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Résumé: L’émergence de I’environnement
radio intelligent (SRE) en tant que nouveau
paradigme qui remet en question le statu
quo dans la communication sans fil a motivé
l'utilisation des surface intelligentes reconfig-
urables (RIS) basées sur des métasurfaces pour
améliorer la limite de performance des systémes
de communication sans fil. L’objectif principal
de cette thése est la modélisation d’un systéme
de communication assisté par un RIS & l'aide
d’approches basées sur 1’électromagnétisme.

Le Chapitre 1 présente le concept
d’environnement radio intelligent. Nous don-
nons également la définition du RIS et com-
ment le RIS peut étre utilisé dans le contexte
du SRE. Nous donnons aussi quelques perspec-
tives historiques et discutons le développement
des activités de recherche dans ce contexte.

Le Chapitre 2 présente les concepts
théoriques nécessaires pour comprendre les ré-
sultats des chapitres suivants. Ce chapitre est
divisé en deux parties. La premiére partie
traite de la modélisation des métasurfaces ou
nous passons d’une description microscopique
basée sur la physique d’une métasurface et in-
troduisons une représentation macroscopique de
celle-ci, qui s’avére appropriée pour une appli-
cation aux communications sans fil. La deux-
iéme partie présente plusieurs approches analy-
tiques qui nous permettent de calculer le champ

I’électromagnétique dans un certain volume.

Le Chapitre 3 fournit une comparaison
des performances entre les RISs fonctionnant
comme des réflecteurs anormaux et un schéma
de relais basé sur le décodage et la transmission.
La comparaison est qualitative et couvre une
multitude de métriques. En outre, une compara-
ison quantitative en termes de débits de données
réalisables est également présentée. En partic-
ulier, les résultats numériques montrent que des
RISs suffisamment grands peuvent étre plus per-
formants que les systémes assistés par relais en
termes de débit de données, tout en ré- duisant
la complexité.

Le Chapitre 4 propose une caractérisa-
tion analytique du champ electromagnetic en
présence d’'un RIS qui est modélisé comme
une métasurface homogénéisée et qui fonction-
nent soit en réflexion ou transmission. Des
expressions de forme fermée sont également
obtenues dans deux régimes asymptotiques qui
sont représentatifs de deux déploiements en
champ lointain et en champ proche. Sur la base
de Papproche proposée, 'impact de plusieurs
parameétres est etudié.

Enfin, le Chapitre 5 résume la thése et dis-
cute des perspectives futures qui méritent d’étre
étudiées pour mieux comprendre les avantages
et les inconvénients des RISs pour application
aux communications sans fil.
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Abstract: The emergence of smart radio en-
vironment (SRE) as a new paradigm that chal-
lenges the status quo in wireless communication
has motivated the use of metasurface-based re-
configurable intelligent surface (RIS) to improve
the performance limits in wireless communica-
tion systems. The main focus of this thesis is
the modeling of reconfigurable intelligent sur-
faces (RIS)-aided communication systems using
electromagnetic based methods.

Chapter 1 introduces the concept of smart
radio environment. We also give the definition
of RIS and how RIS can be used in context of
SRE. To give some historical perspectives, we
also discuss several important milestone papers
throughout the development of research activi-
ties that lead to the current state of the art.

Chapter 2 introduces theoretical concepts
that are necessary to understand the results in
the subsequent chapters. This chapter is di-
vided into two parts. The first part discusses the
metasurfaces modeling where we move from a
physics-based microscopic description of a meta-
surface and introduce a macroscopic representa-
tion for it, which is shown to be suitable for
application in wireless communications. The
second part introduces several analytical ap-
proaches that allow us to compute the EM field
at any point of a given volume that contains the
metasurface.

Chapter 3 provides a performance compari-
son between RISs operating as anomalous reflec-
tors and a decode-and-forward relaying scheme
that is representative of competing candidate
technologies to realize SREs. The comparison is
qualitative and covers multitude metrics. Fur-
thermore, a quantitative comparison in terms of
achievable data rates is presented. In particu-
lar, the numerical results show that sufficiently
large RISs can outperform relay-aided systems
in terms of data rate, while reducing the imple-
mentation complexity.

Chapter 4 proposes a electromagnetic based
analytical characterization of the free-space
path-loss of a wireless link in the pres-
ence of a RIS that is modeled as a two-
dimensional homogenized metasurfaces made of
sub-wavelength scattering elements and that op-
erate either in reflection or transmission mode.
The analytical method of physical optics is em-
ployed. Closed-form expressions are also ob-
tained in two asymptotic regimes that are repre-
sentative of far-field and near-field deployments.
Based on the proposed approach, the impact of
several design parameters and operating regimes
is unveiled.

Finally, Chapter 5 summarizes the main
findings of the thesis and discusses possible fu-
ture directions that are worth investigating to
unlock the full potential of RIS and bring it into
practice.
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Notation

The following notation is used throughout this thesis.

0* Complex conjugate
Re{:} Real part
0 r Matrix transpose
()H Hermitian conjugate
0f Pseudo inverse
Scalar product

x Vector product
0 Unit vector
A Wavelength
1) Angular frequency
€ Permittivity in vacuum
u Permeability in vacuum
n=+/Hle Impedance in vacuum
k Wavenumber
P(x,y) Electric surface polarization density
M(x, y) Magnetic surface polarization density
P, (x,) Longitudinal component of P(x, y)
M, (x,y) Longitudinal component of M(x, )
E(x,y,2) Electric field
H(x,y, 2) Magnetic field
D(x,y,2) Electric displacement field
Eyy(x, ) Tangential components of the electric field
Hy,y(x,y) Tangential components of the magnetic field
irt Incident, reflected, transmitted field
0;,06,, 0, Angle of incidence, reflection, transmission
Tab (1, 7) Surface susceptibility dyadics
R(x,y) Surface reflection coefficient
oG, Dirac delta function
Hess(+) Hessian matrix

mod () modulo operator
ICl, £C Modulus and argument of complex number C



V2G(x,y,2)
VG(x,y,2)

V xF

V-F

V2F
ViG(x,y,2)
V:G(x,y,2)
V2F, V;-F
G(ry,r2)
FOORTE

X=X2 I

80, Ylx=x,

2 2 2 . .
- (%4'66_)/2"';7)(;(%)’&), Laplacian of scalar function

G(x,y,2)

- aG(g)'cy'Z)ﬁ + aG(g L2+ aG(;‘ )9 5 Gradient of scalar function
y z

G(x,y,2)

_ (0. _ 9y 4, (9F: _9E o (9Fr _ OE:),

- ( dy 0z %z ~ox ax 9y z, Curl of F

_ OF OF, | OF, .

=%+ * 3y + 32 Divergence of F

=V2F &%+ VZFJ,?+ V2F,2, Vector Laplacian of F
Laplacian of G(x, y, z) evaluated at r

Gradient of G(x, y, z) evaluated at r

Vector Laplacian and divergence of F evaluated at r
= W, Green’s function solution of (4.8)
= f(x2) — f(x1), Shorthand notation

= g(x2, y2) — g(x2, y1) — g(x1, y2) + g(x1, 1), Shorthand notation
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Introduction



One of the main assumptions in the classical communication theory is that the wireless envi-
ronment is seen as something random and we have to adapt with when designing a wireless
communication system. In other words, we do not have the control over the radio waves
propagation within the environment, especially regarding the reflection and refraction by
objects. This is exactly the vision of smart radio environment (SRE), where one can control the
behaviour of the radio waves upon reflection by some objects such that most of the reflected
power is maximized towards the user and minimized in parasitic directions. One way to realize
the concept of smart radio environment is by employing a recently emerging technology called
reconfigurable intelligent surfaces (RISs).

In this chapter, we introduce the concept of SRE and RIS as its enabling technology, highlight-
ing its properties, functionalities, and benefits compared to the existing technologies. We also
touch upon the challenge and approaches in modeling of RIS for wireless communication
applications. The major contributions in this thesis work, the organization of the thesis, and
the list of publications produced during Ph.D. are also presented in this chapter.
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1.2.1 From Adaptation to Control and Programmability .. ... ... ... .. 5
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1.1 Introduction

Future wireless networks are expected to support very high data rates, since between 2020
and 2030, it is forecast that the data traffic of the global Internet protocol (IP) will increase by
55% each year, eventually reaching 5,016 exabytes. Furthermore, it is expected to offer several
other heterogeneous services:

* Enhanced mobile broadband (eMBB): This type of service is similar to the ones existing
in 4G but with improved performance (in terms of data rate) and and much more
seamless user experience (in the terms of coverage). This scenario covers a plethora of
use-cases, such as wide-area coverage and hotspots. For the wide area case, seamless
coverage and high mobility are desired, with much improved user data rates compared
to that offered today. For hotspots, the support of high user density, and very high traffic
capacity is needed, but the requirement for mobility is at pedestrian speeds only.

 Ultra-reliable and low latency communication (URLLC): This type of service promises
to provide low latency and ultra-high reliability for mission critical applications such as
industrial internet, smart grids, remote surgery and intelligent transportation systems.
Thanks to this, delay and reliability emerge as important metrics to consider, in addition
to traditional metrics such as capacity and spectral efficiency, in communication sys-
tems design and their requirements are becoming more stringent than ever. According
to the 3GPP standard, the end-to-end delay of 5G communications is required to be less
than 1 ms, which is about 1/200 of delay requirement for 4G, and the target reliability
must be as high as 1072 to 1077 .

* Massive machine type communications (mMTC): This type of service involves the
connectivity among a huge number of devices with a relatively low volume of non-delay-
sensitive data. Devices are required to be low cost, and have a very long battery life. An
example of this use-case scenario include Internet of Things (IoTs).

Unfortunately, despite the overarching targets that 5G is expected to achieve, various recent
test-beds show that the current 5G technology is still not able to achieve all of them. Moreover,
most of the tests are still far from using a complete system which means that the impacts of
other cell interference or the benefits of the multiple layers are largely ignored. In addition,
most of them consider only the downlink (DL) but not the uplink (UL) scenarios.

In order to fulfill all the 5G requirements, which have not been achieved yet by current ad-
vances, one sensible approach is to rethink about the current communication system design
paradigm and overcome its limitations.
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Figure 1.1 — Radio environments vs. smart radio environments.

1.2 Smart Radio Environment

During the first five generations of wireless networks, the design of wireless communica-
tion systems have been adhering to the postulates that the wireless environment between
communicating devices (i) is controlled by nature, (ii) cannot be modified, (iii) can be only
compensated through the design of sophisticated transmission and reception schemes. The
sixth generation (6G) of communication networks is, on the other hand, envisioned to break
through these postulates by assuming that one can control the wireless environment to achieve
major performance gains. For example, a typical base station transmits radio waves of the
order of magnitude of Watts while a user equipment detects signals of the order of magnitude
of uWatts. The rest of the power is, in general, wasted in different ways through the environ-
ment by, e.g., generating interference to other network elements or creating security threats,
since the propagation of radio waves through the wireless channel cannot be controlled and
customized after they are emitted from the transmitters and before they are received by the
receivers. This new paradigm which sees environment as a controllable element in wireless



system design is termed as the Smart Radio Environment (SRE). Conceptually, the vision of
SREs is depicted in Fig. 1.1.

1.2.1 From Adaptation to Control and Programmability

From the viewpoint of the communication engineer, the wireless environment is conven-
tionally modeled as an exogenous entity that cannot be controlled, but only adapted to. To
this end, communication engineers can only design the transmitters, the receivers, and the
transmission protocols in order to achieve the desired performance. Common approaches
to capitalize on the properties of the wireless environment and to mitigate its impairments
include using multiple antennas, employing complex encoding and decoding algorithms at
the end-points of the communication link, and adding additional network infrastructure,
e.g., relays, in an attempt to make the transmission of signals more reliable. These solutions,
however, may increase the network complexity, the network power consumption, and the
network deployment cost [3].

RISs provide wireless researchers and engineers with a different view of the wireless envi-
ronment. Since RISs are capable of shaping the wavefront of the radio waves throughout
the network, the wireless environment can be in principle customized to suit the system
requirements. The wireless environment is not to be treated as a random uncontrollable entity,
but rather as part of the network design parameters that are subject to optimization in order
to support diverse performance metrics, such as rate, latency, reliability, energy efficiency,
privacy, and massive connectivity. The overarching vision consists of coating environmental
objects and devices with digitally-controlled RISs, and programming them, through environ-
mental sensing and SDN-based protocols, for shaping the radio propagation environment
and meeting the desired system requirements [4], [5].

1.2.2 Illustrative Example of Smart Radio Environment

An example of smart radio environment is sketched in Fig. 1.2, where four application scenar-
ios are identified.

 Signal engineering: Assume that small cell 1 wishes to communicate with mobile
terminal (MT) 1, but the LOS link is blocked by an object. In this case, small cell
1 redirects the transmitted beam towards RIS 1 that coats object 1, and assists the
communication by shaping the incident wave towards MT 1 so that the received signal
strength is maximized.

¢ Interference engineering: While small cell 1 communicates with MT 1, small cell 2
communicates with MT 2. Thus, an interfering signal reaches MT 1 from small cell 2. To
suppress it at MT 1, RIS 2 is programmed to shape the impinging radio wave from small
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Figure 1.2 — Example of smart radio environment.

cell 2 towards MT 1 in a way that the two signals are destructively combined at MT 1.

* Security engineering: In the absence of RIS 3, the signal emitted by small cell 1 and
intended to MT 1 is reflected from object 3 towards a malicious user that overhears it.
To avoid this, RIS 3 is programmed to shape the reflection towards MT 1 so that it is

steered away from the malicious user while being decoded more reliably, via diversity
combining, at MT 1.

* Scattering engineering: The multiple-antenna small cell 2 wishes to convey infor-
mation to the multiple-antenna MT 3 with the aid of multiple-input multiple-output
transmission. The channel between small cell 2 and MT 3 has, however, a low rank (low
scattering environment), which negatively affects the attainable data rate. To avoid this
issue, small cell 2 directs the signal intended to MT 3 towards RIS 4, which appropriately

shapes it so as to create a rich-scattering environment (high rank channel) for high data
rate transmission.

From the analysis of these four scenarios, it is apparent that, with the aid of RISs, the propaga-
tion of radio waves in wireless networks may be engineered and optimized, at alow complexity,
in a way that benefits the network. In contemporary wireless networks, transmitters and re-
ceivers can be programmed and controlled for optimizing the system performance. The
environmental objects (buildings, walls, ceilings, etc.) that constitute the wireless environ-
ment cannot, on the other hand, be customized based on the network conditions. This status
quo has recently been challenged by the emerging technology of reconfigurable intelligent
surfaces (RISs) — Thin sheets of electromagnetic materials that are capable of shaping the radio
waves in arbitrary ways [5], [6]. The overarching vision consists of coating the environmental
objects with RISs and optimizing their properties, in order to, e.g., reflect an impinging radio
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Figure 1.3 — Possible uses of reconfigurable intelligent surfaces. (i) Anomalous reflection: a
radio wave incident at an angle of 90 degrees is reflected towards an angle of 45 degrees. (ii) Fo-
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encoding information on the reflections of the meta-surface. These functions can be obtained
by appropriately configuring the phase response of the RIS (i.e., by optimizing ®(x) in [1, Eq.
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wave towards a desired direction with the objective of capitalizing from multipath propagation
rather than being negatively affected by it [4, 7-10].

1.3 Whatis an RIS?

RISs are an emerging transmission technology for application to wireless communications [11]
that is considered as a key enabler towards SRE. In simple terms, an RIS can be viewed as
the two-dimensional equivalent of a reconfigurable metamaterial, and is made of elementary
elements called scattering particles or meta-atoms. By configuring the phase-shift of each unit
cell, an RIS is theoretically capable of controlling the behavior of the radio wave that impinges
upon it. In the recent literature, the following four major uses have been considered (see Fig.
1.3 for illustrations).

* Anomalous reflection/transmission [12]: The RIS is configured in order to reflect or
refract the impinging radios waves towards specified directions that do not necessarily
adhere to the laws of reflection and refraction. The advantage of this application is that
the operation of the RIS is independent of the fading channels and the locations of the
receivers. The limitation is that, in general, the signal-to-noise-ratio is not maximized
and the system capacity is not achieved.

* Beamforming/focusing [3]: The RIS is configured in order to focus the impinging radio
waves towards specified locations. The advantage of this application is that the signal-
to-noise-ratio is maximized at the locations of interest. The challenge is that, in general,
the optimization of the RIS depends on the fading channels and the locations of the



receivers. Also, the system capacity is usually not achieved.

* Joint transmitter/RIS encoding [10]: The RIS is configured in order to optimize the
system capacity. The advantage of this application is that the specific status of the
meta-atoms is exploited to modulate additional data. The challenge is that, in general,
the transmitter and the RIS need to be jointly optimized. In addition, the setup of the
RIS depends on the fading channels and the locations of the receivers.

* Single-RF multi-stream transmitter design [13]: This operation is similar to the previ-
ous one, with the difference that the transmitter is a simple RF feeder located in close
vicinity of the RIS. The feeder emits an unmodulated carrier towards the RIS, which re-
flects multiple data-modulated signals. This approach is suitable to realize multi-stream
transmitters by employing a limited number of (even a single) RF chains.

Other than its ability to manipulate the wavefront of the impinging electric fields, RIS can be
practically implemented since it is relatively inexpensive, energy-efficient, and very easy to
deploy, especially in the wall of buildings due to its 2D-shape. Compared with, e.g., phased
arrays, multi-antenna transmitters, and relays, RISs require the largest number of scattering
elements, but each of them needs to be backed by the fewest and least costly components.
Also, since RISs are nearly passive in nature, no signal processing capability is expected and
thus they do not require power amplifiers or highly energy-consuming components such as RF
chain in MIMO. Thanks to these properties, RIS is receiving major attention from the wireless
community, which is indicated by the exploding number of research papers in the literature
during the last few years, and is considered to be the key enabler of the emerging concept of
smart radio environments.

1.4 Historical Perspective on the State of Research on Reconfigurable
Intelligent Surfaces

Despite the recent spike of interest in RIS among researchers in wireless communication com-
munity, the research on metasurface as well as their application for wireless communication
has its decades-long history, ranging from theoretical investigation to experiments and field
measurements. In this section, we briefly mention several works that become the milestones
which lead to the current state of the art of research on RIS. For ease of reading, we categorize
them into several aspects that represent some of the most important facets of RIS research.

1.4.1 Metamaterials and Metasurfaces (1967, 2000 — Now)

Electromagnetic metamaterials are generally defined as artificial electromagnetic structures
consisting of a subwavelength lattice of scattering particles — or metaparticles — that are engi-
neered to provide electromagnetic properties that are not found by other materials in nature [14].
The history of metamaterials is started by a seminal paper [15] in 1967 in which the authors



envision the existence of material which has negative values of permittivity ¢ and permeability
1. These materials are called the “left-handed” (LH) substances in [15], owing to the fact that
that they would allow the propagation of electromagnetic waves with the electric field, the
magnetic field, and the phase constant vectors building a left-handed triad, compared with
conventional materials where this triad is known to be right-handed [16]. This kind of material,
as predicted by the author of [15], will trigger unprecedented phenomenas such as reversed
Doppler effect and reversed Snell’s law.

It was not until more 30 years after [15] that the first LH material was proposed and demon-
strated experimentally by the authors of [17] at University of California, San Diego (UCSD),
in 2000, which is inspired by a seminal work in the same year [18] whose ambitious goal is to
create a so-called perfect lens. These works later set into a motion a large body of research
going and, in the span of 20 years, new more materials were proposed with additional effects
such as cloaking [19, 20], magnet-less magnetism [21], and metasurfaces [22, 23], which, in
its early introduction, was introduced as a two-dimensional metamaterial with new phase,
magnitude and polarization transformation capabilities. As of late, thanks to recent advances
in fields such as nanotechnology and bio/chemico-technology, the notion of metasurface
has been extended to dynamic/reconfigurable metasurfaces, which consist of reconfigurable
materials that can experience spatio-temporal change of electromagnetic properties through
the electrical excitation by and external source of energy.

1.4.2 Smart Radio Environment (2003 - Now)

The reconfigurability property of dynamic metasurfaces made them found their use in wireless
communications to make a communication process — which is normally heavily impaired
by the spatio-temporal randomness of communication channels (e.g., in forms of fading,
shadowing, and noise) — more reliable by transforming the wireless environment (which was
classically as randomness) into something that can be controlled. Furthermore, reconfigurable
metasurfaces can also be designed to modulate, transmit, and receive their own information
(instead of acting as passively reflectors), making them suitable for antenna applications.
These advances in wireless technologies accumulate and take form into a grand vision of
Smart Radio Environment (SRE) which, as we have discussed previously, is a technological
concept which envisions a wireless environment that can be controlled to enhance the perfor-
mance gains of the ongoing communication process.

Despite being a recently hot research field, the term of smart environment has, in fact, been
envisioned as early as in 2003. In particular, in 2003 and 2005 respectively, the authors of [24]
and [25] introduced the term “smart controllable surface” to refer to a surface of electrically
small scatterers, which are controllable by controlling the polarization densities of the scat-



terers or through the inclusion of bias field, for instance, in order to to switch electronically
between reflecting and transmitting states. Between 2010 and 2012, the authors of [26-28]
propose methods of controlling radio propagation environments by using intelligent walls,
which are defined as conventional walls situated inside a building, but equipped with an active
frequency selective surfaces and sensors. These surfaces are made of special materials such
as ferro-electric films, liquid crystals, and even new materials such as graphene, and their
transmission and reflection characteristics can be adjusted depending on the traffic demand
or to avoid interference between transmitters.

In 2017, the authors of [29] propose the use of Dynamic Metasurface Aperture (DMA) to
realize the concept of Smart Homes in which two probe antennas in an electromagnetic cavity
are used for motion detection and extraction of useful information from the motions. DMA
is defined as ‘a device that is capable of producing arbitrary radiation patterns that can be
varied with simple electronic controls”. In the paper, the authors use the disordered three-
dimensional DMA design which enables wavefront shaping. By using a DMA as one of the
probe antennas in an electromagnetic cavity, the authors show that one is able to measure
the transmitted field between the two antennas to reveal any motion of objects inside the
cavity — even outside the line-of-sight (LOS) of the two probe antennas — and obtain useful
information about the motion, without having to add more antenna pairs at locations where
the local patterns of the cavity modes are different or having to implement complex hardware
dseign that might arise from working with an antenna pair that operate in multiple frequencies.

It is also worth mentioning that the vision of “smart” or “reconfigurable” environment has
also been mentioned in other works which make use of technologies that do not necessarily
utilize metamaterials/metasurface. For example, the authors of [30] propose the use of pas-
sive relaying arrays (PRAs) to mitigate the channel impairements caused by small-scale and
large-scale fading and overcome the latency issues and instability of the conventional relaying
schemes such as decode-and-forward (DAF) and amplify-and-forward (AAF). Similar to meta-
surfaces/RISs, PRAs work by scattering energy on a directional and configurable basis while
staying in a nearly passive domain by keeping the dissipative losses low. However, different
from RISs, PRAs use electronically tunable reactive loads instead of metamaterials.

We end this subsection by mentioning that, as far as the term SRE is concerned, it was first
used in 2019 by the authors in [5] to refer to ‘a wireless environment that is turned into a smart
reconfigurable space and that plays an active role in transferring and processing information”.
The acronym RIS was first introduced later in the same year in [8].



1.4.3 Theoretical Modeling of RIS (2014 — Now)

In pursuit of understanding the full potential of the RIS, one of the biggest questions to ask is:
“how to theoretically model the RIS?”. Theoretical modeling is important in order to predict the
performance of an RIS, optimize it depending on the specific goals to achieve (e.g., broader
coverage, higher data rate, and lower latency), and assess the advantages and limitations RIS-
empowered wireless networks. In terms of theoretical modeling, in particular, a major open
research issue is the development of simple but sufficiently accurate models for the power
received at a given location in space when a transmitter emits radio waves that illuminate an
RIS. To answer this question, in general, there exist several approaches that one can employ:

* Measurement campaign: This is the most straightforward and a traditional way to asses
the performance of a given technology prior to real-world applications. The advantage
of this approach is that one can obtain a realistic performance assessment, depending
on the measurement settings. As an example, in 2014, the authors of seminal work [31]
conducted experiments by using a RIS with size of 0.4 m? and thickness of 1.5mm
that consists of 102 controllable EM reflectors and operates at a working frequency of
2.47 GHz. The 102 reflectors are controlled by using two Arduino 54-channel digital
controllers. Through the experiments, the authors demonstrate that spatial microwave
modulators are capable of shaping, in a passive way, complex microwave fields in
complex wireless environments, by using only binary phase state tunable metasurfaces.
In particular, the author showed that the RIS can improve spatial focusing of the radiated
EM wave or minimize the EM field on the receiving antenna (i.e., nulling). A similar
experiment was also conducted in 2019 by the authors of [32]. In particular, a similar
RIS design as in [31] was deployed in a 1.45m x 1m x 0.75m chaotic aluminium cavity —
4% of which is covered by the RIS - to improve the communication of a MIMO system
where two antenna arrays with 8 element each are located inside the cavity. Through the
experiments, the authors showed that passive RISs can enrich multipath scattering, thus,
enabling throughput boosted wireless connectivity. A more recent example is given
in [33] in 2020, where the authors perform a measurement campaign in an anechoic
chamber to model the power reflected from an RIS and investigate its trends with respect
to many parameters, including the size of the RIS, the mutual distances between the
transmitter/receiver and the RIS (i.e., near-field vs. far-field), and whether the RIS is
used for beamforming or broadcasting.

* Simulation: The advantage of this approach, especially compared to measurement, is
that it has lower cost to operate, and can be used to predict the performance of the
technology of interest in many different scenarios. The drawback of this approach is,
on the other hand, is that it does not provide one with a closed-form formulation and
therefore, one cannot predict the trend or scaling law of the performance depending on
typical wireless system parameters, such as the size and the inter-distances between
the devices. A recent example of this approach is [34], in which the authors combine
the theory of antenna and simulation technique to compute the electric field in the



near-field and far-field of a finite-size RIS, and prove that an RIS is capable of acting as
an anomalous mirror in the near-field of the array.

¢ Physics-based modeling: In this approach, the performance evaluation of a RIS starts
from the root of the electromagnetic theory, namely the Maxwell equations, and, with aid
of necessary tools such as geometrical optics and numerical approximations, develops
into an accurate mathematical formulation. The advantage of this approach is that the
mathematical formulation obtained by this approach can unveil the impact of certain
system parameters to the performance, thus allowing one to optimize the RIS and
the overall system performance. The formulation can also sometimes be obtained in a
closed-form, in which case the performance of a RIS can be efficiently computed. In [35],
the power measured from passive reflectors in the millimeter-wave frequency band is
compared against ray tracing simulations. By optimizing the area of the surface that
is illuminated, it is shown that a finite-size passive reflector can act as an anomalous
mirror. The authors of [36] and [37] study the path-loss modeling of an RIS under the
assumption of plane waves, which is essentially applicable in the far-field of the RIS.
The author of [38] proposes a model that is applicable to continuous RISs, and holds in
the near-field and far-field of the RIS. It is important to note, however, that the author
in [38] specifically focuses on characterizing the available spatial degrees of freedom of
two RISs communicating with each other, instead of RISs that are utilized for reflection
or transmission. In [1], we propose a path-loss model that is applicable only to one-
dimensional RISs that are deployed in a two-dimensional space. Also, the approach
in [1] does not account for the vectorial nature of the electromagnetic waves.

1.5 Thesis Overview and Major Contributions

A huge portion of this thesis work revolves around the performance evaluation of RISs by
using physic-based approach. In particular, we tackle the problem of path-loss modeling of a
RIS and compare its performance against existing competing technology (e.g., relay). We also
attempt to find the answer the problem of phase-shift optimization of RIS in order to achieve
the most energy-efficient performance. The main contributions of this thesis are as follows:

1. This thesis provides the detailed introduction of physic-based modeling of RIS, includ-
ing the theory of scattering of electromagnetic field, method of physical optics, and
homogenized representation of a RIS.

2. This thesis introduce simple closed-form expressions to compute the power reflected
from a RIS, by leveraging the general scalar theory of diffraction and the Huygens-Fresnel
principle, as a function of the distance between the transmitter/receiver and the RIS, the
size of the RIS, and the phase transformation applied by the RIS. Sufficient conditions
under which an RIS acts as an anomalous mirror are also identified. In addition, using
the formulation of the reflected power by a RIS, we compare the performance of RIS
against full-duplex (FD) and half-duplex relay in terms of data rate.



3.

1.6

This thesis proposes an approach, which adheres to the principles of physical optics, for
calculating the free-space path-loss of an RIS-aided transmission link. The proposed
path-loss model leverages the vector generalization of Green’s theorem [39], and it
is formulated in terms of a computable integral that depends on the transmission
distances, the polarization of the radio waves, the size of the RIS, and the desired surface
transformations. Based on the proposed model, the impact of several design parameters
is unveiled, and the differences and similarities between the far-field and near-field
asymptotic regimes are discussed.

