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Abstract

The current research project examined the contribution of Reconfigurable Intelligent
Surfaces (RISs) in wireless communication networks, by applying them on a cascaded
double-RIS implementation. The conducted analytical and numerical study examined the
performance of the cascaded-RIS system in several use case scenarios in terms of the
receiver power at the User Equipment (UE). An analytical model that captures the
performance of the double-RIS aided system was proposed, while the results were also
verified by following a numerical calculation (discrete model). Focus was also given on
the most critical performance parameters, such as the reflection coefficient of RIS
elements, the phase-related operation features of the RIS, the transmitter gain, the beam
footprint at the RIS plane, the distance between the UE and the RIS. The obtained results
provide reasonable support that the under-examination double-RIS aided wireless
communication system can establish a multi-hop cascaded LoS link which can effectively
mitigate or even eliminate the adverse NLoS effects and, in general, can improve the
system’s performance in terms of received power at the UE. In addition, it was found that
phase-related RIS-operation features can further enhance the cascaded-RIS assisted

system’s performance.
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INTRODUCTION: REASONING FOR RECONFIGURABLE
INTELLIGENT SURFACES

The advent of fifth generation (5G) wireless networks is a reality for a growing number of
users worldwide, providing enhanced mobile broadband (eMBB), ultrareliable and low-
latency communications (URLLC) and massive machine type communication (mMTC)
services [1] [2] [3].

Looking ahead to the 2030 horizon, the next generations of wireless communications
technologies (Beyond-5G, 6G, or even 6G and Beyond) envision flexible compute-and-
connect networks which will be capable to support revolutionary applications and
heterogeneous services, such as Tactile Internet, Holographic Communication, Digital
Replica (or Digital Twins), Connected Robotics and Autonomous Systems (CRAS),
teleoperated driving and intelligent transportation systems, Wireless Brain—Computer
Interfaces (BCI), Blockchain and Distributed Ledger Technologies, Industrial Internet of
Things (1loT), and more [2] [3] [4] [5].

All the aforementioned services/applications pose demanding requirements in terms of
high data rate, super-connectivity, increased network capacity, ultra-high reliability, ultra-
low latency, extended coverage, enhanced security, rich Quality of Service (QoS) and
economically affordable implementations [6] [7] [8].

In addition to the above-mentioned stringent communication demands, it should be
emphasized that according to the International Telecommunication Union Report ITU-R
M.2370-0 and Ericsson Mobility Report, the total global mobile data traffic is expected to
continue its high growth in the future [9] [10], especially with the advent of the 6G era [11]
[12].

Thus, it becomes obvious that new enabling technologies are needed in order to support
these high quality and ubiquitous wireless services and applications. In specific, the
existing 5G key technologies, such as the massive multiple-input multiple-output
(mMIMO) and millimeter wave (mmWave), although they can help to reach high data rates
and boost spectral efficiency and network capacity, they present significant disadvantages
in terms of energy efficiency, blockage sensitivity, propagation path loss and directivity
[11] [13] [14] [15].

Therefore, new emerging and disruptive technologies, which are coming out of the
comfort-zone of existing 5G best practices, aim to overcome the aforementioned
fundamental limitations. In more detail, terahertz (THz) communication, Cell-Free mMIMO
(CF-mMIMO), Ultra-Massive MIMO (UM-MIMO), Orbital Angular Momentum (OAM)
multiplexing, Holographic Beamforming, Artificial Intelligence and Machine Learning
(AI/ML), edge intelligence, Visible Light Communication (VLC), blockchain, Quantum
Communication (QC), Ambient Backscatter Communication (AmBC) and Reconfigurable
Intelligent Surfaces (RISs), new multiple access techniques and new coding techniques
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have been envisioned as the most promising 6G (and Beyond)-oriented solutions [5] [6]
[11] [16].

Among the above-mentioned technologies, RIS has recently attracted considerable
attention as one of the key enablers of future wireless communications, which is used to
model the mobile-radio environment as a controllable entity through the manipulation of
electromagnetic (EM) waves [11] [17]. Targeting the 2030, RISs can be integrated to the
next-generation wireless networks to transform the current adversary/uncontrollable
infrastructure into a collaborative system and implement the vision of human-centered,
energy-efficient and commercially viable smart radio environments (cities, homes,
buildings, airports, trains, etc.) [3] [6] [13] [18] [19].

The thesis is structured as follows:

» The Background and Literature Review Section, which includes an introduction to
the Smart Radio Environments and Reconfigurable Intelligent Surface technology,
the advantages and disadvantages of RIS deployment, the proposed RIS
applications and a comprehensive literature review both for single-RIS and
cascaded-RIS systems.

» The Section of Analytical and Numerical Study, which includes the scope, the
design, the concept and the implementation details of the current research project.

» The Sections of Results and Discussion, which include the representation and the
interpretation of the results obtained from the simulation scenarios, as well as the
discussion of their significance.

» Lastly, the conclusions drawn are presented in a bulleted-list format and the
possible future work is indicated.
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1. BACKGROUND INFORMATION & LITERATURE REVIEW

1.1 Smart Radio Environment (SRE)

The vision of next-generation wireless networks is the implementation of Smart Radio
Environments (SREs), which transform the current environment into a software-
reconfigurable space and enable end-to-end network optimization [1]. The concept of
Smart Radio Environment, also known as Intelligent Radio Environment (IRE) or “Wireless
2.0” [19], refers to a distributed wireless platform capable for sensing the environment,
supporting computing and information processing techniques and providing enhanced
intelligent wireless communications [1].

In more detail, with regard to current wireless networks, the environment is considered an
“exogenous entity” that is “unintentional adversary” to the communication process, and
optimization capabilities are mainly limited to the network endpoints, i.e. transmitters and
receivers [1] [19]. In other words, the environment is considered fixed by nature,
unalterable and detrimental to the quality and effectiveness of communication [17];
consequently, the only feasible design considerations concern the adaptation to the
current environment through the application of advanced transmission and reception
schemes [19].

On the other hand, in the case of SREs, the wireless environment is generated by nature
but is controlled by design [19] and is considered intelligent, programmable and fully
customizable [1]. In fact, the environment is now one of the design parameters of the
network and therefore, it can be dynamically configured and elastically optimized by
appropriately steering the EM waves based on the sensing-based data received from the
communication system [1] [17] [18]. In addition, the software-controlled environment can
be actively engaged in data processing and transmission to support reliable and efficient
communication, enhanced connectivity, accurate localization services and a guaranteed
level of QoS [1] [17] [19].

The network design optimization capabilities of smart radio environment compared to the
conventional radio environment are presented in Figure 1.
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Figure 1. Optimization scheme for conventional and smart radio environment [19].

The most promising solutions for realizing the aforementioned vision of the smart radio
environment include the Reconfigurable Intelligent Surfaces and Artificial Intelligence-
based computational techniques [1] [18]. These novel technologies are capable to
overcome the fundamental limitations (e.g. network complexity and deployment cost)
arising from the currently employed communication schemes, which are mostly based on
robust transmission/reception protocols, advanced signal processing algorithms, multiple
antennas techniques and additional network elements (e.g. relays) [19] [20]. In particular,
RISs have the potential of rendering the wireless environment controllable, configurable,
programmable, and intelligent in a cost-effective, energy-efficient, low-complexity and
environmental-friendly way [1] [11] [17] [19] [21], as will be further analyzed in §1.2.5.

The concept of RIS-assisted smart radio environment can support a plethora of
application scenarios [1] [18]. More specifically, when the physical objects of interest are
coated with reconfigurable meta-materials (to form a meta-surface), they can actively
involve in information processing and transmission by manipulating (via a software
controller) the electromagnetic waves as desired [1] [18]. The authors in [19] have
comprehensively presented the most promising SRE use cases, including smart
cities/university campuses, smart homes/buildings/factories/hospitals, smart train
stations/undergrounds/airports, smart cars/trains/airplanes, smart billboards, smart
glasses and clothing. A subset of potential SRE applications is shown in Figure 2.
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Figure 2. Potential use cases of smart radio environments [19].

1.2 Reconfigurable Intelligent Surface

1.2.1 Intro

Reconfigurable Intelligent Surfaces have been identified as the most promising
technology for realizing the vision of Smart Radio Environment [6] [18]. The RISs, also
known as Intelligent Reflecting Surfaces (IRSs) or Large Intelligent Surfaces (LISs) or
Software-Defined Surfaces (SDSs) [2] [17], are increasingly gaining attention as key
elements/components of future wireless networks due to their potential to render the
propagation environment controllable, customizable and programmable [2] [6].

This material structure, designed to possess programmable macroscopic physical
features beyond those found on conventional surfaces, can upgrade the current
infrastructure and be used on a variety of wireless networks with the aim to achieve smart
home and smart city project success [2] [6] [14] [18].

Unlike conventional wireless networks, the RIS-assisted networks enable the
communication engineers to control and customize the radio environment due to the
capability of unit cells (that constitute the smart surfaces) to manipulate the
electromagnetic waves [2] [11] [18]. In particular, the fabrication materials of unit cells, the
integrated electronic circuits/sensors, their size and their inter-distance, allow them to
possess unique characteristics for tuning the electromagnetic responses (e.g. amplitude,
phase) as desired, offering thus the capability for improved/optimized adaptation to the
dynamically changing wireless environment, either in the far-field or in the near-field
regions [2] [4] [11] [19].
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In more detail, an impinging signal upon a naturally occurring material or surface will be
reflected/refracted according to conventional Snell’'s laws and based on the wavelength
of the radio wave and the permittivity, permeability and thickness of the material/surface
[1] [19]). However, a smart surface exhibits unnatural and exotic properties/functions (e.g.
perfect absorption, anomalous reflection, beamforming [2] [19] [22]) capable of
beneficially shaping and modifying the impinging signals based on the generalized laws
of reflection and refraction (i.e. beyond Snell’'s laws) [1] [13] [19]. Among the many
functions that a RIS may be able to perform, we should focus on the following:

>

>

Beamforming: This function consists of directing the impinging radio wave towards
a targeted region (e.g. the user equipment (UE)) [2] [19].

Anomalous reflection: this function is a form of extreme waveform manipulation
based on the generalized Snell’s laws, in which the incident beam can be reflected
at an angle different from the angle of incidence [23] [24].

Polarization conversion: This function consists of modifying the polarization of an
incident radio wave, e.g. linear to linear, linear to circular, and circular to circular
[19] [25].

Perfect absorption: This function refers to the capability of the metasurface to fully
absorb the incident plane waves and therefore, no radio waves will be reflected or
refracted [19] [22].

1.2.2 Reference Structure

Although many different RIS implementations have been proposed, the key technology
behind this revolutionary idea is the meta-surfaces [19]. The prefix “meta”, derived from
the Greek word “uerd” meaning "after" or "beyond", is included to indicate that these
special surfaces possess exotic properties that offer unique wireless communication
capabilities [17] [19]. In fact, RISs are engineered to work as reflecting/refracting surfaces
between the Access Point (AP) or (Base Station (BS)) and the User Equipment (UE) in
order to smartly reconfigure the wireless propagation environment [2].

Metasurfaces are generally man-made planar structures composed of thin sheets of
electromagnetic material containing a large number of reconfigurable elementary
elements capable of controling the wireless propagation environment in fully
customizable ways [1] [3] [6] [17] [18] [19].

The conceptual structure of a RIS is illustrated in Figure 3 [19].
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Figure 3. Reference structure of a RIS [19].

In more detail, a smart surface is modeled as zero-thickness electromagnetic structure of
electrically large transverse size, i.e. the surface has a sub-wavelength thickness, while
its transverse size is much larger compared to the wavelength of radio waves (and
therefore the thickness of the RIS) [18] [19].

The planar structure of RIS facilitates its design, fabrication and deployment [18], although
either free-form conformal two-dimensional or even three-dimensional reconfigurable
intelligent surfaces are also common [19].

Furthermore, each surface generally consists of a single or multiple electromagnetic
sheets/layers [4]. For example, an implementation proposed by Wu and Zhang [26] refers
to a three-layer surface, in which the outer layer comprises multiple reflecting elements
for directly interacting with the impinging radio waves, the middle layer (e.g. a copper
backplane) acts as a structure to prevent signal/energy leakage, and the inner layer is a
circuit board for controlling the reflection coefficients as desired (depending on the
external stimuli) [4] [26].

In general, each sheet comprises an array of thousands of low-cost, nearly-passive,
tunable reflecting elements, which are often referred to as unit cells or scattering particles
or meta-atoms or even pixels [3] [6] [18] [19]. The unit cells (e.g. full or slotted patches,
straight or curved strips, various types of crosses) are jointly optimized to meet the desired
reconfigurability requirements and form an entity known as super-cell, as shown in Figure
3 [19]. Moreover, it should be noted that the inter-spacing distance between the unit cells

is typically between ’1/10 and 1/5, and therefore the coupling effect cannot be ignored

when considering the design of the RIS [19] [27]. Thus, the metasurface response to the
incident electromagnetic waves at macroscopic level depends on the microscopic design
of the super-cells and consequently the unit-cells [19].

In addition, the scattering elements require minimal power for reconfigurability purposes
and no power for signal amplification, while presenting minimal signal processing
capabilities (thus denoted as “nearly-passive”) [19]. It is understandable that RIS cannot
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be completely passive as it requires the integration of active components for
programmability and tunability purposes [2] [27].

Considering the tuning mechanisms, it is possible to dynamically control the EM response
of the RIS by adjusting the surface impedance through the application of electrical or
thermal excitation, optical illumination or mechanical (physical) stretching [2] [28] (Table
1). Field-Programmable Gate Array (FPGA) chips including active elements such as PIN
diodes, varactors, field-effect transistors (FETS), micro-electro-mechanical systems
(MEMSSs), and tunable materials, such as liquid crystals, graphene, ferrite,
photoconductive semiconductors, are potential candidates for building the RIS
reconfigurability concept [29] [30] [31].

Table 1. Tuning mechanisms and controllable scattering elements used in RIS implementation

Tuning Mechanisms | Electrical excitation
Thermal excitation

Optical illumination
Mechanical stretching
Scattering Elements | Tunable Chips
¢ PIN diodes
e Varactors
e Field Effect Transistors (FETS)
e MEMS
Tunable Materials
Liquid Crystals (LCs)
Graphene
Ferrite
Semiconductors

In addition to the metamaterial-based technologies, current practical RIS implementations
include also conventional reflect-arrays [2] [17] [27]. In particular, multiple tiny discrete
antenna elements act as reflectors in order to dynamically adjust their radiation patterns
and, subsequently, to control the impinging signals characteristics (i.e. phase, amplitude,
polarization, etc.) [17] [19]. The model structure actually consists of a large number of
metallic or dielectric patches printed on a grounded dielectric substrate with an element

inter-distance usually equal to the half of the wavelength of radio waves (’1/2) so that

there is no mutual coupling between adjacent elements [19] [27]. However, it should be
highlighted that the fixed structure of this implementation implies limited control over RIS
[27].

The authors in [27] summarize the differences between metasurface- and reflect-array-
based RIS implementations, as presented in Table 2.
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Table 2. Comparison of metasurface and reflect-array based RIS [27]

Reflect-array Metasurface
Operation well-known, relatively easy | Difficult to model controllable surfaces
to model

Simple to manufacture Potentially more advanced function

Simple control Mutual  coupling of meta-cells
complicates the control

Readily available technology Reconfigurable metasurfaces still in

research phase

The MIT’s RFocus prototype and the NTT DOCOMO smart glass, as illustrated Figure 4,
are the best-known RIS implementations [19].

