 Measurement

Gain |dBi]

-20

30—
-180 -135 90 45 0 45 90 135 180

0 [Deg]

Figure 4.35: Analytically computed, full-wave simulated and measured radiation patterns at ¢ = 0° and
fa =30GHz for 9.6 x 9.6A3 TRA steering in transmission at 92 = 30° and o3 = 0°.

24.7dBi at 6 = 150° with a corresponding aperture efficiency of 50.9%. A smaller gain
found in the measured data where G3,, = 22.7 dBi again with a squint at 6 = 147.75°.
The maximum aperture efficiency of the reflected beam is 31.9%. A measured SLL of
—14.5dB is obtained. The simulation and analytical tool show lower values: —16.5dB
and -19dB, respectively. This increase is due to the feed blockage effect. For all three
curves, an HPBW of 7.5° is achieved.

The peak gain and aperture efficiency as a function of the frequency are shown in
Fig. 4.36a and Fig. 4.36b for the transmitted and reflected radiation patterns, respectively.
A maximum measured gain in transmission of 23.8dBi is obtained at 30.8 GHz, with an
aperture efficiency of 38.7%. The 1-dB gain bandwidth covers the full frequency range
of 28 — 32 GHz that is a 13.3% around 30 GHz. The aperture efficiency is greater than
35% between 28 and 31 GHz. On the other hand, in reflection, a maximum measured
gain of 23.1dBi is obtained at 31 GHz, with an aperture efficiency of 33%. The 1-dB
bandwidth covers the full frequency range of 29.4 — 32 GHz that is a 8.7% around 30 GHz.
The aperture efficiency is greater than 30% between 29.5 and 31.5GHz.

In Fig. 4.37, the contour plots of measured and simulated gain as functions of fre-
quency and elevation angles are reported. It is possible to observe that, in the frequency
band of interest, from 29 to 31 GHz, the beam-squint remains small and the pattern
characteristics are stable. Moreover, the cross-polarization level has a maximum of
—2dB in the frequency band i.e. 25dB less than the co-polarized component.

4.5.3. TRANSMIT-REFLECT-ARRAY OF 120 x 120 ELEMENTS

The last design and fabricated TRA has aperture size 14.4 x 14.4&31. It has been designed
to have a focal to diameter ratio of F/D = 0.69 to achieve a larger gain bandwidth similar
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Figure 4.36: Comparison maximum gain and aperture efficiency of the 80 x 80 elements TRA pointing at
9;? =30° and qbé% =0° as a function of frequency: in (a) transmission and (b) reflection.
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to the TRA solutions with physical area size. The tool has been employed to compute
the field radiated by the source and the total pattern of the array. The 10dBi ATM gain
horn illuminates the array with magnitude and phase reported in Fig. 4.38.
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72 - X 5
=72 -36 0 36 72 0 50 100
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(a) (b)

Figure 4.38: Field of the 10dBi gain horn field intercepted by the 120 x 120 elements TRA: (a) normalized
magnitude on its maximum in dB and (b) incident phase..

The transmitted beam is pointed at 6% = 30° and ¢ = 0°. The ideal and quantized
phase profiles are reported in Fig. 4.39.
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Figure 4.39: Phase distribution on a 120 x 120 elements TRA with focal to diameter ratio F/D = 0.67 to focus
the radiated beam in transmission at 6;? =30° and ;‘t‘ =0°: (a) ideal and (b) realized through a uniform 2-bit

quantization.

The full-wave simulation, performed using the frequency-domain solver in CST
Microwave Studio Suite with open boundary conditions, required about 700 GB of RAM
and several days to complete. However, an underestimation of the peak gain in trans-
mission was obtained due to poor convergence, probably related to the large size of the
surface. Then, the measured and analytically computed data at 30 GHz and ¢ = 0° are

shown in Fig. 4.40.
It can be noted that a very good agreement between both curves is obtained. The
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Figure 4.40: Analytically computed, full-wave simulated and measured radiation patterns at ¢ = 0° and
fa=30GHz for a 14.4 x 14.413 TRA steering in transmission at 6% = 30° and % = 0°.

maximum achievable gain in transmission derived with the numerical tool is equal to
27.7dBi at 6 = 30° with an aperture efficiency of 45.7 dBi with respect to the maximum
directiviy of 31.1dBi computed from (4.19). The gain drop in transmission is due to the
sum of spillover losses (1.2dB), quantization losses (0.93dB), amplitude taper losses
(0.45dB), the scan losses (0.63dB) and the losses in transmission of the unit-cell (average
value: 0.2dB). The measured transmitted beam shows a maximum gain equal to 26.4 dBi
with 15, = 36.4%. However, a squint in the steering direction is present making the beam
to point at 8 = 31°. Both analytically computed and measured results agrees on a SLL of
—18dB. For both transmitted beams, an HPBW of 4° is observed.

In reflection, the analytically computed beam has G}3,, = 27.5dBi at 8 = 150° with
a corresponding aperture efficiency of 1, = 43.7%. In this case, the losses of the cells
are equal to 0.4dB. The measured beam presents a maximum gain of 26.7dBi with a
squint at 8 = 149°. The maximum aperture efficiency of the reflected beam is 36.3%. A
measured SLL of —14.5dB is obtained. The analytical tool shows a lower value: —14dB.
This increase is due to the feed blockage effect. For both curves, a HPBW of 5° is achieved.

The peak gain and aperture efficiency as a function of the frequency are shown in
Fig. 4.41a and Fig. 4.41Db for the transmitted and reflected radiation patterns, respectively.
A maximum measured gain in transmission of 26.6 dBi is obtained at 30.8 GHz, with
an aperture efficiency of 32.8%. The 1-dB gain bandwidth covers the frequency range
of 29.1 — 32 GHz that is a 10% around 30 GHz. The aperture efficiency is greater than
30% between 29.1 and 31.6 GHz. In reflection, a maximum measured gain of 27.2dBi is
obtained at 30.8 GHz, with an aperture efficiency of 38%. The 1-dB bandwidth covers the
frequency range of 29.5 — 32 GHz that is a 8.3% around 30 GHz. The aperture efficiency
is greater than 30% between 29.2 and 32 GHz.
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Figure 4.41: Measured and computed values of the peak gain and aperture efficiency of the 120 x 120 elements
TRA pointing at 0;? =30° and <,b;‘§ =0° as a function of frequency: in (a) transmission and (b) reflection.

In Fig. 4.42, the contour plots of measured and simulated gain as functions of fre-
quency and elevation angles are reported. It is possible to observe that, in the frequency
band of interest, from 29 to 31 GHz, the beam-squint remains small and the pattern
characteristics are stable. Moreover, the cross-polarization level has a maximum of
—4dB in the frequency band i.e. 30dB less than the co-polarized component.

