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FROM MEDIA-BASED MODULATION
TO RECONFIGURABLE INTELLIGENT SURFACES:
NOVEL INDEX MODULATION SOLUTIONS

SUMMARY

According to the Cisco Annual Internet Report, by 2023, 5G speeds are expected
to reach 575 megabits per second (Mbps), 13 times faster than the speed of average
mobile connections. It is also estimated that more than 10 percent of the 13.1 billion
mobile devices/connections will be 5G-enabled and 50 percent of global devices
will support machine-to-machine (M2M) connectivity. These advancement towards
future communication networks has led to develop enabling technologies that are
defined in three different use cases: enhanced mobile broadband (eMBB), massive
machine-type communication (mMTC) and ultra-reliable low-latency communication
(URLLC). In 5G and beyond networks, mMTC and URLLC technologies will enable
effective wireless connectivity for massive number of machine-type devices with
ultra-low-latency, at the sub-millisecond level, which exceeds the capabilities of
today’s technologies. On the other hand, eMBB aims to achieve high spectral
efficiency values with high reliability. These demanding performance requirements
drive the need for more flexible physical layer solutions rather than the existing
power-hungry and hardware-complex designs. In recent years, to address these needs,
researchers have envisioned novel and effective paradigms towards future wireless
networks through diverse aspects: index modulation (IM), reconfigurable intelligent
surfaces (RISs), internet-of-things (IoT), visible light communications, millimeter
wave (mmWave) and terahertz (THz) communications, etc.

Over the past decade, there has been a growing interest towards IM-based system
designs that enhance the data rate by conveying additional information bits through
the building blocks of a wireless transmission network. Compared to the early designs,
with their considerably lower transceiver complexity and higher energy efficiency, IM
schemes have been considered as alternative solutions for 5G and beyond wireless
networks.

More specifically, media-based modulation (MBM), one of the commonly encountered
transmission schemes in the IM literature, embeds the information into the selection
of a particular transmission path from a multitude of channel states created by
integrating parasitic elements such as radio frequency (RF) mirrors and PIN diodes
into the transmit antenna(s). Therefore, the corresponding receiver perceives a unique
signature of the specified channel state. This peculiar manner in the transmission
information that randomizes the wireless channel offers novel insights in shaping
future networks.

On the other hand, in recent years, RIS-empowered communication technology, which
adapts the propagation environment in a favorable manner via deploying low-cost

XX1



reflecting elements, is regarded as a revolutionary technique to build next-generation
networks. Similar to the external parasitic elements in MBM, smart reflecting
elements at RISs enrich the propagation environment besides, they induce proper phase
shifts to manipulate the channel for improving the overall signal quality by exploiting
low-cost PIN diodes or varactors. Apparently, the MBM and RIS are based on similar
constructions. However, while MBM aims to transmit additional information bits,
RIS, in addition, enables to increase in the overall system reliability. Therefore, due
to this additive contribution, RIS can be regarded as an enhanced form of the MBM
transmission technique.

In this thesis, in order to meet demanding requirements of future generation networks
that aim to attain ultimate data rate, we explore the potential of the IM systems and put
forward novel solutions with solid theoretical foundations from MBM to RIS-aided
systems via applying to a variety of unique tools as follows.

In the first study of this thesis, exploiting the statistics of a real reconfigurable
antenna (RA) in realistic International Mobile Telecommunications-Advanced
(IMT-Advanced) indoor and outdoor channel conditions for the sub-6 gigahertz (GHz)
spectrum, we interpret the MBM transmission principle with and without RIS cases.
In this study, contrary to existing MBM schemes that consider independent and
uncorrelated channel states, we aim to investigate the performance of the MBM
scheme under realistic channel conditions using radiation parameters of a real RA
that creates a reasonably correlated set of channel states. In that sense, we extend our
implementations and introduce an open-source physical channel simulator, SimMBM,
that enables to perform different MBM systems for varying localizations, scenarios
and RA adaptations.

In a multipath environment, since each channel state constitutes a point in the MBM
constellation, from the receiver point of view, the arrived signal is perceived as an
independent and identically distributed (i.i.d.) Gaussian random variable, which is,
according to the Shannon capacity theorem, a desired way to attain higher capacity
gains. Thus, unlike conventional MIMO systems, this inherent capacity-achieving
characteristic plays an important role to understand the reason behind the improved
error performance of MBM schemes with the increasing number of channel state
realizations. In the next two studies of this thesis, combining this unique property
of MBM with the classical space-time block coding (STBC) techniques, we aim to
attain further capacity improvements via achieving transmit diversity gains. In these
studies, we adapt the classical Hurwitz-Radon family of matrices and the new circular
matrix-based STBC design to MBM in order to achieve various orders of transmission
diversity gains over a single RF chain. Moreover, through extensive analyses, we
obtain the theoretical bit error rate (BER) and capacity performance of the proposed
schemes, which are supported via comprehensive computer simulations.

In the subsequent study, we deploy an RIS with passive reflecting elements, which
are capable of inducing plain phase shifts to assist the classical multiple-input
multiple-output (MIMO) and IM-based MIMO transmission systems. In this study, in
order to maximize the signal-to-noise (SNR) of the overall cascaded system, without
applying computationally complex beamforming techniques, we propose a cosine
similarity theorem-based low-complexity algorithm for adapting the phase shifts of
the RIS reflecting elements. Moreover, a semi-analytical probabilistic approach is
developed to derive the theoretical average bit error probability (ABEP) of the system.

XXii



Furthermore, the validity of the theoretical analysis is supported through extensive
computer simulations.

Although a massive literature has grown up around passive RIS-aided studies, most
recently, the potential of active RISs that are capable of achieving ultimate capacity
gains at the expense of additional power constraints stimulates novel research domains.
In that sense, we develop a novel IM scheme in which a hybrid RIS with both
active and passive reflecting elements acts as a transmit information unit. In this
study, according to incoming information bits, the corresponding RIS is divided
into sub-groups which consist of either passive elements with simple phase shifts
or active elements with adjustable amplitudes and phases in a way that each RIS
realization creates a signal with clearly distinguishable magnitude. In other words,
the proposed scheme constitutes a virtual amplitude shift keying (ASK) modulation.
Moreover, through comprehensive theoretical analyses and computer simulations, the
BER, achievable rate and energy efficiency performance of the proposed scheme are
compared with existing fully passive RIS, fully active RIS and reflection modulation
(RM) systems.

In the last study of this thesis, in order to simplify transceiver complexity of classical
multi-user transmission schemes, we propose a new over-the-air beamforming
concept that completely transfers the inter-user interference cancellation duties of
the transmitter to an active RIS. In the proposed concept without resorting to any
hardware-complex pre/post signal processing techniques at the transmitter and the
receiver, the amplitudes and phases of the active reflecting elements at the RIS are
optimized to maximize sum-rate gains of a multi-user downlink transmission system.
Moreover, taking inspiration from this over-the-air beamforming concept, a new
receive IM scheme that transmits additional information bits to specify the index of
the effective received antenna is also proposed. Contrary to the existing receive IM
system designs that conduct transmit beamforming to steer the overall information
to the specified received antenna, in the proposed receive IM scheme, without
applying any transmit beamforming techniques, the reflection coefficients of the active
RIS are adjusted to orient the overall reflected signal in direction of the effective
received antenna. In these proposed over-the-air beamforming concepts, to optimize
the reflection coefficients of the active RISs, two distinct semidefinite relaxation
(SDR)-based optimization problems are formulated, which can be effectively solved
through the CVX convex optimization toolbox. Moreover, through comprehensive
simulation results, the sum-rate and BER performance of the proposed designs are
investigated.

In summary, this thesis presents novel IM-based physical layer solutions for future
generation networks in various facets starting from the classical MBM to the emerging
RIS-aided systems. Through this process, we resort to different approaches including
STBC techniques, low-complexity algorithms, convex optimization, physical channel
models, etc. Moreover, in order to demonstrate the performance of the systems,
through comprehensive computer simulations, we compare our all system designs with
the classical systems and their state-of-the-art competitors. Then, in order to support
these results, we attempt to derive theoretical performance analyses.
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ORTAM-TABANLI MODULASYON’DAN
UYARLANABILIR AKILLI YUZEYLERE:
OZGUN INDIS MODULASYON COZUMLERI

OZET

Cisco yillik internet raporuna gore, 2023 yil itibariyle 5G hizinin ortalama mobil
baglant1 hizinin 13 katina ¢ikarak, 575 megabit/saniye (Megabits per second, Mbps)’ye
ulagmasi beklenmektedir. Bunun yaninda, 13.1 milyar civarinda olan mobil cihaz
sayisinin ylizde 10’unun 5G baglantisina sahip olacagi ve kiiresel cihazlarin yiizde
50’sinin makineler aras1 baglantiy1 destekler diizeyde olacagi dngoriilmektedir. Diger
yandan, gelecek nesil haberlesme sistemlerindeki biitiin bu gelismeler, arastirmacilar
tic farkli kategoride etkili sistem tasarimlarit gelistirmeye yonlendirmistir. Bunlar;
gelismis mobil bant (enhanced mobile broadband, eMBB), genis 0lcekli makine
haberlesmesi (massive machine-type communications, mMTC) ve ultra-giivenilir
diisiik gecikmeli haberlesme (ultra reliable low-latency communications, URLLC)
olarak adlandirilmaktadir. 5G o6tesi haberlesme sistemlerinde, mMTC ve URLLC
tabanli teknolojilerin milisaniye mertebesindeki cok diisiik gecikmelerle, cok sayida
cihazin birbiri ile haberlesmesinin saglanmasi1 amaclanirken, eMBB teknolojileri ile
yiiksek giivenirlikli ve yiiksek veri hizli sistemlerin tasarlanmas1 amaglanmaktadir. Bu
zorlayici kriterler, mevcut sistemler ile ger¢eklendiginde, ¢ok yiiksek gii¢ tiiketimi ve
karmasik donamimlar gerektireceginden, gelecek nesil sistemler i¢in daha esnek ve
kolay uyarlanabilir sistem tasarimlarina olan ihtiya¢ artmistir. Bu amagla, son yillarda
arastirmacilar, indis modiilasyonu (index modulation, IM), uyarlanabilir akilli yiizey
(reconfigurable intelligent surface, RIS), nesnelerin interneti (internet-of-thing, IoT),
goriiniir 151k haberlesmesi, milimetre dalga (millimeter-wave, mmWave), terahertz
haberlesme gibi 6zgiin ve etkili fiziksel katman ¢oziimleri gelistirmektedirler.

Gectigimiz on yildan beri, bir haberlesme sisteminin yap1 taglarimi bilgi ileti-
minde kullanarak daha yiiksek bant verimliligine ulasmayr hedefleyen IM-tabanlh
sistemler, arastirmacilar tarafindan biiyiik bir ilgi gormektedir. Klasik sistemler
ile karsilagtirildiginda diisiik karmagsiklikli alici-verici tasarimlart ve yiiksek enerji
verimliligi saglayan yapilar1 ile IM-tabanli sistemler, yiiksek bant ve enerji
verimliligi gerektiren gelecek nesil haberlesme sistemleri i¢in alternatif ¢oziim yollar
sunmaktadir.

IM literatiiriinde yaygin olarak karsimiza c¢ikan, ortam-tabanli modiilasyon
(media-based modulation, MBM) sisteminde, verici anten(ler) iizerine radio frekans
(radio frequency, RF) aynasi ya da PIN diyotlar entegre edilerek, iletim kanalinda,
coklu kanal durumlarinin olugmasi saglanmakta ve olusan bu c¢ok yollu kanal
tizerinden ek bilgi bitleri iletilmektedir. Boylece, alicida gelen bilgi bitlerine gore
belirlenen kanal durum bilgisine ait isaretler ulasmaktadir. Telsiz iletim kanalinin
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rastgelesmesini saglayan bu 6zgiin iletim teknigi, gelecek nesil aglarin sekillenmesine
yonelik yeni ongoriiler sunmaktadir.

5G oOtesi aglara umut verici ¢oziimler saglayan bir diger yontem ise ilizerindeki
diisiik maliyetli yansitict elemanlar ile yayilim ortamini avantajli yonde uyarlayabilen
RIS-tabanli sistem tasarimlaridir. MBM tekniginde, verici anten iizerine entegre
edilen parazitik elemanlar gibi, RIS teki akilli yansitici elemanlar da sagilim ortamini
zenginlestirmekte ve buna ek olarak da, yansima, giiclendirme ve sogurma gibi
islevleriyle ile isaret kalitesini daha da iyilestirmektedirler. Bu anlamda, iletim
kanalinin farkli durumlari tizerinden ek bilgi iletimi saglayan MBM, RIS iletiminin
0zel bir durumu olarak goriilmektedir.

Bu tezde, tiim bu gelismeler gbz oniine alinarak, gelecek nesil haberlesme aglari icin
IM-tabanli sistemlerin potansiyeli incelenerek, MBM iletim tekniginden RIS e kadar
genis bir yelpazede, 6zgiin IM sistemleri Onerilmistir.

Bu tezde, ilk olarak, vericide gercek bir uyarlanabilir anten (reconfigurable
antenna, RA)’nin 1s1ma parametreleri kullanilarak, 6 gigahertz (GHz)-alt1 ile-
tim bandi i¢in, gelismis uluslararast mobil haberlesme (International Mobile
Telecommunications-Advanced, IMT-Advanced) standartlarina gore olusturulan
gercekei bir kanal modeli iizerinden MBM sistemi tasarlanmisti.  Bu calismada,
literatiirdeki ¢oklu kanal durumlarinin birbirinden bagimsiz ve iligkisiz oldugu
varsayilan mevcut MBM sistemlerinin aksine, gercek bir RA’nin 151ma parametreleri
kullanilarak, birbirleriyle makul diizeyde iligkili kanal durumlarinin olustugu gercekci
bir iletim ortaminda, MBM sistemin basariminin incelenmesi amaclanmistir. Daha
sonra ise, yapilan analizler genisletilerek, farkli konumlandirma, i¢/dis mekan
iletim ortamlar1 ve farkli RA kullamimlarina elverisli, cesitli MBM senaryolarinin
uygulanabilecegi acik kaynakli bir kanal simiilatorii (SimMBM) olusturulmustur.