Publications

Journal Papers The following is a list of publications in refereed journals produced from the

research outcomes of this thesis. These journal papers are used as the basis for this thesis.

U

(J2)

M. Di Renzo, K. Ntontin, J. Song, E H. Danufane, X. Qian, E Lazarakis, J. De Rosny,
D.-T. Phan-Huy, O. Simeone, R. Zhang, M. Debbah, G. Lerosey, M. Fink, S. Tretyakov, S.
Shamai, "Reconfigurable Intelligent Surfaces vs. Relaying: Differences, Similarities, and
Performance Comparison," in IEEE Open Journal of the Communications Society, vol. 1,
pp. 798-807, 2020.

Abstract: Reconfigurable intelligent surfaces (RISs) have the potential of realizing the
emerging concept of smart radio environments by leveraging the unique properties of
metamaterials and large arrays of inexpensive antennas. In this article, we discuss the
potential applications of RISs in wireless networks that operate at high-frequency bands,
e.g., millimeter wave (30-100 GHz) and sub-millimeter wave (greater than 100 GHz) fre-
quencies. When used in wireless networks, RISs may operate in a manner similar to relays.
The present paper, therefore, elaborates on the key differences and similarities between
RISs that are configured to operate as anomalous reflectors and relays. In particular, we
illustrate numerical results that highlight the spectral efficiency gains of RISs when their
size is sufficiently large as compared with the wavelength of the radio waves. In addition,
we discuss key open issues that need to be addressed for unlocking the potential benefits
of RISs for application to wireless communications and networks.

E H. Danufane, M. Di Renzo, J. de Rosny, and S. Tretyakov, “On the Path-Loss of Recon-
figurable Intelligent Surfaces: An Approach Based on Green’s Theorem Applied to Vector
Fields”, submitted to IEEE Transactions on Communications.

Abstract: In this paper, we introduce a physics-based analytical characterization of the
free-space path-loss of a wireless link in the presence of a reconfigurable intelligent
surface. The proposed approach is based on the vector generalization of Green’s theo-



rem. The obtained path-loss model can be applied to two-dimensional homogenized
metasurfaces, which are made of sub-wavelength scattering elements and that operate
either in reflection or transmission mode. The path-loss is formulated in terms of a
computable integral that depends on the transmission distances, the polarization of the
radio waves, the size of the surface, and the desired surface transformation. Closed-form
expressions are obtained in two asymptotic regimes that are representative of far-field
and near-field deployments. Based on the proposed approach, the impact of several
design parameters and operating regimes is unveiled.

Conference Papers The following is the refereed conference that originated from the main
findings of this thesis.

(C1) M.DiRenzo, E H. Danufane, X. Xi, J. de Rosny and S. Tretyakov, "Analytical Modeling of
the Path-Loss for Reconfigurable Intelligent Surfaces — Anomalous Mirror or Scatterer
2," 2020 IEEE 21st International Workshop on Signal Processing Advances in Wireless
Communications (SPAWC), Atlanta, GA, USA, 2020

Abstract: Reconfigurable intelligent surfaces (RISs) are an emerging field of research
in wireless communications. A fundamental component for analyzing and optimizing
RIS-empowered wireless networks is the development of simple but sufficiently accurate
models for the power scattered by an RIS. By leveraging the general scalar theory of
diffraction and the Huygens-Fresnel principle, we introduce simple formulas for the
electric field scattered by an RIS that is modeled as a sheet of electromagnetic material
of negligible thickness. The proposed approach allows us to identify the conditions
under which an RIS of finite size can be approximated as an anomalous mirror or as a
scatterer. Numerical results are shown to confirm the proposed approach.

Journal Papers The following is a list of publications the author has contributed to and is
not related to the topic of this thesis.

(J1) E H.Danufane and M. Di Renzo, “Latency Distribution Analysis in Wireless Networks:
Stochastic Geometry Approach”, to be submitted to IEEE Transactions on Wireless
Communications.

Abstract: In this paper, we introduce analytical frameworks to compute the delay per-
formances in homogeneous cellular network with the aid of stochastic geometry under
various different coverage criterion. In particular, we derive the formula of the local
delay, defined as the average number of time slots required for a successful transmission,
and show its limitation, namely the fact that it is infinite under some condition and its
inability to capture the distribution of delay among users in the network. Motivated by



this limitation, we propose and develop the frameworks of several delay distribution
metrics, each of which give a better insight on the delay performance of the network
and is related to relevant performance metric in URLLC applications. To mitigate the
inherent computation difficulties of the formulations, we employ efficient numerical
approximations based on numerical inversion method, Riemann sum, and Beta dis-
tribution. Finally, we provide analysis of packet loss probability which represent the
probability of a user experiencing an infinite waiting time.
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This chapter introduces theoretical concepts that are necessary to understand the results

in the subsequent chapters. This chapter is divided into two parts. The first part discusses

the metasurfaces modeling where we move from a physics-based microscopic description

of a metasurface and introduce a macroscopic representation for it, which is shown to be

suitable for application in wireless communications. The second part introduces analyti-

cal approaches, based on the theory of diffraction and the Huygens-Fresnel principle, which

allows us to compute the EM field at any point of a given volume that contains the metasurface.
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Figure 2.1 — Conceptual structure of a reconfiguration intelligent surface.

2.1 Introduction

As discussed in Chapter 1, unleashing the full potential of RISs requires a thorough understand-
ing of their behavior in the context of communication systems. To this end, an accurate model
of RISs is necessary to predict and optimize the performance of an RIS for given performance
target. To achieve this objective, one of the most rigorous methods is to use physics-based
modeling by using the theory of electromagnetic (EM) waves. As we will discuss later in this
chapter, a large body of EM waves theory such as surface electromagnetics, scattering theories,
and physical optics are very powerful analysis tools that can help us in obtaining an model
of the RISs that is accurate yet still provides us insight on its performance limit in terms of
relevant system parameters. For ease of understanding, the rest of this chapter is structured as
follows:

* Surface Electromagnetics. In this section, we briefly introduce the research discipline of
surface electromagnetics (SEM), which is the enabling tool for modeling, analyzing, and
synthesizing metasurfaces. The content of this sub-section is, in particular, based on [2].
We first give a definition of SEM and the three milestones that characterize the evolution
of the spatial variations of a metasurface. We also provide the theoretical foundations of
SEM which ultimately allows us to treat the metasurfaces as homogenizable surface, as
explained later in detail.

* Modeling metasurfaces. In this section, we move from a physics-based microscopic
description of a metasurface and introduce a macroscopic representation for it, which
is shown to be suitable for application in wireless communications. In particular, a



metasurface is represented by using continuous inhomogeneous functions that allow
one to describe the signal transformations applied by a metasurface directly on the EM
fields. The use of continuous functions is allowed, even though the (conceptual) physical
structure of the metasurface in Fig. 2.1 is made of discrete unit cells (scatterers), because
a metasurface can be homogenized. Therefore, its EM properties can be completely
described through macroscopic parameters. The homogenized macroscopic represen-
tation of a metasurface based on continuous inhomogeneous functions is shown to be
useful for the synthesis (i.e., to design a metasurface based on specified/desired signal
transformations) and for the analysis (i.e., to compute the reflected and refracted EM
fields in close proximity of a metasurface, for a given incident EM field and the physical
structure of the metasurface) of RISs.

* Modeling radio waves propagation. In this section, we consider the interaction be-
tween the radio waves emitted by a source and a metasurface. We introduce analytical
approaches, based on the theory of diffraction and the Huygens-Fresnel principle, which
allows us to compute the EM field at any point of a given volume that contains the
metasurface. In particular, we show that the EM field at any point of the volume can
be formulated in terms of the EM field in close proximity of the metasurface (i.e., on its
surface), as specified in the first sub-section.

2.2 Surface Electromagnetics

2.2.1 Definition of SEM

Electromagnetics is a fundamental discipline of sciences that describes the temporal and
spatial behavior of the electric and magnetic fields. Broadly speaking, electromagnetics can
be defined as the theory of EM fields and waves. SEM is a sub-discipline of electromagnetics.
From the temporal point of view, electromagnetics is usually classified into different cate-
gories according to the oscillation frequency of the EM fields, such as direct current (DC), RE
microwaves, terahertz (THz), optics, X-rays, and beyond. The definition of SEM can be traced
back to the classification of electromagnetics from the spatial point of view. Four regimes
can be identified in the space domain, and each of them is usually modeled through effective
parameters, which are viewed as an adequate simplification of Maxwell’s equations under the
corresponding spatial regime [2, Chapter 1].

» Zero-dimensional EM phenomena. This regime occurs when the spatial variations of
a device or an EM phenomenon are much smaller than the wavelength of the radio
waves in all three spatial dimensions. Circuit theory is considered to be an accurate
and efficient approach for modeling zero-dimensional EM phenomena. The effective
parameters that are usually employed in circuit theory are the resistor, the inductor, and
the capacitor.

* One-dimensional EM phenomena. This regime occurs when the longitudinal dimen-
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Figure 2.2 — Classification of electromagnetics in the spatial domain (reproduced from [2]).

sion and the transverse dimensions of a device or an EM phenomenon are comparable
to and much smaller than, respectively, the wavelength of the radio waves. In this
regime, circuit theory is no longer valid and it is replaced by transmission line theory.
The effective parameters that are usually employed in transmission line theory are the
characteristic impedance and the propagation constant.

* Two-dimensional EM phenomena. This regime occurs when the longitudinal dimen-
sion and the transverse dimensions of a device or an EM phenomenon are much smaller
than and comparable to, respectively, the wavelength of the radio waves. This is the
regime of interest of this thesis and it will be comprehensively elaborated in further text
through its corresponding effective (surface-averaged homogenized) parameters.

* Three-dimensional EM phenomena. This is the most general regime in which the
variations of the EM fields are comparable to the wavelength of the radio waves in all
three spatial dimensions. Maxwell’s equations are usually employed to analyze this
regime. The effective parameters that are employed in this regime are the electric
permittivity and magnetic permeability of the volumetric material.

A graphical comparison among these four operating spatial regimes is sketched in Fig. 2.2.
Broadly speaking, effective parameters allow one to (approximately) model natural and artifi-
cial structures and EM phenomena as a whole, instead of modeling their many constituent
elements individually. Therefore, they are a convenient tool for studying complex EM phe-
nomena and structures from the macroscopic point of view.
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Figure 2.3 — The road to quasi-periodic metasurfaces (reproduced from [2]).

2.2.2 From uniform to quasi-periodic metasurfaces

In the context of SEM research and development, it is important to distinguish three milestones
that characterize the evolution of the spatial variations along the transverse dimensions of a
metasurface.

* Uniform metasurfaces. By definition, (natural) surfaces are uniform surfaces. They
are characterized by variations of the properties of the medium, which surrounds the
surface, along the longitudinal direction. The properties of the surface do not change,
on the other hand, along with the tangential directions, i.e., on the surface itself (z =0
in Fig. 2.1).

* Periodic metasurfaces. In contrast to uniform surfaces, periodic surfaces exhibit spatial
variations along the tangential directions. Concretely, this implies that the unit cells in
Fig. 2.1 are arranged in a periodic lattice and each unit cell has the same geometry and
size.

* Quasi-periodic metasurfaces. Similar to periodic surfaces, quasi-periodic surfaces
exhibit spatial variations along with the tangential directions. In contrast to periodic
surfaces, the unit cells are still arranged in a periodic lattice, but each unit cell differs
from the others in terms of, e.g., geometrical variations, shape, size, orientation angle,
etc. This is the configuration reported in Fig. 2.1.

The evolution from the uniform, periodic, and quasi-periodic feature of the transverse dimen-
sions of a metasurface can be considered to be equivalent to the evolution of the analysis of
signals in circuits, i.e., from DC signals, to alternate current (AC) signals, and eventually to



modulated signals. A graphical comparison among the uniform, periodic, and quasi-periodic
design structures is reported in Fig. 2.3. The quasi-periodic structure of the smart surface in
Fig. 2.1 is, therefore, apparent and completely justified.

The core concept behind the development and widespread utilization of quasi-periodic meta-
surfaces lies in their more versatile, unprecedented, and exotic capabilities of manipulating
EM waves. Naively, the operating principle of quasi-periodic metasurfaces can be thought of
as a two-step manipulation of the radio waves: (i) first, each unit cell manipulates the incident
radio waves locally and individually; and (ii) next, the spatial distribution of the obtained
wave manipulations collectively alters the wavefront of the incident radio waves, leading to
extraordinary EM responses and transformations of EM fields.

2.2.3 Theoretical Foundation of Surface Electromagnetics
Volumetric (bulk) vs. surface effective parameters

The behavior and the properties of metamaterials, which are volumetric engineered struc-
tures, are determined by the electric and magnetic properties of its constituent scatterers.
The traditional and most convenient approach for modeling metamaterials is the effective
medium theory (EMT) that pertains to the theoretical and analytical models and methods for
describing the macroscopic properties of composite materials.

At the constituent level, composite materials can be viewed as a micro-inhomogeneous
medium. The precise calculation and analysis of the many elements that constitute a compos-
ite material is a nearly impossible task. EMT provides one with a set of effective parameters
that describe, approximately, a composite material as a whole. These parameters are, e.g.,
the effective electric permittivity and the effective magnetic permeability of the composite
material, which are obtained by averaging (over a small volume) the response of the multiple
constituents that compose the material. More precisely, the notions of electric permittivity
and magnetic permeability result from the volumetric averaging of microscopic electric and
magnetic currents over volumes that are small compared to the wavelength of the radio waves.

A similar bulk-parameters representation is, in general, not appropriate for metasurfaces [2,
Chapter 3]. In this case, surface-averaged effective parameters are a more physically sound
and accurate choice, as compared with volumetric-averaged effective parameters that account
for an arbitrary non-zero thickness parameter in order to model the sub-wavelength thickness
of metasurfaces. If a metasurface is, in particular, modeled by using an effective permittivity
and effective permittivity, then these two parameters have to be infinite. This is because
the reflection coefficient from a material slab tends to zero when its thickness tends to zero.
Therefore, a model based on effective permittivities and permeabilities implies the need of
having a surface of finite (non-zero) thickness.
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Figure 2.4 — Illustration of the surface equivalent theorem applied to the scattering of vol-
umetric electromagnetic sources (a) and to the concept of metamaterials (b) (reproduced
from [2]).

In detail, surface-averaged effective parameters result from the surface averaging of micro-
scopic currents over a surface area of the order of the wavelength. This implies that the
conventional notions of electric permittivity and magnetic permeability lose their meaning
because there is no volume over which the EM fields and their corresponding induced currents
can be averaged out. Surface averaging methods lead to the introduction of effective surface
parameters, which include surface susceptibility functions and sheet impedances. These
parameters are formally introduced later along with the concept of homogenized models for
metasurfaces. We anticipate that surface-averaged effective parameters constitute an essential
notion for developing macroscopic models and representations of metasurfaces.

The surface equivalence theorem

The surface equivalence theorem can be regarded as the physics-based foundation of SEM [2].
The basic idea of the surface equivalence theorem originates from (i) the Huygens’s principle,



which states that “each point on a primary wavefront can be considered to be a new source of a
secondary spherical wave, and that a secondary wavefront can be constructed as the envelope
of these secondary spherical waves”, and (ii) the uniqueness theorem, which, in the context of
this thesis, can be stated as “if the tangential electric and magnetic fields are completely known
over a closed surface, the fields in the source-free region can be determined” [2, Chapter 1].
The surface equivalence theorem is illustrated in Fig. 2.4.

Let us consider a volume V that is filled with arbitrary sources of EM radiation, e.g., some
charges g; and some currents J;. These sources create an electric field, E, and a magnetic
induction field, B, outside the volume V. According to the Huygens principle, the system of
scatterers can be replaced by an arbitrarily thin layer of specific electric currents, Jey, and mag-
netic currents, Jyv, that encloses the volume V. The thickness of the layer can be electrically
small but non-zero since magnetic currents can be generated only via loops of electric currents
with finite thickness. The equivalent (surface) currents Jey and Jy scatter EM fields only
outward of the volume V, and these EM fields are the same as those created by the original
system of sources. Such currents, which scatter EM fields only in one side, are referred to as
Huygens’s surfaces or Huygens'’s sources. This concept can be applied to metamaterials.

Let us consider an arbitrary volumetric metamaterial sample that is excited by an arbitrary
external EM wave whose wavevector is k;. The external wave induces some charges ¢g; and
currents J; in the inclusions (or unit cells) of the sample, which irradiate secondary EM fields
Eout and By, into the space outside the volume V that encloses the metamaterial sample.
According to the Huygens principle, one can replace the bulky metamaterial sample with
induced polarization charges and currents by equivalent surface currents Jev and J,v that
scatter the same EM fields Eq; and B,y outside the volume V. By knowing these equivalent
currents, one can determine appropriate topologies of unit cells (meta-atoms in the figure),
which are placed along the surface of the volume V and generate, if illuminated by an external
EM wave with wavevector k;, the same currents Jey and J,v as those of the original volumetric
setup. The resulting arrangement of unit cells is the metasurface structure that yields the same
EM response as that of the original metamaterial sample.

Broadly speaking, therefore, the surface equivalence theorem states that volumetric metama-
terials can be replaced by electrically thin and, in general, curved metasurfaces, i.e., structures
whose surface is engineered to provide field transformation capabilities. The surface equiv-
alence theorem is, therefore, the core tenet behind the development and evolution from
metamaterials to metasurfaces.
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Figure 2.5 — Illustration of homogenization: A metasurface consisting of arbitrary sub-
wavelength unit cells is modeled as a continuous sheet of surface-averaged (over the unit cell)
currents (reproduced from [2]).

Homogenized modeling of metasurfaces

A metasurface can be homogenized owing to the sub-wavelength inter-distance among their
constituent sub-wavelength unit cells. Concretely, this implies that the EM properties of a
metasurface can be completely described by using macroscopic effective (surface) parameters,
similar to the macroscopic effective (volumetric) parameters that describe three-dimensional
materials, e.g., the effective permittivity and permeability. Knowledge of the macroscopic
effective (surface) parameters of a metasurface allows one to formulate its EM response to
arbitrary (in terms of wavefront, incidence angle, and polarization) impinging EM waves.
This implies that macroscopic models for metasurfaces, which are described in the next sub-
sections, do not assume that the impinging EM fields are plane wave. It is necessary, however,
that the incident EM fields do not change significantly over the scale of one unit cell. This
condition is usually fulfilled in metasurface structures whose unit cells have sub-wavelength
inter-distances and sub-wavelength sizes. It is worth mentioning that, on the other hand, it is
not possible to introduce effective macroscopic parameters for non-homogenizable structures,
even if such structures are electrically thin.

Constructing a homogenization model corresponds to (i) determining the effective parameters
that can appropriately describe the response of a metasurface to incident EM fields and (ii)
identifying such effective parameters from the physical and EM properties of the unit cells.
The last step can be performed by using experimental data or simulations of the metasurface
response as well. Homogenization is a fundamental prerequisite for understanding, modeling,
and designing metasurfaces. By using effective parameters, the complexity of the problem is
remarkably reduced, since modeling the collective response of many individually small unit
cells is a complex brute-force numerical optimization problem. In (volumetric) metamaterials,



as mentioned, homogenized models are obtained through effective parameters that are aver-
aged over small volumes that contain many unit cells. Due to the sub-wavelength thickness
of metasurfaces, homogenized models are obtained through effective parameters that are
averaged over small surface areas (whose dimensions are of the order of one wavelength) that
contain several unit cells. If the impinging EM fields are plane waves, surface averaging over
the area of one unit cell is usually sufficient.

The concept of homogenized equivalent of a metasurface is sketched in Fig. 2.5. The figure
depicts a metasurface that consists of an array of sub-wavelength unit cells. Since the inter-
distance between adjective unit cells is sufficiently small compared to the wavelength of the
impinging EM fields, the incident radio waves can be assumed to be uniform or homogeneous
along the size of a single unit cell. The impinging EM fields induce electric and magnetic
currents in each unit cell. In homogenized models, the position-dependent induced electric
and magnetic currents in each unit cell are replaced by surfaced-averaged (hence macroscopic)
effective parameters. By using homogenization, therefore, a metasurface is modeled as a
planar thin sheet of electric and magnetic surface-averaged current densities or, as described
in further text, polarization surface densities. This implies that the modeling and analysis of
the scattering from a metasurface that is made of finite-size (or discrete) unit cells is turned
into the modeling and analysis of the scattering from an equivalent continuous sheet of
electric and magnetic currents.

2.3 Modeling Metasurfaces: A Macroscopic Homogenized Approach

Starting from the introductory material on SEM, this section is focused on reporting tractable
analytical models for metasurfaces. Special emphasis is, in particular, put on the theory that
leads from a microscopic to a macroscopic representation of metasurfaces through surface-
averaged homogenized effective parameters.

2.3.1 From a microscopic to a macroscopic representation

We consider an RIS made of a metasurface that is electrically thin, electrically large, homoge-
nizable, and has a sub-wavelength structure. Under these assumptions, we begin our develop-
ment by introducing a microscopic description of a metasurface that is based on and accounts
for the spatial coupling between adjacent unit cells, which is due to their sub-wavelength inter-
distance. The obtained physics-based model may not, however, be sufficiently flexible for
designing and analyzing complex metasurfaces. Subsequently, for this reason, we introduce a
macroscopic description of a metasurface, which is based on continuous tensor functions, that
yields a more suitable representation of a metasurface, especially for application to wireless
networks. The macroscopic approach, however, still allows us to obtain a direct connection
with the material parameters, i.e., the surface susceptibility of the smart surface.
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Figure 2.6 — Example of induced electric dipole moment and electric polarization density (P)
in volumetric materials.

It is worth mentioning that the approach reported in this sub-section is widely employed in
the fields of electromagnetism and metamaterials, and our treatise is mainly based on the
theories available in [40], [41], [42], [43], [44]. These methods are, however, not necessarily
known to wireless researchers. The main objective of this section is to fill this gap of knowledge
in a simple but rigorous manner.

2.3.2 EM-Based Model of a Metasurface

The departing point is the EM-based model of a metasurface reported in [40], [41].

A metasurface as a surface distribution of electrically small resonant scatterers

In the most general sense, a metasurface (also called a metafilm in [40], [41]) is viewed as a
surface distribution of electrically small resonant scatterers, and it is characterized by electric
and magnetic surface polarization densities. In simple terms, the electrically small scatterers
are the unit cells in Fig. 2.1. In volumetric, three-dimensional materials, the electric polariza-
tion density is a vector field that expresses the density of permanent or induced electric dipole
moments in a dielectric material. When a dielectric is placed in an external electric field, its
molecules gain electric dipole moment and the dielectric is said to be polarized. The electric
dipole moment induced per unit volume of the dielectric material is referred to as the elec-
tric polarization of the dielectric. The electric polarization density describes how a material
responds to an applied electric field and how the material changes the electric field. More



precisely, an external electric field that is applied to a dielectric material causes a displacement
of bound charged elements, which are elements bound to molecules and, hence, are not free
to move around the material. Positive charged elements are displaced in the direction of the
electric field and negative charged elements are displaced in the opposite direction of the field.
The molecules may remain neutral in charge, but an electric dipole moment is formed. The
electric polarization density corresponds to the induced dipole moment per unit volume of
the material. For ease of understanding, this concept is sketched in Fig. 2.6.

Similarly, the magnetic polarization density describes how a material responds to an applied
magnetic field. To model metasurfaces as sheets of electrically negligible thickness, the
concept of electric and magnetic surface polarization densities is used. The electric (magnetic)
surface polarization density is the electric (magnetic) dipole moment per unit area of the
surface, while the usual volumetric electric (magnetic) polarization density is the electric
(magnetic) dipole moment per unit volume.

A metasurface as an array of polarizable unit cells

A metasurface can be broadly defined as an array of polarizable unit cells that induce discon-
tinuities of the electric and magnetic fields at the two sides of the surface, i.e., at z = 0* and
z =07 in Fig. 2.1. The objective of a macroscopic description of a metasurface consists of
formulating and expressing the discontinuities of the electric and magnetic fields as a function
of surface-averaged electric and magnetic surface polarization densities. Since a metasurface
is homogenizable, i.e., the distance between adjacent unit cells is much smaller than the
wavelength of the radio waves, the approach consists of replacing the discrete distribution of
unit cells with a continuous distribution, which, in turn, results in a continuous function of
electric and magnetic surface polarization densities. It is worth nothing that the unit cells may
be of arbitrary shape and are not infinitely thin. Their thickness is only required to be small in
comparison with the wavelength of the radio waves.

Towards a macroscopic description: Generalized sheet transition conditions

A macroscopic description of a metasurface consists of replacing the actual spatial distribution
of the unit cells on the smart surface with analytical relations between the electric and mag-
netic fields at the two sides of the metasurface (at z=0"* and z =0~ in Fig. 2.1). Conceptually,
this equivalence is illustrated in Fig. 2.7. The size, the shape, and the physical characteristics of
the unit cells are directly incorporated into these analytical relations through the homogenized
(continuous) electric and magnetic surface polarization densities. The analytical relations that
express the electric and magnetic fields at the two sides of a metasurface as functions of the
homogenized (continuous) electric and magnetic surface polarization densities are referred to
as generalized sheet transition conditions (GSTCs). As far as the GSTCs are concerned, three
remarks are worth mentioning.
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Figure 2.7 — Equivalent analytical representation of a metasurface: A zero-thickness mate-
rial sheet whose EM properties are modeled through surface susceptibility functions that
introduce EM discontinuities (or “jumps”) quantified by the generalized sheet transition
conditions.

* The tangential components of the EM fields are sufficient. The electric and magnetic
fields that appear in the GSTCs involve only their tangential (or transverse) components
across the surface. In other words, the Cartesian or longitudinal component of the
EM fields along the z-axis in Fig. 2.1 does not explicitly appear. This is because they
can be uniquely determined by the transverse components by virtue of the uniqueness
theorem [42].

¢ The EM fields have variations on scales larger than the wavelength. The electric and
magnetic fields that appear in the GSTCs do not exhibit variations on a length scale that
is comparable with the dimension of the unit cells and with their inter-distance. They
only exhibit variations on a length scale that is larger than the wavelength of the radio
waves. In this thesis, however, the corresponding model is still referred to as microscopic
because it requires an appropriate definition of the spatial coupling between adjacent
unit cells [40]. We use the term macroscopic modeling to identify similar analytical rela-
tions in which this coupling is implicitly taken into account by using surface-averaged
susceptibility tensor functions [42]. This concept is better elaborated in further text.

* Generalization of conventional interface conditions. The GSTCs, which best charac-
terize a metasurface as an EM discontinuity, constitute a generalization of conventional
interface conditions for the EM fields at the interface of two media. For example, it
is known that the tangential components of the electric field are continuous at the
interface of two media. This is not true if the interface is constituted by a zero-thickness
metasurface that acts as an EM discontinuity. The relations between the tangential
components of the electric and magnetic fields are, in fact, specified by the GSTCs. In
general, the tangential components of the electric and magnetic fields are different at
the two sides of a metasurface, i.e., they are discontinuous. It is usual jargon to say
that the GSTCs formulate the “jumps” (i.e., discontinuities) of the electric and magnetic



fields at the two sides of a metasurface.

2.3.3 Microscopic Description of a Metasurface

After introducing the general definition of GSTCs and the general meaning of macroscopic
homogenized description of a metasurface, we are ready to formulate these two concepts in
analytical terms. To this end, we depart from the physical structure of a metasurface and its
microscopic representation.

Metasurface structure

We consider a two-dimensional metasurface that lies on the x y-plane at z = 0. The metasur-
face is centered at the origin and has a finite size equal to 2L, and 2L, along the x-axis and
y-axis, i.e., —Ly < x< Ly and —L, < y < Ly, respectively. Without loss of generality, we assume
that the incidence-reflection side of the metasurface is z = 0" and the transmission side of
the metasurface is z = 0~. Also, we assume that the medium surrounding the metasurface
is vacuum. Our analytical formulation is mostly based on [42], [43], [44]. For simplicity, we
consider the sufficient general case of metasurfaces whose longitudinal components of the
electric (P) and magnetic (M) surfaces polarization densities are equal to zero, i.e., P, = 0 and
M, =0, respectively. We show in further text that this assumption allows one to design meta-
surfaces that realize EM-based functions that are sufficiently general for wireless applications,
e.g., reflection and refraction towards arbitrary directions. The advantage of this assumption
is that closed-form analytical expressions for the EM fields are obtained.

Analytical formulation of GSTCs

Let us consider an EM field that illuminates a metasurface. Under the assumption P, = 0 and
M =0, the GSTCs, i.e., the “jumps” of the electric and magnetic fields at the two sides of a
metasurface, can be formulated as follows:

ZxAH(x,y) = jwP, (x,y)

s s (2.1)
AE(x,y) x 2= jouM, (x,)

where P, (x,y) and M, (x, y) are the longitudinal components of the surface-averaged electric
and magnetic surface polarization densities, respectively, and AE (x, y) and AH(x, y) are the
differences between the surface-averaged electric and magnetic fields at the two sides of the
metasurface, whose Cartesian components can be written, respectively, as follows:

AW, (x,y) =@ AW (x, )220 .
=Wl (x,y) — (Vi (o ) + ¥, (x.7)



where ¥ = {E,H}, u = {x, y, 2}, and the superscripts i, r and ¢ denote the incident, reflected,
and transmitted components of the fields, respectively.