4.6. LITERATURE COMPARISON

A comparison between the performances of the measured prototypes and two state-of-
the-art ES-TRAs presented in Chapter 2 is reported in Table 4.9. The prototypes shows
good performances in terms of gain and aperture efficiency for the beamin transmission
and reflection. Indeed better performances are obtained with respect to [48]. However,
a lower aperture efficiency is obtained with respect to [127]. It’s important to note
that these works use elements with a bi-anisotropic response, enabling polarization
conversion. Additionally, no quantization loss is considered due to the ideal phase
distribution on the surface.
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(c) Crosspolar pattern variation.
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4,7. CHAPTER LANDMARKS

In this chapter, a model for analyzing TRAs is proposed. The total field radiated by the
TRA comprises two components: the refracted field, computed under the assumption
that the structure behaves as a TA, and the reflected field, where the TRA functions as
a RA. By leveraging physical optics and array theory, an accurate characterization of
both radiated fields is achieved, taking into account the radiation patterns of a physical
source and the spillover effect in the array factor evaluation.

Based on this model, a tool to design TRAs has been developed. Before showing
its potential in the design of several structures, four H-MS cells having transmission
phases spaced by 90° have been realized at 30 GHz. These elements comprises three
metallic patterns interleaved by two dielectric slabs. Each of these metal layers have been
separately designed. The behavior of each cells has been optimized for a commercial
stack-up showing a phase error in transmission and reflection smaller than 8° at 30 GHz.
The maximum amplitude deviation between 29 and 31 GHz is +1.5dB.

Several 60 x 60 elements TRAs having F/D = 0.67 and different steering angles have
been designed and the analytical results from the developed tool have been compared
with full wave simulations. It has been verified that for all angles up to % = 60° and
@2 = 0°, the results show good agreement with the simulations. However, beyond 6% =
60°, an interesting trend emerges. Specifically, as the transmission pointing direction
increases, the pattern computed by the tool brings the main lobes closer together, nearly
achieving endfire radiation. In contrast, full-wave simulations reveal a degradation of
the reflected beam and an increase in the HPBW of the transmitted one.

Lastly, three prototypes with aperture sizes of 7.2x7.2A3,9.6 x9.6 A3, and 14.4 x 14.43
were designed and manufactured using PCB technology. The measured patterns at
¢ = 0° show good beam stability as a function of frequency and a low cross-polarization
component for all structures. Moreover, a good agreement with numerical results, both
analytically computed and obtained through full-wave simulations, has been observed.
The differences between numerical and measured gains are within the expected mea-
surement uncertainties (approximately +0.5 dB), as well as misalignment inaccuracies
and fabrication tolerances.







TOWARDS INDEPENDENT
BEAMFORMING

The most exciting phrase to hear in science, the one
that heralds new discoveries, is not
‘Eureka!” but 'That’s funny...’

Isaac Asimov

This chapter takes a look to MSs that posses a bi-anisotropic response to find out whether
the presence of new degrees of freedom allows a fully independent control of both transmis-
sion and reflection phases. Focusing the attention on O-BIMS illuminated by a normally
incident plane wave, the scattering parameters are derived. Then, by applying the equal
amplitude condition on the transmission and reflection coefficient, the optimal surface
parameters are derived analytically. By varying their values, the full phase range is covered
in both refraction and reflection.

Parts of this chapter have been published in [C4] and [C5].
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5.1. BI-ANISOTROPIC METASURFACES

I-ANISOTROPIC Metasurfaces represent the most broader class
of surfaces. They exhibit a unique coupling of electric and mag-
netic responses, where each applied electric and magnetic fields
induce at the same time equivalent electric and magnetic cur-
rents. As discussed in Chapter 2, these behaviors are described by
the electric surface admittance Y ,, the magnetic impedance Z ,
the electromagnetic coupling x and the magnetoelectric coeffi-
cient Y. Due to the presence of these factors, BMSs enable more
exotic manipulation of EM waves with respect to H-MSs. For example, bi-anisotropic
scatterers can be designed to introduce polarization transformation, be one-way fully
transparent, or obtain an asymmetric response from the MS faces [95], [171]-[177].
Moreover, in wide-angle refraction applications, BMSs can match the input and output
wave impedances by the presence of both magnetoelectric and electromagnetic cou-
pling factors in the boundary condition [100]. This leads to realize a passive and lossless
structure that posses a physical asymmetry [178].

In Chapter 3, an analytical procedure for designing and reciprocal H-MS capable
of dividing incident power equally between transmitted and reflected waves has been
presented. However, since H-MSs offer only two surface parameters for optimization, Y ,
and Z_, they do not allow independent control of the phases of reflected and refracted
waves. This limitation restricts the scanning capabilities of TRAs based on H-MSs, which
exhibit the same phase distribution for both reflection and transmission, except for
a phase offset. Consequently, when the phase profile of the TRA is designed to steer
the transmitted beam at an angle of (612, ¢%), the reflected beam will be focused at
(m—0%2,¢2), as shown in Chapter 4.

To overcome this limitation, a class of MSs that provides an additional degree of
freedom in design, specifically an independent surface parameter, must be considered.
BMSs are ideal candidates as they exhibit non-zero electromagnetic and magnetoelectric
factors, x and X, besides Y, and Z . Specifically, to evaluate the surface response under
a normally incident y- or x-polarized wave, isotropy is imposed on the constitutive
parameters of the reciprocal BMS. Then, a broken directional symmetry that maintains
the polarization state is introduced. This sub-category of BMSs, defined as O-BIMS,
has been extensively studied, demonstrating its capability to independently control
the transmission and reflection coefficients of incident plane waves [31]. Additionally,
for passive and lossless O-BIMSs, arbitrary field transformations can be achieved while
locally conserving the power crossing the surface [100]. The physical realization of
O-BIMS meta-atoms is based on three stacked impedance sheets, which, at microwave
frequencies, are compatible with standard fabrication techniques (e.g. PCB) [100], [150].

In this chapter, the scattering properties of a lossless O-BIMS under a normally
incident y-polarized wave are studied. Following this, a procedure is presented for
designing the constitutive parameters of O-BIMS to achieve transmitted and reflected
fields with equal amplitudes and an arbitrary phase shift. Based on this, a set of 16
meta-cells that provide 2-bit uniform phase quantization in both transmission and
reflection is determined. These cells are preliminary designed using three stacked ideal
sheet impedances, and their scattering parameters are numerically investigated.
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5.2. ANALYTICAL MODEL

A planar and reciprocal O-BIMS is considered. It lies between two half-spaces filled by
homogeneous, isotropic, non-dispersive materials with, in general, different electric
and magnetic properties and characteristic impedances (1, # 12), as shown in Fig. 5.1.

