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[Teplindn

H mpwtogavic adénon twv aclpuatey CUGXEUGOY ETIXOWVWVING XAl 1) EUQEVIOY) TOU OLo-
OXTOOU TV TEAYHATWY €YOUV OONYHOEL GE UIo ONUAVTIXY| XAUIXWON oToV aptiud Twy
ACVPUATELY GUVOEGEWY xal oTr) (Tnom Tng xuxhogopiog dedouévmy. ()¢ ex ToUTOL, 1) UAO-
TO{NOT XUVOTOUWY WEWY YoUNAAS ToAUTAOXOTNTAG Eivon amapaltnTr Teoltdveon yio )
ONUtoLEYLA UTOBOTIXMY ACUPUATLY BIXTOWY TEUTTNG YEVELS, XoUMS XAl TWV UEANOVTIXDY
ETUXOVWVIGY EXTNG YEVESS, XUl TNV IXAVOTOINOT TOV ATUTAGEWY TV BIXTOWY EXTEVOUS
ocuvdeooTNTOS LPMATC amédoone. T Ty enitevdn Twv mo Thvew oToYWY, 1) YeY|oN XOU-
BV petorywy g TOMATAGY Brudtey xat enavadiapop@holdwy éEunvey emgoavelrdy (EEE)
AVOOEYVOVTOL (G UTIOCYOUEVES TEYVOLOYIEC TOU UTOPOVY VoL EVIGYDCOLY TNV ETXOVWVIA
X0 TN GUVOECLUOTNTA TV ACUPUATGY OIXTOWY.

H mopoloou didaxtopxr] Slate3y) TEoryUUTEVETAL TOV UMOUTNTIXG OYEDBLUCUO TEWTOXOA-
AV YounATic TOAUTAOXOTNTOG, HE OTOYO TN BeATivon Tng anddoomng Twv aclEUAT®Y Ot
XTOOV UTOCTNEWOUEVWY amtd TN YeNon TwV o Tdvw teyvohoywwy. H egapuoyr twyv
TPOTEWVOUEVWY TEWTOXOMWY UTOREl Vo AmOQEREL GNUAVTIXG 0QEAN oTa cupfatixd ou-
O THUOTO ETXOWVWVIAG, 0K UEYANITERT) OIXTUAXT| XAALYT), EVIGYUUEVT] ATOBOTIXOTITO Yol
guehi&io. DUyXEXQUIEVA, YENOULOTOLOUVTAL ATOTEAEGUUTIXES TEYVIXEC OTO (PUOLXO ETETESO
YLoL TH UETOPORE TANEOGORIIS OTOUC TEAXOUS YPNOTES, oL omoleg mapéyouv LmAdTepa
x€p0n amédoone Ue TNV a€lomoliNoT TWV ACUPUATDY XOVOAWY GToL TEDIL TOU YMOEOU ol
TOU YEo6vou. Apyixd, PEAETdTOL 1) AmOBOCT) EVOS GUVERYUTIXOU TEMTOXOMAOL OF BIXTUX
TOMATAGY Brudtomy, 6mou ol xoufol Yetaywyng PeTaoidouy dedouéva Bdoel uag oTpo-
TNYWXNAC TEPLOPIOUEVNC CUVERYAOOG PETIEY TwV xOUB®Y Tou BixTO0UL, EVE UToEOVY Va
AELTOLRYHOOLY GE BUO XUTAC TUCELS ETUXOWVWVING UE OLUPORETIXES DUVATOTNTES UETAPOPES
oedouévmy. o T povtehonoinon e ypovixic eEEMENS TNE XaTdoTaoNS ToU BxT)oU,
mpoTelveTan Lo eVEAX T pedodoroyla pe ) yerion Mopxoflovedy ahucidwy.

‘Enetta, e6T1d{ouye 010 GYEBLAOUS ATADY AVCEMY Yol GUC THUNTA UTOC TNELLOUEVOL 0

16 EEE Ue TEQLOpIONEVES ATAUTACELS YVOOTG TV XAVUALOY. LUYXEXPWEVA, EQEUVETAL 1)



AmOBOGT, CUC TNUATWY TOMATAAC-ELIGOO0U TOAATATC-e€600U LUToG TNEW dPEVKY and EEE
UE UNOEVIXES AMOUTHACELS YVWOTS TWV XAUVOALWY, OTou To oTolyelo avdxhaong daywpeilo-
VIO OE UTIO-ETILQPAVELEG TTOU DUVOVTOL VO AVUDLUUORPOVOVTAL TEPLOOLXE UEGW TEOTOTOMONG
TOU TAdTOUC 1) TNG PETUTOTIONG Qdong. Emmpdoveta, yio T pelwon twv anutoewmy ex-
HAINoNS TWV XAVAALDY, TRoTElvVETAL 1) VAOTOINGT VS UPBEIBWOY oY AUATOS BLIUORPOOTNS
¢ EEE xou yehetdron 1 omddoor Tou 6tay 1 exudinon tev xavohioy ivon avoxel3ric. To
TPOTEWVOUEVO OY N0l TPOCUPUOLEL TO GUVTEAEGTY| OVAXAUCTG EVOC UTOGUVOAOU TGV, G TOL-
Yelwv e EEE Bdoet 1wV eXTIHOUEVGY XOVUALDY, EVE T UTOAOLTO G ToLEll ovoxhoDY Tal
oot tuyaio. Télog, epeuvmdvtan Tor miavd Theovexthuata T yeone wae EEE yu
1) OLELXOAUVOT TNG EQUQUOYNC TNG TEYVIXAC YPOVIXNC avaxAaoNg (XA) og evpulwvind
oixtuo Uy ouyvothtwy. H EEE yenowonoeiton yio va eunioutioet to nepBdAiov
OXEDACNC TOREYOVTOS TOMAATAES BLAOPOUES BLEABOCNE YLoL TNV ATOBOTIXY| EQPUPUOYT TNG
XA, ywele va ypeldleton 1 YVOOT) TV XUVOALGDY Yio T1 SLUORPWOY) TNG ETLPAVELC.

H anédoon 1wy mpotevouevwy Aoewy alloloyeiton Sle€odixd ue T yeromn epyaheiny
ano ) Yewpla Thnpopoplag, T Yewplo mdovothtwy xon T Yewpla enclepyaciog orjuatoc.
Méoo oe autéd T0 avohuTind TAaolo, ToEEyovToL VEWENTIXG ATOTEAEGUOTA VIOl OV TI-
XEC UETPIXEC AmOOOONE, OTWS O AOYOC ONUNTOS-TPoc-Uopuo oto BeExTN, 1 TavoTnTa
BLOXOTHG TNG ETUXOVWVIOXNS XxdhudPng 1 1 avTalhoryr) Stoupoploov-tolumiediog, To onola
TOEEYOUV YPNOHIES TANEOGYORIES Yior ToL HPLa ATOBOCTC TWVY TEOTEWVOUEVGLY Acewy. Emi-
mpdo¥eTa, PEAETdTOL 1) ETEOPAOT BLdPOPWY TOPUUETEWY GTNV amt6d00T xdle cUCTAUATOC,
OTWS 0 APLIUOC TV XOUBWY UETAYWOYTNS 1 TwV GTOLYElWY avixAaong xon 1) Loy g UETAdO-

orng.
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Abstract

In recent years, the unprecedented increase in wireless devices and the emergence
of Internet-of-Things applications have led to a tremendous increase in the number
of connections that need to be established, resulting in high data traffic demands.
As such, innovative solutions with low implementation complexity need to be con-
ceived for the efficient deployment of fifth generation and beyond communications,
in order to satisfy the stringent requirements of ultra-reliable networks with massive
connectivity. Towards addressing these challenges, multi-hop relaying and reconfig-
urable intelligent surfaces (RISs) are regarded as key enabling technologies to assist
the communication and provide ubiquitous connectivity.

The present thesis deals with the challenging design of low-complexity protocols,
aiming to enhance the performance of wireless networks aided by the employment
of the aforementioned candidate technologies. Applying these protocols in conven-
tional communication systems provides significant gains, such as increased coverage
range, enhanced reliability and flexibility. Specifically, efficient techniques for con-
veying information to the end users are applied, which enable higher performance
gains by exploiting the wireless channels in both space and time domains. Firstly,
we study the performance of a novel cooperative protocol over a multi-hop net-
work, where the relays transmit data based on a myopic strategy, enabling limited
cooperation between neighboring nodes, and can operate in two communication
modes affecting their transmission capabilities. For modeling the evolution of the
network status over time, we propose a flexible methodology by using a Markov
chain formulation.

Then, we focus on the design of low-complexity solutions for RIS-aided systems
with low-to-zero channel state information (CSI) requirements. Specifically, we
investigate the performance of RIS-assisted multiple-input multiple-output systems,

by employing partition-based schemes. The elements of the RIS are divided into

1ii



sub-surfaces and are sequentially modified through an amplitude-based or a phase-
based approach, without requiring any CSI knowledge for their reconfiguration. In
addition, we propose a hybrid scheme for an RIS-assisted system under imperfect
CSI. The proposed scheme requires channel estimation for only a subset of the
elements to adjust their reflection coefficients, thus reducing the channel training
overhead, while the remaining elements perform random rotations. Finally, we
explore the potential gains of employing an RIS for facilitating the time reversal (TR),
which is a suitable signal processing technique for rich scattering environments in
high-frequency wideband communications. In this case, an RIS operating in the
antenna’s near-field region is employed to enrich the poor scattering environment
by generating multiple propagation paths, while its configuration does not require
any CSI knowledge.

The performance for each of the proposed solutions is investigated through a
complete analytical framework, by utilizing tools from the areas of information
theory, probability theory and signal processing. Under this framework, tractable
theoretical expressions are derived for key performance metrics, such as the achieved
signal-to-noise ratio, the outage probability and the diversity-multiplexing tradeoff.
The provided expressions provide useful theoretical and practical insights on the
fundamental limits of the considered communication schemes. Moreover, several
system design parameters affecting the overall performance, such as the number of

relays or reflecting elements, the transmit power etc., are discussed.
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Chapter 1

Introduction

Wireless communications is one of the most vibrant and fastest growing areas in the
tield of digital communication. Since the first successful radio transmission demon-
strated by Guglielmo Marconi in 1895, the ability of communicating and exchanging
information without requiring physical connections has evolved tremendously. Es-
pecially in the last decades, advances in wireless technology and the advent of digital
communications revolutionized the development of wireless networks. Nowadays,
wireless communications have become an essential utility of people’s everyday lives
and a driving force for nearly every sector of society, from entertainment and news
reporting to healthcare and emergency services. Due to this inseparable link between
the evolution of wireless networks and the economic and social development, several
new opportunities are constantly arising, while the ever-growing demands make the
design of the forthcoming wireless systems even more challenging. Therefore, re-
searchers in both academia and industry need to conceive innovative solutions to
address these challenges and identify potential features and emerging technologies

that will shape the future of wireless communications.

1.1 Motivation

Over the past decade, the vast proliferation of Internet-of-Things (IoT) services and
the exponential increase of mobile devices have led to a rapid surge in global mobile
data traffic. According to the latest reports, in 2023 the total number of connected
wireless devices reached around 15 billion, following a ten-times higher rate of

growth than the population growth rate, while this trend is expected to keep esca-



lating [1]. Such devices include smartphones, portable computers and connected
television sets, while the rise of Machine-to-Machine (M2M) applications, such as
smart sensors and healthcare monitors, also burden wireless networks with a con-
siderable number of connections. Furthermore, it is expected that these devices will
support a wide range of new applications and data-demanding services, including
high-quality video streaming, social networking platforms, home automation, vehi-
cle navigation, etc. [1,2]. Researchers in both academia and industry have therefore
the challenging task to address these demands and provide solutions to support
massive connectivity networks with high data rates, enhanced reliability and low
latency.

Currently, the world witnesses a paradigm shift in the area of wireless commu-
nications, as the era of fifth-generation (5G) wireless networks has already begun.
Since 2019, several global operators started developing new 5G networks, while
the commercial launch of 5G has already been rolled out in several countries. The
backbone of 5G can be defined by three key pillars, which were firstly recommended
by the International Telecommunications Union (ITU) in 2015 [3,4]:

e Enhanced mobile broad-band (eMBB): This feature is an extension to the fourth
generation (4G) broad-band services. It refers to data-driven use cases that re-
quire higher data rates, such as multimedia content and cloud-based applica-
tions. eMBB covers a wide range of scenarios, including hot-spot connectivity,
where the user density is high, and wide area coverage with higher user mo-

bility.

e Ultra-reliable low-latency communications (URLLC): This service area refers
to use cases that require high network reliability, more than 99,999%, and
extremely low latency of approximately 1 millisecond for data transmission.
Such stringent requirements are critical for scenarios with high accuracy and
mission-critical services, and could set up the conditions for various potential

applications, such as autonomous vehicles or emergency systems.

e Massive machine-type communications (mMTC): This use caseis closely linked
to the IoT concept and focuses on providing connectivity to a massive number
of low-cost, low-powered devices and sensors. This service area caters to
several application scenarios, including intelligent agricultural systems and

smart cities.



Based on the aforementioned use cases, 5G networks target to provide a 1000-
fold network capacity increase compared to the previous 4G systems [5]. Towards
achieving this goal, Shannon’s capacity theorem is a crucial indicator for under-
standing and optimizing the performance of 5G networks. In general, Shannon’s
capacity theorem defines the maximum amount of information that can be sent over
a noisy communications channel with a specified bandwidth. In other words, it sets
the theoretical upper limit on the achievable data rate over any communications

channel, which is given by the following formula
W .
C= m-— log(1 + SINR) bits/s, (1.1)

where W denotes the available bandwidth, n corresponds to the number of users
connected to the same base station (BS), m denotes the number of spatial streams
between the BS and the user(s) and SINR is the achieved signal-to-interference-
plus-noise ratio [6]. Based on the above expression, it is observed that the network
capacity can be increased by improving the spectral (SINR, m), spectrum (W) or spatial
efficiency (n). Considering these areas of improvement, several new technologies
and protocols have been proposed for the deployment of 5G networks, aiming
to increase the capacity and meet the targeted performance requirements. Specifi-
cally, for increasing the spectral efficiency the deployment of massive multiple-input
multiple-output (MIMO) systems has been proposed, where the transmitter and/or
receiver use antenna arrays with hundreds of antennas simultaneously [7-9]. The
capacity of wireless networks can be also enhanced by increasing the available band-
width. In 5G networks, a shift towards the millimeter-Wave (mmWave) spectrum
has been considered, ranging from 30 GHz to 300 GHz, offering great opportunities
for bandwidth expansion [10,11]. Finally, significant performance improvement is
achieved through network densification, which enables a larger number of small
cells to be deployed for cellular networks, increasing the overall space [12,13].
Although the commercial deployment of 5G networks is still in progress, early
discussions on the forthcoming development in the area of wireless technologies
and the potential applications that could be integrated imply that 5G networks are
very likely to reach their limits by the beginning of the next decade. It is expected
that in the following years the concept of IoT will take a further leap towards the
Internet of Everything (IoE), which will enable a massive number of intelligent

connections between people, processes, data and things [14,15]. Moreover, numer-
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Figure 1.1: Global mobile data traffic forecast by ITU [17].

ous emerging services and applications are envisioned to become available through
wireless communications, such as high-quality three-dimensional (3D) video, tactile
internet, virtual reality (VR), augmented reality, autonomous systems and remote
surgery [4,15-17]. All the above are only some indicative scenarios highlighting
the demanding traffic content that future networks will experience. According to
the ITU, the overall mobile data traffic is estimated to reach 5 zettabytes per month
in 2030 [18] (see Fig. 1.1). It is therefore apparent that the future requirements in
latency, reliability and data rate will be beyond the capabilities of the current 5G
systems.

In order to meet these requirements, research in both industry and academia has
already shifted its focus towards the next generation of wireless communications,
the so-called sixth generation (6G), and several institutions started exploring the key
characteristics of the new era in communications [19]. It is envisioned that 6G will
realize a paradigm shift in the way wireless networks are designed, transforming
from machine and human-centric connectivity to connected intelligence. It will also
enable the combination of physical and virtual environments in a unified framework
with advanced communication, sensing and computing capabilities. In comparison
with the 5G networks, the key performance indicators (KPIs) of the 6G era will be
substantially improved to support future demands, as it is also shown in Fig. 1.2.
Specifically, 6G wireless communication networks are expected to support data rates

up to 1 Tbps, with extremely high reliability and 10 times lower latency, compared
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networks for eight KPIs [4].

to 5G networks. Moreover, given that 6G systems are envisioned to support IoE
and smart cities, the connection density could be 10 times higher than the target
of 5G, with much better position accuracy. Finally, energy efficiency will be a core
component for 6G networks, both in terms of power consumption per device and
transmission efficiency [4,15-17].

The above specifications set the basis for 6G networks that will lead to the vision
of intelligent and ubiquitous connectivity. Towards this direction, several emerging
technologies are currently being studied as potential enablers of 6G, with most
distinctive examples the technological advances in artificial intelligence (Al), as
well as the employment of higher-spectrum communications, such as Terahertz
(THz) communications and visible light communications (VLC) [15-17]. However,
although significant advances in wireless technologies have been made to meet the
challenging requirements of future networks, the wireless propagation environment

is still a crucial bottleneck for the efficient deployment of 6G communications. Its



unpredictable nature and its sensitivity to blockages, especially at high operating
frequencies, can severely affect the availability of wireless connectivity, resulting in
high performance degradation. It is therefore essential for the next generation of
wireless communications to provide solutions that can jointly tackle the stringent
network demands and limit the negative effects of the propagation channel in a
holistic fashion.

Towards this direction, multi-hop relaying and reconfigurable intelligent surfaces
(RISs), also called intelligent reflecting surfaces (IRSs), are regarded as key enabling
technologies that can assist the communication and realize uninterrupted wireless
connectivity, by providing alternative propagation paths between the nodes of a
communication system [20,21]. These two concepts have been identified as promis-
ing low-cost solutions, which can help the connection of a large number of devices
and enhance the performance of 6G networks by extending their coverage capabil-
ities and improving their scalability, flexibility and efficiency. However, in order
to provide sufficient performance gains, the employment of multiple relays with
broadcast capabilities or large surfaces may be required. In such scenarios, the com-
plexity of their employment becomes significantly high, especially in terms of the
required training overhead and the number of wireless links that need to be handled,
which may constrain the potentials of the aforementioned assisting technologies. As
such, we need to develop smart and flexible solutions to reduce the implementation
complexity of such networks and maintain a sufficient performance, based on the

network requirements.

1.2 Thesis OQutline and Contributions

Motivated by the above challenges, this thesis presents low-complexity protocols
designed to improve the performance of relay-assisted and RIS-assisted wireless
networks. By leveraging tools from information theory and probability theory, we
establish analytical frameworks to evaluate the performance of the proposed pro-
tocols and we investigate the fundamental limits of the considered communication
paradigms in terms of the achieved signal-to-noise ratio (SNR), outage probability
or diversity-multiplexing tradeoff (DMT). The outline of the thesis, along with the
publications supporting the contributions of each chapter, is as follows.

In Chapter 3, we propose a novel cooperative protocol for a multi-hop network
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in which the participating relays have buffers of finite size and may support different
communication modes. The protocol is based on the myopic strategy, where each
transmitter forwards data to a limited number of subsequent nodes. Each relay
stores in its buffer the messages that were successfully decoded, in order to forward
them through the appropriate channel links, based on its supported communication
modes. With this protocol, we provide a fundamental approach on how the flow of
information from source to destination can be conveyed, based on the status of the
buffers and the communication capabilities of each relay. For modeling the evolution
of the buffers and the transitions at the operations of each relay we provide an elegant
and flexible methodology by using a Markov chain (MC) formulation. Based on the
state transition matrix and the related steady state of the MC, we investigate the
performance limits of the proposed protocol under different design parameters. The

material included in this chapter has been presented in:

[P1] A. Nicolaides, C. Psomas, and I. Krikidis, “Outage analysis of myopic multi-
hop relaying: A Markov chain approach,” in Proceedings of IEEE Global Com-

munications Conference, Taipei, Taiwan, Dec. 2020.

[P2] A. Nicolaides, C. Psomas, and I. Krikidis, “A Markov chain approach for
myopic multi-hop relaying: Outage and diversity analysis,” IEEE Journal of
Selected Topics in Signal Processing, Special Issue on Advanced Signal Processing

for Local and Private 5G Networks, vol. 16, pp. 56-69, Jan. 2022.

In Chapter 4, we shift our focus on RIS-assisted wireless networks and we investi-
gate the performance of a MIMO system assisted by an RIS under the employment of
partition-based schemes for the RIS configuration. The proposed schemes have low
implementation complexity and do not require any channel state information (CSI)
knowledge at the transmitter side or for adjusting the reflection coefficients of the
elements, which makes them attractive for practical applications. In particular, the
RIS is partitioned into non-overlapping sub-surfaces, which are periodically modi-
fied in an efficient way to assist the communication between the transmitter and the
receiver. Under this framework, two low-complexity partition-based schemes are
proposed, where each sub-surface is adjusted by following an amplitude-based or
a phase-based approach. As such, a parallel channel in the time domain is created,

which can provide higher diversity gains. Based on the presented framework, we



study the fundamental limits of the proposed schemes from a communication theory
standpoint and obtain useful insights on how various parameters affect the perfor-
mance of the considered system. The content of this chapter has been published

in:

[P3] A.Nicolaides, C. Psomas, G. Kraidy, and I. Krikidis, “A partition-based scheme
for IRS-aided MIMO fading channels: Outage and DMT analysis,” in Proceed-
ings of IEEE International Symposium on Information Theory, Espoo, Finland, Jun.

2022.

[P4] A. Nicolaides, C. Psomas, G. Kraidy, S. Yang, and I. Krikidis, “Outage and
DMT analysis of partition-based schemes for RIS-aided MIMO fading chan-
nels,” IEEE Journal on Selected Areas in Communications, Special Issue on Beyond
Shannon Communications: A Paradigm Shift to Catalyze 6G, vol. 41, no. 8§,

pp. 2336-2349, Aug. 2023.

In Chapter 5, we extend the approach of the previous chapter and propose anovel
hybrid scheme for an RIS-aided wireless network, which requires channel estimation
for only a subset of the elements. The proposed scheme partitions the RIS into two
sub-surfaces, which are sequentially activated to assist the communication. The
elements of the first sub-surface optimize their phase shifts, based on the acquired
CSI from a channel training period, while the remaining elements randomly rotate
the phase of the incident signals. Through this approach, the proposed scheme
can significantly reduce the channel training overhead for the RIS configuration
and can be easily adapted to several channel estimation methods. By studying the
effect of an imperfect CSI scenario on the performance of the considered system,
we provide a tradeoff between the number of elements that we need to consider
for channel estimation and the resulting training overhead, in order to optimize the
performance of the considered system. The material included in this chapter has

been presented in:

[P5] A.Nicolaides, C. Psomas, S. Yang, and I. Krikidis, “A hybrid scheme for recon-
tigurable intelligent surfaces: How many elements should be estimated?,” in
Proceedings of IEEE Global Communications Conference, Kuala Lumpur, Malaysia,

Dec. 2023.



Table 1.1: Assisting technology and performance metrics studied in each chapter

Ch. 3 [P1, P2] | Ch. 4 [P3, P4] | Ch. 5[P5] | Ch. 6 [P6]
Multi-hop relaying v - - -
RIS - v v v
CSI knowledge Yes No Limited No
Outage prob./SNR gain v v v v
DMT v v - -

In Chapter 6, we introduce an alternative utilization of the RIS in wireless com-
munications. Specifically, we propose a novel technique where the RIS acts as an
enabler for the efficient application of the time reversal (TR) transmission scheme. In
general, TR is a signal processing technique that takes into advantage the multipath
environment occurring in high-frequency wideband communications, in order to
achieve energy focusing on both time and space domains. However, the efficiency
of this technique requires a rich scattering environment. In this chapter, we focus
on a TR scheme facilitated by an RIS which, due to the higher frequency and large
array aperture, operates in the near-field region. The RIS is employed to artificially
enrich the propagation environment for the TR. The proposed scheme is mutually
beneficial to the RIS since we do not need to provide accurate CSI knowledge for its
configuration. By considering near-field channels, we derive a performance bound
for the proposed RIS-enabled TR scheme and we examine the effect of various de-
sign parameters on the system’s performance. The content of this chapter has been

included in:

[P6] A. Nicolaides, C. Psomas, and I. Krikidis, “An RIS-enabled time reversal
scheme for multipath near-field channels,” IEEE Communications Letters, under

review.

Finally, in Chapter 7 we conclude this thesis and discuss possible directions for
future works.

Table 1.1 outlines the considered assisting technology and the most important
attributes of the analytical framework that are adopted in each technical chapter of
this thesis. The overall contribution of this thesis is the design of novel and flexible
schemes with reduced computational complexity, based on sophisticated communi-

cation theory and signal processing techniques, that can enhance the performance
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of relay-assisted or RIS-aided systems, and the investigation of their fundamental

limits. Specifically, the main contributions of the thesis are summarized as follows:

e One of the principal novelties of the thesis is the conceptualization of sophis-
ticated solutions for the efficient integration of multi-hop relaying and the
RIS technology in wireless systems, that can be implemented with reduced
computational complexity and can still boost the performance. Moreover, in
every communication scenario under study, the proposed schemes have been
designed to provide high flexibility, adjustability to the available resources and

to be easily scalable.

e Since the availability of the CSI knowledge in such networks usually incurs
high training overhead, which is considered to be a bottleneck for the overall
performance, in most works of the thesis the presented solutions have low-to-
zero CSI requirements. Even in Chapter 3, where (global) CSI is assumed to be
perfectly known, the proposed myopic-based protocol can adapt, in practice,
the degree of cooperation between the participating nodes to the available
resources in order to achieve a balance between the channel estimation process

and the system performance.

e In all the presented works, we provide a complete analytical methodology
for the investigation of the performance gains of the proposed schemes, by
deriving useful theoretical expressions in terms of the SNR gain at the receiver,
the outage probability or the achieved DMT. Through the presented analysis,
we aim to explore the fundamental performance limits of all the proposed
schemes based on the specific assumptions and channel models considered in
each chapter. In addition, we provide useful insights on how some key design

parameters affect the potential performance gains of each scheme.

As such, the contributions of this thesis can be of particular importance, since the
proposed solutions can have a significant impact on the deployment of wireless sys-
tems assisted by the employment relays and RISs. The presented schemes as well
as their associated performance analysis can provide a thorough understanding of
the actual behavior of such assisted-based networks, which will enable the poten-
tials of truly intelligent and uninterrupted connectivity, leading to the design and

realization of highly efficient wireless networks in the 6G era.
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Chapter 2

Background

The concept of relaying and the employment of RISs have been identified as two
of the most appealing technologies for assisting the connectivity between several
nodes in a wireless system, by generating different communication paths for data
transmission. The utilization of these two technologies can therefore improve the
efficiency of wireless networks by increasing their coverage and enabling the con-
nection between a large number of devices. However, the integration of relays and
RISs in wireless systems entails some technical and design issues that need to be
considered. In this chapter, we present an overview of the fundamental features
and the potential benefits of relay-aided and RIS-aided communications, along with
a detailed literature review. We also refer to the main challenges that need to be

resolved for the efficient deployment of each technology.