The RFocus prototype refers to a two-dimensional surface made of 3200 inexpensive
passive antenna elements arranged on a 6 square-meter surface [32]. The structure
reflects the impinging radio waves in a controlled way by appropriately setting the on/off
states of each element and the surface does not increase the overall radiation [32]. In
specific, each antenna can be between two mutually exclusive states — “ON” and “OFF”:
when “ON” the element is opaque to radiation and reflects the signal; otherwise (i.e. in the
“‘OFF” state) the antenna is semi-transparent and the signal passes through [32].

The NTT DOCOMO'’s metasurface can manipulate radio waves by appropriately moving
a glass substrate that covers a large number of sub-wavelength unit cells [33]. The smart
window can be switched between reflection (full or partial) and penetration modes to
achieve dynamic control of the propagation environment [33].

Protetype
travazerent dymamic
metaruriace

(b)
Figure 4. RIS implementations: (a) MIT's RFocus prototype, and (b) NTT DOCOMO’s prototype
[19].
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1.2.3 Communication & Control

A novel RIS-enabled communication network architecture, in addition to the smart
surface, includes also an interface to enable communication with the external world, as
depicted in Figure 3 [19]. In general, the system consists of an intercell communication
network, which allows communication among the unit cells throughout the RIS via a
transfer gateway, and a micro-controller in charge of computing and adjusting the
electromagnetic behavior of the impinging radio waves as a function of the channel state
information (CSI) [17] [19].

In a typical scenario of RIS deployment, the smart controller, e.g. FPGA, communicates
(wireless or wired) with the AP/BS and the UE via a dedicated feedback link in order to
coordinate the transmission in a real-time reconfigurable way [4] [6] [11] [19].

In addition, it should be noted that metasurfaces may be equipped with embedded low
power sensors which are in charge of sensing the environment and providing the RIS of
the channel state information [17] [19]. However, this extension raises the implementation
cost and the power consumption of the RIS [19].

Lastly, it should be underlined that RISs are categorized as nearly-passive
implementations given that their aforementioned integrated electronic circuits/sensors
present minimum power requirements and signal processing requirements in order to
achieve the metasurface reconfigurability and the communication with the external world
[19]. Power sources, such as batteries, storage modules and energy-harvesting solutions,
are usually deployed to handle the power requirements [1].

1.2.4 Dynamic Reconfigurability

Given the recent developments in metamaterials, RISs are capable of beneficially
reconfiguring the wireless propagation environment by dynamically controlling the
response of the incident signal [4] [14] [19]. Phase, amplitude, frequency and polarization
transformations can be applied to the impinging radio waves in fully customizable ways in
order to render the wireless environment programmable and controllable [1] [17] [19].

Broadly speaking, the general operation of a RIS is an iterative process that is divided into
the “Control and programming phase” and the “Normal operation phase” [19]. The first
phase involves the computing of the best configuration set-up and the appropriate
optimization of the smart surfaces, while the second phase concerns the RIS-aided
transmission of information throughout the wireless network [19]. It should be noted that
the periodicity of the process depends on the changes of the channel state information,
i.e. the coherence time of the environment [4] [19].

In a typical scenario of RIS operation, the micro-controller appropriately configuring the

tuning mechanisms (by applying, for example, electrical voltage, thermal excitation,

physical stretching (as mentioned earlier)) in order to effectively control the wavefront of

the incident signal [2] [17]. In this way, the RIS can be configured by tuning/optimizing the

meta-surface reflection coefficients of its elements based on the stimuli that it receives
10
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from the external world, i.e. the channel (or, in general, the environmental) state
information [1] [4] [19]. Owing to their capability to intentionally reconfiguring the end-to-
end wireless channels and smartly adapting to the dynamically fluctuating propagation
environment, RISs have the potential to improve the capacity and coverage of the
communication networks and ultimately realize the vision of Smart Radio Environment [2]

[6].

It should be highlighted that RIS can perform the channel propagation reconfigurability
tasks by deploying energy-efficient technologies and low-complexity signal processing
algorithms (encoding, decoding, etc.) [1] [17]. In fact, in case that the smart surfaces are
equipped with sensing capabilities, nano-networking protocols can be used to enable the
unit cells to be self-reconfigured; otherwise, the access point (or the base station) and the
user equipment are in charge of reporting (via the feedback link) the sensed data to the
micro-controller, which is responsible for computing the best wave transformations to
apply (depending on the optimal configuration set-up) and for providing the appropriate
control signals to the smart surface [1] [19].

1.2.5 Beneficial features

As mentioned earlier, the RIS emerging concept supports advanced wireless
communication capabilities by leveraging the unique design features of the metamaterial-
based arrays of massive low-cost nearly-passive reflecting elements [4] [14] [17]. In fact,
these reflecting/refracting surfaces can be distributed throughout the network in order to
sense the propagation environment and control the channels between the transmitters
and receivers in fully customizable ways [1] [2].

Since incident-reflecting angle of the impinging signals is not anymore subject to
conventional Snell’'s laws and given the RIS-related exotic properties (e.g. perfect
absorption and anomalous reflection), the RIS-empowered networks are capable of
tailoring the electromagnetic responses of the metamaterial-coated environmental objects
and assist the transfer of information between the devices (Figure 5) [1] [11] [13]. In
particular, the RIS reflection coefficients can be smartly programmed to properly adjust
the phase, the amplitude, the frequency or even the polarization of the EM waves in order
to overcome the negative effects of natural propagation environments and establish multi-
hop line-of-sight (LoS) links [1] [2] [17].

Figure 5. RIS-assisted communication in case of Non-Line-Of-Sight (NLoS) propagation [1].

11
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Thanks to this novel approach, engineers and network designers can efficiently handle
the highly probabilistic nature of EM propagation by turning it into a programmable and
partially deterministic space [1] [17] [20]. Fundamental limitations of the current wireless
communications (e.g. distance loss, multipath fading, shadowing, blockage) can be
bypassed and new services and functionalities can be supported due to the fact that RIS
approach introduces the possibility of end-to-end optimization of wireless networks
instead of just managing the endpoints [1] [3] [34] [35].

First of all, from an implementation point of view the RIS-aided networks present
considerable advantages and practical viability [1] [6]. More specifically, RISs can operate
with improved cost efficiency, as their components, although relatively numerous, are of
low-cost and require low power consumption compared to those used in existing active
antenna array technologies [4] [6] [13]. Moreover, RIS-assisted communications impose
only soft programming requirements, as the smart surfaces simply manipulate the incident
signals without the need of complex sophisticated signal processing techniques [4] [17].

In addition, RISs can be easily and flexibly deployed in a wide range of scenarios since
they are made of lightweight electromagnetic material which can easily attached to
existing infrastructure elements, including but not limited to (indoor or outdoor) walls,
ceilings, glasses of windows, billboards, lampposts, or even on objects such as vehicle
surfaces, t-shirts and eyeglasses [6] [19] [30]. It should be highlighted that smart surfaces
can also be easily removed from objects (in case needed), while neither adversely
affecting the aesthetics of the surrounding environment nor reducing the visibility of people

Furthermore, the passive nature of scattering elements, as they merely reflect the incident
EM waves, enables them to exhibit full-band response and thus, the RIS can operate at
any desired frequency ranging from microwave to optical spectrum [2] [4] [11] [17].
Additionally, RIS can support full-duplex (FD) transmission without thermal noise and self-
interference effects; this renders the RIS technology a more appealing approach
compared to relay-based implementations, which can either be half-duplex (HD) or require
advanced self-interference cancellation techniques in case of FD mode [2] [4] [6].

Moreover, RIS can boost the signal quality at the receiver and deliver enhanced spectral
efficiency! by improving the signal-to-interference-plus-noise ratio (SINR) and by
mitigating the effects of long-distance power loss [2] [17]. In fact, RIS operation not only
can improve the signal quality by buffering and/or processing the impinging radio waves
in the desired way through smart reflections, but it can also enable interference-free
communication either by suppressing the unwanted signals or by focusing the energy on
the target UE in order to avoid creating unwanted interference in hotspot sites [17] [19].
Apart from that, RISs do not use Analog to Digital (ADCs) and Digital to Analog (DACs)
converters or Power Amplifiers (PAs) and thus, they neither inject noise nor amplify the

1 Spectral efficiency (SE) describes the ability of a communication system to accommodate data within a
limited bandwidth. It reflects how efficiently the allocated bandwidth is utilised and defined as the ratio of the
throughput data rate per Hertz in a given bandwidth [36]. It is usually measured in bits per second per hertz
(bits/s/Hz) [36].
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received noise during their operation [17]. Lastly, it should be also noted that based on
Shannon's capacity formula®? there is a substantial trade-off® between the energy
efficiency* and spectral efficiency [37]; therefore, the RIS-assisted amplification of the
received signal can significantly contribute to the spectral efficiency enhancement by
properly selecting the optimal transmission power [37].

Furthermore, the link capacity can be improved by the increase of the SINR (based on
Shannon-Hartley theorem®) [40], while the compatibility with existing wireless systems
and emerging technologies (e.g. Non-Orthogonal Multiple Access (NOMA), massive
MIMO communications in mmWave (30-300 GHz) and terahertz bands (0.3-10 THz))
apart from eliminating any hardware-related change requirements, also allows the
exploitation of these communication schemes to further enrich the network features (e.g.
energy efficiency, capacity/throughput®, coverage, security) [1] [6] [14].

Additionally, the operating principle of RIS technology is based on the recyclability of
existing radio waves instead of new signal emissions and therefore not only can it offer
lower energy consumption but also allow for a lighter environmental footprint [19]. These
nearly-passive devices add an eco-friendly approach to network design since on the one
hand they do not require any dedicated power sources and on the other hand they do not
contaminate the environment through the battery disposal [1] [17]. Furthermore, the living
organisms can benefit from the reduced EM pollution as they are less exposed to the
potential harmful effects of electromagnetic fields and/or radiation [19]. Lastly, the careful
selection of environmental-friendly metamaterials that can be relatively inexpensive and
easily recyclable can facilitate the design, development and implementation of sustainable
wireless networks [19].

Finally, it should be emphasized the fact that RISs offer advanced focusing functionalities
in the near-field” operating regime, which is not usual in the traditional wireless systems

2 F = Se

¢ (2%e-1)
spectral density. Thus, E tends to zero when S tends to infinity [37].
8 Spectrum Efficiency (SE) - EE trade-off: given a bandwidth available, to balance the achievable rate and
the energy consumption of the system [38].
4 Energy efficiency (EE) is usually defined as number of bits reliably transmitted by a unit energy and is
usually quantified by bits per Joule [39].
SC=B+x log2(1 +5/N), where C is the channel capacity, B the bandwidth of the channel, S the signal
power and N the noise [40].
6 In communication networks, throughput is the amount of digital data per time unit that is delivered over a
physical or logical link, or that is passing through a certain network node. The throughput is usually
measured in bits per second (bits/s or bps) and occasionally in data packets per second [41].
The transmission capacity is defined as the number of successful transmissions taking place in the network
per unit area, subject to a constraint on outage probability [42].
7 Near-field and Far-field: When a transmitter is sufficiently far away from an antenna array, the spherical
wave generated by the transmitter can be approximately regarded as a plane wave at the antenna array
side [11]. The distance between the transmitter/receiver and the centre of the antenna array 2 = L2 /A (where
L and 1 denote the largest dimension of the antenna array and the wavelength of the signal, respectively)
is a commonly used criterion to decide the boundary between the near-field and far-field regions [2]. When
this distance is less than 2 = L2 /A, the transmitter/receiver are considered to be in the near-field of the RIS;
otherwise, they are in the far field of the RIS [11]. In general, the essential difference between the near-field
13
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Near-field intelligent broadcasting and beamforming (Fig.6), and improved

localization accuracy both in far-field and near-field region (Fig.7) under severe blockage
conditions can be achieved by deploying RIS-assisted communication setups [11] [43]

[44].
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Figure 6. RIS-enabled near-field (a) beamforming, and (b) broadcasting [11].
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Figure 7. RIS-assisted NLoS localization in: (a) far-field, and (b) near-field regime [44].

In a nutshell, the high spectral and energy efficiency, the enhancement of capacity and
coverage of wireless networks, the improvement of signal quality, the extraordinary
capability of tailoring the EM waves and the possibility of overcoming fundamental
limitations of the existing network designs, the compatibility with legacy technologies and
the cost-effective and eco-friendly way of RIS operation, may expand the performance of
wireless communications and create new opportunities both for service providers and
customers [1] [2] [4] [6] [11] [17].

1.2.6 Applications

As mentioned previously, the RIS deployment is intertwined with high spectral and energy
efficiency, enhanced network coverage, capacity and security, improved signal quality and
radio localization precision, extraordinary capabilities of tailoring the EM waves (focusing

region and the far-field region is how the power density changes with distance; in specific, within the near-
field region the power density shows significant variations [2].
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enhancement and interference suppression) and overcoming fundamental limitations of
the existing network designs, integration/compatibility with legacy technologies, and the
cost-effective and environmental-friendly mode of operation [1] [2] [4] [6] [11] [17] [19]. In
addition to the above, the ever-increasing interplay between RIS and artificial intelligence
techniques in the field of wireless communications is expected to offer unprecedented
performance capabilities [45].

All the aforementioned advantageous features can expand the performance of wireless
communications and create new opportunities for both service providers and customers
in the forthcoming 6G era. In specific, RIS can support a plethora of existing wireless
network schemes and applications in the pursuit of high Quality of Experience (QoE) /
Quiality of Service (QoS), which will be further elaborated as follows:

a. RIS-assisted millimeter-Wave (mmWave) and Terahertz (THz) communications

The mmWave and THz communication systems have the capability to support high data
rates by efficiently exploiting the available enormous bandwidth [4] [46]. However,
mmWave/THz frequencies suffer from severe pathloss, atmospheric absorption and
rainfall attenuation, blockage (e.g. foliage attenuation, material penetration losses, human
body blockage) and human shadowing losses, reflection and scattering losses, and other
drawbacks associated with molecular absorption noise, diffuse scattering and doppler
spread [4] [46] [47] [48] [49]; hence, the long-range omnidirectional transmissions are
inherently unreliable, especially in indoor and dense urban environments [46].

Fortunately, the aforementioned undesirable phenomena can be mitigated by the RIS
deployment, which can introduce additional (indirect) link connections in case the direct
path between the transceivers is blocked [4] [46] [47], as shown in Figure 8 [6]. In addition,
RIS-aided beamforming techniques can effectively steer the impinging signal to the target
UE in order to help address both the NLoS and the large free space pathloss challenges
of mmWave/THz communications [46] [50].

It should be noted that simulations results verify the feasibility and effectiveness of the
forementioned RIS application [43] [51] [52] [53] [54].
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Figure 8. RIS-assisted mmWave/THz communication [6].
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b. RIS-assisted multicell networks

It is common practice in multicell communication scenarios to employ dense frequency
reuse schemes to maximize the spectrum efficiency [4]. However, the simultaneous usage
of the same frequency resources in neighboring cells leads to inter-cell interference
problems which can severely degrade the overall system performance, particularly for the
edge-cell users that experience a low SINR [4] [55].