Cok yollu bir iletim ortaminda, her bir kanal durumu, MBM isaret kiimesinin bir
elemanina karsilik geldiginden, aliciya ulagan isaret, bagimsiz ve 0zdes dagilmis
(independent and identically distributed, i.i.d.) Gauss rastlanti degigskenleri olarak
algilanmaktadir. Alicidaki bu rastgelelik, Shannon kapasite kuramina gore, yiiksek
kapasitelere ulagmak i¢in bir yontem olarak goriilmektedir. Bu durum, klasik MIMO
iletimin aksine, klasik uzay-kaydirmali anahtarlama (space-shift keying, SSK) ve
MBM sistemlerinde, artan kanal durum sayisinin hata bagarimini iyilestirme sebebini
ortaya koymaktadir. Bu tezdeki ilerleyen ¢alismalarda, MBM’in bu avantajli 6zelligini,
klasik uzay-zaman blok kodlama (space-time block coding, STBC) iletim teknikleri
ile birlestirerek, MBM’e verici anten cesitlemesi kazandirarak daha da yiiksek
kapasite degerlerine ulasilabilmesini amaglayan iki farkli MBM-tabanli STBC teknigi
geligtirilmigtir: ST-MBM ve dairesel STBC-IM (circular STBC-IM, CSTBC-IM). Bu
sistemlerde, klasik SSK iletimi uzay-zaman yontemlerinden biri olan Hurwitz-Radon
matrisleri ile ve dairesel matris-tabanli STBC teknikleri kullanilarak, tek bir RF zinciri
ile ¢cesitli mertebeden verici ¢esitlemesi kazanci saglanmigtir. Tiim bunlara ek olarak,
kapsamli teorik analizler sonucunda, bu sistemler i¢in bit hata orani (bit error rate,
BER) ve kapasite basarimlar1 elde edilmis ve bu sonuglar, bilgisayar benzetimleri ile
desteklenmistir.

Bir sonraki calismada, klasik c¢ok-girisli ¢ok-¢ikisli (multiple-input multiple-output,
MIMO) ve IM-tabanlit MIMO sistemleri desteklemek iizere, alic1 ve verici arasinda,
sadece yalin faz kaymalarn olusturabilen pasif RIS yansitici yiizeylerin konum-
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landirildig1 varsayilmisti. Bu calismada, kosiniis benzerlik teoremi kullanilarak,
hesaplama karmagiklig1 yiiksek herhangi bir hiizmeleme teknigine bagvurmadan, RIS
yansitict yiizeylerinin fazlari, sistemin isaret-giiriiltii oranin1 (signal-to-noise, SNR)
enbiiyiikleyecek sekilde diizenleyen, diisiik-karmagiklikli bir algoritma gelistirilmistir.
Bunun yani sira, yari-analitik bir yolla, RIS-tabanli MIMO ve RIS-tabanli IM sistemler
icin teorik ortalama bit hata olasilif1 (average bir error probability, ABEP) elde
edilerek, bu sonuglar, kapsamli bilgisayar benzetimleri ile desteklenmisgtir.

RIS-tabanli sistemlerde, RIS yansitici elemanlarmin fazlarmin yani sira, ek giic
tilketimi karsiliginda, genliklerinin de ayarlanabilir olmasi, daha da yiiksek kapasite
degerlerine ulagabilmesinin Oniinii agmaktadir. Bu amacla, biitiin yansitic1 yiizeyleri
ek giiclendiriciler ile desteklenen bir RIS’in dogrudan bilgi iletiminde kullanildigi,
yeni bir IM teknigi gelistirilmistir. Bu ¢alismada, vericide kullanilan modiilasyonsuz
bir tasiyiciyi, gelen bilgi bitlerine gore, kolaylikla ayirt edilebilir, birbirinden farkl
genlik diizeylerine sahip isaretlere doniistiirmek iizere, RIS yansitic1 yiizeyleri, sadece
faz1 ayarlanabilen pasif elemanlar veya hem genligi hem fazi ayarlanabilen aktif
elemanlardan olusan alt-gruplara ayrilmaktadir. Boylece, hem aktif hem de pasif
elemanlardan olusan hibrit RIS yapisi, herhangi bir RF zincirine gerek duyulmaksizin,
vericide iletilen tasiyici isaret ve farkli RIS kombinasyonlari iizerinden, sanal bir
genlik kaydirmali anahtarlama (amplitude shift keying, ASK) modiilasyon kiimesi
olusturulmaktadir. Bu 06zgiin calismada, kapsamli teorik analizler ve bilgisayar
benzetimleri sonucunda, Onerilen sistemin mevcut pasif RIS, aktif RIS ve yansima
modiilasyonu (reflection modulation, RM) sistemlerine ile BER, kapasite ve enerji
verimliligi karsilastirmalar1 yapilmistir.

Son bir kag yilda, pasif RIS-tabanli sistem tasarimlar: tizerine genis bir literatiir olugsa
da, aktif RIS-tabanli sistemlerin yiiksek kapasitelere ulastiklarina dair yapilan ilk
caligmalar, yeni arastirma alanlarinin yolunu agmistir. Bu baglamda, bu tezde, ¢cok
kullanicili sistemlerde, vericinin kullanicilar arasi girisimi giderme gorevini tamamen
aktif RIS e tasiyan yeni bir havadan hiizmeleme (over-the-air beamforming) teknigi
onerilmektedir. Onerilen sistemde, alic1 ve verici tarafta herhangi bir karmagik
donanima sahip isaret isleme teknigine basvurmadan, RIS yardimiyla asagi-yonlii
iletim yapan ¢ok kullanicili bir sistemin toplam-hizim1 (sum-rate) enbiiyiikleyecek
sekilde, aktif yansitic1 yiizeylerin genlik ve faz degerleri ayarlanmaktadir. Bununla
birlikte, bu havadan hiizmeleme tekniginden esinlenerek, yukar1 yonde iletim
yapan tek-kullanicih MIMO bir iletim sisteminde, mevcut alici antenlerden biri
etkinlestirerek, bu etkin antenin indisi tizerinden ek bilgi biti ileten yeni bir alict IM
(receive IM) teknigi gelistirilmistir. Onerilen bu sistemde, gonderilen isareti, gelen
bilgi biti ile belirlenen alic1 antene yoneltmek iizere vericide 6n kodlama yapan klasik
alic1 IM tekniklerinden farkli olarak, aktif yansitic1 yiizeylerin katsayilari, gonderilen
bilgiyi sadece ilgili alic1 antene yonlendirmek iizere ayarlanmaktadir. Onerilen bu iki
havadan hiizmeleme tekniginde, aktif yansitici yiizeylerinin en uygun katsayilarini
belirlemek i¢in yari-kesin rahatlatma yontemi (semi-definite relaxation, SDR) ne
bagvurarak iki farkli optimizasyon problemi olusturulmus ve bu problemler CVX
konveks optimizasyon ¢oziiciileri yardimi ile ¢oziilmiistiir. Bunun yani sira, kapsamli
bilgisayar benzetimleri sonucunda, klasik verici 6n kodlama tekniklerine karsilik,
onerilen havadan hiizmeleme tekniklerinin bagarim iistiinliigi vurgulanmustir.

Ozetle, bu tez calismasinda, klasik MBM’den baslanarak, giincel RIS-tabanl
arastirmalar1 da kapsayan genis bir yelpazede, gelecek nesil haberlesme sistemleri
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icin 0zgiin IM ¢oziimleri 6nerilmektedir. Bu tez siirecince, STBC iletim teknigi,
diisiik karmasiklikli algoritmalar, optimizasyon teknikleri, fiziksel kanal modelleme
gibi bir ¢ok farkli alanda calismalar yapilmistir. Onerilen sistemlerin basarimlarmi
incelemek iizere, bu sistemlerin klasik ve giincel iletim teknikleri ile bagarim
karsilastirmalar1 kapsamli bilgisayar benzetimleri ile yapilarak, bu sonuclar, teorik
analizlerle desteklenmistir.
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1. INTRODUCTION

This chapter presents the motivation and contribution of the undertaken research topics
of the thesis and concludes with the organization layout and the mathematical notations

considered throughout the thesis.

1.1 Motivation and Contribution

The fifth generation (5G) technology has enabled numerous new applications
with diverse characteristics including low-latency, high reliability, high data rate,
energy efficiency and security under three core use cases: ultra-reliable low-latency
communications (URLLC), enhanced mobile broadband (eMBB) and massive machine
type communications (mMTC) [1]. While mMTC aims to provide connectivity of
the massive number of devices that intermittently send or receive a small amount
of data, uRLLC applications are anticipated to deal with the stringent requirements
on ultra-reliability and ultra low-latency for mission-critical transmissions. On the
other hand, eMBB targets extended coverage, extreme data rates and huge amount
of data transfer. To address these requirements, novel physical layer solutions,
such as millimeter wave (mm-Wave), terahertz (THz), massive multiple-input
multiple-output (mMIMO), and Internet of things (IoT) communications, have been
developed. However, since the traditional MIMO transmission fails to support higher
energy-efficiency requirement of next-generation networks, the emerging concept
of index modulation (IM) has regarded as a groundbreaking paradigm that offers
significant potential for attaining higher data rates in a cost-efficient manner [2].
In particular, the IM technique exploits the indices of main pillars of a basic
communication system, such as antennas [3, 4], antenna patterns [5], time slots [6],

etc., in a clever manner to convey extra information.

Media-based modulation (MBM) is a relatively new IM concept that offers novel
insights into future communication systems by generating different radiation patterns

of a single reconfigurable antenna (RA) via tunable parasitic elements such as radio



frequency (RF) mirrors or PIN diodes [5]. Indeed, exploiting rich scattering properties
of transmission environments, MBM creates a signal constellation from different
realizations of a wireless channel itself which brings a whole new dimension to the

traditional wireless networks.

One step further towards shaping beyond 5G networks is to modify the propagation
environment in a customized way via deploying reconfigurable intelligent surfaces
(RISs), which are considered as a potential game-changer technology to evolve future
wireless networks into smart radio environments [7]. Particularly, RISs are planar
metasurfaces that enable the modification of propagation environments via integrated
smart programmable elements in favor of enhancing signal quality. By adjusting
impinging signals, these elements are able to perform unique functions, such as
controlled reflection, amplification, absorption, etc. to boost the signal strength,
alleviate the inter-channel interference and thus enhance the channel capacity gains [7].
Therefore, in a broader perspective, MBM can be regarded as a special case of RIS, as
both the parasitic elements in MBM and smart reflecting elements of RIS are utilized

to create and shape a dense propagation environment.

In this thesis, taking inspiration from these promising developments, we have explored
the potential of the IM principle for future generation systems, and developed novel
high-rate transmission system designs ranging from integration MBM with space-time
codes to the RIS-aided multi-user transmission schemes. The major contributions of

this thesis are:

* Considering the International = Mobile  Telecommunications-Advanced
(IMT-Advanced) channel statistics, we introduce a realistic two-dimensional
(2D) physical channel simulator for an RIS-aided MBM transmission scheme by

utilizing a real reconfigurable antenna (RA) with four radiation patterns [8].

* We present a general framework for MBM from the perspective of space-time
coding and introduce two novel space-time coded IM concepts considering Hurwitz
Radon [9] and circular matrices [10] that achieve a various number of transmit

diversity gains.

* In order to avoid computationally intensive algorithms for optimizing the reflection

phases of a passive RIS, considering the cosine similarity theorem, we design a
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low-complexity algorithm for the RIS-aided MIMO and RIS-aided IM transmission

schemes [11].

* We introduce a new IM transmission scheme that directly uses an RIS with passive

and active reflecting elements as a transmit information unit [12].

» Leveraging the capability of an RIS on manipulating the magnitude of the
incident wave, we propose a novel over-the-air beamforming concept for multi-user
transmission, which customizes the RIS to achieve maximum sum-rate gains.
Additionally, adapting the over-the-air beamforming approach, we develop a novel

receive IM scheme [13].

1.2 Organization of Thesis

The rest of the thesis is organized as follows:

In Chapter 2, a comprehensive literature review of IM-based systems is presented.
This chapter starts with an overview of the IM systems, then the existing related works

on the classical MBM and the RIS-aided systems are summarized.

In Chapter 3, the open source SimMBM channel simulator is developed that leverages
the parameters of a real RA to apply the MBM principle to a RIS-aided transmission

scheme under realistic indoor and outdoor channel conditions for sub-6 GHz spectrum.

In Chapter 4, considering the space-time transmission principle, a novel space-time
MBM (ST-MBM) scheme is presented. The proposed system is based on one of the
prominent IM solutions, space shift keying (SSK), along with the Hurwitz-Radon
family of matrices in order to achieve transmit diversity gains with a single RF
chain by utilizing the unique RF mirror activation principle of MBM. Moreover, the
theoretical pairwise error probability (PEP) of the ST-MBM scheme for correlated and
uncorrelated channel states is derived and its theoretical average bit error probability
(ABEP) is obtained. Additionally, a lower bound is derived for the mutual information
of the ST-MBM scheme to gain insights into the information theoretical bounds of the
proposed scheme. Furthermore, extensive computer simulations are provided to show
the superior error performance of the ST-MBM scheme over the state-of-the-art MIMO

transmission systems.



In Chapter S, a circular STBC-based IM technique (CSTBC-IM) is introduced,
in which a circular matrix is designed as an STBC matrix and integrated with the
MBM transmission principle to achieve transmission diversity gain. Unlike traditional
STBC-based IM concepts, the proposed technique provides various orders of transmit
diversity gains and attains higher spectral efficiency values with a single RF chain. The
bit error rate (BER) performance of the proposed system is theoretically analyzed and
an upper bound expression for the ABEP is derived. Moreover, via comprehensive
computer simulations, the improved BER performance of the proposed CSTBC-IM is

demonstrated over the-state-of-the-art IM schemes.

In Chapter 6, taking MBM one step further, the contribution of RIS technology to
emerging transmission systems is investigated. For this purpose, a cosine similarity
theorem-based low-complexity algorithm for adapting the phase shifts of an RIS that
assists a MIMO transmission system is introduced. Moreover, the proposed algorithm
is generalized for the RIS-aided spatial modulation (RIS-SM) scheme that conveys
additional information via activating a single transmit antenna at the transmitter.
Furthermore, considering a semi-analytical probabilistic approach, the theoretical
ABEP of the systems are derived, which are supported through extensive computer

simulations.