2.1 Relay networks

Up until recently, wireless systems have mainly followed a centralized scheme of
connectivity through the deployment of cellular networks, where users connect
exclusively through their nearest BSs. However, the rapid increase in data-traffic
consumption by cellular users caused this connectivity approach to reach its fun-
damental limits. Moreover, the emergence of IoT applications and its envisioned
transition towards the concept of IoE, is expected to further stress current connectiv-
ity solutions. In order to provide seamless connectivity to support a large number
of devices, fading is an important factor that needs to be addressed, as it shortens

the delivery distance in wireless systems. As such, future generations of wireless
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communications need to adopt new connectivity schemes to meet the challenging
network demands. Towards this direction, relay networks are regarded as an appeal-
ing solution which can provide uninterrupted connectivity for a massive number of

devices and extend the coverage area of wireless networks.

2.1.1 The classical relay channel and multiple-relays extensions

As a concept, the idea of relaying in wireless communications has been known for
a long time. The traditional two-hop relaying scheme was initially introduced and
investigated in the seminal work of Van der Meulen in 1971 [22]. In general, the
classical relay channel considers a set of three nodes, the source-destination pair
and an intermediate node called "relay", which is used to assist the communication
between the source and the destination. The distinctive property of the relay channel
is that this additional node receives the transmitted signal from the source node,
processes the received signal and re-transmits the processed signal to the destination.
Although relaying technologies have been actively studied in the past, due to the
recent technological advances and the need for low-cost and flexible solutions for
addressing the challenges of 5G and 6G networks, relay-assisted communications
have re-gained considerable attention by the researchers in the last few years [23,24].

To fully exploit the potential benefits of relay-based networks in wireless com-
munications, advanced cases of the classical relay channel can also be considered
through the employment of multiple relaying nodes. An advanced relaying tech-
nique that has received considerable attention is multi-hop relaying. In this case,
multiple relays cooperate through a single transmission path to forward the infor-
mation to the final destination node [20,25]. By breaking a long-distance low-quality
link into more high quality segments, multi-hop relaying can be used to enable the
communication between nodes in much greater distances. This approach has there-
fore numerous benefits, which favor its implementation in future wireless networks.
First of all, multi-hop relaying can increase the network’s coverage and capacity, since
it enables connectivity for users with limited or no access to a BS [26]. Moreover,
this approach provides higher reliability, due to the reduced path loss between the
nodes, and benefits from better fairness in resource allocation and enhanced energy
efficiency. Due to the easily distributed deployment of relaying nodes, multi-hop

relaying is also advantageous in terms of scalability and flexibility. Finally, a multi-
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hop topology can efficiently support tremendous access, which is appealing for IoT
applications [26].

Although the idea of multi-hop relaying has several benefits, enabling the con-
nectivity between the participating nodes over only a single transmission path does
not exploit the broadcast nature of wireless communications and remains sensitive
to random obstructions that can interrupt the connectivity towards the end user.
For this, cooperative diversity is another relaying technique that has been considered
as an appealing solution to significantly improve the networks’ reliability. In this
case, a wireless system employs multiple relays in dual-hop or multi-hop scenarios
to enable broadcast transmission of the signals [27]. With this approach, the system
becomes more robust to obstacles, since a larger number of propagation paths is
generated. Moreover, the system’s spectral efficiency is significantly improved by

the exploitation of spatial diversity among the participating nodes [28].

2.1.2 Relaying schemes

A relaying scheme refers to the method of processing thatis performed at the received
signal by the relay node before the re-transmission. The main objective of this
operation is to improve the quality of the received signal at the destination. Below,

we provide the main relaying schemes that have been proposed in the literature.

Amplify-and-Forward (AF)

In this scheme, the received signal at the relay is simply amplified and re-transmitted
to the destination (see Fig. 2.1a) [27]. The main advantage of the AF strategy arises
from the fact that, apart from the amplification process in the analog domain, no
further signal processing is required at the relay. As a result, this scheme benefits
from its low implementation complexity and low energy consumption. However,
with this approach the received noise, as well as any potential interference, is also
amplified and forwarded to the destination. Therefore, the AF scheme can be con-
sidered in scenarios where the received signal power at the relay node is significantly

stronger than the received noise.
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Figure 2.1: The two most widely used relaying schemes, AF and DF.

Decode-and-Forward (DF)

In the DF scheme, the relay performs a two-task operation: it first decodes the
received signal and then re-encodes the acquired data to forward it to the destination
(see Fig. 2.1b) [27,29,30]. Compared to the AF scheme, DF can provide higher
throughput, since the received noise and the impairments of the source-relay channel
can be eliminated at the decoding phase of the relay [31]. On the other hand, due
to the more advanced signal processing that is required to successfully estimate the
message, the DF scheme has a significantly higher implementation complexity, while

the power consumption at the relay is also increased.

Compress-and-Forward (CF)

The main idea of the CF scheme is that, the relay creates a quantized and compressed
version of its own received signal via the use of an independent codebook, which

then forwards to the destination [29,30]. The compression performed at the relay
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is usually achieved through the Wyner-Ziv coding, i.e., lossy source coding [32].
The destination then tries to decode the signal that was directly received through
the source-destination link, by using the compressed signal forwarded by the relay
as side information. Even though the CF scheme can reduce the bit error rate,
depending on the number of quantization levels, its implementation complexity is

significantly higher and its extension to multiple relays is a non-trivial task [30].

Rotate-and-Forward (RF)

The RF scheme can be performed in cooperative diversity networks where the inter-
mediate layer has at least two relays. For this scheme, no within-layer cooperation is
considered and the relays can simultaneously re-transmit their signals to the destina-
tion. The main idea of the RF is that each relay forwards to the destination a rotated
version of its own received signal, according to a preassigned distributed rotation
sequence [33]. This time-varying rotation can recover spatial diversity, which pro-
vides significant performance gains compared to other relaying schemes in similar

scenarios.

2.1.3 Duplex modes in relay networks

When we refer to the duplex mode of a relay node, we indicate the way the relay
is able to receive and transmit information. In general, a relay can operate in either
half-duplex or full-duplex mode. Each mode of operation has different hardware
requirements and affects the overall performance of the network. Below, we provide

a more detailed description of the two duplex modes.

Half-duplex

If a relay operates in half-duplex mode, the reception and the transmission of the
signals at the relay occur at different (orthogonal) channels. In other words, the
source-to-relay and the relay-to-destination channels are kept orthogonal, through
either frequency or time division multiplexing, so that the relay can separately receive
data from the source and re-transmit it to the destination [20,34]. This approach is
widely used in relay-aided communication systems due to its low complexity in
terms of hardware implementation. However, the use of orthogonal channels for

relaying the signals results in reduced spectral efficiency.
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Full-duplex

When a full-duplex relay is employed, only one channel is utilized for the end-to-
end transmission. Specifically, in this case both the source and the relay share a
common time-frequency space, so that the relay can simultaneously receive data
from the source and re-transmit information towards the destination [20,34]. The
main advantage of this mode is the improvement of the spectral efficiency compared
to the half-duplex mode due to the single channel use. On the other hand, in practice
the employment of full-duplex relays is difficult to be achieved. This is due to the
self-interference (SI) observed at the receiving antenna of the relay caused by the
transmitting antenna of the same node, which significantly affects the reliability of
the system and cannot be eliminated completely. In the last decade, there has been a
lot of research interest on the SI mitigation by proposing various analog and digital
cancellation techniques [35,36]. Recent advancements in this area reveal that up to
120 dB of SI cancellation can be achieved, making the full-duplex mode an appealing
solution for future 6G networks [35,36]. Still, full-duplex relays lead to increased
hardware complexity, compared to half-duplex relays, and require advanced signal

processing techniques for their realization.

2.1.4 Related works

Motivated by the numerous benefits of relay-aided networks, several studies have
investigated the performance of wireless systems assisted by a single relay (dual-
hop relaying). More specifically, the single-relay channel was firstly introduced by
Van der Meulen [22], while Cover and El Gamal significantly contributed to the
performance evaluation of such channels, by studying the capacity of degraded,
reversely degraded and feedback relay channels [29]. The end-to-end performance
of a dual-hop network with fixed gain relays was also analyzed in [37], by providing
closed-form expressions for the outage probability and the average probability of
error. In addition, [38] extended the classical dual-hop relaying to a generalized
model with hardware impairments.

Other studies extended this approach to multi-hop schemes. In [39], the outage
probability performance of a multi-hop system over Nakagami fading channels was
studied. In addition, the authors in [40] presented a new protocol for half-duplex

multi-hop relaying networks based on the concept of buffer-aided relaying and
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investigated the corresponding achievable rates. Multi-hop relaying has been also
proposed to assist connectivity for mmWave communications [41,42], a technology
that is considered as one of the main components of 5G networks, but is highly
susceptible to path blockage. In particular, [41] investigated a joint scheduling and
congestion control policy in multi-hop mmWave networks, in order to maximize
the throughput under fairness requirements. On the other hand, the connectivity of
mmWave networks with multi-hop relaying was analyzed in [42] by considering a
stochastic geometry approach, where the obstacles are modeled as a Boolean model.

Cooperative diversity has also attracted the interest of the research community
and several solutions have been proposed and analyzed in the literature. In the sem-
inal work in [27], Laneman et al. proposed several techniques of cooperative com-
munication, such as selection relaying and incremental relaying, and investigated
their outage performance. Moreover, the authors in [28] studied general cooperating
setups, consisting of multiple transmission paths that include an arbitrary number
of cooperating hops, and derived asymptotic expressions for the average symbol
error probability. These setups consisted of either a single relay or multiple relays in
parallel transmission paths.

Cooperative diversity schemes have also been studied in multi-hop relaying
systems. Specifically, a cooperation scenario for multi-hop networks was introduced
in [43], where it has been shown that the spatial diversity gain could be achieved
by combining at each node the signals that have been concurrently sent by all the
preceding terminals along a single transmission path. Based on this idea, in [44], a
class of cooperative diversity protocols was proposed, where each relay combines the
signals received from an arbitrary number of previous nodes. The authors proved
that this class of cooperative protocols can achieve the same diversity gain as [43].
Significant diversity gain can be also achieved, according to [45], if we consider
a multi-hop buffer-aided system, where every relay has a buffer of sufficient size
and at each time-slot a stored packet is transmitted over the best hop, based on the
received SNR. Furthermore, in [46], the maximum diversity and multiplexing gain,
as well as the achieved DMT of various multi-hop cooperative network topologies
are characterized. The DMT was also investigated in [47] for MIMO multi-hop
relay channels, and various space-time relay processing schemes were proposed to

increase the diversity gain by creating a parallel channel in the time domain.
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2.1.5 Potential applications in 5G/6G networks

Due to the aforementioned benefits, relay-assisted communications and multi-hop
connectivity networks can be utilized in several application scenarios, towards the
deployment of 5G networks and future 6G communications. In what follows, we
briefly present some potential use cases which can benefit from the integration of a

multi-hop relaying topology.

e Device-to-device (D2D) communications: In future 6G, D2D communications
will be a key element for increasing spectral efficiency and providing traffic
offloading. With D2D communications, the information is transmitted through
a direct link between the users, without the involvement of a BS. Integrating
the idea of multi-hop relaying in D2D communications could provide several
new opportunities for next generation wireless networks. Specifically, several
devices could act as relays creating a D2D path for transmitting information
among the users in a decentralized fashion [26,48]. Such approach can enhance
the connectivity among the users with higher quality of service (QoS) and better

energy efficiency.

e mmWave and THz communications: One of the main challenges that future
wireless systems need to resolve is the scarcity of the available spectrum in
the conventional sub-6 GHz frequency band used for the operation of wire-
less networks. To satisfy the bandwidth requirements of the 6G application
scenarios, a shift to higher frequency bands has been recently proposed, such
as the mmWave band, ranging from 30 to 300 GHz, and the THz band, with
frequencies from 0.1 to 10 THz, in order to surpass the spectrum shortage of
the current systems [11,49]. Due to the more abundant spectrum resources
and the ability to provide much higher transmission rates, mmWave and THz
communications have attracted significant attention by the researchers [50,51].
However, this type of technologies suffers from serious path attenuation and
is highly susceptible to path blockage, which makes their efficient implemen-
tation a challenging task. Multi-hop relaying can assist connectivity in higher
spectrum networks, as it can provide alternative Line-of-Sight (LoS) paths

between the transmitter and the receiver [41,52].

e 4-Tier coverage: Future generations of wireless communications will have to
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provide ubiquitous connectivity not just to terrestrial networks. It is envi-
sioned that 6G networks will integrate all network tiers: space, air, terrestrial,
and under-sea. In order to extend the coverage and provide reliable con-
nectivity in every tier, relay-assisted networks can be a promising approach.
For example, multi-hop networks could assist the connectivity in underwater
communications for various applications, such as search and rescue missions,
as underwater optical wireless networks have limited range [53], [54]. Air-
to-ground networks could be also deployed via multiple devices that act as
relays, e.g., unmanned aerial vehicles (UAVs), especially in cases where the
available infrastructure is insufficient [55]. Finally, terrestrial networks can be
assisted by the employment of satellites for relaying information in scenarios

where terrestrial relays cannot be deployed [56].

2.1.6 Standardization of relay networks

The idea of relaying has widely been considered as a concept that has the potential
to increase the coverage and capacity of cellular communications, such as during the
development of Worldwide Interoperability for Microwave Access (WiMAX) by the
Institute of Electrical and Electronics Engineers (IEEE), and has been standardized
by the 3rd Generation Partnership Project (3GPP) for the Long Term Evolution-
Advanced (LTE-A) towards 4G mobile networks. Specifically, the IEEE 802.16j-
2009 standard incorporated the use of two types of relays for multi-hop relaying
in WiMAX-based networks, namely the transparent and non-transparent relays,
with different characteristics in terms of scheduling capabilities and implementation
complexity [57]. Based on the relay functionalities specified in this standard, in the
IEEE 802.16m standard the considered advanced relay stations use a DF relaying
scheme and support time-division and frequency-division duplex modes [58].

The 3GPP has introduced the concept of relay nodes for cellular communications
in Release 10 of LTE standards and classified the relays as layer 1, layer 2 and layer 3
relays [59]. A layer 1 relay works only at the physical layer acting as a repeater with
AF capabilities. On the other hand, layer 2 relays employ the DF relaying scheme,
while the layer 3 relay is similar to the layer 2 case but it acts like an LTE BS. The
concept of relaying has been also considered by the 3GPP for D2D communications.

In particular, following the standardization of D2D communication in the 3GPP
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Release 12 [60], the 3GPP Release 13 enhanced the D2D communication with the
user equipment (UE)-to-Network relaying scenario [61]. Further enhancements
of the UE-to-Network relaying included initial scenarios and requirements for IoT
devices and wearables in the 3GPP Release 14 [62], while several key issues regarding
the architecture of the UE-to-Network relaying were addressed in the 3GPP Release
15, like security and service continuity [63]. Finally, the 3GPP Release 17 defined
an architecture and a protocol stack for the UE-to-UE relaying use-case of the D2D

communications [64].

2.1.7 Challenges for relay networks

Based on the aforementioned use cases, it is envisioned that relay networks, and
especially multi-hop relaying systems, will be a core technology in the deployment
of wireless networks in the near future. However, important challenges regarding
the deployment of relay-assisted networks are still to be addressed. In what follows,
we mention two major challenges related to the implementation performance of
wireless networks assisted by multi-hop relaying and their efficient design from a

communication theory standpoint.

Performance limits of multi-hop relaying

Although multi-hop relaying has been a popular area of investigation for wireless
communications and several studies consider this approach, the fundamental per-
formance limits of multi-hop networks are yet to be found. In particular, the exact
capacity of a general multi-hop relay network has not been provided yet. Even for
the single relay network, the derivation of the exact system’s capacity still remains
an open problem, while to this day the proposed solutions can only provide theo-
retical upper bounds for this problem [65,66]. Therefore, further research efforts are
required in order to provide better knowledge on the true capabilities of multi-hop

relaying systems.

Multinode coordination

Another challenging task is the efficient design of relaying protocols to ensure that
the final destination is able to receive information with high QoS. In general, although

multi-hop relaying over a single transmission path can enhance the reliability and
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Figure 2.2: The concept of smart radio environments [68].

coverage of wireless networks, it ignores the broadcast nature of wireless commu-
nications, while connectivity interruptions are still possible. By enabling the partic-
ipating nodes to cooperate with more than one relay, significant performance gains
can be achieved through spatial diversity [43]. However, with this approach the
overall data traffic in the network is increased, which results in higher implemen-
tation complexity due to multinode coordination, power control and interference

management.

2.2 Reconfigurable intelligent surfaces

In current wireless communication systems, the capacity of the networks is still lim-
ited by the uncontrollable nature of the channel environment. Moreover, multipath
propagation resulting in fading phenomena and reflections or refractions from sev-
eral objects causing unpredictable interference has usually a negative effect on the
communication efficiency and the QoS. Most of the available solutions that are cur-
rently being used, such as MIMO techniques, consider the channel environment as
an inevitable limitation, and either counteract or exploit its effects without changing

its behavior [67]. As such, one of the principal visions towards the realization of
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future communication networks is to incorporate the wireless environment, along
with the transmitters and receivers, as part of the optimization process that can be
programmed and controlled (see Fig. 2.2). By customizing the channel environ-
ment and turning it into a smart radio environment (SRE), through the control of
the propagation of radio waves, the environment can become an active component
for transferring and processing information in wireless systems [68]. During the
past few years, the concept of RIS has been proposed as an appealing solution to
realize the vision of SREs, as it can be used to reconfigure the wireless propagation
environment in an intelligent and low-cost fashion, by controlling the radio waves
striking its surface [69]. Due to its capability to modify the wireless channel, the
RIS can enable ubiquitous connectivity and significantly improve the performance

of wireless systems.

2.2.1 Fundamentals of RISs

In view of the aforementioned requirements and challenges derived from the current
and future wireless systems, RIS has emerged as a promising new paradigm for the
deployment of intelligent information networks, aiming to assist the connectivity
between a large number of devices. In general, an RIS is an inexpensive thin planar
surface that can be controlled with integrated electronics to modify the incident
signals in a favorable way to improve the QoS of the system [21,68,70]. In the most
commonly considered case, the RIS is equipped with a large number of (nearly)
passive tunable elements that can be actively controlled through external stimuli to
individually alter the reflection/refraction amplitude and/or phase of the incident
signals [71,72]. Therefore, the most prominent property of the RIS is its capability
of being reconfigurable after its deployment in a wireless network, based on the
dynamic nature of the wireless environment. Through this approach, the RIS can
support several functions to improve the performance of wireless networks, such
as creating multiple virtual LoS paths that can be smartly controlled to bypass
obstacles between transceivers, focusing incident signals towards a desired direction
to improve signal strength, as well as mitigating co-channel or inter-cell interference
[71].

The core notion behind this technology is the concept of metasurfaces. A meta-

surface is a man-made surface made of electromagnetic (EM) material which is
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specifically designed to exhibit properties that cannot be found in naturally occur-
ring materials [68,69,73]. It consists of a large array of passive elements (also called
meta-atoms), with electrical thickness in the order of the sub-wavelength of the op-
erating frequency of interest, which can be digitally controlled. Through this control,
the physical properties of the elements can be altered, resulting in the incident signals
to be adjusted [73,74]. Depending on the properties of the elements, the metasur-
faces can achieve various tunable functions in order to control the EM waves [68,75].

Some of the most widely considered tunable functions are the following:

o Anomalous reflection [76,77]: the elements act as reflectors to enable the com-
munication between devices on the same side of the surface by controlling the

impinging signals towards a desired direction.

o Anomalous refraction [78,79]: the communication occurs at the two sides of the
surface, and the elements refract the incident waves in the desired direction by

adjusting their phase as they pass through the surface.

e Absorption [80,81]: the elements are intelligently designed to null, for a given
incident radio wave, the radio waves that are reflected or refracted. This

function can be applied in scenarios where interference suppression is required.

Through this adaptive reconfiguration of metasurfaces, the RIS provides a new
perspective to further enhance the wireless communication performance. Among
the possible tunable functions, the utilization of the RIS to perform anomalous
reflection in wireless communications has mostly attracted researchers’ interest.
Henceforth, this thesis will focus on RIS-assisted networks where the elements of
the RIS are controlled to reflect the radio waves.

Due to its simple operation, an RIS possesses several practical advantages which
advocate its integration in future implementations of wireless networks [21,71,72].
One of its main benefits arises from the passive nature of the reflecting elements.
Since the elements only passively reflect the signals, the RIS does not require any
dedicated energy source for data transmission, promoting its deployment as an
energy efficient solution. Moreover, the RIS operates in ideal full-duplex mode,
without introducing nor amplifying any additional noise to the reflected signal,
which enables higher spectral efficiency. RIS is also a cost-effective alternative, since

it benefits from the use of inexpensive passive scattering elements embedded in the
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metasurface. Finally, the RIS can be easily deployed on several environment objects
(e.g. building walls or billboards) and provides great flexibility and compatibility
with existing wireless systems. All of the above features showcase RIS as a key can-
didate technology for assisting the communication and improving the performance

of wireless networks.

2.2.2 RIS Architecture

A typical architecture of an RIS consists of three layers and a smart controller, as it
is illustrated in Fig. 2.3 [71,72]. The outer layer is equipped with a large number
of metallic tunable elements, which are printed on a dielectric substrate in order to
have a direct interaction with the incident signals. The second layer is a copper plate
and is utilized to stop the incident radio wave from penetrating the panel, i.e., for the
minimization of the signal energy leakage during the RIS reflection. The last (inner)
layer consists of a control circuit board that is used to adjust the reflection coefficient
of each element. The control circuits are triggered by the smart controller attached
to the RIS. Specifically, based on the input that each circuit takes from the controller,
the response of the circuit is accordingly formed so that the corresponding elements
on the outer layer will induce a specific change on the incident radio wave.

In practice, the smart controller that is connected to the RIS is typically imple-
mented using field-programmable gate array (FPGA) boards. The controller is also

usually used as a gateway to communicate and coordinate with other network de-
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vices, such as BSs and user terminals [72]. Moreover, each RIS element should be able
to modity its reflection amplitude and/or phase shift in real time. Several approaches
have been proposed towards this direction, with the use of electronic devices being
the most widely adopted solution, due its fast response time, low reflection loss and
relatively low energy consumption. For example, an RIS element can be tuned with
the help of an embedded positive-intrinsic negative (PIN) diode, that can be switched
between the ON and OFF states by applying different direct-current (DC) voltage to
generate a phase shift difference of 7 [82]. Other example designs for the elements’
structure include the use of field-effect transistors or micro-electromechanical system

switches.

2.2.3 Related works

Motivated by the aforementioned promising advantages, the use of RISs has been
considered in several applications, and the performance of RIS-aided wireless net-
works has been investigated for various communication scenarios. Specifically, the
authors in [83] studied the performance of a single-input single-output (SISO) sys-
tem and provided tight closed-form approximations for fundamental metrics such
as the ergodic capacity and the outage probability. In [84], the system performance
of RIS-aided orthogonal multiple access (OMA) and non-orthogonal multiple access
(NOMA) SISO networks was studied in terms of outage probability and ergodic
rate. It was shown that such networks obtain significant performance gains with
the employment of an RIS, which is superior to the use of full-duplex DF relays.
Furthermore, the work in [85] proposed RIS-enabled random-rotation schemes for
SISO networks, which can be implemented with limited or without CSI knowledge.
It was demonstrated that the presented schemes improve the performance in terms
of energy efficiency, outage probability and diversity gain. The diversity order
achieved by an RIS-aided SISO system was also studied in [86], where the authors
derived the minimum number of required quantization levels for the RIS discrete
phase shifts to achieve full diversity. In [87], the authors introduced an RIS-assisted
system for two-way communications and proposed two transmission schemes, for
which they investigated the performance limits in terms of outage probability and
spectral efficiency.

The employment of RISs has also been considered to assist the communication in
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wireless networks with multiple antennas at the transmitter and/or the receiver. In
particular, a single-cell wireless network, where an RIS is deployed to assist the com-
munication between a multi-antenna access point (AP) and multiple single-antenna
users, was investigated in [88]. It was demonstrated that the system’s performance
can be enhanced in terms of both spectral and energy efficiency, by jointly optimiz-
ing the active and passive beamforming vectors at the AP and the RIS, respectively.
Furthermore, in [89] the RIS was considered for assisting NOMA communications,
and it was demonstrated that RIS-assisted NOMA improves spectral efficiency and
can be used to serve additional users. The implementation of RISs has been also
considered under index modulation schemes, enabling simultaneous passive beam-
forming and information transfer of the RIS in multiple-input single-output (MISO)
systems [90,91]. Specifically, in [90], the authors introduced an amplitude-based
scheme, called the reflection pattern modulation (RPM) scheme, where the joint pas-
sive beamforming and information transfer occurred by activating different subsets
of elements at the RIS. It was shown that the presented approach achieves great im-
provement of the achievable rate performance. In [91], an RIS reflection modulation
scheme was proposed, referred to as the quadrature reflection modulation (QRM)
scheme, which was proven to outperform the RPM scheme. Moreover, a multi-hop
RIS-enabled scenario was considered in [92], where multiple RISs were deployed
to assist the communication between a multi-antenna AP and multiple users with
single antennas, in order to improve network coverage of THz communications.
The fundamental capacity limit for an RIS-aided MIMO network was provided
in [93], by developing algorithms for jointly optimizing the RIS reflection coefficients
and the transmit covariance matrix. The same optimization parameters were also
considered for multi-cell communications in [94], where the weighted sum-rate of
a multi-cell multi-user MIMO system was enhanced by employing an RIS at the
cell boundary. Furthermore, the asymptotic performance of an RIS-aided MIMO
channel was investigated in [95], where it was demonstrated that the achieved mul-
tiplexing gain can be enhanced if the information data stream is available both at the
transmitter and the RIS. In [96], the authors provided a closed-form approximation
for the outage probability of an RIS-aided MIMO system and proposed a gradient
descent algorithm to minimize the outage probability with statistical CSI. In addi-
tion, they characterized the achieved DMT for a finite SNR regime. Furthermore, an

opportunistic rate splitting scheme was proposed in [97] for an RIS-aided two-user
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MISO system. In particular, by utilizing the RIS to modify the channel characteris-
tics through an alternating CSI formulation, which was inspired by the information
theoretic framework presented in [98], it was shown that the achievable rate of such

systems can be improved.