In this case, RIS can be deployed at the cell boundary, as shown in Figure 9, with a dual
purpose: on the one hand, to improve the desired received signal strength and, on the
other hand, to suppress the unwanted interference originating from the adjacent cells [2]
[4] [56], as also explained in 81.2.5. It should be noted that simulations results verify the
feasibility and effectiveness of the forementioned RIS application [4].

RIS

]

O
|

0oo
000
B E & E

Figure 9. RIS-assisted multicell networks [4].

c. RIS-assisted Simultaneous Wireless Information and Power Transfer (SWIPT)
systems

In general, SWIPT is a promising and attractive concept for the energy management of
future Internet-of-Things (IoT) networks [2] [4]. SWIPT technology enables, in addition to
information transmission, the energy transmission from the BS to a nearby massive
number of energy-harvesting 0T devices, in order to allow them to operate and
communicate simultaneously [4] [57] [58].

The main challenge to this idea is that the devices that decode the information from the
received signal (known as Information Receivers (IRs)) and the devices that harvest the
signal energy (known as Energy Receivers (ERs)) have different power supply
requirements. In specific, the energy receivers require much higher energy and therefore
their maximum link-distance is limited to areas close to the BS [4] [58]. To tackle this
problem, RIS can be deployed in the vicinity of ERs to provide auxiliary transmission links
which can enrich the ERs’ energy harvesting capability and thus extend their operational
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range [4] [58], as shown in Figure 10. It should be noted that simulations results verify the
feasibility and effectiveness of the forementioned RIS application [4] [53] [59].
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Figure 10. RIS-assisted SWIPT system in: (a) Outdoor environment [6], and (b) Indoor

environment [57].

d. RIS-assisted Mobile Edge Computing (MEC) networks

Mobile Edge Computing (MEC) is envisioned as a promising technique for supporting and
facilitating the operation of many forthcoming novel but also resource-intensive and
latency-critical applications (e.g. Virtual Reality (VR)) [4] [60] [61]. In specific, these
applications place increased computation and processing requirements which cannot be
supported by the resource-limited (in terms of hardware capabilities and power supply)
mobile devices [4] [60]. Here come the MEC networks to migrate this load to high-
performance computing servers at the edge of the network (MEC server), where Al and
ML processing can be deployed in order to ensure low-latency and high-quality services
[4] [60] [61].

However, MEC networks may suffer from bottleneck issues associated with the data
offloading rate on edge servers due to the limited uplink capability and the severe path
loss [4] [61]. Fortunately, RIS can be deployed to smartly reflect the signals in order to
overcome the existing propagation-related problems and prevent the offloading delays [4]
[61]. As shown in Figure 11 [60], the direct communication link (including both LoS and
NLoS components) will be further enhanced by the reflected links originating from the RIS
scattering elements after applying the necessary phase shifts [60].

It should be noted that simulations results verify the feasibility and effectiveness of the
forementioned RIS application [4] [60] [62].
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Figure 11. RIS-assisted MEC network [60].

e. RIS-assisted Non-orthogonal Multiple Access (NOMA) systems

NOMA has emerged as a promising multiple-access technique of next-generation
networks, whose basic idea is to serve multiple users simultaneously and thus, enhance
the spectral efficiency of the Orthogonal Multiple Access (OMA) methods (e.g. FDMA,
TDMA) by allowing the users to share the same spectrum resources (i.e. resource block
(RB)) (e.g. frequency/time) in a non-orthogonal way through the use of various power
levels and/or different codes [4] [46] [63].

RIS technology can benefit existing NOMA networks in a variety of ways. In specific:

v" The performance of NOMA can be enhanced by the RIS-empowered additional
signal diversity without the need of extra time slots or energy resources [64].

v RIS technology enables smart and flexible NOMA design, as it has the ability to
either improve or degrade the quality of the channel corresponding to each user by
properly modifying the RIS parameters, such as the reflection coefficient and the
deployment location [64].

v RIS deployment can ease the NOMA-related constraints associated with the
number of antennas equipped at base station and the number of users, since it can
provide additional passive array gain to support a cluster-based NOMA strategy,
either with a centralized RIS-enabled design or with a distributed RIS-enhanced
design, as shown in Figure 12 [64].

v" RIS deployment can address the challenges of the dynamic environment, such as
small-scale channel fading (i.e. random fluctuations of channel gain), blocking, and
user mobility, and aims to improve the network coverage and capacity in urban
environments that are severely disrupted due to high-rise buildings/constructions
[2] [46].

It should be noted that simulations results verify the feasibility and effectiveness of the
forementioned RIS application [64] [65] [66] [67].
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Figure 12. RIS-assisted NOMA systems: (a) centralized RIS-enabled design. (b) distributed
RIS-enhanced design [64].

f. RIS-assisted Multicast communications

Multicast communications are increasingly gain attention as they can apply in many
popular applications, such as video conferencing, video gaming and TV and live video
streaming, and can support the massive Machine-Type IoT communication (mMTIC) by
simultaneously transmitting the same identical content (data stream) to multiple 0T

devices [4] [68] [69].
In this case, RIS can be deployed (Fig.13) to enhance the system performance by

improving the channel conditions and by maximizing the total sum rate of all multicasting
groups [4] [69]. Simulations results have shown the effectiveness of the proposed method

(e.g. [68], [69], [70]).
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Figure 13. RIS-assisted multicast communications [4].

g. RIS-assisted Physical Layer Security (PLS) networks

Due to the broadcast characteristics of wireless communication, significant security
vulnerabilities may arise, as the transmission can be exposed to eavesdropping and
jamming risks [4]. In specific, wireless networks may suffer from information leakage in
case of presence of malicious eavesdropper or from intentionally injected noise (by
malicious jammers) which can disturb the smooth data transmission. PLS techniques
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have been investigated to address such issues (instead of cryptographic approaches) by
exploiting the unique wireless physical layer medium features in a low computational
complex and high scalable manner [71].

RIS can be deployed in conjunction with PLS methods in order to optimize the transmit
beamforming and maximize the security of the communication link by, on the one hand,
boosting the signal strength to intended (legitimate) users and, on the other hand,
suppressing the signal beam to other unintended users [2] [4] [46]. Figure 14 presents the
RIS deployment for physical layer security purposes in a wireless network in the presence
of an eavesdropper [4].

It should be noted that simulations results verify the feasibility and effectiveness of the
forementioned RIS application, e.g. [2] [4].

-1

Legitimate User

Eavesdropper

Figure 14. RIS-assisted PLS network [4].

h. RIS-assisted Cognitive Radio (CR) Networks

The spectral efficiency of wireless communications can be further enhanced by applying
Cognitive Radio (CR) techniques. In cognitive radio networks, the spectrum can be shared
between co-existing primary (PUs) and secondary users (SUs) by following dynamic
spectrum access approach [4] [72] [73]. In particular, the network serves PUs with priority,
while if there are excess resources, SUs are also served, provide that they do not interfere
with the PUs [73]. The key challenge is to maximize the achievable sum-rates of the
secondary system while keeping the interference originating from the SU transmitters
(SU-TXs) to the PUs receivers (PU-RXs) at an acceptable level, defined by a threshold
known as interference temperature constraint [4] [72] [74].

In this case, RISs can be deployed in the vicinity of PU-RXs (Figure 15) to improve the
signal power to the SUs under the imposed interference temperature constraints, since
RIS technology, on the one hand can redirect the incident EM waves to the desired
destinations, and on the other hand, exhibits interference suppression and signal-to-
interference-plus-noise ratio maximization capabilities [4] [72] [73].

It should be noted that simulations results verify the feasibility and effectiveness of the
forementioned RIS application (e.g. [72], [73], [75], [76]).
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Figure 15. RIS-assisted CR networks [4].

However, apart from the deployment of Reconfigurable Intelligent Surfaces in the
aforementioned emerging wireless network systems/technologies, this novel concept can
provide a wide range of practical application fields in the modern world. Recent literature
refers to many various application areas of wireless communications that are aligned with
realizing the vision of Smart Radio Environment. In more detail, RISs can be used either
in outdoor environments to establish additional communication links to the existing (direct)
paths, especially when blockage conditions exist, or in indoor environments to increase
the system capacity, as shown in Figure 16 [45].

Indoor

Figure 16. RIS-assisted outdoor and indoor communications [45].

In fact, RISs can be spread across a geographical area in an aesthetically friendly way to
improve the propagation environment via smart signal reflections and enhance the
robustness of wireless networks in order to establish high-capacity hotspots or
interconnect isolated users/assets and /or 10T devices [6] [19] [45]. Article [19] includes
smart cities, smart buildings (Fig.17(a) [77]), smart homes, smart university campuses,
smart undergrounds, smart train stations (Fig.17(b) [3]), while [61] refers to RIS-aided 10T
communications in a smart industry use case (Fig.17(c) [61]).
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Figure 17. Envisioned RIS-empowered use cases: (a) RIS-assisted smart buildings [77], (b)
RIS-assisted smart train stations [3], (c) RIS-assisted smart industry [61], (d) RIS-assisted
vehicle communications [61], and RIS-assisted UAV-aided communications [78].

Additionally, RISs can be used in smart transportation systems (e.g. smart cars, smart
airplanes, smart trains) to meet the stringent URLLC requirements and assist vehicle and
robotic communications, given their ability to effectively compensate Doppler and delay
spread effects [6] [19] [35] [61] [79] [80] [81] [82], as illustrated in Figure 17(d). From the
reverse perspective, RIS can be applied to Unmanned Aerial Vehicles (UAVS) to improve
cellular services and assist terrestrial communications [6] [78] [79] [80], as shown in Figure

1.3 Literature Review

As already mentioned, Reconfigurable intelligent surfaces are considered as one of the
most promising and revolutionizing techniques in the modern era of wireless
communications and an increasingly important technology in the realization of future sixth-
generation (6G) and beyond wireless networks. For that reason, there is a growing
academic and research interest in RISs. In this paragraph, a comprehensive literature
review is provided on RIS fundamental and operating principles and design considerations
and on the most important application areas.

In more detail, the authors in [2] provide an overview of the state-of-the-art on RISs, with
focus on their operating principles, performance evaluation, beamforming design and
resource management, applications of machine learning to RIS-enhanced wireless
networks, as well as the integration of RISs with other emerging technologies. In [29], a
comprehensive literature review on RISs and assisted application areas is presented and
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the current research activities in the evolving field of wireless networks operated by RIS
are discussed thoroughly. The article [4] addresses the fundamentals, the necessity, the
potential applications and the challenges of this novel technology. The authors in [21]
supply a study review of RIS-assisted wireless communication with emphasis on
principles, hardware architecture, control mechanisms, and analytical approaches and
performance metrics of RIS-empowered systems. In [83], the authors provide insights on
the application scenarios and standardization roadmap of future-oriented RISs, analyze
the characteristics of RISs and summarize white papers, projects and standardization
efforts related to RISs. The paper [19] introduces the emerging research field of RIS-
empowered SREs, summarizes the most suitable applications, presents an
electromagnetic-based communication-theoretic framework for analyzing and optimizing
metamaterial-based RISs, provides a comprehensive overview of the current state of
research and discusses the most important research limitations. In [50], a detailed survey
of the RIS technology, design, application and research issues is provided. The authors
in [26] present the fundamentals and applications of RIS technology and highlight the
competitive advantages over existing technologies, while address also the key challenges
in the design and implementation of RIS-aided wireless networks. Additionally, numerical
results are provided to show the efficiency of RIS deployment in typical wireless networks.
In [77], the authors follow a neutral approach by reviewing the fundamental and easily
misinterpreted features of RIS technology.

In the context of 6G framework and Smart Radio Environments, the authors in [84]
introduce the concept of RIS-assisted networks by elaborating on their advantages and
limitations. In addition, the different types of RIS implementations and the available
prototypes are presented from a theoretical standpoint, while a comparison with other
transmission technologies is provided. The article [1] discusses how the availability of
reconfigurable intelligent meta-surfaces will allow wireless network operators to redesign
common and well-known network communication paradigms, while two major types of
RISs are also presented. In [46], the authors supply a tutorial overview of RISs for 6G
wireless networks and a comprehensive discussion on performance gains that can be
achieved by integrating RISs with emerging communication technologies.

Regarding the modeling and performance of RIS-assisted wireless networks, the authors
in [3] focus on the realistic modeling of RIS-assisted signal propagation, the investigation
of the fundamental limits of RIS-empowered wireless communications and sensing, and
the design of efficient algorithms for orchestrating networking RISs. In [11] free-space path
loss models for RIS-assisted wireless communications are proposed for different
scenarios by studying the physics and electromagnetic nature of RISs. In addition, three
fabricated RISs are utilized to further corroborate the theoretical findings through
experimental measurements conducted in a microwave anechoic chamber. The authors
in [44] follow a Fisher information analysis in order to show a single-RIS system can
improve localization accuracy in case of NLoS links, while they also discuss practical
system approaches that could enable better LoS-to-NLoS positioning continuity in harsh
environments. The paper [35] investigates the feasibility of eliminating or mitigating the
multipath fading phenomenon and Doppler spread effects via RIS-empowered solutions.
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In [85] the authors present an analytical model that captures the performance of the RIS-
aided link in the limit of very large RIS and demonstrate numerical examples that provide
insight on the interplay between the RIS size and the properties of the transmitter beam.
The authors in [86] provide an accurate, open-source, and widely applicable RIS channel
model for mmWave frequencies. In [87], the authors consider a nearby reconfigurable
intelligent surface whose phase shifts can be adjusted in order to establish communication
in an UM-MIMO THz communication system operating in a typical indoor scenario where
the direct link between the transmitter and receiver is obstructed due to surrounding
obstacles. The authors propose an algorithm to configure the individual phase shifts of
the RIS elements, in order to maximize the achievable data rate performance. The article
[88] presents a connectivity analysis of RIS-assisted THz wireless systems by
accommodating the particularities of THz band links as well as the characteristics of the
RIS. In [89], it is demonstrated through simulations how the RIS efficiency depends on the
orientation of the RIS with respect to the transmitter and receiver, and also on the relative
size of the RIS with respect to the footprint of the incident beam. The authors in [90]
present an analytic framework for evaluating the ergodic capacity (EC) of the RIS-assisted
systems, while the special case in which the RIS is equipped with a single reflection unit
is investigated. The paper [91] evaluates the performance of RIS deployment for restoring
a link between a transmitter and a receiver, operating in the D—band (110-170GHz) in
terms of pathgain and capacity, as a function of the number of RIS elements, the
transceiver antenna gains, the Tx/Rx—RIS distance and the elevation angles from the
center of the RIS to the transceivers. In [92], the authors present a general model that
accommodates the impact of transceiver hardware imperfection due to radio frequency
impairments on RIS-assisted wireless systems; the systems' outage performance is
evaluated based on the end-to-end signal-to-noise-plus-distortion ratio (SNDR) and
system's outage probability. The article [93] proposes a model regarding the overhead
that is required to estimate the channel state information and to report the optimized phase
shifts to the RIS; the model is incorporated in the expressions of the system rate and
energy efficiency, which are then optimized with respect to the phase shifts of the
reconfigurable intelligent surface, the transmit and receive filters, the power and
bandwidth used for the communication and feedback phases.