Computing P and M

The GSTCs depend on the longitudinal components of the electric and magnetic surface
polarization densities. In order to formulate and compute them, we need to investigate the
working operation of a metasurface at the microscopic level and we need to introduce the
concept of acting (or local) fields.

Acting (or local) field: Excitation field at the location of an individual unit cell

At the microscopic level, a metasurface is viewed as an array of electrically small polarizable
unit cells. When an EM field illuminates a metasurface, the unit cells get polarized and, since
they are small (sub-wavelength) in size, the induced polarizations of each individual unit cell
can be modeled through induced electric and magnetic dipole moments (see Fig. 2.6). Since
the unit cells are arranged in a dense array, i.e., the inter-distance between adjacent unit cells
is sub-wavelength, knowing the polarization induced on a single unit cell is not sufficient to
determine the response of the entire metasurface. This is because the EM field that excites a
unit cell that occupies a specific location, which is referred to as the acting or local EM field,
is given by the summation of the incident EM field and the, so-called, interaction EM field,
which is the field created by the induced electric and magnetic dipoles of all the unit cells of
the metasurface with the exception of the unit cell under analysis.

Acting field: Modeling the mutual coupling among unit cells

By definition, therefore, the acting electric and magnetic fields account for the contribution of
all the unit cells of a metasurface with the exception of the given unit cell under consideration.
This implies that they account for the mutual (spatial) coupling among the unit cells of a
metasurface and that they yield a microscopic description of a metasurface, since the acting
fields are referred to individual unit cells. If the acting fields are known, the electric (P) and
magnetic (M) surfaces polarization densities in (2.1) can be formulated as follows [40]:

P (xr _V) = 5N<iee (x» J’)>Eact (x» J/) + \/IEN<iem (x, J/)>Hact (x» J’) (2.3)
M (x» y) =V E/IUN<ime (x» y))Eact (x; _V) + N<imm (xr y))Hact (x» y) (2.4)

where N is the number of unit cells per unit area, and (@yp (x, y)), for @ = {e,m} and b =
{e,m}, are the average (electric-electric, electric-magnetic, magnetic-electric, and magnetic-
magnetic) polarizability dyadics of the unit cell in which the electric and magnetic surface
polarization densities are computed. In particular, the average (-) is calculated over the unit
cells in the vicinity of the unit cell being considered and where the electric and magnetic



surfaces polarization densities are evaluated. The polarizability dyadics depend on the physics
and EM properties of the unit cells that can be obtained from analysis, simulations, or mea-
surements.

Relating local (microscopic) fields to average (macroscopic) fields

Based on (2.3) and (2.4), the electric and magnetic surface polarization densities can be
formulated in terms of the acting electric (E4ct (X, ) and magnetic (Hact (%, y)) fields at the
position of a given unit cell. By definition, the acting fields can be formulated as follows [40]:

_ Eunit cell

Eact (x’ _V) = Eay (x’ y) scattering (x’ y)

unit cell 2.5)
Hact (x’ J/) =Hay (x’ y) - Hscattering (x’ y)

where Eqy (1, y) and Hay (X, y) are the average electric and magnetic fields, respectively, at the
two sides of the metasurface, which are defined as follows:

Ej,(x,y) + (E} (x,y) + E}, (%, )
2
H}, (x,y)+(H} (x,y) + H}, (x,))
2

Eavu (x, J/) =
(2.6)

Hay,y (x, y) =

unit cell unit cell : :
Scattoring (x,y) and HY cattoring (x, y) are the electric and magnetic fields

scattered by the single unit cell under consideration, respectively.

where u = {x,y,z}, and E

Contribution of a single unit cell

In practice, the contribution of a single unit cell can be calculated by expressing the unit cell
as a combination of electric and magnetic dipoles that are contained within a small disk of
a given radius. The electric and magnetic fields scattered by the resulting small disk are, by

s unit cell unit cell
deﬁnltlon’ Escattering (x’ y) and Hscattering (x’ y)'

Surface-averaged fields

It is worth emphasizing that (2.5) relates local, hence microscopic, fields to average, hence
macroscopic, fields. More specifically, E,y (x, y) and H,y (x, y) in (2.6) are surface-averaged
fields, where the average is computed over a small surface area of the order of the wavelength
(including one or more unit cells depending on the setup). In other words, the rapid variations
of the EM fields over distances of the order of the typical separation between adjacent unit
cells along the surface are eliminated (i.e., averaged out) in macroscopic EM fields. This is not
the case for microscopic EM fields.



The need for a macroscopic representation

By inserting (2.3) and (2.4) into (2.1), one can obtain the analytical relations between the

transverse components of the electric and magnetic fields at the two sides of a metasurface.

The issue with this approach is that the acting electric and magnetic fields need to be estimated,
unit cell unit cell

scattering (x’ Y ) and Hscattering (x’ Y )’ and may not

be easy to deal with. This issue is overcome next, by introducing an explicit macroscopic

which depend on a specific unit cell, i.e., E

description of a metasurface, which depends only on the average (macroscopic) fields.

2.3.4 Macroscopic Description of a Metasurface
Explicit macroscopic formulation

In [40], the authors succeed in calculating a closed-form expression for E;;‘ttg‘;ng (x,y) and

unitcell (y y). Based on their analytical formulation, the electric and magnetic surface

scattering
polarization densities in (2.3) and (2.4) can be formulated in terms of the average electric

and magnetic fields in (2.6), which, in contrast with the acting fields, yield a macroscopic
description of a metasurface that is viewed as an electromagnetic discontinuity in space. This
is because the average fields do not exclude the fields generated by individual unit cells.

Surface-averaged susceptibility functions: The effective parameters of metasurfaces

More specifically, a macroscopic description of a metasurface, which depends only on average
(macroscopic) electric and magnetic fields, can be obtained by formulating the electric and
magnetic surface polarization densities in terms of susceptibility tensors rather than in terms of
polarizabilities. Similar to the average fields, the susceptibility tensors are macroscopic surface-
averaged parameters. They can can be viewed as the effective parameters of metasurfaces, in
analogy with the electric permittivity and magnetic permeability of volumetric metamaterials,
and they depend on the topology and geometry of the unit cells, the inter-distance among
the unit cells, the properties of the material, and the wavelength. In particular, the following
relations hold true [42]:

P (X, ¥) = €X e (%, ¥) Eav (%, ¥) + VEE X o (%, ¥) Hay (%, ¥) 2.7)
M(x,¥) = \/&/tTme (% ¥) Eav (%, ¥) + T (% ¥) Hav (%, ) 2.8)

where %ab (x, y), for a = {e,m} and b = {e,m}, are the (electric-electric, electric-magnetic,
magnetic-electric, and magnetic-magnetic) surface-averaged (or simply surface) susceptibility
dyadics, which are the macroscopic quantities of interest for a simple but accurate synthesis
and analysis of metasurfaces.



GSTCs: A macroscopic algebraic formulation

With the aid of the analytical formulation of the electric and magnetic surface polarization
densities as a function of only macroscopic fields and surface susceptibility dyadics, one
can obtain an explicit analytical (algebraic) formulation of the GSTCs. More specifically, by
inserting (2.7) and (2.8) into (2.1), the following explicit relation can be obtained (for ease of
notation, the dependency on (x, y) for all fields and susceptibility dyadics is explicitly omitted

but implied):
—~H)+H,+H), | jowe| x5 xee EL+EL+EL 2.9
Hi-HL-H[ | 2 | xl& E}+E,+E, '
JOVEE | x&n Xem || Hi+Hi+H;
+ yxX oYy oy H 4 HT (2.10)
2 Yem Xem Hy+Hy+Hy
Et_Ei_Er . XX Xy HI+Hi+Hr
A e e e s @11
—EL+EL+E" 2 | Xm X || Hi+Hi+H]
L JOVEE | X Xme || Bit+ExtEx 2.12)
X i .
2 [RAREA El+E.+E,
where, for a = {e, m} and b = {e, m}, we have introduced the notation:
= ra(xy) xe(xy
Xab (X, 7) = %E’C( ) ay‘}( ) 2.13)
Xab (x,7) Xab (x,¥)

GSTCs: A mathematical tool for analysis and synthesis

The analytical expressions in (2.9) and (2.11) provide one with the necessary equations for
designing metasurfaces, which are capable of applying specified transformations to the im-
pinging radio waves, and for analyzing the performance of wireless networks in the presence
of metasurfaces. We close this sub-section by emphasizing four important properties of the
constitutive relations in (2.9) and (2.11):

1. the constitutive relations are formulated only in terms of macroscopic surface-averaged
EM fields and macroscopic surface-averaged effective parameters;

2. the analysis of the surface-averaged susceptibility functions allows one to understand
whether the metasurface is locally lossy, i.e., their imaginary part is always negative, or
whether some local gains are needed, i.e., their imaginary part takes positive values;

3. even though the constitutive relations offer a macroscopic description of a metasur-
face, they inherently account for the mutual coupling among the unit cells, since they
originate from a microscopic description of a metasurface. In particular, the mutual cou-
pling between adjacent unit cells is implicitly taken into account in the surface-averaged
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Figure 2.8 — Homogenization modeling of a metasurface based on surface-averaged
impedances (reproduced from [2]).

susceptibility matrices in (2.13).

4. the constitutive relations in (2.9) and (2.11) can be applied to formulate the EM response
of a metasurface to arbitrary (in terms of wavefront, incidence angle, and polarization)
impinging EM waves. This implies that (2.9) and (2.11) do not assume that the impinging
EM fields are plane waves. It is necessary, however, that the incident EM fields do not
change significantly over the scale of one unit cell. This condition is usually fulfilled
in metasurface structures whose unit cells have sub-wavelength inter-distances and
sub-wavelength sizes.

In summary, from an analytical point of view, a metasurface can be approximately replaced by
its corresponding constitutive relations in (2.9) and (2.11), which are sufficient for the analysis
and design of wireless networks (see Fig. 2.7).

Equivalent representation in terms of surface-averaged impedances

An alternative homogenization model for a metasurface can be obtained by establishing an
analogy between the propagation of radio waves in vacuum and the propagation of signals in
transmission lines [2, Chapter 2]. In this analogy, more precisely, the electric and magnetic
fields of a radio wave that propagates in vacuum are matched to the voltages and currents
of a signal that propagates in an equivalent transmission line, respectively. The impedances
that determine the equivalent transmission line constitute a macroscopic surface-averaged
representation of a metasurface, which is equivalent to the representation of a metasurface in
terms of surface-averaged susceptibility functions.

An example of representation of a metasurface in terms of transmission line equivalent is
reported in Fig. 2.8. The T-circuit transmission line in Fig. 2.8 ensures, in particular, that there
exist “jumps” (discontinuities) of both the electric and magnetic fields, i.e., the voltages and



currents represented in the figure, in agreement with the GSTCs in (2.1). By applying Kirch-
hoff’s circuit laws to the equivalent transmission line representation of the metasurface, and
by inserting the resulting equations in (2.9) and (2.11), one can compute analytical relations
between the surface-averaged susceptibility functions and the surface-averaged impedances
of the transmission line equivalent in Fig. 2.8. An example of this computation and an explicit
relation between the two representations for a metasurface can be found in [45, Appendix].

The homogenization model formulated in terms of surface-averaged impedances provides one
with useful engineering insights on the properties of a metasurface structure. For example, a
metasurface is capacitive and inductive if the imaginary part of the impedances is negative and
positive, respectively, and a metasurface is lossy and active if the real part of the impedances
is positive and negative, respectively. As remarked in [45], more in general, a representation
of a metasurface in terms of circuital parameters, i.e., surface-averaged impedances, may
be potentially more useful to engineering-oriented communities, while a representation of
a metasurface in terms of surface-averaged susceptibility functions may be more widely
used in physics-oriented communities. Both representations are, however, homogenized,
macroscopic, and equivalent with each other.

2.4 Modeling Radio Wave Propagation in the Presence of Metasur-
faces

In the previous section, we have shown that a metasurface can be described in terms of surface
susceptibility functions and that the electric and magnetic (surface) fields scattered by the
metasurface can be formulated in an algebraic form under sufficiently general modeling
assumptions. In this sub-section, we show that the knowledge of the EM field at the two sides
of a metasurface, i.e., only at z = 0" and z = 07, is sufficient for computing the EM field at any
point of a given volume.

2.4.1 Reference operating regimes

We first introduce some relevant operating regimes and concepts. To help us clarify them, the
illustrations in Figs. 2.9 and 2.10 are utilized.

* Near-field vs. far-field. As depicted in Fig. 2.1, a metasurface is made of unit cells whose
size is usually smaller than the wavelength of the impinging radio waves. At distances
from the metasurface that are larger than two-three times the size of a unit cell, which is
still small compared with the wavelength, the EM fields of the evanescent surface modes
of the metasurface structure, which may be present, can be considered to be negligible
already. From the macroscopic point of view, in particular, the radio waves impinging
upon a metasurface can be assumed to be locally plane waves regardless of the actual
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Figure 2.9 — Near-field vs. far-field of a metasurface and far-field of the array microstructure.
The far-field boundary of the metasurface is obtained from the Fraunhofer distance.

characteristics of the source (e.g., the source may not necessarily emit plane waves). In
simple terms, this implies that, e.g., a spherical wavefront impinging upon a unit cell
can be approximated by its tangent provided that the size of the unit cell is sufficiently
small that the phase of the impinging radio wave does not change along the unit cell.
Since we are interested in EM fields that are evaluated at transmission distances from
the metasurface that are larger than two-three times the size of a unit cell, we can ignore
the evanescent fields that may be present along the metasurface structure, and we
can utilize the surface-averaged reflection coefficient for locally plane waves. In this
thesis, this region is referred to as “the far-field of the array microstructure”. Physically,
as mentioned, this region corresponds to distances from the metasurface structure
at which the evanescent EM fields are negligible. If we consider the example of an
anomalous perfect reflector, this implies that the EM field scattered by the metasurface
is approximately equal to the sum of two plane waves (as modeled in the previous
example). At these distances, one can define and use the surface-averaged reflection
coefficient Rgy (x) as defined in the previous example. As far as the whole metasurface
structure is concerned, on the other hand, the operating regime is not unique. The
transverse size of a metasurface can, in fact, be tens or hundreds (or more) times larger
than the wavelength of the impinging radio waves. This implies that it is not possible
to ignore, in general, the phase change of the impinging radio waves along the entire
metasurface. Depending on the actual network geometry, the size of the metasurface,
the operating wavelength, therefore, a metasurface can operate either in the near-field
regime or in the far-field regime. For clarity, these operating regimes are conceptually
illustrated in Fig. 2.9.
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Figure 2.10 — Electrically large vs. electrically small metasurfaces.

e Electrically large and electrically small metasurfaces. As mentioned, we cannot as-
sume, a priori, that a metasurface operates in the far-field regime. This implies that
the signal models and the corresponding analytical frameworks need to be sufficiently
general to take this into account. This can be considered to be a not so usual situation
in mainstream wireless communications, where the far-field operating regime is usually
de facto implied, even though often not explicitly stated.

In this chapter, we do not attempt to give a formal definition of near-field and far-field
for a metasurface as a whole; they will be given in Chapter III and Chapter IV. We pro-
vide, on the other hand, arguments to distinguish these two operating regimes from a
practical standpoint. Instead of using the terms near-field and far-field, we introduce
the concepts of electrically large and electrically small metasurfaces. For clarity, these
two concepts are illustrated in Fig. 2.10.

A metasurface is referred to as electrically large if its geometric size is large enough as
compared with the wavelength of the radio waves, and as compared with the trans-
mission distance from the source to the metasurface and from the metasurface to the
observation point. If this is not the case, then the metasurface is referred to as electrically
small. The term “large enough” is deliberately left a bit vague, since a formal definition
would depend on a large number of system parameters. In simple terms, based on Fig.
2.10, a metasurface can be considered to be electrically large if the size of a metasur-
face and the transmission distances are such that one sees the metasurface as being
infinitely large, and, therefore, one cannot see the edges of the metasurface structure.
If the opposite holds true, a metasurface can be considered to be electrically small. By
considering a metasurface of a given and fixed size, with a similar line of thought, a
metasurface can likely be considered to be electrically large if the transmission distances
are sufficiently short. If the transmission distances are, on the other hand, sufficiently
long, then a metasurface can likely be considered to be electrically small.
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Figure 2.11 — The Huygens-Fresnel principle.

2.4.2 Theory of Electromagnetic Diffraction

With these preliminary definitions at hand, we can now discuss how to appropriately model
the propagation of radio waves in the presence of a metasurface. As recently proved in [1]
and [46], the EM field at any point of a volume and in the presence of a metasurface can be
obtained by invoking the theory of diffraction and the Huygens-Fresnel principle. In general
terms, the theory of diffraction provides one with the mathematical tools for modeling the
bending of the radio waves when they encounter an object or a discontinuity, which in our
case is a metasurface characterized by its specific effective parameters. In classical physics,
more precisely, diffraction-based phenomena, including the reflection and transmission from
objects, are described by the Huygens-Fresnel principle. According to this principle, every
point of a propagating wavefront is viewed as a collection of individual spherical wavelets.
In particular, every point on a wavefront is itself the source of spherical wavelets, and the
secondary wavelets emanated from different points interfere with each other. The sum of the
emanated spherical wavelets forms a new wavefront. This concept is sketched in Fig. 2.11.

When the radio waves emitted by a source impinge upon a metasurface, based on the Huygens-
Fresnel principle, the wavefront of the impinging radio wave in correspondence of a meta-
surface, i.e., at each point of a metasurface, becomes the source of secondary wavelets that
determine the EM field at any point of the volume of interest. Based on the divergence theo-
rem (or, its more general formulation, the Green theorem [39]), which states that the surface



integral of a vector field over a closed surface is equal to the volume integral of the divergence
of the vector field over the region inside the surface, the EM field of interest is uniquely de-
termined by the EM fields on the two sides of a metasurface, i.e., the surface EM fields. The
readers are referred to [1], [46] for the analytical details. As far as the chapter is concerned, it is
sufficient to understand that this implies that the EM field at any point of a volume can be
obtained from the GSTCs given in the previous section, which, in fact, formulate the tangential
components of the EM (surface) fields at the two sides of a metasurface.

Having considered this fact, the most suitable tool to model the EM field propagation in pres-
ence of metasurface is the theory of electromagnetic diffraction. Electromagnetic diffraction
refers to phenomena where when an EM wave encounters an obstacle or opening. In this
section, we derive several formulations that gives us the quantity of the electric field observed
at a given observation point due to the presence of a scattering body, which, in our case
is the metasurface/RIS. For the sake of rigorous analysis, we start our discussion from the
set of Maxwell equations before proceeding to the derivation of important scalar and vector
diffraction formulations.

Inhomogeneous Helmholtz equations

Consider the Maxwell equation for electromagnetic field when the nonzero sources in forms
of charge density and current density are taken into account (e.g., [47, Eq. (7.40)] )

V. -E@, 1= L&D (2.14)
€o
Vi-H(@r, ) =0 (2.15)
OH(r, 1)
Ve xE(, ) =— (2.16)
ot
OE(r, 1)
Ve x H(r, 1) = €9 5 HmD (2.17)
where we use the following notation:
Vefr) = iA+£A+3A ( ) (2.18)
ef ()= axx ayy azz fxyz xX+yy+zz=r '

i.e., Vy denotes the Laplace operator evaluated atr, p(r, t) and J(x, ) are the charge and current
densities at location r and time ¢, respectively, € is the vacuum permittivity, 1 is the vacuum
permeability, and ¢ = 1/,/€ g is the speed of EM waves in vacuum. We assume the universal
time-dependency of elot je.:

E@r, 1) =Eme/?!,  H(r, 1) =HIel . (2.19)



Substituting (2.19) into (2.14) — (2.17) and canceling out the time-dependent factor, we have

V:-E() = @ (2.20)
€0

Ve-HI) =0 (2.21)

Vi x E(r) = — jopuoH(r) (2.22)

Vi x H(r) = jweoE(r) +J(r) (2.23)

Taking the curl of (2.22) and (2.23) and using the vector identity V; x Vy x E(r) = V (V- E(r)) —
V%E(r) yields us with

Vie(Ve-E@®) — VIZ.E(r) =—jwuoVy x H(x) (2.24)
Vi (Ve-H(@) - VEH(r) = jwegVy x E(r, 1) + Vy x J(r) (2.25)

Finally, by susbtituting (2.20) and (2.21) into (2.24) and (2.25), as well as using the fact that
w?eg o = k?, we obtain the following inhomogeneous Helmholtz equations:
p(r)

VZE(r) + K°E(r) = joue) ) + - (2.26)
0

VZH(r) + k*H(r) = -V x J (1) 2.27)

Kirchhoff diffraction formula

The Kirchhoff diffraction formula is the foundation of the scalar diffraction theory. The formula
is based on the principle that the scalar-valued components of the E and H fields also obey the
scalar version of the inhomogeneous Helmholtz equations in (2.26). For example, assume that
the current source J(r) and the charge source p(r) can be modeled as an infinitesimal volume
located at rry. If E,(r') is the x-component of the electric field E(r') at a point r’, then we have
from (2.26) that

V2E, (1) + K*Ex(t) = —T(pmrpy Ax (P1y) (2.28)

where Ay (rry) is the scalar electric field at the source. The identity function Ty, is present
due to the fact that the sources J(r) and p(r) are non-zero only at r = rr¢ and zero otherwise.

We consider the problem of finding the scalar electric field in a volume V € R bounded by a
closed surface S and an infinite spherical surface S, as shown in Fig. 2.12. Note that S can be
regarded as a solid body that scatters the EM wave from the source. Let G(rgx, 1) = %
be the Green function in a 3-dimensional space where rgy is an observation point (e.g. a

receiver antenna), away from the sources, i.e., J(rgx) = 0 and p(rgy) =0, and r € S is a point in
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Figure 2.12 — Considered system model for finding scalar electric field in a volume V

the boundary. The Green function satisfies the following differential equation

Vi Glrpy 1) + K*Glrpe, r') = 8 (rpy, 1) (2.29)
Applying Green’s second identity [48, Eq. (C.27)] to G(rgy,t') and E,(rgx), we have

fv (G(rry, 1) VZEx (r) — Ex(X)V2G(rgy, 1)) dr

:fs S (G(rry, ¥') (out * Vo) Ex (1) — Ex(r)) (Aout - Vi) G(rpy, ) d’ (2.30)
+ o0

where i,y is the normal vector at any point in S such that it points towards the outside of
V (see Fig. 2.12). The integral over the infinite surface S, is taken to be zero, which can
justified rigorously [48]. Thus, by dropping the S, term and adding as well as subtracting
k?G(rpy, 1) Ex (1) in the left-hand side of (2.30), we obtain:

fv (Grps, 1) (V3 + k%) Ex (1) — Ex(1) (V2 + k) G(rpy, 1)) dr
= fs (Glrre, 1) (Rout - Vi) Ex (') — Ex (') (Boue - Vi) G (rpy, 1)) dr’ (2.31)
From (2.29), we have that
- fv Ex (1) (V2 + k*)G(rpy, 1)dr = fv E(1)8 (rpy, 1) dr = E(rpx) (2.32)
Also, from (2.28), we have that

f Gl 1) (V2 + k) Ex (1) dr = — f G (R D r—py, Ax(rry) dr
174 174

= — Ax(rrx) G(rrx, I1x). (2.33)



Substituting (2.32) and (2.33) into (2.31) yields:

Ex(rrx) = Ax(rrx) G(rrx, I1x) (2.34)

+ f (G(rRX) r') (Rout * Vi) Ex ) - Ey ) (Aout - Vi) G(rgy, 1‘/)) dr'.
S

Note that, in absence of S (the scattering body), the field at the observation point rgx is
reduced to the direct radiated field from source rx towards rgy, which is given as E (rpx) =
Ax (rrx) G(rRx, ITx)-

Vector diffraction theory

In this sub-section, we extend the problem of finding the electric field at an observation
point into the vectorial domain. Historically, the expression of vectorial electric field due to a
scattering body can be given in various forms, with one of the most prominent representations
being the Franz formula. The advantage of this representation is due to the fact that it uses
only the tangential components of the E and H fields on the integration surface and automat-
ically satisfy Maxwell’s equations even with arbitrary boundary values of the fields. In this
thesis, especially in Chapter 4, we use mainly another representation called the Stratton-Chu
Jformulawhich, despite having the disadvantages of involving the normal components of the
fields under the integration sign and of changing their analytical form for surfaces with edges,
is easier to manipulate to obtain a physically meaningful interpretation for RIS/metasurface
applications since one can distinguish the direct link component from the reflected field by a
surface, as well as see the impact of the system’s physical parameters.

Let V < R® be an arbitrary volume and dV be its boundary. Similar to the previous sub-section,
we let rpx € V be an observation point inside V and rrx be the point at which the source is
located, which can be inside or outside V. From Franz formula in [48, Eq.(18.10.11)], the
electric field evaluated at rgy € V is given as follows:

1
E(rgy) = - [Vige X (Vige X (AlrRy) +As(TRx))) ] = — Virg X (A (TRx) + A5 (TRx))

Jw o€ €o

(2.35)
where we define

A(rpx) = fv o) () G(rpyx, ¥)dr (2.36)
Ay (TRy) =fv€0]m(l‘)G(l‘Rx,l‘)dl‘ (2.37)
As(rgy) = — fa v HolRout x H()]G(rgy, 1) dr’ (2.38)

Aps(rry) = f €ohou x E(r)]G(rpy, )dr’ (2.39)
ov



Note that

(b)

Vi X (Vige X AlRy)) = Vi (Ve *AlRre)) — Vo, AlRy) = Vi (Vi Alree)) + K*Alrpy) (2.40)

where (b) follows from [48, Eq.(18.2.5)]. Also, from (2.36) we have

Vi [Vig, -AltRy) | = fv 10 Vg, (VrRXG(rRx,r)-I(r))dr(Q fv poJ (@) Vig) (Vi Glrpy, 1)) dr

(2.41)
where (c) follows from identity
Vere (Ve GRx 1) - (1)) = (Vi GRe, 1) - Vi JI(®) + () - Vi ) Vi, GrRy, 1)
+ Vi G(rRx, 1) X (Vg X J (1)) +J (1) X (Vi X Vi G(¥Rx, 1))
D). V) Ve, Gleet) (2.42)

and (d) follows form the fact that V,,_ only acts on V,, G(rgry, 1) and that Vy, x Vi, G(rgy, 1)) =0.
Substituting (2.36) and (2.41) into (2.40), we have

Vg X (Vg X A(tRy)) = fv [0k T@) GrRy, 1) + o T (X) - Vi) (Vg Grry, 1)) ] dr (2.43)

Using similar steps, we can show that

Vi, X (Vg X As(fRy)) (2.44)

= _fav [NO K [Aout x HIE)Grps, 1) + pro ([Roye x HE)] - Vire) (VrRXG(rRX,r'))] dr’
Also, from (2.37) and (2.39), we have

1 1

— Vi X A (FRx) = — Vi, x[ €0)m (@) G(rpy, ¥)dr :f (Vi Grps, ) x T (1)) dr  (2.45)
€o €0 v v

1 1
— Vg, X Ams(Rx) = — Vi, ¥ ( / €olNout X E@]G gy, 1) dr)
€0 €0 v

= fa y (Ve Glrpy, 1) x [foue x E(0)]) dr (2.46)

Substituting (2.43), (2.44), (2.45), and (2.46) to (2.35), we obtain

1
E(rRx):jwe fv [K*J (1) Grpy, 1) + J (@) Vi) (Vi G(XRx, 1)) = €0 Vi, GlrRy, ¥) X J 1 (1)]
0

1
Jjweo
+jwe Ve, Grpy, 1) X [Aoye x E()1] dr’ (2.47)

f [K? [hout x HI)Grpe, ') + ([Aou x HE)] - Vi ) Vi Gy, )
ov

Note that V,,_only acts on G(rgx, 1) and G(rgy, r’). Also, note that Vi G@ORx, ¥) = =V G(rRy, I)



and Vy, G(rgy, ') = —V;G(rpy, ). Therefore, (2.47) can be transformed into:

1
E(rgy) = Tweo fv [E*J (1) G(rpy, 1) + J(X) - Vi) (Ve G Ry, 1)) — jweq Vel (1) x Gligy,1)] dr
0

1 - , o ’ ,
" Tt fav [k*[Aout x HEX)G(rre, ¥') + (fout x HE)] - Vi) Ve Glrgy, ')

0
+jweoVy [Royt X E(r,)]] X G(l‘RX,l‘,) dar’ (2.48)

This expression in (2.48) is called Kottler formula [48, Eq. (16.10.10)]. We use the relation [48]
| 0690 VoGt ) dr— [ (o x HO))-Ve) Ve Glrmo v’ (2.49)
= f jwp(r)VrG(rRX,r)dr—f jweg gyt - E@')] Ve Grgy, ¥')dr’ (2.50)

1% ay

Applying (2.49) into (2.48) yields:

E(rRx)=/V[—jwuol(r)G(rRx,rH?VrG(rRx,r)—lm(r)erG(rRx,r) dr
0

_fav [—jopolhour x HIX)]Glrpy, ') + Moy - B Ve Glrgpy, 1)

+[Aoye x E(r')] x Vp G(rpy, 1) | dr’ (2.51)

This expression in (2.51) is called the Stratton-Chu formula [48, Eq. (16.10.7)]. Note that, if
the source location ry is contained in V, we have

J

where Ej,(r) is the radiated field (i.e., field that propagates directly) from the source at ry4 to

—joueJ()G(rpy, 1) + ?VrG(rRx, 1) | dr = Ejpc(x)
0

the observation point at rgx. Therefore, assumingJ,,, = 0, we have

E(rre) = Ierev) Binc () — fa . [—jowpo oy x HE)]Grpy, ¥') + Moy - EX) 1 Ve Glrpy, 1)

+[Aoye x E(r')] x Vy G(rpy, 1) | dr’ (2.52)

2.4.3 Methods of Physical Optics

The existing methods for solving scattering problems can be classified into three broad cat-
egories: (i) analytical methods, (ii) numerical methods, , and (iii) approximate analytical
models. The main differences between these methods are that analytical methods provide ex-
act explicit solutions, numerical methods lead to approximate analytical solutions for usually
simplified structures, and approximate analytical models transform differential or integral
equations into matrix equations by projective approximations and solve them iteratively or by
matrix inversion.