2.2.4 Potential Applications in 5G/6G networks

Due to the numerous benefits associated with RIS-assisted intelligent connectivity,
the concept of RIS is envisioned to be a core technology for various future appli-
cations of wireless networks. RIS-assisted communications can be used to signifi-
cantly improve the performance and tackle the potential design challenges of other
emerging technologies. As such, the employment of RISs in wireless networks is
advocated as a promising solution for high-rate applications, such as high-quality
video streaming, VR and augmented reality, while its potential gains can be also
foreseen in the connectivity support of low-rate applications, such as massive IoT
networks. In what follows, some example use cases are mentioned in which the
RIS could play a fundamental role for providing extended coverage, enhancing the
spectral and energy efficiency, or for reducing the implementation complexity and

power consumption of wireless networks.

e Massive connectivity: The emergence of IoE will promote a rapid growth
in IoT communication demand, and ubiquitous connectivity will be required
for billions of physical devices in the near future. To address the enormous
data rate demands, RISs can be used to assist the communication in massive
IoT networks. Due to their large aperture and easy deployment on several
environment surfaces (e.g. walls, ceilings etc.) such solution can increase the
capacity and extend the coverage of IoT networks [99]. Moreover, RIS-assisted
IoT networks can be used to create high-capacity hotspots for several scenarios,

such as stadiums and shopping centers.

e mmWave and THz communications: As previously mentioned, mmWave and
THz communications are considered as promising technologies to potentially
increase spectrum efficiency in wireless networks. However, a critical chal-
lenge for their implementation is their high vulnerability to blockages. To

address this issue, the communication with such technologies can be assisted
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by the employment of an RIS [100-102]. Specifically, the RIS can provide an
alternative virtual LoS path between the transmitter and a receiver possibly
located in a dead zone, thus avoiding the obstacles between the two entities

and extending the coverage of mmWave and THz communications.

e Wireless power transfer: Energy efficiency is expected to be one of the core
requirements for the realization of future wireless systems. An emerging tech-
nology for addressing this challenging demand is far-field wireless power
transfer (WPT), i.e., the transmission of energy through EM radiation. In par-
ticular, simultaneous wireless information and power transfer (SWIPT), where
the transmitted signal is used to convey both information and energy, will be
of critical importance in 6G networks, as it is envisioned to enable the massive
deployment of IoT sensors and devices with a battery-less structure [17]. Due
to the easily adjustable properties of its reflecting elements, the RIS can achieve
high beamforming gain, which is a promising approach to drastically enhance
the efficiency of SWIPT systems. As a result, some initial studies regarding
RIS-assisted SWIPT networks have recently been made, focusing on the opti-

mization of both the spectral and energy efficiency of such systems [103,104].

2.2.5 Standardization of RIS

In recent years, the idea of employing an RIS for assisting the communication in wire-
less systems has significantly attracted the interest of both academia and industry.
This has led to extensive research efforts globally, aiming to propose new applica-
tions enabled by RIS for future communications and study their performance, while
numerous research projects have been supported through funding agencies world-
wide to evolve this technology [105]. The recent advances made towards the efficient
integration of RIS in wireless networks, along with the potential gains obtained from
using this technology, impelled several standards developing organizations to start
working on the standardization of RIS, both regionally and globally [105,106]. How-
ever, standardization of this technology is still at a very early stage. In China, two
different organizations started working RIS standardization, namely the FuTURE
Mobile Communication Forum and the China Communications Standards Associ-
ation [106]. Recently, some standardization activities on RIS were also initiated by

the European Telecommunications Standards Institute (ETSI). In particular, the ETSI
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approved an Industry Specification Group (ISG) on RIS in September 2021, aiming
to define the requirements to establish global standardization. The ISG has already
released three work items focusing on RIS related use cases and deployment scenar-
ios, communication and channel models, as well as the technological challenges and
associated impact on standardization [107-109]. Besides, the ZTE Corporation was
the first company submitting a proposal to 3GPP during the March 2021 meeting
for the inclusion of the RIS in Release 18 as a key component in 5G-Advanced net-
works [110]. However, since this technology is not mature enough, standardization
on RIS has not yet been considered in 3GPP. Nevertheless, active discussions on RIS
standardization plans are still underway in 3GPP, as it is expected to be a study item
in future Releases (possibly Release 19) as one of the key enabling technologies in

5G-Advanced networks or 6G communications.

2.2.6 Challenges in RIS application

It is apparent from the previous examples that the integration of RIS in wireless
networks will provide several new opportunities for 5G networks and beyond.
However, several critical challenges still exist regarding the efficient development of
RIS-based solutions in wireless communications. Below, we discuss two basic chal-
lenges that need to be addressed in designing and implementing RIS-assisted wire-
less networks from the signal processing and communication perspective, namely

the passive beamforming design and the channel acquisition.

Passive beamforming design

One important challenge relies on the design of the reflecting elements of the RIS.
In order to provide high beamforming gains, which in return will improve the per-
formance of RIS-aided systems, the configuration of each reflecting element should
be appropriately adjusted. Several works focus on optimizing passive beamform-
ing at the RIS, and thus deriving the optimal values for the reflection coefficient
of each element [88,91,92]. However, in most cases the proposed solutions to this
optimization problem are derived for continuous amplitude and phase-shift values,
which results in a costly RIS design requiring expensive high-precision elements.
Moreover, continuously adjusting the reflection coefficients of each element may be

beneficial for the network performance, but increases the implementation complex-
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ity. On the other hand, adopting a more cost-effective solution by using tunable
elements with discrete amplitude/phase shift levels can reduce the computational
complexity of RIS-assisted networks [111]. Nevertheless, such approach may suffer

from significant performance loss, due to the quantization errors.

Channel acquisition

In order to obtain the high performance gains associated with passive beamforming
at the RIS, the accurate knowledge of the channels between the BS and the RIS
or between the users and the RIS are required. In the existing literature, most
of the works focusing on passive beamforming optimization assume that perfect
knowledge of the CSI is already available, thus simplifying the implementation
of the proposed schemes [88,91]. However, acquiring this knowledge is a very
challenging and resource-consuming procedure, especially for a large number of
reflecting elements. First of all, due to the passive operation of the RIS elements the
channels between the BSs/users and the RIS cannot be separately estimated through
traditional training-based methods. Recently, several channel training methods
have been proposed for estimating the cascaded BS-RIS-user channel [112-114].
However, estimating the channels for all the elements of the RISmay lead to increased
computational complexity and a large training overhead, which will negatively affect

the performance of the RIS-aided systems.

2.3 Comparison between relays and RISs

Based on the general idea of how a relay and an RIS operate, it can be seen that
the two technologies are conceptually similar in the sense that they can assist the
communication in wireless systems. As pointed out, when two devices are unable
to connect directly, or their communication link is of insufficient quality, then relays
and RISs can interchangeably be used to establish alternative paths between the
devices [115,116]. Through this approach, both technologies can enable the connec-
tivity between devices that normally would not be able to communicate, or enhance
the QoS of systems with poor communication links. Apart from the conceptual sim-
ilarities, relay-aided and RIS-assisted networks share several common benefits that

favor their employment [20,72]. An important advantage of both technologies is
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Table 2.1: Comparison between relays and RIS from different aspects

Enabling Technology Relay RIS

Operation Active Passive
Duplex Half/Full-duplex Full-duplex
Hardware complexity Medium to High Low

Energy consumption High Low

Additive noise Yes No

Signal range High Relatively Low

that they can be easily deployed with little or no dependency on the existing infras-
tructure. In particular, relays can be placed on various fixed or mobile objects, while
an RIS can be easily mounted on several surfaces (e.g. facade of buildings). Another
appealing benefit is the simple scalability of the deployed networks. In other words,
the number of relays in multi-hop and/or cooperative systems and the number of
elements in RIS-based solutions can be easily adapted to satisfy the demands and
constraints of the networks.

Although these two technologies have conceptual similarities regarding their
application, relays and RISs exhibit some fundamental differences concerning vari-
ous aspects of operation [71,115]. First of all, relays are typically viewed as active
components that require a dedicated source power in order to be able to retransmit
their received signals towards the final destination. In contrast, the RIS is equipped
with nearly passive elements that adjust and reflect the signals without requiring
any transmit radio-frequency chains [71]. The signal processing capabilities of each
technology also vary, resulting in different hardware complexity for their deploy-
ment. In general, relays are more complex to be employed, since several electronic
components are required for implementing the presented relaying schemes, such as
the AF and DF schemes. On the other hand, the configuration of the RIS is based on

low-complexity electronic circuits, such as switches and varactors [115]. As such,
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the total energy consumption required for the RIS operation is lower than what a
relay needs for its efficient use. The active electronic components of the relays are
also responsible for the additive noise that appears in the relays, while the passive
nature of the elements at the RIS does not incur any additional noise [115]. More-
over, unlike the relay that can operate in half-duplex or in full-duplex mode, with
the latter requiring sophisticated techniques for SI cancellation, the RIS operates in
an ideal full-duplex fashion and is free of SI [71]. However, due to the fact the RIS
passively reflects the signals towards the destination, a large number of elements is
required in order to achieve a potentially higher coverage range extension compared
to the relay [116]. A summary of the above differences can be found in Table 2.1.

It is therefore deduced that, taking into consideration the distinctive character-
istics of each technology, the employment of relays and RISs can be considered for
different applications in both indoor and outdoor communication scenarios, accord-
ing to the performance requirements and objectives. Specifically, in cases where
successful connectivity needs to be achieved over large distances from the trans-
mitter or the employment of large surfaces may not be feasible (e.g. underground
wireless networks) the utilization of relays and multi-hop relaying solutions may be
the optimal option. In such scenarios the active operation of relays can significantly
compensate for the path loss effects and achieve sufficient performance gains at the
end users, with appealing applications in D2D communications and wireless sensor
networks [48]. On the other hand, the RIS employment can be considered in cases
where the network resources are limited and the end users have high performance
requirements, e.g., in high-demand scenarios such as stadiums or special events ar-
eas. Under such scenarios, the RIS can be used to passively control the propagation
environment and improve the performance [99].

Recently, some initial works considering active RISs have been proposed, i.e., RISs
with elements that are able to amplify the incident signals before reflecting them to
the intended receiver [117,118]. Such approach can provide additional performance
gains but at the expense of significantly higher implementation complexity, active
components for the elements and additional noise introduced and amplified by the
active RIS [119]. Another approach that has attracted researchers’ interest is the joint
deployment of relays and RISs in a single wireless system. Specifically, the proposed
solutions combine the two technologies in a synergistic manner to benefit from both

active processing and passive reflection and reap the key advantages of both RISs and
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Figure 2.4: Principle of TR technique [126].

relays [120-123]. Such solutions can address some of the challenges associated with
the separate deployment of each technology and provide some notable benefits, such
as achieving higher spectral efficiency and extending the coverage with a reduced

number of elements at the RIS.

2.4 Basic Principle of TR for 6G communications

According to the latest visions and trends for the deployment of 6G communications,
it is expected that the future wireless networks will consist of RISs with extreme
numbers of elements to obtain sufficient performance gains and will operate at very
high frequencies. However, in wideband communications this paradigm shift re-
sults in the realization of multiple propagation paths, which may cause destructive
interference at the receiver [124]. In contrast to most technologies trying to allevi-
ate the negative effects of multipath propagation, TR is an appealing solution that
exploits the multipath propagation environment by treating each path as a virtual
antenna [125].

In principle, TR is a signal processing technique that uses the time reversed im-
pulse response of the multipath channel as a prefilter at the transmitter, as shown in
Fig. 2.4. Specifically, TR consists of two phases: the channel probing phase, where the
receiver sends an impulse-like pilot signal towards the transmitter through the avail-
able scattering environment, and the data transmission phase, where the transmitter
time-reverses the received waveform and transmits it back to the receiver [126]. As-
suming channel reciprocity and channel stationarity, with this technique the energy
is focused at the intended receiver in both space and time domains, referred as the

focusing effect [127].
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Although the TR technique was initially introduced for acoustic communica-
tions [128], its potential performance benefits in wireless communications have
attracted significant academic and industrial interest [127,129,130]. Specifically,
in [129] the applicability of the TR was experimentally tested for ultra-wideband
communications, where it was indicated that the TR results in reduced complex-
ity and increased system’s capacity. The authors in [127] demonstrated that the
TR-based transmission scheme reduces the power consumption significantly and
achieves better interference alleviation compared to direct transmission using a con-
ventional Rake receiver. Moreover, in [130] it was shown that the TR system, under
a sufficiently large bandwidth, can obtain similar performance gains as massive

MIMO systems with only a single antenna at the transmitter.

2.5 Mathematical Modeling and Performance Metrics

In this section, we introduce some mathematical preliminaries from probability the-
ory and information theory that are required for the performance analysis of the
proposed schemes in the considered systems and the investigation of their fun-
damental limits. Specifically, we provide the definitions of the main performance
metrics and useful analytical tools used in this thesis and present the basic system
models for the relay-assisted and RIS-assisted system, which can be used as baselines

for the models considered in the following chapters.

2.5.1 Summary of the main notation

First, we provide here a summary of the main notation used throughout the remain-

ing of this thesis. In particular,

e Lower and upper case boldface letters denote vectors and matrices, respec-
tively; I, denotes the L X L identity matrix, []' is the conjugate transpose

operator and ||||r is the Frobenius matrix norm.

e P {X]} denotes the probability of the event X and E {X} represents the expected
value of X; 1y is the indicator function, where 1x = 1 if X is true, otherwise

]IXZO.
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e O®(.) is the cumulative distribution function (cdf) of the standard normal dis-
tribution; I'(-) denotes the complete gamma function and y(-,-) is the lower
incomplete gamma function [131]; Iy(-) is the modified Bessel function of the
first kind of order zero and Q(:, ) denotes the first-order Marcum Q-function;
G (Zi‘;’; Ix) is the Meijer-G function [131] and H,, " [((1;?,1;;))1]5 |x] is the general-

ized upper incomplete Fox’s H function [132].

e R(x)and J(x) return the real and imaginary part of x, respectively,and j = V-1
denotes the imaginary unit; O(-) denotes the big O notation; [x]* = max(0, x),
[x] = min{z € Z|z > x} and |x] = max{z € Z|z < x}; (]) = = and 2n - 1)!! =

Ki(n=%)!
@n-1)(2n-3)...3-1.

2.5.2 Outage Probability

A performance metric from information theory that is usually considered to evaluate
the quality of a communication scheme is the outage probability. In general, an
outage event occurs if the achievable rate at the desired receiver is less than a

predefined threshold py. The achieved outage probability is therefore given by

P, = lP{log2 (1+y)< pth} =P{y: <ym}, (2.1)

where y, is the achieved SINR and yy = 2/ — 1. Below, we present the outage
probability expressions for the typical system models of a relay-aided system em-
ploying a full-duplex DF relay and an RIS-assisted SISO system shown in Fig. 2.5.
These models will be used as a reference for the extended versions considered in the

following chapters.

Relay-aided system with full-duplex DF relay

For the reference system model of the relay-aided system, we consider a dual-hop
network where the source (S) transmits data to the destination (D) with the assistance
of a DF relay (R) that operates in full-duplex mode, as illustrated in Fig. 2.5a. We
assume that the direct communication between the S and the D is blocked. Moreover,
let hsg and hgrp denote the S—R and R—D channel links, respectively, and higg denotes
the SI at the R resulting from the full-duplex mode. Thus, assuming that the signals

are transmitted from each node with power P, the achieved SINR at the R and D are
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Figure 2.5: Reference system models for the two considered technologies.

equal to
2 2
Vi = PlhiRl : <P|h;R| ’ 22)
P |hgrl|” + o7 ORr
and
P |hrol?
yp = Dlteol 2.3)
Op

where 0% and 07, denote the variance of the additive white Gaussian noise (AWGN)
at the R and D, respectively. Note that the upper-bound SNR expression at the R is
obtained by assuming the ideal scenario where SI can be fully suppressed. The D can
successfully decode the transmitted signal if both the R and the D are able to decode

their received signals, otherwise an outage event occurs. The outage probability of
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the considered relay-supported system is therefore expressed as
Poutpr = P{yr <ym}+P{yp <ymlP{yr = yu}. (2.4)

RIS-aided system

For the typical system model of the RIS-aided network, we consider the basic point-
to-point communication system where an RIS equipped with Q reflecting elements
is employed to assist the communication between a single-antenna transmitter (Tx)
and a single-antenna receiver (Rx) (see Fig. 2.5b). Similar to the previous case,
we assume that the direct link between the Tx and the Rx is not available. Let
h = [h1 hy - -hQ]T and g = [g1 [ SRR gQ]T denote the channel vectors from the Tx to
the RIS and from the RIS to the Rx, respectively. Moreover, we denote by

@ = diag[a; e/ ae® ... age*?], (2.5)

the diagonal reflection matrix of the RIS, where a; € [0,1] and ¢; € [0,2n) are the
reflection amplitude and the phase shift induced by the i-th element of the RIS,
respectively. The SNR at the Rx is expressed as

Q
Z higaie!®
i=1

g2

2
P

VRIS = ’ (2.6)

where ¢? is the variance of the AWGN at the Rx. The outage probability of the

considered RIS-assisted system is given by

Q
Z higmaie'®
i=1

g2

2
P

P out RIS = P

< ')/th . (27)

2.5.3 Diversity-Multiplexing Tradeoff

We now move on to the DMT that can be achieved by a communication scheme. The
DMT is a powerful metric that can be used to evaluate the fundamental performance
limits of the considered scheme in the asymptotic SNR regime (P — o0). It was firstly

introduced by Zhang and Tse in [133], and its formal definition is stated as follows.
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Definition 2.1 (Diversity-multiplexing tradeoff). A communication scheme achieves
multiplexing gain r and diversity gain d(r) if the target data rate R(P) ~ rlogP and the
outage probability of the scheme P,,;(P) satisfy the conditions

R(P)
im =7,
P—oo log P
and
10g Pout(P) _
P logp 2

Essentially, the DMT can provide a tradeoff between the reliability and the degrees
of freedom of the system. Note that the diversity order of the considered scheme
denotes the maximum diversity gain that can be achieved by the scheme when r = 0

and is given by d(0).

2.5.4 Useful Theorems and Methods

In what follows, we refer to the basic theorems and methods from probability theory,
that are used in this thesis. Specifically, the definitions of the Gil-Pelaez inversion
theorem, the central limit theorem (CLT) and the moment matching method are provided

below.

Gil-Pelaez Inversion Theorem

A theorem that is considered useful for the analysis of the wireless networks is the
Gil-Pelaez inversion theorem [134]. In general, the characteristic function of a scalar
random variable X is defined as the expected value of the transformed random

variable exp (jtX), i.e. [135],

Px(t) = E{exp (jEX)} .

Through this theorem, the inversion formulas of the characteristic function over
(=00, 00) are derived for the numerical evaluation of the probability density function

(pdf) and the cdf of X.

Definition 2.2 (Gil-Pelaez inversion theorem). The pdf of a scalar random variable X

with characteristic function ¢x(t) is given by

Fx(x) = % fo R [exp (- tx) Px(t) | dt. (2.9)
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Moreover, if x is a continuity point of the cdf of X, then the cdf is given by

1 1 (™1
As such, this theorem is a convenient tool to numerically calculate the outage prob-

ability of the proposed schemes.

Central Limit Theorem (CLT)

Another theorem that is mainly used in this thesis is the well-known CLT. This
theorem provides a simple method for deriving approximate probabilities for sums
of independent random variables [135]. Therefore, through this approach we can
simplify the analysis of the proposed schemes and provide tight approximations of

the actual performance that can be achieved.

Definition 2.3 (Central limit theorem). Let {X;,X>,...,X,} be a set of independent
random variables with mean u; and variance o; respectively, i = 1,...,n. By setting
p=u+p2+...+u,and o = o1 + 0y + ... + 0y, the distribution of
Xi+Xo+...+ X, —nu
= T ,

tends to the standard normal distribution as n — oo. Moreover,

n—oo

Fx(z) = P{X <z} =5 O(z). 2.11)

Moment Matching Method

The moment matching method is also used in the thesis to provide approximated
expressions for the channel distributions. The main idea behind this approach is to
match the moments of a random variable to the parameters of a known distribution.
In the available literature, the Gamma distribution is widely used to approximate a
random variable with a complicated distribution [87]. As such, this technique is a
useful tool that can provide elegant and tractable expressions for approximating the

performance of the considered schemes.

Definition 2.4 (Moment matching method). Consider a scalar random variable X with

the first and second moment denoted as

m=E(X}) and p=E{X*,
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respectively, and the variance given by
0* = i — .

The distribution of X can be approximated by the Gamma distribution where the shape

parameter k and scale parameter & are calculated as

2 2
_H _ 9
= and & = [,11‘ (2.12)
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Chapter 3

A Markov Chain Approach for Myopic
Multi-hop Relaying: Outage and
Diversity Analysis

Multi-hop relaying is a promising low-cost solution with high flexibility, which can
help the connection of trillions of devices, while the concept of cooperative diversity
in multi-hop networks can enhance the reliability of such systems. However, full
cooperation of the nodes in such networks can result in significantly higher imple-
mentation complexity. In this chapter, a cooperative protocol is investigated for a
multi-hop network consisting of relays with buffers of finite size, which may operate
in different communication modes. The protocol is based on the myopic DF strategy,
where each node of the network cooperates with a limited number of neighboring
nodes for the transmission of the signals. Each relay stores in its buffer the messages
that were successfully decoded, in order to forward them through the appropriate
channel links, based on its supported communication modes. A complete theoretical
framework is investigated that models the evolution of the buffers and the transi-
tions at the operations of each relay as a state MC. We analyze the performance of
the proposed protocol in terms of outage probability and derive an expression for
the achieved DMT, by using the state transition matrix and the related steady state
of the MC.
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3.1 Introduction

As we previously mentioned, nowadays there is a continuous need for an increasing
number of applications and devices to be connected, leading to an ever-growing
network of nodes that have to communicate. Especially in 6G networks, research
needs to conceive innovative ideas to satisfy the challenging demands of URLLC
for massive connectivity networks [136]. Cooperative relay communications is an
appealing and cost-effective solution with high flexibility, which can assist the con-
nectivity between a massive number of devices with enhanced reliability. Due to the
implementation simplicity and easy scalability of this technology, relay communi-
cations can be considered for the implementation of 5G and future 6G networks, as
they provide an adaptive physical layer and flexible transmission protocol and can
enable D2D communications [137]. Due to their potential advantages towards future
generations of wireless communications, cooperative relay networks have attracted
considerable research interest and have been considered for several practical appli-
cations, such as in wireless ad-hoc networks [25], mmWave communications [41],
underwater and air-to-ground networks [53,55], and secrecy communications [138].

Motivated by the numerous benefits, the performance of cooperative networks
with multiple relays over a single transmission path (multi-hop relaying) has been
investigated in several studies and over various fading channel models [37—40].
Multi-hop relaying has also been recently considered in several application sce-
narios towards the realization of 5G and beyond networks, such as to support the
connectivity in mmWave communications [41,42]. In order to improve the perfor-
mance of relay-assisted networks through spatial diversity, several works proposed
cooperative communication schemes that enable broadcast transmission from the
network nodes, considering multiple parallel propagation paths assisted by single
relays or cooperative diversity protocols for multi-hop networks [27,43]. However,
full cooperation of the nodes in such networks exhibits a number of practical dif-
ficulties in its implementation, especially in terms of multi-node coordination and
power management. To overcome these issues, the authors in [139] proposed the
myopic DF strategy as an information theory concept. In this strategy, each node of
the network cooperates with a limited number of subsequent neighboring nodes.
They showed that the achievable rate increases considerably, while the complexity

of its implementation remains low.
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In several cases, the devices that need to be connected in wireless networks may
support different transmission policies affecting their communication capabilities,
e.g., for energy conservation. Such devices could be utilized to provide further op-
timized services in order to improve the networks’ performance, based on the avail-
able resources. The authors in [140] presented a queuing model for the performance
analysis of several sleep and wakeup strategies in a network with solar-powered
wireless sensors. In [141], a relay selection scheme was considered for a coopera-
tive network with energy harvesting (EH) relays that can assist the communication
from source to destination only if they have sufficient energy. It was observed that,
the overall performance of such networks depends on the EH parameters of the
relays. A similar scenario was considered in [142], where a new relay selection
method was proposed, based on the throughput gain of the EH relays with enough
stored energy, which improved the overall performance of the cooperative network.
Moreover, in [143], the on-off transmission policy for a buffer aided EH node was
studied in terms of outage probability and average throughput, where the EH node
transmits information only if the stored energy exceeds a certain value, otherwise it
remains silent.

It is, therefore, an important and challenging problem to understand how the
utilization of relaying nodes with different communication capabilities affects the
performance of a multi-hop network with limited cooperation. Motivated by this, in
this chapter, we propose a general cooperative protocol over a multi-hop network,
where the relays have buffers of finite size and may operate in different communica-
tion modes affecting their signal forwarding capabilities. The protocol is inspired by
the myopic DF strategy [139], and can be applied to networks with an arbitrary num-
ber of relays with different modes of operation. For example, such scenario could be
considered for wireless networks, where some intermediate nodes are crucial for the
sustainability of the communication and so they are connected to the power grid and
are always able to transmit information. The remaining nodes could be self-powered
through EH and could transmit data only if the harvested energy is above a required

level [141,142]. The main contributions of the chapter are summarized as follows:

¢ A novel myopic-based cooperative protocol over a multi-hop network is pro-
posed. Through this chapter, we extend the idea presented in [139] by studying

the performance of the myopic strategy in terms of outage probability and di-
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versity gain. To our knowledge, no previous work in the literature analyzes
myopic strategy from a communication theory perspective. A system model
is presented, where the flow of information is assisted by using buffers of fi-
nite size at each relay of the network. Finally, the myopic-based protocol is
extended to the case where relays may operate in different communication
modes regarding their transmission capabilities. Therefore, a fundamental
approach of how the flow of information from source to destination can be
conveyed is presented, based on the status of the buffers and the communica-

tion capabilities of each relay.

e For the analysis of the system in terms of outage probability, we model the
evolution of the considered network as a state MC, by taking into account the
transitions that take place at the buffers and the communication modes of the
relays. This approach provides a flexible and elegant modeling of the different
instances that the network can be found. By using the state transition matrix
and the related steady state of the MC, we investigate a complete theoretical
framework for the performance analysis of such cooperative networks in terms
of the outage probability and the DMT. The presented framework is general
and can be adapted to an arbitrary number of relays, any myopic strategy and

several communication strategies supported by the participating relays.

e Our results demonstrate that as the number of cooperating nodes increases,
the performance of the system is enhanced both in terms of outage probability
and diversity gain. Furthermore, it is shown that the diversity order that can
be achieved by the proposed protocol depends significantly on the commu-
nication strategy that is supported by every relay of the network. Finally, by
extending the proposed protocol for multi-branch networks, the outage prob-
ability of the system is improved, while the overall diversity gain depends on

the diversity gain that each branch can separately achieve.

As such, the proposed myopic protocol can provide useful insights for the design
and realization of 5G networks and future 6G communications with reduced com-

putational complexity and memory requirements and increased energy efficiency.
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3.2 System Model

3.2.1 Network topology

A wireless network topology is considered, which consists of a single source S, N
intermediate relays Ry, R,, ..., Ry, and a single destination D. For ease of notation,
we let node i correspond to therelay R;, 1 <7 < N, and nodes 0 and N + 1 correspond
to the source S and destination D, respectively. At the relays, the DF scheme is
employed for forwarding the signals. Moreover, time is assumed to be slotted and
x(t) is used to denote the signal that S sends to R; at time-slot f with normalized
energy, i.e., E {|x(t)*} = 1. Each transmitter (the source S or a relay R;) transmits with
the same fixed power P. The destination D receives data based on a k-hop myopic
DF strategy [139], 1 < k < N + 1, where k represents the maximum number of nodes
that a transmitter can forward data to. More specifically, node i (0 < i < N) can send
data to L; = min(k, N — i + 1) subsequent nodes. As such, at each time-slot, the i-th
transmitter splits its power to L; partitions. Therefore, a signal is sent through the
link i — jwith transmit power 4; ;P, where g, ; denotes the power splitting parameter,
such that Z]L‘;lrl a;; = 1. However, ata given time-slot t, only the successfully decoded
signals can be forwarded to the appropriate nodes. For that reason, each relay R; has
a data buffer (data queue) b; of finite size L;, where it can store the decoded signals for
forwarding', based on the proposed protocol described in Section 3.3. An example

of this topology is presented in Fig. 3.1, for k = 2 hops and N = 3 relays.