As far as the design and fabrication of RIS, the authors in [6] intend to shed some light on
RISs from an industrial viewpoint and to provide a roadmap in order to make RISs feasible
in industry. The paper [32] introduces the well-known two-dimensional smart surface with
a rectangular array of simple RF switch elements, named as RFocus, which moves
beamforming functions from the radio endpoints to the environment. The authors in [22]
present the theoretical considerations and the design evolution of a proof-of-concept
reconfigurable metasurface, primarily used as a tunable microwave absorber, but also as
a wavefront manipulation and polarization conversion device in reflection. In [28], an
intelligent metasurface with real-time self-adaptively EM manipulation capability is
proposed; the self-adaptive reaction capability and practicability of the proposed
metasurface have been experimentally demonstrated. The authors in [13] develop a new
type of high-gain yet low-cost RIS that bears 256 elements that combines the functions of
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phase shift and radiation, and show that the proposed prototype can achieve significant
antenna gain and reduced power consumption for the wireless system. The article [34]
describes a new RIS prototype consisting of 1100 controllable elements working at 5.8
GHz band and proposes an efficient algorithm for configuring the RIS over the air by
exploiting the geometrical array properties and a practical receiver-RIS feedback link.

With regard to the performance comparison with other related technologies, the authors
in [17] provide a detailed overview and historical perspective on state-of-the-art solutions,
and elaborate on the fundamental differences of RIS with other technologies (e.g.
relaying, MIMO beamforming, and backscatter communications), while the article [20]
focuses on the key differences and similarities between RISs that are configured to
operate as anomalous reflectors and relays. In addition, the authors in [94] provide the
theoretical framework for the performance comparison of RISs and amplify-and-forward
(AF) relaying wireless systems in terms of end-to-end signal-to-noise ratio (SNR), outage
probability (OP), symbol error rate (SER) and ergodic capacity (EC). Furthermore, in [95]
a performance comparison between a RIS-aided network with its relay-aided counterpart
is performed in terms of achievable rate and energy efficiency.

Several research studies are proving the efficiency of Reconfigurable Intelligent Surfaces
to enable energy-efficient and smart wireless communications in MIMO and massive-
MIMO systems. In particular, the authors in [96] study the achievable rate optimization for
multi-stream MIMO systems equipped with a RIS, and formulate a joint optimization
problem of the covariance matrix of the transmitted signal and the RIS elements. In [56],
the authors propose the RIS deployment at the cell boundary of multiple cells to assist the
downlink transmission to cell-edge users, whilst mitigating the inter-cell interference with
the goal of maximizing the weighted sum rate (WSR) of all users. In [97], the authors
consider the deployment of RISs to assist multiuser MIMO uplink transmission from
several multi-antenna user terminals to a multi-antenna base station; an optimization
framework is proposed for jointly designing the transmit covariance matrices of the UTs
and the RIS phase shift matrix to maximize the system global energy efficiency with partial
CSI. The paper [98] investigates the interference-to-noise ratio (INR) at one user
equipment that is caused by the signal emitted by its non-serving (interfering) RIS in a
multiple-input multiple-output network where each base station serves a user equipment
with the aid of a RIS. In [99], the impact of channel correlation, the number of RIS
elements, and the pilot contamination on the uplink and downlink ergodic net throughput
of each user is examined for RIS-assisted Cell-Free Massive MIMO systems. The authors
in [100] and [101] provide insights on RIS operation of an uplink RIS-aided massive MIMO
system, which is related to the asymptotic rate performance, the power scaling laws, and
the impacts of various system parameters on the achievable rate. The article [102]
proposes a benchmark algorithm based on the semidefinite relaxation technique to jointly
optimize the beamforming vector at the transmitter and phase shift matrix of the RIS for a
RIS-assisted MIMO system under spatial fading correlations, with the statistical CSI
known at the transmitter and the RIS. The authors in [103] analyze the ergodic spectral
efficiency of a RIS-assisted MIMO system under spatially correlated channels and
propose an optimal phase shift design to maximize this efficiency. In [47], the authors
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investigate the co-design of per-subcarrier power allocation matrices and multielement
RIS phase shifts in downlink wideband MIMO transmission using 28 GHz frequency

Furthermore, there is considerable research interest in RIS-assisted NOMA systems. In
specific, the authors in [64] focus on the RIS deployment in multiuser networks employing
OMA or NOMA, with an emphasis on investigating the interplay between NOMA and RIS.
In [66], the authors attempt to optimize the rate performance and ensure user fairness by
jointly optimizing the (active) transmit beamforming at the base station and the phase
shifts (i.e., passive beamforming) at the RIS in a RIS-assisted downlink NOMA system. In
[67], the authors conceive a system for serving paired power-domain NOMA users by
designing the passive beamforming weights at the RISs and attempt to evaluate the
network performance in terms of outage probability and ergodic rate of the prioritized user.
The authors in [65] formulate a joint RIS phase shifts, hybrid beamforming, and power
allocation problem with the goal of maximizing the achievable sum-rate under a minimum
rate constraint for the users and a maximum transmit power constraint in a RIS-aided
mmWave NOMA system.

As far as the multicast communications, the authors in [69] aim to minimize the transmit
power at the sender of a secure multigroup multicast multiple-input single-output (MISO)
communication system via jointly optimizing the transmit beamformer, artificial noise
vector and phase shifts at the RIS subject to the secrecy rate constraints as well as the
unit modulus constraints of RIS phase shifts. In [70] effort is given to maximize the sum
rate of multiple multicasting groups by the joint optimization of the precoding matrix at the
base station and the reflection coefficients at the RIS under both the power and unit-
modulus constraint. The paper [68] assesses the bit error rate (BER) performance of a
RIS-assisted dual-hop multicast wireless communication network and compare the results
with those derived from conventional non-RIS channels links.

The existing literature is also focused on the field of RIS-assisted mmWave and THz
communications. In more detail, the authors in [51] study the channel capacity
optimization utilizing RISs in indoor mmWave environments where no LoS path is present,
while simulations take place to draw conclusions. In [52], the authors use stochastic
optimization methods to investigate to whether robust beamforming for RIS-aided systems
can effectively compensate for the performance loss caused by the presence of random
blockages, especially when the blockage probability is high. The article [104] presents a
novel system model that takes into account the relationship between the transmission
beam footprint at the RIS plane and the RIS size, while simulations are performed to
reveal important trends regarding the optimal RIS placement according to the system
parameters. The authors in [43] propose a simplified free-space path loss model for RISs,
in which the impact of the antenna’s directivity of the transmitter, receiver, and the unit
cells of the RIS on the path loss is explicitly formulated as an angle-dependent loss factor.
Additionally, two fabricated RISs operating in the mmWave band are utilized to carry out
a measurement campaign. The paper [105] presents an analytical pathloss model for RIS-
assisted THz wireless systems, which is validated through extensive electromagnetic

26



Error! Use the Home tab to apply Emikedadisa 1 to the text that you want to appear here.

simulations, while in [106] the performance of a RIS-assisted terahertz (0.1 — 10 THz)
wireless system is evaluated in terms of average SNR, EC and OP.

Regarding the CR technology, the authors in [73] investigate the concept of adopting both
concepts of CRs and RISs within a network as a means of maximizing the potential
benefits available and carry out Monte Carlo simulations to validate the analytical
expressions for the performance metrics of the RIS-enhanced CR network. In [75], the
joint application of RISs and vertical beamforming in CR networks is investigated in terms
of maximizing the spectral efficiency of the secondary network. The article [72]
investigates whether the spectral efficiency and energy efficiency of wireless
communications can be improved by introducing multiple RISs to a downlink MISO CR
system. The authors in [74] formulate an optimization problem with the objective of
determining the transmit covariance matrix that maximizes the SU rate, while protecting
the PU by enforcing both a PU average interference constraint and a PU outage
probability constraint. In [76], the authors formulate an optimization problem with the
objective to maximize the achievable WSR of SUs subject to the SU-TX total power, the
PU's interference temperature and unit modulus constraints in a RIS-aided MIMO CR
system. The paper [107] refers to a robust beamforming design based on the statistical
CSI error model for PU-related cascaded channels in RIS-aided CR systems and jointly
optimize the transmit precoding matrix and phase shifts to minimize the SU's total transmit
power. In [108], the RIS technology and physical layer security (PLS) to solve the security
issue of a MISO CR wiretap channel; simulations have shown that the proposed RIS-
assisted design greatly enhances the secondary user’s secrecy rate compared to existing
methods without RIS.

Several research studies propose to enhance MEC systems by exploiting the emerging
technique of reconfigurable intelligent surfaces. The article [62] provides an overview of
RIS-assisted MEC systems and highlights significant use cases as well as relevant design
challenges and solutions. In [60], an infrastructure to perform machine learning tasks at
an MEC server with the assistance of a reconfigurable intelligent surface is presented,
while the authors in [61] develop a spectrum learning (SL)-aided RIS framework for
intelligently exploiting the inherent characteristics of the radio frequency spectrum for
"green" 6G networks.

As far as the simultaneous wireless information and power transfer (SWIPT) systems, the
authors in [58] propose an RIS-aided SWIPT approach to maximize the WSR of RISs
while guaranteeing an improved energy harvesting performance of the energy receivers.
In [59], an analytical framework for the statistical analysis of the battery recharging time
in RIS-assisted wireless power transfer (WPT) systems is presented, while the paper [53]
proposes a new simultaneous terahertz information and power transfer (STIPT) system,
which utilizes a RIS both for data and power transmission.

An increasing interest is also being shown in the contribution of RIS technology to UAV-
assisted communications. In specific, the authors in [79] survey the existing literature
related to RIS-aided UAV communications and highlight several emerging technologies
and application scenarios for future wireless networks, while in [80], the authors discuss
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the potential benefits of RIS deployment in UAV communications. In [54], UAVs and RISs
are utilized to support THz communications by jointly optimizing the UAV's trajectory, the
phase shift of RIS, the allocation of THz sub-bands, and the power control with the goal
of maximizing the minimum average achievable rate of all users. The article [78]
introduces the concept of RIS-equipped UAVs to support cellular communications
networks and services of the future, while the paper [109] investigates a novel UAV secure
communication system with the assistance of reconfigurable intelligent surfaces.

In addition, research interest also focuses on RIS-assisted vehicle communications. The
authors in [81] investigate the spectrum sharing problem in RIS-aided vehicular networks,
in which multiple vehicle-to-vehicle links reuse the spectrum already occupied by vehicle-
to-infrastructure links, and through simulation attempt to unveil the benefits of introducing
RISs for enhancing the QoS performance of vehicular communications. The article [82]
focuses on the prospective transmission design of RIS-aided vehicle-to-everything
communications with the aim to facilitate the evolution of conventional vehicular networks
to autonomous driving.

The available literature also investigates the interplay between RIS and artificial Al and/or
ML. In particular, the paper [18] emphasizes the fact that radio environment becomes
controllable and intelligent by leveraging the emerging technologies of RIS and Al, while
the article [45] explores the road to implementing the combination of RIS and Al by
integrating Al-enabled technologies into RIS-based frameworks for maximizing the
practicality of RIS to facilitate the realization of smart radio propagation environments. The
authors in [14] present four typical RIS-aided multi-user scenarios with special emphasis
on the MAC schemes and propose and elaborate on centralized, distributed, and hybrid
artificial-intelligence-assisted MAC architectures in RIS-aided multi-user communications
systems. In [31], the authors develop an over-the-air computation-based communication-
efficient federated machine learning framework for intelligent 10T networks, in which RISs
are deployed to enhance the signal strength by properly reconfiguring the wireless
propagation environments.

However, the existing literature is not limited to the aforementioned application areas and
use cases. For example, the authors in [110] investigate the contribution of deploying
single or multiple RISs to mitigating signal blocking in case of obstructed tunnels. The
paper [111] examines the URLLC-enabled communications in a factory automation
scenario, in which severe blockage conditions may exist. The authors propose to deploy
intelligent reflecting surface to create an alternative transmission link, which can enhance
the transmission reliability and perform a performance in terms of average data rate and
the average decoding error probability. The authors in [112] propose the RIS deployment
in nearly all possible challenging and extreme communication environments, in order to
improve the connectivity by exploiting the additional degrees of freedom associated with
RISs. In [30], a comprehensive tutorial on indoor VLC systems utilizing RISs technology
is provided; in addition, the authors supply an overview of optical RISs and examine the
differences between optical RISs, radio frequency (RF)-RISs, and optical relays.
Furthermore, the article [27] emphasizes on RIS applications related to frequencies below
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10 GHz instead of focusing on the very high frequencies ranging between tens to
hundreds of GHz, which are tightly intertwined with 6G networks. In [113], the authors
propose a RIS-assisted multiuser full-duplex cellular network, which aims to cover dead
zones and suppress user-side self-interference and co-channel interference through the
RIS’s phase shift tuning mechanisms. The authors in [114] study a free-space RIS-
assisted MISO communication system in far-field operation under the prism of maximizing
the received through optimization of transmitter beamforming, RIS phase shifts, and RIS
orientation and position.

+ Cascaded-RIS aided communication systems

Given that the current study concerns a cascaded-RIS system, special mention is made
in the relevant existing literature. In specific, the authors in [115] study efficient channel
estimation and passive beamforming designs for a double-intelligent reflecting surface
aided single-user communication system, where a user communicates with an access
point (AP) via the cascaded user < RIS 1 & RIS 2 < AP double-reflection link, as shown
in Figure 18(a). The authors propose two channel estimation schemes and optimize their
corresponding cooperative passive beamforming for data transmission in order to
maximize the achievable rate. The simulation results shown that the double-RIS
implementation approach with the proposed channel estimation and passive beamforming
designs can achieve significant rate enhancement as compared to the conventional
single-RIS systems. The article [116] refers also to a double-RIS aided wireless
communication system, as shown in Figure 18(b), and proposes a joint passive
beamforming design for the two smart surfaces. The simulation results also shown that
the performance of the proposed implementation is superior to that based on a single RIS.
In addition, the authors in [117] develop transmission models with multiple RISs for indoor
and outdoor NLoS scenarios and their simulations results indicate that double-RIS
reflected transmission can improve the performance of the communication system.

(a) (b)
Figure 18. Double-RIS cooperatively aided communication systems [115] [116].

Moving a step forward, the authors of [118] study a double-RIS assisted multi-user
communication system under the co-existence of both double- and single-reflection links,
as shown in Figure 19, and jointly optimize the (active) receive beamforming at the base
station and the cooperative (passive) reflect beamforming at the two distributed RISs
(deployed near the BS and users, respectively) to maximize the minimum SINR of all
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users. Both the analytical model and the simulation results capture the superior
performance of the double-RIS cooperative system over the conventional single-RIS
system in terms of the maximum SNR and multi-user effective channel rank.
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Figure 19. A double-RIS cooperatively assisted multi-user MIMO communication system [118].