Region 1
(51' K1 771)

Figure 5.1: Infinite MS between two regions with the different material properties, illuminated by a normal
incident field, in blue line, coming from Region 1. Reflected and transmitted fields are in purple and yellow
lines, respectively.

The MS is illuminated by a normally incident plane wave with a y-polarized electric
field E;. With these assumptions, the boundary conditions reported in (2.9) reduce to
the following expressions:

Vs =2xX(Hy — Hy) =YY ER —2x Xy HY, (5.1a)
KM = -2x Y (E» — E1) = 2 x§YE™ +XZ HY, (5.1b)

where H; =X (H; — H;), Hy, = —XHy, E) = ¥ (E; + E;) and E, = yE;. The average fields tan-
gent to the surface are defined as E® = (E; + E; + E;) /2 and HY = (H; + H; + Hy) /2. The
scattered fields and their propagation vectors are reported in (3.1). The transmission
and reflection coefficients can be derived from (5.1), following the approach presented
by Szymanski et al. [150].

By replacing in (5.1a) the expressions of the fields in both region and of the tan-
gential fields on the surface as functions of the electric field of incident, reflected and
transmitted waves, the following relation holds:

E E E\ Y. E E E
LIt = ‘). (5.2)

( ————— ):—e(Ei+Er+Et)—1(——
o omo 12 2 2Um m n2

As previously mentioned in Chapter 3, the transmission and reflection coefficients
are defined as the ratios of the electric fields of transmitted and reflected wave, respec-
tively, to the incident electric field: T = E{/E; and I" = E;/E;. respectively. First, as in
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following sections, it is assumed that the incident wavefront comes from Region 1. The
two coefficients are denoted with 7, and I';. By multiplying both sides of (5.2) by 1/,
after some manipulations, the following expression is found for 7;:

2= Yo - —2— Y +
7= & el —X +r@ e+ Xx ) (53)
m2+Yena+y M 2+Yemt+y

After applying similar mathematical steps to (5.1b), the following equation is derived:

_ - —

nmn m 102

Zm( B B Et). (5.4)

(Et—Ei—Er)=§(Ei+Er+Et)+7

By multiplying both sides of (5.4) by 1/E;, a second expression relating 7; and I'; to
the surface parameters is found:

2n + -7 2n + + 7
Tl:@ MTXM~4m N2 2N F X T 2m

. (5.5)
M 2n2—XN2+Zm M 202— N2+ Zm

Eventually, reflection and transmission coefficients can be derived as functions of
surface parameters only, by equating (5.3) to (5.5). The following expression is obtained
for I'y (Ye, X, Zm):

2

=

42 = [(1+2)" + 4m Vet ZnYe 412 | Zn Yo+ (1-2)
(x-2°

] . (5.6)
AZm +m1 [(X+2)2+4n2Ye+ZmYe] +12 [ZmYe+ ]

Then, by inserting (5.6) in either (5.3) or (5.5), 71 (Ye, ¥, Zm) can be expressed as:

—202 [ZmYe + (x> —4)]
4Zm 41 (X +2)° + 472 Yo+ ZiYe| 4712 [ Zm Yo+ (1 -2)°

T1 = (5~7)

The case with a wave impinging from Region 2, i.e. the half-space above the MS in
Fig. 5.1, can be analyzed in a similar manner. The transmission and reflection coeffi-
cients are named 7, and T',, respectively. Their expressions are found starting from (5.1)
and considering that the directions of the propagation vector of each scattered field is
opposite with respect to that in the previous analysis, yielding:

r A2+ | (1+2)° 412 Yo + Zm Ve 2 [ ZmYe + (1 -2’ (5.8)
2= ' .
47m+1 [()(+2)2+4772Ye +ZmYe] +12 [ZmYe + (7(_2)2]

-2m [ZmYe + (XZ _4)]
4Zm+1 [(}(+2)2+4772Ye+ZmYe] +12 [ZmYe + (75_2)2]

Ty = (5.9)
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5.2.1. ANALYSIS OF A LOSSLESS O-BIMS IN FREE SPACE

The particular case of a lossless O-BIMS located in free space, 111 = 172 = 19, is now
investigated. The transmission and reflection coefficients defined in the previous Section
simplify as follows:

—10 [ZmYe + (x> —4)]

T] = s 5.10a
YT 2Zm 410 (A+ y2+ 200 Ye + Zin Ye) (5.10a)

_ 2(Zm—mn0(2x+n0Ye)]
Y 2z o (A+ y2+2n0Ye + ZmYe)

(5.10b)

-0 [Zn Y. 2_4
Ty = 770[ m e+(x )] , (5.11&)
2Zm+n0(4+x2+2n0Ye + Zm Ye)

2(Zm+n0(2x —1n0Ye)]

I'y= . 5.11b
2 2Zm+n0(4+ 12 +2n0Ye + Zm Ye) ( )

Hence, it is clear from (5.10a) and (5.11a) that 7; = 75 for reciprocal O-BIMS. On the
other hand, I'; =T, only when y =0, i.e. when the O-BIMS degenerate in an isotropic
H-MS. As discussed in Chapter 2, the electric admittance and magnetic impedance of a
lossless MS are purely imaginary, i.e. Yo = jB. and Zy, = j Xp,. Moreover, the magneto-
electric and electromagnetic factors of a lossless O-BIMS are pure real: y = R.

With these assumptions, the scattering coefficients reported in (5.10) and (5.11) can
be rewritten as:

1o (4 + Be Xm — R?)

=7,= ) 5.12
= 10 (R2 = Be X +4) + 2 (12 Be + Xm) (5.122)
27 (Xm—n2Be) —4R
r=—— J (Xm =1 e). 2"0 , (5.12b)
1o (R? = BeXm +4) +2j (13 Be + Xm)
27 (Xm —n2Be) + 4R
I, = J (Xim = Be) + 4R (5.12¢)

1o (R? = BeXm +4) +2j (n3Be + Xm)

5.3. CONDITIONS FOR AN ARBITRARY DIVISION OF THE SCAT-

TERED POWER

The analyses presented in the rest of this Chapter will consider, without loss of generality,
that the O-BIMS lies in free space and is illuminated from Region 1. For simplicity of
notation, the transmission and reflection coefficient in this case will be denoted with
T and T, instead of 7; and I'y, respectively. Their expressions are given in (5.12a) and
(5.12b).