Physical optics (PO) can be categorized as an approximate analytical technique, i.e., it pro-
vides the exact solution of the electromagnetic fields at a given observer location while also
approximate and transform it into a closed-form solutions. This technique allows us to solve
scattering problems for electrically large objects. The main advantage of the PO method com-
pared to the discretization-based numerical approaches is that it eliminates the need to solve
systems of algebraic equations since the solution of the scattering problem is immediately
available in the form of an integral over the scattering surface, whose computation can be
efficiently carried out by applying various numerical/asymptotic integration techniques.

The PO method is a high-frequency technique in the sense that the accuracy of the PO so-
lutions improves with the increase in frequency so that for scatterers, apertures, lenses, and
reflectors greater than severalwavelength in diameter PO provides solutions with an accuracy
that is sufficient for most practical applications. In contrast to geometrical optics (GO), PO
solutions correctly (at least qualitatively) describe a variety of diffraction effects, including the
smooth transition between the lit and shadowed portions of space at shadow boundaries, the
edge-diffracted waves, and the fields at caustics. All these features make the PO method an
indispensable tool in optical and microwave engineering.

Reflection and Transmission on Planar Interfaces

Before going into the principles of physical optics, we first look at the theory on reflection and
transmission (or refraction) of waves at planar interfaces (e.g., 2-dimensional RIS).

When a plane incident wave arrives at a material interface, a plane reflected wave and an
in general inhomogeneous transmitted wave are produced. In each of these waves the field
vectors are perpendicular to the respective wave vectors and can be completely represented
by two components, implying that relations between the incident, reflected, and transmitted
fields at a material interface can be described by 2 x 2 reflection and transmission matrices
Rand T. In isotropic media these matrices can be made diagonal by splitting up the fields
into the components parallel and perpendicular to the so-called plane of incidence, which is
the plane defined by the direction of incidence of the incoming wave and by the normal to
the material interface (Figure 4.1). A fundamental feature of reflection and transmission of
electromagnetic waves at isotropic and non-chiral material interfaces is that these components
are completely decoupled in the sense that the parallel (perpendicular) component of an
incident wave is related only to the parallel (perpendicular) components in the reflected and
transmitted fields. If we denote the electric fields in the incident, reflected, and transmitted
waves by Einc, Erer, and Egan, and their parallel and perpendicular components by the symbols
| and L, respectively, then the relations between the components can be expressed as

EL.=R'E; (2.53)

ref — inc

gl —plgL

ref — inc’



I _ 1 1l _ plpl
Etran - T”Einc’ Etran =T Einc (2.54)
which implies that
Rt 0 T+ 0
R= 1L T= 1] (2.55)
0 R 0 T

The four factors Rt, R”, T+, and T!, called the reflection and transmission coefficients, are
sufficient to completely determine the relations between the complex amplitudes in the
incident, reflected, and transmitted waves at a flat interface of isotropic materials.

Principles of physical optics

We first discuss the fundamental physical assumption behind the PO method: the GO ap-
proximation of the fields or currents on the scatterer surface. When a plane wave illuminates
a flat object (with an infinite planar surface), the reflected field is also a plane wave. The
propagation direction of the reflected wave is given by the GO rule: the reflection angle is
equal to the incidence angle. For this case of an infinite flat object, the reflected field values
can be easily found. The PO approximation treats the neighborhood of every point on the
surface of electrically large arbitrary-shaped bodies as locally flat and tangential to the surface
at this point, and uses the solution for the corresponding infinite and flat surface to define
the fields or currents on the surface of the scatterer. This leads to the assumption of the local
character of the interaction between the incident field and the scatterer: the current at a given
point is determined by the incident field at the same point. This is approximately correct if the
body is large compared to the wavelength and smooth so that the curvature radii are also large
compared to the wavelength.

The PO solution for a scattering problem starts from choosing a suitable integration surface
over which the electromagnetic field can be reasonably approximated in the framework of
GO, for example by a combination of incident, reflected, and transmitted plane waves. Then,
one writes the GO-based approximations for the tangential components of the electric and
magnetic fields on the integration surface or, which is the same, for the equivalent or physical
surface currents. Finally, these approximated currents are inserted into the original integral
representation of the scattered field and integrated over the surface, which gives the scattered
field in the PO approximation.

For example, consider a scattering body that is impenetrable so that the direct transmission
through it can be neglected. We choose the integration surface Q such that it coincides with
the physical scattering surface (see Figure 2.13). Furthermore, we split the Q into the lit (grey)
and shadowed (black) region in Figure 2.13, and denote them as Q3 and Qghadow, respectively.
In this case, we have Q = Qi + Qghadow- 1f We know the reflection matrix R for all incidence



Figure 2.13 — Scattering from a material body according to PO. The scattered field at the
observation point P is obtained by integration over all secondary sources on the illuminated
portion of the scatterer (gray) which are described in the GO approximation. On the shadowed
portion of the scatterer (black) the secondary sources are assumed to be zero.

angles, then the electric field at any point s in the material body, according to geometrical
optics, is approximated as follows:

Ein E; = R+ DEj, » Qi
Ego(s) ~ c(8) + Erer(8) = (R+DEjnc(s), s€ Qi (2.56)

, SE Qshadow

Here, s denotes a point in the material body, I is a 2 x 2 identity matrix, Eijnc(s) and Ec¢(s)
are the incident and reflected electric fields at s, which are needed to specify the reflected
field, are taken for the incidence angle defined at that particular point. The local values of the
magnetic field Hg (s) can be obtained from Eg, (s) by using the relations between the electric
and magnetic fields in plane waves:

Hgo (8) ==V x Ego (8)/ (jwuo) (2.57)

Derivation of Physical Optics Solutions

Derivation of a PO solution consists of three steps:

1. choice of integration domain; In this step, a suitable integration surface Q2 in an integral
representation of the field is chosen. In problems of electromagnetic scattering by
compact scatterers, the most convenient choice is typically the surface of the scatterer;
in problems of transmission through or radiation from an opening in a impenetrable



screen areasonable choice is a surface placed directly behind the screen which coincides
either with the aperture or with the front of the transmitted wave.

2. integral simplification; In this step, the exact integral representation obtained in the
previous step is simplified through approximate evaluation of the differential operators
in the integral representation.

3. approximation of the fields on the integration surface using the GO laws; In this step,
the simplified integral obtained in the last step is approximated by using numerical
methods. Typically the resulting integral can be conveniently approximated by station-
ary phase method (SPM) or the Taylor approximation of distances.

2.5 Conclusion

We conclude this chapter by briefly summarizing the material provided in this chapter and
discussing their relations with the subsequent chapters. In this chapter, we have introduced
necessary tools for modeling RISs by using physics-based approach i.e., through the theory
of EM waves. From the theory of surface electromagnetic, we understand that an RIS can be
homogenized thanks to its subwavelength-size of its scattering elements. This allows us to see
an RIS as a continuous function even though the RIS is conceptually discrete. Furthermore,
using the macroscopic representation of RIS, the electric field at the receiver can be fully
described by the knowledge of the electric field at the reflection or transmission side of the
RIS. In Chapter 3 and, more specifically, Chapter 4, we will see how this allows us to greatly
simplify the analysis of the path-loss modeling of the RIS and, by leveraging the theory of
electromagnetic diffraction, to obtain the analytical formulation of the received electric field.
Finally, using the methods of physical optics, which overcome the limitation of geometrical
optics, the obtained analytical formulation can be obtained in a tractable manner.
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Reconfigurable intelligent surfaces (RISs) have the potential of realizing the emerging concept

of smart radio environments by leveraging the unique properties of meta-surfaces. In this
chapter, we elaborate on the key differences and similarities between RISs that are configured
to operate as anomalous reflectors and relays. We also compare the performance of both tech-

nologies, first qualitatively, and then quantitatively through numerical results that highlight

their respective spectral efficiency gains.
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3.1 Introduction

By 2022, it is expected that the global mobile data traffic will reach a monthly run of 77 ex-
abytes, which corresponds to a 7-fold growth compared with the monthly run of 2017. Such
demands may not be accommodated by current cellular standards that utilize only sub-6 GHz
frequency bands. A key feature of future wireless networks is hence the potential migration
to higher frequencies, e.g., the millimeter (30-100 GHz) and sub-millimeter (above 100 GHz)
wave bands [49]. Extensive measurements have been conducted at the millimeter wave band
and, more recently, the sub-millimeter wave band. These measurements have demonstrated
that the use of highly directional steerable antennas enables mobile communication at such
high frequencies [49]. However, millimeter wave and sub-millimeter wave frequency bands
are highly susceptible to blockages from large-size structures, e.g., buildings, on the radio
path [49, Tables 4, 5]. In addition, their signals may be severely attenuated by the presence of
small-size objects, e.g., human bodies and foliage.

A possible approach for circumventing the unreliability of high-frequency channels is to sense
the environment and to identify, on a real-time basis, alternative propagation routes through
which the same information-bearing signal can be received. To this end, an established
method is the deployment of relays that capitalize on the concept of (distributed) cooperative
diversity [50]. The use of relays can effectively turn a single non-line-of-sight (NLOS) link into
multiple line-of-sight (LOS) links. This approach requires each relay to be equipped with a
dedicated power source and with the necessary front-end circuitry for reception, processing,
and re-transmission. For these reasons, the use of relays may result in an increase in the
network power consumption and may require a larger capital expenditure for deployment.

In addition, the network spectral efficiency offered by relay-aided systems depends on the
duplexing protocol employed for transmission. If a half-duplex (HD) relaying protocol is
employed, transmitters and relays are not allowed to transmit concurrently on the same physi-
cal resource. This issue can be overcome by employing a full-duplex (FD) relaying protocol,
but at the cost of: (i) introducing high loop-back self-interference at the relay because of the
concurrent transmission and reception of signals; (ii) generating co-channel interference at
the destination, since relays and transmitters emit different information on the same physical
resource; and (iii) increasing the signal processing complexity and the power consumption of
the relays. Relays, therefore, are utilized in an adaptive fashion, depending on channel and
interference conditions, for improving the network performance [50].

When the LOS path is of insufficient quality, another approach to establish alternative routes
is through passive non-reconfigurable specular reflectors, e.g., dielectric or metallic mirrors [35].
This method for coverage enhancement has the potential benefit of being more cost-efficient
as compared with relaying, especially in high-frequency bands. However, a main limitation



of non-reconfigurable reflectors is that they cannot enable the dynamic shaping of the im-
pinging waves, since their operation cannot be modified after fabrication, i.e., at the time of
deployment and operation. Due to the highly dynamic nature of the wireless environment
and the nomadic nature of mobile communications, it would be beneficial that such reflectors
be capable of adaptively shaping the radio waves based on actual blockage and environmental
conditions.

Propitiously, as described in the previous chapter, electromagnetic-based reconfigurable
structures that are capable of applying specified transformations to the impinging radio
waves do exist and can operate at different frequency bands [4], [8]. In the literature, in
addition to reconfigurable intelligent surfaces (RISs), these structures are often referred to
as large intelligent surfaces, intelligent reflecting surfaces, digitally controllable scatterers,
and software-controllable surfaces. When deployed in wireless networks, RISs have the
potential of turning the wireless environment, which is highly probabilistic in nature, into a
programmable and partially deterministic space, which is referred to as smart (or intelligent)
radio environment [5].

3.2 Reconfigurable Intelligent Surfaces vs. Relaying

In this section, we elaborate on differences and similarities between RISs that are employed
as anomalous reflectors and relays. The comparison is made here on a qualitative basis, and
is complemented, in the next section, with results that compare RISs and relays on a more
quantitative basis.

3.2.1 Hardware Complexity

Relays are usually viewed as active devices that need a dedicated power source for operation.
They are equipped with active electronic components, such as digital-to-analog converters
(DACs) and analog-to-digital converters (ADCs), mixers, power amplifiers for transmission,
and low-noise amplifiers for reception. Several electronic components are typically needed
for implementing decode-and-forward (DF) and amplify-and-forward (AF) relaying. The
deployment of relays may, thus, be costly and power-consuming, especially for realizing
multiple-antenna designs at millimeter and sub-millimeter wave frequency bands [49]. If, in
addition, FD relays are used, the complexity is further increased due to the need of eliminating
the loop-back self-interference by using tailored antennas and analog/digital signal processing
methods.

In contrast, RISs are composite material layers that are made of metallic or dielectric patches
printed on a grounded dielectric substrate. Their configurability is ensured through low-power
and low-complexity electronic circuits (switches or varactors) [12]. RISs are envisioned to be



of lower complexity than relays, especially at mass production and if realized by using inex-
pensive large-area electronics, since no dedicated power amplifiers, mixers, and DACs/ADCs
are usually required. A prototype of large-size RIS made of 3,720 inexpensive antennas has
recently been realized [3].

3.2.2 Noise

The active electronic components used in relays are responsible for the presence of additive
noise that negatively affects the performance of conventional relaying protocols. In AF relaying,
for example, the noise is amplified at the relays. The impact of additive noise can be mitigated
by employing DF relaying, at the expense of decoding and re-encoding (regeneration) the
signal at the relays and increasing the signal processing complexity and power consumption.
In FD relaying, the impact of residual loop-back self-interference further deteriorates the
system performance.

On the other hand, RISs that behave as anomalous reflectors are not affected by additive noise.
However, they may be impaired by phase noises. If they are nearly-passive, in addition, they
cannot amplify or regenerate the signals [8].

3.2.3 Spectral Efficiency

The spectral efficiency of relay-aided systems depends on the adopted duplexing protocol.
Under HD relaying, the achievable rate is generally scaled down by a factor of two, since
different physical resources are used for the data emitted by the transmitter and by the relay.
The end-to-end signal-to-noise ratio, on the other hand, can be increased by capitalizing on
more favorable propagation conditions for the relayed signal, and by optimally combining the
direct and relayed signals. Under FD relaying, the achievable rate is not scaled down by a factor
of two, but the relay is affected by the residual loop-back self-interference, and the receiver is
impaired by the interference generated by the concurrent transmission of the transmitter and
the relay.

RISs that are configured to operate as anomalous reflectors are not subject to the half-duplex
constraint and the loop-back self-interference. In addition, the local reflection coefficient
of the meta-surface can be designed for optimally combining the signals received from the
transmitter and the RIS.

3.2.4 Power Budget

Relays require an independent power source for operation, which is used for transmitting the
signals (RF power) and for supplying with power their electronic components.



In contrast, RISs are suitable for nearly passive implementations, since non-reconfigurable
meta-surfaces can be realized with fully passive components, and low-power active compo-
nents (switches or varactors) are needed only for ensuring their reconfigurability. Also, the
low-power nature of switches and varactors makes the use of energy harvesting a suitable
candidate for realizing close-to-passive implementations.

In relay-aided systems, it is usually assumed that the total RF power is allocated between the
transmitter and the relay, so as to ensure a total power constraint. In RISs, the transmitter
uses the total RF power. Also, the power reflected and scattered by the RIS depends on its
transmittance, which can be optimized through an appropriate design of the meta-surface [12].
In the ideal case, the total power reflected by an RIS is the same as the total power of the
impinging radio wave.

3.3 Performance Comparison: Achievable Data Rate

In this section, we compare the performance of RIS-assisted and relay-assisted systems in
terms of average signal-to-noise ratio (SNR) at the receiver side. To better understand the
comparison, we briefly introduce the system model of both systems and analytical formulation
of the achievable data rate. In general, the communication system (both in RIS and relay
scenario) is designed to transmit information from a transmitter (Tx) to the receiver (Rx). Tx
is modeled as a point source that emits cylindrical electromagnetic (EM) waves through the
vacuum. The EM waves emitted by Tx travel at the speed of light ¢. The frequency of the
EM waves is denoted by f, and the wavelength and wavenumber are A = ¢/ f and k =27/A,
respectively.

3.3.1 System Model and Analytical Formulation of Achievable Data Rate
Reconfigurable Intelligent Surface

In a two-dimensional space, we consider a system that consists of a transmitter (Tx), a receiver
(Rx), and a flat surface (#) of zero-thickness (see Fig. 3.1 ). Without loss of generality, we
assume that .# is located such that its center coincides with the origin. Furthermore, .# lies in
the x-axis and spans along [-L, L], i.e.,

F={x,0:-L<x<L}.

The locations of Tx and Rx are denoted by (xr, yr) and (xg, yr), respectively. We consider
only the scenario where Tx and Rx are on the same side of the surface ., i.e., we focus our
attention on modeling reflections from the surface ..
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Figure 3.1 — System model for RIS-assisted communication.

For every point (x,0) € ., the Tx-to-% and .#-to-Tx distances are denoted by dr (x) =
v/ (x—x7)%+ y?r and dg (x) = \/(xg — %)% + yf?, respectively. In particular, dr (x) is the radius
of the wavefront of the EM wave that is emitted by Tx and intersects . at (x,0), and dg (x) is
the radius of the wavefront of the EM wave that originates from % at (x,0) and is observed at
Rx. With a similar terminology, the angle of incidence of the EM wave at (x,0) € ¥ is denoted
by 67(x). It represents the angle formed by the y-axis and the wavefront of the EM wave
that originates from Tx and intersects .# at (x,0). The angle of reflection of the EM wave
at (x,0) € & is denoted by Og(x), and it represents the angle formed by the y-axis and the
wavefront of the EM wave that is emitted by . at (x,0) and is observed at Rx.

For simplicity, we assume dr (x) > A and dg (x) > A, which usually hold true in practical
setups. Under these assumptions, the electric field emitted by the point source (Tx) and
observed at Rx in the absence of . corresponds to the Green function in the plane, which is
well approximated as follows:

—jkd ,
Ex(xR,yR)oneXp( jkdrr (xr.y)) 3.1

kdrr (xr, yr)

where Ey = —jv/1/(8m) exp (—jn/4), j is the imaginary unit, and drg (xg, yr) is the distance
between Tx and Rx.

The surface .# is modeled as a spatially-inhomogeneous reflector that is capable of modi-



fying the phase of the incident field. We assume that the electromagnetic properties of the
surface . vary slowly, as compared with the wavelength, along the surface itself. Under this
approximation, the surface . can be well modeled as a local structure: the reflected field at
(x,0) € & depends, approximately, only on the incident field at (x,0) € . [51]. More precisely,
the reflection coefficient at (x,0) € . can be written as follows:

I (x) =C(x)exp (jP(x)) 3.2)

where C(x) € R* and ®(x) € [0, 27) denote the amplitude and phase of the reflection coefficient,
respectively. In this chapter, we assume C(x) = 1.

In vacuum, the x and y components of the electric field are not coupled, and we assume
that . does not change the polarization of the EM waves. Under these assumptions, we can
analyze any components of the electric field. In this chapter, we consider the tangential (to
the surface ) component of the electric field, which is denoted by Ex (xR, yR). To this end,
the achievable data rate in RIS-assisted communication is given as follows:

P
Rris =log, |1+ —|Ey(xg, yr)I*|. (3.3)
Ny

where P is the transmit power by Tx and Nj is the noise power at Rx.

In the following, we present analytical results on the intensity of the electric field at Rx due to
the presence of RIS, as reported in [1]. In its most general form, based on our system model of
RIS, the intensity of the electric field emitted by Tx, reflected by the surface ., and observed
at (xg, yr) is given as follows.

Theorem 3.1 Let us assume dr (x) > A and dg (x) > A. The electric field Ex (xg, yr) can be
formulated as follows:

+L
Ex (xR, ¥r) =J0fL S (x)exp (-jkP? (x)) dx (3.4)

where %y =1/8m), 22 (x) =d7 (x) +dg (x) — P (x), and £ (x) =

1 ( yr + YR )
Vdr(x)dr(x) dr(x) ' dr(x) )"

Proof 3.1 See Appendix 3.6.1

The electric field in (3.4) is formulated in a simple integral form, which, however, does not
explicitly unveil the dependency of the electric field as a function of the transmission distances.
Also, the electric field depends on the specific phase shift ®(x) applied by the surface .#. In
the following, we consider two case studies for the choice of ®(x):

1. & as anomalous reflector: In this case study, the surface . operates as an anomalously



reflecting RIS, i.e., it is configured for reflecting the EM waves emitted by Tx towards a
given direction. To this end, @ (x) in (3.4) is chosen as follows:

O (x) = (pr—dg) x+dolk (3.5)

where ¢ € [0,27) is a fixed phase shift, ¢, = —)'CT/ X245, g = )?R/\ /X% + j%, and
(X7, 77) and (%R, j) are parameters that are optimized for obtaining desired reflection
capability [1]. The results are given in two distinct approximation regimes, namely the
electrically-large regime and the electrically-small regime, which are the representative
of near-field and far-field, respectively. The regimes are defined as follows:

Definition 3.1 Let usdefinedq (x) = \/(xg — x)2 + yé andsin (6go) = sin(0¢ (0)) = —qxq/dgo

for Q={T,R}, where q=1ifQ=T and q= -1 if Q= R, as well as dqo = \/x{, + ¥, for
Q ={T, R}. The system is said to operate in the electrically-small regime if the approxima-
tion dg (x) = dgo + gxsin (GQO) holds true for Q = {T, R}. Otherwise, it is said to operate
in the electrically-large regime.

Proposition 3.1 Assume ¢ = sin (071 (0)) and ¢y = sin (0 (0)). In the electrically-large
regime, the intensity of the electric field in (3.4) can be approximated as follows:

1 VI-05+\1-04
42k \/(1 — %) dro+(1- %) dro

Proof 3.2 See Appendix 3.6.2.

(3.6)

|Ex (xr, yr)| =

Proposition 3.2 Assume (Z)T =sin (@1 (0)) and J) r =sin(0r (0)). In the electrically-small
regime, the intensity of the electric field in (3.4) can be approximated as follows:

L 1- G+ \1-¢
4m Vv drodro

Proof 3.3 See Appendix 3.6.3.

|Ex (xr, yg)| = 3.7)

. & as focusing lens: We analyze the case study in which the surface . operates as an
RIS whose phase ® (x) is appropriately optimized in order for . to act as a focusing
lens. In particular, we consider that .# acts as a beamformer (or a reflecting lens) that
focuses the signal towards a single location (Xg, ). To this end, @ (x) in (3.4) is chosen
as follows:

®(x) = \/(x=xp)2 4 Yot \[ (= TR)2+ 7 3.8)

The exact formulation and the electrically-small approximation of the electric field
intensity at the receiver is given as the following.



Proposition 3.3 In case of & configured as a focusing lens, the intensity of the electric
field in (3.4) can be approximated as follows:

yr_ . _Jr ) (3.9

1 +L 1
Ex ) =G
(xr» yr) 8n f_L dr (x) dg (x) (dT (x)  dg(x)

Denote ¢y = sin (07 (0)) and ¢ppy = sin(0g (0)). In the electrically-small regime, the
intensity of the electric field in (3.4) can be approximated as follows:

L 1= G+ /1=
4m Vv drodro

(3.10)

|Ex (xr, yr)| =

Proof 3.4 The proof follows from substituting (3.8) into (3.4) and using similar steps as
in3.2.

We note that, as explained in [1], the electrically-large approximation of the electric field
in case of RIS acting as a focusing lens is not available.

Relay

We consider communication from a single transmitter (Tx) antenna to a single receiver (Rx)
antenna. We also assume that the communication is assisted by a half-duplex (HD) relay
with repetition-coded decode and forward (DF) relaying protocol, in which the transmission
procedure is divided into two equal-sized phases:

¢ In the first phase, Tx transmits the signal containing information which is received at Rx
as follows:

Y1d = hsav/ P1s+ mg, (3.11)

where hgq € C is the channel gain between Tx (source) and Rx (destination), P; is the
transmit power in the first phase, s is the unit-power information signal, and n;4 ~
N¢(0,0?) is the noise power at Rx in the first phase. In the same phase, the received
signal at the relay is

Yir = hsev/ P1 S+ nay, (3.12)

where /g € C denotes the channel gain between Tx and relay, while 7y, ~ A¢ (0, 0?)is
the noise at relay. The DF relay uses y;; to decode the information and then encodes it
again for transmission in the second phase.

* In the second phase, the relay transmits the following signal: /P,s where P, is the
transmit power by relay in the second phase. In this case, the received signal at Rx (from



the relay) is given as follows:

Yoa = hegV/ P2s + Naq, (3.13)

where h.q € C denotes the channel between the relay and Rx and nyq ~ A¢(0,0?) is the
noise at Rx in the second phase.

Assuming that the relay-aided system operates in vacuum, the channel gain between Tx and
Rx, Tx and relay, as well as relay and Rx are equivalent to the free-space propagation path-loss,
which is given by the Green’s function in a 2D-space, i.e.:

heg ~ — (3.14)

g = — (3.15)

(3.16)

where dsp, dsg, and dgp are the distance between Tx and Rx, between Tx and relay, and
between relay and Rx, respectively. We note, in particular, that the channel gains hgq, hs; and
hyq include the impact of transmission distance and the wavelength A, i.e., we have

1/2 1/2 1/2
|Rsql ox (%) , | Bgr| o (d_SR) ) [Arql o (%) (3.17)

3.3.2 Quantitative Comparison

Having presented the corresponding analytical formulation of the achievable data rate for
RIS-assisted and relay-assisted systems in Sec. 3.3.1, we compare the performance of both
systems. We distinguish our comparison into two categories: (i) Average Signal-to-Noise Ratio
vs. Number of Elements, and (ii) Average Signal-to-Noise Ratio vs. Transmission Distance.

Average Signal-to-Noise Ratio vs. Number of Elements

Let us consider a multiple-antenna relay that employs maximum ratio weighting for reception
and transmission. If N antennas are used at the relay, the average end-to-end signal-to-noise
ratio increases linearly with N. On the other hand, the average end-to-end signal-to-noise
ratio of a RIS made of N individually tunable antennas (or N reconfigurable meta-surfaces,
each of them made of an appropriate number of meta-atoms to realize the desired wave
transformations) increases quadratically with N, while still being subject to the energy conser-
vation principle [3], [52]. Based on existing prototypes for wireless applications, N may be of
the order of a few thousands if the RIS is realized by using individually tunable inexpensive
antennas [3], and of the order of ten thousands if it is based on meta-surfaces [33].



The different scaling laws as a function of N can be understood as follows. In relays, the
available power is allocated among the N antennas so that the total power is kept constant. In
RISs, in contrast, each constituent antenna or meta-surface reflects, after scaling the received
signal by the transmittance and with no noise addition, the same amount of power received
from the transmitter.

It is worth mentioning that, however, the more favorable scaling law as a function on N
does not necessarily imply that RISs outperform relays. For a fixed total power constraint, in
fact, the path loss as a function of the transmission distance cannot be overlooked. This is
discussed next by considering, for ease of exposition and without loss of generality, a free-space
propagation model and N = 1 for both relays and RISs.

3.3.3 Average Signal-to-Noise Ratio vs. Transmission Distance

For the sake of numerical comparison, we refer to the system model and the analysis in
Sec. 3.3.1. To this end, we use the same notation to denote the distance between Tx and
Rx (dsp), between Tx and RIS/relay (dsg), and between RIS/relay and Rx (drp). Under these
assumptions, the end-to-end power received from an DF relay scales with the reciprocal of
the product of the transmitter-to-relay distance and the relay-to-receiver distance [50], i.e., as
(k2 dSRdRD)_l. When considering the effect of noise, the end-to-end signal-to-noise ratio of
DF relaying scales with the reciprocal of the distance of the weakest of the two paths, i.e., as
min {(deR)_l, (deD)_l}. On the other hand, the total power reflected by an RIS, and hence
the scaling law of the received power as a function of the distance, depend on the relation
between the geometric size of the RIS, the wavelength of the radio wave, and the relative
transmitter-to-RIS and RIS-to-receiver distances. Based on Sec. 3.3.1, two notable regimes are
worth of analysis.