The authors in [119] go even further by investigating a RIS-aided communication system,
where multiple RISs assist in the communication between a multi-antenna base station
and a remote single-antenna user by multi-hop signal reflection, as shown in Figure 20.
This results in a multi-hop cascaded LoS link between the BS and user is established so
that the received signal power at the user to be maximized. Based on this system
configuration, the authors investigate the fundamental trade-off in the optimal beam
routing design between maximizing the multiplicative passive beamforming gain and
minimizing the multi-reflection path loss. In addition, the paper [120] proposes a multi-hop
system to extend the range of THz links with the aid of multiple passive reconfigurable
intelligent surfaces and an efficient method to jointly optimize the phases induced by the
RISs in order to maximize the power at the receiver side.

Figure 20. A multi-RIS aided communication system [119].
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Furthermore, the authors in [121] and [122]® investigate the impact of atmospheric
phenomena including turbulence and stochastic beam misalignment in multi-RIS
empowered free space optics (FSO) and terahertz (THz) wireless systems. The obtained
results highlight the importance of accurately modeling both turbulence and misalignment
when assessing the system performance when assessing the performance of multi-RIS-
empowered FSO/THz wireless systems. Lastly, in [123] the performance of a cascaded
RIS network affected by imperfect phase estimation is evaluated in terms of outage
probability, the ergodic capacity and the average symbol error probability. The simulation
results show that if the number of participating RIS is chosen appropriately, a cascaded
RIS network can outperform a single-RIS system even if the phase estimation’s accuracy
is worse than that of a single-RIS system.

8 Consider only the terahertz band.
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2. ANALYTICAL and NUMERICAL STUDY

2.1 Scope

The project aims to examine the contribution and usefulness of Reconfigurable Intelligent
Surfaces (RISs) in wireless communication networks. In particular, the study examines
through simulations the efficiency of a cascaded-RIS aided communication system in
several Non-Line-of-Sight (NLoS) propagation scenarios of a wireless network, in which
the direct link between the Access Point (AP) (or wireless router) and the User Equipment
(UE) (e.g. mobile device) is double blocked due to the presence of obstacles, such as
walls or large furniture pieces. For that purpose, RIS technology has been deployed in
order to effectively redirect the incident beam from the transmitter to the receiver in such
a way that the adverse NLoS effects are mitigated or even eliminated. To overcome the
link blockage challenges, two RISs of sufficiently large size have been deployed within
the wireless propagation environment to establish a multi-hop cascaded LoS link, as will
be further analyzed in §2.2.2.1 and 2.2.2.3.

It should be noted that the performance of RIS is examined in terms of the received power
at the UE based on simulations results. For this purpose, different implementation
approaches were followed in order to examine the overall performance of RIS deployment
in the cascaded system of the current simulation study.

In more detail, the performance of the proposed cascaded-RIS aided link in terms of
received power at the User Equipment is calculated using either an analytical or a discrete
model, as will be analytically discussed in par 2.2.2.4. In addition, the operation of the
RISs with regard to their phase shift capabilities is examined; in particular, each RIS has
the opportunity either to effectively control the incident beam via appropriate phase
transformations in order to flatten the wavefront of the reflected (secondary) beam or to
simply reflect the beam without reconstructing the wavefront phase, as will be further
described in §2.2.2.4. The aforementioned calculation approaches and RIS phase-related
features are applied in all possible combinations in the case study scenarios of §2.2.2.5
in order to draw valuable conclusions about the performance of the cascaded-RIS aided
communication system.

In a nutshell, the current study focuses on examining the most critical parameters that can
affect the receiver power at the UE and thus, the performance of the cascaded-RIS
system. Parameters such as the reflection coefficient of RIS elements, phase-related
operation features of the RISs, the transmitter gain, the beam footprint at the RIS plane,
the distance between UE and RIS are assumed to be key performance parameters for the
cascaded-RIS aided communication system of the current study.
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2.2. Design of the study

2.2.1 General

As mentioned earlier, in 81.2, the unique capabilities of RIS to manipulate the impinging
electromagnetic signals in the desired way through smart reflections, render RISs a
valuable design tool of wireless communication networks, especially in the case of NLoS
links.

As also mentioned in 81.2, RISs can be easily attached to existing infrastructure elements
(e.g. walls) in order to facilitate communication in several use case scenarios where
severe blockage conditions are experienced within the wireless network. This can be a
fairly common situation in an indoor environment (e.g. house, apartment), especially in
the modern era of 10T, where a unique access point (or a wireless router) should be able
to communicate with a plethora of user equipment devices (e.g. computer devices,
wireless sensors or even refrigerators, and washing machines) that are either statically
scattered (e.g. smart TV) or even moving (e.g. mobile phone) within the network space,
although a direct link is not always possible/available. In more detail, the AP may be
located in a different room or even on a different floor, or the transmission links towards
the desired UEs to be obstructed by various structures (e.g. walls) or objects (e.g.
bookcase). As a result, the signal quality at the receiver may be degraded and the link
distance may be limited, and thus the Quality of Service and Quality of Experience will be
poor.

As mentioned in 81.2, in general, RIS technology can be deployed in conjunction with the
existing legacy technologies in a low-cost, energy-efficient, low-complexity (in terms of
signal processing) and eco-friendly way in order to support NLoS communications, full-
duplex transmission, enhanced spectral efficiency, improved SINR, increased link-
distance and advanced functionalities both the near-field and the far-filed operating
regime. This may justify the reason why several RIS-aided schemes have been proposed
in the recent literature to address NLoS communications and link-distance issues (as
analytically described in 81.3). Although the majority of related works is based on single-
RIS implementation, cascaded-RIS networks can be deployed in order to handle more
peculiar situations. In fact, there may be use cases, such as network environments with
severe blockage conditions, where the deployment of a single RIS may not be sufficient
to address any connectivity issues and vulnerabilities.

The current study focuses on a cascaded-RIS use case scenario of a wireless network
environment with NLoS propagation conditions due to the presence of obstacles
(blockage). To tackle this challenge, the deployment of a double-RIS aided system has
been proposed to establish a multi-hop cascaded LoS link between the access point and
user equipment and thus, restore the connectivity of the NLoS link and facilitate
communication or, even, outperform the performance of the equivalent LoS link.
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2.2.2 Concept

Several different scenarios (as analyzed in 82.2.2.5) have been implemented in order to
theoretically test, through simulations, the efficiency of the cascaded RIS deployment in a
hypothetical wireless environment suffering from severe of LoS blockage conditions
between the AP and the UE. In specific, two RISs (as discussed in §2.2.2.3) are deployed
to restore the hampered communication.

During the simulations performed, various design parameters were taken into account in
order to holistically evaluate the impact of the cascaded RIS deployment on the link
performance, as will be further analyzed in §2.2.2.4.

All the relevant design elements and parameters and the use case scenarios used for the
simulations will be discussed in detail as follows:

2.2.2.1 System Model

The cascaded RIS system model used in the Simulation Section is shown in Figure 21. In
particular, an AP is located at the fixed position (x4p, Vap, Z4p) at a distance d,p from the
origin of the local coordinate system i.e. (0,0,0), along the direction defined by the angles
04 and @4p, While the UE is located at the position (xyg, yyg, zyg)- For simplifying the
computational complexity, it is assumed that both items, AP and UE, are placed at the
same plane (p4p = 0° (or 360°) and ¢y = 180°), defined as the coordinate plane y = 0
(the xz-plane) and thus, y,p = yyr = 0.

However, as previously mentioned, it is assumed that the communication between the AP
and the UE is obstructed by blockage, such as walls, furniture, etc., and therefore a
cascaded-RIS system made of two Reconfigurable Intelligent Surfaces is deployed. In
fact, the AP beam impinges on the first RIS, named RIS1, is reflected and propagates to
the second RIS, named RIS2, which in turn reflects the incident beam to the UE. It should
be highlighted that in all case study scenarios of the current study it is assumed that there
are not LoS links between AP-UE and RIS1-UE is always blocked, while the LoS link
between RIS2-UE is never blocked. Therefore, the communication between AP-UE is
achieved by the multi-hop signal reflections via the cascaded AP — RIS1 — RIS2 — UE
double-reflection link.

In addition, it is assumed that RIS1 is centered at the origin of the coordinate system, i.e.
Xris1 = 0, Yris1 = 0 and zz;5; = 0. As far as the RIS2, it is placed directly opposite from
the RIS1 at a distance dg;s Iin the position (xg;s2, Vris2) Zrisz), Where xpiso = xgis1 = 0,
Yrisz2 = Yris1 = 0 and zg;s, = dg;s. The distance between the RIS2 and the UE is denoted
as dy along the direction defined by the angles 6, and ¢y.

Therefore, the exact position of the aforementioned network elements can be summarized
as follows:
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AP: (Xap, Yap, Zap) = (Xap, 0, Z4p)
RIST: (xgis1, Yris1 Zris1) = (0,0,0)
RIS2: (Xgis2, Yris2 Zrisz) = (0,0, dgys)
UE: (xyg, Yue, Zug) = (Xyg, 0, Zyg)

(xyg, 0. 2yg)

(0,0,0). © L (0,0,dgy)

N1 elements — ~ N2 elements.

WRis1 RIS2

[_OBSTACLE s OBSTACLE [

(xap, 0,24p)

annd

AP
Figure 21. System model: Schematic of cascaded-RIS communication system. RIS1 and RIS2
consist of M1 x N1 and M2 x N2 elements, respectively (here shown 4 x 4 = 16 elements).

Based on the aforementioned positions of the system model elements, the remaining
simulation design parameters can be calculated as follows:

_1(x
(BAP = tan 1 (ﬂ)
zpp
ZAP
dap = —2AP
AP cosB4p 1
| 60 = tant (222 .
UE dRris—ZUE
die = dRrIS—ZUE
\ “UE cosOyg

2.2.2.2 Access Point (AP) and User Equipment (UE)

This paragraph entails the theoretical and simulation details regarding the AP used for the
purposes of current study. In specific:

> AP

The access point, or a wireless networking router, is equipped with a highly directional
antenna and transmits a beam of tunable gain G; (ranging between 30 and 60 dB). For
the simulation purposes it is assumed that the transmitted power is P, = 1W.
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Given that the AP has a highly directional antenna, the main-lobe approximation can be
applied for the received power [85]. In addition, it has been considered that the main lobe
of the antenna pattern can be approximated by the Gaussian distribution function.

In general, the Gaussian is a radially symmetrical distribution and the corresponding

intensity®

of the beam with total power P is given by the Gaussian Function [124] [125]:
2P r?
I(r,2) = w(z)>? exp (_2 w(z)z) (2)

where r is the radial distance from the center axis of the beam and w(z) is the beam
radius at which the intensity drops to 1/62 (0.135) of the maximum value, at a distance z
from the focal plane, also known as beam waist w, (z = 0), as shown in Figure 22 [124].

It should

given by [126]:

where zg
(Note: k,

Intensity

|

finally be noted that, the beam width w(z) at any position z along the beam is
2T

w(z) = w, ’1 + (i)z )
2 ko=

=M——=>2Zg = kOWTOZ is a parameter known as Rayleigh range (or length)
is the free-space wavenumber) [126].

=3
=y

o
o

Intensity Intensity

=3
-

Relative Intensity

o
~

0.135

Radial Position Radial Position Radial Position W

Rodial Position

(@) (b)

Figure 22. (a) Gaussian beam radius w(z) at a distance z from the beam waist w, [124], and (b)

the beam

width (diameter) w(z) is defined as the radial position for which the intensity equals to
1/e2 (0.135) of its maximum value [124].

» UE

According to the European Telecommunications Standards Institute (ETSI), the User
Equipment (UE) refers to the device (terminal) that allows an end-user to access network
services [127]. The term can include devices such as mobile phones, computers/laptops/

% Also known as irradiance and refers to the power carried by the beam across a unit area perpendicular to the
beam or, simply, the transverse energy profile of the beam.
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tablets, 10T devices, etc. The UE may also have fixed, radio or, even, both network
interfaces.

For the purposes of the current study, it is assumed that the UE is a mobile device (as
illustrated in Figure 21) which can wirelessly communicate (via the AP) to the internet.
Furthermore, in terms of device operating parameters, G, = 20 dB has been considered
as the receiver gain of the UE.

2.2.2.3 RISs used

First of all, each, each Reconfigurable intelligent Surface used in the Simulation Section
consists of multiple identical unit cells. In specific, RIS1 and RIS2 consists of M1 x N1
and M2 x N2 elements, respectively, that are periodically arranged across the x- and y-
axes, as shown in Figure 21. The fact that all unit cells are identical results in a common
radiation pattern for all RIS elements.

The size of each element is dx x dy, by assuming dx = dy = ’1/5 (where 2 = 0.002 is the

free space wavelength), while the size of each RIS is considered to be sufficiently large
with regard to the Access Point beam footprint. This implies that the transmitter (AP) beam
can be completely captured by the RIS and therefore, the percentage of the total power
collected by the RIS reaches the 100% and further increase in RIS size does not affect
the propagation properties of the redirected (secondary) beam (from RIS1 to RIS2 and/or
from RIS2 to UE) [85]. In this case, it is assumed that the communication link resides in
an infinite RIS regime?9, although the surface is actually of finite size [85]. This assumption
of infinitely large RIS deployment simplifies the implementation and reduces the
computational complexity.

In order to practically implement the infinite RIS regime and in terms of reproducibility of
simulation results, it was selected the size of the RIS to be a multiple of the ratio of beam-
footprint radius on the RIS to the size of each RIS element. In particular, the number of
elements in x- and y-axis, denoted as N, and N,,, respectively, is calculated as follows,
based on the simulations done in order to ensure that RIS captures 100% of the incident
power:

w
N, ,; =5 % round (=22
%1 dx

for RIS1 (4)
Ny, = 5% round (Wg;“)

and

10 Finite RIS regime: the AP-beam footprint on the RIS is bigger than the actual RIS size and thus, the
footprint redirected (secondary) beam (i.e. the effective aperture of the RIS) is defined by the actual RIS
area [85].

Infinite RIS regime: the AP-beam footprint on the RIS is smaller than the actual RIS size and thus, the
footprint redirected (secondary) beam (i.e. the effective aperture of the RIS) is determined by the AP beam
footprint [85].
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w
N,, =5 % round (252
x,2 dx

for RIS2 (5)
Ny, =5 *round (WZ—;SZ)

Giventhat dx = dy = 1/5, it can be deduced that N, ; = N, ; and Ny, = N, ;.

Considering the effective aperture of each RIS element Ags, i.e. the size of the element
dx X dy, the antenna gain of each element Gg;s is given by [85] [86]:

4
Gris = /TZARIS (6)

With regard the reflection coefficient of the RIS, it is considered that each (m,n) RIS
element has a complex reflection coefficient R, ,, which is given by [85]:

Rm,n = |Rm,n|e_j(pm'n (7)

where |Rm,n| = 1 is the amplitude of the common reflection coefficient of all RIS elements
by assuming ideal phase shifters [87] and ¢,, ,, is the phase introduced by the RIS in order
to redirect the incident beam to the UE (or to the other RIS) in the desired way and is
given by [85]:

n - -
Pmn = 1 [(sin Oyg cos @y + Sin Oyp COS Pap) X
+(sin Oy sin @yg + sin O4p Sin @ 4p) Vi | (8)
where x,, and y, are the coordinates of the (m,n) RIS element, as:

9)

{xm =mXdx, m€ [1,M]
Yo =nXdy,ne€[1,N]

It should be highlighted that for the purposes of the simulation study, |Rm,n| = 1is selected
both for RIS1 and RIS2.