Next, as done for H-MSs in Chapter 3, a relation among the constitutive surface
parameters is sought to transmit in Region 2 an arbitrary fraction of the incident power.
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The amount of power to be transmitted can be set enforcing the following relation:
T2 =v, (5.13)

where v € [0, 1] is a real number. Since the MS is passive, the amplitude of the reflection
coefficient is easily found by applying the energy conservation law:

TP2=1-v. (5.14)
The square of the amplitude of 7 (Be, X, R) can be written as:

12 (4+ BeXm — R2)
112 (R? = BeXim +4)° + (272 Be +2Xm)”

7% = (5.15)

Then, by inserting (5.15) in (5.13) and solving for Be, two possible optimal values for
B the susceptance are found as a function of X, R and v, i.e.:

[XZ (1-v)—4vn3] [R4(1—v)+
1-

_)(111[1!22(1—v)—4]{1+

BT X2 (1—v) —4ndy X2 [R2(1-v)-4]

XZ
+16(1-v) -8R (1 +v) —4v—12“]
To (5.16)

5.4. CONDITIONS FOR EQUALIZING TRANSMITTED AND RE-

FLECTED POWER

The design of an infinite and uniform O-BIMS to equally splits the power of a normally
incident wave into the transmitted and reflected fields is thoroughly analyzed. This
case is relevant to the optimal design of the unit-cells of TRAs forming transmitted and
reflected beams with similar gain values. Under this condition, the variable v reported in
(5.13) is set to 0.5. Closed-form expressions relating each of the three surface parameters
to the remaining two can be derived. Two solutions, i.e. B¢ (Xm, R) and R (Be, X)), will be
presented in this Section to highlight fundamental properties of O-BIMS and guidelines
for the design of TRAs. To ease calculations, it is convenient to solve, for either B; or R,
the following equation, rather than (5.13) and (5.14):

|7 (Xm, Be, R) | = T (Xm, Be, R) |. (5.17)
Using (5.12b) and (5.15), (5.17) can be recast as:

[0 (4+ Be X — R?)]” = (20%Be +2Xim)” + 16n%R2. (5.18)
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5.4.1. SOLUTION FOR THE ELECTRICAL SUSCEPTANCE
First, the optimal electrical susceptance of the O-BIMS is derived and analyzed. To this
end, (5.18) is recast as a second-order equation:

B2 (n5 X7 —4np) + Be (1615 Xm — 203 R* Xim) + N5 R + 1605 — 24n3R* —4X% =0. (5.19)

The two mathematical solutions of (5.18) are:

0

Xm (R? - 8) + \/an (8- R2)® — (X3 —4n2) | R* +16 - 24R? —4)1‘7—?

(5.20)

Ben = X3 ang

It can be observed that the optimal susceptance obtained for achieving an arbitrary
ratio of transmitted to reflected power, reported in (5.16), reduces to (5.20) for v =0.5.

The optimal susceptance normalized to the free-space impedance (Be1ny) is plotted
as a function of the other two parameters in Fig. 5.2, for both solutions. The white areas
in these graphs represent domains where the expressions (5.18) provide non-physical
susceptances, i.e. values with a non-null imaginary part. It worth noting the physical
values obtained from both solutions can be considered for realizing the unit-cells of a
single TRA, thus enhancing the degrees of freedom in the design.
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W

Figure 5.2: Normalized electric susceptance fulfilling (5.17), as a function of Xm/n¢ and R: solutions (a) Be,
and (b) Bey, obtained from (5.20) are shown.

The phases of the reflection and transmission coefficients obtained considering
each of the two solutions are reported in Fig. 5.3 and Fig. 5.4, respectively. It is found
out that both phases cover with continuity the 360° range, even considering a single
susceptance solution (B, or Beg).

Next, the difference between the phases of transmission and reflection coefficient is
analyzed. Its general expression as a function of the three surface parameters is obtained
starting from (5.12a) and (5.12b):

— /8(Be, Xm, R) if4+ BeXm = R?, (5.21a)
L1—-/T =
n—2gBe,Xm,R)  if4+BeXm < R%. (5.21Db)
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Figure 5.3: Phase of the transmission coefficient, as a function of Xy, /n¢ and R, computed for the optimal
susceptances (a) Be, and (b) Bey, reported in (5.20).
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Figure 5.4: Phase of the reflection coefficient, as a function of X, and R, computed for the optimal suscep-
tances (a) Be, and (b) Bey, reported in (5.20).

It is clear from (5.21) that if R = 0, i.e. in the particular case of H-MSs, the phases
of T and T are shifted by either —7/2 or n/2, for all values of Be, X, as observed in
Chapter 3. The phase difference obtained considering the susceptance values that
equalize transmitted and reflected power is found by inserting (5.20) in (5.21). It is
plotted, for both Be, and Be;), in Fig. 5.5. It emerges that the two independent surface
parameters can be selected to shift the phases of transmission and reflection coefficients
by an arbitrary value in a 360° range. It will be demonstrated in Section 5.6 that this
fundamental property allows one, in practical designs, to independently tailor the
transmissive and reflective aperture phase profiles of a TRA.
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Figure 5.5: Difference of the phases the transmission and reflection coefficients, as a function of Xy, /19 and
R, computed for the optimal susceptances (a) Be, and (b) Bey,reported in (5.20).

5.4.2. SOLUTION FOR THE MAGNETO-ELECTRIC COUPLING FACTOR
Equation (5.17) can be alternatively solved for the magneto-electric coupling factor R.
To this end, the following bi-quadratic equation is derived from (5.18):

N3R* —2R*15 (12 + Be Xm) + 1605 + 05 B2 X% — 4 X2 — 4y B2 = 0. (5.22)

The four solutions of (5.22) can be expressed in compact form as:

2 22 2 p2 4X%
Ryp==,|12+4 BeXm + 4| (12+ BeXm)” — 16+ Bg Xiy, + 40 B; + —— — 16Be Xm, (5.23a)

| \ -

4x2
Rcp = i\ 12+ Be X — \ (12 + Be Xm)* — 16+ BE X3, + 415 BS + —5= — 16Be Xy . (5.23b)
0

The solutions R4 and R, given by (5.23a) and (5.23b), respectively, are plotted in
Fig. 5.6. The white regions represent domains where the solutions are complex and
thus non-physical. Indeed, the hypothesis of absence of loss prescribes that R is purely
real. It is interesting to observe in Fig. 5.6 that the regions of admissible values for the
magnetoelectric coupling factor are bounded by the curves representing the optimal
surface parameters derived in (3.33) for an H-MS (R = 0) achieving |7| = |T'|, which are
shown in the plot with solid black lines.

Similarly to the case examined in Section 5.4.1, by sweeping the two independent
parameters X, and B, in the domain where physical solutions for R exist, the phases of
both 7 and T, as well as their difference, cover the entire 360° range.
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Figure 5.6: Magnetoelectric and electromagnetic factors of the MS for (a) Ry and (b) Rc. The relations of
Be (Xm) for a H-MS to achieve equal amplitude for both scattering coefficients are superimposed.