In Chapter 7, a novel IM transmission scheme called hybrid reflection modulation
(HRM), which deploys a hybrid RIS including both active and passive reflecting
elements to convey information without using any RF chains, is presented. In the
HRM scheme, the active reflecting elements using additional power amplifiers are
able to amplify and reflect the incoming signal, while the remaining passive elements
can simply reflect the signals with appropriate phase shifts. Based on this novel
transmission model, we obtain an upper bound for the ABEP, and derive the achievable
rate of the system using an information theoretic approach. Moreover, comprehensive
computer simulations are performed to prove the superiority of the proposed HRM
scheme over existing fully passive, fully active, and reflection modulation (RM)

systems.

In Chapter 8, the potential of active RIS is further investigated from a
different perspective. Deploying an active RIS, a novel beamforming concept,

over-the-air beamforming, for RIS-aided multi-user multiple-input single-output



(MISO) transmission schemes without requiring any pre/post signal processing
hardware designs at the transmitter and receiver sides is developed. In the proposed
over-the-air beamforming-based transmission scheme, the reflection coefficients of the
active RIS elements are customized to maximize the sum-rate gain. To tackle this
issue, first, a non-convex quadratically constrained quadratic programming (QCQP)
problem is formulated. Then, using the semidefinite relaxation (SDR) approach, this
optimization problem is converted to a convex feasibility problem, which is efficiently
solved using the CVX optimization toolbox. Moreover, taking inspiration from this
beamforming technique, a novel high-rate receive IM scheme with a low-complexity
sub-optimal detector is developed. Through comprehensive simulation results, the

sum-rate and BER performance of the proposed designs are investigated.
In Chapter 9, the conclusions of this thesis are given.

Notation: Throughout this thesis, bold capital and lowercase letters are used
for matrices and vectors, respectively. Transposition and Hermitian transposition
operators are denoted by (-)” and (-)¥, respectively. Tr(-), rank(-) and det(-)
respectively stand for the trace, the rank and the determinant of a matrix. ||-|| stands
for the Euclidean/Frobenius norm and vec(-) represents the vectorization operator. The
complex Gaussian distribution of a random variable x with ; mean and ¢ variance is
denoted by CA (u,0%). P,(+) stands for the probability of an event and E {-} denotes
expectation. Gaussian )-function, the entropy function and the Kronecker product are
represented by (), H(-) and ®, respectively. I,,, denotes the m x m identity matrix,
C™*™ represents the set of complex-valued matrices with dimensions of m x n, while

O(-) denotes big O notation.






2. LITERATURE REVIEW

In this chapter, a literature review for IM-based systems is given. The chapter starts
with an overview of the IM transmission principle and proceeds with the related works

of the MBM and RIS-aided studies.

2.1 Index Modulation: A Historical Perspective

The evolution of MIMO technology has boosted the overall performance of traditional
communication systems from many different aspects. The capability of the
MIMO systems to meet the growing demand for higher data rates and higher
capacity significantly accelerates the development of today’s wireless technologies.
Consequently, MIMO techniques have been widely used in wireless standards
including Long Term Evolution (LTE), IEEE 802.11x (Wi-Fi) and IEEE 802.16
(WiMAX). According to the conventional MIMO transmission concept [14], since all
transmit antennas are used for signaling, an increasing number of transmit antennas
leads to a higher data rate and, at the same time, remarkably increases the transceiver

complexity, which is considered as the main drawback of these early designs.

Over the past decade, there has been a growing trend towards increasing the data
rate by conveying additional information bits through the building blocks of a
MIMO transmission system by the novel concept of IM [2]. Compared to the early
hardware-complex multi-antenna systems [14], the IM systems are considered as
potential solutions for future networks, with their advantageous attributes such as

low-complexity and energy-efficient hardware designs [2].

2.1.1 Spatial modulation

SM [3], which utilizes the indices of the available transmit antennas of a MIMO
system to convey extra information bits besides the conventional modulation bits,
has been regarded as the pioneer of IM techniques. As given in Figure 2.1, in the

SM transmission scheme, in addition to selecting a modulated symbol from a phase
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Figure 2.1 : Transmitter diagram of spatial modulation.

shift keying (PSK) or a quadrature amplitude modulation (QAM) constellation, the
incoming information bits also determine the index of the transmit antenna to be
activated through which the communication is established. Therefore, unlike the
classical multi-antenna transmitters [14], in SM, a considerable spectral efficiency
improvement is achieved in a more energy-efficient manner via employing a single
RF chain. Afterwards, this innovative concept has been developed and numerous
follow-up studies on SM have been performed under diverse research fields [15].
In [16], SSK scheme, which only transmits information bits by specifying the index of
the active transmit antenna is introduced. Later, in order to attain significant spectral
efficiency improvement, the SM transmission scheme is generalized for activating
multiple transmit antennas in each transmission interval [17, 18]. Subsequently, in
[19, 20], SM-based multi-carrier communication systems are developed, while [21]
offers novel insights in SM-based spread spectrum communication. Further, SM is
adapted into optical wireless communications [22,23], mmWave [24], spread spectrum

[25] and visible light communication systems [26], and so on.

2.1.2 Media-based modulation

MBM [5] is a distinctive IM transmission scheme that transmits information via
a multitude of different channel states. In the MBM scheme, a transmit antenna
is equipped with external parasitic elements such as RF mirrors or PIN diodes to
create different channel fade realizations from the perspective of the receiver. Then,
according to incoming information bits, a particular transmission path is selected
from these multiple-channel paths. Therefore, unlike the classical digital modulation

schemes that transmit information over the basic characteristics of an incident wave



such as phase, amplitude, frequency, etc., in the MBM scheme, different channel state

realizations constitute the MBM signal constellation.

This creative transmission technique has attracted a growing interest in the literature.
In [27], the authors emphasize the significant gains of the MBM system using
RF mirrors for practical channel realizations compared to classical single-input
multiple-output (SIMO) and MIMO systems. In the follow-up studies, different STBC
techniques are integrated with the MBM transmission scheme to achieve numerous
orders of transmit diversity gains [9, 28]. Also, multi-user and massive MIMO
implementations of the MBM system are reported in [29]. Further, traditional
SM [3] and quadrature SM (QSM) [4] systems are adapted to the MBM concept
in [30] and [31], respectively. Afterwards, the works of [28] and [32] integrated MBM
with Alamouti’s STBC [33] and uncoded space-time labeling diversity (USTLD)
[34], respectively. Also, MBM-based multi-user networks [35] and uplink massive
MBM-MIMO systems [29, 36] are proposed. To decrease the receiver complexity,
iterative interference cancellation [37], constrained linear programming [38] and
message passing-based [39] suboptimal detectors are designed, and the performance of
the MBM scheme is investigated in the presence of imperfect channel estimation [40].
Later, MBM-based full-duplex [41] and secrecy communication [42,43] systems are

developed.

2.2 From Media-based Modulation to Reconfigurable Intelligent Surfaces

Above this immense literature, as being the first study of manipulating the transmission
environment in order to attain higher data rates, MBM has paved the way toward

next-generation networks that build programmable wireless environments.

Recently, RIS-enhanced technology, which constructively adapts the propagation
environment of a communication system through controllable electromagnetic
materials, is dominating the wireless communications literature. As in the MBM
transmission, these controllable electromagnetic elements at RIS enrich the scattering
environment. Moreover, the unique functions of the reflecting elements such
as reflection, amplification, absorption, etc., enable the RIS to provide a further

contribution toward improving transmission quality. Therefore, the RIS technology
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Figure 2.2 : Prototypes for a) MBM and b) RIS exploiting PIN diodes and varactors
for each cell, respectively.

exploiting smart controllable elements can be considered as an improved version of

the MBM transmission.

In order to better assess the transition between MBM and RIS, their prototypes [44,45]
are given in Figure 2.2. The prototype given in Figure 2.2a) is from one of the early
MBM designs that surrounds a transmit antenna with two sets of vertically stacked
PIN diodes creating various numbers of channel realizations [44]. On the other hand,
an RIS prototype with 256 unit cells, each controlled through two varactor diodes for a
proper phase adjustment, is given in Figure 2.2b) [45]. Therefore, it is apparent that the
MBM and RIS are two family technologies based on the same foundations. However,
while the core idea of MBM is to achieve a higher data rate, RIS enables to customize

the transmission medium in a constructive manner.

2.2.1 RIS-aided transmission schemes

The unprecedented potential of RISs on the signal quality of a communication
system has led researchers to use the RIS technology in various frontiers. In
early RIS-aided transmission schemes, multi-user systems that optimize the transmit
power [46—48], error performance [49-51], and achievable rate [52-55] have been
developed in order to achieve major performance gains. Further, an RIS is deployed
for improving the physical layer security of target communication systems [56-58],
while in [59-61], deep learning-based efficient solutions are developed for channel
estimation and reflection-based designs. Recently, leveraging RIS, realistic millimeter

wave (mmWave) channel models [62, 63] are designed and implemented. Even more
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recently, to facilitate practical implementation of the RIS aided systems, new path
loss models [64,65], open-source channel models [66,67] and a practical phase shift
model [68] are developed. Above all, unlike the aforementioned systems that consider
computer simulations, in [69—71], low-cost RIS prototypes are constructed to obtain
more accurate results about the actual performance of the RIS-aided systems through

experimental measurements.

The proliferation of literature on RIS technology heightens the need for increasing data
rates using IM techniques. Therefore, the combination of RISs with the traditional
IM systems has been aroused in [8, 72, 73], where the information is transmitted
via indices of transmit/receive antennas, and an RIS is adopted to further enhance
transmission performance. Moreover, the performance analysis of the RIS-aided IM
(RIS-IM) schemes has been investigated in [74—76] and novel closed-form expressions
are obtained in [77]. On the other hand, in recent studies, a novel IM technique,
reflection modulation (RM), has been developed to utilize the reflecting elements as
information transmitting units [78]. In recent RM systems, using ON/OFF keying
mechanism of the passive reflection elements, an RIS has been deployed to carry
information [79-82]. Nevertheless, the abovementioned system designs suffer from
multiplicative path attenuation due to the inherent drawback of the RIS-aided designs

and achieve poor performance gains over the conventional communication systems.

Recently, to tackle the above challenges, the concept of active RIS, which performs
simultaneous amplification and reflection on the incident wave, is introduced in
[83,84]. Accordingly, the magnitudes and the phases of the reflecting elements of the
active RIS, which are equipped with additional power amplifiers, are properly tuned
in a customized way [85]. Therefore, at the cost of additional power consumption,
active RIS-aided systems are capable of achieving enhanced capacity gains [84]. In
a recent study on designing active RISs, dynamic and fixed hybrid RIS architectures
are constructed via leveraging power amplifiers and RF chains as active elements [86].
Further, for improving the data rate, a new RM design, which employs the sub-groups
of a hybrid RIS as information transfer units, is presented in [12]. In follow-up
studies, the concept of the active RIS is deployed for beamforming optimization of

the RIS-aided multi-user systems [87,88]. Above all, the potential of active RIS-aided
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Table 2.1 : Comparison of traditional and state-of-the-art IM systems.

Hardware  Spectral

Refs. Scheme Complexity Efficiency

[14] MIMO  High High
. [3] SM Moderate Moderate
Traditional Systems
[16] SSK Low Moderate
[4] QSM Moderate High
[27] MBM Low Moderate
. [74-76] RIS-IM Moderate Moderate
RIS-aided Systems
[78-82] RM Low Moderate

systems for achieving enormous performance gains will enable to develop promising

solutions for future research.

In conclusion, this chapter presents a detailed literature review of the classical and
state-of-the-art IM schemes ranging from early SM-based studies to RIS-aided IM
systems. Moreover, the comparison of the hardware complexity and spectral efficiency
of the reviewed IM schemes are briefly summarized in Table 2.1. Here, the SSK [16],
MBM [27] and RM systems [78—82] with low hardware complexities and high spectral
efficiency values offer superior performance achievements over the other IM-based

systems.
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3. SIMMBM CHANNEL SIMULATOR FOR MBM SYSTEMS

In this chapter, considering IMT-Advanced recommendations [89], SimMBM channel
simulator is released for simulating realistic and two-dimensional (2D) MBM
transmission channels that are pertinent to sub-6 GHz [89] applications of the
specific indoor hotspot (InH), urban micro (UMi) and urban macro (UMa) network
configurations. Unlike the classical MBM studies [9, 28, 29, 90] that consider RF
mirrors around transmit antenna(s) to create questionably independent channel state
realizations, in SimMBM, we assume that a real RA with four radiation patterns
[91] that inherently capable of generating channel variations is utilized, while a
generalization to the case of multiple radiation patterns is straightforward.  This
open-source channel simulator offers different environment types (InH, UMi and

UMa), and allows locations variations.

The remainder of this chapter is organized as follows. We present the overall structure
of the channel simulator, including the MBM systems and IMT-Advanced channel
modeling concepts in Section 3.1. In Section 3.2, the channel correlation and capacity
measurements of the MBM systems are provided. Our numerical results are presented

in Section 3.3 and conclusions are given in Section 3.4.

3.1 SIMMBM Channel Simulator

In this section, the SimMBM channel simulator, which generates the MBM
transmission channels characterized by the IMT-Advanced standards at sub-6 GHz

frequency band, is introduced.

3.1.1 IMT-Advanced channel modeling

The IMT-Advanced systems proving extensive transmission protocols for mobile
communications and broadband connectivity are growingly deployed worldwide in
today’s wireless communication systems [1]. In this study, the proposed SimMBM

channel simulator, which produces MBM channels in various indoor and outdoor
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Figure 3.1 : IMT-Advanced channel coefficient generation procedure.

environments, follows IMT-Advanced channel modeling procedure illustrated in

Figure 3.1 [89].

In this study, first, we consider a generic single-input single-output (SISO) system
whose propagation environment is characterized by IMT-Advanced channel models
that consist of multiple clusters, each composing a number of sub-rays with similar
characteristics referred to as scatterers. Each cluster is characterized by large scale
parameters which are statistical parameters such as delay spread (DS) and angular
spread (AS) that follow the distributions given in Table 3.1 [89]. Then, these
parameters are employed to assign delay 7.5, power P, s, departure ¢, and arrival
¢¢,s angles to each path, which are often referred to as small scale parameters. where

fe 1s operating frequency at the sub-6 GHz frequency band.

Accordingly, after specifying a scenario among the available network configurations
InH, UMi and UMa, distance-dependent line of sight (LOS) probability p(d), for d
being the 2D distance between the transmitter (T) and the receiver (R), is determined
as given in Table 3.2 [89]. Please note that throughout this chapter, the terms "T" and

"R" will be used to refer transmitter and the receiver, respectively.