3.2.2  Channel model

For the analysis, we consider independent and identically distributed channel links
that experience propagation path loss, which is assumed to follow the power law
d;;], where d;; is the distance between the nodes i and j and 7 denotes the path
loss exponent. Without loss of generality, we assume the ordering d;; < d;;.1,
Vi,j, i< j< N+1 Note that this assumption corresponds to distance-based
routing protocols in multi-hop networks that take into consideration the Euclidean
distance among the nodes, e.g. the shortest-path-routing [144]. Furthermore, all

wireless links exhibit fading which is modeled as frequency-flat Rayleigh block

INote that each node sends data to the subsequent L; nodes concurrently. Therefore, a storage

space of the same size is required in order to hold the data that will be forwarded.
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Figure 3.1: Topology for 2-hop myopic DF strategy in a wireless network with three
relays. The arrows indicate all the available links in the system and for each link the

corresponding signal that will be transmitted is shown.

fading?®. This signifies that the fading coefficients /;; remain constant during one
time-slot, but change independently for different time-slots, by following a circularly
symmetric complex Gaussian distribution with zero mean and unit variance, i.e.,
hij ~ CN(0,1). We assume that during one time-slot, the relays of the system can
receive and transmit data simultaneously, i.e., they operate in full-duplex mode.
Since we focus on the performance of the myopic DF scheme, we consider an ideal
scenario where we ignore the SI and interference from other relays. Although
in practice inter-relay interference and SI cannot be fully eliminated, considerable
interference mitigation can be achieved through sophisticated signal processing and
equalization techniques [35,43,145]. In other words, the presented analysis serves

as a performance bound from a communication theory standpoint.

3.2.3 Relay communication model

The relays of the network operate based on two different communication modes,
namely the active and silent modes. If a relay is active during one time-slot, then it is
able to simultaneously transmit and receive the decoded signals. In the silent mode,
the relay can still receive data but is unable to forward its decoded signals to the
following nodes [140]. We consider a scenario where a subset of the participating
relays are always active. The remaining relays are able to switch their operations
between the two communication modes, and therefore can be either active or silent.

Such relays could correspond to devices that are always connected to the power

2Even though we consider Rayleigh fading, the proposed analytical framework is general and the
extension to other fading models is straightforward as we only need to consider their probability

distributions.
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grid and switch off their transmitters occasionally by design, in order to conserve
energy. Alternatively, the switching between the two communication modes could
occur probabilistically, based on the EH profile of the devices [143].

We assume that during a time-slot, a relay’s communication mode remains con-
stant, but can change independently between the two modes for different time-slots.
In the considered scenario, the relay’s decision for the communication mode at each
time-slot is modeled as a Bernoulli distribution with parameter g, which indicates
the probability that a relay operates in silent mode. For the relays that are able
to transmit and receive data at every time-slot, or equivalently are always in the
active mode, the probability of operating in silent mode is equal to 4 = 0. By using
the Bernoulli distribution, we provide a unified analysis for various decision-based
scenarios at the relays affecting their communication mode. For example, a simpli-
fied EH scenario could be considered, where the decision of a relay being in active
or silent mode is related to the status of the energy buffers [146]. However, it is
important to note that the proposed analytical framework is general and any other

distribution can be applied.

3.3 A k-hop Myopic-based Protocol

We now present our proposed protocol based on the k-hop myopic DF strategy [139].
The protocol describes the procedure over which the flow of information from S to D
is conveyed within the considered network. Based on the presented system model,
at time-slot f the received signal at the j-th receiver is given by

j-1

y]'(t) = ﬂi—)j A [d;fai,jphi,jx(t - ] + 1) + ZUj(t), (31)

i=[j-kI*
where w;(t) ~ CN(0, 0%) is the AWGN with variance 0% and 1,_,; equals to one if node
i transmits a signal to node j at the current time-slot, otherwise it is equal to zero.
Recall that, based on the k-hop myopic DF strategy, node j can receive data from
at most k previous nodes. In this chapter, we focus on the fundamental analysis
of the myopic scheme, so a perfect (global) CSI is assumed and each receiver is

able to combine the received signals coherently through co-phasing®. Therefore, the

3In practice, a channel estimation process is required and the associated overhead increases as k
increase; note that k can be adapted to the available resources to achieve a balance between estimation

and system performance.
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corresponding instantaneous SNR at the j-th receiver during one time-slot is given

by

1

2
Lk d;;]ai,j , (3.2)
i=[—KkI*

P

where |h; j| is a random variable that follows a Rayleigh distribution with unit scale
parameter. We assume that v relays of the network, 0 < v < N, have dual-mode
communication capabilities, while the remaining N — v relays are always active.
Moreover, S is able to transmit all its available data at every time-slot. A signal at
the j-th receiver is successfully decoded if the instantaneous SNR; is not less than a
predefined threshold y, i.e.,, SNR; > y, otherwise an outage occurs. Each relay keeps
in its buffer the signals that were successfully decoded, in order to forward them
through the appropriate channel links. For this, the buffer of each relay is used as an
one-dimensional array with indexed elements, where the element b;[n], 1 <n < L,
corresponds to the n-th most recent signal that the i-th relay receives.

At each time-slot, the network performs three specific tasks: (i) transmission of
information, (ii) buffer shifting, and (iii) information decoding. More specifically, at

an arbitrary time-slot ¢, the network follows the procedure described below:

o Transmission of information: At first, the node S sends the signals x(t — j + 1) to

the nodes j = 1,...,k, respectively. Then, every dual-mode relay determines
whether it will operate in active or silent mode. Recall that the relays with a
single-mode operation are considered to be always active. The i-th relay of the
network,i =1,..., N, forwards the signal x(t — j + 1) to the corresponding node
j=i+1,...,min(i + k,N + 1), if and only if, it is in active mode and its buffer
element b;[j — i] is not empty, i.e., a signal is stored in this element. Thus, at the
specific time-slot, the j-th node of the network can receive the signal x(t —j+1)
simultaneously from at most k previous nodes. The example in Fig. 3.1 shows
an instance of the network, where at time-slot ¢ all the relays are active and
every buffer’s element has a previously decoded signal. As a result, at the
transmission phase, all the available links of the system, for the considered

2-hop myopic DF strategy, are used.

e Shifting operation: After the transmission phase, each relay prepares its buffer

for the next time-slot. In particular, it shifts the elements one position to the

right. In other words, b;[2] will get the data of b;[1], b;[3] the data of b;[2], etc.
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Therefore, the first element of each buffer becomes unassigned for the decoding
of x(t — j + 1) (see decoding process below). The shifting operation is required
for the proper transmission of the appropriate signals to the corresponding

nodes at each time-slot.

e Decoding process: Every relay combines all the received signals x(t — j + 1),

acquired at the transmission phase, and attempts to decode the message. The
tirst element of its buffer b;[1] is used for the outcome of the decoding process:
it stores the signal if it is successfully decoded, otherwise it becomes an empty
element. It is important to note that, an empty element indicates that the
decoding of the signal failed (i.e. similarly to a pointer indicating a null value)
and thus is not able to be forwarded. Finally, the destination D combines the
received signals x(t — N) and if the message is not successfully decoded, i.e.,

SNRy.1 <y, then the system is in outage and the message is lost.

According to the above procedure, it is clear that some of the elements at the buffers
might be empty due to the shifting operation. Consequently, the proper transmission
of the successfully decoded signals to the appropriate nodes relies on the communi-
cation mode of each relay and the content of its buffer that evolves with time. Based
on these features, in the following section, we introduce a theoretical framework

that is exploited for the system’s outage probability analysis.

3.4 A State Markovian Model Approach

For the analysis of the considered system, we provide a theoretical framework that
models the evolution of the relays’ buffers and the communication mode of the dual-
mode relays as a MC. In this section, the state transition matrix construction and the
derivation of the stationary distribution of the MC are presented, which will be used

for the computation of the system’s outage probability in Section 3.5.

3.4.1 Definition of MC states

Firstly, the MC states are defined in order to represent the different instances that
characterize the status of the network. The distinction between these instances

depends on the buffers” evolution with time and the transitions at the dual-mode
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communication strategy. A state of the MC, or equivalently a network state, needs
to capture the transitions that take place at the relays’ buffers and the dual-mode
relays’ operations. Thus, it is necessary to represent the evolution of the buffers and
the relays’ status by dividing the network states into two separate sub-states, namely
the buffer states and the relay states.

Recall from Section 3.3 that, as a result of the decoding process and the shifting
operation, each buffer’s elements can be found in two possible conditions: either
to have the n-th most recently received signal or to be empty. We denote the m-th

buffer state by
U = (,Bl,m ﬁZ,m s ﬁN,m)/ (33)

where f; , is a one-dimensional binary array associated with the i-th relay, for which
each element §;[n] equals 0 if the corresponding buffer element b;[n] is empty, other-
wise is equal to 1. Therefore, each array f;,, indicates the non-empty elements of the
corresponding buffer b; at the buffer state u,,, while from the definition it is apparent
that its size equals L;. The number of the buffer states is given by all the possible
combinations that can be derived by each ;’s element. Thus, each buffer state is a
vector of finite size Lg = YN Li= (2N -k+ 1)%, that represents which elements in
each buffer have decoded signals, and the total number of buffer states is equal to
Mg = 2%,

However, the buffers’ evolution and equivalently the transition between different
instances of the network depends also on the communication mode of each dual-
mode relay that varies for each time-slot. In the considered scenario, the dual-mode
relays are predetermined and are given by the ordered set H = {i|R; is dual-mode}.

The m-th relay state is denoted as

Um = (Auaym An@ym - -« AHE)m), (3.4)

where Ay, indicates the communication mode of the i-th dual-mode relay at the m-
th state and is equal to 0 if the relay operates in silent mode, otherwise equals 1. Note
that this parameter is defined only for the dual-mode relays of the network, since
the other relays are always active and the operations related to their communication
capabilities do not vary with time. Thus, each relay state is a 1 X v vector that
captures all the possible transitions at the dual-mode relays” communication modes
and depicts which relays are active at each instance of the network. The total number

of relay states is then derived as My = 2.
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The network states are constructed by the concatenation of the buffer and relay
states that were previously defined. Therefore, the m-th network state, 1 <m < M,

is denoted as

Sm = (U Um) = Ag@ym - - Aawym Brm--- Bnm),

which represents the joint status of the relays” buffers and the dual-mode relays’
communication activity. The total number of network states that are considered for
the MC is given by all the possible pairs of buffer and relay states that can be derived
and is equal to M = MMy = 24*". Since this concatenation results in a binary
representation of a decimal number, the MC states are predefined and arranged
in a numerical ascending order, such that the states s; and sy are denoted by the

1x (Lg +v) binary vectors (00...0) and (11...1), respectively.

3.4.2 State transition matrix and stationary distribution

The state transition matrix is a square matrix containing information on the transition
probabilities between the states of the MC. Specifically, it defines how the system
evolves with time and indicates which of the available links will be used at each
time-slot. Let A denote the M x M state transition matrix of the MC, where the
entry pi, = P{s,, = s;} = P{Xi11 = s1|X; = s,,,} is the probability of the transition from
network state s,, at time f to state s; at time (t+1). The calculation of these probabilities
relies on the communication mode of each dual-mode relay and the status of each
relay’s buffer, and consequently from the corresponding parameters A; and ;.
Algorithm 2.1 shows the proposed procedure for the construction of the state
transition matrix A, given the number of relays N, the ordered set of dual-mode
relays H and the number of hops k. First of all, we derive the size of each array f;
and the size of the buffer states. Moreover, we compute the number of buffer and
relay states and consequently the number of states of the MC, i.e., (lines 1 —3). Then,
we need to detect all the possible transitions between the states. Since the decision of
the communication mode at each dual-mode relay at time-slot ¢ is independent from
what was decided at previous time-slots, the only parameters that affect the validity
of a state transition are the arrays f8;, 1 <i < N, due to their shifting operation. Thus,
for each pair of states (s,, s;), we examine if the variations at the elements of each
array f; are consistent with the evolution of the buffers as in the proposed protocol.

Each array f;,, can be extracted by isolating the buffer state u,, from the network state
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Algorithm 3.1: Generation of the state transition matrix.
Input:

N « Number of relays
H « Set of dual-mode relays
k < Number of hops
Output:
A « Transition Matrix
1 Compute L; = min(k, N+1-1),i=1,...,N
2 Compute Ly = (2N —k + 1);
3 Compute Mg = 21, Mg = 2", M = MMz
4 form=1toMdo

5 for/ =1toMdo

6 Assume s,, — s; exists

7 fori=1to N do

8 Get Bim, Biy

9 forn=1toL;—1do

10 if Bim[n] # Piiln + 1] then
11 sm — s; does not exist
12 end

13 end

14 end

15 Compute p;,, using (3.5)
16 end
17 end

sy and taking all the elements of the resulting array from the index um[2§;11 L;+1]to
the index um[z;zl L;]. A transition from s,, to s; exists, if the contents of all the arrays
shift one position to the right. This is equivalent to the equality g;,,[1n] = Bi[n + 1],
1 <n <L;-1, for all the arrays f;, i = 1,...,N. If at least one of these equalities
does not hold, then the transition is not possible. The first element of each array
at the new buffer state §;;[1] indicates if an outage occurred at the corresponding
relay, while the elements of the new relay state indicate which dual-mode relays are
active. As the decoding is handled separately by each relay, these probabilities are

independent and therefore the transition probability is given as their product. The

52



entries of the state transition matrix are then given by

v N

[/\H(i),l(1 -q+1- AH(i),l)LI]

i=1 j=1

D = X[ﬁj,l[l](l = Py(j,m)) + (1 = Bju[11) Pa(ii m)]/ (3.5)

if s,, — s; exists;

0, otherwise,

where P,(j, m) is the probability that the j-th node has an outage event, given that the
network instance is derived by the state s,,. Note that, due to the two possible values
that the elements Ap(;); and f;,[1] can take, the aggregate number of all possible
transitions from every state are 2"*N. The analytical expressions for the outage
probability are given in Section 3.5.

We are now able to derive the stationary distribution of the MC, which is denoted
as 7. In this case, the interpretation of the stationary distribution gives an insight to
the long-term use of the available channel links in the system, as it indicates how the
signals are being transmitted across the relays until they reach the final destination.

The calculation of the steady states is given in Lemma 3.1.

Lemma 3.1. The state transition matrix A of the defined MC has a unique stationary

distribution, which is given by
n=(A-1+B)"Db, (3.6)
where T is the stationary distribution, b= (11 ... )T and B, =1,V I, m.

Proof. We first need to verify that some properties of the state transition matrix A
hold, in order to ensure that it has a unique stationary distribution. Specifically, A
must be a column stochastic matrix, which is irreducible and aperiodic. A column
stochastic matrix is a square matrix of non-negative terms in which the elements
in each column sum up to one, while a non-negative matrix is called irreducible if
every pair of states can communicate. Finally, the period of a state s,, is the greatest
common divisor of the set {t € IN : p,(;)m > 0} and if the period is 1, the state is
aperiodic. The transition matrix is aperiodic if all the states are aperiodic [147].

For any MC under the proposed framework, the transitions from state s, to
all the possible states s; have probabilities that sum up to one, i.e., fol pim = 1.

Therefore, the transition matrix is column stochastic. Moreover, from the structure
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of the problem, it is observed that there is a path from any state to any other state of
the MC. Consequently, all the states belong to a single communication class and the
transition matrix is irreducible. An irreducible MC needs only one aperiodic state
to imply that all states are aperiodic. In the defined MC the transition probability
from state s; to the same state is always non-zero, i.e., p11 = P{s; — s;} > 0; hence
the state s; is aperiodic. Since there is only one communication class, all states are
aperiodic and therefore, the transition matrix is aperiodic. As the required properties
of the transition matrix hold, we conclude that it has a unique stationary distribution

which is given as in [148]. O

In the next section, we provide our main results for the performance analysis of

our proposed protocol.

3.5 Outage Probability and Diversity Analysis

Based on the obtained stationary distribution of the MC, we can now analyze the
performance of the proposed protocol, in terms of outage probability and diversity
gain. Firstly, we provide an expression of the outage probability at each receiver and
then the system’s outage probability is derived. To conform with the above notation,
we assume that S has an array f of finite size k, in which all the elements are equal
to one, since S always sends a signal to the k subsequent nodes.
In general, the i-th transmitter sends a signal to the j-th receiver of the network,
if the corresponding indicator function 1, is equal to one and it is calculated as
Bimlj —ilAim, 1€ H;
Limpm = (3.7)
Biml] —1l, otherwise.
Thus, the number of nodes that transmit a signal to the j-th receiver at state s,, is

equal to
j-1

Cim= L jyms (3.8)
i=[j k]

which can be at most k, based on the presented protocol. Since the signals are
transmitted coherently, the outage probability achieved at the j-th node is given as

follows.
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Theorem 3.1. The probability of having an outage event at the j-th node is

e o] [l

i=[j—k]*

where ¢, j(t) is the characteristic function of |h; ;| and is equal to

27ml-,]- aj,j tz aij
Pij(t) =1+t |— exP< i )q)(]t d_”) (3.10)
i,j i,j

Proof. In the proposed protocol, at each time-slot, the SNR at the j-th receiver is

calculated based on which nodes transmit a signal to the receiver, given the network
state s,,. According to the presented theoretical framework, the i-th node transmit a
signal to the j-th receiver, if (3.7) is equal to one, i.e., the node is active and its specific

buffer’s element is not empty. Thus, the SNR of the j-th node for the transition

1 2
P )
i={H1* V

The probability of having an outage event at the j-th node can be expressed as

j-1 /—
Po(j/ m) =P | l]l ]l(z—>])m (312)

i=[j-k]*

sm — sy equals

To simplify the analysis, the characteristic function approach is used for the deriva-
tion of the outage probability. Each term of the above sum follows a Rayleigh

distribution, hence its characteristic function is [135]

2ma; | a;,j 12 ai
¢ij(t) =1+t i exp( 2d'7 ) (]t d” ) (3.13)
ij

Since the sum is a linear combination of independent random variables, its charac-

teristic function is the product of each individual’s characteristic function. Using the

Gil-Pelaez inversion theorem [134], we can obtain P,(j, m) as (3.9). O

It is clear that for the case where the j-th node receives a signal from only one trans-
mitter 7, the outage probability can be given as the cdf of an exponential distribution,

ie.,

(3.14)

yoid),
ﬂi,jp '

Py(j,m) =1—exp [—

In the following proposition, we provide a closed form approximation of the
derived outage probability expression, based on the small argument approximation

(SAA) [149].
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Proposition 3.1. Under the SAA, the outage probability at the j-th receiver is approximated

by
2 | Cim1 2 ¢
o _ e 1( Yo )
Po(j,m) = 1 exp( 2P6]-,m) ; a\2pa,,,) (3.15)
where ‘
1 Z"l
R C'm
, oy

Proof. From (3.2) it is observed that the channel gain at each receiver consists of
a weighted sum of i.i.d. Rayleigh random variables. For the distribution of the

weighted Rayleigh sum, the following inequality holds [150]

. « 7/0
Po(],m) = H.) | z]l ]l(l—)]

Cimyo?
=P i i1 L iy < D (’ (3.17)
i=[j—k]* &8jm

where g;,, = ZZ (k" al] 1 j,m- Note that the right-hand side of (3.17) follows the
distribution of a normahzed Rayleigh sum. The approximated expression follows
by taking the right-hand side of the inequality and then by using the SAA to the cdf

of the normalized sum as in [149]. O

The outage probability of the system P,,()) can be calculated by using the steady
state of the MC along with the probability of an outage event at the destination.

Thus, P, ()) can be expressed as

M
Pos(y) = ) TuPo(N +1,m). (3.18)

m=1

From the derived expressions for the achieved outage probability, it can be seen
that the system’s performance depends on the number of relays (N), the number of
hops (k) and the set of relays that have dual-mode operations (H). In order to provide
more insights on the performance of such networks, we need to explore in greater
detail how these parameters affect the overall outage probability. In particular, in the
next section the performance of our protocol is investigated in the high SNR regime

and the DMT is derived.
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3.5.1 Diversity-multiplexing tradeoff

In this section, we use the presented outage expressions to derive a tradeoff between
the diversity and multiplexing gains for the proposed protocol. Recall that, a channel
achieves multiplexing gain p and a corresponding diversity gain 0*(p), if the target

data rate R(P) ~ plog P and the outage probability P,,;(P) satisfy the conditions [133]

108 Pout®) _ (1), (3.19)

R(P) _ nd lim -
Pl—rilogP_p a Pl_r& log P

Below, we provide the proposition which characterizes the DMT that the proposed

protocol can achieve.

Theorem 3.2. The DMT achieved by the proposed protocol for the considered multi-hop

network is given by

5'(p) = (1-p) min £, pel0,1], (3.20)

T —+0

where L,, denotes the minimum number of disjoint paths from S to D that can be obtained

for the network instance derived by the state s,,.

Proof. By considering P — oo, we notice that the outage probability at the j-th relay
converges to zero if it receives a signal from at least one transmitter, i.e., C im >0,
otherwise it is equal to one. Thus, the relays that receive a signal are almost surely
able to decode the message. Moreover, if a transmitter has a full buffer at every time-
slot and is always active, then its corresponding receivers will also have constantly
a full buffer. For example, a relay that receives information from S will always have
a full buffer, and if this relay is not in dual-mode operation, then its corresponding
receivers will also have full buffers at every time-slot. This implies that the steady
states of the transition matrix that do not conform with the above observations will
converge to zero.

According to (3.18), the system’s outage probability is a sum of M terms that
depends on the stationary distribution of the MC and the outage probability at
the destination for each steady state. At the high SNR regime, the terms of the
sum in (3.18) that correspond to steady states converging to zero are omitted. For
each of the remaining terms, we obtain the network instance associated with the
corresponding MC state s,, and derive the flow graph G,, from S to D for the paths
that will surely forward the signals to D, i.e., by omitting the dual-mode relays. Let
T = {T1,m, Tom, . ..} denote the complete set of cuts separating S and D at G,,, and
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L;,, denote the number of links crossing the cut T;,,. According to the information
theoretic max-flow min-cut theorem [151], the DMT that can be achieved by G,, is
upper bounded by

8u(p) < Ly = Min(L;). (3.21)

Note that £, is equal to the minimum number of edge-disjoint paths that forward
information from S to D. The system’s outage probability is dominated by the terms
that have the lowest order, or equivalently by the minimum number of links crossing
acut T;,, from all the derived flow graphs G,,, 1 < m < M, m,, - 0. Thus, by defining
the target data rate as R = log (1 + ) = plog P and based on the results of [46] about
the DMT of networks that can organize their relays into parallel paths, the DMT is
given by (3.20). O

Corollary 3.1. The maximum diversity order of the proposed protocol for a given network

topology is achieved when p = 0 and is equal to 6*(0) = 11;1’111}/[ Ly,
E,T—io

We can observe from Corollary 3.1 that the maximum diversity order can vary
between zero and k, i.e., 0 < 6*(0) < k. The exact behavior of the network in the
high SNR regime depends significantly on which relays within the network are
dual-mode. Below, we examine how the diversity order of the protocol is affected in

different topology scenarios.

Only dual-mode relays (v = N)

In this scenario, all the relays of the network are dual-mode and so they can transmit
information only when they are active. Even though at high SNR each node is able to
decode all of its received signals, when all the transmitters of a node are concurrently
silent during one time-slot, the node does not receive any signal and so the relays’
buffers may still have empty elements. The outage performance of the network is
then dominated by the terms for which the destination does not receive information
from any relay. Therefore, the system’s performance converges to an outage floor
value, unless there is a direct link from S to D, i.e., k = N+1, which results in diversity

order equal to one. For k < N < 2k, we state the following proposition.

Proposition 3.2. The outage floor value of the considered network for k < N < 2k is given

by
e(N,k) = g'e(N — 2,k — 1) + (1 — gd"e(N — 1, k), (3.22)
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and for N = k is equal to
e(N, k) = g. (3.23)

Proof. Recall that, by considering P — oo, the outage probability of a node converges
to zero if it receives at least one signal during one time-slot. Thus, a receiver is in
outage only if all its corresponding transmitters remain silent. For an arbitrary signal
x(t) the system is in outage if the signal cannot reach D, so the outage floor value is
given by the aggregate probability of the instances that fail to transfer the signal to
D. According to the proposed protocol, until time-slot (t + k — 1) the first k relays
will definitely receive and decode the signal x(t) from S, which is always active. If
N = k, then the next node is D and an outage occurs if all the relays remain silent,
for which the probability is calculated as (3.23).

For N > k, relay k + 1 cannot receive x(t) if the previous k relays remain silent
during time-slot (t + k), which occurs with probability 4*. For the remaining time-
slots, we can calculate the probability of the system being in outage by equivalently
considering the outage probability of another network topology with N — 2 relays
and k — 1 hops, since the first relay cannot contribute anymore to the transmission of
x(t) and relay k + 1 has not decoded the signal, and so they can be omitted. On the
contrary, relay k + 1 receives x(t) at time-slot (f + k) if at least one of its transmitters is
active, and this occurs with probability (1 — 4%). In this case, the outage probability
for the remaining time-slots is matched to the outage probability of an equivalent
topology with N — 1 relays and k hops, by considering the first relay as the new
source node. This recursive behavior leads to the calculation of the outage floor by

(3.22). 0

For N' > 2k the outage floor value can be also extracted by following a similar
approach. However, the expressions of these cases are more complex and their exact

derivation is out of the scope of this chapter.

Only active relays (v = 0)

In contrast to the previous scenario, in this case, all the relays are always active and
so they are able to transmit their decoded signals at every time-slot. By considering
P — oo, we notice that the outage probability at each relay and for every received
signal converges to zero. This implies that the stationary distribution of the transition

matrix is given by m,, — 0,m =1,...,M -1, and my — 1, as all the buffers are full.
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If we follow the same procedure as in the proof of Theorem 3.2 we conclude that for

the specific scenario the DMT of the investigated model is equal to

5(p) =k(1—p), pe[0,1]. (3.24)

and for p = 0 it can achieve a maximum diversity order equal to the number of hops,

ie., 0°(0) = k.

Deployment strategy for 0 <v < N

In the previous two scenarios we presented the two extreme cases that a network
topology can be found, regarding the number of dual-mode relays. Any intermediate
scenario, where only part of the relays are dual-mode, i.e., 0 < v < N, is expected to
have a performance that lies between these limits. As previously stated, the selection
of which relays will have dual-mode operations can significantly affect the network’s
performance. The proposed protocol can achieve diversity gain, if a signal can be
received from D through transmission paths which consist only of active relays, since
the outage probability in these instances will not depend on g and it will converge
to zero. Specifically, a network can achieve diversity order 6*(0) =¢,1 <e <k -1, if

the number of dual-mode relays satisfies the condition
k—e<v< [%(k o), (3.25)

and each subset of k consecutive relays contains a maximum number of k — € dual

mode relays.