2.2.2.4 RIS-assisted power path model

In general, the beam transmitted by the AP follows a cascaded RIS-aided path, firstly
through RIS1 and then through RIS2, in order to reach the UE. The simulation model used
in the study encompasses the following calculation approaches and RIS phase-related
features:

i. the analytical and the discrete performance assessment of the efficiency of the
cascaded-RIS aided communication system,

i. the “phase-removal” and the “full-wave” operation mode of RIS. In more detalil, the
“‘phase-removal”’ operation refers to the tunable capacitance of RIS reflecting
elements, which allows the reflection coefficients to be smartly optimized through
appropriate phase shifts so that to achieve the wavefront flattening of the reflected
beam either from RIS1 to RIS2 or from RIS2 to UE. On the other hand, in the “full-
wave” case, no phase shifts are intended to be applied to reconstruct the wavefront
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and thus, it will be less implementation demanding as it imposes relatively lower
real-time processing requirements.

» Analytical Calculation and “Phase-Removed” approach

As mentioned earlier in §2.2.2.2, the AP beam used for the purposes of the simulation
study is Gaussian in form. Hence, the AP footprint on RIS1 also follows the Gaussian
distribution with radius wg,;5; and power density [given by Eq. (2)] as:

inc _ 2Pt _ X124y, ?
SRISl B TWise exp( 2 Wirs1 ) (10)
Based on the approximation approach described in [85], the power density can be
alternatively expressed in terms of the known parameters G;, P, and d,p as:
; G¢P x12+y4?
Siig = oy exp (2 220 ) (11)

WRIS1

By combining the Eq. (10) and Eg. (11), the radius wg;s; of the AP beam on the RIS1 is
obtained as:

8dAp2
Gt

WRis1 = (12)
Then, the AP beam is reflected by RIS1 and propagates to the second RIS along the
direction defined by the angles 6; and ¢, as illustrated in the generic representation of
Figure 23. However, in this first part of the cascaded RIS-assisted system, which includes
the is perpendicular to the xy-plane of the local coordinate system, as the RIS2 is placed
directly opposite from the RIS1 at a distance dg;s in the position (Xg;s2, Yris2, Zris2) With
Xgrisz2 = Xris1 = 0, Vris2 = Yris1 = 0 and zgz;s, = dg;s (@s mentioned in 82.2.2.1). Hence, in
this case, the angle 65 ;51 = 0°, while the propagation is independent of angle ¢p 54, i.€.

®p ris1 € [0°,360°].

velly

Figure 23. The incident beam propagates as a Gaussian beam along the direction defined by
the angles 65 and ¢, after being reflected by the RIS [85].
39



Error! Use the Home tab to apply Emikedpadida 1 to the text that you want to appear here.

Given the power density S5, of AP footprint on RIS1 (as indicated by Eq. (10)) and by

following the procedure described in [85], the power density S,Z,e;cl of the secondary beam

(from RIS1 to RIS2) exactly at the RIS1 plane, can be expressed as:

S;gl = Skisa|RyI? (23)
where R, = |Rm,n| = 1, i.e. the amplitude of the common reflection coefficient of all RIS1
elements, as described in Eq. (7).

Given that:

¢ the intensity/irradiance I of a Gaussian beam (as expressed in Eq. (2) is related to
the amplitude E of the electric field as [125]:

1==2|E|? (14)
where ¢, is the speed of light constant in the air (or vacuum) and g, is the vacuum
permittivity

e the speed of light ¢, can be expressed in terms of the vacuum permittivity ¢, and
the vacuum permeability m, as ¢, = 1/,/&,m,, While the characteristic impedance
of free space z, can be expressed as z, = \/&,/m, [128]

o the power density Si;5, exactly at the RIS1 plane as determined by the Eq. (13)
and the complex reflection coefficient R,, ,, as described in Eq. (7)

the corresponding electric field exactly at the RIS1 plane (i.e. just before leaving the RIS1)
can be calculated as follows:

Eatris1 = R4l 220512%1 (15)

Next, the electric field produced by this redirected (secondary) beam (from RIS1 to RIS2)
can be expressed according to [85] as:

zzon\jglts |R|2 2 2 2
1 ko [ xp+v3 .9 (xp cos g+yg sin pg) .
E= exp [——°<B—ZB — sin? G : ) —iko®| (16)
.Z . z 2 1—i=2 _:ZB .ZR Cos“ 6p

J(l_li)(l_lzlg COE2 93) K lZR (1 lZR)(1+l ZB )

where:
e ¢ is the phase advance of the redirected beam that equals to:
® = xp sin Op cos g + Yy Sin O sin g + zp a7)

Yg =y — zZg sin O sin @g (18)

Xgp = X — Zg Sin O cos @5
[ ]
zg = z/cos By
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Given that 6p ;51 = 0° (as mentioned in §2.2.2.4) and Eq. (17), the Eq. (16) can be further
simplified as follows:

220—25—|R|?
TWRIS1 ko x%+y2
E="—F—<—ex -2 -BB 19
(1_iz_B> P\~ 2 1-22 (19)
ZR ZR

In a cascaded way, the Gaussian beam originating from the RIS1 propagates for a
distance dg;s in order to impinge on RIS2 and be further reflected to the UE. The footprint
on RIS2 also follows the Gaussian distribution with radius wg;s, and based on Eq. (3) is

2
d
Wgis2 = Wgis1 |1+ (R—IS) (20)

ZRnew

2
With Zg pew = ko% the Rayleigh length of this beam (i.e. from RIS1 to RIS2).

The redirected beam from RIS2 propagates along the direction defined by the angles 65
and ¢p, as presented in Figure 23, with 0 g5, = Oy and @g gis2, = 0° (or 360°). In
addition, as mentioned in 82.2.2.3, the RIS2 elements share the common reflection
coefficient presented in Eq. (7), with R, = |Ry,»|, Which is the same as the amplitude R,
of RIS1 based on the selected design considerations of the current simulation study.

By following a procedure as in [85] and by assuming that RIS2 steers the beam at the
exact UE position, i.e. (xyg, Yug, Zyg) = (Xyg, 0, zyg) (@S mentioned in §2.2.2.1), the power
density at the UE can be expressed as:

2P
7TWZ—’:|R1|2|Rz 12
— RIS2
SUE,PR - (21)

2 2
(1.dUE )(1. dyE )
2 2 49

ZRnew ZRnew €0S" YUE

Then, the received power at the UE (in dBm), P, pz, can be calculated by using the power
density of Eq. (21) and the effective aperture A,z via the expression:

Py pr = 1010810 (Sye,prAuEe) + 30 (dBm) (22)

where Ay = £105—5 [129] with G, = 20 dB, as mentioned in §2.2.2.2.

» Analytical Calculation and “Full-wave” Approach

As mentioned earlier, the “full-wave” approach refers to the operation mode of the RIS
with regard to the phase tuning mechanism that enables the customization of propagation
through the proper manipulation of EM waves. In contrast to the “phase-removal”
approach, described above, the RIS does not apply phase shifts to reconstruct the beam
wavefront. In other words, in this case the RIS simply redirects the incident signal without
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the reflected beam exhibiting a plane wavefront, as occurs in the “phase-removal”’ RIS

It should be noted that this approach offers a simpler way of RIS operation without
excessive processing requirements, since the RIS can literally act as a reflector with the
particularity that it is no longer subject to conventional Snell’'s laws, but can actually
redirect the incident beam at an angle different from the angle of incidence, i.e. it goes
beyond Snell’s law. It is consequently clear that a possible trade-off exists between the
simplicity of implementation/operation and the optimization of RIS performance in terms
of customization capability.

In this case, and by following a procedure corresponding to the one described in the
“Phase-Removal” approach, the analytical expression of the received power at the UE (in
dBm), P, ryy, can be calculated as follows:

Py pw = 1010g10(Syg rwAyge) + 30 (dBm) (23)

where Syg ry IS the relative power density given by:

2P
Wzt |R11%|Rz|?
RIS

S UE,FW = J L (24)

2 2 2
14 (4RISAUE 14— dUE  ARis”  2dRisdyE
"zrZcos*Oyp  zgr?  zgZcos?Oyg

ZR

» Discrete Approach

In addition to the analytical calculation of the received power at the UE, as discussed
above and expressed through the Equations (22) and (23) for the “Phase-Removal”’ and
“Full-Wave” approaches, respectively, a discrete model is also used to numerically
calculate the aforementioned performance parameter, i.e. the received power. The
discrete model is used to verify the theoretical results of the analytical calculation
approach.

For this purpose and based on the approach used in [85], the total electric field at the UE
(or at RIS2) is the sum of the electric field of each individual RIS element. In fact, the total
electric field can be given by [85] [88]:

E. = Zrn:ll:l 211\1]—1 Em,n (25)

where E,, , is the electrical field of the received signal from the (m,n) RIS element. In
more detail and taking as an example the first part! of the cascaded system (i.e. the “sub-
system” AP-RIS1-RIS2), the contribution of the (mm,n) unit cell, based on the procedure
followed in [85], can be expressed as [85] [88]:

11 The approach for the second part of the cascaded system (i.e. RIS1-RIS2-UE) is similar.
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|Rm'n|J220(dxxdy)PthGRlslARlslUtURISLtURISl,RISZ yRIS2

RIS2 X exp(_j(pm,n)exp (_]277[ (lfn,n + 17}511512 ) (26)

4miby LRI

e R, ,isthe complex reflection coefficient of the (m,n) RIS1 element (as mentioned
in §2.2.2.3),

e (dx x dy) is the effective aperture (i.e. the size) of the (m,n) RIS1 element (as
mentioned in §2.2.2.3),

® Gy IS the antenna gain of the (m,n) RIS1 element (as mentioned in §2.2.2.3),

e P, is the transmitted power from the AP (as mentioned in 82.2.2.2),

e G, is the transmitter Gain (as mentioned in 82.2.2.2),

o Ut URIS112 gnd URIS213 gre the radiation patterns of the AP, RIS1 and RIS2,
respectively,

o URISLE gnd URISLRISZ 5 the value of URST along the direction defined by the (m, n)
element and the AP and RIS2 respectively,

o [t , and IEI32 are the distances between the (m,n) RIS1 element and the AP and
RIS2, respectively.

2.2.2.5 Use cases

After describing the general configuration setup of the system model used for the
simulation purposes as in §2.2.2.1, details of the deployed AP, RISs and UE as in 8§2.2.2.2
and 2.2.2.3, and the calculation approach and the phase-related features of the RISs (i.e.
“‘phase-removal” and “full-wave”) as in §2.2.2.4, this section contains information
associated with the exact location of the aforementioned system model elements (i.e. AP,
RISs and UE) and parameters such as the transmitter gain G; and/or the distance dyz
between the RIS2 and the UE or the angle 6.

For that purpose, five case studies scenarios were examined as follows:

=  Scenario Nol

The first case study is illustrated in Figure 24. In more detail, the AP, RIS1 and RIS2 have
a fixed position, while the UE has a constant distance from RIS2 d,; = 5m but variable
direction, defined by the angle 6, and ranging among 25°, 50° and 75°; in other words,
this scenario examines the RIS-aided link of the cascaded system in case the UE is
located at different fixed-distance positions from RIS2, which do not allow a LoS link of
UE with RIS1 and AP due to blockage caused by obstacles.

12 Given that the RIS elements are identical, they share a common radiation pattern given by:

U@, ) = {cos@,@ € [0,5] and' @ € [0,2r] [85] [88]
0, otherwise
13 |bid.
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It should be highlighted that all the design elements are in the same xz-plane (as
mentioned in 82.2.2.1) and thus, it can be deduced that ¢, = 0° (or 360°) and @,p =
180°. Furthermore, the RIS1 is centered at the origin of the local coordinate system, i.e.
(Xris1, Yrisi, Zris1) = (0,0,0), the AP is located at the position (x4p, Vap, Z4p) = (—2,0,2.5),
the distance between RIS1 and RIS2 is 5m and thus, (Xgss2, Yris2, Zrisz) = (0,0,5). In
addition, based on the trigonometric expressions of Eqg. (1) the remaining simulation
parameters, i.e. the distances x;; and z;; and the angle 8,5, can be calculated. Lastly,
the AP gain G; ranges between 30 and 60 dB, while the UE gain G, is constant at 20 dB.

Apart from the above, it should be noted that both RIS1 and RIS2 are of variable size, as
defined by the Eq. (4) and (5) respectively, in order to fully capture the entire incident
beam and thus, 100% of the incident power, or equivalently, the cascaded-RIS system
resides in the infinite RIS regime. In particular and based on Equations (4) and (5) the
size of each RIS per AP gain G, is tabulated below:

Table 3. Number of elements in x- and y-axis (N, ; and N, ; for RIS1, and N, , and N,, , for RIS2)
for every AP gain G, ranging between 30 and 60 dB.

RIS1 \ RIS2 RIS1 RIS2
Nx,l =N 1 Nx,Z =N 2 Nx,l = N,1 Nx,2 = N,z

G, =30 3580 3585 G, = 46 570 1045
G, =31 3195 3195 G, =47 510 1110
G, = 32 2845 2850 G = 48 455 1195
G, =33 2535 2545 G, =49 405 1305
G, = 34 2260 2270 G; =50 360 1435
G, =35 2015 2030 G, =51 320 1595
G = 36 1795 1820 G; = 52 285 1775
G, = 37 1600 1630 G; =53 255 1980
G, = 38 1430 1470 G = 54 230 2215
G, = 39 1275 1330 G, = 55 205 2480
G, = 40 1135 1215 G; = 56 180 2780
G, =41 1010 1125 G, =57 160 3115
G, = 42 900 1060 G, = 58 145 3495
G, =43 805 1015 G; =59 130 3920
G, = 44 715 1000 G, =60 115 4400
G, =45 640 1010

Through this configuration setup, the overall performance of the cascaded-RIS aided
communication system is evaluated as a function of the AP gain G, and the steering angle
0y between the RIS2 and the UE. All the possible combinations between the calculation
approaches (analytical and discrete) and the RIS phase-related features (“phase-removal”
and “full-wave”) are used in order to assess the efficiency of the RIS-aided link. This case
study scenario can be applied in the real world in an indoor wireless network environment,
for example in a house/apartment or in a public place like a library, where similarities can
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easily be found in the distances between the involved network elements (i.e. AP, RISs,
UE) and in the presence of obstacles.

i

(xyg, 0, zyg)

OBSTACLE QN0 OBSTACLE

__________________

(0,0,0),

RIS2

OBSTACLE ()] OBSTACLE

(-2,0,2.5)

dnsi

AP

Figure 24. Case study 1: AP, RIS1 and RIS2 have a fixed position, while the UE is at a distance
dyg = 5m along the direction 6, € {25° 50°,75°} from RIS2.

=  Scenario No2

The second case study is depicted in Figure 25. In more detail, the AP, RIS1 and RIS2
have a fixed position, while the UE moves in space in a variable distance and direction
from the RIS2 ranging between 0 to 5m and among 25°, 50° and 75°, respectively. It
should be highlighted that is assumed that the UE always moves behind an obstacle that
blocks the LoS link of UE with RIS1 and AP.