¢ Electrically large RISs: If the geometric size of the RIS is large enough as compared
with the wavelength and the transmission distances (dsg and dgp), the RIS behaves,
asymptotically, as an anomalous mirror. In this regime, the power received from the
RIS and the end-to-end average signal-to-noise ratio at the receiver scale, as function of
the distance, as (adeR + ﬁdeD)_l, where a and 8 depend on the specified angles of
incidence and reflection of the radio waves [1, Eq. (10)];

¢ Electrically small RISs: If the size of the RIS is not large enough as compared with the
wavelength and the transmission distances (dsg and dgrp), the RIS behaves, asymptoti-
cally, as a diffuser. In this regime, the received power and the end-to-end average signal-
to-noise ratio at the receiver scale, as a function of the distance, as 4L (dsgdrp) ' [1, Eq.
(11)]. This is the same scaling law as for the received power of AF relaying. Notably, the
end-to-end average signal-to-noise ratio depends on the length, 2L, of the RIS.



The analysis of electrically large RISs is a relevant case study because of the large geometric
size that some implementations of RISs may have. A recent prototype of RIS reported in [33],
whose size is 1 m? and whose frequency of operation is 10.5 GHz, is shown to operate in
the far-field at distances greater than 70 m based on analytical formulas and at distances of
the order of 28 m based on experimental measurements. In typical indoor environments,
therefore, an RIS of this kind may be viewed as electrically large by transmitters and receivers.

3.3.4 Takeaway Messages from the Comparison

Based on the considerations and case studies analyzed in the previous sub-section, it is inter-
esting to compare the scaling laws of RISs and relays as a function of the transmission distance.
Let us assume, for simplicity, dsg = drp = dy, i.e., the RIS/relay is located equidistantly from
the transmitter and receiver. Also, let M;,, denote the number of meta-atoms of the RIS and
let A/ D with D > 1 be their inter-distance. Thus, 2L = My,A/D, and the average end-to-end
signal-to-noise ratio scales, as a function of the distance, as follows.

* Relay-aided transmission: o 1/dp;
e Electrically large RIS: o< 1/ (ady + Bdb);

* Electrically small RIS: o< 412/ dg o« M2,/ dg.

Accordingly, the following conclusions can be drawn:

* Relay-aided transmission and electrically large RISs (i.e., with a slight abuse of terminol-
ogy, for short distances dp) offer a similar scaling law as a function of the distance. Since
RISs are not subject to the half-duplex constraint and the loop-back self-interference,
they have the potential of providing a better rate than relays if, for a fixed size of the RIS,
the distances are not too long;

* Compared with relays, electrically small RISs (i.e., with a slight abuse of terminology,
for long distances d) offer a less favorable scaling law as a function of the distance.
However, the average end-to-end signal-to-noise ratio of electrically small RISs scales
quadratically with their size, i.e., quadratically with My, if D is kept fixed. Thus, a
sufficiently large RIS (but still electrically small) has the potential of outperforming
relay-aided transmission.

Based on these findings, it can be concluded that RIS-aided transmission may outperform
relay-aided transmission provided that the size of the RIS is sufficiently large.
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Table 3.1 — Rate (R) for relays and RISs.

Transmission frequency fe

Wavelength A

Wave number k=2m/A

Electric field (distance d) | |E(d)| = Eo/\/m [1, Eq. (D]
Transmit power (RIS) p

Transmit power (relay) Pr=P/2

Noise power (receiver) Ny

Self-interference Is =10NyPg

HD DF relay R=(1/2)log, (1 + (Pr/No) |E (d)[?)
FD DF relay R=log, (1+(Pgr/(No +Is))|IE(d)I?)
Ideal FD DF relay R=log, (1+(Pr/No)|E(d)?)

RIS - General formula

R=logy (1 +(P/No) |Exis (d)|2)

RIS - Mirror (exact)

Eyis (d) in [1, Eq. (3)]

RIS - Mirror (short d)

Eris (d) in [1, Eq. (10)]

RIS - Mirror (long d)

Eyjs (d) in [1, Eq. (11)]

RIS - Lens (exact)

Eyis (d) in [1, Eq. (3)] with 2(x) = 0
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Figure 3.2 — Data rate of RISs and relays versus the transmission distance.

3.4 Numerical Results

In this section, we report some numerical illustrations in order to quantitatively compare
RISs and relays. For simplicity, we consider a single relay and a single RIS (i.e., N = 1), and



do=10m d0 =100 m

25 251
q
—%— HD DF —%*— HD DF
23 [& —O©—FDDF o3k —O—FDDF
g —<&—— FD DF - Ideal —<&—— FD DF - Ideal
—+H— RIS - Exact —H— RIS - Exact

Rate [bit/s/Hz]
Rate [bit/s/Hz]

11

7 7 1 1 1
0 15 30 45 60 75 90100 0 15 30 45 60 75 90100
Frequency [GHZz] Frequency [GHZz]

Figure 3.3 — Data rate of RISs and relays versus the transmission frequency.

assume that they are located equidistantly from the transmitter and receiver. For the relay,
the results are obtained by using the formulas in Table 3.1. Table 3.1 reports also the rate of
an ideal FD relay, in which the residual loop-back self-interference is assumed to be zero. A
total power constraint is assumed and, therefore, the total power is equally split between the
transmitter and the relay. On the other hand, for the RIS, the intensity of the electric field is
given in Sec. 3.3.1 as reported again here in Table 3.1. Also, as in Sec. 3.3.1, a two-dimensional

system model is assumed. Therefore, the intensity of the electric field decays with the square
root of the distance.

The distance between the transmitter and the relay/RIS, and the relay/RIS and the receiver is
denoted by dy. The RIS is modeled as a straight line centered at the origin, which views the
transmitter and receiver under an angle of 45 and 60 degrees with respect to the normal at
the origin, respectively. The total length of the RIS is 2L. The reflection coefficient of the RIS
is chosen as elaborated in [1, Egs. (2), (9)]. Further information about the RIS can be found
in [1]. The signal-to-noise ratio at a distance of 1 m is P/ Ny =114 dB.
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Figure 3.4 — Data rate of RISs and relays versus the size of the RIS.

3.4.1 RISs vs. Relays as a Function of the Transmission Distance

In Fig. 3.2, we compare the data rate of an RIS and a relay as a function of the distance d,
by assuming a transmission frequency equal to f. = 28 GHz. For comparison, the RIS is
configured to operate as an anomalous reflector and as a focusing lens. This latter case study
is discussed next. The RIS is of length 2L = 1.5 m, which corresponds to 140A. The exact
analytical framework in [1, Eq. (3)], and the approximations for short and long transmission
distances in [1, Eq. (10)] and [1, Eq. (11)], respectively, are reported. The figure shows that an
RIS provides a rate similar to an ideal FD relay without the need of using a power amplifier.
This is obtained thanks to the size (effective length) of the RIS. By assuming, for example, that
the inter-distance between the meta-atoms of the RIS is in the range A/5 and A/2, the results in
Fig. 3.2 can be obtained if the number of meta-atoms of the RIS is in the range Mp,, = 700 and
Mma = 280, respectively. The specific implementation depends on the technology employed
and the range of directions for which specified anomalous reflection capabilities are needed. It
is worth noting that, based on Fig. 3.2, the RIS under analysis behaves as an anomalous mirror
(i.e., it is viewed as electrically large) for distances dy up to 25-50 m and as a diffuse scatterer
(i.e., it is viewed as electrically small) for distances dj greater than 75-100 m. Figure 3.2 shows,
in addition, that an ideal FD relay outperforms an RIS for large transmission distances (greater



than 150 m in the considered setup). For long transmission distances, therefore, a larger RIS
may be needed for outperforming an ideal FD relay.

3.4.2 RISs: Anomalous Mirrors vs. Focusing Lenses

For completeness, Fig. 3.2 reports the rate of an RIS that is configured to operate as a focusing
lens (i.e., a beamformer) In this latter case, the intensity of the received power scales as a
function of the product of the distance between the transmitter and the RIS, and the distance
between the RIS and the receiver [33]. As expected, Fig. 3.2 shows that an RIS configured
to operate as a focusing lens outperforms, in general, an RIS configured to operate as an
anomalous reflector. It is interesting to note that, in the setup of Fig. 3.2, an RIS that operates
as a focusinglens yields similar rates as the long distance approximation of an RIS that operates
as an anomalous reflector (a phase gradient meta-surface [1, Eq. (9)]). The price to pay for
this performance gain lies in the need of estimating the exact locations of the transmitter
and receiver, and in the need of adapting the phases of the RIS to the wireless channels. An
anomalous reflector based on a phase gradient meta-surface requires, on the other hand, the
knowledge of only the desired directions of incidence and reflection of the radio waves. It is
interesting to observe, however, that a sufficiently long RIS that is designed to operate as a
simple phase gradient meta-surface is capable of outperforming an ideal FD relay.

3.4.3 RISs vs. Relays as a Function of the Carrier Frequency

In Fig. 3.3, we compare the data rate of the RIS and relay as a function of the transmission
frequency f.. Two transmission distances are considered, which may be representative of
indoor (dyp = 10 m) and outdoor (dy = 100 m) scenarios. The total length of the RIS is 2L =
1.5 m. If dy = 10 m, we obtain findings similar to Fig. 3.2. If dy = 100 m, in contrast, the
performance trend is different: If f; is not large enough (approximately greater than 20 GHz
in the considered example), the length of the RIS is insufficient for outperforming an ideal
FD relay. In this case, therefore, an ideal FD relay outperforms an RIS at the price of a higher
complexity and power consumption. At higher frequencies, on the other hand, an RIS provides
similar rates as an ideal FD relay. This is similar to the findings obtained in Fig. 3.2.

3.4.4 RISs vs. Relays as a Function of the Size of the RIS

In Fig. 3.4, we compare the data rate of the RIS and relay as a function of the size of the RIS L,
by assuming f; = 28 GHz. Similar to Fig. 3.3, two transmission distances are analyzed. Once
again, we observe that an RIS provides similar rates as an ideal FD relay provided that its is
sufficiently (electrically) large as compared with the wavelength A. If dy = 100 m, for example,
this holds true if the length of the RIS is of the order of L = 0.5-0.75 m.

It is worth noting that Figs. 3.2-3.4 show, for short transmission distances, the typical and
expected oscillating behavior that is caused by the coherent sum of the many secondary waves,



with a different phase, reflected by the RIS [1, Eq. (3)].

3.5 Conclusions

RISs are an emerging and little understood technology with several applications in wireless
networks. In this chapter, we have discussed the differences and similarities between relays
and RISs that are configured to operate as anomalous reflectors. With the aid of simple
scaling laws and numerical simulations, we have provided arguments showing that sufficiently
large RISs can outperform relay-aided systems in terms of data rate, while reducing the
implementation complexity. The obtained results unveil the advantages and limitations, as
compared with relays, of employing RISs that operate as anomalous reflectors in wireless
networks.

3.6 Appendices

3.6.1 Proofof Theorem 3.1

A more rigorous proof is given in Chapter 4 where we use the Green’s theorem for vector field
and by using the general scalar theory of diffraction and by applying appropriate boundary
conditions at the surface .. For the moment, it suffices to give the proof starting from the
Kirchhoff scalar diffraction theory given in (2.34). According to (2.34), the field reflected by .
and received at Rx is given as follows:

Ey(rpx) = f (G(I'RX, r) (Rout* Vi) Ex ) - Ex (r') (fout - Vi) G(rry, 1'/)) dr'.
S

where G(rgy,1') and E(r') are the 2D Green’s function and the reflected field at %, respectively,
given as

exp (—jkdg(x,)) Eu() =T (1) Eq exp (- jkdr(x,y))

Vkdr(x,y) )J’ZO, Vkdr(x,y) |y:0

Here, we use notations dr(x, y) = \/(x7 — x)2 + (yr — )2 and dr(x,y) = v/ (xg — 0% + (yr — y)2.

G(rpy, ) = Eo (3.18)

Note that figys = —. Also, since the y-component of the incident wave (represented by Ex (r'))
is directed towards —y and the y-component of the reflected wave (represented by G(rgy,r’))
is directed towards +¥, we have

R 0 0 exp(—jkdr(x,y)
(ou Ve El) = + 3 B () = 4T (o p(~jkdr(xy)

0y  \/kdr(x,y) ‘y=0

0 0 —jkdp(x,
(ou Vi) Gl ) = =3 Glror) =~ 0 exp(~jkdr(x,y)

an VvV de(x,y) ‘J’ZO

(3.19)

(3.20)



Therefore, we can write (3.18) as follows:

exp (- jkdg(x,0)) T OE iexp(—jde(x,y))|
VkdR(x,0) Ty T Vkdry) =0

exp (—jkdr(x,0)) E 8 exp(—jkdgr(x,y)) |
—Ey—
V kdr(x,0) 0y  kdr(x,y) 'y=0
The proof follows from computing the derivatives in (3.21), substituting ' (x) = C(x) exp (j®(x))

and Ey = —j/1/(8m) exp(—jn/4), as well as using the fact that k > 1/dr(x,0) and k >
1/dr(x,0) and which implies that following approximations hold for Q € {T, R}:

Ey(xg,yRr) = fs (Eo

-T',(x)Ey ar'. (3.21)

0 exp(-jkdox,y))) . exp(-jkdo(x,0) yq

dy  \/kdo(x,y) |y:0~] Vkdo(x,0)  do(x,0)

(3.22)

3.6.2 Proof of Proposition 3.1
In case of an RIS acting as anomalous reflector, ®(x) = (¢ — pr) x + po/ k where ¢ = sinfz

and ¢ = sinOgg. Thus 2’ (x) = 0 implies

0 o
a(dr(deR(x)) = (o7 —dr) (3.23)

or, equivalently,

(x—x71) ((XR—X)

- = (b7 — P, 3.24
dr(x)  dgr(x) (4r=9r) 8.24)

By definition, (x — x7) /dr(x) = sinf7(x) and (xg — x) / dr(x) = sinOg(x). Thus, the solution to
(3.24), called xg, satisfies the condition

sinfr(x;) —sinOg(xs) = (P71 — Pr) = sinbr — sinOgo. (3.25)

Due to the monotinicity of the left-hand side expression of (3.25), x; is unique and thus it
is straightforward to see that x; = 0 is the only solution to (3.25). Using this fact, we write
yr!dro =cosOtp and yg/dgo = cosOpg. Similarly, we have

2

0 cos? 60 cos?0
‘@N(xs) = a_xz (dT(x) + dR(x))|x:0 = — To _ RO i

dro dro

(3.26)

Clearly, 22" (x,) < 0. Therefore, using the stationary approximation method (introduced in
(4.15)), the approximation of Ex(xg, yr) is given as

1 cosB g+ cosb 7T
Ex(xRr,yr) = 0 RO exp (_jk(dT0+dRo—@)—J—)
421k \/cos? O podro + cos? Orodro k




1- @2 +,/1-¢? ]
(@_ 1 \/ 1 \/ P eXp(‘jk(dT0+dR0_@)_ﬂ)
42k \/(1_([)3?) dro+(1—¢%) dro g !

(3.27)

where (a) is due to the fact that cosO79=1/1— (p'zT and cosOpy =1/1— ¢% The intensity of the

electric field is then given as
V1- G+ /1-¢3

1
|Ex(xr, yr)| = - - : (3.28)
42k \/(1_¢%)dTO+(1_¢%~)dR0

3.6.3 Proof of Proposition 3.2

In the electrically-small regime, we approximate the distances d7(x) and dg(x) according to
Definition 4.1, i.e.:

dT (x) = dTO + xSiHQTo, dR(x) = dR() - xsinBRo, (3.29)

with dgg = dr(0), dro = dr(0), 879 = Og(0) and Oy = 65 (0). Thus, (3.4) can be approximated
as

1 fL exp (—jk(dT0+dRo+x(sin6T0—sin@Ro)—CD(x)))

87 J-L \/drodro + x (drosin@ro — drosinBro) + x2sinO 1y sinfro

yr YR
dx.
(dT0+xsin9T0 * dRO—xsinHRo) o

Ex(xr, yr) =

(@75 + 3= ) exp (- jk (dro + dro)

8m/drodro

(b)(cosO7o + cosBro) exp (—jk (dro + dro))

8m\/drodro

) (L
f exp (- jk (x (sinfr — sinfro) — P(x))) dx
L

L
f exp (—jk (x (sinfrg —sinfro) — P(x))) dx
-L

(3.30)

In case of an RIS acting as anomalous reflector, ®(x) = (¢ — Pr) x + o/ k where ¢p7 = sinfr
and ¢ = sinf7¢. Therefore, at electrically-small regime the electric field can be approximated
according to (3.30) as

(COSQTO + COSQR()) exp (—]k (dT() + dRO))
87/ drodro
L - -
fLexp (=jk(x(sinBrg —sinOro) — (1 — Pr) x— Po/ k)) dx
_ (COSHTO + COSQR()) exp (—]k (dTO + dRO — (Po/k))

8/ drodro

Ex (er J/R) ~




L
f_LeXp (=jk(x(sin@ro —sinBOgo + Ppr— Pr))) dx
(g)L(\/l — 7+ \/1 _‘Z’%) exp (—jk(dro+dro— ¢o/ k))

4/ drodpo

where (a) is due to the facts that sin@79—sinOgo+¢pr—d7 = 0 and cosOro+cosOro = /1 — P25+
\/1- (Z)f? The intensity of the electric field is then given as

P VI-65+\1-64
XR, ~ — .
O 4 drodro

(3.31)

(3.32)
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In this chapter, we introduce a physics-based analytical characterization of the free-space
path-loss of a wireless link in the presence of a reconfigurable intelligent surface. The proposed
approach is based on the vector generalization of Green’s theorem. The obtained path-loss
model can be applied to two-dimensional homogenized metasurfaces, which are made of
sub-wavelength scattering elements and that operate either in reflection or transmission
mode. The path-loss is formulated in terms of a computable integral that depends on the
transmission distances, the polarization of the radio waves, the size of the surface, and the
desired surface transformation. Closed-form expressions are obtained in two asymptotic
regimes that are representative of far-field and near-field deployments. Based on the proposed
approach, the impact of several design parameters and operating regimes is unveiled.
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4.1 Introduction

Motivated by recent experiments on the realization of unobtrusive transparent glasses that
implement anomalous reflections and transmissions [53], we aim to characterize the free-
space path-loss of a planar metamaterial-based RIS whose scattering elements have sizes
and inter-distances much smaller than the wavelength. As we have seen in Chapter 1, under
these conditions, the RIS is homogenizable and can be modeled as a continuous surface
through appropriate functions, e.g., susceptibilities, impedances. To obtain an accurate but
tractable path-loss models in order to quantify the performance of RISs in wireless networks,
we propose an approach for calculating the free-space path-loss of an RIS-aided transmission
link. The proposed approach adheres to the principles of physical optics, which overcome
the limitations of geometric optics [54, Sec. 8.2.1], and leverages the vector generalization
of Green’s theorem [39]. Unlike the one in Chapter 3, the path-loss model proposed in this
chapter leverages the vector generalization of Green’s theorem [39], and it is formulated in
terms of a computable integral that depends on the transmission distances, the polarization
of the radio waves, the size of the RIS, and the desired surface transformations. Closed-
form expressions are obtained in two asymptotic regimes that are representative of far-field
and near-field transmission. Based on the proposed model, the impact of several design
parameters is unveiled, and the differences and similarities between the far-field and near-
field asymptotic regimes are discussed. Numerical results are illustrated and discussed in
order to validate the accuracy and applicability of the asymptotic analytical formulations of
the path-loss. Our study shows that the path-loss highly depends on the size of the RIS and
the transmission distances, especially in the near-field regime.

4.2 System Model

In a three-dimensional (3D) space, we consider a system that consists of a transmitter (Tx), a
receiver (Rx), and a flat surface (%) of zero-thickness. The surface . is a rectangle that lies on
the xy-plane (i.e., z = 0) whose center is located at the origin. The sides of .# are parallel to
the x-axis and y-axis and have length 2L, and 2L, respectively. .# is defined as follows:

F={s=xk+yy:|x|< Ly, |yl <L)} 4.1

As shown in Fig. 4.1, Tx and Rx are located at rry = X1xX+ y1xV+ 21xZ and rrx = XpxX+ YRx Y+ ZRxZ,
respectively. Without loss of generality, we assume ztx > 0. As for zrx, we consider two cases:
(i) zrx > 0, i.e., Tx and Rx are located on the same side of .%; and (ii) zrx <0, i.e., Tx and Rx are
located on opposite sides of .. In the first case, the radio wave scattered by .# towards Rx is
referred to as the reflected wave, and, thus, . operates as a reflecting surface. In the second
case, the radio wave scattered by . towards Rx is referred to as the transmitted wave and,
thus, . operates as a transmitting surface. Tx emits electromagnetic (EM) waves through
the vacuum whose permittivity and permeability are €g and o, respectively. The EM waves
emitted by Tx travel at the speed of light ¢ = 1/,/€of1g. The carrier frequency, the wavelength,
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Figure 4.1 — System model.

and the wavenumber are denoted by f, A = ¢/ f, and k =27/, respectively.

For any point s = xX + yy € &, the Tx-to- and .#-to-Rx distances are denoted by d«(x, y) =
V (x = x10)% + (¥ — ¥1502 + 2152 and dpy (X, ¥) = v/ (Xrx — X)% + (Yrx — ¥)? + Zry%, TEspectively. More
precisely, drx(x, y) is the radius of the wavefront of the EM wave that is emitted by Tx and
intersects . at s, and dgx(x, ) is the radius of the wavefront of the EM wave that originates




Table 4.1 - Main operators (G(x, y, z) is a scalar function, F = F,X+ F,y+ F_Zis a vector field with
F=F(x,y,2) and F, = F,(x, y, z) for a = x, y,z). Symbols in bold denote vectors. Unit-norm
vectors are denoted by (°).

Operator Definition

6(-,-), Hess(-), mod (-) Dirac delta function, Hessian matrix, modulo operator
ICl, £C Modulus and argument of complex number C

. X Scalar product and vector product

V2G(x,y,2) Laplacian of G(x, y, z)

VG(x,y,2) Gradient of G(x, y, z)

V xF Curl of F

V-F= %+%—?+% Divergence of F

V2EF = V2FXX+ Vsz§I+ v2 Fzz | Vector Laplacian of F

VfG(x, ¥2), VeG(x,¥,2) Laplacian and gradient of G(x, y, z) evaluated at r
?fF, V¢ -F Vector Laplacian and divergence of F evaluated at r
G(ry,ro) = % Green’s function solution of (4.8)

from . at s and is observed at Rx. We define dryxg = d1x(0,0) and dgryg = dgrx(0,0), i.e., drxo and
dpxo are the distances of Tx and Rx with respect to the center of ., respectively. The polar
angle of the incident wave at s is denoted by Oinc(x, ) = cos™! (zrx/ d1x(x,y)). It represents
the smallest angle formed by the z-axis and the wavefront of the EM wave that originates
from Tx and intersects . at s. The polar angle of the received wave at rgy is denoted by
Orec(x,y) = cos™! (IzRXI/ drx(x, y)). It represents the smallest angle formed by the z-axis and
the wavefront of the EM wave that is emitted by . at s and is observed at Rx. The azimuth
angle of incidence and reflection at s are denoted by @inc(x, ) and @rec(x, y), respectively. In
particular, @inc(x, y) represents the angle formed by the x-axis and the projection of the EM
wavefront emitted from Tx towards . onto the xy-plane, and ¢ec(x, ¥) represents the angle
formed by the x-axis and the projection of the EM wavefront emitted from . towards Rx onto
the xy-plane:

. Yrx—Yy XTx — X
Sln(Pinc(xy J’) = » Cos (Pinc(x» J/) = »
V (xrx = 02 + (y1x — )2 V (xrx = 02 + (y1x — )2
YRx—Y XRx — X

Sin @rec(x, y) = COS Prec(X,y) =

Ve =02+ (Jrx— )2 VR — 02+ (Ve — )2

The polar and azimuth angles of the incident and received waves with respect to the center of
& are denoted by 0o = 0¢(0,0) and ¢qo = ¢(0,0), where Q = inc for the incident wave and
Q = rec for the reflected/transmitted wave, respectively. Further notation is given in Table 4.1.

4.2.1 Source Modeling

Tx is characterized by the charge density p(r,r1x) and the current density J(r, rrx), where rry is
the center location of Tx and r is a generic location in the 3D space. We assume that p(r, rryx)
and J(r,rry) are non-zero within a volume Vi that contains rry and are zero elsewhere. In
particular, p(r,rrx) and J(r, r14) are not independent and fulfill the charge density continuity
equation [55, Sec. 1V], i.e., V;-J(r,rry) + jop(r,r14) = 0, where w = 27 f and the universal



time-dependency e/®? is assumed. Our proposed analytical framework can be applied to
general EM sources, but, to obtain concrete results, we model Tx as a dipole antenna (e.g.,
short dipole). In this case, p(r,rrx) and J(r, r14) are [48, Eq. (15.5.2)]:

pr,rry) = —p- V(1 rry), J(rry) = jOpPS (X, r1y) (4.2)

where p = pgmPinc is the electric dipole moment, pgy, = Ipl is the modulus of the dipole
moment, and Pinc = Pinc eJPinc is the (complex) transmit polarization vector with piyc being a
real unit-norm vector and ¢in € [0,27) being the phase of each component of pj,c. Similar
results can be obtained for other source models, e.g., small linear wire antennas [48, Sec. 15.4].

4.2.2 Metasurface Modeling

We assume that the surface .# is a metamaterial-based RIS, which is electrically-large and is
made of sub-wavelength reconfigurable scattering elements whose inter-distances are much
smaller than the wavelength. As detailed in [11, Sec. III-E], .# is, therefore, homogenizable,
i.e., it can be modeled through appropriate continuous surface-averaged functions (e.g.,
susceptibilities), even though the RIS is made of discrete elements. Based on [56, Sec. 2.1],
more specifically, two conditions need to be fulfilled to make an RIS homogenizable: (i) the
first homogenization condition requires that the incident field radiated by a point source varies
little over one spatial period (i.e., the largest inter-distance among the scattering elements)
of the RIS; and (ii) the second homogenization condition requires that the evanescent field
scattered by the RIS is negligible at the observation point. Both conditions hold in this paper.
The second condition, in particular, is fulfilled in the far-field of the RIS microstructure [11, Fig.
29], as elaborated next. The impact of homogenization on the radiation pattern of an RIS can
be found in [57].

More specifically, the RIS is regarded as an EM discontinuity, i.e., the total tangential com-
ponents of the EM fields at the two sides (z = 0* and z = 07) of .# are discontinuous, and
their difference is dictated by constituent equations that are referred to as generalized sheet
transition conditions [11, Fig. 17]. For a homogenizable metamaterial-based RIS, the relation
between the reflected (transmitted) tangential components of the EM fields can be formulated
in terms of inhomogeneous functions as stated in [11, Eq. (50)]. Each Cartesian component of
the reflected (transmitted) EM field may be formulated as a weighted linear combination of all
the Cartesian components of the incident EM field. By virtue of linearity, we consider, without
loss of generality, one term of the linear combination, whose corresponding inhomogeneous
function is referred to as (field) local reflection or transmission coefficient if &# operates as a
reflecting surface or as a transmitting surface, respectively. It is worth noting that the general-
ized sheet transition conditions formulate the scattered field only on .# [11], [58]. They do not
yield the scattered field in any point of the volume of interest, which is the main objective of
this paper.

In particular, the reflection (transmission) coefficient is denoted by Lref(s) (Tiran(s)), which is a



complex function that is appropriately engineered (through the design of surface-averaged
susceptibilities) in order to apply specified transformations to the impinging EM waves. Spe-
cific examples are provided later. As elaborated in [11, Fig. 14] and detailed alter, the surface
equivalent theorem dictates that the EM field scattered by .# at any point in a 3D space can be
formulated in terms of only the incident fields, fref(s), and ftran (s) atse <.

For generality, the RIS is assumed to be capable of modifying the polarization of the impinging
radio waves. More precisely, given an incident signal with polarization piy, the polarizations
of the reflected and transmitted signals are denoted by Pret = f)refej bret and Ptran = Ptran el buan
respectively. Similar to the definition of Pinc, Pref and Piran are real unit-norm vectors and
Oref € [0,2) and ¢yan € [0,27) are the phases of each component of Prer and Piran, respectively.