After determining whether a LOS propagation link exists between the T and R,
the attenuation caused by path loss and shadowing fading (SF), in decibel (dB), is

calculated, using the path loss parameters given in Table 3.3 [89], as follows

Pr(d)[dB] = —Xlogo(d) =Y — Zlogo(fe) —osF. (3.1)
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Table 3.1 : Channel parameters for sub-6 GHz spectrum.

InH UMi UMa
LOS NLOS LOS NLOS LOS NLOS
pwo =770 —741 —-7.19 —6.89 —7.03 —6.44
Delay spread (DS) log1o(%)  — (95012 0.40 0.54 0.66 0.39
o o 1.60 1.62 1.20 1.41 1.15 1.41
AoD spread (ASD) log (") ———(15 525 0.43 0.17 0.28 0.28
o I 1.62 1.77 1.75 1.84 1.81 1.87
AoA spread (ASA) 10g10(") — g9 416 0.19 0.15 0.20 0.11
Ao0A/AoD distribution Laplacian Wrapped Gaussian ~ Wrapped Gaussian
Number of clusters 15 19 12 19 14 12
Number of rays per cluster 20 20 20 19 20 20
Cluster ASD 5 5 3 10 5 2
Cluster ASA 8 11 17 22 11 15

Table 3.2 : LOS probability.

LOS Probability

InH

p(d)

1

0.5

exp(—(d —18)/27)

d<18
18 <d <27
d>37

UMi

p(d) =min(18/d,1)(1 — exp(—d/36)) + exp(—d/36)

UMa

p(d) =min(18/d,1)(1 —exp(—d/63)) + exp(—d/63)

Assume C' and S respectively represent the number of total clusters and number of

scatterers within each cluster, and (c,s) denotes the sth scatterer of the cth cluster.

Therefore, considering IMT-Advanced channel parameters in Table 3.1 [89], the

geometric channel between this generic SISO system is constructed as [89]

c S
h= Z Z Qe,s \/Gt(¢C75)GT(§DC,S)PL(d)€j0 + hLOS

c=1 s=1

Table 3.3 : Path loss parameters.

Scenario X Y Z ogp
g LOS 169 328 20 3
" NLOS 433 115 20 4

~ LOS 22 28 20 3
UMi Xros 367 227 26 4
UMa LOS 22 28 20 4

15
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Figure 3.2 : SISO-MBM transmission.

where hyos is the LOS component, 6 is the initial phase uniformly distributed
between [0,27], i.e., O ~ U(0,27), while G¢(¢c.s) and G, (¢, ) are the transmit and
receive antenna gains in the direction of the (¢, s)th path, respectively. In (3.2),
acs ~CN(0, P, ) is assumed to be independent identically distributed (i.i.d) complex
Gaussian random variable with zero mean and P, ¢ variance for P, s being the average

power of the (c,s) path and ) | P. s = 1, while kg is determined as

c,s

hros = ILos(d)v/Gi(dLos)Gr(¢Los) Pr(d)e?’ (3.3)

where I os(d) is Bernoulli random variable with p(d) probability, indicating existence
of a LOS link between the T and R. G¢(¢L0s) and G, (¢rLos) are the transmit and the

received antenna gain in LOS direction, respectively.

3.1.2 RA-based MBM channels

In this study, considering IMT-Advanced standards for sub-6 GHz applications
described above [89], we consider the propagation environment of a SISO system
whose schematic diagram is given in Figure 3.2. It is assumed that a single RA with
four different directional radiation patterns operating at 2.45 GHz frequency [91] is
employed at T, while R is equipped with an omni-directional antenna that collects

signals with unit gain in all directions.

The considered RA exploits four arc dipoles as radiating elements and manipulates the
radiation direction by ON/OFF status of PIN diodes [91], which create four directional

radiation patterns presented in Figure 3.3. It is worth noting that the radiation patterns
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of this RA are extracted from 2D polar plots given in [91] by using a software
program [92]. Moreover, this RA with pattern diversity can steer 360° in the azimuth
plane and allows us to perform the classical MBM concept [90, 93] between T and
R. Therefore, considering the above azimuth beam steering RA [91], an RA-based
SISO-MBM system is constructed.

In this system, considering the classical MBM transmission principle, the incoming
m =logy(4) = 2 information bits determine one out of four radiation patterns of the RA
[91] to be activated in each transmission interval by switching ON/OFF status of the
corresponding PIN diode. Therefore, considering the geometry-based IMT-Advanced
channels reported in the preceding subsection, the transmission channel of the

SISO-MBM system is constructed as

hp =Y s\ Gploes)Pr(d)e’ + hros (3.4)

c=1 s=1
where G(¢,s) is the antenna gain of the pth state in direction of ¢. s angle for p

denoting the index of the active radiation pattern.

Furthermore, to enhance the spectral efficiency of the SISO-MBM scheme, it is
generalized for a MIMO configuration with uniform linear array (ULA) deployment
of T, RA antennas at T and R, omni-directional antennas at R. Further, in this

MIMO-MBM system, by assigning logy(4) = 2 bits to each RA, all available transmit
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RAs are used for transmission through their active radiation patterns which are
determined via the incoming m = T, log,(4) = 27, bits. Therefore, the channel
coefficient between the ¢th transmit RA and jth received antenna is constructed as

follows

fl] — Zzacsm /GZ X ejkda i—1) 51n(¢c s)ejkda(] 1)51n(90c s)

c=1s=1
3.5

In (3.5), for drr being distance between the T and R, G’( s R) is the gain of the
pth pattern corresponding to ith transmit RA, k = 27/, and d, is the distance
between adjacent antennas, which is assumed to be d, = A/2, and \ is the wavelength.

Therefore, the overall channel matrix between T and R, F € CF=*Tx becomes

F = ZZO‘CS L(drr)a"( e)aleiR) + Fros (3.6)

c=1 s=1

where Frog is the LOS component, a(¢t+) and a(p!X) denote the transmit and
received array response vectors at the corresponding departure gzﬁzf and arrival gpg;f
angles, respectively. In (3.6), the ULA-based RA array response vector a(¢cs) €

CT=>1 (including gains) is

T
[\/Gl \/GZ (¢TR)eihdasin(@es) ..\ JGTr($TR)pihda(Tr= 1)sm(¢>?‘§)]
(3.7)
while ULA-based omni-directional receiver array vector a(ga;rf) € Chax1js
T
a(plR) = [1 pikdasin(lR) . ejkda(Rwl)sin(soZﬁ)] , (3.8)

3.1.3 RIS-aided MBM systems

Since the RIS technology offers cost-effective solutions for future communication
systems, there is a growing body of literature on novel RIS-aided transmission system
designs [94]. In that sense, in order to enhance the signal quality of the aforementioned
MIMO-MBM schemes, an RIS is integrated between T and R. In this new RIS-aided
MBM system, to ensure consistency with the above 2D IMT-Advanced channel
models, a ULA-based RIS with d, = A\/2 spaced N passive reflecting elements is
placed between T and R of the 1, x T, MIMO-MBM system as illustrated in Figure

3.4. Furthermore, in this system, in order to get a significant gain from the RIS, we

18



RIS

c-th cluster

Figure 3.4 : RIS-aided MIMO-MBM system.

assume the RIS to be close enough to T to ensure pure LOS links. On the other hand,
R is assumed to be sufficiently far from the RIS and T to allow multi-path propagation
in T-R and R-RIS links.

Obviously, the multi-path propagation environment of the T-R link corresponds to the
MIMO-MBM channel described in the previous subsection. Therefore, the channel

matrix characterizing the T-R link becomes F € CRexTz gg given in (3.6)-(3.8).

Likewise, since we assume pure LOS links in T-RIS link, considering IMT-Advanced

models, the LOS channel of T-RIS link is obtained as

H = I1 05 (drris) v/ Pr(drris) Gee?? x a(of885)al (o 815) (3.9)

where drgis is the LOS distance of the T-RIS path, and G, symbolizes the gain of
the RIS elements, which is assumed to be G. = 7 [66]. In addition, Pr(drris) is the
attenuation between T-RIS link that can be calculated from (3.1), while a(qﬁ{'g;s) and

(@Eé%s) respectively are the array response vectors of the T and RIS in LOS direction.

Thus, a(¢f &%) is calculated as in (3.7), a(¢] 0e°) is obtained as follows
T

a(pr RISy = |1 pikdrsin(pios) ... eikdr(N=1)sin(p(55%) | (3.10)

On the other hand, for the R-RIS link, we consider a multi-path propagation

environment. Let C' and S respectively symbolize the number of clusters and scatterers

within each cluster in R-RIS link. Then, the R-RIS channel matrix is constructed as

G= ZZ& sV GePr(droris) x a(gRR5)al (oRR1S) + G og (3.11)

c=1 s=1
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where dg_gis is the distance from the RIS to R, Gy g is the LOS component which

-RIS
65

is separately obtained from multi-path propagation, and a(¢z, R-RIS)

and a(yz;

R-RIS
C,5

respectively are the array response vectors at ¢, R

and gpg'g

IS directions.

After all, the composite channel of the RIS-aided MBM system is constructed by
combinations of the direct and the reflected paths as C € CR:xT: — G®H + F, where
& c CV*N is the diagonal reflection matrix of the RIS. It is worth stating that diagonal
reflecting matrix of ® is constructed considering [95] for SISO-MBM and [96] for

MIMO-MBM systems.

Consequently, the received signal of the RIS-aided MIMO-MBM system y € Cfex1
becomes

y=Cx+n (3.12)

for x € CT=*! = 1 being the all-one transmission signal vector whose each element
corresponds to an unmodulated carrier signal, while n is additive white Gaussian noise
(AWGN) vector composing i.i.d. random variables, where each follows CA/ (0, Ny)

distribution.

3.2 Correlation and Capacity Analysis
This section provides correlation and capacity analyses of the MBM systems.

3.2.1 Correlation analysis

Although channel correlation is a key factor determining the robustness and efficiency
of the MBM systems, there has been little discussion about the realistic correlation
models for MBM [90]. In this study, although the same propagation environment is
considered, the pattern diversity of the RA in Figure 3.3 [91] which exploits the RF
characteristics of the environment, allows signals from different radiation patterns to

follow different paths in arriving the receiver.

In this subsection, the channel correlation caused by different radiation patterns of
the RA [91] is computed through Monte Carlo simulations. For this reason, the
SISO-MBM scheme whose transmit channel coefficient /), corresponding to the pth
RA pattern given in (3.2), is considered. For L being number of total sub-rays, the

cross-channel correlation corresponding to p and ¢ modes of the RA can be calculated
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from
R, =E{h,h;} (3.13)

L
=E {Z {PL(dT.RM Gp<¢lT'R)Gq<¢lT'R)}} (3.14)

=1

where p,q € {1,2,3,4}, and E{-} is the expectation.

Above all, considering IMT-Advanced NLOS InH scenario, the cross-correlation
matrix of the SISO-MBM scheme is calculated via extensive computer simulations

as follows
1.0000 0.7441 0.5667 0.6573

0.7441 1.0000 0.7390 0.6645
R=10.5667 0.7390 1.0000 0.9696 | 3.15)

0.6573 0.6645 0.9696 1.0000

The resulting R correlation matrix shows a manageable correlation between the
channels generated by the radiation patterns of the RA [91], indicating the

compatibility of the reference RA [91] for the MBM transmission.

3.2.2 Capacity analysis

The recent studies indicate that as in the classical MIMO transmission schemes,
the channel capacity of IM-based systems is not dependent on the transmit signal
constellations [97,98]. Moreover, in [98], the capacity of the classical MIMO systems
is calculated as an upper bound for the capacity of the IM-based MIMO systems.
Therefore, considering [98], the capacity of the RIS-aided MIMO-MBM systems can
be upper bounded using (3.12) as

R. =E{log, [det (I+ %CCH)} } [bits/s/Hz] (3.16)
0

where P is the transmission power and I is an identity matrix with 7, dimensions.

3.3 Simulation Results

In this section, to test our new channel simulator, we present a number of numerical
results on the capacity of various MBM-based systems at sub-6 GHz band. In all
simulations, the noise power is considered to be —100 dBm. Also, it should be noted
that for InH scenarios, the 2D coordinates (z,y) of T, R and RIS are given as (30,10),
(55,35) and (33,13), in meters (m), respectively. Additionally, for UMi and UMa
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Figure 3.5 : Channel capacity comparison of the correlated 4-state RA and
uncorrelated classical MISO systems.

scenarios the coordinates of T, R and RIS are assumed to be (45,15), (125,130) and
(48,18) m.

In Figure 3.5, considering IMT-Advanced InH scenario, the capacity of the RA-based
system [91] that generates low-correlated channel variations is compared with
uncorrelated classical MISO transmission schemes that employ four transmit and a
single received omni-directional antennas in transmission. The results indicate that the
performance of the four-state RA [91] is slightly behind the uncorrelated multi-antenna
system. This comparison is significant in understanding the effect of low channel

correlations on the performance of MBM systems.

In Figure 3.6, the capacity of the SISO-MBM with/without the assistance of the RIS
is investigated in different environments. It is clear from the results that since outdoor
environments (UMi, UMa) experience higher attenuation in the direct T-R link, they
require a higher number of reflecting elements in RIS to tackle this performance

degradation.

In Figure 3.7, the capacity results of the MIMO-MBM systems in the UMi

environment are demonstrated. It can be deduced from the results that as the MIMO
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configuration enlarged, a linear relation between the path attenuation and capacity of
the MIMO-MBM systems is observed. Therefore, the effect of the RIS on the system

performance is hardly seen.

3.4 Summary

In this chapter, a 2D, open-source and easy-to-use physical channel simulator,
SimMBM, enabling users to generate communication channels of the various MBM
implementations at sub-6 GHz frequency spectrum, has been presented. The
proposed channel simulator provides flexibility in modeling different MBM systems
in realistic channel conditions in terms of different system parameters such as varying

localizations and RA adaptations.
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4. SPACE-TIME MEDIA-BASED MODULATION

In this chapter, an innovative concept based on the framework of SSK and MBM
schemes, called space-time media-based modulation (ST-MBM), is proposed by
cleverly combining the Hurwitz-Radon family of matrices [99] with the MBM
transmission approach. The proposed ST-MBM scheme is the first STBC-based
scheme that achieves transmit diversity gains by using a single RF chain with a
significantly lower receiver complexity. Theoretical error performance analysis of the
proposed ST-MBM scheme is performed and its exact ABEP is derived for correlated
and uncorrelated channel states. Furthermore, a lower bound is obtained for the mutual
information of the ST-MBM scheme. Through comprehensive computer simulations,
BER performance of ST-MBM scheme is compared with the existing state-of-the-art

MIMO concepts in the literature.