5.5. DESIGN OF A POWER-SPLITTING O-BIMS AS A CASCADE OF

SHEET IMPEDANCES

This Section investigates the possibility of designing an O-BIMS with stacked impedance
sheets so that, in free space, it equally splits the power of a normally incident wave into
the reflect the transmitted power. Similarly to the study presented in Chapter 3 for H-MS,
structures comprising either two or three impedance sheets, interleaved by lossless,
isotropic and homogeneous dielectric substrates, are considered. Each substrate section
has a thickness ¢, a relative permittivity £, a characteristic impedance Z, = no/\/eq.
The propagation constant of the wave in the dielectric is denoted with 5, = 27 fop /€n/ c,
where fop is the frequency and c the speed of light in vacuum. For both configurations,
the optimal sheet impedances are determined in closed form. Properties and limitations
of the two designs are discussed.

5.5.1. TWO-SHEET DESIGN

It has been demonstrated in Chapter 3 that H-MSs realized with two impedance sheets
on a single substrate do not enable a full phase range coverage in transmission and
reflection when, at the same time, the powers of transmitted and reflected waves are
equal. Indeed, as shown in Fig. 3.10a and Fig. 3.11a, a phase range of maximum 180° is
covered in transmission, when |7| = |T'| and the slab has £, = 1.

The enhancement of the achievable phase range that a two-layer O-BIMS can enable,
thanks to its additional degree of freedom (R), while ensuring that the amplitudes of the
scattered waves are equal, is analyzed next. Most planar multi-layer O-BIMSs reported
in the literature comprise three impedance sheets and two dielectric spacers. Indeed,
this configuration allows one to design an arbitrary O-BIMS, i.e. to synthesize any
combination of its three surface parameters [100], [140], [150], [179]. Nevertheless,
some works proposed two-layer O-BIMSs to perform specific functions, e.g. absorption
[177], [180]. These designs rely on the joint optimization of the two sheet impedances
and of the electrical thickness of the substrate.
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The possibility of realizing O-BIMS unit-cells for TRAs using only two optimized
impedance sheets, for arbitrary values of ¢ and ¢y, is studied here for the first time. The
schematic representation of this two-sheet structure and its transmission-line model
are equal to those examined in Chapter 3 for an H-MS and shown in Fig. 3.9. The sheet
impedances Zs, and Z;, of the O-BIMS are derived as functions of surface parameters
using the approach described in Chapter 3 The general expression for the transfer matrix
of an O-BIMS is equated to that obtained using the transmission-line model of a two-
sheet design. In particular, after inserting (2.25) in (3.38), the sheet impedances can be
written as:

jZasin(Bat) (4 — R? + BeXm)

= : 5.24
(R+2)? = BeXm — cos (Bnt) (4 — R? + Be Xm) (5.242)

S1

jZasin(Bat) (4 — R? + BeXm)

Zs, = : 5.24b
¥ " (R—2)% = BeXm — cos (B 1) (4 — R? + Be X)) ( )

Differently from an H-MS, which is inherently symmetric, a two-layer O-BIMS is
characterized, in general by Z;, # Z;,. As in Chapter 3, an additional equation relating
the thickness and permittivity of the substrate to the surface parameter is found with
this analysis method, for instance by inserting (2.25) in (3.42):

VET{[(R=2)2 = BeXin] [(R+2)2 = Be Xn] = (Be Xm — B2 +4)° |
—4n0Be (4— R? + Be Xm)

sin(But) = (5.25)

This equation limits the range of surface parameters that can be realized using
the two-layer O-BIMS under analysis, since it admits physical solutions only if the
absolute value of its right-hand side is less or equal to 1. Next, the realizable surface
parameters and the phase coverage that they enable are evaluated in the case of interest
of O-BIMS achieving an even division the incident power into the transmitted and
reflected fields. To this end, B, is replaced in (5.25) with the optimal susceptances Be,
and Be,, reported in (5.20). Fig. 5.7 shows, for ey = 2.2, the value of the right-hand
side of (5.25) as a function of X, and R, when the solution B, is chosen. The white
elliptical areas, already observed in Fig. 5.2a, denote sets where Be, is non-physical.
The additional domains shown in white represent surface parameters that cannot be
synthesized using a two-sheet design. In these points, the right-hand side of (5.25)
is greater than 1. The difference between the phases of transmission and reflection
coefficients for the realizable surface parameters is plotted in Fig. 5.7b. It spans the
entire 360° range, proving that a two-layer O-BIMS can equalize the amplitudes of
transmitted and reflected fields, and, the same time, enforce an arbitrary phase shift
between them.

The results obtained for the solution Be, are reported in Fig. 5.8. The surface param-
eters that cannot be obtained with a two-sheet design, while ensuring |7| = |[I'| make the
right-hand side of (5.25) less than —1. They are represented by the lateral white areas in
the plots. Even for this second solution, any value of /7 — /T in a range of 360° can be
attained by properly choosing the surface parameters.
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Figure 5.7: (a) Realizable magneto-electric factors and magnetic impedance of a two-layer O-BIMS when the
optimal susceptance Be, is used to achieve |7| = |T|. The value of one of the sides of (5.25) is plot to define the
validity range (| sin(8y8)| < 1), considering a substrate permittivity &, = 2.2. (b) Difference of the phases of

transmission and reflection coefficient, in the same case.
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Figure 5.8: (a) Realizable magneto-electric factors and magnetic impedance of a two-layer O-BIMS when the
optimal susceptance Bey is used to achieve |7| = |T|. The value of one of the sides of (5.25) is plot to define the
validity range (| sin(8y 8)| < 1), considering a substrate permittivity ;) = 2.2. (b) Difference of the phases of
transmission and reflection coefficient, in the same case.

5.5.2. THREE-SHEET DESIGN

A cascade of three impedance sheets spaced by two identical dielectric substrates can
be employed to realize an arbitrary O-BIMS [100], [150]. Therefore, a three-layer design
can achieve all the transmissive and reflective properties relevant to TRA cells that have
been discussed in this Chapter. The three sheet impedances (Z;,, Z;,, Zs,) are found by
substituting in (2.26) the expressions for the impedance matrix elements as functions
of surface parameters:

JXmZytan (,Brl t)

, 5.26
—Xm + Zgtan (Bat) 2+ R) (5.262)

Zs, =
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7 o - [Zrltan(ﬁrlt)]z(4—R2+BeXm)
4j X sec (Bat)* - 2j Zytan (Bu 1) (4 — R2 + BeXm)

S2

) (5.26b)

JXmZytan (ﬁrl t)
Zg, =

= . 5.26
—Xm + Zytan (Bnt) 2-R) (5.26¢)

It is possible to see that as for H-MS, the impedance middle layer is the only one
depending on B.. The impedance sheet of the outer layers can be tuned by choosing the
values of R and X,. The sheet impedances ensuring |7| = |T'| are obtained, for instance,
by replacing Be in (5.26b) with the physical values of the electrical susceptance given
in (5.20). In this case, they depend only on R and X;,,. More details on the design of
three-layer O-BIMS for TRA cells are presented in Section 5.6.