3.5.2 Multi-branch multi-hop network

In general, the adaptation of the network deployment, according to the previous
cases, is not always achievable or the dual-mode operation may refer to conditions
for which our intervention is not feasible. To overcome this issue, the aforementioned
framework can be also generalized to multi-branch networks [28]. Specifically, we
consider a cooperative system of Z orthogonal branches with common source and
destination nodes, where each branch consists of N intermediate relays R, 1 <i < N,
1 <z < Z. For each branch a k.-myopic DF strategy is employed independently,
where 1 < k, < N + 1. Moreover, each branch may choose its v, dual-mode relays

differently. An example of this topology is shown in Fig. 3.2.
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Figure 3.2: Topology of a wireless network with three branches and three relays at
each branch. The branches employ the k.-hop myopic DF strategy independently,
wherek; =k =1and k, =2

We assume that the destination D receives the transmitted signals by performing
the selection combining technique [152]. In this case the combiner chooses the signal
of the branch with the highest SNR. Since the branches in this case are orthogonal,
the previous outage probability analysis can be performed at each branch separately.

Therefore, the system’s outage probability for the multi-branch scenario is given by

M
Pou(Z,7) = H Pi(y) = H Y T Po(N +1,m), (3.26)

z=1 m,=1
where P,(+) is given by (3.9). Note that if the number of hops is the same for all the
participating branches, i.e., k. = k, 1 < z < Z, and each branch has equal number of
dual-mode relays at the same position, then the outage probability of the system can

be rewritten as ,

Poi(Z,y) = {Z 1, Po(N + 1,m) (3.27)

Regarding the high SNR regime, the following proposition provides the DMT for

the case of multi-branch networks.

Proposition 3.3. The DMT of the proposed protocol for the considered multi-branch multi-
hop network is given by

5(p) = (1 - p)Z min L, pel01] (3.28)

z=1 T, 0
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By considering P — oo and since we assume that the branches are orthogonal, the

DMT is derived from (3.19) as

log H PL(y)

z
* _ . IOgP ut(y)
O(p) = = im —— 5 logP Z Jim ’ (3.29)

which follows by the logarithmic identity log(xy) = log(x) + log(y). The final expres-
sion in (3.28) is derived by calculating the DMT of each branch separately, following
the result of Theorem 3.2. Based on the above results, the maximum diversity order
that can be achieved by a multi-branch network is the sum of the number of hops at

each branch, i.e.,
z

50) =) k., (3.30)

z=1

which is achieved if each branch topology has only active relays, ie., v, = 0 V
z =1,...,Z. Furthermore, by considering the case with an equal number of hops
at all branches, the maximum diversity order can be calculated by 6*(0) = Zk. It is
therefore easily observed that the protocol can achieve a performance enhancement
of order equal to the number of branches. Even for the case where each branch’s
performance reaches an outage floor, the utilization of a multi-branch scenario can

significantly decrease the overall outage floor value for the considered network.

3.5.3 Illustrative example (N = 2 relays, k = 2 hops)

We provide an example of the proposed framework that refers to a network topology
with N = 2 relays and k = 2 hops. In this case, the size of the buffers b; and b, (and
therefore of the arrays 1 and f3;) is L1 = 2and L, = 1, respectively. The concatenation
of the arrays f8; and 8, results in a binary vector of finite size Ly = 3, which represents
a buffer state of the MC. In this example, there are My = 2° = 8 different buffer
states. The set of dual-mode relays for the considered network can be any subset
of the ordered set H = {1,2}. For this example, the system’s outage probability is
calculated for the case where all the relays are always active, i.e., H = . Therefore,
the resulting MC states are defined only by the buffer states of the network, and
are presented in Fig. 3.3. By following the procedure in Algorithm 2.1, the state

transition matrix A is derived as
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Figure 3.3: The possible states of the MC for a network topology with N = 2 relays,

k = 2 hops and H = (. For each state, the contents of the arrays ; and B, are

presented below the corresponding relay, as well as which of the available links are

used.
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0
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P47
0

0
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P38

Pas
0

0
P78
Pss

) (3.31)

where the entries p; ,, denote the probabilities of the existent transitions and are given

by

P = [Buul11(1 = PulL, )+ (1 = Bl 1DP(L )

x| Bl = Po@,m) + (L= L) P2, m) . (3:32)
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By using (3.7) and from the network instances in Fig. 3.3, we observe that S
always transmits a signal to R;, while R, always receives from S and at states ss, s,
sy and sg it also receives from R;. Finally, the transmitters of D are R; and R; at states
sy and sg, only R; at states s; and sy and only R, at states s, and s¢. At states s; and
s5 the destination does not receive any data, so it is on outage with probability one.

From the derived results the following relations are obtained

P,(1,1) = Py(1,2) = ... = P,(1,8),
Py(2,1) = Py(2,2) = P,(2,3) = P,(2,4),
(3.33)
Py(2,5) = Py(2,6) = Po(2,7) = Po(2,8),
P,33,m)=P,3,m+4), m=1,...,4
The system’s outage probability is given by calculating the stationary distribution

of the MC and, based on the aforementioned relations, is equal to

8
Pout(y) = Z nmPo(?’/ ﬂ’l)
m=1

= Po(1, 1)Py(2,1) + Po(1, 1) [1 = Po(2, 1)] Py(3,2)
+[1 = P,(1,1)] Py(2,5)P,(3, 3)
+[1-P,(1,1D)][1 - P,(2,5)] P,(3,4), (3.34)

where the probabilities P,(i, m) can be calculated by using the aforementioned outage
expressions in (3.9), (3.14) or (3.15).

Regarding the diversity gain of the network, we need to examine which are the
dual-mode relays within the network. Thus, if all the relays are active, i.e., H = 0,
then the proposed protocol can achieve diversity order equal to the number of hops,
while for H = {1} or H = {2}, from Corollary 3.1 the maximum diversity order is
equal to one. Finally, if all the relays are dual-mode, i.e., H = {1, 2}, then at high SNR
the outage probability converges to a floor value which is calculated from (3.23) as

e(2,2) = g%

3.6 Numerical Results

In this section, we validate our theoretical analysis and main analytical results with
computer simulations to demonstrate the effect of various network parameters on the

performance of our proposed myopic protocol. For the simulations, the following
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parameters are considered. The distance between S and D is set to a fixed value
of dyn+1 = 3 m and the distance between two consecutive nodes is the same for
all nodes, i.e., djj;1 =d = dyni/(N+1) Vi =0,...,N. In addition, the path loss
exponent is equal to 1 = 2, the variance of the AWGN is normalized to ¢° = 1 and
the energy of the channel coefficients is normalized to E {|hi, j|2} = 1. Finally, the SNR
threshold is set to y = 0 dB. Note that, in all the presented figures, the analytical
results are illustrated with lines (solid, dashed or dotted) and the simulation results
with markers.

It can be easily observed that the system’s outage probability depends on how
the transmit power of each node is divided. Therefore, our results are numerically
optimized with respect to the power splitting parameters 4;;. We formulate the

system’s outage probability minimization problem as follows

min P out(y)

{ai
Li+i
s.t. Zai,jzll iZO,...,N,

j=i+1

(3.35)
O<ai,]‘<1, iZO,...,N,
g=0.

Note that the second constraint ensures that a portion of the power P will be allocated
to all the available channel links. Moreover, the optimization is formulated for the
case where all the relays of the network are always active, i.e., g = 0, which leads
to a simpler implementation of the protocol, since the power management at each
relay will not depend on the general knowledge of the communication modes of all
the relays at each time-slot. Due to the complexity of the derived expressions, the
aforementioned minimization problem can be solved using numerical tools, such as
the NMinimize function of Mathematica [153].

Figs. 3.4 and 3.5 illustrate the system’s outage probability against the transmit
power P in a network setting with N = 2 and 3 relays, respectively, considering the
case where the relays are always active. The outage performance is investigated for
all possible k-hop myopic scenarios, i.e., for k = 1,...,N + 1. For these scenarios,
the conventional multi-hop DF scheme used in [39], where each node sends a signal

only to its subsequent node through orthogonal channels, is used as a performance
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Figure 3.4: Outage probability versus P for a network topology with N = 2 relays,
k=1,2,3hops, H=0,y =0dBandd = 1 m; the theoretical results are depicted with

lines and the simulation results with markers.

benchmark. The outage probability in this case is given by

N+1

Poue =1~ [ [IP{SNR; > 7.}

=1

=1-exp (3.36)

N+ 1)ycd"02]
—7p |
where y, = (y + 1)V*! — 1. We observe that, in both figures, our proposed protocol
is superior to the conventional multi-hop scheme. In particular, it can be seen that
the k-hop myopic strategy outperforms the typical multi-hop DF scheme in terms
of outage performance and coding gain. Moreover, for k > 1 the myopic scheme
also achieves a higher diversity gain. Furthermore, in Fig. 3.4, the optimized
outage performance of the network, according to (3.35), is also compared to the case
where the power at each transmitter is equally divided to each channel link, i.e.,
a;j = 1/min(k, N —i+1),0 < i < N. It is observed that, while at high SNRs the
performance is almost the same for both cases, in the low SNR regime the outage

probability is slightly improved for the numerically optimized values of a; ;. Itis also

worth noting that, when P is equally divided, the system cannot fully benefit from
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Figure 3.5: Outage probability versus P for a network topology with N = 3 relays,
k=1,2,3,4hops,H=0,y=0dBand d = 0.75m.

the increase on the number of hops, since the outage performance for k = 3 is worse
than the 2-hop scenario at low transmit power values.

Fig. 3.4 shows that an increase in the number of hops results in an improvement
of the outage probability performance, with the cases of k = 1 and k = 2 revealing
the most significant difference (i.e., about 8 dB gain for an outage probability equal
to 1072). However, for a transmit power value up to 15 dB the 2-hop scenario has
similar performance with the 3-hop case. Therefore, for lower values of P a topology
with k < N + 1 can have a performance close to the case of full cooperation; this
observation corresponds to the results of [139]. In addition, it can be seen that as
the number of hops increases the diversity gain is also improved, which complies
with our analysis indicating a maximum diversity order equal to k when the relays
of the network are always active. Similar results are derived in Fig. 3.5 for N = 3
relays. It is worth noting that in this case the outage probability for our protocol is
slightly improved, compared to the results in Fig. 3.4, due to the reduced path loss.
On the other hand, the diversity gain remains the same, as it depends only on the

number of hops. Finally, we observe that in both figures the theoretical values (lines)
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Figure 3.6: Outage probability versus P for different sets of dual-mode relays; N = 2
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perfectly match to the simulation results (markers), which validates the accuracy of
our analysis, while for k > 1 the obtained SA A expression in Proposition 3.1 provides
a tight approximation of the actual performance of the network.

In Figs. 3.6 and 3.7 the achieved outage probability is presented for various sets
of dual-mode relays, under the 2-hop myopic protocol and for a network topology
with N = 2 and 3 relays, respectively. As expected, the case where all the relays
are active is superior to any other scenario and is the only case that can achieve the
maximum possible diversity gain k = 2. On the other hand, if the network consists
of only dual-mode relays, the outage performance is significantly deteriorated and
as P increases, the outage probability converges to the floor value calculated in
Proposition 2. The performance of any other deployment scenario lies between the
limits set by the previous two extreme cases.

Specifically, in Fig. 3.6 it is observed that both intermediate cases with H = {1}
and H = {2} achieve the same diversity order, which is equal to one. However, when
only R; is able to switch between active and silent mode, the system achieves a better

outage performance than the system where only R, has dual-mode operations. This
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is expected, since R, is closer to D, which is also its only receiver, and so R, being
silent has a higher impact to the system’s outage probability. Again, in this figure we
show that our simulation results (markers) validate our analysis (lines). In Fig. 3.7,
it can be seen that if only R; is dual-mode, the achieved diversity order is decreased
to one. Moreover, in the case of H = {1, 3} the same diversity order can be achieved,
even though more dual-mode relays are used, since there is still a possible path from
S to D which does not depend on the dual-mode operations (S — R, — D). On
the contrary, the performance of the topology considering H = {1, 2} converges to an
outage floor, due to the consecutive order of the two dual-mode relays. Therefore,
the selection of which relays will operate in dual-mode is critical for the network’s
performance, and especially the achieved diversity gain, and this observation follows
our discussion in Section 3.5.1.

Finally, Fig. 3.8 depicts the outage probability versus P for different number of
branches and various combinations of dual-mode relays, where each branch deploys
a network setting with N = 2 relays and k = 2 hops. First of all, we can see that

an increase in the number of branches results in the improvement of the system’s
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outage probability. Specifically, compared to the single branch with only active
relays scenario, doubling the branches will also double the achieved diversity gain,
while if the second branch has only dual-mode relays, the system will not achieve
higher diversity gain but its outage performance will still be enhanced. Similarly,
if we consider a single branch network with only dual-mode relays, doubling the
branches will significantly decrease the outage floor value. The aforementioned
scenarios are also presented for different values of g, i.e., the probability of a dual-
mode relay to be silent. As expected, as this probability increases the system’s
outage probability increases as well, since the dual-mode relays will remain silent
for a larger number of time-slots. However, the system’s performance remains
unaffected in terms of diversity gain.

To summarize, based on the presented results it can be observed that the myopic-
based scheme can have a performance close to the full-cooperation scenario for low
to medium transmit power values, while in the high SNR regime the maximum
achieved performance is dominated by the number of hops. On the other hand,

although the full-cooperation scheme achieves the optimal performance, in practice
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as we increase the number of hops the implementation complexity increases (higher
system’s overhead, more complicated power management and hardware equipment
etc.). In this case the number of hops can be used to adapt the myopic strategy to the
available resources. Moreover, for optimizing the performance of the system, the

selection of which relays will operate in dual-mode needs to be carefully designed.

3.7 Conclusions

In this chapter, we presented a new protocol over a multi-hop cooperative network,
based on the myopic strategy, where the relays have buffers of finite size and can op-
erate in two communication modes, namely the active and silent mode. A general
methodology that captures how the contents of each relay’s buffer and the com-
munication operation of each relay evolve with time was proposed by using a MC
formulation. Under this framework, we derived the outage probability of the system
and a general expression for the resulting DMT, and we investigated the maximum
diversity order that can be achieved, based on different topology scenarios. The
proposed protocol was also generalized for multi-branch networks with orthogonal
branches. We demonstrated that as the number of hops in the proposed protocol in-
creases, the system’s performance is enhanced in terms of outage probability, while
the achieved diversity gain depends on both the number of hops and the group of

relays that have dual-mode operations.
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Chapter 4

Outage and DMT Analysis of
Partition-based Schemes for RIS-aided
MIMO Fading Channels

Recently, RIS has been proposed as a promising technology for controlling the wire-
less propagation environment in an efficient and intelligent manner to improve the
efficiency and increase the coverage of wireless systems. However, most of the
available solutions assume perfect CSI knowledge for their implementation. In
this chapter, we investigate the performance of MIMO fading channels assisted by
an RIS, through the employment of partition-based RIS schemes. The proposed
schemes are implemented without requiring any CSI knowledge at the transmitter
side; this characteristic makes them attractive for practical applications. In par-
ticular, the RIS elements are partitioned into sub-surfaces, which are periodically
modified in an efficient way to assist the communication. Under this framework,
we propose two low-complexity partition-based schemes, where each sub-surface is
adjusted by following an amplitude-based or a phase-based approach. Specifically,
the activate-reflect (AR) scheme activates each sub-surface consecutively, by chang-
ing the reflection amplitude of the corresponding elements. On the other hand, the
flip-reflect (FR) scheme adjusts periodically the phase shift of the elements at each
sub-surface. Through the sequential reconfiguration of each sub-surface, an equiva-
lent parallel channel in the time domain is produced. We analyze the performance of
each scheme in terms of outage probability and provide expressions for the achieved

DMT.
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41 Introduction

The development of future generations of wireless communications is envisioned
to satisfy the constantly increasing demands in the number of devices that need to
communicate, with extremely high data rates and ultra-reliable connectivity capa-
bilities [15]. In particular, recent research advances towards the realization of the 6G
era suggest that, by successfully controlling the wireless propagation environment
in an efficient and intelligent manner, the performance of wireless networks could be
enhanced beyond the current limits [69]. Towards this direction, RIS has been pro-
posed as an appealing low-cost solution which can improve energy efficiency, due
to the passive operation of the elements, and spectral efficiency, since they operate in
ideal full-duplex mode, as well as increase the coverage of wireless networks [21,71].
Driven by the relative benefits of this technology, the employment of RISs to support
the communication in wireless systems has been widely considered in the literature,
while it has also been integrated with other promising candidate technologies for the
next-generation systems, e.g., NOMA and THz communications [84,92]. Moreover,
numerous studies investigate the performance of both SISO and MIMO networks
assisted by the use of an RIS, focusing on various performance metrics, such as
the ergodic capacity, the outage probability, the energy efficiency and the diversity
gain [83,85,87,88,93].

Most of the aforementioned works assume that perfect CSI knowledge is avail-
able for the implementation of the proposed schemes. However, this assumption
can be impractical, especially for a large number of RIS elements, due to the high
implementation complexity or limited resources. Recently, some channel estimation
protocols for RIS-aided networks have been proposed by considering several tech-
niques, such as channel decomposition [112] and discrete Fourier transform (DFT)
training [113]. It can be observed that the training time of the proposed solutions
increases proportionally with the size of the RIS, which could induce large feed-
back overhead and compromise the expected performance gains. Moreover, several
works claim that by increasing the number of elements, the performance of RIS-
aided networks is enhanced. However, this highly depends on the information that
is available in the system, as well as the considered communication scenario. In par-
ticular, in [96] it was shown that, when only statistical CSI is available, larger RISs

improve the throughput of the system, but the gain diminishes quickly by increasing
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the RIS elements. In addition, the authors in [154] considered an UAV-based system,
where an RIS is mounted to the UAV, and demonstrated that increasing the RIS size
may lead to reduced data collection from the UAV.

It is, therefore, an important and challenging task to provide efficient solutions,
which can enhance the performance of RIS-aided networks with reduced imple-
mentation complexity. Motivated by this, in this chapter, we study the performance
of RIS-assisted MIMO communications under partition-based RIS schemes. Specif-
ically, by incorporating the idea of parallel partitions in multi-hop MIMO chan-
nels [47], we create a parallel channel in the time domain by intelligently adjusting
different subsets of RIS elements based on a fixed reconfiguration pattern. The pre-
sented schemes have low complexity and do not require any CSI knowledge at the
transmitter or for the RIS design. Specifically, the main contributions of this chapter

are summarized as follows:

e A general framework for RIS-aided MIMO systems is presented, where the RIS
is partitioned into non-overlapping sub-surfaces, which are sequentially recon-
tigured to assist the communication. Based on this framework, we propose two
low-complexity schemes, by considering an amplitude-based or a phase-based
approach. In particular, the AR scheme activates each sub-surface in sequential
order, by changing the reflection amplitude of the corresponding elements. On
the other hand, the FR scheme creates an equivalent time-varying channel, by
modifying periodically the phase shift of the elements at each sub-surface be-
tween two discrete values. The proposed schemes can be easily implemented
since, in contrast to other works, channel training is not required for adjusting
the reflection coefficients of the RIS elements, and a fixed reflection sequence is
considered for the reconfiguration of the sub-surfaces, based on a binary state

control.

e A complete analytical methodology for the performance of the partition-based
schemes is provided. Based on the channel statistics, we derive analytical
expressions which characterize the outage probability of each of the proposed
schemes. Moreover, under specific practical assumptions, a more tractable
methodology on the outage analysis is provided. We also study the asymptotic
performance gains of the presented schemes and provide expressions for the

achieved DMT. Through this analysis, we show how the idea of partitioning
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Figure 4.1: The considered RIS-aided channel model.

boosts the performance of the considered system and obtain useful insights

into how some key parameters affect the performance gains.

e Our results demonstrate that, by employing the partition-based schemes, the
outage performance of the considered system can be significantly improved
compared to the conventional case, where all the RIS elements belong to a
single partition and randomly rotate the signals. Moreover, both the proposed
schemes achieve the same diversity gain. In particular, the achieved diversity
gain is enhanced, compared to the conventional case, and this improvement
is proportional to the number of partitions. Finally, it is shown that the RIS-
aided MIMO system under the FR scheme always achieves the maximum
multiplexing gain, while in the AR scheme the maximum multiplexing gain is
obtained if certain conditions are satisfied, regarding the number of elements

in each sub-surface.

4.2 System Model

We consider a topology where a transmitter (Tx) communicates with a receiver
(Rx) through the employment of an RIS, as shown in Fig. 4.1. The Tx and the
Rx are equipped with N and L antennas respectively, and the RIS consists of Q

reflecting elements connected to a smart controller. Note that a direct link between
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the Tx and the Rx is not available! (e.g. due to high path-loss or deep shadowing)
[85,86]. Moreover, we consider that adjacent elements are uncorrelated, i.e., a half-
wavelength of spacing exists between them [88]. Let H € C¥*N denote the channel
matrix from the Tx to the RIS, and G € C*Q the channel matrix from the RIS to the
Rx. We assume a frequency-flat Rayleigh block fading channel, in which the channel
coefficients remain constant during one time slot, but change independently between
different time slots [155,156]. Moreover, each channel coefficient follows a circularly
symmetric complex Gaussian distribution with zero mean and unit variance, i.e.,
hij, gij ~ CN(0,1). For the rest of this chapter, the channel under this topology will
be referred to as the (N, Q, L) channel.

At an arbitrary time slot, the Tx sends a signal vector x € C¥*!. We assume that
CSI is perfectly known at the Rx, while CSI knowledge is not available at the Tx
and the RIS. Therefore, if x is transmitted with a constant power P, the power is
uniformly allocated to the N transmit antennas. In the considered scenario, every

time slot is divided into K sub-slots of equal duration. We denote by
q)k = diag[a1,k€]¢1'k az,ke]@/k e aQ,k€]¢Q’k], (41)

the diagonal reflection matrix of the RIS, where a;; € [0,1] and ¢;x € [0,2m) are
the reflection amplitude and the phase shift of the i-th RIS element at the k-th time
sub-slot, respectively. Thus, the end-to-end channel matrix during one sub-slot is
written as

H, = GDH, (4.2)

and the received signal vector at the k-th sub-slot is given by

Vi = \/gﬂéx + 1y, (4.3)

where n; € CH is the AWGN vector with entries of variance 02, i.e., n;x ~ CN(0, 62).
As such, the mutual information between the Tx and the Rx over one time slot is

equal to
K
_1 p
1=~ k§=1 log, [det (IL + Naﬂgj)] (4.4)

where p = P/d? is the average SNR.

I This assumption is not restrictive and the proposed RIS schemes can also be implemented when
a direct link between the Tx and the Rx exists, but our focus is to highlight the gains provided by

these schemes.

76



4.3 Partition-based RIS schemes

In this section, we describe our proposed partition-based RIS schemes and analyti-
cally evaluate their performance. The proposed schemes are inspired by the idea of
parallel partitions in multi-hop MIMO channels, which have been introduced in [47].
The main objective of these schemes is to incorporate the temporal processing into
the RIS-aided channels by partitioning in a proper way the RIS elements, in order
to enhance the performance of such networks. In particular, we assume that the
RIS is partitioned into K non-overlapping sub-surfaces S, 1 < k < K [157]. This
partitioning into sub-surfaces is not restricted by any specific method. Hence, for
simplicity and without loss of generality, we assume that K is a divisor of Q so that
each sub-surface has an equal number of elements® m, i.e.,, Km = Q. An example
of the considered scenario is demonstrated in Fig. 4.1, with K = 4 and m = 9, and
where the sub-surfaces are defined by the black solid lines.

At each time sub-slot k, 1 < k < K, the reflection configuration of the sub-
surface S (i.e. the phase shifts and reflection amplitudes of the corresponding
elements) is adjusted, according to the scheme that is deployed at the RIS. By using
this approach, the information is transmitted at the destination by creating a set of
K parallel sub-channels in the time domain [158]. It is important to note that the
number of partitions, the resulting sub-surfaces as well as the configuration sequence
are determined in advance. Moreover, this information remains fixed throughout
the transmission procedure and therefore can be provided to the Rx a-priori [158].

In the following sub-sections, we present two partition-based schemes: the AR
scheme, where each sub-surface is sequentially activated to assist the communication
by changing the reflection amplitude of the respective elements, and the FR scheme,
which modifies the phase shift of the RIS elements at each sub-surface. For these
schemes, we focus on the performance evaluation in terms of outage probability.
Recall that, the outage probability is defined as the probability that the mutual
information is below a non-negative predefined target rate of R bits per channel use

(bps/Hz). The general expression for the outage probability is given by

K
TI(R,K) = P{I < R} = ]P{Z I < RK}, (4.5)
k=1

2The results of the proposed scheme can be readily extended to the case where the defined sub-

surfaces may contain different number of elements.
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where I is given by (4.4) and
I = log, [det (IL ¥ %}w{;)] (4.6)

is the mutual information of the k-th sub-channel. Next, we introduce the design

framework that is considered for the implementation of the AR scheme.

4.3.1 Activate-Reflect scheme

For the AR scheme, we assume that each RIS element can be reconfigured between
two possible states, either to be turned ON or OFF [114,159]. If an element is ON,
it can rotate the phase of the incident signals by a specific value, while in the OFF
state, the transmitted signals cannot be reflected by the element. In other words, the
reflection amplitude of the ON elements is set to one (full reflection), otherwise it is
set to zero (full absorption). Without loss of generality, we assume that the induced
phase shift by every element is equal to zero®, i.e., ¢ix = 0 Vi, k [159].

For the implementation of the AR scheme, a design framework is considered by

following the steps below:

e Before transmission, all the elements of each sub-surface are set to the OFF
state, i.e.,, a; = 0 Vi. This is considered as the default configuration of each

element.

e Then, each sub-surface is sequentially switched to the ON state to assist the
communication of the considered network. Specifically, at each sub-slot k,
1 < k < K, the sub-surface S is activated by turning ON only the elements that
belong to the specific sub-surface. Note that any other element that does not
belong to S will be reset to the default configuration. Therefore, the reflection

amplitude of each RIS element at the k-th sub-slot is given by

1, i-th element € §;
a = 4.7)

0, otherwise.

e The end-to-end channel is then composed of K parallel sub-channels, where
each sub-channel can be represented by an equivalent (N,m,L) channel by

considering only the activated RIS elements at each time sub-slot.
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Figure 4.2: The different instances of the RIS configuration over one time slot for
a system with Q = 36 and K = 4; under the AR scheme, A = ON and B = OFF
(expression (4.7)); under the FR scheme, A = 7 and B = 0 (expression (4.16)).

Note that the above configuration pattern corresponds to an ideal phase shift
model, where the reflection amplitude of each element is independent from its
corresponding phase shift; however, the AR scheme can be also employed when
the reflection amplitude and the phase shift of each element are correlated [160].
An example of the above procedure is shown in Fig. 4.2, where we consider the
same RIS-aided channel as in Fig. 4.1. Specifically, Fig. 4.2 depicts how the RIS
configuration changes during an arbitrary time slot, by indicating the activated
elements at each sub-slot. The proposed AR scheme could be implemented by
following the approach presented in [161], where each element is connected to an
RF switch, which tunes the reflection amplitude of the element as either zero or one,
resulting in a two-level reflection amplitude control. It is apparent that, apart from
requiring no CSI knowledge, this scheme has low design complexity and is cost-
effective, since we only need a two-level amplitude control for the implementation,
which significantly simplifies the RIS hardware. Moreover, although the expected
rate decreases, as only m out of the Q elements are activated at each time sub-slot,
the power consumption at the RIS is reduced compared to the conventional case.