The remaining of the chapter is organized as follows. The system model of the
proposed ST-MBM scheme is introduced in Section 4.1. In Section 4.2, theoretical
error performance and capacity analyses of the ST-MBM scheme are performed.
Computer simulation results are presented in Section 4.3 and the chapter is concluded

in 4.4.

4.1 Space-Time Media Based Modulation

An efficient way to compensate the inherently low spectral efficiency of STBC-based
systems is to carry as much information as possible via the indices of the building
blocks of the target transmission system. For a MIMO-MBM transmission scheme, the
available building blocks for indexing are transmit antennas and RF mirrors. Besides
these, in the proposed ST-MBM scheme, in order to further improve the spectral
efficiency, information bits are subdivided into G transmission groups and space-time

coding principle is independently applied to these transmission groups.
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Figure 4.1 : Block diagram of the ST-MBM scheme.

In Figure 4.1, the block diagram of the proposed ST-MBM scheme, which achieves
transmit diversity by expanding the transmission to 7' time slots while considering
a MIMO configuration with 7, transmit and R, receive antennas, is shown. In
the ST-MBM scheme, each transmit antenna is surrounded by M, RF mirrors,
where ON/OFF status of these M,y RF mirrors generate 2Mry different channel fade
realizations for each of 7 transmit antennas. As shown in Figure 4.1, incoming 17T’
information bits and, at the same time, 7, transmit antennas are subdivided into G

groups. In each of these transmission groups,

T
% —1085(Gu) + My @.1)

bits are transmitted, where G, = T,,/G is defined as the number of transmit antennas
in the uth transmission group, for u € {1,2,...,G}. In each group, the first logy G, bits
of the incoming log,(G,,) + M bits determine the index of the active transmit antenna,
which is selected out of G, available transmit antennas, while the following M,.; bits
specify one of the available 2M7f channel states corresponding to this active antenna.
It can be alternatively expressed that in each transmission group, one of the available
P, = G,2Mr; channel fade realizations, which are created jointly by reconfigurable
antennas and the SSK concept, is selected by the incoming log,(P,) bits. Therefore,
the total number of channel fade realizations through G transmission groups becomes

P = GP,, and the spectral efficiency of the ST-MBM scheme in bits per channel use
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(bpcu) is given as

_ N[M,y+logy(Gu)]  Nlogy(P,)
= T T

4.2)

due to the use of 7" time slot. The signaling structure of the proposed scheme in 7" time

slots will be explained next.

For each transmission group, the incoming bits determine the transmission vector
of the first time slot. This corresponds to an SSK vector, since no information is
conveyed through the selected channel state by means of amplitude/phase modulations.
Therefore, the transmission vector of the first time slot related to transmission group

can be given as
P,

A\
7~ Y

Xy =[0---0_1 0---0] 4.3)
~—

lu

where [, denotes the index of the specified channel fade realization of the first
time slot among P, channel fade realizations in the uth transmission group, and
L, €{1,2,...,P,}. Then, the overall transmission matrix of each group is formed
by the following structure of the Hurwitz-Radon family of matrices, where a detailed

discussion is given below.

At the receiver side, in order to perceive complex Gaussian distributed random
variables as in the case of SSK/MBM and, at the same time, to obtain transmit diversity
gain, the Hurwitz-Radon family of matrices [99], a set of S x S real orthogonal
matrices whose each row and column corresponds to an SSK vector, are used as
core STBCs. For [, € {1,2,...,5}, each set of these S x .S Hurwitz-Radon matrices

satisfies the following conditions:

B, 'B, =15 1,=2,...,5
B, =-B, l.=2,...,5 (4.4)
B,B, =-B, /B, 1<l,<l,<S
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4, the Hurwitz-Radon matrices satisfying

Is and S € {2,4,8}. For S =

(4.4) are given as [99]

where B
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Similarly, the following Hurwitz-Radon matrices are constructed for S

~~
o
NJ
N
cococoo oo — o~
Coo o000 o o000 o0
cooco—-o0o oo
— — ===l R e Rl e Rl
coococococo] @9 ocooo _
— ocHocoocococoo 292 | 2feee
COLLRLP |2 lcococoocoocoo coococooooo
OO0 00000 OO0~ OO0 —O O
— L] —
CoO0CO00CO0OO0 oo OoCOoOO 00000_000
Al A}
SO0 0000 S0 0O 99 L oo oo o —
— — —
OO OO0 OO0 | OO0 OO0 | O
L ]l L 1 L
Il I I
g q -
T 1T 1T f
coococoo —~oO 00001000001_0000010000000
— —
coocococoo coocoo o o oo o o000
| | COO—HOOOD L oo o oo
0000%00000000010 HO 0000900 L oo oo o o
— —
—
000001000000000_0,0000000000_000
— =R ==l ) —
Al
coloococoo - 000000_000000_00
coomocooo 1P cocoococo o~ -
SO0 O0 00000 OO —-~00O000 OO0 ~000 PP |2
— — — —
ST OO0 O0D OO0 T OO0 OO0 | OO o000 OO
L 1 L ]l L L
Il I Il I
[ <t =} o0
an] aa} aa} aa]

Is. It is worth noting that real-orthogonal STBCs are constructed by using

where B

the above Hurwitz-Radon matrices [99].

In the proposed ST-MBM scheme, after specifying the transmission vectors of the

first time slot for each of G transmission groups (4.3), the Hurwitz-Radon matrices

are independently exploited for each group as the core STBCs to construct the overall
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transmission matrix. For P, =T = S, the rows and columns of the Hurwitz-Radon

matrices are considered for 7" time slots and P, channel fade realizations, respectively.

Let us introduce the ST-MBM concept for P, = T" with the following example, while
the generalized ST-MBM concept for larger channel fade realizations of P, > 8 will

be given in the next subsection.

Example: Assume that P, = 4 channel fade realizations are generated in each of
GG = 2 transmission groups, where 7}, = 4 transmit antennas are equipped with a single
(M, = 1) RF mirror. In this setup, spreading the signal transmission takes place
in 7" = 4 time slots. For this case, a spectral efficiency of 1 = 1 bpcu is achieved,
where G, =T, /G =2 and u € {1,2}. Suppose that incoming 1 = 4 bits of {1001}
are transmitted over G = 2 transmission groups, where the first two {10} bits are
assigned to the first group and the remaining {01} bits are assigned to the second
group. In the first group, the first {1} bit of {10} bit sequence activates one of L; = 2
transmit antennas while the following {0} bit selects one of 21~/ = 2 channel states
generated with M,.; = 1 RF mirror, which corresponds to the first channel state of the
second transmit antenna. It can be alternatively stated that the bit sequence of {10}
specifies the third channel fade realization ({; = 3) among P, = L12Mrr = 4 channel
fade realizations. Similarly, for the second group, the first {0} bit of remaining {01}
bits activates the first transmit antenna of the second antenna group, where Lo = 2,
while the following {1} bit determines the second channel state of the corresponding
active antenna. In other words, the second (lo = 2) out of P, = Lo2Mry = 4 channel
fade realizations is selected. For the remaining three time slots, we follow the
Hurwitz-Radon matrices in (4.5) to obtain a diversity gain. Therefore, transmission

matrices of the first and second groups can be given as

L1=2 Lo=2
1st 2nd 1st 2nd
NS A~ AN
11=3 lo=2
47
0 0 10 010 0 4.7)
0 0 01 100 0
Xi=11 000X |0 00 -1
0 —100 001 0
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which respectively correspond to B3 and By in (4.5). Then, the overall transmission

matrix, that comprises both X; € CT*1 and Xy € CT*2 is given as

0O 010 0 100
0 001-1000
X= -1 0 00 0 00 -1 (4.8)
0 =100 0 01 O
We note that the rows and columns of X € CT** correspond to time slots and channel

fade realizations, respectively. Since the overall transmission matrix is formed by the
elements of {1,—1,0} in the baseband, to transmit these elements, a single RF chain
is sufficient. Then, as given in Figure 4.1, a cosine carrier signal generated from a
local oscillator is supplied to G groups to transmit 1s and —1s. Thus, as the traditional
SM/SSK systems [100], the overall ST-MBM system has been designed by using a
single RF chain.

4.1.1 Design criteria and transmit diversity analysis

The rank and determinant criteria are commonly used in the design of STBCs to
maximize diversity and coding gains. Let us consider the transmit STBC matrix S;
and the erroneously detected STBC matrix S;, for ¢ # j, then transmit diversity gain
(G4 is evaluated as

Gy =rank[(S; —S;)(S; — S;)"]. (4.9)

The maximum transmit diversity order that can be achieved by any 7' x P, orthogonal
STBC is equal to the number of time slots 7", which is respectively four and eight for
the square STBC matrices given in (4.5) and (4.6). However, since there is only one
non-zero element in each row and column of the Hurwitz-Radon matrices, removing
any row(s) or column(s) results in a new orthogonal design, which does not violate the
orthogonality of the remaining matrix and allows us to achieve any transmit diversity
order of G4 =T for T' < 8. In the ST-MBM scheme, since the Hurwitz-Radon matrices
are utilized as core STBC matrices, we take the advantage of this unique property
and in the same way, can achieve a transmit diversity order of 7', where 2 < T' < §,
by removing the required number of row(s) from the overall ST-MBM transmission
matrix. Accordingly, in the ST-MBM scheme, when the transmit signal matrix X is

erroneously detected as X, the transmit diversity order of the ST-MBM scheme is given
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as:

A

Gy =rank[(X - X)(X-X)"] =T. (4.10)

Furthermore, considering the above rank criterion, inserting an all-zero matrix to any
STBC matrix, without distorting the integrity of the target matrix, still does not violate
the orthogonality of the core STBC, and the newly generated STBC matrix achieves
the same transmit diversity as that of the core STBC. This allows us to generalize
the ST-MBM scheme for more than eight channel fade realizations (P, > 8), which
exceeds the maximum dimensions of the Hurwitz-Radon matrix, and to attain higher
spectral efficiency values while still achieving a transmit diversity order of 7" < 8.
In each transmission group, since P, = Gu2Mrf > 8 is also an integer multiple of 8,
to retain the orthogonality of the core STBC, the required number of 7" x 8 all-zero
matrices are added to the core 7" x 8 STBC matrix, and the corresponding transmission
matrix is generated by shifting the core STBC matrix in blocks in accordance with the
index of active channel state [,,, where [, € {1,2,..., P,}. Therefore, for P, > 8, the

overall transmission matrix of uth transmission group, X,, € CT*"u_can be given as
X, = [0g --- 0g By, Og --- Og] (4.11)

where Og is a 1" x 8 all-zero matrix. In (4.11), B;, either corresponds to one of 8 x 8
Hurwitz-Radon matrices that achieve the maximum transmit diversity for 7' = 8, or it
corresponds to a non-square STBC matrix obtained by extracting the required number
of row(s) from the considered 8 x 8 Hurwitz-Radon matrix for 7" < 8. Therefore, the
overall ST-MBM transmission matrix X € CT*”, for P = N P, being the number of

all channel fade realizations that comprises of (G transmission groups, becomes

X =[X; Xy --- Xg]. (4.12)

CP*Rz  while

X is transmitted over a wireless channel, represented by H €
experiencing AWGN, characterized by N, whose elements are i1.i.d complex Gaussian
random variables with CN (0, Np) distribution. Therefore, the matrix of received
signals is given as

Y=XH+N (4.13)
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where Y € CT*%=_ Alternatively, the received signals can be represented by the

following equivalent model as:

G
yzhx+n=2hu+n (4.14)

u=1
where y € CTF=X! = vec(Y), n € CTHe*! =vec(N), hy € CTF=*! = vec(XH) and
h, € CTH=x1 is a column vector that contains channel fade realizations corresponding

to non-zero elements of X,,, the transmission matrix of the uth transmission group.

At the receiver side, assuming P-CSI, the equivalent signal model of (4.14) is
considered and an ML detector is used to achieve the optimum BER performance as

N 2

y—- Zu:l hu

Then, the overall computational complexity of the ML detector (4.15) is evaluated in

(4.15)

(Zl,iz,...,ig> =arg min

llal27"‘7lG

terms of real multiplications as ~ O(TRxQUTH), since each of 2" decision metric

calculations requires 27" R, real multiplications for each ||-||* operation.

which is always 7' for 1" x P,, dimensional STBCs.

4.2 Performance and Capacity Analyses

In this section, based on our system model of Section 4.1, we present error performance

and capacity analyses for the proposed ST-MBM scheme.

In the ST-MBM scheme, correlated and uncorrelated fading channels are considered
and the correlated channel matrix H is modeled through the uncorrelated Rayleigh
fading channel matrix H ¢ CP*Ez whose elements are i.i.d. complex Gaussian

random variables with distribution of CN'(0,1), as
1267 1/2
H=R,"HR,"". (4.16)

where R; and R, denote transmit and receive correlation matrices with dimensions of

P x P and R, x R;, respectively.

In this study, the transmit correlation matrix R; is determined by considering two
different correlation models: the Kronecker model [101] and the equicorrelation model

[30]. The Kronecker model is used for the correlation among the fades of different
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transmit antennas, while the equicorrelation model is considered for the correlation

among the channel states of each transmit antenna. R; is given as

1
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where r, and r; are the correlation coefficients between the transmit antennas and

channel states, respectively. On the other hand, the receive correlation matrix R, is

characterized by using the Kronecker model [101] and given as

1

It is worth noting that 0 < 74,7 < 1.

4.2.1 Performance analysis

_Tf”_l wa_Q rfl’_3

. 7’51_1
. réﬂﬁ_Q
. Tgat_g

(4.18)

In this subsection, the theoretical ABEP performance of the ST-MBM scheme is

analyzed. Considering a commonly used upper bounding technique [102], the ABEP

of the system is given as

P, < %LT; %%PT (X—>X>6<X,X>

(4.19)

where Pr(X — X) is the PEP and (X, X) is the number of bit errors occurred for the

corresponding pairwise error event.
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In order to obtain the PEP of the ST-MBM scheme, first, conditional PEP (CPEP) is

derived, which can be given in terms of the ()-function as follows

P, (X N X|H) —0Q (\/%) (4.20)

where A is given, for v = 1/Ny, as
. 2
A:Hv (X—X)HH . 4.21)
Then, for the following difference matrix
~\H A
A= (X — X) (X — X> 4.22)
and R; = R, ® Ry, A is rewritten in quadratic form as
. 2
A= (x-x)u]
m(E (x-x)" (x-X)H
_r(<_)<_)) (4.23)
= Vec(HH)H(IRI ® A)Vec(HH)

= vecHT)H (R (15, @ AR vec(HT).