In addition, as in the Scenario Nol, all the network elements are in the same xz-plane and
thus, it can be concluded that ¢;; = 0° (or 360°) and ¢4, = 180°, while the RIS1, RIS2
and AP are located at the positions (xgzis1, Vrisi, Zrisi) = (0,0,0), (Xgris2) Vrisz Zrisz) =
(0,0,5) and (x4p, yap, zap) = (—2,0,2.5), respectively. Moreover, based on the trigonometric
expressions of EQ. (1) the remaining simulation parameters, i.e. the distances x;; and zyg
and the angle 6,p, can be calculated.

Furthermore, RIS1 and RIS2 are assumed to be of variable size, as defined by the Eq. (4)

and (5) respectively, in order to fully capture the entire incident beam and thus, 100% of

the incident power, or equivalently, the cascaded-RIS system resides in the infinite RIS
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regime. In particular, the number of elements in x- and y-axis for RIS1 and RIS2 are N, ; =
N, . = 2015 and N, , = N,,, = 2030, respectively, based on Equations (4) and (5).

However, in this use case, the AP gain G, is considered to have a constant value of 35 dB,
while the UE gain G, remains at 20 dB. Therefore, this case study scenario examines the
RIS-aided link of the cascaded system in a low-gain simulation approach in case the UE
moves “around” the UE (as depicted in Figure 25) at a maximum distance of 5m. Such a
use case scenario can be applied in the real world in an indoor wireless network
environment, for example in a house/apartment or in a public place like a library, where
similarities can easily be found in the distances between the involved network elements
(i.e. AP, RISs, UE) and in the presence of obstacles.

Through this configuration setup, the overall performance of the cascaded-RIS aided
communication system is evaluated as a function of the distance d;; and the steering
angle 6,. In addition, as in Scenario Nol, all the possible combinations between the
calculation approaches (analytical and discrete) and the RIS phase-related features
(“phase-removal”’ and “full-wave”) are used in order to assess the efficiency of the RIS-
aided link.

(xyg, 0, 2yE)

(-2,0,2.5)
) ;s
AP Low gain case

Figure 25. Case study 2: AP, RIS1 and RIS2 moves in space in a variable distance and
direction from the RIS2 ranging between 0 to 5m and among 25°, 50° and 75°, respectively. The
AP gain has a fixed value of 35dB (low-gain case).
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=  Scenario No3

The third case study, as shown in Figure 26, differs from the second simulation scenario
only in terms of the transmitter gain used; in fact, this use case examines the performance
of the cascaded-RIS aided communication system in a high-gain approach, in which the
AP gain has a fixed value of 50 dB.

Hence, the design parameters can be summarized as follows:

((Xris1, Yris1 Zris1) = (0,0,0)

(XRris2) Yris2 Zris2) = (0,0,5)

(xXap» Yap» Zap) = (—2,0,2.5)

@y = 0° (or 360°)

@ap = 180°

dyg € [0,5]

OyE € {25°,50° 75°}

dap,604p and (xyg, YyE, Zyg) are calculated by the trigonometric expressions of Eq. (1)
N,1 =N, =360andN,, = N, , = 1435 based on Eq. (4) and (5)
G, = 20dB

\G; = 50dB (high — gain case)

A

(xyE, 0, zyE)

£/ wup=360°
<~ (or gy =0%)

OBSTACLE :‘ OBSTACLE

(-2,0,2.5)
H Gt = 50dB
AP High gain case

Figure 26. Case study 3: AP, RIS1 and RIS2 moves in space in a variable distance and
direction from the RIS2 ranging between 0 to 5m and among 25°, 50° and 75°, respectively. The
AP gain has a fixed value of 50dB (high-gain case).
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=  Scenario No4

The fourth case study is depicted in Figure 27. As in the previous use cases, the AP, RIS1
and RIS2 have a fixed position. However, in this scenario, the UE moves along the z-axis
at three different distances across the x-axis, and more specifically:

{ zyg € [0,5]m
xyg € {5,10,15}m

It should be highlighted that is assumed that the UE always moves behind an obstacle
that blocks the LoS link of UE with RIS1 and AP.

Once again, it is assumed that all the network elements are in the same xz-plane and
thus, it can be deduced that ¢, = 0° (or 360°) and ¢4, = 180°, while the RIS1, RIS2 and
AP are located at the positions (xg;s1, Yris1, Zris1) = (0,0,0), (Xgisz, Yriszs Zrisz) = (0,0,5)
and (x4p, Vap, zap) = (—2,0,2.5), respectively. Furthermore, the RISs are considered to be
sufficiently large in order to capture 100% of the incident power; in particular, the number
of elements in x- and y-axis for RIS1 and RIS2 are N,; = N, ; = 2015 and Ny, = N, , =
2030, respectively, based on Equations (4) and (5).

In addition, this simulation scenario corresponds to a low-gain approach in terms of AP
gain, which is equal to G, = 35dB (UE gain: G, = 20dB). Under this perspective, the
efficiency of the cascaded-RIS aided communication system is investigated. Such a use
case scenario can be applied in the real world in an indoor or outdoor wireless network
environment where similarities can easily be found in the distances between the involved
network elements (i.e. AP, RISs, UE) and in the presence of obstacles. For example, in
case of an indoor environment, relatively long distances, similar to the x;z, may apply to
places such as libraries, supermarkets, office or hotel corridors, where severe blockage
conditions may exist and the LoS link is almost certainly blocked by various obstacles.

Through this configuration setup, the overall performance of the cascaded-RIS system is
evaluated as a function of the distances x;; and z,z based on AP low-gain simulation
approach. Once again, all the possible combinations between the calculation methods
(analytical and discrete) and the RIS phase-related features (“phase-removal” and “full-
wave”) are used in order to assess the efficiency of the RIS-aided link.
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Zyg = |_0, 5Jm

]

(xyE, 0, zyg)

[ OBSTACLE ‘9 OBSTACLE [

(0,0,0). A . (0,0,5)

RIS2

OBSTACLE [{\JJ OBSTACLE

(-2,0,2.5)
H Gt = 35dB
A P Low gain case

Figure 27. Case study 4: AP, RIS1 and RIS2 have a fixed position, while the UE moves along
the x- and z-axis as follows: x;z = {5,10,15}m and z,z = [0,5]m. The AP gain has a fixed value
of 35dB (low-gain case).

= Scenario No5

The fifth case study, as shown in Figure 28, differs from the fourth simulation scenario
only in terms of the transmitter gain used; in fact, this use case examines the performance

of the cascaded-RIS aided communication system in a high-gain approach, in which the
AP gain has a fixed value of 50 dB.

Hence, the design parameters can be summarized as follows:

49



Error! Use the Home tab to apply Emwedalida 1 to the text that you want to appear here.

((xris1 Yrist Zris1) = (0,0,0)

(Xris2) Yris2» Zris2) = (0,0,5)

(X4p, Yaps Zap) = (—2,0,2.5)
@y = 0° (or 360°)

@ap = 180°
{ xyg € {5,10,15}

ZyE € [0'5]

dap, 04p, dyg and Oy are calculated by the trigonometric expressions of Eq. (1)
Ny, =N, ; =360 and N, , = N, , = 1435 based on Eq. (4) and (5)
G, = 20dB
\G; = 50dB (high — gain case)

zyg = [0,5]m

J

(xue, 0, zyg)

OBSTACLE \: OBSTACLE

(0,0,0). . (0,0,5)

RIS2

OBSTACLE :‘ OBSTACLE

(-2,0,2.5)
m Gt = 50dB
AP High gain case

Figure 28. Case study 5: AP, RIS1 and RIS2 have a fixed position, while the UE moves along
the x- and z-axis as follows: x;z = {5,10,15}m and z,z = [0,5]m. The AP gain has a fixed value
of 50dB (high-gain case).
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3. RESULTS

This paragraph presents the simulation results of the case study scenarios described in
§2.2.2.5. These results were obtained by using the programming and numeric computing
platform MATLAB, version R2022a.

In more detail, a MATLAB code was created to introduce the simulation design parameters
described in 82.2.2.1 t0 2.2.2.3 and 2.2.2.5, such as the position of the network elements
(i.e. the AP, RIS1, RIS2, and UE) and the RISs’ reflection coefficient, and then, to
implement the equations described in 82.2.2.4 in order to calculate (both analytically and
numerically (i.e. discrete model)) the received power at the UE. The obtained results are
graphically displayed in order to represent the selected performance indicator (i.e. the
received power at the UE) as a function of the different model parameters corresponding
to the use cases of §2.2.2.5.

In specific:

=  Scenario Nol

In this use case of the cascaded-RIS aided communication system, the power received
by the UE is evaluated as a function of the tunable transmitter gain, G;, which ranges
between 30 and 60 dB for different locations of the UE that are at a fixed distance from
the RIS2. In specific, the UE is at a distance d;z = 5m along the direction defined by the
angle 0,5 € {25°,50°,75°}.

In more detail, Figure 29 illustrates the received power P, pp at the UE versus the AP gain
for three different angles 6, and is calculated using both the analytical and the discrete
model for the case that RIS is capable of flattening the wavefront of the incident beam by
using the “phase-removal” operation approach.

It should be noted that the numerical calculation using the discrete model (solid line)
verifies the theoretically expected results obtained from the analytical model (symbol ‘0’).
In specific, it can be observed that with increasing AP gain, the received power at the UE
reaches a maximum at a transmitter gain of about 45 dB and then, drops and moves to
lower power levels. However, it can be concluded that there is an optimal AP gain (here:
G; = 45 dB), independent from the steering angle 8,g, in which the maximum power can
be received by the UE.

In addition, as the angle of direction 6, increases, the power received by the UE
decreases for the mid-range values of AP gain. However, when the angle 6, approaches
90 degrees (i.e. 8, = 75°) then, the received power at the UE decreases significantly for
almost the entire range of AP gain. Nevertheless, in this particular case, there is a range
of AP gain (between 35 and 54 dB) in which the received power remains almost constant
at the highest possible power level (corresponding to this angle).
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Figure 29. Received Power P, pr Vs AP Gain G, with variable angle of direction 8 for a
cascaded-RIS system residing in the infinite RIS regime operating in a “Phase-Removal” mode.

Relevant conclusions can be drawn from the simulation based on the “Full-Wave” RIS
operation, in which they beam is simply redirected without reconstructing the wavefront.
As shown in Figure 30, the discrete calculation approach (dashed line), once again,
verifies the theoretically expected performance (symbol ‘+’), while it is also evident that
higher power levels can be achieved with a lower steering angle 6,;. Moreover, it can be
seen that as the angle of direction 6, increases, the received power at the UE decreases
for almost the entire range of AP gain, while this decrease is even greater in the case
where the angle 6, has its maximum value, i.e. 8,5 = 75°.
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Figure 30. Received Power P, gy, vs AP Gain G, with variable angle of direction 6, for a

cascaded-RIS system residing in the infinite RIS regime operating in a “Full-Wave” mode.
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Lastly, Figure 31 provides a combined view of the “Phase-Removal” and “Full-wave”
modus operandi of the cascaded-RIS system. Using this representation, it can be
deduced that the “Phase-Removal’ feature can ensure better increased received power
at the UE for the entire range of AP gain, especially for higher angles of direction 8.
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Figure 31. Combined representation of Received Power P, pr and P, gy, vs AP Gain G, with
variable angle of direction 8, for a cascaded-RIS system residing in the infinite RIS regime
operating in a “Phase-Removal” and “Full-Wave” mode, respectively.

=  Scenario No2

In this use case of the cascaded-RIS aided communication system, the power received
by the UE is evaluated as a function of the distance d; and the steering angle 6, where
dyg € [0,5]m and 6y € {25°,50° 75°}. The AP gain G, is considered to have a constant
value of 35 dB, so we refer to this simulation as a low-gain case.

More specifically, Figure 32 presents the received power P, pp at the UE versus the
distance dyy for three different angles 6,z and is calculated both analytically and
numerically for the case that RIS is capable of flattening the wavefront of the incident
beam by using the “phase-removal” operation mode.

It should be noted that the numerical calculation using the discrete model (solid line)
verifies the theoretically expected results obtained from the analytical model (symbol ‘0’).
In specific, it can be seen that for a relatively small angle of direction, i.e. 8, = 25° or 50°,
the received power at the UE is almost constant. Thus, it can be concluded that in this
low-angle!* case for the specific short-range low-gain'® simulation scenario, the
abovementioned network performance parameter can be considered independent of the

14 HUE = 250 or 500
15 dUE € [O,S]m a.nd Gt = 35dB
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distance dy; and therefore, the cascaded RIS system can ensure stable power levels at
the UE.

However, when the steering angle 6, approaches 90 degrees (i.e. 8y = 75°), then, the
received power at the UE decreases significantly as the distance d; increases.

dUE=0:5 | Gt=35 (low gain) | PHASE REMOVAL
T T T T T

T T
T80 6606606665686 B8/ oo —o—6—
s 8 e o S

Received power at UE (dBm)

45 I I I I I I I I I
0 0.5 1 15 2 25 3 3.5 4 4.5 5

dUE (m)
Figure 32. Received Power P, p vs distance d; with variable angle of direction 6, for a
cascaded-RIS system residing in the infinite RIS regime operating in a “Phase-Removal” mode
in a low-gain simulation scenario (G; = 35dB).

Similar conclusions can be derived from the simulation based on the “Full-Wave” RIS
operation. As shown in Figure 33, the discrete calculation approach (dashed line), once
again, verifies the theoretically expected performance (symbol ‘*’), while it is obvious that
the received power is almost constant over the entire range the distance d;; except for
the case of high angle 6, (i.e. 75°).

dUE=0:5 | Gt=35 (low gain) | FULL WAVE
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Figure 33. Received Power P, ry, vs distance dyg with variable angle of direction 6, for a
cascaded-RIS system residing in the infinite RIS regime operating in a “Full-Wave” mode in a
low-gain simulation scenario (G; = 35dB).
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Finally, Figure 34 provides a combined view of the “Phase-Removal” and “Full-wave”
mode of operation of the cascaded-RIS system. Based on the simulation results, it should
be emphasized the fact that the “Phase-Removal” operation outperforms the “Full-Wave”
approach on terms of the received power at the UE for the entire range of the distance
dyg-
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Figure 34. Combined representation of Received Power P, pz and P, ry, Vs distance dy; with
variable angle of direction 6, for a cascaded-RIS system residing in the infinite RIS regime
operating in a “Phase-Removal” and “Full-Wave” mode, respectively, in a low-gain simulation

scenario (G; = 35dB).

= Scenario No3

This use case is the high-gain approach of the previously implemented simulation
scenario, i.e. the AP gain is now 50dB instead of 35dB. The results obtained from the
simulation are depicted in Figures 35, 36 and 37.

In more detail, Figure 35 presents the received power P, pp at the UE versus the distance
dyg, both analytically and numerically, when the cascaded-RIS system exhibits “Phase-
Removal” modus operandi. Once again, the discrete model (solid line) verifies the results
acquired by the analytical model (symbol ‘0’). In fact, the received power curve (i.e. P, pg)
is very similar to that of the low-gain case, as presented in Figure 32, and in this
perspective the behavior of the cascaded-RIS system can be considered consistent.
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Figure 35. Received Power P, pp Vs distance dyy with variable angle of direction 6, for a
cascaded-RIS system residing in the infinite RIS regime operating in a “Phase-Removal” mode
in a high-gain simulation scenario (G, = 50dB).