Below, we present two mathematical expressions that can be used to evaluate the

3The resulting channel gain is statistically equivalent to the case of random phase shifts at the RIS,

i.e., each ¢;x uniformly distributed in [0, 27) [85].
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outage performance of the AR scheme. Specifically,

e In Proposition 4.1, the outage probability achieved by this scheme is derived
numerically for an arbitrary number of transmit and receive antennas, by using

the Gil-Pelaez inversion theorem [134].

e Theorem 4.1 derives the outage probability for the special case of the SISO
channel, i.e,, N = L = 1, by using the CLT, which approximates the channel #

as a complex Gaussian random variable.

We first provide a preliminary result in the following lemma for the conventional
case of K = 1, representing the pure reflection (PR) scheme, where all the elements ran-
domly rotate the phase of the incident signals over an arbitrary time slot. This result
will assist in the derivation of the analytical results for the presented schemes; the

PR scheme will also be used as a performance benchmark for comparison purposes.

Lemma 4.1. The characteristic function of the mutual information of the (N, Q, L) channel

given in (4.4) under random reflections is given by

1 1
)= det[
1 no
XG%( S ‘N . (4.8)
-t/ In2, vy +i,vi+i+j—1 i j

where (ny, n1, ny) is the ordered version of the (N, Q, L) channel and v; = n; — ny, 0 <1 < 2.

Proof. Since K = 1, all the RIS elements belong to the same (single) sub-surface and
are reconfigured only at the beginning of each time slot. Due to the random rotations
at the elements, the induced phase shifts do not have any effect on the channel
gain [85]. Therefore, without loss of generality, we can equivalently consider the
case where ¢;; = 0, with 1 < i < Q. The reflection matrix of the RIS is then equal
to the Q x Q identity matrix, ® = I, and the resulting (N, Q, L) channel can be
interpreted as a Rayleigh product channel, i.e., # = GH. The mutual information

of the channel is thus equal to

I =log, [det (IL + —H )] Z log, (1 + A,), (4.9)

where A;, 1 < i < ny, are the eigenvalues of 5—6?4* and their joint pdf is given by [162].
The characteristic function of the mutual information is defined as
"o t/In2
P )]
H)=FE tH}=E 1+ —=A; . 4.1
P(Q1) = Efexp(tD) {H( + A } (410
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By using the analytical results of [162, Section II.B] for the evaluation of the moment
generating function of the mutual information of a multi-hop MIMO channel, the

final expression of ¢(Q, t) is obtained. O

Next, by using the above lemma, the outage probability of the AR scheme is

derived as follows.

Proposition 4.1. The outage probability of the AR scheme is given by

IMArR(R, K, m) = % - % jo‘m %5{[3_]”{@(111, t)]K}dt, (4.11)

where @(m, t) is the characteristic function of the mutual information of the (N, m, L) channel

given by Lemma 4.1.

Recall that, at each time sub-slot, only m elements of the RIS are activated. The
above result can be easily derived by considering that the random variables I are
independent and the characteristic function of the sum Y, I is calculated by the
product of the characteristic functions of each ;. It is also clear that, for K = 1,
the above proposition provides a numerical expression for the outage probability
of the (N,Q, L) channel under the conventional PR scheme. We next provide an

approximation of the outage probability for the RIS-aided SISO channel.
Theorem 4.1. The outage probability achieved by the RIS-assisted SISO channel employing
the AR scheme, under the CLT, is approximated by

ITArR(R, K,m) = 1 — exp (P%)

K+1,0 (1,1,0) '
H % 1 1\ @, 4.12)
Vi (0,1,0),(1,1,—),...,(1,1,—)

pm pm

where © = (28 | pm)X.

Proof. By considering the SISO channel, the end-to-end channel matrix given in (4.2)

is simplified to a scalar value which, under the AR scheme, is given by

Q
Ho= Y g, (413)
i=1

where a;; is provided according to the framework of the AR scheme in (4.7). It
has been proved in [85] that by applying the CLT, the distribution of the end-to-

end channel # converges to a complex Gaussian distribution with zero mean and
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variance m, since at sub-slot k only the m elements that correspond to the sub-surface
Sk are turned ON. Therefore, the channel gain W = |5—6}|2 is exponentially distributed
with parameter 1/m. Recall that the sub-surfaces S, do not overlap, so the random
variables Wy are mutually independent. The outage probability is then calculated as

follows
1 &
H%{T(R, K,m) =1 {E kz_; log, (1 + pWj) < R}

K
=P {H (1+ pWy) < 2RK}, (4.14)

k=1
which follows from the logarithmic identity log,(x) + log,(y) = log,(xy). The final
expression of the outage probability in (4.12) is eventually derived by obtaining the
cdf of the product of K independent shifted exponential random variables, which is

given in [132, Corollary 2]. O

The above expression can be easily evaluated by using computational software tools,
such as Matlab or Mathematica [132], while in Section V, we show that the provided
approximation becomes very tight, even for a small number of elements in each
sub-surface. The above approximation can be also considered for the PR scheme by

setting K = 1. In this case, the expression is simplified to

R _
[Ipr(R) = 1 —exp (—ngl). (4.15)

4.3.2 Flip-Reflect scheme

We now consider a partition-based scheme, where the reconfiguration of each sub-
surface S, occurs on the phase shift of the selected elements. For the FR scheme, in
particular, all the elements of the RIS are always turned ON and are thus able to reflect
theincidentsignals, i.e., a;x = 1Vi, k. Atevery sub-slotk, the RIS controller can modify
the induced phase shift of each element between 0 or . For the implementation of
the FR scheme, we adopt a similar framework as for the AR scheme. Specifically, we

consider the following procedure:

e Initially, the phase shift of all the RIS elements is set to zero. This setting is

considered as the default configuration of each element for the FR scheme.
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e Regarding the number of partitions, we consider the cases* K = 2 and K >
2. If K = 2, at the first time sub-slot all the elements remain at the default
configuration and simply reflect the signals, i.e., ¢;; = 0 Vi. At the second
sub-slot, the elements of §, are reconfigured by setting their phase shift into 7.
On the other hand, for K > 2, at the k-th sub-slot, the sub-surface § flips the
signals by changing the phase shift of the corresponding elements into 7. As

such, the phase shift of each RIS element at the k-th sub-slot is equal to

n, (K>2UK=2nk>1)Nies;
Gix = (4.16)
0, otherwise.

e Therefore, the (N, Q, L) channel under the FR scheme is a time-varying channel
consisting of K parallel sub-channels, where for each sub-channel a different

flipping matrix @ is used [33,163].

Similarly to the AR scheme, we assume that the reflection amplitude and phase
shift of each element can be independently modified, while the proposed design
framework can be generalized to the case where the reflection amplitude and the
phase shift of each element are coupled [160]. Fig. 4.2 depicts an example of the
above procedure, by indicating the value of the phase shift for the elements of every
sub-surface at each time sub-slot. The 1-bit phase-shift control presented in this
framework could be implemented based on the binary programmable metasurface
fabricated in [164], where each RIS element is connected to a PIN diode that can be
switched between two states, resulting in a phase shift difference of . Therefore,
similar to the AR scheme, this scheme has low complexity in terms of RIS hardware
requirements, as the proposed configuration patterns can be obtained with low-cost
binary-state elements.

Based on the presented framework, we can now analyze the performance of the
FR scheme in terms of outage probability. Note that, since all the RIS elements are
always activated in this scheme, the instantaneous channel gains between differ-
ent sub-slots are time-correlated. Thus, in this case, the derivation of the outage
probability becomes challenging. As such, we present two approximations that can

sufficiently describe the performance of the proposed scheme. In particular,

4By considering the above cases for the flipping pattern, we ensure that the RIS reflection matrices

are linearly independent, so that the maximum performance gains can be achieved.
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e In Theorem 4.2, we derive a numerical expression for the outage probability of
an RIS-aided SISO channel by approximating the cascaded channels #;, with

time-correlated Rayleigh fading channels.

e For the general case of RIS-aided MIMO channels, we provide a lower bound

by assuming that the channels # are mutually independent.

In what follows, we analytically evaluate the correlation coefficient of the channel
gains over different sub-slots for the SISO case, i.e., for N = L = 1, by using the

Pearson correlation formula [135].

Lemma 4.2. The correlation coefficient of the channel gains over different sub-slots k # |

under the FR scheme is given by

(Q—2b)*+2Q
C= , 4.17
qQ+2) &1
where
m, K=2;
b= (4.18)
2m, K>2.
Proof. Since N = L =1, the channel % is a scalar value given by
Q
H = Z higiexp jPik, (4.19)
i=1

where ¢, is provided in (4.16) by employing the FR scheme. The random variables
Wi = |}4|2 are correlated since the channel coefficients h; and g; remain constant
during one time slot, i.e., over K sub-slots. In order to calculate the correlation
coefficient between W, and W, k # I, we consider the Pearson correlation formula
which is given by

_ E{WiWi} -~ E{Wi} E (W)}

C , (4.20)
Ow,Ow,

where oy, = \/]E{Wiz}—lE{Wi}z. We find that E (W} = Q, E{W?} = 2Q(Q + 1)
and E{WW;} = Q(Q +3) + (Q = b)(Q —3b — 1) + b(b — 1), where b is given by
(4.18). By substituting the previous results in (4.20), and after some trivial algebraic

manipulations, we get the final expression of C as in (4.17). ]
It can be easily verified that when Q — oo, the correlation coefficient converges to

0, K=2;

¢- | BEK=2)
e

(4.21)
K> 2.
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Figure 4.3: Correlation coefficient C versus number of elements Q; the theoretical

results are depicted with lines and the simulation results with markers.

From the above expression, we can deduce that, the correlation between the channel
gains is relatively small for small partition sizes. In particular, we observe that when
K = 2 or 4 the correlation coefficient converges to zero. On the other hand, as K
increases, C converges to one, i.e., full correlation. These results are also depicted in
Fig. 4.3.

We can now focus on the derivation of the approximated expression of the outage
probability for the RIS-aided SISO networks. Since the considered channels are time-
correlated, we adopt a correlated Rayleigh fading channel model to approximate
their distribution, and incorporate the correlation coefficients provided in the above
lemma. Specifically, the approximated channel can be written as [165]

~ Uth k= 1;
H, = (4.22)

(VI =X + VCX1), 2<k<K,

where X, 1 < k < K, are independent complex Gaussian random variables with
2 ~ 2
zero mean and unit variance and ai = ]E{|%| } = Q. Let W, = |%| denote the

channel gain at the k-th sub-slot. Based on the definition of fﬁ, we deduce that W is
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exponentially distributed with parameter 1/Q, where the associated pdf is given by

fin () = Q exp (—g)- (4.23)

Conditioned on W, the remaining terms Wy, 2 < k < K, follow an independent
non-central chi-squared distribution with two degrees of freedom. Therefore, the

conditional PDF of Wy, given W; = y, is written as [166, Theorem 1.3.4]

x+Cy
exp g ) ,—ny

Swaw, (xly) = O Iy ( 3 ) (4.24)

where Q £ Q(1-1C). As such, the approximated outage expression is given as

follows.

Theorem 4.2. The outage probability of the SISO channel, under the FR scheme, is approx-
imated by

s [ [ [ o2

7, -1\ 1 Te—1|t1 -1
Wl( 1 )waklwl (k—‘l—)d’ﬁ(_l'“d’fl, (4.25)
L p o
where ¢; £ 2RK/ TTi 1, 1 <i< K—1and

1 2RK
0L — ( - 1). (4.26)
pQ Hk 1 Tk

Proof. By using the approximated channel H, defined in (4.22) and by setting Wy =
|H;|?, the outage probability under the FR scheme is evaluated as

K
1
HFR(R, K, m) = IP{E ; 10g2 (1 + ka) < R}

K
- 11){1_[ (1+ pW,) < 2RK} (4.27)
k=1
1 2RK
= Ew, {Fw, |~ —1|[}, 428
W"{ e (H (1+pWy) ﬂ} )

which follows by solving the inequality in (4.27) for Wk. The conditional cdf of Wk,
given Wi, is derived by taking the integral of (4.24), which is equal to

2Ly \/E
Vo 5]. (4.29)
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Since the random variables W, conditioned on Wj, are all independent between

each others, we have

i (R, K, m) = f S

w1 WK-1
K-1

X 1_[fwk|w1(wi<|wl)1:w,<|w1 (Sw) dwg—q - - - dwy, (4.30)
k=2

where

gal 2™ 1) (4.31)
B [Hﬁ?a+pww ’ '

while fw, (w1) and fw,w, (wilw:) are given by (4.23) and (4.24), respectively. Regarding
the integration limits, we need to ensure that the inequality
ORK
IS 1+ pw)

is satisfied sequentially for each wy from K —1 to 1. The final expression is derived

1>0, (4.32)

by using the integral transformation 7, — 1 + pwy. m|

We show that the presented approach provides a very tight approximation of the
outage performance under the FR scheme, and can adequately describe the system’s
behavior, even for small values of Q.

Finally, for the general case where N,L > 1, we point out some remarks on the
performance of the considered RIS-aided networks under the FR scheme. For this
case, specifically, we provide a lower bound on the outage probability by assuming
that all the resulting parallel channel matrices % are mutually independent. Under
this assumption, the (N, Q,L) channel, by using the FR scheme, achieves the same
performance as the (N, KQ, L) channel under the AR scheme with the same partition

size K. The outage probability of the FR scheme is therefore lower bounded by
Ier(R, K, m) 2 T1Ar(R, K, Q), (4.33)

where TTsr(R, K, Q) is given by (4.11). The above performance bound becomes
tight when m (and therefore Q) is sufficiently large and the number of partitions K is
relatively small, since the correlation of the channel gains between different sub-slots
remains low. Moreover, based on this result, we can conclude that the AR scheme
requires the employment of an RIS with K times more elements to outperform the

outage probability achieved by the FR scheme.
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4.4 Diversity-multiplexing tradeoff analysis

We now turn our attention to the DMT achieved by the proposed schemes, which
gives the performance limit for uncoded transmission. Recall that, a scheme achieves
multiplexing gain r and diversity gain d(r) if the target data rate R(p) ~ rlog p and
the outage probability of the scheme Il(p) satisfy the conditions [133]

R(p)

m
p—00 log P

7

and
log I1(p)
im —
p—0 log p
By following the definitions of [47], if the achieved DMT of the end-to-end channels

= d(r). (4.34)

for any two schemes is the same, then these channels are said to be DMT-equivalent.
Let (ng,n1,n,) be the ordered version of the (N,Q, L) channel, with ny < n; < n,.
An ordered (ly, [1, ;) channel is a vertical reduction of the considered channel, if both
are DMT-equivalent and satisfy the condition /; < n; Vi. Finally, according to the
information theoretic cut-set bound [151], the DMT achieved by any RIS scheme is

upper bounded as

dinon(r) < min{dy,g)(r), don (M)}, (4.35)

where the maximum diversity and multiplexing gain are given by
Amax = min{N, L} X Q, (4.36)

and

Tmax = Min{N, Q, L}. (4.37)

Before deriving the DMT achieved by the presented schemes, we need to provide
the DMT expression for the conventional PR scheme, which is given below. The
(N, Q, L) channel under the PR scheme is DMT-equivalent to the Rayleigh product
channel. Therefore, the achieved DMT is a piecewise-linear function defined by the

points (r,dpr(r)),r = 0, ..., np with [167, Theorem 2]

dPR

—_ _ \*12
(N,Q,L)(r) =Mmy—r)(ny—r) — {[(no +ny —np —r)*] J

7 (4.38)

Based on the above expression, some important remarks can be extracted about
the DMT performance of an RIS-aided network operating under the PR scheme.
Specifically,

88



e The DMT achieved by the PR scheme depends only on the ordered version of
the (N, Q, L) channel.

e The DMT of the (N, Q, L) channel under the PR scheme is limited by the DMT
performance of the N X L channel if the number of RIS elements satisfies the
condition Q > N + L — 1. This can be easily proven since, under this condition,

the last term of (4.38) is equal to zero.

e The (N,Q, L) channel can be vertically reduced to any (N, Q, L) channel, with
Q> 0O > Quin = N+ L — 1, and still achieve the same DMT.

It is therefore easily observed that the PR scheme is suboptimal in terms of diver-
sity gain, compared to the maximum diversity gain associated with the theoretical
cut-set bound. In typical RIS-assisted networks, the number of RIS elements is usu-
ally much larger than the number of transmit and receive antennas. Therefore, the
DMT achieved by this scheme is limited by the “bottleneck” ordered channel. For
Q > Quin the performance of the (N, Q, L) channel can only be improved in terms
of coding gain. However, the achieved coding gain decreases as the number of ele-
ments increases. This can be easily proven for the RIS-aided SISO channel, by using
the approximated expression in (4.15). In this case, by using the definition of [124],
the coding gain is given by

R _ R _
G = lim ITpr(R)p"020® = lim |1 —exp (—2 1)] p = 2 1, (4.39)
p— p—o0 pQ Q

where we used the approximation exp(—x) ~ 1 — x for x — 0. Apparently, when
Q — oo, the coding gain converges to zero. We next evaluate the DMT of the

proposed AR scheme.

Corollary 4.1. The DMT achieved by the (N, Q, L) channel under the AR scheme is equal
to
don (™) = Kdig,, (1), (4.40)

where K is the number of sub-surfaces with m elements.

The above result is derived by considering that in the proposed scheme, the end-to-
end channel consists of K independent parallel sub-channels, and each sub-channel
achieves the same DMT given in (4.38) with Q = m. It is apparent that the AR

scheme can significantly enhance the performance of the (N, Q, L) channel in terms
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of diversity gain compared to the PR scheme, especially for a large number of RIS
elements. In particular, this scheme can achieve both the maximum diversity and
multiplexing gain associated with the cut-set bound, if the RIS is divided into K

sub-surfaces of m elements with [47]
min{N,L} <m < I[N -L|+1, (4.41)

and m is a divisor® of Q. If the above bounds cannot be simultaneously satisfied, then
the AR scheme can achieve either dp,x Or 7max given by (4.36) and (4.37), respectively.

It can be seen that, despite the improvement achieved in diversity gain by the
employment of the AR scheme, the end-to-end channel suffers from rate-deficiency,
while the maximum multiplexing gain is no longer guaranteed. On the other hand,
this issue is resolved with the FR scheme. In this case, the exact DMT is difficult to
be obtained for the FR scheme, so we provide a lower bound instead, which is given

in the following proposition.

Proposition 4.2. The DMT achieved by the (N, Q, L) channel under the FR scheme is lower
bounded by

dFR

o0 = max{di, (0, 4 (). (4.42)

(NQL)N /7 Z(N,Q.L

Proof. We first prove that the FR scheme achieves the same diversity order as the AR
scheme, i.e.,

di 1)(0) = diNo ) (0) = Kdpw, 1(0). (4.43)

Let us denote by # the k-th sub-channel created under the FR scheme, and by #
the respective sub-channel resulting from the AR scheme. Based on the description
of each scheme, the set of matrices {}4’}; is derived from {#}5, by using the
transformation

|7 24 . 3] = [94 96 ... H] T, (4.44)

where T is a KN X KN matrix composed of K X K sub-matrices and each sub-matrix
T, is equal to

“Iy, (i=jK>2or(i=j>1K=2)
T, = (4.45)

Iy, otherwise.

5In the generalized case of an RIS divided into sub-surfaces with different number of elements,

m;, 1 < i < K, just needs to be an integer number within the defined region (see (4.41)).
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We can easily verify that T is invertible, constant and linear. Therefore, the two

schemes achieve the same diversity order since
K » ) K , K )
2 2 A (TT) D 1ol = K D [l
k=1 k=1 k=1
K
- 2l
k=1

where Anin(-) denotes the minimum eigenvalue of a matrix and the relation a = b°

2
o (4.46)

loga __

means limy_, ., Togh = C:

The next step is to prove that the FR scheme can achieve at least the DMT of the AR
scheme for r = 0, ..., min{N, m, L}. In the considered channel, the multiplexing gain r
can be achieved if an (7,7, ) sub-channel is reserved for spatial multiplexing at each
time sub-slot. According to Corollary 4.1 and by using the DMT characterization of
a Rayleigh product channel given in [47, Theorem 3.4], we have

dnion® = Kai$_, i n(0) = da, o k1 (0)- (4.47)

Similar to (4.43), the (N —r,Q — Kr,L — r) channel achieves the same diversity order
under both the FR and the AR scheme. Besides, one can show that dg\liQ’L)(r) >

dFR

(N—r.0-Kr L_r)(O), since all the elements are activated in the FR scheme and the multi-

plexing gain r can be achieved with less than Kr elements. It follows that

d(FAI}/Q,L)(r) > déﬁQ,L)(r). (4.48)

Finally, the parallel channel under the FR scheme is in outage if Y, Iy < Krlogp,
which implies that at least one of the sub-channels is in outage with the correspond-
ing random variable I below the target rate rlog p. Therefore, the FR scheme can

achieve at least the DMT of the conventional case, i.e.,

dinon (1) = dior)(1)- (4.49)

By combining (4.43), (4.48) and (4.49) we get the lower bound for the DMT of the FR

scheme as (4.42). O

We can observe that the FR scheme is superior to both the AR and the PR schemes.
Based on the framework of the FR scheme, all the RIS elements are always activated
and assist the communication, so the maximum multiplexing gain is ensured. At

the same time, through the temporal processing pattern presented in Section 4.3.2,
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Figure 4.4: Outage probability versus average SNR for the PR scheme (K = 1).

we can increase the achieved diversity gain. Therefore, while the AR and the PR
schemes can achieve the maximum diversity and multiplexing gain respectively,
the FR scheme achieves both extremes. Moreover, the (N, Q, L) channel under the
FR scheme can achieve both d.x and rmax, by considering only the upper bound

condition of (4.41).

4.5 Numerical Results

We provide numerical results to demonstrate the performance of the presented RIS
schemes and validate our theoretical analysis. For the simulations, we consider that
the rate threshold is equal to R = 1 bps/Hz throughout the simulations, while the
variance of each entry at the AWGN vector is normalized to 0> = 1. Note that, the
considered set of parameter values is used for the sake of presentation. A different set
of values will affect the performance but will lead to similar observations. Moreover,
in the following results, the proposed schemes are compared with the conventional
PR scheme, i.e., the case of K = 1. Unless otherwise stated, the analytical results

are illustrated with lines (solid, dashed or dotted) and the simulation results with
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Figure 4.5: Outage probability versus Q under the PR scheme for p = 5 dB.

markers.

Fig. 4.4 illustrates the system’s outage probability with respect to the average
SNR under the PR scheme for different values of RIS elements. We show the results
of two different cases: the first case considers a SISO network setting,i.e, N=L =1
antenna, while in the second case we have a MIMO setting with N = L = 2 antennas.
We can see that the outage performance is improved, by increasing the number of
RIS elements. Specifically, for the RIS-aided SISO channel we observe that for all
values of Q a diversity order equal to one is achieved and the system’s performance
is improved in terms of coding gain. On the other hand, the performance in the
MIMO setting is enhanced in terms of diversity gain until the RIS elements reach
the value of Q,;;, = N+ L —1 = 3, where d(0) = NL = 4. After this threshold, the
diversity order remains the same as we increase Q, so the outage probability can
be only improved in terms of coding gain. This observation is in accordance with
our remark that the asymptotic performance of the PR scheme is limited by the
N X L channel. Finally, the presented results validate the accuracy of our theoretical
analysis. Specifically, we observe that in both cases the simulation results (markers)
perfectly match with the theoretical values (solid lines) of Proposition 4.1 for K = 1.
In addition, the expression in (4.15) provides an exceptional approximation (dashed
lines) of the achieved outage probability, even for small values of Q, while as Q
increases the approximation becomes tighter.

As noted previously in Fig. 4.4, for Q > Q,,i, the outage performance is improved

only in terms of coding gain. However, this gain gradually diminishes as the number
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Figure 4.6: Outage probability versus average SNR for the partition-based schemes;
N =L =1 antenna and Q = 60.

of elements increases. This observation is more evident in Fig. 4.5, where the outage
probability is shown against the number of elements for the same channel settings
at p = 5 dB, and is consistent with the conclusions derived in [96]. We can therefore
deduce that under the PR scheme, employing a larger RIS does not necessarily
provide significant gains to the outage probability of the RIS-aided network.

Figs. 4.6 and 4.7 illustrate the achieved outage probability of the considered RIS-
aided system under the proposed partition-based schemes (AR and FR schemes),
for a network topology with N = L = 1 and 2 antennas, respectively, Q = 60 ele-
ments and different partition sizes. The performance of the proposed schemes is
also compared to the PR scheme (K = 1). In addition, Fig. 4.6 shows the numerical
expression of Proposition 4.1 for the AR scheme, as well as the approximation for a
SISO channel provided by Theorem 4.1, while for the FR scheme the approximated
numerical expression of Theorem 4.2 is depicted. The theoretical results of Proposi-
tion 4.1 regarding the AR scheme (solid lines) are in agreement with the simulations
(markers), which validates our analysis. Moreover, the derived expressions of Theo-

rems 4.1 and 4.2 provide a very tight approximation of the actual performance of the
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Figure 4.7: Outage probability versus average SNR for the partition-based schemes;
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system. In Fig. 4.7, apart from the numerical expression of Proposition 4.1 for the
AR scheme, the lower bound of the FR scheme given in (4.33) is shown, assuming
mutually independent channel matrices #. It can be seen that, for Q > K the lower
bound is close to the performance achieved by the FR scheme, which validates its
consideration.

In both figures, it can be seen that for high SNR values, both the AR scheme and
the FR scheme outperform the conventional PR scheme. Specifically, by increasing
the number of partitions, the asymptotic performance of the presented schemes is
improved in terms of diversity gain. We can also clearly see that the proposed
schemes achieve the same diversity order, which is in accordance with our results
in Section 4.4. However, the FR scheme outperforms the AR scheme in terms of
coding gain. This is due to the fact that in the FR scheme, during each time sub-slot
all the RIS elements are always activated, while in the AR scheme at each sub-slot
only the elements of the selected sub-surface are turned ON. Moreover, we observe
that, as the number of partitions increases, the gain achieved by the FR scheme over
the AR scheme increases as well. In particular, in both figures, it can be seen that

partitioning the RIS into 4 sub-surfaces almost doubles the coding gain between the
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passive beamforming case for a network topology with N = L = 1.

two schemes, compared to the case of K = 2. On the contrary, in the low SNR regime
only the FR scheme outperforms the PR scheme. This is expected since, according
to the framework of the AR scheme, by increasing the number of partitions each
time-slot is divided in more sub-slots and at each time sub-slot only Q/K elements
are activated, resulting in a deteriorated spectral efficiency.