Substituting (4.23) into the following alternative expression

1 [7/2 22
Qz) = ;/0 exp <—m> do (4.24)
and considering
I = (R, (1, @ A)R,? (4.25)

the CPEP of the system (4.20) is given in a positive semidefinite quadratic form as

. /2 TH\H FrH
P, (X = X|H> ! / exp (—yvedH ) _I;VGC(H )) 40 (4.26)
T Jo 4sin“ 6

Then, the PEP of the system is derived by averaging (4.26) over the channel matrix H
through the MGF approach as follows
. 1 7r/2 ,_)/
P (X X) = —/ MF<—.—2) do. (4.27)
T Jo 4sin“6
The MGF of (4.27) is evaluated using the expression for the MGF of a quadratic form

z" Qz, involving the vector z and the Hermitian matrix Q, given in [103] as

exp[szf Q(I-sK,Q) 'z
a (I - SKZQ)
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where Z is the mean vector and K, is the covariance matrix that is given as
K, = E{2"2} ~2""2. (4.29)

Since vec(H') is a complex Gaussian channel vector whose elements are distributed
with zero mean and unit variance, for z = vec(ﬁH ) and Q = T, the mean vector
and the covariance matrix of vec(H) respectively become z = vec(HH) = 0 and
K, =Ipp,. Therefore, the exact PEP of the ST-MBM scheme is calculated from the

following integral

P, (X—>X> _ %/Oﬂﬂdet

It is worth noting that (4.30) can be easily calculated by numerical integration. Also, a

—1
,y
Ipgp, + ——T| db. (4.30)
PRz sin?0 }

closed form upper-bound expression for (4.30) is obtained by letting 6 = 7 as

N1
PT<X—>X>§§det<1pRgE+%F) . (4.31)

4.2.2 Capacity analysis

The amount of information conveyed between the transmission vector x and the
received vector y is defined as the mutual information and is given for the MIMO

channel matrix H as

I(yix) = En{ H(y|H) - H(y[x, H) . (432)

However, for the ST-MBM scheme, when the equivalent signal model (4.14) of the
ST-MBM is considered, since incoming information bits modulate channel elements
and carry no information with an ordinary modulation, the mutual information is
defined as amount of information conveyed between the received signal y and the

channel vector h [6], and can be given as follows

I(y;hx) = H(y)— H(y|hx)

P(y|hy)
= _ hy)P(h lo ~ ~ d
Z/ -+ pamre gQ(zﬁwamx)P(hx))

(4.33)

The conditional probability density function (p.d.f.) of the equivalent received signal

vector of (4.14) is given by

Plylb) = — L exp [ I¥ =Bl 434
ylhy) = (2 No) T exp No : (4.34)
0
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Since all possible h,, are equiprobable, we have P(h,) = 1/2"T. Substituting (4.34)
and P(h,) = 1/2"T into (4.33), the mutual information of the ST-MBM scheme using

T time slots, I(y;h, ), results as

I(y;hy) =

1 1 1 ly —hx|?
=—|nT—-|— X - 47 AR
T (TI [277T Z (/H_NO)TR;C \/YG(CTRQ: exp < NO

hx
2 c 2
y —hx||” —|ly —hx
x10g2<zexp<” ||NO|| || ))dy])
AhX
hx#hy

1
e .
T("

x logy

1 ly — hy|®
onT Z TRm / . o ( No

ly —hy|]” — [ly — hy]?
1+ Z exp( N dy

hx
hx#hy

(4.35)

where the factor of 1/7" comes from T channel uses. Then, using the Jensen’s
inequality and applying some algebraic manipulations [104], a lower bound is obtained

for I(y;hy) as

' 1 —|[hx — hy|?
I(y;hy) > Tcﬁ+TﬁX§:§:eW< AN, >]) (4.36)

hxihx

4.3 Simulation Results

In this section, BER performance of the ST-MBM scheme is investigated through
comprehensive computer simulations. For different spectral efficiency values and
transmit diversity gains, the BER performance and mutual information analysis of
the ST-MBM scheme are evaluated and its superior error performance over existing
systems are shown. All computer simulations are depicted as a function of the received

energy per bit to noise ratio (E,/Ny) for R, = 4.

In Figure 4.2, the theoretical ABEP performance of ST-MBM schemes designed
for T'=2 and T" = 3 is depicted for correlated and uncorrelated fading conditions.
The results show that the theoretical ABEP results of the ST-MBM scheme are

consistent with the computer simulation results at high £, /Ny values. Also, increasing
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Figure 4.2 : Theoretical and simulation results of the ST-MBM scheme for 7' = 2 and
T = 3 under different channel correlation values.
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correlation coefficients r, and 7, apparently results in noticeable performance

degradation and should be carefully monitored by the system designer.

To show the effect of different transmit diversity gains at a certain spectral efficiency
value, in Figure 4.3, the BER performance of the ST-MBM scheme achieving a
transmit diversity order of 7" with and without channel estimation errors, is provided.
For each case, to achieve the same spectral efficiency value of n = 2 bpcu, a total
of P = 27" channel fade realizations are considered for G' = 2 transmission groups,
where P = NP,. Then, to analyze the effect of imperfect channel state knowledge
on the BER performance of the proposed ST-MBM scheme, the estimated channel
matrix is assumed to be H = H + E, where E is the matrix of channel estimation
errors whose entries are i.i.d. Gaussian random variables with the distribution of
CN(0, 0%3). Thus, the entries of the overall estimated channel matrix H are assumed
to be distributed with CA/(0,1+ 0%). The shown results clearly demonstrate the
superior performance of the ST-MBM scheme with increasing transmit diversity gains,
which is significantly beyond the performance of the SSK scheme with unity transmit
diversity gain. Moreover, it can be deduced from Figure 4.3 that the ST-MBM schemes

achieving T'th order transmit diversity are more robust to channel state errors at high
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Figure 4.3 : BER performance of the SSK and ST-MBM schemes for 7" € {2,3,4,5,7}
and 1 = 2 bpcu with perfect and imperfect channel estimation.

Ey /Ny values compared to the traditional SSK scheme. We also observe from Figure
4.3 that the proposed ST-MBM scheme would be suitable for future ultra-reliable

communication systems that require high diversity gains.

In Figure 4.4, BER performance of the ST-MBM scheme with increasing spectral
efficiency values is investigated. It can be observed from this figure that unlike
the traditional MIMO systems, as the spectral efficiency value increases, the error
performance gradually improves. However, the system performance appears to be
saturated at spectral efficiency values of 6 and 7 bpcu, which shows a similar behavior
with the simulation results of the classical SSK/MBM schemes that saturate at high
spectral efficiency values [28]. This phenomenon shows that as the ST-MBM scheme
creates a virtual constellation that has randomly distributed elements while attaining
transmit diversity gains, it retains the inherent maximum capacity achieving property

of the classical SSK scheme.

In Figure 4.5, for 7 = 6 bpcu, the error performance of the ST-MBM scheme is
compared with the classical SSK scheme and the existing state-of-the-art STBC-based
systems that achieve second order transmit diversity gain. The significant performance

improvement of the ST-MBM scheme over common STBC-based systems including

38



—0—ST-MBM, N=2, P =2, m=1 bpcu
—o—ST-MBM, N=2, P =4, m=2 bpcu
—y—ST-MBM, N=2, P =8, m=3 bpcu
101 —0—ST-MBM, N=2, P =16, m=4 bpcu |-
——ST-MBM, N=2, P_=32, m=5 bpcu |1
—o—ST-MBM, N=2, P =64, m=6 bpcu ||
=2, P =128, m=7 bpcu
10-2 ? = 3
@
L
)
10 E
10 g
10° | |
-6 -4 -2

E,/N, (dB)
Figure 4.4 : BER performance of the ST-MBM scheme for 7" = 2 and 7 =
1,2,3,4,5,6,7 bpcu.

Alamouti’s STBC [33], STBC-SM [105] and space-time quadrature SM (ST-QSM)
[106] is clearly observed. Furthermore, we compare the performance of the proposed
scheme with recently developed STBC-based MBM systems including space-time
channel modulation (STCM) [16] and USTLD-STCM [17] to achieve n = 6 bpcu. In
this comparison, M,y = 2 RF mirrors are utilized with 16-QAM signal constellation,
while in the ST-MBM scheme, G = 2 transmission groups with P, = 64 channel fade
realizations are used without ordinary modulation. Computer simulation results show
that at a BER value of 107°, the ST-MBM scheme exhibits 3.5 and 1.5 dB gains in
required Ej/Ng compared to STCM [28] and USTLD-STCM [32], respectively.

However, for the same spectral efficiency, when STCM employs M, ; = 4 RF mirrors
with QPSK modulation, its BER performance significantly improves, while it is
still 0.5 dB behind the ST-MBM scheme at the BER value of 10°. Compared to
STCM, the proposed ST-MBM scheme achieves almost 80% reduction in transceiver
complexity, where the decoding complexity of STCM with two RF chains as well
as in-phase and quadrature (I/Q) modulation, in terms of real multiplications, is

~ O(10T R,2"") while the corresponding value is ~ O(T R,2""+1) for the ST-MBM
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Figure 4.5 : BER performance of ST-MBM, STCM, USTLD-STCM, STBC-SM,
ST-QSM, Alamouti’s STBC and SSK schemes for 1 = 6 bpcu.
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scheme. In conclusion, we note that the proposed ST-MBM scheme provides a
remarkable reduction in both transmitter and receiver complexity by eliminating the
need for multiple RF chains and I/Q modulation and enabling a significant reduction

in the number of operations required for ML detection.

In Figures 4.6 and 4.7, the mutual information curves of the ST-MBM scheme that
achieves a 7'th order transmit diversity gain, is depicted for different spectral efficiency
values. Figure 4.6 shows that as £,/ Ny increases, each curve converges to its attainable
mutual information value. Additionally, in Figure 4.7, for spectral efficiency values
of n =2, 3 and 4 bpcu, the mutual information results of the ST-MBM scheme for
different transmit diversity orders are compared. The mutual information results of
the ST-MBM scheme are compared at n = 2 bpcu, when 7T varies from two to five,
while at 7 = 3 and 4 bpcu, transmit diversity orders of three and four are considered.
Although the mutual information of the ST-MBM scheme is scaled with the transmit
diversity order of 7" due to the number of channel uses (4.35), the results reveal that as
the transmit diversity order, 7', increases the system converges faster to its achievable

mutual information.
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4.4 Conclusion

In this chapter, we have presented a general framework for space-time coded IM
systems and introduced the ST-MBM scheme as the first STBC-based transmission
scheme that uses a single RF chain at the transmitter while achieving various transmit
diversity gains through MBM and time dispersion. Theoretical error performance
analysis of the ST-MBM scheme for correlated and uncorrelated channel fadings
has been investigated. Additionally, a lower bound has been derived for the mutual
information of the ST-MBM scheme. Furthermore, through extensive computer
simulations, the superior error performance of the proposed ST-MBM scheme with
significantly lower decoding complexity over existing STBC-based transmission
schemes has been demonstrated. The flexibility to achieve higher spectral efficiencies
and various transmit diversity gains makes the ST-MBM scheme highly suitable for

beyond 5G and URLLC applications.
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S. CIRCULAR SPACE-TIME BLOCK CODE DESIGN FOR
ULTRA-RELIABLE IM SCHEMES

In this chapter, a novel MBM-based CSTBC technique, CSTBC-IM, which achieves
numerous orders of transmit diversity gains, is proposed as an ultra-reliable IM
concept. In the proposed CSTBC-IM scheme, the MBM concept is considered
for both MIMO and SIMO system configurations. Moreover, the theoretical error
performance analysis of the proposed CSTBC-IM schemes is performed and an upper
bound expression is obtained for ABEP. Through extensive computer simulations, the
flexibility of the CSTBC-IM schemes that provide various orders of transmit diversity
gains and achieve high spectral efficiency values, are discussed. Furthermore, their
superior error performance over the reference IM techniques, such as STCM [28],
STBC-SM [105], ST-QSM, USTLD-STCM [32] and classical Alamouti’s STBC [33],

is shown.

The rest of the chapter is organized as follows. In Section 5.1, the system models of
the proposed CSTBC-IM schemes are introduced. The analytical error performance
analysis is given in Section 5.2. In Section 5.3, the numerical results are discussed and

the chapter is concluded in Section 5.4.

5.1 Circular Space-Time Code Design

In the last decade, several STBC-based IM schemes [28, 105, 106], which are inspired
by traditional STBC concepts [99], have been designed to provide a second-order
transmit diversity gain for plain IM schemes. In this study, a novel STBC technique
is designed considering the structure of a circulant matrix in which each row contains
the same elements as those of the first row and is determined by the circular shift of

the previous row.
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Suppose that B is a circulant matrix with dimensions 7" x P, and it is formed by the

elements ¢;, for i € {1,2,..., P}, as follows:

Cl C2 o o CT e o CP—l CP
cp €l - CT_1 - Cp_g  Cp_q
B= L . . (5.1)
cp—T+2 " Cp 1 o Cp—T CP_T+41

Let B be an STBC transmission matrix and 7" denotes the number of time intervals.
Then, when the rank criterion [99], one of the most common STBC design principles,
is considered to maximize the transmit diversity, for B and B respectively symbolizing
the transmitted and erroneously detected circular STBC matrices, the transmit diversity

gain is calculated by [99]:

. - s\ H
G ¢ = minrank ((B — B) (B — B) ) (5.2)

B,B
According to our exhaustive numerical tests, we reveal that when the circular B matrix
is sufficiently sparse with a single non-zero element in each row whose position is

determined by circularly shifting the previous row by one unit, it is possible to obtain

a T'th order transmit diversity gain, if the following row/column ratio is satisfied:

T
= —<0.5. 53
r=p=< (5.3)
Based on (5.1), this allows us to design transmission schemes that are highly flexible

and achieve numerous orders of transmit diversity gains.

In our proposed design, we assume that s is the single non-zero element in each row
of the circular STBC matrix B, which stands for an M/-PSK/QAM symbol. Moreover,

the < 0.5 is satisfied to obtain a transmit diversity order Gy =T

Since the circular STBC concept requires a sparse matrix with a single non-zero
element in each row or column, IM schemes are the most suitable systems to be
adapted. Therefore, we combine the recent MBM transmission schemes [30, 90] with
the circular STBC concept and propose a family of MBM-based CSTBC-IM schemes,
including CSTBC-SM, CSTBC-MIMO, CSTBC-SIMO and CSTBC-SSK schemes,

which will be introduced in the subsequent subsections.