Based on these modeling assumptions, the electric field at any point s € . on the reflection
side of the RIS (i.e., z = 0*) can be formulated as follows:

Es(s)=Eg(s,z=0") (4.3)

= Einc(S; Pinc) + i—"ref(s) Einc(S; Pref)

where Ejn¢(8; Pinc) is the incident field at s with polarization pj,c and fref(s) = I'tet(8) Eref (Pinc Pref)
is the reflection coefficient. To make explicit the impact of the change of polarization intro-
duced by .#, fref(s) is formulated as the product of two terms: (i) I'¢(s) that is polarization-
independent; and (ii) &ef(Pinc, Pref) that denotes the efficiency of the change of polarization
from Pinc to Pres. In addition, Ejn((s; Pref) denotes the reflected electric field whose polarization
is Pref. We emphasize that the incident field Ei, ¢ (s; Pref) is formally equal to the reflected field
Einc(s; Pinc) (in terms of amplitude and phase) except for the change of polarization.

Remark 4.1 The polarization model in (4.3) accounts only for the impact of the desired radio
wave while the analysis of the change of polarization on unwanted radio waves (e.g., multipath
or interference) is postponed to future research. Also, the proposed approach can be used to
analyze more general polarization models. The formulation in (4.3) is considered only as an
example.

Along the same lines and with a similar meaning of the symbols, the electric field at any point
s € . on the transmission side of the RIS (i.e., z = 07) can be formulated as follows:

Ey(s)=Eg(s,2=0") = ftran (8)Einc(S; Ptran) = I'tran () Etran (Pinc, Prran) Einc (S; Prran)  (4.4)
where we have taken into account that at z=0" there is no incident field [11, Eq. (6)].

We emphasize, as detailed in [11, Fig. 29], that (4.3) and (4.4) are applicable in the far-field of
the RIS microstructure, i.e., at distances from .# at which the presence of possible evanescent
fields that are excited to realize RISs with high reflection and transmission efficiency can be
safely ignored. In the next sections, we assume k > 1/d1x(x, y) and k > 1/dpx(x, y) that are



typically fulfilled for wireless applications and allow us to ignore the presence of possible
evanescent fields. The far-field of the RIS microstructure encompasses the near-field and the
far-field of the RIS. These two regimes are analyzed later in detail.

Remark 4.2 The period (i.e., the largest inter-distance among the scattering elements) of the
metasurface determines the scattering properties of an RIS and has an important impact on the
angular response of periodic RISs. Based on Floquet'’s theory, in fact, periodical variations of the
metasurface properties lead to the existence of multiple diffracted modes, which depend on the
angle of illumination, the period of the metasurface, and the operating frequency. In this paper,
we do not consider higher-order modes because our main objective is the characterization of
the scaling laws of the electromagnetic field scattered by an RIS as a function of its size, the
transmission distances, and the wave transformations. Preliminary results on the analysis and
impact of higher diffracted modes can be found in [59].

4.3 Preliminaries

In this section, we introduce a general formulation of the received EM field at Rx in the
presence of . The proposed approach adheres to the principles of physical optics and
overcomes the limitations of geometric optics. Also, we introduce methods for computing
recurrent integrals that characterize the EM field scattered by reflecting and transmitting
surfaces.

4.3.1 Received Field at Rx

Assuming the universal time-dependency e/“?, the electric field, E(r), and magnetic field, H(r),
at any location r € R® in vacuum satisfy the differential equations [55, Egs. (6), (7)]:

Ve x (Vy x E(1)) = K°E(r) — jouo) (r,rry) (4.5)
Ve x (Ve x H(r) = K*H(r) + Vy x J(r,11y) (4.6)

The solutions of (4.5) and (4.6) are related through the relation H(r) = -V, x E(r)/(jouo).
Therefore, the complete characterization of the EM field can be given only through E(r).

In the absence of the RIS, the solution of (4.5), i.e., E(r), observed at rgx boils down, by
definition, to the incident electric field with polarization pi,.. This latter electric field is
denoted by Ejn(rry; Pinc)- Using the notation in Sec. 4.2.1, it can be formulated as [48, Eq.
(15.3.10)]:

p(r,rry)

Einc (TRy; Pinc) = fv (—jwuol(r,rTx)G(rRx,rHe—VrG(rRx,r) dr 4.7
Tx 0
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(a) reflecting surface.

(b) transmitting surface.

Figure 4.2 — Volume V and closed boundary dV.

where G (rgy, 1) is the Green function defined as follows [48, Eq. (18.10.2)]:

Vi G(rpy, 1) + K*Glrge, 1) = —8(rpy, 1) (4.8)
In the presence of ., E(rgy), at any point rgy, in a volume V < R%, does not have a simple
formulation as in (4.7). Under the assumptions of physical optics [54, Sec. 8.2.1], the field

E(rgry) solution of (4.5) in the presence of . can be characterized by using the Stratton-Chu
formula [55].

Lemma 4.1 Letrgy be the observation point of interest in a generic volume V < R3. LetdV bea



generic closed boundary of V such that (see Fig. 4.2): (i) Rx is always located inside the volume,
i.e., Tpx € V; (ii) & is part of the boundary, i.e., & € 0V ; and (iii) Tx is located inside the volume,
i.e., r1x € V, in the reflection case and outside the volume, i.e., rrx ¢ V in the transmission case,
respectively. Letr' be a generic point on the closed boundary dV, i.e., ¥’ € 0V, and let Egy (r')
andHyy (t') denote the total electric and magnetic fields atx', respectively. Then, E(rgy) solution
of (4.5) in the presence of & can be formulated as follows:

— jouo (Aout x Hay (")) G(rpe, 1)

E(rpy) = 1](rTxt—:V)I“:inc(rRx;IA)inC) - f;v

+ (Rout - Eav (1)) Ve G(rpe, 1) + (Rout X Egy (1) x Vy Grpy, ') | dr’ (4.9)

where Nyy is the normal vector pointing outwards the volume and 1. is the indicator function.
Proof 4.1 See [55, Eq. (14)].

Remark 4.3 In [55, Sec. V], a contour integral that accounts for the impact of the boundary of
& is added into (4.9). In this chapter, we omit it since it can be proved to be negligible compared
to the surface integral in (4.9) for k> 1.

Remark 4.4 The choice of V and 0V is not unique. For convenience, Fig. 4.2 shows an example
in which V is the upper or lower half-plane of the 3D space and 0V = S + S0, Where # oo 1s
the hemisphere for z > 0 or z < 0 with an infinite radius for a reflecting or transmitting surface,
respectively, and S is the entire xy-plane (including & ).

Remark 4.5 There exist alternative integral expressions for the solution of (4.5) in the presence
of &, e.g., Franz'’s formula [60, Eq. (3)]. We choose (4.9) as the basis of our analysis for two
reasons: (i) the incident field Ein. (rrx; Pinc) explicitly appears in (4.7), which leads to simple
interpretations as elaborated later; and (ii) the two terms Ny x Egy (r)) and figye x Hyy (/)
are directly related to the magnetic and electric currents, respectively, that are induced by the
incident signal in the scattering elements (i.e., the inclusions) of the metasurface [11, Eq. (1)],
which provides us with explicit evidence of the physics-based phenomena that govern the
operation of RISs. In particular, (4.9) can be viewed as an instance of the surface equivalent
theorem [11, Fig. 14].

Even though (4.9) provides us with a computable integral for E(rgy), it does not offer an explicit
analytical expression that depends on .# and that yields insights. In the sequel, we analyze
E(rgry) in detail and compute equivalent explicit expressions for (4.9) that are useful in wireless
applications. To this end, we assume that Rx is equipped with an antenna whose polarization
iS Prec = f)recef $rec [61], where Prec is a real unit-norm vector and ¢y € [0,27) is the common
phase of the three components of prec. In general, E(rrx) depends on Pinc, Pref OF Piran, and
Prec- To explicitly highlight the impact of Prec, we reformulate (4.9) as follows.



Theorem 4.1 The projection of E(rry) in (4.9) onto the receive polarization vector Prec is:

E(rgry) * Prec = ﬂ(rTXEV)Einc (rrx; Pinc) * Prec (4.10)
|

Proof 4.2 See Appendix 4.8.1

(Eov ()  Prec) Ve G(trs, ¥') — G(rry, ') Ve (Eay () - Prec) | - ourdr’

By appropriately choosing prec, E(rry) along any directions can be retrieved, e.g., Prec = X,
Prec =¥, and Prec = 2. The Stratton-Chu formula in (4.10), however, does not explicitly reveal
the impact of .. Thus, we reformulate (4.10) such that .%#, instead of V and 0V, appears
explicitly.

Theorem 4.2 Let E»(s) be the surface electric field at point s € & in (4.3) and (4.4) for a
reflecting and transmitting surface, respectively. Then, (4.10) can be equivalently reformulated
as follows:

E(rrx) - Prec = Einc (TRx; Pinc) * Prec — fy [((Ey (8) — Einc(S; Pinc)) * Prec) Vs G (TRx, S)

—G(rpx,S)Vs((Es (8) — Einc(s; f)inc)) . f’rec)] foyutds (4.11)
Proof 4.3 See Appendix 4.8.2

Remark 4.6 By direct inspection of the integrand in (4.11), we note that the electric field at
an observation point is determined by both the EM field and its first-order derivative on #,
which are appropriately weighted by the first order-derivative of the Green function and by the
Green function itself that operate as integral kernels. This formulation is similar to its scalar
counterpart, i.e., the Fresnel-Kirchhoff integral theorem and the Huygens-Fresnel equation [1].

The reformulation in (4.11) can be applied to any physical source at Tx, i.e., p(r,rrx) and
J(r,r1), which determine the incident fields Ein¢(S; Pinc) and Eijnc (*rx; Pinc), and to any field
transformations applied by the RIS, i.e., E«(s). In the following, as a concrete example, we
focus our attention on a physical source that corresponds to a dipole antenna [48, Sec. (15.5)].

Lemma 4.2 Lettry 1x be the unit-norm propagation vector fromrrx torgyx. The incident electric

field at rpx generated by a dipole antenna is Einc (frx; Pinc) = Eo,inc (rRX; f)inc) G (rgy, rrx) Where

N K pam (4 A R K pam (= A N ib;
Eo,inc (rRx: pinc) = Tm (pinc — (PRx-Tx * pinc)rRx-Tx) = e = (pinc — (FRx-Tx * pinc)rRx-Tx) e/Pinc,

Proof 4.4 The electric field radiated by a dipole antenna is [48, Eq. (15.5.5)]. The approximation
follows from k > 1/|rpx — r1«|. The proof follows by simplifying the triple vector product.



Remark 4.7 The first addend in (4.11), i.e., the incident field at rrx, and the integral that yields
the contribution from the RIS sum up, in general, incoherently and, thus, interfere with each
other. The phase terms /T et(x, y) and £T wan(x, y) of & can, however, be optimized in order to
mabke sure that both contributions (incident field and scattered field) add up coherently at rpx.

4.3.2 Approximations and Asymptotic Regimes

In Secs. 4.4 and 4.5, we capitalize on (4.11) in order to derive explicit expressions for the
electric field reflected and transmitted by an RIS, and to unveil scaling laws as a function
of relevant design parameters. To this end, some recurrent integrals need to be computed
and some asymptotic approximations are exploited. In this section, we introduce methods
to compute these integrals and we formally introduce the asymptotic operating regimes of
interest.

Type-1 Integral

Consider the following type of integral:

L, Ly )
L= f T st (drex, y), de(x, 7)) By (x, y) e KD AREDECD gy (4.12)
~LyJ-L,
where o (d1x(x, y), drx (%, ¥)), 91(x,y), and € (x, y) are real-valued functions. In particular,
we assume that: (i) </ (drx(x, y), drx(x, ¥)) depends on drx(x, y) and dpx(x, y); (i) %1 (x, y) is
independent of dyx(x, y) and dgx(x, ¥); and (iii) € (x, y) is a linear function in x and y.

Definition 4.1 Define rgs = 8(L3 + L3)/A. Assume that (4.11) is formulated in terms of type-1
integrals. An RIS is said to operate in the electrically-small regime if drxo > rgs and drxo > TEs.

The electrically-small regime in Definition 4.1 is analogous to the Fraunhofer far-field [62, Sec.
4.4.1]. This can be shown from the Taylor expansion of, e.g., drx(x, y) around the origin:

drx(x,y) = d1xo — XSiNBinco COS Pinco — ¥ SiNBinco SIN Pinco + R2 (X, ¥) (4.13)

where R;(x, y) collects the terms of higher order than the first degree. In general, the Fraun-
hofer distance is calculated for linear structures, e.g., by assuming L, < Ly, and by then
replacing the length of the structure (L = L) with the largest dimension of . [62, Eq. (4.41)].
Based on (4.1), the largest dimension of . is its diagonal D = 2, /L2 + Lf,. For linear structures,
(4.13) reduces to drx(x) = drxo — XxSinBinco + R2(x). By definition, the Fraunhofer far-field is
the distance rr at which the identity max{R»(x)} = /8 holds true, which gives rr = 2D%/A.
Thus, we obtain rr = rgs. Notably, rgs can be formulated in terms of the ratio between the

2 2
surface area and the wavelength, i.e., rgs = AT”) a;:aay
L,=aylL. ’

,where Ay is the area of & and L, = a,L,



Lemma 4.3 In the electrically-small regime, the integral in (4.12) can be approximated as:

Ly, pLy

I = o (dryo, dpyo) e~ (@m0t dro) f B (x,y)e KX+ Dyy=C ) gxqy (4.14)

-L,J-L,

where Py = sininco COS Pinco + SiNOreco COS Preco and Py = sinbinco SINPinco + SiN Oreco SIN Preco-
Proof 4.5 It follows from (4.13) by ignoring R, (x, y) and noting that <) (-,-) — < (dtx0, drxo)-

Definition 4.2 Define 2 (x, y) = drx(x,y) + drx(x, y) — € (x, y). The stationary points of 2 (x, y)
are the points (xs, ys) such that %PJ’(x, Ml y=xsys) = %Q’(x, M y=tx,,y5) = 0.

Definition 4.3 Define 2 (x, y) = drx(x,y) + drx(x, y) — € (x, y) and let ¥ be the set of its station-
ary points. Let D =2,/ L2 + Lf, be the diagonal of & . Assume that (4.11) is formulated in terms
of type-1 integrals. An RIS is said to operate in the electrically-large regime if

2D* /) (24, / [drx (x5, Y1 + zZiy / [dRy (x5, y)1°) 3> 1

for all stationary points (xs, ys) € V.

Similar to the Fraunhofer far-field [62, Sec. 4.4.1], Definition 4.3 can be justified by starting
from a line surface, e.g., by assuming L, < Ly and by then replacing the length of the line (L =
L,) with the diagonal D of .#. Consider the line integral I, = f_LL./% (0)e k2O gy correspond-
ing to (4.12), where .# (¢) is a slowly-varying function in [ L, L], 22(¢) = d1x(¢) + dpx(£) =€ (£),

dr(0) =/ 02 + 23, dpi(0) = /% + z% , and € (¢) is a linear function in ¢. Let £ € [-L, L] be
a stationary point (assuming that it exists) of 22(¢), i.e., %@M) l¢=¢, = 0. Definition 4.3 can

be justified by invoking the stationary phase method to compute I, [63]. In particular, the
integrand of I, oscillates very quickly outside a small region centered at ¢, and, thus, the con-
tributions outside the small region around ¢ cancel out when computing the integral. Under
these conditions, I, can be well approximated by replacing 22 (¢) with its Taylor approximation
atlse[-L L], ie, P0) » P(ly) + 1 (z15* [drx (€)1 + zri® [ [dpy (€)13) (¢ — €)%, and by letting
the extremes of integration go to infinity, provided that the region around ¢ that dominates
I, is well contained in [—L, L]. This is usually true when the minimum of the integrand of I,
falls within [—L, L], which occurs if the condition in Definition 4.3 is fulfilled. Notably, the
latter condition can be formulated in terms of ratio between the area of the surface and the

2 2 2 2 2 2

. . 2D? z z 2A., Ayta z z
wavelength, i.e., ds < rpp with rpp = 5= [ 7+ 35 = v bt e dix (x5, ¥s) = brxds,
X X X X

dpx (x87 J/s) = brxds.

Remark 4.8 Based on Definition 4.1 and Definition 4.3, the following comments can be made:
(i) the terminology electrically-small RIS originates from the conditions drxo > rps and drxo >
rgs, i.e., the transmission distances (computed with respect to the center of &) are larger than



the electrical size of &, which is A/ A; (ii) the terminology electrically-large RIS originates from
the condition ds < rgy, i.e., the transmission distances (computed with respect to the stationary
point of the phase term) are smaller than the electrical size, A» A, of &; and (iii) since, in

2 2 2 2
general, % + % <1, then rgr = rgsy/ % + % < rgs. This implies that the electrically-large
Tx Rx Tx Rx

regime holds for shorter distances than the radiating near-field regime [62, Sec. (4.4.2)].

Lemma 4.4 Define A(xs, ys) = Hess(2 (x, Y))|(x,y)=(x,,y,) - Assume that ¥ is not empty and, for
(x5, ¥s) € ¥, det(A(xs, ys)) # 0. In the electrically-large regime, (4.12) can be approximated as:

Lm @AY ey (@rs(es, ¥s), drx(s, ¥5) B (x5, ys) | det(Alxs, y) |~
exp (—jkP (x5, ys) — jsign (A(xs, ys5)) 14) (4.15)

wheresign (A(xs, y5)) = N*(A(xs, y5))— N~ (A(xs, ys)) is the signature of A(xs, ys), with N* (A(xs, ¥s))
and N~ (A(xs, ys)) the number of positive and negative eigenvalues of A(x, ¥s).

Proof 4.6 See Appendix 4.8.3.

Lemma 4.5 LetV be empty. In the electrically-large regime, (4.12) can be approximated as:

1 [ shldn, ), dra(x, ) B (x, y)e KPP D)
(—jk)? Pr(x, )Py (x,y)

x=Ly y=Ly

y=-L,

L

(4.16)

x=—L,

where Py (x,y) = &P (x,y) and Py (x,y) = P (x, y).
Proof 4.7 See Appendix 4.8.4.

By comparing Lemmas 4.4 and 4.5, we evince that, since det(A(xs, y;)) is independent of &, | I |
is inversely proportional to k if at least one stationary point is contained in .%*, and is inversely
proportional to k? if no stationary point lies in .. For k > 1, thus, |I;| is dominated by the
contributions from the stationary points. In the rest of this chapter, therefore, we focus our
attention on the case studies (in the electrically-large regime) in which at least one stationary
point exists.

Type-2 Integral

Consider the following type of integral:
L, pL
Ip =[ . o (drx(X,y), drx(X, y)) B2 (x, y)dxdy 4.17)
—1,J-L,

where <, (drx(x, y), drx(x, y)) is a real-valued function of the distances drx(x, y) and dpx(x, ¥),
and %, (x, y) is a real-valued function that is independent of d1x(x, y) and dgx(x, y).



Table 4.2 — Approximate conditions for which the electrically-large and electrically-small
asymptotic regimes hold.

Electrically-Small Regime
(Lemmas 4.3, 4.6)
Type-1 integral in (4.12) || 2D%/A) (2%, /[drx(xs, y5)I® + 23, /ldpy (x5, y)1°) > 1 | dryo, drxo > 8(L5 + L3)/ A

Type-2 integral in (4.17) see Sections 4.4.3 and 4.5.3 for an example dTx0, drx0 >> 24 /Li + L?,

Integral Type Electrically-Large Regime (Lemma 4.5)

Lemma 4.6 Assume dry > D and dgyo > D, where D = 2,/L% + Li is the diagonal of & . The
integral in (4.17) can be approximated as follows:

L, pLg
I =d2(deo,deo)fL fL B, (x,y)dxdy (4.18)
)L,

Proof 4.8 It follows from (4.13) noting that drx(x,y) = drxo, drx(X, ) = dpxo if d1x0, drxo > D.

If dryo < D and dgyo < D, it is not straightforward to compute (4.17) in general. This case
study is analyzed in Secs. 4.4.3 and 4.5.3 for the specific o/ (x, y) and %, (x, y) of interest.

Remark 4.9 The asymptotic regime in Lemma 4.6 is independent of A and is, in general, dif-
ferent from the asymptotic regime in Definition 4.1 that depends on A. We still refer to it as
electrically-small regime, however, since drxo > D and dgxo > D implies D/ A < d1xo/ A and
D/ A < dgxo/ A. Likewise, the regime drxo < D and dgxo < D is referred to as electrically-large
regime.

Remark 4.10 The closed-form approximations obtained for type-1 and type-2 integrals are
used in the next two sections to quantify the scaling laws of the EM field scattered by reflecting
and transmitting RISs in the electrically-large and electrically-small (asymptotic) regimes,
respectively. More precisely, the conditions (system setups) for which the obtained closed-form
expressions can be considered to be accurate are summarized in Table 4.2.

4.3.3 Application to Communication Systems

Before analyzing reflecting and transmitting RISs, we briefly discuss the application of the
proposed approach in communication systems. The electric field in Theorem 4.2 can be used
in free-space, either when the direct link is available or when it is not by retaining only the
integral term in the right-hand side of (4.11). E(rgy) in (4.11) can be used to compute the
Poynting vector at any locations rry of interest and to evaluate the received power density [48,
Eq. (1.9.6)]. From the Poynting vector, the link budget of RIS-assisted communications can be
assessed quantitatively.



4.4 Electric Field In the Presence of a Reflecting Surface

In this section, we analyze E(rpx) under the assumption that .# is a reflecting surface according
to the definitions and assumptions given in Sec. 4.2 (see Fig. 4.1a and Fig. 4.2a).

Proposition 4.1 Let$y,y) = sinBinc (X, ¥) COS Pinc (X, y)X+8inOinc (X, ) Sin @inc (X, y)¥+€08Oinc (X, Y)Z,
be the unit-norm propagation vector fromrry tos = xX+ yy € . Define Qet(X, ¥; Prefs Prec) =
(k?/€0) Pdm (Prec - Pret — (8(x,) * Prec) (8(x,y) * Pret)) € (Pinc, Pref). Under the assumptions stated in
Lemma 4.2 (i.e., dipole transmit antenna), the electric field E(rpx) projected onto prec can be
formulated as follows:

E(rrx) - Prec = Prec - Eo,inc (rRx;ﬁinc) G(rpy, I1x)

2Tx ds
s —rrxl (4.19)

ey i A ZR
+] kej((prer'—(pmd f Iet(8)Qref(X, ¥; Prets Prec) G (S, r1x) G(rRx, S) [ =+
5% s — rrxl

Ly pLy X
= Prec  Eo,inc (rRx; f)inc) G(rrx, rrx) + fof Fr(x,y) e_]kyR(x’y)dXdy

LyJ-L,

where %y = jk/ (1672), and the following shorthand notation is used.:

Pr(x, y) = drx(x, y) + dpx (¥, y) - ((prec + ¢ref+ érref(x» J/))/k (4.20)

|rref(x» J/) | Qref(x, Vs ﬁref’ ﬁrec)
drx (%, y) drx (%, y)

Fr(x,y) = (Cosginc(x, ¥) +0056rec(x».}’)) (4.21)

Proof 4.9 See Appendix 4.8.5.

Remark 4.11 Theapproximation in (4.19) originates only from the assumptions k > 1/ drx(x, y),
k> 1/dgx(x,y) (see Sec. 4.2). This is apparent from the proofin Appendix 4.8.5. The proof in
Appendix 4.8.5 can, however, be readily generalized in order to avoid these assumptions.

Remark 4.12 In (4.21), we note that the scattered electric field depends on the sum of the
cosines (known as obliquity factors) of the (local) angles of incidence and reflection. This
implies that the scattered power computed from the Poynting vector would be proportional
10 (€08 Binc (%, y) + €08 Orec (X, y))z. The sum of cosines originates from the gradient of the Green
functions associated with the incident and reflected waves, as shown in (4.61) and (4.62).

The electric field in (4.19) is formulated as the sum of the incident electric field in the absence
of # and the contribution due to the reflection from .%#. This latter term is denoted by
Fr(rry) = % f_LI{y f_sz Fr(x, y)e‘j kZr(5Y) d xd y and is analyzed next to better understand the
performance of RISs as a function of important design parameters and configurations for
&, e.g., LT et(x, y). As illustrations, we consider case studies that correspond to using phase
gradient metasurfaces, which are known to be approximated implementations of perfect
anomalous reflectors [11]. This choice is motivated by analytical convenience and to reveal
the impact of important design parameters. Proposition 4.1 has, in fact, general applicability.



4.4.1 .# is Configured for Specular Reflection

This setup is obtained if ZT'¢(x, y) = ¢ for (x, y) € &, where ¢ € [0,27) is a fixed phase.

Corollary 4.1 Let (xs, ys) € & be the solution of the following system of equations:

(xs — X1x) (X5 — XRrx) _ (¥s — X1x) (¥s — XRrx) _ (4.22)
drx(Xs, Vs) dpx (x5, Vs) ' drx(Xs, Vs) de(xs;J/s) ’
In the electrically-large regime, Fg(rry) can be approximated as follows:
FR (rRX) ~ |Fref(XS7 J/s) | Qref(JCs, .Vs§ f’ref» ﬁrec) e_jk(de(xsd/s)+de(xsrys)_(¢0+¢ref+§brec)/k) (4'23)

47 (drx(xs, Vs)+ drx(Xs, Vs))

Proof 4.10 See Appendix 4.8.6.

Remark 4.13 Assume that Tx and Rx move along directions such that (xs, ys), and Oinc(Xs, ys),
Orec(Xs, ¥s), Pinc(Xs, Vs), Prec(Xs, ¥s) are kept fixed. From Corollary 4.1, we evince the following.

* Sincel'wet(xs, ys) depends only on (x5, ys5) and Qyret(Xs, ¥s; Pret, Prec) depends only on Pinc,
Prec; Oinc(Xs, ¥s), Orec(Xs, ¥s)) @Pinc(Xs, ¥s), and prec(Xs, ys), they are both independent of
the Tx-to-(xs, ys) and (xs, ys)-to-Rx distances. In the electrically-large regime, therefore,
| Fr(rrx)| decays as a function of the sum of the Tx-to-(xs, ys) and (x5, ¥s)-to-Rx distances.

e In the electrically-large regime, | Fr(rpy)| is independent of the size of & . This implies that
the received power is bounded, even though the size of ¥ grows large (tending to infinity).

¢ The system of equations in (4.22) is equivalent to Qinc(Xs, ys) = (Prec(Xs, ¥s) + 1) mod 27
and Oinc(Xs, ys) = Orec(Xs, ys). These conditions correspond to the law of reflection.

Corollary 4.2 In the electrically-small regime, Fg(rpx) can be approximated as follows:

J ket (0, 0; Pref, Prec) (€08 Binco + €08 Oreco) o k(Ao +drso—(Po-+Prer+rec) 1K)
1672 (drx0 drsxo)

L, rL, .
f ’ f Tret(x, )| e/ ¥ @D g xdy (4.24)
—L,J-L,

Fr(rpy) =

where 9, and 9y are defined in Lemma 4.3. Let sinc(x) = % be the sinc function. If
ITref(x, ¥)| = Tref > 0 for (x,y) € &, then Fr(rry) can be further simplified as follows:

Tk refQref(0, 0; Pres, f’rec)LxLy (cosOinco + €08 Breco)

Fr(rpy) = sinc (kLy2y) sinc (kL,2,)

42 dryo drxo
e_jk(dTXO+de0_(¢0+¢ref+¢rec)/k) (425)

Proof4.11 Iffollows directly from (4.14).



Remark 4.14 Assume that Tx and Rx move along directions such that 0inco, Oreco, Pincor Preco
are kept fixed. From Corollary 4.2, the following conclusions can be drawn.

* In the electrically-small regime, | Fr(rry)| decays as a function of the product of the Tx-to-
(0,0) and (0,0)-to-Rx distances, where (0,0) is the center of & .

* [In the electrically-small regime, | Fg(rpyx)| grows linearly with the area of &, i.e., Ay =
4LyxLy. This does not imply that |Fg(rrx)| grows unbounded. if the size of & tends to
infinity. If A» — oo, in fact, the RIS does not operate in the electrically-small regime
anymore, but in the electrically-large regime. Therefore, the approximation in Corollary
4.2 needs to be replaced with the approximation in Corollary 4.1, which does not depend
on the size of & .

* In the electrically-small regime, |Fg(rrx)| attains its maximum for 9, = 9, = 0. If the
angle of incidence Oinco is fixed, this is fulfilled in correspondence of the angles of observa-
tion Oinco = Oreco and Qinco = (QPreco + ) mod 27, which can be interpreted as the law of
reflection. Also, the main lobe of sinc(kLxPy) and sinc(kL,2,) gets narrower if L, and
Ly increase.

4.4.2 ¥ is Configured for Anomalous Reflection

This setup is obtained by setting £T'¢(x, y) = k(agx + Bry) + ¢o for (x,y) € &, where ap € R,
Br € R are design parameters, and ¢ € [0,27) is a fixed phase. As will be detailed later, the
direction of anomalous reflection is determined by the specific choice of ar and Sz.