In Fig. 4.8, we compare the outage performance of the proposed schemes with
the case of passive beamforming at the RIS, by considering a RIS-aided SISO channel.
In the passive beamforming case, the Tx estimates the cascaded channel through a
channel estimation method, e.g., [114], and aligns the phase shifts of the RIS elements,
ie., ¢; = —zhigi, with 1 <i < Q. We consider an ideal scenario where no errors are
derived from the channel estimation, so we have perfect CSI knowledge. The outage
probability achieved by the passive beamforming is obtained in [85, Theorem 3].
Fig. 4.8 depicts the outage probability of the passive beamforming for Q = 4 and
16 elements, and the outage probability of the AR and FR schemes for Q = 16 and
different partition sizes. As expected, the passive beamforming case outperforms

the proposed schemes. On the other hand, it can be seen that, by increasing the
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number of partitions at the RIS, the difference between the outage performance of
the proposed schemes and the passive beamforming decreases. Moreover, a fair
comparison in terms of power consumption at the RIS is considered, i.e., same
number of activated elements, between the AR scheme, with Q = 16 elements and
K = 4 partitions, and the passive beamforming case with Q = 4. In this case, we
observe that the performance of the two scenarios is comparable. This shows that the
proposed schemes have low implementation complexity and conserve the available
resources at the RIS, but can still achieve significant performance gains.

Finally, a comparison of the achieved DMT between the PR scheme and the
partition-based RIS schemes is depicted in Fig. 4.9, for a network setting with
N = L = 3 antennas. We can see that for the PR scheme (K = 1) the optimum DMT is
achieved when Q = N + L —1 = 5, which is denoted by the red solid line. Any other
topology with Q > 5 can be vertically reduced to the (3,5, 3) channel, since it will be
DMT-equivalent. By employing the AR scheme, we observe that the DMT can be
significantly improved in terms of diversity gain. Moreover, the proposed scheme
achieves the maximum multiplexing gain, if the number of partitions satisfies the
lower bound of (4.41), i.e.,, m > min{N,L}. However, under the AR scheme, the

considered channel setting cannot achieve both d,,« and 7« provided by the cut-set
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bound with a single value of K, since (4.41) cannot be fully satisfied with any partition
size. Therefore, if a larger number of partitions is considered so that m < min{N, L},
the presented scheme can still increase the achieved diversity gain, but it becomes
suboptimal in terms of multiplexing gain. This remark is illustrated in Fig. 4.9, by
considering an RIS with Q = 10 and a partition size of 5 or 10 sub-surfaces. Fig.
4.9 also shows the provided lower bound on the DMT achieved by the FR scheme.
It can be seen that the FR scheme outperforms both the PR and the AR scheme. In
particular, with the FR scheme, the RIS-aided channel achieves the same diversity
order obtained by the AR scheme, and remains optimal in terms of multiplexing
gain, for all partition sizes. Finally, for the considered network topology, only the
FR scheme achieves both dp,x and rmax with a single value of K, which is depicted
with the black dotted line for the case with Q = K = 10.

Overall, it is observed that the proposed schemes can provide significant perfor-
mance gains for RIS-aided systems with low design complexity since, apart from
requiring no CSI knowledge for their implementation, they can be easily realized
with low-cost binary-state elements. Compared to the conventional PR scheme, both
the AR and FR schemes provide higher diversity gains, which are proportional to the
number of partitions at the RIS. Although both schemes achieve the same diversity
order, the FR scheme is beneficial in terms of coding gain, since all the elements are
always activated, while the AR scheme could be preferred in scenarios where the
available power resources at the RIS are limited. On the other hand, although the
passive beamforming case outperforms the proposed solutions, the optimal perfor-
mance gains can be achieved assuming that perfect CSI is already known, which
significantly increases its implementation complexity and incurs high training over-

head.

4.6 Conclusions

In this chapter, we studied the performance of RIS-assisted MIMO communications
by employing two low-complexity partition-based schemes, that do not require any
CSI knowledge at the transmitter side for their implementation. Specifically, the
RIS elements are partitioned into sub-surfaces, which are reconfigured periodically
in an efficient manner, creating a parallel channel in the time domain. We first

proposed the AR scheme, which activates each sub-surface in a consecutive order.
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Next, we presented the FR scheme, where each sub-surface sequentially flips the
incident signals through a phase shift adjustment. Theoretical expressions of the
outage probability and the DMT were provided, while the considered schemes were
compared to the conventional PR scheme. We demonstrated that, by considering the
proposed schemes, we can increase the diversity order achieved by the RIS-aided
system and improve the performance beyond the limit of the MIMO channel, while

at the same time we keep the implementation complexity low.
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Chapter 5

A Hybrid Scheme for Reconfigurable
Intelligent Surfaces: How Many
Elements Should be Estimated?

Several studies in the literature have shown that by optimizing the elements’ reflec-
tion coefficients of an RIS assisting a wireless network, can yield high performance
gains, given that CSI is known. However, channel training in RIS-aided systems is
a non-trivial and resource consuming task. In this work, a low-complexity hybrid
scheme is presented for a wireless network assisted by an RIS, where channel esti-
mation is required for only a subset of the elements. Specifically, in order to reduce
the channel training overhead and boost the performance of the RIS-aided network,
the RIS is partitioned in two sub-surfaces, which are sequentially activated to assist
the communication. The elements of the first sub-surface align their phase shifts,
based on the acquired CSI from a channel training period, whereas the elements
of the second sub-surface randomly rotate the phase of the incident signals. The
performance of the proposed scheme is investigated under the effect of imperfect
CSI at the RIS. Analytical expressions for the outage probability are derived and

useful insights on the optimal configuration of the RIS are provided.

5.1 Introduction

Following the discussion of the previous chapters, RIS is an appealing technology

for the deployment of future 6G communications, which can support massive con-
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nectivity networks with high data rates, enhanced reliability and low latency [21].
Due to the controllable nature of this technology, several works have recently inves-
tigated RIS-aided networks for various communication scenarios [88,89,120]. As
previously mentioned, most of the existing works base their proposed solutions on
the assumption that perfect knowledge of the CSI is available. However, channel
estimation in RIS-assisted systems is not a trivial task, due to the passive nature
of the reflecting elements and the fact that the RIS does not have signal processing
capabilities [21]. Towards this direction, several channel estimation methods for
RIS-aided networks have been suggested. In [114], the cascaded transmitter-RIS-
receiver channels are estimated by individually activating one-by-one the elements
at the RIS. Moreover, in [168], a DFT-based method has been proposed for estimating
the cascaded channels. In this case, the RIS training states are given as the columns
of a DFT matrix, resulting in higher estimation accuracy [113].

Nevertheless, for a large number of elements, performing channel estimation for
all the RIS elements becomes impractical, since the incurred training overhead is pro-
hibitively large and causes significant performance degradation, while the resources
are usually limited. To avoid the above limitations, some efforts have been made
to reduce the training requirements of such systems. Specifically, in [169] the au-
thors suggest to reduce channel estimation overhead through an element-grouping
method. Moreover, a low-overhead RIS reconfiguration scheme is proposed in [170]
which, instead of acquiring full CSI for configuring the RIS, requires only the esti-
mation of the mobile user’s position. Finally, various low-complexity RIS schemes
are proposed in [85], which induce random phase shifts to the incident signal in
order to enhance the performance of RIS-aided systems, resulting in low-to-zero CSI
requirements.

Motivated by this, in this work we study the performance of a low-complexity
hybrid scheme for an RIS-aided network, where only a subset of the elements are
used for channel estimation, and we investigate how the performance is affected
under an imperfect CSI scenario at the RIS. In particular, this scheme partitions the
RIS into two sub-surfaces, where the elements of the first sub-surface optimize their
phase shifts through a coherent beamforming (CB) design, based on the estimated
CSI, while the remaining elements induce random rotations (RR). By sequentially
activating each sub-surface, a time-varying channel is produced, which can boost

the performance of the considered network. The proposed scheme can significantly
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reduce the channel training overhead for the RIS configuration and can be easily
adapted to several channel estimation methods that have been proposed for RIS-
aided systems. Through this approach, we aim to provide a tradeoff between the
number of RIS elements that need to be considered for channel estimation in order
to optimize the performance of the considered system. Therefore, we present a
complete analytical framework in terms of outage probability and we provide useful
insights on the effect of the number of elements used for channel estimation and the
consideration of imperfect CSI. Our results show that the proposed scheme can
provide higher coding gain, compared to the case where all the elements induce RR,
and overcomes the performance limitations caused by the imperfect CSI in the full

channel estimation scenario.

5.2 System Model

We consider an RIS-aided communication system shown in Fig. 5.1, where the com-
munication between a single-antenna transmitter (Tx) and a single-antenna receiver
(Rx) is assisted by the employment of an RIS equipped with Q reflecting elements.
We assume a scenario where a direct link between the Tx and the Rx does not ex-
ist (e.g. due to path blockages or heavy shadowing); hence the communication is
achieved only through the RIS [85,87]. Leth = [h1 hy--- hQ]T and g = [g1 o gQ]T
denote the channel vectors from the Tx to the RIS and from the RIS to the Rx, re-
spectively. We consider that all wireless links exhibit fading which follows a flat
quasi-static Rayleigh block fading model! [87]; the channel coefficients remain in-
variant during a coherence interval of T channel uses, but change independently
between different coherence intervals, by following a circularly symmetric complex
Gaussian distribution with zero mean and unit variance, i.e., i; and g; ~ CA((0, 1).
Atan arbitrary time instance t, the reflection amplitude and the phase shift of each
RIS element are modified, according to the proposed scheme that will be presented

in Section 5.3. We denote by
¢, = [a @1 ay,e/® . anteJ‘i)fo], (5.1)

the reflection vector of the RIS at the t-th time instance, where a;; € [0,1] is the

'We consider Rayleigh fading for simplicity but this work could also be extended with other

models.
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Figure 5.1: The considered RIS-aided communication system.

reflection amplitude of the i-th RIS element and ¢;; € [0,2n) is the induced phase
shift. In this setup, we consider an RIS hardware implementation where, at every
time instance, each reflecting element can be found in two possible states, either to
be turned ON or OFF [114,120]. Once an element is at the ON state, its reflection am-
plitude is set to 1 (full reflection) and we can only control its phase shift; conversely,
at the OFF state the reflection amplitude is set to 0 (no reflection?) and the element
cannot assist the communication. Finally, we assume that at the beginning of each
coherence interval we have no prior knowledge of the CSI at the RIS. The received

signal at the Rx at the t-th time instance is expressed as

yi = VP diag(¢,)gx; + n;

Q
= VP, Z vitt; % x; + 1y, (5.2)
i=1

where 1n; ~ CN(0, 0?) is the AWGN with variance 02, x; is the signal transmitted by
the Tx with transmit power P; and v; = h;g;, 1 <i < Q, denotes the product channel

corresponding to the i-th RIS element.

2When an element is OFF, it does not act as a scattering object; this can be ensured by assuming

that an OFF element fully absorbs the electromagnetic waves impinging its surface [81].
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Figure 5.2: The phases of the transmission procedure and the RIS reconfiguration

for the proposed scheme.

5.3 Hybrid CB/RR RIS Scheme

We now proceed to the description of the proposed hybrid CB/RR RIS scheme,
which implements a temporal processing strategy for the reconfiguration of the
RIS elements, in order to increase the achieved rate of the considered system. For
the implementation of the proposed scheme, we assume that the RIS is partitioned
into two non-overlapping sub-surfaces §; and .5, consisting of Q, and Q, = Q — Q,
elements, respectively. The elements of §; are configured based on a CB design, i.e.,
the phase shifts are aligned to the phases of the corresponding channel coefficients,
while the remaining elements follow an RR approach by inducing random phase
shifts to the incident signals. An example of this approach is shown in Fig. 5.1,
where the two sub-surfaces $; and $, (containing Q. = 10 and Q, = 20 elements,
respectively) are indicated by the black solid line.

In order to optimize the phase shift parameters of the elements that belong to §;,
the knowledge of the related product channels v; is required. Since in the considered
scenario prior CSI knowledge at the RIS is not available, a training period needs
to be allocated for the required CSI acquisition. Therefore, each coherence interval
is divided into two phases, as shown in Fig. 5.2: the channel training phase of
duration 7 < T, where the product channels v; corresponding to the elements of

S; are estimated, and the data transmission phase occuring for the remaining period
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T -7, where the two sub-surfaces are sequentially activated to assist the transmission
of the desired signals from the Tx to the Rx. In the following, we provide a more

detailed description of each phase.

Channel training phase

The first phase is dedicated for the estimation of the channels associated with the
elements of $;. During this phase, the elements that belong to $, are set to the OFF
state. The remaining elements switch their reflection coefficients, based on the RIS
training states of the adopted channel training method. Without loss of generality,
we consider a DFT-based training method for estimating the product channels [168].
Specifically, during the training period 7 a pilot signal x, = 1 is transmitted with
tixed power P,. This period is further divided into Q, sub-phases of equal duration.
During the j-th sub-phase, all the elements of §; are turned ON and their phase shifts
are set equal to the values of the j-th column of a Q. X Q. DFT matrix. Note that
the columns of the DFT matrix are mutually orthogonal. The cascaded channels ?;,
i € 5, are estimated by using a minimum mean square error approach [113]. In the
considered scenario we assume imperfect CSI, where the variance of the channel
estimation error is given by [113,171]

5 1
o, = .
¢ 1+1P,

(5.3)

Data transmission phase

In the second phase, the desired data signals are sent with transmit power P from the
Tx to the Rx. During this phase, the RIS controller activates §; and $, sequentially
to assist the communication procedure. In particular, the data transmission phase is
divided into two sub-phases of equal duration?®, i.e., (T — 7)/2. In the first sub-phase,
the elements of §; are ON and the elements of §, remain at the OFF state. The
phase shifts of the activated elements are adjusted to align the phases of the product
channels, based on the estimated CSI from the channel training phase, in order to

yield the CB gains and maximize the achieved rate [113]. The design parameters for

3We consider equal duration of the two sub-phases for simplicity; the duration of each sub-phase

can be adjusted to optimize the performance of the proposed scheme.

105



the RIS elements during the first sub-phase are summarized below

1, i-th element € §;;
aice =
0, otherwise,

(Pi,CB = —Z@i, i-th element € 5. (54)

Finally, in the second sub-phase of data transmission, the communication is assisted
only by S,. Specifically, in this sub-phase, the elements of .5, are now activated,
while the elements of §; are turned OFF. Each activated element randomly rotates
the phase of the incident signal, by following a uniform distribution in [0, 27). The

reflection coefficients are therefore given by

1, i-thelement € $5;
aiRR =
0, otherwise,

¢irr ~ UI0,2m),i-th element € 5. (5.5)

As a result, the end-to-end channel over a coherence interval is composed of two
independent parallel sub-channels in the time domain, where for each sub-channel
only the activated elements in each sub-phase need to be considered. It is worth
noting that with the proposed scheme, we are able to reduce the channel training
overhead, since channel estimation is required for only a subset of elements. In the
following section, we evaluate the performance of the proposed scheme in terms
of outage probability. Moreover, we compare our scheme with two benchmark
scenarios: the RR-only scenario, where all the elements randomly rotate the phase of
the incident signals (Q, = 0 and 7 = 0), and the conventional full-CB scheme, where
all the elements align their phase shifts based on the estimated CSI (Q, = Q) [113].
Note that, in both cases, all the elements of the RIS are activated for the whole data

transmission phase.

5.4 Outage probability analysis

In this section, we present our main analytical results for the performance of the
considered scheme. Specifically, we derive the achieved outage probability, which
is defined as the probability that the achieved rate over a coherence interval is not

above a predefined threshold r. Based on the presented RIS scheme, the outage
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probability can be written as
I(Q., T) = P{Rcp + Rgr < 7}, (5.6)

where

Rcp =

1 €51

2
TZ—TT log, [1 +p [Z |z3i|] ], (5.7)

is the sum-rate achieved over the CB sub-phase of the data transmission phase with

p = P(6* + Q.Pc?)!, and
2
], (5.8)

is the achieved sum-rate of the RR sub-phase. In what follows, we provide an

Z v; exp(JQPirr)

i€52

T—-1 p
Rgr = 710&[1‘*;

approximation that can sufficiently describe the outage performance of the proposed

scheme, by using the moment matching method and the CLT.

Theorem 5.1. The outage probability of the proposed hybrid CB/RR scheme is approximated

by
1 (% 1 \/@) ( y—l)
I1Q., T) ~ K, — |exp |- dy, 5.9
@55 [ (e E)or - e )
where
o _16-n? 5
K= = - \1- 02, (5.10)
0 £ 27, (5.11)
and
sl (9 - 1). (5.12)
P\Y

Proof. Let Wep = Y.ics, 10 Recall that the channel coefficients &; and g; are inde-
pendent and identically distributed (i.i.d) complex Gaussian random variables with
variance one. By taking into account the errors induced at the channel training

phase, the mean and variance of [;| are equal to

E{[6} = ————, (5.13)

and

R 16 — 12
Var (|01} = — (1-42). (5.14)

By applying the moment matching method, |9;| is approximated as a Gamma random

variable [87], where the shape parameter x and scale parameter ¢ are calculated as
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= E {|o) and & = Var {[0;]}
Var {|5;|} E{|o:]}

and are given by (5.10). Since Wcg is the sum of Q, i.i.d. Gamma random variables

(5.15)

with the same parameters, it is also Gamma distributed with parameters Q.x and &.

We now let

Wik = ) 0:eXp(jdiw). (5.16)

i€$5H

It has been proved in [85] that by applying the CLT, the distribution of Wrg converges
to a complex Gaussian distribution with zero mean and variance Q,. Therefore, the
channel gain Hgg = [Wrrl* is exponentially distributed with parameter 1/Q,. We can

now evaluate the outage probability as

IQ,,T) =P {RCB + Rgr < TZ TrT}

1 0
_IEHRR FWCB 51TRR_1
52
1 0
= | Fwe - Pz L{| frre (2)dz, (5.17)
z p z
1+ -
0
where the cdf of W and the pdf of Hgg are given by
1 x
Fye,(x) = ( eK,—), 5.18
and
1 z
fHRR(Z) = 5 exXp (_6)/ (5.19)
respectively. The integration limits are evaluated by ensuring that
0
1+ Pz/o2 1>0, 520
and the final expression is derived by using the transformation y — 1+ Pz/0>. O

It is clear that under the RR-only scenario, i.e., Q. = 0, a channel training phase is
not required (7 = 0), and so the whole coherence interval is used for data transmis-
sion. Therefore, we need to consider only (5.8) for the achieved rate of the RIS-aided

system and the approximated outage expression is simplified to

(2 - 1)02)

I1(0,T) ~ 1 —exp (_T . (5.21)
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On the other hand, by considering the benchmark scenario of the conventional

full-CB scheme, where Q. = Q, the outage probability can be expressed as

1 [1
T(Q,T) ~ F(QK))/(QK, = 9- 1)), (5.22)

9 =27, (5.23)

with

It can be easily observed that the outage performance of the considered RIS-aided
system is significantly affected by the size of each RIS sub-surface. Although the
employment of the CB design at the RIS can provide high performance gains, esti-
mating the channels for a large number of elements incurs high training overhead,
which inevitably degrades the system’s performance. Thus, in this work, we aim to
find the optimal number of elements in each sub-surface in order to minimize the
outage probability, i.e.,
Qr = arg 02&2@ I[1(Q,, T). (5.24)
By using the derived theoretical expressions for IT(Q,, T), the above optimal value can
be easily obtained through an exhaustive search method on the number of elements
that should be estimated.
We now turn our attention to the asymptotic outage performance of the system
as P increases. When P — oo then the instantaneous SNR over the CB sub-phase

converges to

2 2
lim p[Z Iﬁil] R Qlaz [Z m) . (5.25)

€S ere \ je
Then, by using that exp(—x) ~ 1 — x for x = 0 and by taking the smallest order term

of (5.9) as the dominant term, we observe that the outage probability decreases with

the rate of 1/P, i.e.,

. 1 0 Q.02 (0
;%H(Qe,:r)am fl y{QCK, 3 (?—1))@. (5.26)

Note that, under the RR-only scenario (Q. = 0) the achieved outage probability

follows a similar behavior, since asymptotically it converges to

r_ 2
Jim 100, T) — 2 =D

lim o (5.27)

On the other hand, when employing the full-CB scheme, due to the channel esti-

mation error imposed by the imperfect CSI the outage probability converges to a
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Figure 5.3: Outage probability versus transmit power P; Q = 40 and T = 50 channel

uses.

constant floor given by

Qo;
&2

lim 11(Q, T) — ﬁy [QK, (9 - 1)J : (5.28)

It is therefore deduced that, at high SNR the CB/RR scheme overcomes the outage
floor that limits the performance of the full-CB case due to imperfect CSI, since in the
proposed scheme the two sub-surfaces are sequentially activated and the channel
estimation error affects only the elements of §;. In particular, when P — oo both
the RR-only scenario and the CB/RR scheme outperform the full-CB case, while the
optimal performance is obtained by the partition size Q) that achieves the highest

coding gain.

5.5 Numerical Results

In this section, we validate our analytical framework and main observations with
Monte Carlo simulations. For the sake of presentation, we consider » = 1 bps/Hz

and 0% = 1. Moreover, for the channel training we assume that 7 = Q, channel uses
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Figure 5.4: Optimal partition size versus transmit power P; Q = 40 and T = 50

channel uses.

and P, = =10 dB. The proposed scheme is compared with the conventional RR-only
scenario (Q, = 0) and the full-CB case (Q, = Q). The simulation results have been
obtained after 10° simulation runs. Unless otherwise stated, analytical results are
depicted with lines and simulation results with markers.

In Fig. 5.3, we illustrate the achieved outage probability in terms of the transmit
power P for an RIS with Q = 40 elements and a coherence interval of T = 50
channel uses. In particular, Fig. 5.3 shows the achieved outage probability for the
conventional cases of Q, = 0 and Q, = Q, and the optimal partition size of the RIS
Qx. It is observed that for very low values of P, dedicating part of the coherence
interval for channel estimation does not provide any significant performance gains.
Therefore, the best option is to employ the RR-only scenario at the RIS in order to
make full use of the available time for data transmission. On the other hand, in
the high SNR regime it is clear that the hybrid CB/RR RIS scheme can significantly
outperform the conventional scenarios. Specifically, we observe that for both the RR-
only case and the proposed scheme, the outage probability decreases with the rate of
1/P, while in the full-CB scenario the outage probability converges to the floor value
calculated in (5.28). However, the proposed scheme, under optimal partitioning, can
achieve considerably higher coding gain compared to the RR-only case. Finally, we
note that the theoretical lines approximate the simulation results exceptionally well,
validating the accuracy of the presented analysis.

The optimal partition size that achieves the best outage performance, as indicated
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and P = -5 dB.

by the red dotted line in Fig. 5.3, is provided in Fig. 5.4. It can be seen that for
most of the transmit power values the outage probability is minimized by using
around half of the total RIS elements for CB. In particular, in the high SNR region
the optimal partition size becomes constant at Q) = 23 elements, since this value
overcomes the outage floor of the full-CB scenario and the achieved coding gain is
maximized. Note that, the sudden changes in the optimal partition size between
Qr =0, QF = Q and around half of the elements occur due to the fixed and equal
duration of the two sub-phases of the data transmission phase.

Fig. 5.5 depicts the outage probability with respect to the total number of RIS
elements Q for T = 40 channel uses and transmit power P = -5 dB. We observe that,
for Q < T the RR-only case provides the best outage performance, as the expected
gains from the CB design are insufficient for such low number of elements. As
the number of RIS elements increases, the full-CB scenario becomes optimal, since
the optimization of the RIS phase shifts yields high performance gains. However,
when the number of elements approaches the total channel uses, i.e., Q — T, the
training overhead becomes large under the full-CB case and the outage probability

is significantly deteriorated. On the other hand, the proposed scheme overcomes
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the above limitations by reducing the required training overhead, since the channel
training is performed for only a subset of elements; hence it outperforms the con-
ventional scenarios and provides the best outage performance when the partition
size is optimized.

Therefore, based on the presented analysis and associated results, it can be de-
duced that the proposed scheme is a promising solution to compensate for the
training overhead required for the channel estimation and the performance gains
that can be achieved. In particular, the hybrid scheme can be implemented with
low design complexity, since only a subset of elements is considered for channel
estimation, while the sequential activation of each subsurface can be realized with
low-cost elements. Moreover, in cases where the available resources (number of
elements, channel uses per coherence interval etc.) do not favor full estimation of
the channels, the considered scheme is a potential alternative solution to overcome

the performance limitations occurred by the available resources and imperfect CSI.

5.6 Conclusions

In this chapter, we proposed a hybrid CB/RR scheme for an RIS-assisted network,
which requires channel estimation for only a subset of the elements. The presented
scheme splits the RIS into two sub-surfaces, which are sequentially activated and
employ a CB-based and an RR-based design, respectively, resulting in reduced chan-
nel training overhead. The performance of the proposed scheme was investigated
under imperfect CSI. We derived analytical expressions for the outage probability
and we showed that, by optimizing the number of estimated elements, the proposed
scheme can still benefit from the performance gains obtained by the channel training
and can improve the performance beyond the limits imposed by the imperfect CSI

at the RIS.
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Chapter 6

An RIS-enabled Time Reversal
Scheme for Multipath Near-Field

Channels

Time reversal is a promising technique that exploits multipaths for achieving energy
focusing in high-frequency wideband communications. In this chapter, we focus
on a TR scheme facilitated by an RIS which, due to the higher frequency and large
array aperture, operates in the near-field region. The proposed scheme enriches
the propagation environment for the TR in such weak scattering conditions and
does not need channel knowledge for the RIS configuration. Specifically, the RIS is
employed to create multiple virtual propagation paths that are required to efficiently
apply the TR. We derive a performance bound for the proposed scheme under
near-field modeling through the received SNR. Moreover, we present numerical
results to showcase the potential gains of the proposed scheme over the conventional
CSl-based passive beamforming at the RIS and provide important insights on how

various system design parameters affect the performance.

6.1 Introduction

The rapid surge in wireless devices has led to an unprecedented amount of data
traffic that the upcoming 6G networks need to efficiently handle. In order to address
these challenges, a paradigm shift towards higher-frequency communications with

wider bandwidths has been proposed [125]. However, as bandwidth increases, more
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multipaths are resolved, which may cause destructive interference at the receiver
[124]. As previously mentioned in Chapter 2, TR is signal processing technique
suitable for high-frequency wideband communications, which can achieve high
energy focusing in both space and time domains by using the time-reversed impulse
response of the multipath channel as a prefilter at the transmitter. Due to its potential
performance benefits in wireless communications, TR has received considerable
attention by the research community in both academia and industry [127,129,130].

However, it has been shown that the TR-based networks can only provide suf-
ficient performance gains within a rich scattering environment [130]. Under weak
propagation conditions, e.g., due to severe path loss or high blockage sensitivity,
the employment of an RIS is an appealing solution to overcome this bottleneck, as
it is able to individually reflect the incident signals, essentially creating multiple
virtual paths in a controllable manner. Nevertheless, due to the shift of future 6G
networks towards higher frequencies, a large RIS needs to be utilized to obtain suf-
ficient performance gains. As such, the operating regime of the RIS changes from
the traditional far-field to the near-field region, which affects the modeling of the
wireless channel [172,173].