In general, in the proposed CSTBC-IM schemes, the transmission is performed in T’

time intervals and a system configuration with 77, transmit and R, receive antennas is
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considered. Moreover, each transmit antenna is assumed to be surrounded by M, s RF

= 2M:f channel state realizations for each of those 7}, antennas,

mirrors that create P
where for each setup, » < 0.5 is ensured. Then, for each CSTBC-IM scheme, the
incoming information bits determine the transmission vector of the first time slot,
where it contains only one non-zero entry as in classical IM schemes [15]. Then,

to construct the overall transmission matrix, the remaining time intervals follow the

structure of a circular matrix (5.1).

5.1.1 CSTBC-SIMO and CSTBC-SSK

In this subsection, the CSTBC-SIMO and CSTBC-SSK transmission schemes are
proposed, where the circular STBC concept is combined with the SIMO-MBM [30]
transmission scheme to attain a 7'th order transmit diversity gain. In the CSTBC-SIMO
scheme, one transmit antenna (7, = 1) with M, s RF mirrors is considered, where
the incoming M, ¢ bits select the index of the effective channel state out of P =
2Mr; channel state realizations and log, M bits determine a modulated symbol from
M-PSK/QAM constellation to transmit through this selected channel state. Therefore,
the spectral efficiency of the CSTBC-SIMO scheme in bits per channel use (bpcu) is

given by
M, +logy M
T

In the CSTBC-SIMO scheme, the incoming 7n7 information bits determine the

NSIMO = [bpcul. (5.4)

transmission vector of the first time interval, then, the overall transmission matrix
is constructed by circular shifting of this transmission vector. For s being the
M-PSK/QAM symbol and [ being the index of the selected channel state of the first
time interval, where [ € {1,2,..., P}, the overall transmission matrix X € CT*F of

CSTBC-SIMO can be given as

l
=~

0... 0 s

0

0O ... 0 0 0O

s 0 ---0 00
X=1.. . . . . ... (5.5)

oo -0 00 s 0 --0
The same signal transmission model as that of the CSTBC-SIMO scheme is also
considered for the CSTBC-SSK scheme. However, unlike CSTBC-SIMO, instead
of a modulated M-PSK/QAM signal, a cosine signal (s = 1) is transmitted over the

effective channel state of each time interval.
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Figure 5.1 : Block diagram of the CSTBC-SM scheme.

5.1.2 CSTBC-SM and CSTBC-MIMO

In this subsection, to improve the spectral efficiency of the CSTBC-SIMO and
CSTBC-SSK schemes, the proposed circular STBC concept is generalized for MIMO
system configurations, and CSTBC-SM and CSTBC-MIMO transmission schemes are

introduced.

The block diagram of the CSTBC-SM scheme is given in Figure 5.1. In CSTBC-SM
scheme, the incoming 77 bits determine the indices of both the active antenna
and its effective channel state, as well as a modulated symbol from A -PSK/QAM
constellations to be transmitted through this effective channel state. Therefore, the
spectral efficiency of the CSTBC-SM scheme is given as

M, +1ogy Ty +logy M
T

NSy = [bpcu. (5.6)

In the CSTBC-SM scheme, the incoming logy T, M,y and logy M bits determine the
indices of an active antenna £, its corresponding channel state [ and a M-PSK/QAM
symbol s, respectively. Then, the transmission vector of the first transmission interval
x; € CY*PTx jg constructed as:
xlz[OO---O--~O---Os()-~-0-~-()0---0]. (5.7)
. , N o p N —
where k € {1,2,--- ,T:,;}1 and [ € {1,2,---ITP}. Then, as tj(? CSTBC-SIMO and

CSTBC-SSK schemes, for the remaining 7' — 1 time intervals, the structure of a

circular matrix is followed and the overall transmission matrix X € CT*PTz of the
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CSTBC-SM scheme is constructed as

00 :--0--0--- 0

s 0 --- 0
00--0---00 --- 0 s .

0o 00 -
0 0 0O0--

- O O
- O O

(5.8)

00---0---00 ---0 00 s 0 «-0---00---0
To further improve the spectral efficiency of the CSTBC-SM scheme, a novel
CSTBC-MIMO transmission scheme is developed by adapting circular STBC concept
to the MIMO-MBM scheme. In the CSTBC-MIMO transmission scheme, all available
T, transmit antennas are used in transmission through their effective channel states

and 7}, number of M-PSK/QAM modulated symbols are transmitted. Therefore, the

spectral efficiency of the CSTBC-MIMO scheme is given as

T, (M, r+logeg M
NMIMO = o(Mrg T g2 M) [bpcu]. (5.9)

In the CSTBC-MIMO transmission scheme, the first 7 M, ¢ bits of the incoming
71" information bits determine an effective channel state /; among P channel state
realizations for each of 7}, transmit antennas, where [; € {1,2,..., P}. On the other
hand, the remaining 77 log, M information bits determine s; M-PSK/QAM symbols,
for i € {1,2,...,T,}, for the transmission over the selected channel states with the
indices /;. Then, the overall transmission matrix X € CT*FTz of the CSTBC-MIMO

scheme is given as follows

0-- 0s 0~ 0 0 000-- 052 0°- 0 0 00 0 0sr, O 0 0 00

- 0 0-- 0s 0~ 0 000 O 0 sy O 0 00 0 0 0sp, O -~ 0 00
oo60.---0900O0s0---000-00O0s 0--0--00-- 0 0 08, 0---0
(5.10)

5.1.3 Transmission model

In the CSTBC-IM transmission schemes, X € CT*PTz ig transmitted over a channel
created by different channel state realizations and represented by H € CP7=*Ez while

CT*Ez  The entries of the matrices

experiencing AWGN samples, denoted by N €
H and N are modeled by i.i.d. complex Gaussian random variables with distributions
of CN'(0,1) and CN(0,0?), respectively. Then, the matrix of received signals Y €
CT*Hz s obtained as

Y=XH+W. (5.11)

For a general CSTBC-IM system, the received signals can also be given in the

following equivalent model, for y = vec(Y) € CTH=*1 and n = vec(N) € CTRex1,
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as

y=Hx+w (5.12)

T . .
where x = [s1,52,...,57,] € CT=*! and s; is the modulated symbol transmitted over
a particular channel state of the jth transmit antenna, for j = {1,2,...,7,.}, while H, €
CTHR+xTz i the equivalent channel matrix containing the columns of H corresponding

to the jth transmit antenna.

The receiver of the CSTBC-IM schemes is assumed to have perfect knowledge of the
equivalent channel matrix H, and consider a maximum likelihood (ML) detector to

obtain an optimum BER performance by the following decision rule:
% = argmin||y — Hex||?. (5.13)
S

Then, the detected x is demapped to determine the corresponding bits.

In CSTBC-IM schemes, both correlated and uncorrelated channel fading statistics are
considered. For the case of correlated channels, a correlation is assumed among the
channel states of each transmit antenna, where the correlation model is taken from
a real multi-state reconfigurable antenna with M, ; =2 and P = 2Mrf — 4 channel
states [107] and the correlation values among those channel states are represented by

the following matrix R € CP*¥ [107]

1 0.0722 0.0593 0.0007

0.0772 1  0.0158 0.0522
R=10.0593 0.0158 1 0.0688]" (5.14)

0.007 0.0522 0.0688 1

For the case of correlated channel states, the correlated H matrix is constructed by an
uncorrelated channel matrix H € CP7=* R+ whose entries are i.i.d. complex Gaussian

random variables with CN'(0, 1) distribution, as follows:
126 1/2
H=R,"HR, (5.15)

where R; and R, are the transmit and received correlation matrices. Then, since no

spatial correlation is assumed, R; =17, ® R and R, =1p, .
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5.2 Performance Analysis

In this section, the PEP of the CSTBC-IM transmission schemes is analytically derived
and an upper bound expression for the ABEP of the CSTBC-IM schemes is obtained.

To determine the PEP of the proposed systems, first, an expression for conditional PEP

is derived [102] for the transmission of X and its erroneous detection X, as follows

Py(X - XH) <\/ (X— XH”2>. (5.16)

Let A = |[(X - X) H||? and A be the following difference matrix

A= (X-X)"(x-X). (5.17)

After some algebraic manipulations, A is given in quadratic form as
A =[|(X-X)H]P -
— vee(HN (R, H(T, @ AR, 2vec(HM) '

where Ry = R;®R,. Then, considering the following alternative ()-function

1 /2 _xZ
Q(x):;/o exp | 55 do (5.19)

and substituting (5.18) into (5.19), (5.16) can be rewritten as

o 1 [m/2 vec(HM)Hvec(HM)
P, (X = X|H) - ;/O exp (—’y P > o (5.20)

expression

where v = 1/202 and T' = (Rs'/2)H(1z, ® A)R,/2. Then, averaging (5.20) over H

and considering a MGF approach [103], the PEP expression is obtained as follows

-1
_H vy ~
N1 [T eXp<—Z 4sm29F(IPTwa+szF> Z)
P (X X) = / 10

m
0 det (I PToRs + ﬁKI‘)

(5.21)

where z = vec(ﬁH), Z 1s the mean vector and K, = £/ {sz} — 717 is the covariance
matrix. Then, since Zz = 0 and K, = Ip7, g, for the Rayleigh fading channel matrix H,
the PEP of the CSTBC-IM schemes simplifies to

r 1!

do. (5.22)
4sin%0

. 1 71'/2
P,«(X—)X):;/ det|:IpTIRI—|—’}/
0
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Figure 5.2 : The theoretical and Monte Carlo simulation results of CSTBC-SSK
scheme at low spectral efficiency values for R, = 4.

Moreover, to derive a closed form expression, an upper bound is obtained in terms of
the non-zero eigenvalues A, of the difference matrix A (5.17) by letting 6 = 7, as

follows

P (X —X) < % {ﬁ <#) NT] . (5.23)

Am,
m=1 1+ IYT

Then, using the well-known union bound approach [102], ABEP is obtained as:

1 1 . .
P, < W—T; n—TZPr(X — X)e(X,X) (5.24)
X

where e (X, X) is the number of bit errors for each (X — X) error event.

5.3 Simulation Results

In this section, the BER performance of CSTBC-IM schemes are investigated via
comprehensive theoretical and Monte Carlo simulations to reveal the flexibility of the
proposed schemes, which attain both high and low spectral efficiency values while
achieving a T'th order transmit diversity gain. All simulations are sketched as a

function of received energy per bit to noise ratio (£/Np), where Ny = 202, for R, = 4.
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Figure 5.3 : The BER performance of the CSTBC-IM schemes for various spectral
efficiency values and R, = 4.

In Figure 5.2, theoretical and computer simulation results of the CSTBC-SSK scheme
achieving a 7T'th order transmit diversity gain are shown for low spectral efficiency
values, where 7" ranges from 2 to 32. These results show that the computer simulation
curves are in perfect agreement with the theoretical curves at high Ej, /Ny values. In
addition, the effect of increasing transmit diversity on the BER performance is clearly

observed, where the BER improves as 7" increases.

The BER performance of CSTBC-IM schemes that achieve various spectral efficiency
values are demonstrated in Figure 5.3. It can be deduced from Figures 5.2 and 5.3 that
the proposed CSTBC-IM schemes enable a 7T'th order transmit diversity gain at both

low and high spectral efficiency values.

In Figure 5.4, for T' = 2, the BER performance of the proposed CSTBC-IM
schemes over correlated and uncorrelated channel statistics is investigated. For the
correlated channel conditions, the correlation is assumed only among the channel
state realizations of each transmit antenna, where the correlation matrix R given in
(5.14) of a real multi-state transmit antenna with M,y =2 and P = oMy — 4, s
considered. For the CSTBC-SIMO and CSTBC-SSK schemes, which respectively

attain 7 = 1 and 2 bpcu spectral efficiency values, the BER results under the correlated
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Figure 5.4 : The BER performance of the CSTBC-IM schemes with M,.; = 2 for
correlated and uncorrelated channel statistics and R, = 4.
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Figure 5.5 : The BER performance of CSTBC-MIMO, STCM, STBC-SM,
USTLD-STCM, ST-QSM and Alamouti’s STBC schemes for n = 6
bpcu and R, = 4.
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channel conditions are nearly 2 dB behind the uncorrelated case. However, when the
same channel state correlation is assumed without any spatial correlation, the BER
performance of CTBC-SM, for T, = 4, M,y = 2 and QPSK, is almost the same as the

uncorrelated case.

In Figure 5.5, the BER performance of CSTBC-MIMO scheme is compared to that of
the state-of-the-art transmission schemes achieving a second-order transmit diversity
gain at 17 = 6 bpcu. The results show that the BER performance of the CSTBC-MIMO
scheme for T;; = 2, M,y = 4 and QPSK is far beyond the traditional STBC-based IM
schemes [32,33,105,106] while it achieves a nearly 0.5 dB E} /Ny gain over the recent
STCM scheme [28].

5.4 Summary

In this chapter, the family CSTBC-IM schemes, which achieve various orders of
transmit diversity gains with a single RF chain, have been proposed for beyond 5G
ultra-reliable communication applications. The error performance of CSTBC-IM
schemes has been theoretically analyzed and an upper-bound expression for ABEP
has been derived. Through extensive Monte Carlo simulations, the flexibility of the
proposed systems to attain higher spectral efficiency values while providing various
transmit diversity gains have been shown, which can make the CSTBC-IM schemes as

a potential enabler for beyond 5G ultra-reliable communication applications.
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6. LOW COMPLEXITY ADAPTATION FOR RIS-BASED MIMO SYSTEMS

In this chapter, an efficient low-complexity algorithm, which is based on cosine
similarity theorem [108] and adapts the phase shift of each reflecting elements, is
proposed for RIS-aided MIMO (RIS-MIMO) and RIS-aided SM (RIS-SM) schemes
in which the transmission principles of classical MIMO and classical SM [3, 72]
are considered, respectively. Moreover, a semi-analytical probabilistic model is
developed to derive the ABEP of the proposed RIS-MIMO and RIS-SM schemes.
Furthermore, through the comprehensive computer simulations, the BER performance
of the RIS-aided MIMO systems with the proposed algorithm is investigated for the
various conditions including perfect/imperfect channel estimation, continous/discrete

phase reflection and path loss effect.