Corollary 4.3 Let (xs, ys) € & be the solution of the following system of equations:

(Xs—X1x)  (Xs—XRx) a (Ys—x1x) | (Vs—Xpx)
=ap, =
de(xs,J/s) dpx(xs, ,Vs) drx(xs, J/s) dpx(xs, J/s)

Br (4.26)

Define the shorthand notation ©q = 0q(xs, ys) and ®q = ¢q(xs, ys) for Q € {inc,rec}. In the
electrically-large regime, Fg(rpx) can be approximated as follows:

I setCess ¥5)| Qeet (ks Vs rets Brec) e KXoy i (s,ys)~ (@ By =t s e

8”\/@1 (drx(xs, _VS))Z + R (drx (s, J’s))z + R3drx(Xs, Vs) drx(Xs, Vs)

Fgr(rpy) =

(4.27)
where R, = c08? Orec/ (COSOine + COSOrec)?, B2 = €08? Ojpe/ (COSOjpe + COSOrec)?, and Rz =

(cos? Oinc + CO8? Brec + SiN? Ojne SiN? Orec SIN? (Pine — Prec)) / (COS Oine + €OS Opec)?.

Proof4.12 It follows from Lemma 4.4 along the same lines as the proof of Corollary 4.1. The
only difference is that 22 (x, y) = Pr(x, y), det(A(xs, y5)), and sign(A(xs, ys)) depend on ag, Br.



The analytical formulation in (4.27) does not provide direct design insights. To this end, we
introduce an approximation for (4.27) in order to unveil scaling laws and performance trends.

Corollary 4.4 Consider(’ >0,{}, > 0. Define Ky = (%, + %%3(’2)/\/%1(’12 + 922(’22 + 3010,
Ky = (R0}, + %%3(’1)/\/%1(’12 + %2{’22 +R3((,. Then, (4.27) can be approximated as follows:

| rref(XS: _VS) | Qref(Xs: Vs; f)ref» f)rec) e—]'k(de(st/s)*'de (X6 s)— (@R Xs+BrYs)— (Po+Pref+Prec) K)
87 (Kydrx(xs, ys) + Kodrx(Xs, ¥s))

Fr(rpy) =

(4.28)

Proof 4.13 For simplicity, let us denote {1 = drx(xs, ys) and (> = drx(xs, ys). Define f((1,({2) =
\/%1(5 + %263 +Z%3(1(». Consider a generic pair of points ((’1,C’2). The function f((1,(2)
can be approximated at ({|,{’,) by using the Taylor approximation, which yields f((1,{) =
VL + Rl + Rl Ly + (R 501 = ) + Roaa o = I 1Ly + Rl + Rl Ly, where
R 3 = (B10)+R3(,12) and Ry 3 = (R2(, + R3() 12). The proof follows with the aid of algebraic
steps. The parameters Ky and K are independent of the pair ({',(5) if{} = (.

Given Ojpc, Orec, Pinc, and Py, (4.27) and (4.28) coincide only if K = (c0sOrec) / (COSOjnc +
€05 Opec), Ko = (€0SOinc)/ (c0SOine + €08 Opec), and 2K, Kz = [c0S% Oipe + €08% Orec + Sin? Ojpe
sin? Oyec 5in? (@jne — Prec)]/ (COS Ojne + €Os Orec)? are satisfied simultaneously. This holds true
only if & is a uniform surface, i.e., ag = fr = 0, which corresponds to specular reflection. As
for anomalous reflection, (4.28) is an approximation for (4.27) because Taylor’s approximation
is used. The approximation in (4.28) depends, in general, on (' and {’,. A convenient choice
for these parameters is {| = {’,, since (4.28) is independent of {’; and ¢, (i.e., {’ and ¢, cancel
outin (4.28)) if ¢ ’1 =( ’2 With the aid of (4.28), the impact and scaling laws of key parameters
can be unveiled.

Remark 4.15 Assume that Tx and Rx move along directions such that (xs, ys), and Oinc (X5, ys),
Orec (X5, ¥s), Qinc(Xs, Vs), @rec(Xs, ¥s) are kept fixed. From (4.28), we evince the following.

e In the electrically-large regime, | Fg (rry)| decays as a function of the weighted sum of the
Tx-to-(xs, ¥s) and (xs, ys) -to-Rx distances. Also, | Fr(rry)| is independent of the size of & .

* From (4.26), we have sinOinc(Xs, ¥s) COS Pinc(Xs, ¥s) + SN Orec (X5, Vs) COS Prec(Xs, ys) = —aR
and sin Binc (Xs, ¥s) SN Pinc (Xs, ¥s) +8inOrec (X5, ¥'s) Sin@rec(Xs, ¥s) = —Pr. This implies that,
in general, the polar and azimuthal angles of incidence and reflection in correspondence
of the stationary point (xs, ys) are different and depend on ar and Bg. This corresponds
to the generalized law of reflection. By using (4.26), in particular, ar and Br can be
optimized in order to obtain the desired angle of reflection for a given angle of incidence.

e Ifar=Pr=0, (4.27) and (4.28) reduce, as expected, to (4.23).



Corollary 4.5 In the electrically-small regime, Fr(rpx) can be approximated as follows:

JkQuer(0,0; Pref, Prec) (€08 Oinco + €S Oreco) o~ Ko+ drso—(@o+rer+prec)  K)
167T2 dTXO deO

Ly Ly i
f f T et (X, y) e/ ¥ @er*+Z5p V) xd y
—L,J-L,

where the shorthand notation 9y, = ar+2x and 2g, = Br+ Dy is used. If |Tef(x, )| = Tref > 0
for (x,y) € &, then Fr(rrx) can be further simplified as follows:

J KT 1efQref (0, 0; Pret, Prec) Lx Ly (coOS Binco + €08 Oreco)

Fr(rgry) =
R () 472 dyyo drxo

sinc (kLy%q,)sinc(kL,2gp,) e~ k(o +drso= o+ Prer+prec) k) (4.30)
Proof 4.14 It follows by substituting € (x,y) = k(agx + Bry) + ¢p in (4.14).

Remark 4.16 From (4.30), conclusions similar to Remark 4.14 can be drawn with one ex-
ception. |Fr(rpy)l in (4.30) attains its maximum in correspondence of angles of incidence
and reflection that fulfill the equalities ar = —(sin Binco €0S Oinco + SiNOreco COSOreco) and Br =
—(sinBinco Sin Oinco + sinOreco Sinbreco). Thus, ar and PBr can be appropriately optimized for
maximizing the reflected signal towards a desired direction, given the angle of incidence with
respect to the center of & .

4.4.3 ¥ is Configured for Focusing

This setup is obtained by setting /T ef(x, ¥) = k (drx(x, ¥) + drx(x, ) + o for (x, y) € &, where
¢ € [0,27) is a fixed phase. With this setup, Fr(rryx) in (4.19) simplifies as follows:

jkej((pO‘Hprec‘Hpref) Ly, pLy o . .
1672 ’/;Ly ‘[_Lx ref(X, ¥; Pref Prec)
ITref(x, )1 (cOSOinc (%, ¥) + €08 Orec (X, )
drx(x, y)drx(x, y)

FRr(rgpy) =

dxdy (4.31)

In the electrically-large regime, (4.31) cannot be, in general, further simplified, since no fast
oscillating term is present in the integrand function, and, hence, the stationary phase method
cannot be applied. In this case, therefore, we focus our attention on analyzing an upper-bound
for |Fr(rpy)l, in order to unveil the impact of the size of .# (e.g., if it tends to infinity).

Corollary 4.6 Assume dp;(x,y) < dpy(x,y), where (P1,P2) = (Tx,Rx) or (P1,P2) = (Rx,Tx),



ITre(x, Y)| = Tret > 0 for (x,y) € &, and zpy # 0. Define Cyet = 2K pamI'et® Bine Beet) 7y 0.

1672¢

x=Ly |y=Ly

(4.32)

) tan-! (xp1 —X)(yp1— )

Z
| Frrpy)| < Cref(l + Z—Pz

P1 x=—L,

o1 \/(XP1 — X2+ (yp1 — Y)2 + 25, y=ly

Proof 4.15 Consider Qyef(X, ¥; Pref, Prec) il Proposition 4.1, where prec, Pref, and $x,y) are real
unit-norm vectors. By virtue of Cauchy-Schwarz’s inequality (i.e., — u| |v| = u-v < |u||v| for any
u andv), we have —1 < Prec *Pref < 1, =1 <8(x,y) *Prec < 1, and —1 < §, y) - Prer < 1. Hence, we

. k2 Pan (Pinc, P A k2 P (Dine.D
obtain —2~Pdm= Pinc:Puan) (el; ine Puran) Qret(X, ¥; Prefs Prec) < 2—Lam® Pinc Pran) (GI;‘“C Pusan) for (x,y) € &. Thus:

| Fr(rpy)| < dxdy (4.33)

23 pdmrrefg plnc,pref f f Coseinc(x,y)+cost9rec(x, J/))
1672¢ L, J-L, drx(x, y)drx(x, y)

. €08 Oinc (x,¥)+€08Orec (x,7) < ZRx . .
Since dp1(x, y) < dpz(x,y), we have ( 0 (xy_}/)dpz(x > ) (deTl (;Z;))g Using the notable in-
(xp1—=X)(yp1—Y) x=Ly y=L
tegral —L —dxdy=z3ltan" , the proof fol-
f f Le @1 () k1 Zm\/(xpl—x)2+(ym—y)2+z§1 ==Lyly=-L,

lows.

2k3 mrreg Ainc;Are
Remark 4.17 From Corollary 4.6, we observe that | Fg(rgy)| < (1 + i—if) Pd 8; eo(p Prer) for

Ly, Ly — oo. This implies that |Fg(rgy)| is upper-bounded if the size of & increases without
bound. Thus, the received power is bounded even for an infinitely large RIS. The scaling law
as a function of the transmission distances is, in general, different from the weighted-sum
distance obtained in (4.27). This is because of the different optimization of ZT1e¢(x,y). In the
electrically-large regime, an anomalous reflecting RIS and a focusing RIS behave, in general,
differently.

Corollary 4.7 In the electrically-small regime, Fg(rgrx) in (4.31) can be approximated as follows:

j ke] (¢0 +¢rec +¢ref)

167 2 dTXO deO

Ly L
Fr(rpy) = Qrer(0, O;ﬁref’ IA)rec) (c0sBinco + €0SOreco) f s fL T e (2, y)|dXdy
-L,J-L,

(4.34)

IfIT et(x, )| =Tt > 0 for (x, y) € &, then Fr(rpx) can be further approximated as follows:

T kT refQref(0, 0; Pref, Prec) L Ly (€08 Oinco + €08 Oreco) o @0+ brec+ e

4.35
472 drxo drxo (4.35)

Fr(rpy) =

Proof 4.16 It follows directly from (4.18).



Remark 4.18 The scaling laws of | Fr (rryx)| in (4.35) as a function of the distances and the size
of & are the same as in (4.30) for anomalous reflection. This can be justified by analyzing
LT 1et(x, y) for focusing and anomalous reflection. As for focusing, we have

LT ref(x, y= k (de(x: »+ drx(X, J/)) + ¢o.

In the electrically-small regime, drx(x, y) and dgx(x, y) can be approximated by using (4.13)
and ignoring Ry (x, y), which yields /T (X, y) = k(ag + Br) + (drxo + drxo + $o) with ar and Br
as given in Remark 4.16. The obtained /T ¢¢(x, y) coincides with that of a surface that operates
as an anomalous reflector towards the same direction as the focusing spot of a surface that
operates as a focusing lens. In the electrically-small regime, hence, anomalous reflectors and
focusing lenses are almost equivalent. This does not apply in the electrically-large regime.

4.4.4 Comparison with other Path-Loss Models

Compared with other path-loss models recently reported in the literature, e.g., [33], [64], [36],
[37], the distinctive features of the path-loss model in Proposition 4.1 can be summarized as
follows: (i) the electric and magnetic currents induced on the RIS according to the surface
equivalence principle are explicitly taken into account; (ii) the impact of the physical sources
and the polarization of the radio waves are explicitly considered; (iii) the scaling laws and
performance trends as a function of the transmission distances and the size of the RIS are
unveiled in the electrically-large and electrically-small regimes. For example, the scaling law
of the scattered power when the size of the RIS tends to infinity is evaluated analytically in
Corollaries 4.1, 4.3, and 4.6, and it is proved to be compliant with the underlying assumptions
of physical optics, geometric optics, and Fresnel zones [54, Sec. 8.3.2, Eq. (8.75)]; and (iv)
although based on different electromagnetic methods, the obtained path-loss in the far-field
region, i.e., (4.30) and (4.35), is consistent with those reported in [33, Eq. (4)] and [37, Eq. (10)].

4.5 Electric Field In the Presence of a Transmitting Surface

In this section, we analyze E(rgry) under the assumption that .¥ is a transmitting surface
according to the definitions and assumptions given in Sec. 4.2 (see Fig. 4.1b and Fig. 4.2b).
Some analytical steps are similar to the setup of reflecting surfaces. Thus, only the final
results and the most important steps of the analysis are reported. The same applies to the
performance trends.

Proposition 4.2 Let$y,y) = sinBinc (X, ¥) COS Pinc (X, y)X+8inOinc (X, ) Sin @inc (X, y)¥+€08Oinc (X, Y)Z,
be the unit-norm propagation vector fromrrx tos = xX+ yy € <. Define Qinc(X, ¥; Pinc, Prec) =
(k2/€0) Pdm (f)rec “Pinc — (g(x,y) 'ﬁrec) (g(x,y) 'f’inc)) and Qiran (X, ¥; Prran, Prec) = (k2/€0)Pdm (Prec -
Prran — (8(x,) * Prec) (8x,y)  Ptran ))& (Pinc, Piran). Under the assumptions stated in Lemma 4.2, the



electric field E(rpx) projected onto prec can be formulated as follows:

Firan (X, ¥)Qtran (X, y; Prran, Prec) ej (Prran+ Prec)

E(rgryx) - Prec = Prec" Eo,inc (rRx; f)inc) G(rre, I'Tx) + jkfy

N N i (b ZRx 4y
~Qine (X, ¥3 Pinc, Prec) €’ (d’l“”‘/’f“)] G (s,r1x) G(rRy, 8) [ Sor iso rXTxI
= Prec - Eo,inc (rRx; ﬁinc) G(rrx, rx) (4.36)
Ly prLy . Ly pLy )
—fof Ip(x, y)e_fk‘%’(x'y)dxdy+ﬂ0f JT(x,y)e_Jk‘@T(x'y)dxdy
_LJ/ —Ly —LyJ—=Lx

(4.37)

where %y = jk1(167%), Zp(x,y) = drx(x, ) +drx (X, Y) = (LPinc+ LPrec) k, Pr(x, y) = drx(x, )+
dpx(x, ¥) — (LT an (X, ) + Lgan + Lrec)  k, and the following shorthands are used:

Qinc (X, ¥; Pincs Prec) (COS Oinc(x, y) + cosOrec(x, y))
drx(x, y)dpx(x, y)
_ |rtran (x, ) | Qinc (X, ¥; Ptran Prec) (COS Oinc(X, y) + €08 Orec (X, J/))

Iy = drx(x, y) dpx(X, y) (4.39)

Ip(x,y) = (4.38)

Proof 4.17 See Appendix 4.8.7 .

Remark 4.19 Consider Pian = Pinc, £l tran (X, ¥) = 0, and |Tyan(x, y)| = 1. By definition, we
have & (Pinc, Pinc) = 1. Then, the integral terms in Proposition 4.2 coincide and their difference
vanishes. This result is consistent with the fact that, under the considered special setup, the
surface transmits the impinging wave without any modifications. Thus, we retrieve the setup in
the absence of &, and the received field coincides with the incident field in the absence of & .

In (4.36), the only term that depends on the design and properties of .# is the last one,
which we denote by Fr(ra) =% [*7 [*s Fr(x,y)e /k?r¥) dxdy. In the next sub-sections,
therefore, we focus our attention only on the analysis of Fr(rgx). Similar to Sec. 4.4, Fr(rrx)
is analyzed as a function of important design parameters and configurations for ., e.g.,
/T tran(x, y). As illustrative examples, similar to reflecting surfaces, we consider phase gradient
metasurfaces [11].

4.5.1 .7 is Configured for Specular Transmission

This setup is obtained if ZT'ian (X, y) = ¢p for (x, y) € &, where ¢y € [0,27) is a fixed phase.

Corollary 4.8 Let (xs, ys) € & be the solution of the following system of equations:

(x5 — XTx) + (X5 — XRx) -0 (¥s — xT1x) + (¥s — Xrx) _
drx (x5, J/s) dpx (x5, _Vs) ' drx(xs, yg) dpx (x5, ys)

(4.40)



In the electrically-large regime, Fr(rrx) can be approximated as follows:

[ Ctran (x5, ¥9)| Quran (s, ¥ Prran, Brec) o Tk )+ (2~ Dot bt bre) K) (4,41

Fr(rgy) =
R A7 (drx (X5, ) + drx (X5, Vs))

Proof 4.18 It is similar to the proof of Corollary 4.1.

Corollary 4.9 In the electrically-small regime, Fr(rrx) can be approximated as follows:

JkQtran (0, 0; Peran, Prec) (€08 Binco + €08 Oreco) oI K (dro+drxo=(Po-+Puan +Prec) 1K)
1672 drx0dRrxo

L, pLy ,
f yf ITran (X, )| e/ K@+ 2) dxdy (4.42)
~L,J-L,

Fr(rpy) =

where definitions and notation similar to Corollary 4.2 are employed. If Il yran (X, ¥)| = T'ran >0
for (x,y) € &, then Fr(rpx) can be simplified as follows:

J kT tranQtran (0, 0; Ptran, f)rec)LxLy (cosBinco + €05 OBreco)
472 drxo drxo
e*]'k(de()*deO*(¢0+¢tran+¢rec)/k) (4.43)

Fr(rpe) ® sinc (kLy2,) sinc (kL,2,)

Proof 4.19 It follows by direct application of (4.14).

The intensity of Fr(rry) in Corollaries 4.8 and 4.9 is similar to that in Corollaries 4.1 and 4.2,
respectively. Therefore, similar scaling laws and performance trends are obtained. In the
electrically-large regime, in particular, the law of transmission, i.e., Qinc(Xs, ¥s) = (@rec(Xs, ys) +
) mod 27 and Ojnc (X5, ¥s) = Orec (X, Sy) can be retrieved by direct inspection of (4.40).

4.5.2 .#is Configured for Anomalous Transmission

This setup is obtained by setting /T'iran (x, ) = k(arx+ Bry) + ¢ for (x,y) € #, where a7 € R
and fBr € R are design parameters, and ¢ € [0,27) is a fixed phase. Similar to reflecting
surfaces, the direction of anomalous transmission is determined by the setup of @t and 7.

Corollary 4.10 Let (x5, ys) € & be the solution of the following system of equations:

(x5 — X1x) N (Xs — XRx) _ ar (¥s — X1x) N (Vs — xR _
drx (X5, Vs) dpx (s, ¥s) ' drx (x5, Vs) dpx (s, Vs)

Br (4.44)

Assume the same notation and definitions as in Corollary 4.3 and Corollary 4.4. In the
electrically-large regime, Fr(rrx) can be approximated as follows:

|Ftran (X5, ¥s) | Qtran (X5, ¥s; Ptran, Prec) T K(drx(xe, Y+ drx(Xo, ys) = (@1 X5 B ) = (Po+ Puuant brec) / K)

87[\/%1 (drx(xs, ys))z + X (dpx(xs, J/s))z + R3drx (X5, ys)de(xs; Vs)

Fr(rpy) =




. [Ttran (s, y9)| Quran O, Vi Brran Bree) i -+l ey~ B0~ o+ -+ )
87 (K drx(xs, V) + Ko dpx (x5, ¥s))

(4.45)
Proof 4.20 It is similar to the proofs of Corollary 4.3 and Corollary 4.4.
Corollary 4.11 In the electrically-small regime, Fr(rrx) can be approximated as follows:
Fr(rpy) = JkQtran (0, 0; Peran, Prec) (C0SOinco + €08 Oreco) e—jk(drx0+deo—(¢o+¢uan)/k) (4.46)

1672 drxo drxo

Ly L, . ?
f f T tran (X, y)|e] Pag X+ ﬁT”dxdy
~L,J-L,

where the shorthand notation 2o, = ar +2x and 2g, = Br + Dy is used. If|I“tran(x, y)| =T'tran
for (x,y) € &, then Fr(rrx) can further be approximated as follows:

jkrtrathran (0,0; Ptran, Prec) LxLy (cosBinco + €05 Oreco)
472 dxo drxo
e—jk(deo‘*'deo—((Po +Prran)/ k) (4.47)

Fr(rpd) = sinc (kLy@q,)sinc(kL,2p,)

Proof 4.21 It is similar to the proof of Corollary 4.5.

Once again, we observe that the intensity of Fr(rgx) in Corollaries 4.10 and 4.11 is similar
to that in Corollaries 4.3 and 4.5, respectively. In particular, the angles of transmission can
be optimized through the setup of ar and 7, similar to the optimization of ar and Sy for
reflecting surfaces.

4.5.3 .# is Configured for Focusing

This setup is obtained by setting /T'yan (X, y) = k (de( x,y) + drx (%, y)) +¢y for (x, y) € &, where
¢o € [0,27) is a fixed phase. With this setup, Fr(rpyx) in (4.36) simplifies as follows:

1672 -L,J-L, Y ’
IT tran (%, )1 (€08 Oinc (x, ) + €08 Orec (%, )
drx(x, y)drx(x,y)

Fr(rpy) =

dxdy (4.48)

Similar to reflecting surfaces, the following corollaries provide an upper-bound and an asymp-
totic approximation for (4.48) in the electrically-large and electrically-small regimes, respec-
tively.



Table 4.3 — Simulation setup

Settings
f=28GHz, 1 =10.71 mm
€o = 8.85- 1072 Farad/meter
Pdm = (k2/€0)—1
Pinc = Pret = Ptran = Prec = ¥ (transverse electric)
o = Pinc = Pref = Ptran = Prec =0
& (ﬁinc;f)ref) =& (ﬁinc» ﬁtran) =1
ITer(x, _V)l = |rtran(x;y)| =1 V(x;y) e
Oinco = /4, Pinco = /3
Oreco = /6, Preco = 7 (reflecting .&#)
Oreco = 7/3, Qreco = 57/4 (transmitting %)
@R = @ = —SinBinco COS Yinco — SiNBreco COS Preco
Br = P1 = —SinBinco SIN Pinco — SiNOreco SIN Preco

Corollary 4.12 Assume dp;(x,y) < dp2(x,y), where (P1,P2) = (Tgx, Rx) or (P1,P2) = (Rx, Tx),
ITtran (X, Y)| = Tran > 0 for (x, y) € &, and zp; # 0. Define Cyan = 2k pamLian® (Pinc:Bian) 7017

1672€q
z _ Xp1— X - x=L, |y=L
|FT(rRX)|sctran(1—E)tan ! (xpL = X) (yer = J) " (4.49)
Zp1 x=—Lyly=—L,

|ZP1|\/(XP1 - X2+ (yp1— )%+ 25,
Proof 4.22 It is the same as for Corollary 4.6.

Corollary 4.13 In the electrically-small regime, Fr(rrx) can be approximated as follows:

j ke] (¢0+¢rec+¢tran)
1672

L, rLy
f f ITtran (X, Y)|dxdy (4.50)
~LyJ-L,

Fr(rpy) = Qtran (0, 0; Prran, Prec) (€08 Oinco + €08 Oreco)

IfITtran (%, )| = Tgan > 0 for (x, y) € &, then Fr(rgryx) can be further approximated as follows:

J kT tran |Q¢ran (0, 0; Pran, Prec) |LxLy (cosBinco + €08 BOreco) o B0+ Prec-+Puan)

4.51
472 drrxo drxo @51

Fr(rpy) =
Proof 4.23 It follows by direct application of (4.18).

In conclusion, we show that |Fr(rry)| in Corollaries 4.12 and 4.13 is similar to |Fgr(rgy)| in
Corollaries 4.6 and 4.7, respectively. As for the performance trends as a function of the size of
% and the transmission distances, reflecting and transmitting surfaces have a similar behavior.
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(a) Anomalous transmission, dryg = drxg =5 m. (b) Focusing lens, drxg = drxp =5 m.
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(c) Anomalous transmission, dtxg = dpxg = 50 m. (d) Focusing lens, dryg = drxg = 50 m.

Figure 4.3 — Anomalous transmission vs. focusing lens (transmitting surface). Setup: 2L, =
2L,=1m
y .

4.6 Numerical Results

In this section, we illustrate some numerical examples in order to shed light on the behavior
of the path-loss in the presence of RISs. In addition, we aim to analyze the conditions un-
der which the considered asymptotic regimes hold true, and whether the considered phase
gradient metasurfaces allow us to realize anomalous reflection/transmission and focusing
as elaborated in Secs. 4.4 and 4.5. Unless otherwise stated, we use the simulation setup in
Table 4.3. The simulation results illustrate Fg(rgx) and Fr(rry) obtained in Secs. 4.4 and 4.5,
respectively.

4.6.1 Anomalous Reflection and Focusing

In Fig. 4.3, we analyze anomalous transmission and focusing (transmitting surface) by using
Proposition 4.2. The radial lines spaced by 45 degrees denote the angle ¢ and the three inner
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(a) Anomalous reflection, no discretization. (b) Anomalous reflection, discretization step = 0.251

%103

(c) Anomalous reflection, discretization step = 0.51. (d) Anomalous reflection, discretization step = A.

Figure 4.4 — Anomalous reflection: Impact of discretization. Setup: 2L, = 2L, = 0.5 m; dyxo =
deO =5m.

circles spaced by 30 degrees denote the angle 8 (some lines and circles are removed for clarity).
We observe that the correct angles of transmission are obtained. We note that anomalous
transmitting surfaces yield a larger coverage area than focusing lenses. This is obtained,
however, only for short transmission distances (near-field of the RIS). On the other hand, the
larger coverage area is not apparent for long transmission distances (far-field of the RIS). This
confirms Remark 4.18.

In Fig. 4.4, we analyze anomalous reflection and focusing (reflecting surface) by using Propo-
sition 4.1. In particular, we consider a discretized version of the integral in (4.19), which
corresponds to a practical implementation of the RIS based on (discrete) scattering elements.
Provided that the scattering elements are spaced less than half of the wavelength apart (i.e.,
the discretization step is 1/2), we show that no significant differences can be observed at the
naked eye. If the discretization step is greater than 1/2, e.g., it is less than A, we observe the
presence of grating lobes (spurious reflections) in unwanted directions. To better appreciate
the impact of discretization, Fig. 4.5 reports the absolute error difference that corresponds
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(a) Absolute error of Figs. 4.4(b), 4.4(a). (b) Absolute error of Figs. 4.4(c), 4.4(a).

(c) Absolute error of Figs. 4.4(c), 4.4(b).

Figure 4.5 — Absolute error difference corresponding to Fig. 4.4.

to the setups in Fig. 4.4. We observe that some differences are indeed apparent and that
more closely spaced scattering elements yield more accurate estimates of the electric field
(especially in the considered near-field regime).

4.6.2 Transmission Distance

In Fig. 4.6, we analyze the impact of the transmission distance in the context of anomalous
reflection and focusing. In particular, the distances from the transmitter to the center of the
RIS, and from the center of the RIS to the receiver are denoted by drxg = drxo = dp. The angles
of observation computed with respect to the center of the RIS are kept fixed as dj increases
or decreases. We observe that the analytical frameworks obtained in the electrically-large
and electrically-small asymptotic regimes well overlap, in the regions of interest, with the
integral representation of the electric field. In particular, we note a major difference between
anomalous reflectors and focusing lenses. As for anomalous reflectors, we observe two scaling
laws as a function of the distance: (i) the weighted-sum path-loss model for short distances
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(b) Focusing lens.

Figure 4.6 — Anomalous reflection vs. focusing lens: Impact of transmission distance.

and (ii) the product path-loss model for long distances. As for focusing lenses, on the other
hand, we observe a single scaling law: the product path-loss model that is sufficiently accurate
for short and long distances. This highlights that the impact of the distance depends on the
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Figure 4.7 — Impact of surface size.

setup of the RIS. A focusing lens co-phases all the contributions scattered from the RIS and
this yields a different scaling law as compared with an anomalous reflector. As for anomalous
reflectors, it is worth noting that the weighted-sum path-loss model may be accurate up to
a few tens of meters, which may be important in indoor scenarios and for local coverage

enhancement in outdoor scenarios.

4.6.3 Surface Size

In Fig. 4.7, we analyze the impact of the size of the RIS for anomalous reflection and focusing
(reflecting surface). In particular, the figure reports the intensity of the electric field as a
function of the diagonal, D, of the RIS. We observe that the intensity of the electric field is
bounded even if the size of the surface increases without bound. The closed-form analytical
frameworks and the bounds obtained in the electrically-large and electrically-small regimes
well predict the scaling law. It is worth noting that the electrically-small approximation may
significantly overestimate the intensity of the electric field even for relatively small surfaces
and for long transmission distances (100 meters in the figure). These results confirm that
the proposed path-loss model is compliant with the power conservation law and that the
received power is always bounded, regardless of the size of the surface, in the far-field of the

RIS microstructure.
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Figure 4.8 — Impact of transmission frequency. Reflecting surface. Setup: dryg = drxo = 50 m.