Motivated by the above, in this chapter we propose a low-complexity RIS-enabled
TR scheme, where an RIS, operating in the near-field region, artificially enriches the
scattering environment for the efficient application of the TR. To our best knowl-
edge, this is the first work considering the utilization of an RIS for facilitating the
TR technique. Apart from providing sufficient propagation paths for the TR, the
proposed scheme is mutually beneficial to the RIS since accurate CSI knowledge is
not required for its configuration. By considering near-field channels, we study the
fundamental limits of the RIS-based TR scheme, through the achieved SNR at the
receiver, and we provide useful insights on the effect of several design parameters
on the system’s performance. It is observed that, under a linear RIS topology the
system provides maximum virtual paths. We also highlight, through numerical
results, the performance gains that can be obtained by the proposed scheme. It is
shown that for a large number of elements the proposed scheme achieves higher

SNR gain, compared to the passive beamforming counterpart.
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PRx = (ZRx, YRx, ZRx)

(a) Channel probing phase

H(t) * H*(~t)

(b) Data transmission phase

Figure 6.1: Network topology and communication procedure of the considered RIS-

enabled TR scheme.

6.2 System Model

We consider an RIS-aided communication system shown in Fig. 6.1, where the
communication between a single-antenna transmitter (Tx) and a single-antenna re-
ceiver (Rx) is assisted by the employment of an RIS. The communication occurs in
the near-field communication regime of the RIS, where the wireless links are typi-
cally considered to be predominantly LoS [172]. We assume that the direct LoS link
between the Tx and Rx is not available (e.g., is blocked by obstacles [172]).

The RIS is placed in the yz-plane of a Cartesian coordinate system with its geo-
metric center at the origin and consists of Q elements distributed in M rows and N
columns, i.e., Q = MN. For the sake of symmetry, and without loss of generality,
we assume the parameters M and N to be odd numbers. In this way, the center

element of the RIS corresponds to the origin of the Cartesian system with coordi-
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nates (0,0,0). Moreover, the distance between two adjacent elements is considered
tobed =4 = ;—}C, where A is the signal wavelength, f. is the carrier frequency and
co denotes the speed of light. Therefore, the coordinates of the element located in
the m-th row and n-th column of the RIS are denoted by p;,, = (0, nd, md), where

m=0,%1,...,#(M —-1)/2and n =0, +1,...,£(N — 1)/2, respectively. We denote by

q)m,n = Amn €XP (](Pm,n) ’ (61)

the reflection coefficient of the (m, n)-th RIS element, where a,,,, € [0, 1] is the reflec-
tion amplitude and ¢,,, € [0,2m) is the induced phase shift.
The Tx transmits a passband signal x,(t) derived from the baseband equivalent

signal [124]
x(t) = Z x[k]g(t - %) (6.2)

k=0
where x[k] € C denotes the sequence of symbols to be transmitted with constant

power P, and g(t) is a pulse shaping filter limited by a finite bandwidth W. The Tx and
Rx are located in the positive direction of the x axis at positions prx = (X1x, Y1x, Z1x) and
Prx = (XrRx, Yrx, ZRx) Tespectively, with their corresponding Euclidean distances from

the origin given by ||p1|| = JX+y: +z7,i € {Tx,Rx}. Accordingly, the Euclidean

distance between the Tx or the Rx and the (m, n)-th element is equal to

Finn * [[Pi = P
= 2+ (s = nd)? + (2 — md). (63)

Note that, since we focus on a near-field communication scenario, the distance of
the Tx and Rx from the center of the RIS is upper bounded by the Rayleigh distance
dr = % [172,173], where D denotes the largest distance between two elements of

the RIS, i.e., D = d /(M — 1)2 + (N — 1)2. Hence, for i € {Tx, Rx} we have

rioo = ||pd| < d[M - 1)* + (N -1)?]. (6.4)

Finally, we assume that in the considered scenario the near-field LoS channel follows
the uniform spherical wave (USW) model [173]. Under this model, the channel
coefficients of the system have uniform channel gains based on the free-space path
loss. Specifically, the channel coefficient between the Tx or the Rx and the (1, n)-th

element of the RIS is given by

27’(1’1/,,1,,1
hi,m,n =

1
_— — 6.5
o Vi ow (- ©
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In what follows, we demonstrate how the RIS can be utilized as an enabler of the TR

scheme, by generating a multipath propagation environment.

6.3 RIS-enabled TR scheme

We now proceed to the description of the proposed RIS-enabled TR scheme and
evaluate its performance in terms of the SINR. As previously mentioned, the main
idea of the TR technique is to exploit the scattering environment in such a way that
will allow focusing the power of electromagnetic signals in both time and space
domains. In order to efficiently apply the TR in the near-field region, we first
need to guarantee that a rich scattering environment is available [130]. In such
weak scattering conditions, the RIS can be employed to enrich the propagation
environment. In principle, the TR scheme consists of two phases as shown in Fig.
6.1: (1) the channel probing phase, which is required to provide knowledge regarding
the system’s multipath environment to the Tx, and (2) the data transmission phase,
which is dedicated to the transmission of the information signal from the Tx to
the Rx, taking into consideration the acquired knowledge [127]. In the following
subsections, we present how the TR scheme could be implemented in the context of
the considered RIS-aided near-field communication system, by providing a detailed

description of each phase.

6.3.1 RIS-based Tapped Delay Channel

According to the TR scheme, during the channel probing phase, the Rx sends an
impulse-like pilot signal [127], which is propagated towards the Tx through the RIS
(Fig. 6.1a). The resulting channel impulse response (CIR) H(t) is then received by
the Tx. Note that, this phase is necessary so that the Tx can obtain some knowledge
regarding the propagation environment, which is indirectly provided through the
received CIR. Assuming that in the considered near-field communication scenario
the non-LoS paths provide negligible gains compared to the LoS propagation, the
transmitted signal is reflected towards the Rx only by the Q elements of the RIS.
These elements can equivalently be seen as scatterers providing a total of Q different
propagation paths, each of them generating a delayed and attenuated copy of the

transmitted waveform. The multipath CIR ensued from the RIS can therefore be
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expressed by
H(t) = ) T nd(t = T, (6.6)

where h,, , and 7,,, denote the end-to-end channel coefficient and time delay, respec-
tively, of the path occurred by the (m, n)-th element. Based on the USW model, the

end-to-end channel coefficient of the (1, n)-th path is given by

hm,n = th,m,nth,m,ncDm,n

Amn

27 (rTx,m,n + 7"RX,m,H) )] (6 7)

exp [] (¢m,n - )

[P
Furthermore, the time delay of the (m, n)-th path is equal to

1 Acpm,n)

Tmn = — \YTxmn + "Rxymn T
Co 27

1
~ — (rTx,m,n + rRx,m,n) . (68)
Co

B 4Tt HpTX

The approximated expression holds since the delay induced by the phase shift of the
RIS element is much smaller than the propagation delay of the corresponding path,
hence its impact is negligible.

However, it is generally hard to retrieve the multipath CIR shown in (6.6), since
the communication system is limited by the available bandwidth W, which affects the
time delay resolution of the system [124]. Specifically, the resolution to distinguish
two propagation paths with different time delays is limited to 1/W, as shown in Fig.
6.2. The propagation paths whose time delays are within a symbol duration 1/W
are merged into a single tap. Therefore, the equivalent CIR of the considered system
can be modeled as a tapped delay channel with L taps, where each tap corresponds
to a group of closely spaced paths that cannot be resolved [124]. Let 7, = r£111nn Tmn
and T, = max Ty, , denote the minimum and maximum time delay occurred iay the
RIS-enabled I;ropagation paths, respectively. Also let T; denote the set of paths (11, n)
that belong to the I-th tap, [ = 1,...,L, defined as

T, = {(m, n): l_wl S Ty — To < %}, (6.9)

where 7, = | 7,;sW]/W indicates the initial time instance of the first tap containing
at least one propagation path. The equivalent CIR with limited bandwidth W can

therefore be expressed in a simplified discrete time form as
L
H,q[K] = Z hey k= 1L,k=1,...,L, (6.10)
I=1
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Figure 6.2: The RIS-based tapped delay channel.

where the total number of taps is L = [(Tyux — T,)W1, and h,,,; contains the channel
coefficients of all the paths included in the [-th tap, which is equal to
Fagr= Y, . (6.11)
(m,m)eT,;
Note that, if the total delay spread is within a symbol duration, the equivalent CIR
is frequency-flat; otherwise, H,, becomes frequency-selective with L > 1. After
receiving the CIR, the system proceeds to the data transmission phase, which will

be presented in the next section, along with the analysis for the achieved SINR.

6.3.2 Data Transmission and Achieved SINR

In the second phase of the TR scheme, the Tx incorporates the channel knowledge
acquired from the channel probing phase into the data sequence in such a way that
will enable spatial and temporal focusing of the power at the Rx location. In partic-
ular, the Tx time-reverses (and conjugates) the received CIR, and uses the resulting
normalized waveform as a prefilter for the information signal (Fig. 6.1b) [127]. Based
on the RIS-enabled equivalent CIR derived in (6.10) for a finite bandwidth W, the

normalized, time-reversed and conjugate CIR generated by the Tx is given by

. [k] = Halb =M 1L 6.12)
eq — _,n-c,- .

VI [He
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By embedding the above waveform into the sequence of data symbols {x[k]}, the
transmitted signal can be expressed as the convolution of the time-reversed CIR

with the information signal, i.e.,
skl = VP (x+ A, [K]. (6.13)

Due to the channel reciprocity, the RIS-based multipath channel acts as a natural
matched filter to Heq[k], k=1,...,L. Asaresult, the convolution of the time-reversed
CIR with the multipath channel provides a unique peak at the receiver’s location.
Note that, the maximum-power peak of the autocorrelation function of the CIR
occurs when k = L.

We can now proceed to the performance analysis of the TR scheme for the con-
sidered system in terms of SINR. The signal received at the Rx at the end of the data
transmission phase can be written as the sum of the useful signal and an inter-symbol

interference (ISI) term as follows

y[K] = VP (x * Aoy + Hyy) [k] + n[K]
= VP (He » Hy) [Llxlk ~ L]

Useful signal
2L-1

+\P Z (Fleg » Hep) [Tk = 1] +n[K], (6.14)

I=1,1#L

ISI
where n[k] ~ CN\(0, 02) is the AWGN with variance 0. The SINR can be expressed

as
Py

_, 6.15
PISI + 02 ( )

VIR =
where Py is the power of the useful signal which, by combining (6.7) and (6.11), is

equal to

Py = P‘(Heq «H,) [L]|2 - Pi h
L
Y| Y

eq,l

16w HPTX [

I=1 " (m,n)eT;
2 xX,m,n + xX,m,n 2
X exp [](qu,n _ 2l - R ))] , (6.16)
and Pig; is the ISI power given by
2L-1
pISI p Z | eq * eq [l]‘ (617)
I=1 1%L
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Since we focus on the potential of employing the RIS for the efficient implementation
of the TR technique, we consider an ideal scenario where the ISI can be successfully
eliminated; ISI mitigation in TR-based systems can be achieved through sophisti-
cated signal processing and equalization techniques [127,130]. Thus, we can focus
only on the achieved SNR g, which serves as a useful communication theory
bound, i.e.,

P
VIR < IR = — (6.18)

0%’
Based on the above expressions, we observe that the performance of the considered
RIS-enabled TR system depends on the number of observable taps L, as well as the
cardinality of the sets T;,1 < I < L,, i.e., the number of elements within each tap.
In what follows, we provide a discussion on how various aspects of the system

deployment can affect these parameters, and therefore the SNR achieved by the

proposed scheme.

6.3.3 Insights into System Design Effects

Since the presented RIS-based TR scheme is highly sensitive to several system design
parameters, it is of particular interest to examine how the RIS should be deployed in
order to maximize the potential gains provided by the application of this technique
in wireless systems. Based on how the RIS-enabled tapped delay channel is gen-
erated in Section 6.3.1, the number of taps and the number of non-resolvable paths
considered in each tap can be controlled either by modifying the RIS configuration,
that is, the total number of elements Q and their deployment into M rows and N
columns, or by changing the value of the available bandwidth W. In particular, as
the number of elements at the RIS increases, the number of observable taps can be
increased as well, resulting in an improvement of the obtained SNR. On the other
hand, for a fixed number of elements, the RIS topology and the available bandwidth
could still affect the system’s channel resolution.

For the sake of presentation, Table 6.1 shows the number of resolvable taps
that are recorded in an indicative RIS-aided system operating at f. = 10 GHz with
Q = 1225 elements over various bandwidth values and for different RIS topologies.

We observe that,

e As the RIS structure changes from the square-shaped RIS towards a stripe-like

RIS with M < N, the resulting channel can be resolved into more taps. In

122



Table 6.1: Number of resolvable taps L

Prx = (2,2,0), prx = (2,-2,0),Q = 1225, f, = 10 GHz
W =2GHz W =4GHz
M xN | Number of taps (L) || M XN | Number of taps (L)
35 x 35 1 35 % 35 1
7 x 175 3 7 %X 175 5
5 x 245 6 5 x 245 10
1x1225 89 1x1225 176

particular, we observe from Table 6.1 that by deploying the RIS as a linear
array of elements (M = 1), L becomes significantly larger compared to other

RIS configurations.

e For a given RIS topology, increasing the available bandwidth W can also lead to
a larger number of taps. However, it is important to note that a larger number
of taps does not always improve the achieved SNR. Specifically, although a
higher value of W will provide more taps, for a given RIS configuration the
number of non-resolvable paths in each tap will decrease, and so the channel

gains of the taps will be reduced.

It is therefore deduced that, although the proposed scheme can be applied for any
system configuration, the deployment of a linear RIS (or stripe-like RIS [174]) is
beneficial for the efficient application of the TR, since this topology can significantly
enrich the scattering environment, by maximizing the number of generated propa-
gation paths. The adoption of this topology has several advantages, such as easier
deployment in indoor scenarios, e.g., along the perimeter of a large conference room
or a shopping mall, while it is also more robust to the presence of obstacles compared

to a square-shaped RIS [174,175].

6.4 Numerical Results

Based on the discussion provided in Section 6.3.3, in the following figures we focus
on the performance of the proposed scheme under a linear RIS topology deployed

horizontally (M = 1, N = Q), in order to maximize the number of obtained paths. For
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Figure 6.3: Comparison of achieved SNR under RIS-enabled TR versus RIS passive
beamforming for W = 2 GHz.

the sake of presentation, we consider a system operating at f. = 10 GHz (and thus
d = 1.5 cm), with the positions of the Tx/Rx set to prx = (2,2,0) and prx = (2,-2,0),
respectively. Moreover, we set P = 30 dBm and o> = 1. Since our focus in the
proposed scheme is to employ the RIS for increasing the number of paths and the
reflection coefficients of the RIS elements have negligible impact on the derived time
delays, we assume a,,, = 1 and ¢,,,, = 0, Ym, n.

Fig. 6.3 shows the achieved SNR of the RIS-enabled TR scheme with respect to
the number of elements. The performance of the proposed scheme is also compared
to the case where the RIS performs (CSI-based) passive beamforming. Similar to
the proposed scheme, we assume ideally that the ISI can be fully eliminated [176].
By setting the phase shifts of the elements corresponding to the I-th tap as ¢,,, =
270 (Frxymn + TRxmn) /A, the SNR for the I-th tap is

P|T,}

)7, =
I,PBF o “PTX 2 |

, 6.19
T (6.19)

'pr
where |T)| denotes the cardinality of the set of paths corresponding to the I-th tap.
It can be seen that as the number of elements increases, the performance of the

proposed scheme is improved, while for a large number of elements it outperforms
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Figure 6.4: Achieved SNR versus Q for different values of bandwidth W.

the highest SNR gain achieved with RIS passive beamforming. This is due to the
fact that by increasing the elements of the RIS, the number of generated taps is also
increased, providing a rich scattering environment for the efficient implementation
of the TR scheme. On the other hand, under the RIS passive beamforming the SNR
for the I-th tap depends only on the propagation paths within the specific tap, so
further increase of the elements will not improve the performance. Note that, the
slight ripple effect observed at the achieved SNR of the proposed scheme is due
to the non-monotonic nature of (6.16), which as expected disappears in the passive
beamforming case.

In Fig. 6.4, we show how the available bandwidth W affects the performance of
the RIS-enabled TR and the RIS passive beamforming with respect to the number of
elements. It is observed that, under the RIS-enabled TR, for a moderate number of
elements, a larger bandwidth provides a higher SNR gain. As previously mentioned,
by considering a larger bandwidth, we can obtain a larger number of taps. Thus, with
a smaller number of elements the scattering environment is sufficiently enriched,
and the gains of the TR technique can be obtained. However, for a large number
of elements, by increasing the bandwidth the performance is deteriorated. Note

that, in this case the number of generated taps is sufficiently large under all the
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considered values of W. On the other hand, for a larger bandwidth, each tap contains
a smaller number of non-resolvable paths, and so the channel gain obtained for each
tap is decreased. Therefore, for a very large number of elements increasing the
bandwidth reduces the achieved SNR. Finally, we observe that the SNR obtained
under the RIS passive beamforming can be significantly degraded when the available
bandwidth is increased. In this case, the proposed scheme can outperform the
passive beamforming scenario with a smaller number of elements.

Overall, it can be seen that the proposed RIS-enabled TR scheme is an appealing
solution for enhancing the performance of high-frequency wideband communica-
tions. In particular, it can provide sufficient propagation paths for the efficient
application of the TR and at the same time it avoids the complicated task of the CSI
acquisition per propagation path for the RIS configuration, resulting in low imple-
mentation complexity. Moreover, it is observed that as the number of observable
paths that can be obtained by the system increases, by increasing the number of
elements or the available bandwidth, the proposed scheme becomes the preferred

option compared to the conventional CSI-based passive beamforming case.

6.5 Conclusions

In this chapter, we investigated the performance of a a low-complexity RIS-enabled
TR scheme applied in high-frequency wideband communications. Specifically, in
order to satisfy the fundamental requirement of a rich scattering environment for
the TR, the proposed scheme employs an RIS operating in the near-field region,
due to the higher frequency and large array aperture, to generate multiple artificial
propagation paths. In such weak scattering conditions, the RIS is able to enrich
the propagation environment, while CSI knowledge is not required for the RIS
configuration. Under a near-field channel model, we studied the performance limits
of the proposed scheme by deriving the achieved SNR at the Rx, and examined how
various system design parameters affect the performance. We observed that a linear
RIS topology maximizes the number of resolvable paths. It was also demonstrated
that the proposed scheme improves the SNR, while for a large number of elements

it can outperform the conventional CSI-based passive beamforming at the RIS.
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Chapter 7

Conclusion and Future Work

Within the past decade, the exponential increase of wireless devices has led to an
unprecedented growth in data traffic demands. Recent predictions have witnessed
that this trend is likely to persist. Future generations of wireless communications
are committed to provide efficient solutions to satisfy these demands and exceed the
performance limits of current wireless systems. Towards this direction, the wireless
propagation environment is a critical factor for the efficient system design, which
can impact the performance significantly. Multi-hop relaying networks and RISs
are considered as key enabling technologies that can assist the communication and
meet the requirements of next-generation networks. In particular, the integration of
these technologies in the deployment of wireless networks can provide ubiquitous
connectivity for a massive number of devices simultaneously, increase the coverage
and improve the reliability of wireless networks. Moreover, due to their scalability,
flexibility, adaptability and easy deployment, these technologies are regarded as ap-
pealing solutions for the implementation of low-cost and energy efficient networks.
However, the use of these technologies in the deployment of wireless systems is not
a trivial task and features several challenges that need to be efficiently addressed.
As such, this thesis focused on the potentials of integrating multi-hop relaying net-
works and RISs in wireless networks, as well as the challenges associated with their

implementation.
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7.1 Concluding remarks

In this thesis, we proposed novel and flexible protocols and communication schemes
for the design of efficient wireless networks assisted by the employment of the
aforementioned communication paradigms, aiming to reduce their computational
complexity and improve their performance. By leveraging tools from information
theory, probability theory and signal processing we established complete analytical
frameworks for the performance analysis of the proposed solutions that can be
easily adapted to the parameters of the considered systems. Moreover, tractable
theoretical expressions for fundamental network performance metrics were derived,
such as the achieved SNR, the outage probability or the DMT. Through our analysis,
we provided fundamental insights towards the deployment of relay-assisted and
RIS-assisted wireless networks, and we demonstrated how key design parameters
affect their performance. We showed that the proposed solutions can yield high
performance gains, by exploiting the space and time domain for efficiently conveying
information to the end users. In what follows, we refer to the main conclusions

extracted from each chapter of the thesis. In particular,

e In Chapter 3, we presented of a novel cooperative protocol over a multi-hop
network, based on the myopic strategy, where each node of the network coop-
erates with a limited number of neighboring nodes for the transmission of the
signals. The network consists of relays with buffers of finite size to store the
successfully decoded signals and can operate in two communication modes,
namely the active and silent mode. A general and flexible methodology to
model the evolution of the buffers’ status and the transitions at the operations
of each relay was proposed by using an MC formulation. Under this elegant
framework, we studied the performance of the proposed protocol in terms
of the outage probability and the achieved DMT. We demonstrated that the
outage performance of the system is improved as the number of hops in the
myopic protocol increases, while the achieved diversity gain depends on both

the number of hops and the set of relays that have dual-mode operations.

e In Chapter 4, we focused on the performance of an RIS-aided MIMO system,
where the elements are partitioned into non-overlapping sub-surfaces and

are sequentially reconfigured to assist the communication, by following an
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amplitude-based or a phase-based approach. The proposed schemes have low
implementation complexity and can be applied without requiring CSI knowl-
edge at the transmitter or for the RIS reconfiguration. Under this framework,
we explored the fundamental performance limits of the proposed schemes
and derived tractable theoretical expressions of the outage probability and
the DMT. Moreover, we derived useful insights on the achieved diversity and
multiplexing gains of each scheme and we showed that, by considering the pro-
posed schemes, the RIS-aided MIMO systems can overcome the performance

limitations of the MIMO channel.

In Chapter 5, we proposed a low-complexity hybrid scheme for an RIS-aided
network, where channel estimation is required for only a subset of the elements.
The presented scheme considers that the RIS is divided in two non-overlapping
sub-surfaces, which are sequentially activated to support the communication
in the system. The configuration of the elements in the first and second sub-
surface follows a CB-based and an RR-based design, respectively; hence, the
required channel training overhead is significantly reduced. The performance
of the proposed scheme was investigated under imperfect CSI and we derived
analytical expressions for the outage probability. We showed that, by optimiz-
ing the number of elements that need to be estimated, the proposed scheme
provides significant performance gains and overcomes the limitations caused

by imperfect CSI.

Finally, in Chapter 6 we considered an alternative use of the RIS in wireless
communications. Specifically, we studied the potential gains of employing
an RIS for facilitating the TR technique applied in high-frequency wideband
communications. The RIS, which due to the higher frequency and large ar-
ray aperture, operates in the near-field region, is used to generate multiple
propagation paths in a simple manner. Thus, it artificially enriches the scat-
tering environment, which is required for the efficient application of the TR,
while its configuration does not require CSI knowledge. We investigated the
performance of the proposed scheme through the received SNR and provided
important insights on the effect of some system design parameters on the sys-

tem’s performance.
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7.2 Future Work

In the following we present possible future works:

e Delay adjustable metasurface (DAM)-enabled TR scheme: As it has been
shown in Chapter 6, the employment of an RIS for facilitating the TR scheme
by enriching the propagation environment is a promising solution for high-
frequency wideband communications. However, in the considered scenario
the time delays depend only on the relative distances between the transceivers
and the elements of the RIS. Enabling the control of the time delays for each
propagation path could be an interesting future research direction for this
scheme. As such, our work in Chapter 6 can be extended to an advanced
scenario, where the TR scheme is facilitated by the utilization of a DAM [177,
178]. In contrast to the existing RIS-based solutions, each element of the DAM is
equipped with an additional time-delay unit that can induce an extra delay onto
the impinging signals by storing and retrieving the EM waves [179]. Through
this approach, the DAM can also control the delays of the signals and the
resulting tapped delay channel can be decoupled from the topology of the RIS,
which could provide even higher performance gains. On the other hand, the
hardware constraints associated with the deployment of such metasurfaces, as
well as their potential effects on the overall performance of the system, should

be addressed properly.

e RIS-aided optical wireless communications (OWC): The concept of OWC is a
promising candidate technology to support the high data rate requirements of
future wireless networks [180]. In particular, OWC include the communication
technologies that utilize the freely available optical band of the EM spectrum,
such as the free-space optics and visible light communication. Compared to
radio-frequency systems, OWC utilize larger bandwidth, that results in higher
data rates, and transmit data with high directionality. On the other hand, OWC
networks are very sensitive to changes of the propagation environment and
exhibit high susceptibility to blockages. An interesting research direction that
has very recently emerged is the integration of RISs in OWC systems to assist
the communication and address the connectivity issues [181,182]. However,

one of the main challenges for the deployment of RIS in OWC systems is the
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development of accurate channel models, taking into account the distinctive
effects of optical wireless channels, as well as the impact of different optical RIS
functionalities on the channel properties. Moreover, in order to obtain sufficient
performance gains, a massive number of elements may need to be integrated
within a limited surface, reducing their inter-element distances. This can result
in the employment of approximately continuous aperture surfaces, where the
mutual coupling effect i.e., the interaction between adjacent elements of the
RIS, is no longer negligible and therefore needs to be taken into consideration
in the RIS-aided OWC channel models. As such, the fundamental behavior

and performance limits of such systems still need to be explored.

Combinatorial optimization in RIS-aided systems: In the available litera-
ture, there are several studies dealing with the optimization of the reflection
coefficients at the RIS, so that the potential benefits of RIS-assisted networks
can be fully reaped. For this, various optimization methods have been used,
such as the semidefinite relaxation method and the minorize-maximization
algorithm [94, 183]. Despite the extensive literature on RIS optimization, the
majority of the proposed ideas focus on the scenario of continuous phase shifts
at the RIS. However, the reflection coefficients of the elements are normally
limited to a set of discrete values, due to hardware constraints. Finding the
solution that will optimize the performance in such scenarios leads to the for-
mulation of NP-hard combinatorial optimization problems over all the possible
states of the RIS elements, which are very challenging to be solved. A promis-
ing technology to solve such problems is the employment of physics-based
quantum computing techniques, such as quantum annealing [184], which can
be used to provide optimal solutions to difficult computational problems with
significantly reduced implementation complexity compared to conventional

optimization methods.

RIS-assisted underwater wireless communications (UWC): In recent years,
the advances in underwater activities, e.g., study of oceanic animals and moni-
toring/surveillance applications, have increased active research on UWC. Com-
pared to terrestrial networks, the propagation medium in UWC suffers from
significantly higher path loss, as well as various underwater environmental

conditions, such as turbidity and salinity. Although acoustic signals were
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mainly used for UWC, recently the consideration of optical signals enabled the
information transmission with higher data rates and much lower delays, but
at the cost of reduced propagation distance. Moreover, underwater wireless
optical communications are highly sensitive to changes in environmental con-
ditions and random obstacles. Towards this direction, the employment of RISs
in UWC could be a key solution to overcome the aforementioned propagation
issues, as they can be used to facilitate the connectivity between underwater
communication devices, such as sensors, submarines and ships, in a control-
lable manner [185]. However, existing EM RIS designs cannot be directly
applied on RIS-aided UWC, due to the distinctive properties of the channels
in underwater conditions. Therefore, novel RIS communication schemes need

to be conceived for the utilization of this technology in UWC.
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