However, the system’s behavior in “Full-Wave” RIS operation (Fig.36) differs significantly
from the “Phase-Removal” approach, as the received power at the UE, P, ry,, decreases
noticeably when the distance dyz increases and there is no AP gain range within which a
nearly constant performance can be achieved (as happened in the low-gain Scenario No2
or in the “Phase-Removal” operation of the high-gain Scenario No3).
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Figure 36. Received Power P, ry, vs distance d with variable angle of direction 6, for a
cascaded-RIS system residing in the infinite RIS regime operating in a “Full-Wave” mode in a
high-gain simulation scenario (G, = 50dB).
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Lastly, Figure 37 provides a combined view of the “Phase-Removal” and “Full-wave” mode
of operation of the cascaded-RIS system. Once again, the performance in case of “Phase-
Removal” mode is overall better than the corresponding “Full-Wave” approach.
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Figure 37. Combined representation of Received Power P, pr and P, gy, vs distance dyg with
variable angle of direction 8 for a cascaded-RIS system residing in the infinite RIS regime
operating in a “Phase-Removal” and “Full-Wave” mode, respectively, in a high-gain simulation

scenario (G; = 50dB).

= Scenario No4

In this use case of the cascaded-RIS aided communication system, the power received
by the UE is evaluated as a function of the distances z,; and x5, where z,; € [0,5]m and
xye € {5,10,15}m. The AP gain G, is considered to have a constant value of 35 dB, so we
refer to this simulation as a low-gain case. The results obtained from the simulation are
depicted in Figures 38, 39 and 40.

More specifically, Figure 38 shows the received power P, pr at the UE versus the distance
zyg for three different distances x,z and is calculated both analytically and numerically for
the case that RIS is capable of flattening the wavefront of the incident beam by using the
“‘phase-removal” operation mode.

First of all, it should be noted that the numerical calculation using the discrete model (solid
line) verifies the theoretically expected results obtained from the analytical model (symbol
‘0’). The results showed that as the distances z;; and x; increase, the power received
by the UE decreases, especially when the distance x; is bigger than = 4.5m (i.e. xyz €
[4.5,5]m). These results are also consistent with the previous low-gain case study (i.e.
Scenario No2), as shown in Figure 32, where for a relatively high angle 8,z (75°) (which
actually corresponds to a distance z,; close to 5m) the power loss was relatively high.
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Figure 38. Received Power P, pp Vs distances z,; and x; for a cascaded-RIS system residing
in the infinite RIS regime operating in a “Phase-Removal” mode in a low-gain simulation
scenario (G; = 35dB).

Similar conclusions can be derived from the simulation based on the “Full-Wave” RIS
operation. As shown in Figures 39 and 40, the discrete calculation approach (dashed line),
once again, verifies the theoretically expected performance (symbol ‘x’), while the

received power curve is almost identical with the one produced by the “Phase-Removal”
approach.
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Figure 39. Received Power P, ry, VS Figure 40. Combined representation of

distances z; and x,; for a cascaded-RIS Received Power P, pr and P, ry, Vs distances
system residing in the infinite RIS regime  zy; and xy; for a cascaded-RIS system residing
operating in a “Full-Wave” mode in alow- in the infinite RIS regime operating in a “Phase-
gain simulation scenario (G; = 35dB). Removal” and “Full-Wave” mode, respectively,
in a low-gain simulation scenario (G; = 35dB).
= Scenario No5

This use case is the high-gain approach of the previously implemented simulation
scenario, i.e. the AP gain is now 50dB instead of 35dB. The results obtained from the
simulation are illustrated in Figures 41, 42 and 43.
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First of all, it should be noted that the received power curves are very similar to those
produced in the above-mentioned low-gain use case. In particular, it can be observed that
the received power at the UE decreases as the distances z,; and x;; increase, especially
when xyz > 4.5m. In fact, for the “Phase-Removal’ operation, the performance of the
system is relatively identical both for the low-gain Scenario No4 and the high-gain
Scenario No5, as shown in Figures 37 and 41, respectively. However, this is not the case
for the “Full-Wave” approach (Figure 14) in which the received power (per gain value) in
each simulation subcase is always lower compared to either the “Phase-Removal’
approach (Figure 43) or the corresponding low-gain RIS operation of Scenario No4

(Fig.38).

Lastly, it should be mentioned that the discrete calculation verifies the results produced
by the analytical model, both for the “Phase-Removal” and “Full-Wave” approaches, as
shown in Figures 41 and 42, respectively.
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4. DISCUSSION

Considering the results of the simulation phase (as described in 83), it should be pointed
out that Reconfigurable Intelligent Surfaces can play a fundamental role in the
implementation of Smart Radio Environments as they can facilitate communication by
mitigating the effects of long-distance power loss and establish links even in NLoS
environments, where the path between the transmitter (AP) and the receiver (UE) is
blocked by various obstacles (as mentioned in §1.2.5).

In fact, RISs can be deployed in an easy, flexible, cost-effective, energy-efficient,
aesthetically friendly and environmentally-safe way to transform the “unintentional
adversary” environment into a collaborative system which can be controllable,
customizable and programmable. As mentioned in §1.2.4, phase, amplitude, frequency
and polarization transformations can be applied to the impinging radio waves in order to
establish multi-hop LoS links and offer enhanced adaptation capabilities for the
dynamically changing wireless environments. Nevertheless, phase shifts have been
selected as the implementation approach for beamforming optimization; in specific, the
RIS reflection coefficients are smartly programmed to properly adjust the phase and
thereby attempt to overcome any negative effects of the natural propagation
environments.

Based on the results obtained from the simulation phase (as provided in 83), it can be
deduced the cascaded-RIS system allows communication between AP and UE by
establishing a multi-hop LoS link for the use case scenarios described in §2.2.2.5.
However, several adjustments in the system model parameters should be applied in order
to maximize the received power at the UE, which has been selected as the key
performance indicator of the current study; in particular, the AP gain and the RIS operation
in terms of phase transformation capabilities can affect the efficiency of the cascaded-RIS
aided communication system. In more detail, the selection of AP gain (specific value/range
as in Scenario Nol or low-gain/high-gain approach as in Scenarios No2/No3 and
No4/No5) combined with the mode of RIS operation (“Phase-Removal” or “Full-Wave”)
can lead to an overall stronger reception at the UE, as will be further discussed below.

First of all, the performance of the cascaded-RIS aided link residing in an infinite RIS
regime in the case study scenarios of 82.2.2.5 was captured either by the analytical model
or the numerical (discrete) model. The numerical calculations verify the expected
performance results obtained from the analytical model. This finding is consistent with the
behavior of the RIS-aided link in the respective single-RIS system analyzed in [85], which
is subject to similar assumptions and approximations.

Moving a step further and based on the simulation results, the “Phase-Removal” feature
of RIS operation can ensure improved performance compared to the “Full-Wave”
approach in all use cases of the cascaded-RIS system of the current study. Only in the
case study scenario No4 the system’s performance was independent of the RIS phase-
related features and hence, the RIS-aided link ensured the equal received power at the
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UE either with or without reconstruction (i.e. flattening) of the wavefront of the incident
beam. This means that it is generally preferable to apply appropriate phase shifts when
EM waves impinge upon the RISs rather than simply reflecting the signal, although this
comes at the cost of computational and implementation complexity.

Furthermore, based on the simulations results, it can be concluded that the RIS operation,
especially in the “Phase-Removal” mode, has a consistent and predictable behavior; this
means that the curve of received power follows the same pattern with respect to the
variables of each simulation scenario, as shown for example in Figures 32 and 35 for the
low-gain and high-gain use cases No2 and No3, respectively, or in Figures 38 and 41 for
the low-gain and high-gain use cases No4 and No5, respectively. This fact can prove to
be very significant as it can facilitate the design of wireless networks.

More specific observations refer to the almost constant performance of the cascaded-RIS
aided communication system with “Phase-Removal” characteristics in case of relatively
close distances of UE, as in Scenarios No2 and No3 where d;; € [0,5] and relatively low
steering angles, i.e. 8,z = 25° or 50°, where it can be inferred that the received power at
the UE is practically independent of the distance dy . This can be important in the design
of similar RIS-aided links in order to focus attention on the reflection angle 8, and not on
the distance between the RIS and the UE. However, it should be highlighted that as the
steering angle 6, increases and approaches 90 degrees, both with the “Full-Wave” and
“Phase-Removal” approach, the system performance decreases significantly, as shown
by the simulation results of Scenarios No2, No3, No4 and No5.

In addition, it is worth mentioning that in the Scenario No1 with “Phase-Removal’” mode of
operation and angle 8,5 = 75°, the received power at the UE remains almost constant to
the highest possible level for a wide range of AP gain (between about 35 and 54 dB). This
means that the cascaded-RIS performance in the specific use case can be considered
almost independent of AP gain (for the selected gain range of the current study) and
therefore, appropriate low-gain settings can be applied to increase the energy- and cost-
efficiency and reduce the electromagnetic radiation exposure of the users. In addition, the
careful selection of AP gain can on the one hand improve the system performance and
on the other hand reduce the RIS size and thus, the relative computational and
implementation complexity, as, for example happens, is the case with AP gain G, =
[44,45] dB, depicted in Figure 31 and Table 3.

Nevertheless, it should be emphasized that several assumptions have been made in the
present study in order to simplify the simulation complexity and facilitate the derivation of
conclusions. First of all, the AP beam is considered Gaussian in form, as mentioned in
§2.2.2.2. However, the Gaussian beam is mostly suggested for laser applications and
FSO communications. In addition, it was assumed that all the network elements, i.e. the
Access Point (AP), the two Reconfigurable Intelligent Surfaces (RIS1 and RIS2) and the
User Equipment (UE), are placed at the same plane defined as the coordinate plane y =
0 (i.e. the ax-plane) in order to lower the computational complexity, as mentioned in
§2.2.2.1. Lastly, it was considered that the deployment of infinitely large RISs which can
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capture the entire incident beam and thus, 100% of the incident power, while we are also
assumed ideal phase shifters that have a common reflection coefficient of value 1, as
mentioned in §2.2.2.3. However, in real life this amplitude is usually below the unity value
used in the simulations [87].

Reconfigurable Intelligent surfaces can be deployed to overcome blockage conditions and
establish communication between the access point and the user equipment either in
indoor or outdoor wireless environments, as shown in Figure 44. The current study shows
that a double-RIS aided communication system can bypass the blockage conditions
through multi-hop signal reflections via the cascaded AP — RIS1 — RIS2 — UE link. The
obtained results are in line with relevant studies of cascaded-RIS systems ([115], [116],
[118], [119], [120]), as discussed in 81.3. It remains to be seen if the proposed double-
RIS system can achieve superior performance compared to a single-RIS system (as in
studies [115], [116] and [118]), given also the trade-off between the multiplicative passive
beamforming gain and the multi-reflection path loss, as mentioned in [119].

However, it should be mentioned that RIS-empowered networks constitute an emerging
idea in the field of wireless communications and their realization is at a relatively early
stage and may pose significant challenges [1] [6]. Several research studies have
highlighted a number of technical challenges. However, the majority of research in the
context on the practical implementation challenges of RIS-assisted networks focuses on
channel estimation, passive deployment design and deployment issues [2] [4] [19] [21]
[26] [46]. For this reason, research effort must be paid, in addition to addressing the
above-mentioned challenges, toward the directions of path-loss and channel modeling,
performance evaluation, Al/ML-driven design and optimization, beyond far-field
communications, mobility management, large-scale networks and low overhead
exchange algorithms [4] [19].
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Figure 44. Cascaded-RIS aided communication systems in: (a) Indoor environment, and (b)
Outdoor environment [117].

In a nutshell, the current study focuses on examining the most critical parameters that can
affect the receiver power at the UE and thus, the performance of the cascaded-RIS
system. In more detail, parameters such as the reflection coefficient of RIS elements, the
transmitter gain G;, the angle of beam direction 65 (and @), the beam footprint at the RIS

62



Error! Use the Home tab to apply Emkedalida 1 to the text that you want to appear here.

plane wgs, the distance d;; between UE and RIS (as expressed with the use of xz, yg
and zg), as described in Equation (16), are the key performance parameters for the
cascaded-RIS aided communication system of the current study. In addition, emphasis is
given in the phase-related operation of the used reconfigurable intelligent surfaces, which
is distinguished into “phase-removal” and the “full-wave” mode, as mentioned in §2.2.2.4.

Based on the obtained results, it should be emphasized that as the distance dyg
increases, the received power at the UE decreases; however, the aforementioned
reduction is not so significant compared to other key performance parameters, as the
angle of direction 6, or the operation mode of the used RISs. In particular, the angle of
direction 8, can significantly impair the received power in the case that receives relatively
high values, especially when approaches the 90 degrees. In addition, the simulations
results show that a “Phase-Removal”’ approach, in which phase shifts are applied to
reconstruct the beam wavefront, can ensure improved performance compared to the “Full-
Wave” RIS operation.

As far as the transmitter gain G,, it should be underlined that the footprint radius on the
RIS is inversely proportional to the square root of the gain G;, as denoted in Equation (12)
and hence, these two mathematical quantities must be examined in combination. For this
reason, we define a low-value range area, a mid-value range area and high-value range
area and a general design guidance for the under-examination cascaded-RIS system
based on an attempt to group the obtained results can be simplistically provided in the
Table below:

Table 4. Design considerations based on the key performance parameters of the cascaded-RIS
aided communication system of the current study.

Parameter Received Power at the UE

Increase of dyg 7 Vv decreased power

Increase of @yg /7 N decreased power

Low-value range
(<38 dB)
B Ye W4l Middle-value range
High-value range

>48dB

Operation mode Phase-Removal 2 Full-Wave
7 :increase \ : decrease

/7 increased power

v decreased power

63



Error! Use the Home tab to apply Emikedpadida 1 to the text that you want to appear here. m

5. CONCLUSIONS & FUTURE WORK

5.1 Conclusions

The current research project examined the usefulness of Reconfigurable Intelligent
Surfaces (RISs) in wireless communication networks and in particular the efficiency of a
cascaded-RIS aided system in Non-Line-of-Sight (NLoS) propagation scenarios. Based
on the obtained results, it should be highlighted that:

» The under-examination double-RIS system can improve the system’s performance
in terms of received power at the UE.

» The cascaded-RIS system can establish a multi-hop cascaded LoS link which can
effectively mitigate or even eliminate the adverse NLoS effects.

» Phase-related features (i.e. “Phase-Removal” RIS-operation mode) can further
enhance the cascaded-RIS aided system’s performance.

» Comprehensive design guidelines associated with the key performance
parameters of the current research study, e.g. the reflection coefficient of RIS
elements, the transmitter gain, the angle of direction of the beam, the beam
footprint at the RIS plane, the distance between UE and RIS, can be provided.

» The theoretical expected results acquired by following the analytical calculation
approach were verified numerically by using the discrete model.

5.2 Future Work

The following ideas could be tested to further investigate the usefulness of cascaded-RIS
systems for enhancing the performance of wireless communication networks:

i.  The comparison of the proposed double-RIS system to a single-RIS system for the
case study scenarios of the current research project.
ii.  The examination of the proposed cascaded-RIS system for smart surfaces residing
in the finite regime.
iii.  Practical RIS implementations should be utilized to verify the theoretical findings of
the current research project through experimental measurements.
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