5.6. PRELIMINARY DESIGN OF TRA UNIT-CELLS USING O-
BIMSs

The independent control of the phases of the fields scattered by a power-splitting
O-BIMS is demonstrated through the preliminary design of sixteen TRA unit-cells en-
abling a 2-bit uniform quantization of the full phase range in both reflection and trans-
mission. For each transmission (reflection) state, four cells are designed to achieve the
same value of /7 (/T') and four values of /T (/1) spaced by 90°.

Direct relations among the surface parameters can be easily found by stipulating the
desired value of either transmission or reflection coefficient. For instance, by imposing
S{r} =0to set /7 =0° in (5.12a), the following relation between B, and Xy, is obtained:

Xm

Be=——-. (5.27)
Mo

When (5.27) holds, the transmission coefficient in (5.12a) will reduce to:

2 _ 32 _2p2
S e il (5.28)
any + Xm +mR
The optimal magneto-electric coupling factor to equalize the amplitudes of transmit-
ted and reflected fields can be found choosing the proper expression among those given
in (5.22). As an alternative, 7 = 1/1/2 is imposed in (5.28). In this way, two expressions
for R are derived:

o % (V1) - x5 (1+v2). (5.29)

15 (1+v2)

that provide physical values only when the argument of the square root is positive or

equal to zero, i.e. when:
[V2-1 [vV2-1
-2 <Xn<2 . 5.30
TIO \/E 4 1 m T]O \/z N 1 ( )




116 5. TOWARDS INDEPENDENT BEAMFORMING

The reflection coefficient of an O-BIMS fulfilling (5.27) and (5.29) is plotted in Fig. 5.9
as a function of Xp,, in its range of validity. It is possible to see that any phase of the
reflection coefficient can be achieved between 0° and 360° by varying the magnetic
impedance, ensuring at the same time 7 = 1/v/2.

360

300

-1 -0.5 0 0.5 1
Xm/T]o

Figure 5.9: Phase of the reflection coefficient of the O-BIMS under analysis, as a function of the normalized
magnetic impedance, when Be and R are set to ensure that 7 = 1/v/2.

Conditions on the surface parameters similar to (5.27) and (5.29) are obtained when
Z7 is fixed to 90°, 180° and 270°, to realize a 2-bit quantization of the transmitted phase.
The phases of the reflection coefficients obtained for the four examined values of /7 are
plotted as functions of X, /1o in Fig. 5.10, considering the respective ranges of realizable
surface parameters.

360y e =l =0 - 360
. L —l7 =00 | &
300} -7 =180°" {  300f
( ~ /T = 270°
240F O~y 1 2407
"a0 ~a \ ," a0
) o : [
8. 180} 1=\~L 1 8.180
— Dl RS —
* -
~ / *, ~. ~
120+ P No1 120
’ /\
6o 7 el 60
/7 "—”.’
- “.
ol - 0
5 0 5 5
Xm/"]() Xm/770

(a) (b)

Figure 5.10: (a) Phase of the reflection coefficient of the O-BIMS under analysis, as a function of the normalized
magnetic impedance, when Be and R are set to achieve |7| = |T'| and the following phases of the transmission
coefficient: Z7 =0°,90°, 180° and 270°. (b) Values of the normalized magnetic impedance and of the phase
of reflection coefficient, chosen along with the aforementioned values of Z7 for the sixteen TRA cells.

For each value of the phase of the transmission coefficient, the phase of the reflec-
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tion coefficient spans over the entire 360° range by properly choosing the magnetic
impedance.

Then, four values of /T at the design frequency (15°,105°,195° and 285°) were se-
lected to attain a 2-bit quantization of the reflected phase. The magnetic impedances
corresponding to the sixteen chosen pairs of ZT" and £t are shown with symbols in
Fig. 5.10. The constitutive parameters of each TRA cell were determined, with the aid
of Fig. 5.9 and Fig. 5.10, to obtain the desired phase states, referred to as ¢; and ¢r in
transmission and in reflection, respectively. They are reported in Table 5.1.
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A realization of the designed O-BIMS cells is presented. It uses the three-sheet struc-
ture described in Section 5.5.2 and shown in Fig. 2.6. The three sheet impedances are
spaced by two substrates of relative permittivity £y = 2.2 and thickness ¢ = 14/8, where
Ag = Ada/\/€q and A4 is the free-space wavelength at the design frequency fq = 30 GHz.
The impedances Z;,, Z;, and Zs, are computed from (5.26) by using the optimized
surface parameters of Table 5.1. They are reported in Table 5.2.

The scattering parameters of the designed cells are computed using the transfer-
matrix approach reported in Chapter 2 and considering that the sheet impedances are
frequency-independent. The numerical results have been also validated by full-wave
simulations. The targeted phase states are achieved. Fig. 5.12 shows the phase and
amplitude responses of the four cells with transmission phase state ¢, = 90°. In the
28-32 GHz band, the phases ZT of these cells are subsequently spaced by 90° + 10°. The
phases Z7 are 90° at fg and almost equal in the entire band.
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Figure 5.11: Computed scattering parameters of the four designed TRA cells with /7 = 90° at 30 GHz. Am-
plitudes of (a) transmission and (b) reflection coefficients. Phases of (c) transmission and d) reflection

coefficients.

A 10% relative bandwidth is achieved from 28 to 31 GHz with the amplitudes of both
7 and I" between —4 dB and -2 dB. Fig. 5.11 shows that a similar wideband behavior is
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observed for the four cells characterized by the reflection phase state ¢r = 105°. The
values of |7| and |T'| are very close to —3 dB at fy, as prescribed by the design procedure.
A 13% relative bandwidth centered at 30 GHz is obtained, with the scattering coefficients
between —4 dB and —2 dB. Similar amplitude and phase responses, not reported for
brevity, were found for the other unit-cells.
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Figure 5.12: Computed scattering parameters of the four designed TRA cells with /T = 105° at 30 GHz.