4.6.4 Operating Frequency

In Fig. 4.8, we consider anomalous reflection and focusing (reflecting surface), and analyze
the impact of the transmission frequency on the scaling laws of the scattered field. It is
worth nothing that the results are normalized by imposing the relation (k?/eo) pam = 1 (see
Table 4.3) that makes Corollaries 4.3 and 4.4 independent of the frequency. The numerical
results are consistent with the analytical derivations. The higher the transmission frequency
is, in particular, the more likely an RIS whose size is kept fixed with the frequency is viewed
as electrically-large by the transmitter and receiver. Similar to other figures, the boundary
between the electrically-large and electrically-small region is different for anomalous reflection
and focusing. It is worth mentioning that the higher the transmission frequency is, the more
scattering elements and tuning circuits are needed if the size of the RIS is kept fixed. Thus, as
remarked in [64], the deployment of RISs in high frequency bands requires a careful system
design that accounts for the tradeoff between the fine controllability of the EM field and the
cost and power consumption of the RIS.



4,7 Conclusion

We have introduced a physics-compliant path-loss model for RIS-aided wireless transmission.
The proposed path-loss model is general enough for application to various operating regimes,
which include near-field and far-field asymptotic regimes. The far-field approximations agree
with existing results available in e.g., [36,37]. Our work advances those results by also taking
into account the near-field approximations. The impact of several design parameters has
been analyzed. In particular, we have proved that the scaling laws of the received power as a
function of the transmission distance and the size of the RIS are different in the near-field and
far-field regimes, and they depend on the wave transformations applied by the RIS. Notably,
the received power scattered by an RIS is bounded as its size increases without bound.

In the context of wireless communications, in general terms, one should always use the integral
representation of the path-loss in order to make sure that the received power is physically
meaningful as a function of every design parameter, e.g., the surface size and the transmission
distance. The simple analytical expressions obtained in the near-field and far-field asymptotic
regimes can be employed provided that the considered system setup is compliant with their
regime of validity. For application to the performance evaluation and optimization of wireless
networks, one may consider the use of a two-law path-loss model (in analogy with two-slope
path-loss models), which combines together the closed-form analytical expressions obtained
in the near-field and far-field regimes. This approach may avoid the analytical intractability of
using two-fold integrals while ensuring compliance with physics-based constraints.

4.8 Appendices

4.8.1 Proof of Theorem 4.1

By inserting Hyy (') = —Vy x Egy (') / (jw o) in (11) and by scalar multiplying both sides of the
resulting equations with Py, we obtain:

*Prec

G(rpy 1) (ﬁout X (Vr’ x EﬁV(r/)) )

E(rry) - Prec = 1](rTXEV) Einc (TRx; Pinc) * Prec — fav{

+ (Aout - Egv (') (Ve G(tRe, 1) * Prec) +

(Dout X EOV(I',)) X VT'G(rerr,)] 'ﬁrec}dr’ (4.52)

By using the divergence theorem and identities in [61, Egs. (20), (21), (23)], the first and third
integrands in (4.52) can be transformed as follows:

“Jud

G(rpy 1) (ﬁout X (vr’ x Eav(r')))

-
L

'ﬁrec}dlj

VyG(rpy, 1) - ( ([A)rec : vr) E(l‘))

dl‘+/ [(er(rRx»r)'f)rec) (Ve E(@) |dr
14

dar’ (4.53)

G(I'erl'/)ﬁout : (Vr’ (Eav(r') : f’rec) )




_f { [(ﬁout x EOV(r,)) X Vr’G(l'Rx;l'/)
ov

“h
),

where E(r) is the total electric field at a point r € V. The proof follows from substituting (4.53)
and (4.54) into (4.52) and canceling out some terms.

“Prec } dr’

- (ﬁout -V G(rgy, 1'/)) (Eav(l") : f’rec) + (f’rec Ve G(rgy, 1',)) (EOV(IJ) : IAlout)

— (Vy-E(r)) (f)rec Vi G(rry, 1')) + Vi G(rpy, 1) - (f’rec : Vr) E(r) |dr (4.54)

4.8.2 Proof of Theorem 4.2

The total electric field at any point ¥’ € 3V \ . (i.e., not including %) is equal to the incident
field, i.e., Egy (') = Einc (t, Pinc). On the other hand, the electric field at any point s € . is equal
to Egy (r') = E»(s), where E & (s) is given in (4.3) or (4.4). By denoting M (') = Einc (t', Pinc) * Prec
and N(s) = E(S) - Prec, (4.10) can be written, with the aid of some algebra, as follows:

M) Vy Gy, t') — Grps, t') Ve M(Y)

. (a) N
E(rrx) ‘- Prec = e v) M () — ﬁv : noutdr/

—f [(N(S) — M(s))VsG(rrx,8) — G(rrx, S)Vs(N(S) — M(S))] ‘Aoyeds  (4.55)
y

where (a) is obtained by taking into account that: (i) [;, = [3y\¢ + [, and (i) N(s) — M(s) is
the difference between the total electric field E » (s) and the incident field Ej, (s, Pinc) on &.

Let us consider Iy = — [, [M)Vy Gy, ¥') = Gpy, ') Ve M ()] - Aouedr’. By applying the
divergence theorem [48, Eq. (C.25)] and the identity V; - (fV,g) = fV2g + V,f - Vg [62, Eq.
(VII-46)] to generic scalar functions f and g, Iy can be simplified as follows:

Iav=—f
v

(g)M(rRX)+ f Grre 1) (V2 + KX M (@) dr
174

D e + fv Glrro 1) ((65 + K2)Eine(r; fainc)) Precdr

M(@) (V2 + k*)G(rpy, 1) — Grgy, 1) (V2 + kz)M(r)] dr (4.56)

where (a) follows from (4.8) and from the fact that rpy is always contained in V, and (b) follows
from the identity (V2 + k) M(r) = (V2 + k?)Einc (13 Pinc)) - Prec-

Consider the integral Iy = fv G(rgy, 1) ((?f + k?)Eine(1; f)inc)) ‘Precdr. From (4.5) and by virtue of
the identities Vy x Vy X Ein¢ (t; Pinc) = Vi (Ve Einc (1 Pinc)) _ﬁlz-Einc (r; Pinc) (62, Eq. (VII-51)] and V-
Einc(t; Pinc) = p (¥, rrx) /€0 48, Sec. 1.1], the integral Iy simplifies to Iy = [}, G(rrx, 1) (Vep (¥, Frx) €0+
joueJr,rry)) - Precdr. By definition: (i) Iy = 0 if Tx is not contained in V, and (i) Iy =
—Einc (frx; Pinc) * Prec if Tx is contained in V' [48, Egs. (15.3.3), (15.3.6)]. Thus, we have Iy =
—TenevyM(rry), and, from (4.56), Iyy = M(rpy) — I v) M (¥Ry). With the aid of some simplifi-
cations, the proof follows.



4.8.3 Proofof Lemma 4.4

The proof is based on the application of the stationary phase method [62, Appendix VIII], [63]
to (4.12) under the assumption of operating in the electrically-large regime, as stated in
Definition 4.3. Let (x5, ys) € ¥ be the stationary points of 22(x, y) = drx(x, y) +dpx(x, ) € (x, y)
for (x,y) € &. By invoking the stationary phase method, the integral I; in (4.12) oscillates
very quickly outside a small region centered at (xg,ys) € ¥, and, thus, the contributions
outside the small region around the stationary points cancel out when computing the integral
[62, pg. 923]. Under these conditions, I; can be well approximated by (i) replacing £ (x, y)
with its Taylor approximation evaluated at (x;, ys) € ¥, i.e., 2(x, y) = P(xs, ys) + A(x — x5)* +
B(y - ys)2 +C(x— xg) (y - J’s) where A = %QZ(.}C, y)I(x,y):(xs,ys), B = ai;@(x, y)l(x,y):(x_hyx), and
C= %gﬂ(x, Wl y=(x,,y,) and (ii) by letting the extremes of integration go to infinity, since
I is dominated by a small region around the stationary points and the contributions to
the integral outside that small region cancel out. For simplicity, let us assume that a single
stationary point exists. The case study with multiple stationary points is obtained by summing
up the contributions from all the stationary points [63, Sec. 1.3, pg. 15]. Accordingly, I; can be
approximated as follows:

I = sty (dx(xs, y5), drx (X5, V5)) B (x5, ys) e K7 06079

o0 (o0}
f f e—jk(A(x—xs)2+C(x—xS)(y—ys)+B(x—x3)2)dxdy 4.57)
—00 J—00
From (4.57), the proof follows from [62, Egs. (VIII-10)-(VIII-22)].
4.8.4 Proofof Lemma 4.5

Define 2(x, y) = o (drx(x, ), drx(x, ¥)) %1 (x, y). Since no stationary points lie in .#, we can
divide and multiply the integrand of (4.12) by 022(x, y)/0x # 0. Thus,(4.12) can be written as:

L Ly —jk2(x,y)
11=/ yf 2(x,y)e Oy(x,y)dxdy
-L,J-

0P (x,y)/0x 0x
@ L[ (2ene T
S (=jk) JorL,

Ly

x=L, fo 0 (M)ejk(@(x,y)dx)dy

0P (x,y)l0x x=—L an 02 (x,y)/0x
(b)_1 fLy(Q(Lx,y)e—fkg’@x,y))dy_ 1 fLy(Q(—Lx,y)e—fkg’(—Lx,y))dy
(—jk)J-L, Py(Ly, y) (—jk)J-L, Pr(~Ly, )
©_1_[2Uuye D 2Ly ST e, (.59
(—jl)? | Ly, )Py (Ly,y)  Pu(=Lyx, )Py(=Ly, y) | ly=-1,

where (a) is obtained by using integration by parts, (b) follows by virtue of Riemann-Lebesgue’s
lemma, which states that the integral over x decays with 1/k?, and, therefore, it can be ignored
as compared with the first term [65, Egs. (3.21), (3.22)], [66, Eq. (4.2)], and (c) follows by
applying again the same procedure but by multiplying and dividing the two integrands in (b)



by 022 (+ Ly, y)/0y # 0. The proof follows by iterating the same procedure once more.

4.8.5 Proof of Proposition 4.1

Consider (4.11). From Lemma 4.2, Ejnc (frx; Pinc) = Eo,inc (rRX; f)inc) G (rgy, rrx). From (4.3) and
Lemma 4.2, Ew () = Einc(S; Pinc) + ref(8) Eref (Pinc, Pref) Einc (S; Pret), With Eine (8; Pinc) = Eoinc (S; pinc)
G (s, r1y) and Einc(s; Pre) = Eo,inc (S; Pret) G (8, r1y). By inserting them in (4.11), we obtain:

E(rry) - Prec = Prec* Eo,inc (rRx;f)inc) G(rgx, I1x) (4.59)

- f [gref(S)G(s,rTx)VsG(rRx,S)—G(rRx,S)Vs(%ef(s)G(s,rTx)) ‘Roueds
S

where Fef(8) = ['re(8)Eret (Pinc) Pret) Eo,inc (S;ﬁref) “Prec = Lref(8)Qref(X, ¥; Pref, IA)rec)ej((PmH(PreC) for
(x,y) € &, where Que¢(-) is defined in the statement of Proposition 4.1.

In the reflection case, iyt = —2. Thus, by using the product rule of derivatives, we have fgy; -
Vs (Fret(8)G (8,115)) = Z1 + Lo, Where Z) = —Fep(8) 2 G (s, 1) and Zp = —G (8,115 £ Frer(S).
By computing the derivatives, it can be shown that Z; « & G (s, rry) and Z, |s—k_fm G(s,rry).
Under the assumption k > 1/|s — rrx|, Z; dominates Z, and hence figy : V (Fe(8) G (8, r1x)) =

Z1 = —Fret(S) %G (s,rrx). Therefore, (4.59) can be simplified as follows:

E(rry)  Prec = Prec * Eo,inc (rRX; f)inc) G(rgrx, I'1x) (4.60)

- fy Fref(8) | G (8,11x) VsG(rRx, 8) — G(rRx, 8) Vs G (8, I1y) | - Aouds

(a), . , z z

= Prec * Eo,inc (fo;Pinc) G(rpx, Irx) + J kf Fref(8) G (8, r7x) G(TrRy, S) [ Rx L _IX |is
F Is—rpx| [S—rrxl

where (a) is obtained by taking into account that fi, = —Z, and, hence, by definition:

. (b O (. z
VsG(s,rry) - nout(:)+ —G(s,r1x)|z=0 =] kG(s,r1x) x (4.61)
0z |s —roxl
. 0 d) . z
VsG(rpx,s) - nout(g)_ — Gy, )jz=0 = — j KG(Ipy, §) —— (4.62)
0z IrRx — S|

“ »

where the “+” sign in (b) and the “-” sign in (c¢) take into account that the directions of
propagation of the incident and reflected signals point towards the same and the opposite
directions with respect to fiyy, respectively, and the approximations in (d) take into account
that 1/|s —rrx| < k and 1/|rgx — 8| < k. This completes the proof.



4.8.6 Proof of Corollary 4.1

Consider (4.19). The proof is based on the stationary phase method stated in Lemma 4.4.
According to Definition 4.2, the stationary points of 22(x, y) = 22r(x, y) in (4.20) correspond to
the solutions of (4.22). Due to the monotonicity of (4.22) with respect to x; and y;, either a
single or no stationary point exists. More precisely, (4.22) can be equivalently re-written as
follows:

sinBinc (X5, ¥s) COS Pinc(Xs, Vs) = —SiNOrec(Xs, ¥s) COS Prec(Xs, ¥s) (4.63)

sinBinc(Xs, ¥s) SiN @inc (X5, ¥s) = —SiNOrec (X, ¥s) SINPrec (X5, Vs)

which, using some algebra, yields @inc(Xs, Vs) = (@rec(Xs, ¥s)+7) mod 27 and O = Oipc (X5, ys) =
Orec (x5, ys) (i.e., the law of reflection). Based on Lemma 4.4 with 22(x, y) = Zr(x, y), the deter-
minant of A(xy, ys) is det(A(xs, ¥s)) = PxxPyy — (Pxy)? = cos? O (1/ drx(xs, ys) + 1/dgy (x5, y5)),
where the derivatives are Py = aa—;g?’R(x, Mley=csys) Pyy = aa—;,o]’g(x, M, y)=(x,,y5), and
Pyy = %Q’R(x, Ml yp=(x,y,)- In addition, it can be proved that (ny)2 < PyxPyy, which
implies that the two eigenvalues of A(x;, ys) are positive and distinct. Therefore, we obtain
sign(A(xs, ¥s)) = 2. The proof follows by inserting det(A(xs, ¥s)) and sign(A(xs, ys)) in 4.4.

4.8.7 Proof of Proposition 4.2

Consider (4.11). From Lemma 4.2, Einc(try; Pinc) = Eo,inc (TR Pinc) G ('rx, F1x). From (4.4) and

Lemma4.2, E(S) = I'tran (S)Etran (f’inc’ f’tran)Einc (s; f’tran); with Einc(s; ﬁtran) =~ Eo,inc (S; ptran) G(s,r7x).
By inserting them in (4.11), we obtain:

E(rry) - Prec = Prec - Eo,inc (rRx; f)inc) G(rgx, I1x) (4.64)
- _[5/7 [gtran (8)G (s, r1x) Vs G(rRxs S) — G(XRx, S) Vs (Firan (8) G (8, T1x)) | - Aourds

where Fan (8) = (U'ran (8)Etran Pinc, ptran)EO,inC (S; f’tran) —Eoinc (S; f)inc)) * Prec, which can be for-
mulated in terms of Qjnc () and Qan (+) as defined in the statement of Proposition 4.2.

The rest of the proofis similar to Appendix 4.8.5. The difference is that iy, = Z, and, hence,
the signs in (b) and (c) that correspond to (4.61) and (4.62) are both negative because the
direction of propagation of the incident and transmitted signals is opposite to fgy.



Conclusions and Future Work

This chapter highlights general conclusions of the thesis and summaries possible directions
for future work.
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5.1 Conclusion

In general, this thesis provides introduction and novel results on modeling reconfigurable
inteligent surfaces (RISs), from the perspective of and using tools from theoretical physics,
in the context of wireless communications applications. The thesis starts by introducing, in
Chapter 1, the concept of SRE and RIS as its enabling technology, highlighting its properties,
functionalities, and benefits compared to the existing technologies. In Chapter 2, it also intro-
duces analytical methods and methodologies for modeling RISs that are made of metasurfaces,
and for computing the EM field scattered by metasurfaces, which can be categorized into two
parts: (i) modeling the metasurfaces, and (ii) modeling the radio waves.

In Chapter 3, leveraging the general scalar theory of diffraction, approximate analytical path-
loss modelings for RISs is derived in closed-forms for different RIS functionalities (i.e., specular
reflection, anomalous reflection, and beamformer) and for different regimes of operation (i.e.,
electrically-small and electrically-large regimes). To this end, we assume that the electromag-
netic waves are cylindrical, i.e., it travels in 2D-space. From the analytical results, it is observed
that different scaling laws exist in the two considered operating regimes. In particular, when
the RIS is configured for specular or anomalous reflection, in the electrically-large regime,
the intensity of the electric field at the receiver (Rx) scales with the inverse of the sum of the
distance of the transmitter (Tx) and the Rx from the stationary point (i.e., the point on the RIS
at which the gradient of the phase function of the received field is zero) and it is independent
of the size of the RIS. On the other hand, in the electrically-small regime, the intensity of the
electric field at Rx scales with the inverse of the product of the distance of Tx and Rx from
the center of the RIS and linearly increases with the surface size. It is worth mentioning that,
although the analytical closed-form formulation for the case where the RIS is used for beam-
forming is not explicitly derived in this chapter, it can be easily obtained using similar steps
used for the case of specular and anomalous reflection. Still in Chapter 3, using the obtained
analytical results, we compare the performance of RIS-aided communications (measured in
terms of data rate) against that of relay-assisted one. In particular, we numerically compare
the maximum achievable data rate in case of communications with the aid of a single RIS
against that of half-duplex (HD) and full-duplex (FD) relays. Based on the presented com-
parison results, it can be concluded that RIS-aided transmission may outperform relay-aided
transmission provided that the size of the RIS is sufficiently large.

In Chapter 4, a physics-compliant path-loss model for RIS-aided wireless transmission is
derived by using the vector generalization of Green’s theorem. The results presented in this
chapter extend the path-loss models obtained in Chapter 2: a spherical wave propagating in
3D-space is considered and its vectorial form (including its polarization) is taken into account.
We also consider two cases in which the RIS is used for either reflection (Tx and Rx in the
same side of RIS) or transmission (Tx and Rx on different sides of RIS). In each case, the
path-loss is formulated in terms of a computable integral that depends on the transmission



distances, the polarization of the radio waves, the size of the surface, and the desired sur-
face transformation. Furthermore, approximation techniques such as Taylor approximation
and stationary phase method (SPM) are employed to obtain closed-form approximations
in two asymptotic regimes that are representative of far-field and near-field deployments.
Based on the obtained closed-form results, the impact of several design parameters is ana-
lyzed. In particular, it is proved that the scaling laws of the received power as a function of
the transmission distance and the size of the RIS are different in the near-field and far-field
regimes, and they depend on the wave transformations applied by the RIS (specular reflection,
anomalous reflection, or beamforming/focusing). It is also important to note that it is also
proved the the received power scattered by an RIS is bounded as its size increases without
bound (regardless if the RIS is used for specular/anomalous reflection or beamforming). This
implies that the path-loss model is consistent with the law of the energy conservation: the
electric power reflected by the RIS and received by the Rx cannot exceed the transmitted power.

To summarize, in the general context of wireless communications, the results obtained in this
thesis reveal that one should always use the exact (integral) representation of the path-loss
in order to make sure that the received power is physically meaningful as a function of every
design parameter, e.g., the surface size and the transmission distance. The simple analytical
expressions obtained in the near-field and far-field asymptotic regimes can be employed
provided that the considered system setup is compliant with their regime of validity. For
application to the performance evaluation and optimization of wireless networks, one may
consider the use of a two-law path-loss model (in analogy with two-slope path-loss models),
which combines together the closed-form analytical expressions obtained in the near-field
and far-field regimes. This approach may avoid the analytical intractability of using two-fold
integrals while ensuring compliance with physics-based constraints.

5.2 Future Work

Regarding the road ahead, there are several fundamental and open research issues that deserve
attention.

5.2.1 Physics-based Modeling

Current research on RISs relies on simplified models on how the meta-surfaces shape the
impinging radio waves. Hence, there is a compelling need for developing sufficiently accurate
but analytically tractable models for the meta-surfaces, whose foundation is to be built on
the laws of electromagnetism and physics. The contribution of this thesis constitutes the
fundamental step in RIS modeling for wireless communication system where, through physics-
based approach which is based on Maxwell equations, the path-loss models obtained for
given RIS modeling assumptions are very accurate and practical (due to their closed-form
representations), as shown by extensive numerical results. However, at the same time, some



modeling assumptions are not realistic or too simplistic for practical purposes, in exchange
to obtain tractable results. For example, RISs are usually modeled as local structures, and,
therefore, the spatial coupling among the meta-atoms is ignored. Therefore, in the future,
these factors need to be taken into account to obtain practical and realistic RIS models.

5.2.2 Experimental Validation

To be accepted by the wireless community, the models obtained throughout this thesis need to
be validated through hardware testbeds and empirical measurements. As has been mentioned
throughout the thesis, as far as current research is concerned, there exist a few experimental
results (e.g., [33]) that have validated these scaling laws as a function of the size of the RISs,
the transmission distances involved, and the specified wave transformations applied by the
RISs. However, more comprehensive tests are required, for example, to account for the spatial
coupling among the meta-atoms, effect of polarization change, and the impact of incident
and reflection angles towards the RIS’s efficiency.

5.2.3 Constrained System Design

The potential gains and applications of RISs in wireless networks depend on their nearly
passive implementation. This imposes stringent constraints on the development of efficient
signal processing algorithms and communication protocols. The absence of power amplifiers
and channel estimation units on the RISs implies, for example, that no channel estimation can
be performed at the RISs, and new and efficient (low overhead) protocols need to be developed
for acquiring the necessary environmental information for controlling and programming their
operation [67].

5.2.4 Statistics of the RIS Channel Model

To accurately assess the potential of RIS wireless applications, a realistic channel model is
indispensable. To this end, in addition to deterministic component of the path-loss modeling,
which is the central subject of this thesis, the statistics of the channel between the transmitters
and receivers also need to be incorporated during the system-level design and analysis for
meaningful and practical applications. In most works on RIS-aided communications, an
independent and identically distributed (i.i.d.) Rayleigh fading assumption is often assumed
for modeling the channel between a RIS element and a user. While this greatly simplifies the
analysis and leads to tractable analysis, the assumption is unrealistic since, unlike uniform
linear array (ULA), the configuration of the RIS elements is rectangular in nature and thus
there will always be correlation between channels from different elements (i.e., the chan-
nel fading in RIS-aided communications will always be spatially correlated [68]). Moreover,
since RIS is typically deployed strategically to provide virtual line-of-sight (VLOS) between
a transmitter-receiver pair through the RIS, one should always consider the existence of a



dominant propagation path in the Tx-RIS and RIS-Rx links. Therefore, an assumption of
(correlated) Rician fading should be considered instead of Rayleigh fading. Another important
consideration in modeling the channel is the Doppler effect, i.e., the change of frequency
observed by the RIS due to the mobility of the UAVs and the users.

5.2.5 Information and Communication Theory

Conventional information and communication theoretic models applied to wireless networks
assume that the system, i.e., the environment, is represented by transition probabilities that
are fixed and cannot be optimized. The concept of smart radio environments based on RISs
challenges this assumption, allowing the channel states to be included among the degrees of
freedom for encoding and modulation. This opens up new venues for system optimization
that can provide a better channel capacity, as recently reported in [10].

Thanks to its low-cost, low-energy, and low-complexity of deployments, RIS has an advantage
over its competing technologies to be implemented in a large-scale environments. Therefore,
it is also interesting to understand the performance limit of RIS when deployed in a large-scale
networks, in addition to point-to-point settings. However, unfortunately, most studies in the
literature are limited to “small-size” system models where usually one or only a few RISs are
considered. To investigate the potential of large-scale deployments of RISs, therefore, more
studies that take into account large-scale networks with hundreds or possibly thousand of RISs
are required. To this end, mathematical tools such as stochastic geometry is very powerful, due
to its simplicity and tractability, to aid the analysis and to unveil the impact of RIS deployment
rate, among others, towards the overall system-level performance. Indeed, there are several
works that incorporate stochastic geometry in the analysis of RIS-aides systems (e.g., [69,70]).
Unfortunately, most works neglect the consideration of the height of the transmitters (i.e.,
base stations), which is an important factor in RIS performance evaluation, and limit the
analysis to two-dimensional topology which leads to inappropriate network models [71]. This
necessitates the use of three dimensional (3D) stochastic geometry frameworks to obtain
accurate assessment of performance analysis.
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Synthese en francais

Les futurs réseaux sans fil devront prendre en charge des débits de données tres élevés, car
entre 2020 et 2030, il est prévu que le trafic de données du protocole Internet mondial (IP)
augmente de 55% chaque année, atteignant a terme 5 016 exabytes. En outre, ils devraient offrir
plusieurs autres services tels que le haut débit mobile amélioré (eMBB), les communications
ultra-fiables et a faible latence (URLLC) et les communications massives de type machine
(mMTC). Malheureusement, malgré les objectifs primordiaux que la 5G devrait atteindre,
divers essais récents montrent que la technologie 5G actuelle n’est toujours pas en mesure de
les atteindre tous. De plus, la plupart des tests sont encore loin d’utiliser un systéeme complet,
ce qui signifie que 'impact de 'interférence des autres cellules et les avantages des couches
multiples sont largement ignorés. De plus, la plupart d’entre eux ne considerent que les
scénarios de liaison descendante (DL) mais pas les scénarios de liaison montante (UL). Afin
de répondre a toutes les exigences de la 5G, qui n’ont pas encore été atteintes par les progres
actuels, une approche plausible consiste a repenser le paradigme actuel de conception du
systéme de communication et a surmonter ses limites.

Au cours des cing premieres générations de réseaux sans fil, la conception des systémes
de communication sans fil a considéré les postulats selon lesquels I'environnement sans fil
entre les appareils communicants (i) est contrdlé par nature, (ii) ne peut pas étre modifié,
(iii) ne peut étre compensé que par la conception de systemes d’émission et de réception
sophistiqués. La sixieme génération (6G) de réseaux mobile, quant a elle, est envisagée pour
briser ces postulats en supposant que 1'on puisse contréler I’environnement sans fil pour
obtenir des gains de performance majeurs. Par exemple, une station de base typique transmet
des ondes radio dont 'amplitude est de I'ordre de grandeur du Watt tandis qu'un équipement
utilisateur détecte des signaux de I'ordre de grandeur du pWatts. Le reste de I'énergie est, en
général, perdu de différentes manieres dans I’environnement, par exemple en générant des
interférences avec d’autres éléments du réseau ou en créant des menaces pour la sécurité, car
la propagation des ondes radio via le canal sans fil ne peut pas étre controlée et modifiée une
fois qu’elles sont émises par les émetteurs et avant qu’elles ne soient recues par les récepteurs.
Ce nouveau paradigme qui considere I’environnement comme un élément contrdlable dans
la conception de systémes sans fil est appelé environnement radio intelligent (SRE).

Lémergence de I'environnement radio intelligent (SRE) en tant que nouveau paradigme qui
remet en question le statu quo des communications sans fil a encouragé I'utilisation de la
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surface intelligente reconfigurable (RIS) basée sur des méta-surfaces, afin d’améliorer les
limites de performance des systémes de communication sans fil. Lobjectif principal de cette
these est la modélisation de systémes de communication assistés par des surfaces intelligentes
reconfigurables (RIS) a I’aide de méthodes électromagnétiques. Le Chapitre 1 présente le
concept d’environnement radio intelligent. La définition d'une RIS et 1‘utilisation d'une RIS
dans le contexte d'un SRE sont également présentées. Le Chapitre 2 présente les concepts
théoriques nécessaires tel que la modélisation des méta-surfaces et les approches analytiques
qui nous permettent de calculer le champ I'électromagnétique dans un certain volume. Le
Chapitre 3 fournit une comparaison des performances entre les RISs fonctionnant comme des
réflecteurs anormaux et une méthode de relais basée sur le décodage et la transmission. Le
Chapitre 4 propose une caractérisation analytique du champ électromagnétique en présence
d’une RIS qui est modélisé comme une méta-surface homogene fonctionnant soit en réflexion
ou transmission. Enfin, le Chapitre 5 résume la these et discute des perspectives futures qui
méritent d’'étre étudiées pour mieux comprendre les avantages et les inconvénients des RISs
pour application aux communications sans fil.
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