Amplitudes of (a) transmission and (b) reflection coefficients. Phases of (¢) transmission and d) reflection
coefficients.
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5.7. CHAPTER LANDMARKS

In this Chapter, a review on the extraction of the scattering parameters of O-BIMSs
has been presented. Their inherent properties relevant to the realize TRAs achieving
independent beamforming in both transmission and reflection have been discussed
and guidelines for their design have been proposed. Optimal relations between the
surface parameters have been derived enable an arbitrary and, in particular, an even
division of the incident power into the scattered fields, as well as a simultaneous manip-
ulation of their phases. It has been proved that, with the proposed design, the phases
of transmission and reflection coefficients cover the full 360° range. Arbitrary values of
their difference can also been attained. These properties allow one to optimize indi-
vidually the aperture phase distributions in transmission and reflection of a spatially
modulate O-BIMS. The possibility to design a power splitting O-BIMS with independent
transmitted and reflected phases using only two metal layers and a dielectric substrate
has been demonstrated for the first time, enabling reduced costs of fabrication. As a
proof of concept, a set of 16 O-BIMS-based TRA unit-cells has been designed, follow-
ing the presented procedure. It enables a 2-bit uniform quantization of two arbitrary
phase profiles in transmission and reflection. A preliminary design of these cells using
three impedance sheets and two substrates has been presented and analyzed using
a transmission-line model in a 13% relative bandwidth. The computed scattering pa-
rameters validate the expected behavior of the O-BIMS cells and the proposed design
approach, paving the way for the realization of TRAs which manipulate independently
transmitted and reflected fields.







CONCLUSION

The scientific man does not aim at an immediate result. He does not expect that his
advanced ideas will be readily taken up... His duty is to lay the foundation
for those who are to come, and point the way.

Nikola Tesla

This last chapter serves as a concise summation of all the contributions and achievements
presented throughout the thesis. A closing consideration is provided through an outlook
on future analysis and research directions.
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6.1. RESEARCH SUMMARY

In the last decade, the concept of STAR-RIS arose to enhance indoor and outdoor sig-
nal coverage, improve wireless networks quality and use efficently the EM spectrum.
Due to a combination of transmission and reflection functionalities in a single device,
STAR-RISs represents a cutting-edge development of RISs. The work presented in this
manuscript lays the theoretical foundations of MSs employed as devices capable of
splitting incident electromagnetic waves into transmitted and reflected beams for the
design of TRAs, usable in STAR-RIS scenarios. Along all chapters, the following approach
is employed: first, assumption and rigorous analyses are stated; then, analytical and
simulation results demonstrating the proposed models are presented.

In Chapter 3, a rigorous derivation of the optimal H-MS parameters for an arbitrary
power division between transmission and reflection is reported. Based on the analysis of
Szymanski et al. [150], the scattering coefficients are derived from the boundary condi-
tions when a normal incident plane wave illuminates a reciprocal H-MS. An amplitude
condition on transmission and reflection coefficients can be enforced to extract the rela-
tions between the H-MS electric admittance and magnetic impedance. The cases of an
H-MS in half-spaces with different dielectrics and in free space have been analyzed and
the optimum H-MS parameters have been derived. From the perspective of STAR-RIS
networks, the second scenario is the one that seems more promising as it is compatible
with the application. Then, a direct relation between the magnetic impedance and the
transmission coefficient phase have been reported. In view of TRA cells design, these
expressions allow a fast extractions of the MS characteristics parameters. However, a
constant phase difference of +90° between the scattering coefficients has been found,
determining dependent beam generation in a TRA design.

To realize TRA cells starting from the derived H-MS constitutive parameter relations,
cascaded impedance sheets interleaved by dielectric slabs have been considered. In
literature, most of the works employ three layered meta-atoms [88], [99], [140]. Never-
theless, there are works on H-MS using just two sheet impedances [146]-[149]. However,
in these cases, relaxed conditions on the scattering coefficients amplitude were imposed.
The analysis of Abdelrahman et al. showed limitations in the transmission phase range
for a two layer FSS depending on the slab thickness and its relative permittivity [151]. In
Chapter 3, the sheet impedance expressions for a two layer structure are presented as a
function of the surface parameters. Due to reciprocity, both layers of a H-MS are equal.
This limitation prevents from covering the full phase range in transmission and, conse-
quently, in reflection. Then, at least a cascade of three sheet impedances is required. In
Chapter 4, four H-MS cells comprising three sheet impedances and having transmission
phases spaced by 90° have been realized at 30 GHz. Based on the preliminary analysis
of Chapter 3 on the physical implementation of these layers, meanders and dog-bones
like patterns have been considered in the cell design. Each element behavior has been
optimized for a commercial stack-up showing an error of the phase range in transmis-
sion and reflection smaller than 8° at 30 GHz and a maximum amplitude imbalance of
+1.5 dB between 29 and 31 GHz.

To properly design TRAs based on these elements, a model has been proposed in
Chapter 4. Based on physical optics and array theory [162], [163], [165], a very accurate
description of the radiated field in both transmission and reflection is obtained taking
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into account the patterns of a physical source and the spillover effect in the array factor
evaluation. Several 60 x 60 elements TRAs having F/D = 0.67 and different steering
angles have been designed, and the analytical results from the developed tool have
been compared with full-wave simulations. It has been verified that in all cases a good
agreement with the simulation results is obtained. Lastly, three prototypes, having
aperture size 7.2 x 7.2A3, 9.6 x 9.613 and 14.4 x 14.4A3, have been manufactured in PCB
technology. The measured patters at ¢ = 0° shows a good beam stability as a function of
frequency and low cross-polarization component for all the structures. Moreover, a good
agreement with the numerical results, simulated and computed with the developed tool,
have been showed. The observable differences between numerical and measured gains
are due to measurement uncertainties, around +0.5dB, misalignment inaccuracies and
fabrication tolerances.

Nevertheless, as showed in Chapter 3 and Chapter 4, once the direction of the trans-
mitted beam is chosen, the reflected beam is fixed. To overcome this limitation, in
Chapter 5, a third degree of freedom has been introduced in the expressions of the
scattering coefficients in the form of an additional surface parameter. By extending
the analysis to O-BIMS, other than the electric admittance and magnetic impedance,
the magnetoelectric coupling factor is present too. Indeed, starting from derivations
of transmission and reflection coefficients by Szymanski et al. [150], optimal relations
between the surface parameters have been derived to enable an arbitrary and, in par-
ticular, an even division of the incident power into the scattered fields, as well as a
simultaneous manipulation of their phases. It has been proved that, with the proposed
design, the phases of transmission and reflection coefficients cover the full 360° range.
Arbitrary values of their difference can also been attained. These properties allow one
to optimize individually the aperture phase distributions in transmission and reflection
of a spatially modulated O-BIMS. The possibility to design an O-BIMS power splitting
with independent transmitted and reflected phases using only two metal layers and a
dielectric substrate has been demonstrated for the first time, enabling reduced costs
of fabrication. As a proof of concept, a set of 16 O-BIMS-based TRA unit-cells has been
designed, following the presented procedure. It enables a 2-bit uniform quantization
of two arbitrary phase profiles in transmission and reflection. A preliminary design of
these cells using three impedance sheets and two substrates has been presented and
analyzed using a transmission-line model in a 13% relative bandwidth.

6.2. PERSPECTIVE

In this section, several aspects of the analysis presented along the manuscript, not dealt
in the research frame, will be discussed. They forms good opening points to future
works, allowing to approach possible issues and enhance functionalities.

6.2.1. TRA DESIGN WITH INDEPENDENT BEAMS

In Chapter 5, a preliminary design of 16 O-BIMS-based TRA unit cells enabling a 2-bit
uniform quantization of two arbitrary phase profiles in transmission and reflection
was presented. Based on this, the next steps involve the physical realization of each
cell’s sheet impedance, as discussed in Chapter 4 for H-MS, along with the design
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of several TRAs. To validate the proposed approach, multiple prototypes could be
fabricated and measured. Furthermore, their performance could be compared with that
of O-BIMS-based TRAs using unit cells with only two stacked metal layers separated by
a dielectric substrate. In this context, further studies on two-layer O-BIMSs could be
conducted to assess their potential advantages and limitations compared to multi-layer
designs, particularly in terms of fabrication complexity, performance, and practical
implementation.

6.2.2. CIRCULAR POLARIZATION

Circularly polarized waves are often employed for their robustness in multipath envi-
ronments, leading to improved coverage. It is well established that H-MSs can achieve
polarization conversion by using two cascaded surfaces spaced a distance on the order
of the lattice periodicity [136]. A similar approach can be used to design H-MS-based
TRAs capable of generating circularly polarized waves. Alternatively, chiral bi-isotropic
metasurfaces provide a potential solution. However, by imposing polarization conver-
sion and ensuring equal amplitude of the scattering coefficients, a degree of freedom
necessary to independently control transmission and reflection phases might be lost in
the boundary conditions. In this regard, chiral bi-isotropic metasurfaces offer a more
compact and cost-effective solution compared to cascaded H-MSs. Achieving both
polarization conversion and independent scattering phases would require the intro-
duction of generic bi-anisotropy. Extending the analysis from Chapter 5 to BMS could
provide further insights for the design of TRA cells.

6.2.3. RECONFIGURABILITY

The final aspect to consider for future work is reconfigurability. Kim et al. presented a
tunable H-MS capable of dynamically controlling both the amplitude and direction of
the radiated field [52]. This concept can be applied to TRA design as well. By determining
the optimal surface parameters to achieve the desired phase in both transmission and
reflection, active devices could be integrated into the cell design. These active elements
would allow for the dynamic adjustment of the sheet impedances, enabling real-time
control over the radiated field. Such reconfigurability could open up new possibilities for
adaptive beamforming and on-demand reorientation of the radiated energy, providing
significant flexibility in applications where beam steering or energy shaping is required.
Furthermore, combining these active elements with the proposed TRA structures could
enable more efficient, versatile, and adaptive systems for a wide range of communication
and sensing technologies.
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In subsection 4.3.4 of Chapter 4, the robustness of the cell having ¢; = 195° under
an incident angle 0, of a y-polarized wave varying between between 0° and 50° has
been presented. In this appendix, the scattering coefficients variation for each other
cell are discussed.

A.1. OBLIQUE INCIDENCE: ¢; = 15°

The amplitude of the scattering coefficients for the cell with ¢, = 15° is reported in
Fig. A.1. The transmission coefficient amplitude shows a small variation of a maximum
of —0.5dB from 0}, = 10° to 50° at 30 GHz. On the other hand, the reflection coefficient
magnitude increases by 0.4dB at ., = 50°. In the frequency range of interest, from 29
to 31 GHz, a stronger variation of |S,;| and |S; | is observed at 31 GHz, though it remains
within acceptable limits. The variation of the scattering phases due to 6}, is shown in
Fig. A.4. The values of £/S,; and Z8;1; present a maximum variation of 20° at 30 GHz,
introducing a small error compared to the shift of 90° caused by the quantization.

A.2. OBLIQUE INCIDENCE: ¢; = 105°

Since three capacitive metal layers are stacked, it is expected that this cell will be less
robust compared to the one with ¢; = 15°. Indeed, the amplitude of the scattering
coefficients for the cell with ¢, = 105° isreported in Fig. A.2. The transmission coefficient
amplitude shows a variation of 2.9dB from 6}, = 0° to 50° at 30 GHz, while |S;;| varies
by 1.3dB. It can be observed that up to 8., = 30°, both scattering coefficient amplitudes
show only a small variation. For this cell, the TA functionality may impact the insertion
losses due to the elements affecting antenna radiation characteristics (similar to the case
for ¢p; = 195°). However, /S,; and /S;; present a maximum variation of 30° at 30 GHz,
indicating good stability (see Fig. A.4). The variation of the scattering phases due to 8y
is shown in Fig. A.5. The values of /S, and Z8;; present a maximum variation of 20° at
30GHz.

A.3. OBLIQUE INCIDENCE: ¢, = 285°

The last cell, in contrast to ¢; = 105°, shows stable behavior from 29 to 31 GHz. The
amplitude of the scattering coefficients for the cell with ¢, = 285° is reported in Fig. A.3.
As for ¢p; = 105°, the transmission coefficient amplitude shows a variation of 1.5dB from
Oop = 10° to 50° at 30GHz. On the other hand, the reflection coefficient magnitude
increases by 1.2 dB at 6, = 50°. However, it remains within the range of 2dB to 4dB
in the frequency band. The variation of the scattering phases due to 8y, is shown in
Fig. A.6. The values of ZS»; and £S;; present a maximum variation of 20° at 30 GHz.
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Figure A.1: Full wave simulated amplitudes of the (a) transmission and (b) reflection coefficients as functions
of frequency and angle of incidence 6}, of the impinging plane wave for ¢ = 15°.
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Figure A.2: Full wave simulated amplitudes of the (a) transmission and (b) reflection coefficients as functions
of frequency and angle of incidence 6}, of the impinging plane wave for ¢y = 105°.
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Figure A.3: Full wave simulated amplitudes of the (a) transmission and (b) reflection coefficients as functions
of frequency and angle of incidence 6}, of the impinging plane wave for ¢; = 285°.
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Figure A.4: Full wave simulated phase of the (a) transmission and (b) reflection coefficients as functions of
frequency and angle of incidence 6}, of the impinging plane wave for ¢; = 15°.
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Figure A.5: Full wave simulated phases of the (a) transmission and (b) reflection coefficients as functions of
frequency and angle of incidence 8}, of the impinging plane wave for ¢, = 105°.
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Figure A.6: Full wave simulated phases of the (a) transmission and (b) reflection coefficients as functions of
frequency and angle of incidence 8}, of the impinging plane wave for ¢, = 285°.
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