The rest of this chapter is structured as follows. In Section 6.1, the system model
of the proposed RIS-aided MIMO transmission systems is presented. The theoretical
performance analysis of the system is carried out in Section 6.2. Computer simulation

results are described in Section 6.3 and the chapter is concluded in Section 6.4.

6.1 System Model

In this section, the concept of the proposed low-complexity algorithm and the system
models of the RIS-MIMO and RIS-SM schemes are introduced. In the proposed
systems, the transmitter and the receiver are assumed to be equipped with 7, and
R, antennas, respectively, as shown in Figure 6.1. In addition, an RIS with N
passive reflecting elements is used to improve the communication performance by
appropriately adjusting phase shift of each reflecting element. Consider H € CN*Tz
and G € CN*F= a5 the matrices of uncorrelated Rayleigh fading channel from the
transmitter to the RIS, and from the RIS to the receiver, respectively, whose elements
are i.i.d. and follow CA/(0,1) distribution. On the other hand, ® € CV*¥ stands for
the matrix of RIS reflection coefficients with ® = diag {51 eI EreIP2 | EnelPN }

where ¢; € [—7,7] is phase shift and §; € (0,1] is the amplitude reflection coefficient
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Figure 6.1 : RIS-aided MIMO system.

of the ith reflecting element, for i € {1,2,..., N'}. However, for the sake of simplicity,
we set & = 1. Therefore, the composite MIMO channel matrix C € CF=*T> from
the transmitter to the receiver becomes C = GH®H. In the proposed systems,
perfect channel state information (CSI) of all channels are available at all nodes and

quasi-static block fading channels are assumed.

6.1.1 Proposed algorithm

In this subsection, we develop a low-complexity algorithm to maximize the average
received SNR of the RIS aided MIMO systems, which results in maximizing the
overall channel gain of the system by arranging the phase shift of each reflecting
element. Then, using C = GH®H = le\il ng eJ%ih;, our problem is formulated as

max [ Cf| = max|| S gleih|

& s 1=1 & !

st el =1 6.1)

where giH and h; stand for the ith column and ith row of GH and H, respectively.

Although the maximization problem in (6.1) is non-convex due to the constraint ¢; €

[—m, 7], the achievable channel gain can be upper bounded as

N - N
ICl =0 e hi <37 il (62)

Then, exploiting (6.2), the maximum achievable gain of the component at the kth row

and the /th column of C, shown by ¢, ;, can be given as

N . N
|| = |Zi:19k,¢€mhu| < Zi=1 |Gril|Pi 1] (6.3)
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Algorithm 1 Cosine Similarity-based Low-Complexity Algorithm

Input: h;, g;, h;, &

Output: ¢
1: fori=1:Ndo .

. ho <hi,hi>Rc>

2. ! = arccos | =—t=Re
¢ = ar ( b 1]

) g _ <8; .8 >Re
3 ¢z arccos( ngHllHézH” )
4: O = _(925? +¢Zg)

5: end for ‘ , :
6: ® = diag(ef?1,ei®2 . eloN)

where g ; and h;; are the kth and /th components of the channel vectors gZH and
h;, respectively, for k € {1,2,...,R;} and [ € {1,2,...,T,}. It is quite obvious that
there exists an optimum ® matrix that satisfies (6.3) with an equality to achieve the
maximum channel gain. However, due to the non-convex constraints, it is difficult
to find an optimal solution for this problem in a computationally efficient and robust
manner. Moreover, this challenge increases when a multi-antenna system is considered
at both the transmitter and the receiver. Due to these limitations, we develop an
efficient suboptimal solution using the cosine similarity theorem [108], where the angle
between u and v vectors is calculated, using their inner product and magnitudes [108],

as
<u,v>

- 6.4
Talllvl] ©4)

cos(u,v) =

In the proposed algorithm, to maximize the individual gain of each c;; component
(6.3) the phase shift ¢; is adjusted to approximate the complex channel vectors h;

, ’h@g’, oo |hz,Tx|] and

and g? to their component-wise absolute vectors h; = (i1

—_— ng’iHH, respectively. Therefore, in Algorithm 1, real gzﬁzh and

gl = llgvil: g2,
gbf angles are calculated in order to measure the cosine similarity between the vectors
h; and h; and g? and g?, respectively. Then, for the ith reflecting element, the overall
phase shift ¢; is determined as ¢; = — (¢ + ¢J) and the overall reflection matrix ® is

obtained accordingly.

Let us present the concept of the proposed algorithm by an example. Consider an
RIS-aided MIMO system, with T, = 2, R, = 3 ve N = 2 whose composite channel

matrix C = GH®H is constructed as

c_ g11 912 G0 hi1 hig
= 1921 922 0 %o hor has
g31 932

(6.5)
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which can be rewritten, in the form of C = sz\il gZ-H eI h;, as

gun| gi2|
C= |go1| &/? [h11 haa] + |go2| €792 [ha1 hoo]. (6.6)
931 932

Since the phase shift ¢; only affects gZH and h; vectors, instead of jointly adjusting
all phases, each ¢; can be individually determined in a more computationally efficient
manner. Therefore, in the proposed algorithm, considering (6.3), we singly determine
each ¢; to improve the overall channel gain. For this aim, ¢; is properly adjusted to

make the channel vectors h; and gZH approximate to their component-wise absolute
s

vectors h; = [|hi1],|hiz2l], and g = [|g1.l,[92.], 93|, respectively. Therefore,
as given in Algorithm 1, the real angles (b? and gbf , which respectively measure the
similarities between the vectors h; and h;, and the vectors g!' and g, are calculated
using the cosine similarity theorem [108]. Then, the effective phase shift of ith
reflecting elements is set to ¢; = —(qb? + gbf). After NV repetitions are performed, the

overall reflection matrix ® is constructed.

The required complexity to perform this algorithm is O(6N (7, + R;)) in terms of
real multiplications. It is worth noting that when a SISO system (7, = R, = 1)
is considered, this algorithm satisfies (6.3) with equality that achieves the optimum

channel gain in [95].
6.1.2 RIS-MIMO scheme

In the proposed RIS-MIMO scheme with 7, transmit antennas, R, receive antennas
and N reflecting elements, a classical MIMO transmission principle is applied and
the reflection parameters are determined by performing the proposed low-complexity
algorithm to improve the overall channel gain. Let x = [z1,22,... ,:L‘TI]T € CTe>1 pe
the transmitted signal vector of the RIS-MIMO scheme, where z; denotes an M-ary
PSK/QAM symbol transmitted through jth transmit antenna, for j € {1,2,...,7,}.

Then, the received signal vector y € CT=*1 becomes

y = GH®Hx +n

=Cx+n (6.7)

where n € CH=>*1 is the vector of additive white Gaussian noise samples whose

elements are i.i.d. and follow CA (0, Np) distribution.
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6.1.3 RIS-SM scheme

In this subsection, the system model of the RIS-SM scheme, where an RIS-aided
MIMO scheme applying the traditional SM transmission principle [3] is presented.
Unlike traditional SM [3], in the proposed RIS-SM scheme, the transmitted signal
quality is significantly improved by the RIS, whose each reflection parameter is

arranged using the proposed low-complexity algorithm.

In RIS-SM, one of the 7}, transmit antenna is activated and a modulated symbol s
from the M-PSK constellation is transmitted through this active antenna. Since the
remaining transmit antennas are deactivated, the signal vector is determined as x =
[O ..0s0 ... O] " and transmitted through the overall channel matrix C as given in
(6.7).

Note that in the proposed RIS-SM scheme, the knowledge of the active antenna index

is not provided to the RIS.

At the receiver of both RIS-MIMO and RIS-SM schemes, to obtain the best BER
performance, a ML detector is considered, and the transmit RIS-SM and RIS-MIMO

vectors are detected by considering all possible x realizations as follows

X = argmin ||y — Cx]|*. (6.8)

6.2 Performance Analysis

In this section, the theoretical BER performance of the proposed RIS-MIMO and

RIS-SM schemes is evaluated by performing a semi-analytical probabilistic approach.

6.2.1 Numerical analysis

As given in Algorithm 1, since the proposed algorithm relates the phase shifts of
the reflecting elements with the channel statistics, the reflection matrix ® is directly
correlated with the channel matrices H and G. Therefore, the distribution of the
composite channel matrix C could not be derived through a fully analytic approach.
As a result, we resort to a comprehensive numerical analysis in order to obtain the

statistics of the channel matrix C.
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Figure 6.2 : Comparison of the mean p (6.9) with the Monte-Carlo simulations for
different 7}, ve R, antennas.

As it is stated in the previous section, the elements of the channel matrices H and G
are i.i.d. and follow CN(0,1) distribution. Our comprehensive numerical analysis,
which performs 105 Monte-Carlo trials for each R, x T}, configuration, indicates that
the elements of the composite C matrix are complex Gaussian random variables with

CN (Np, N) distribution, where 1 is numerically calculated, in terms of 7, and R,, as

1.8

14+ 2T,)(1+2R,) ©9)

o

For supporting the accuracy of this estimation, in Figure 6.2, (6.9) is compared to
the the channel statistics of C for N = 1, which is obtained through the Monte Carlo
simulations performing at least 10° trials for each R, x T}, set-up. The results show

that the estimated p in (6.9) perfectly fit the computer simulations per R, x T,.

Then, (6.9) is utilized to determine the ABEP of the system in the following subsection.

6.2.2 ABEP analysis

In this subsection, after obtaining a numerical approximation for the statistics of the

channel matrix C, an upper bound expression for the ABEP of the proposed system is
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given as follows [102]:

WZZP X — X)e(x, %) (6.10)

where 7 is the number of incoming information bits, P,(x — X) is the unconditional

PEP and e(x,X) is the number of error bits for the corresponding PEP event.

To obtain the PEP expression, first, the CPEP of the system is derived, using the

(-function, as follows

. A
Pr(x—>x\C):Q< W) 6.11)
where Q is given, for A = (x —%)(x — %), as
A=||C(x—%)? (6.12)
= vec(CHE(A @1, )vec(CH). (6.13)
_1 /2 e~ % 2/2sin? 0
Therefore, considering Q(z fo d@, the CPEP (6.11) can be rewritten

as

/2 H\H H
P.(x—x|C) = l/ exp(—’yvec(c ) (A@;Rm)vec(c ))de (6.14)
T Jo 4sin“ 6

where v = 1/Ny. Then, averaging (6.14) over the matrix C through MGF approach

results in the following PEP expression

/2 o
Pr(x%fc):l/ MA( )de (6.15)
™ Jo 4sin?6

n [103], the MGF of 2" Qz, for any Hermitian Q matrix, is given by

e [($21Q(I—sK,Q) 'z
M(s)—eXP< det(I—sK,Q) )

where z is the mean vector and K, is the covariance matrix of the vector z.

(6.16)

Clearly, in our system Q = A®1Ip, and z = vec(CH). Using the numerically obtained
channel statistics given in the previous subsection, zZ = vec(CH) = yN1 and K, = N1
are respectively defined as the mean vector and the covariance matrix for the Gaussian

vector z = vec(C™). Therefore, the PEP of the system becomes

1
_H —
1 [7/2 eXp(_Z 451120Q<I+4s1129KZQ) Z)
X / deo. (6.17)

P (x—x%x)=—

™Jo det (I+ @KZQ)
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Figure 6.3 : Theoretical and simulation results of the RIS-MIMO ve RIS-SM
schemes.

6.3 Simulation Results

In this section, the BER performance of the proposed RIS-MIMO and RIS-SM
schemes are investigated through theoretical analysis and comprehensive computer
simulations. All results are performed as a function of transmitted signal energy
to noise ratio (Es/Np) and for different R, x T, MIMO configurations and BPSK
modulation (M = 2).

In Figure 6.3, for 4 x 2 MIMO and various N reflecting elements, the theoretical BER
performance of RIS-MIMO and RIS-SM schemes are compared with the computer
simulation results. It is obvious from this figure that the derived semi-analytic results

perfectly match with the simulation results as /N increases.

In Figure 6.4, for 4 x 4 system configuration, the BER performance of the RIS-MIMO
and RIS-SM schemes using the proposed cosine similarity theorem-based algorithm
and pseudoinverse (pinv)-based algorithm [109] is compared. The results show that
compared to [109], the BER performance of both RIS-MIMO and RIS-SM schemes
using the proposed algorithm, which requires significantly lower computational

complexity, improves better as N increases.
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Figure 6.4 : Comparison of the proposed algorithm to the pinv algorithm on the BER
performance of the a) RIS-MIMO and b) RIS-SM schemes.

As an illustration, the proposed algorithm with O(6N (T}, + R;)) complexity performs
3072 real multiplications for N = 64, while the reference pinv algorithm [109] with
O(N3) complexity performs 262144 real multiplications. This means, the proposed
algorithm provides 98.8% reduction in computational complexity over the reference

algorithm [109] for N = 64.

In Figure 6.5, the impact of the imperfect channel knowledge and the use of discrete
phase shifts on the BER performance of the 4 x 4 RIS-MIMO scheme is investigated

for NV reflecting elements.

For the discrete phase shifts model, we assume that each reflecting element at the
RIS takes a finite number of discrete phase values. Therefore, a set of discrete
phase shifts is constructed by uniformly quantizing [0,7]' interval into N levels as
F={0,A¢, ..., (N —1)A¢}, where Ap = 7/N. Then, the continuous phase shift
of each reflecting element, which is obtained via the proposed algorithm, is rounded
to the nearest discrete level. The simulation results demonstrate that discrete phase

reflection causes a minor BER performance degradation compared to the continuous

'In Algorithm 1, for arccos(-) operation, MATLAB function acos() is used, which returns phase
values between the interval [0, 7].
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Figure 6.5 : BER Performance of RIS-MIMO scheme with discrete and continuous

phase reflection for the channel estimation error variance o2,
phase reflection. However, this performance difference gradually disappears as N

increases.

Moreover, to analyze the effect of the channel estimation error, the imperfect CSI is
assumed at both the RIS and the receiver. Therefore, we consider that both the RIS and
the receiver erroneously estimate H and G channel matrices as H € CV*T> = H+ E;
and G € CN*fir — G+ E,, respectively, where E¢ and E; are the matrices of the
channel estimation errors whose each entry is i.i.d. and distributed as CA(0,02).
Therefore, after the proposed algorithm determines the diagonal reflection matrix
® ¢ CV*N considering the imperfect channels H and G, the overall estimated
channel matrix becomes C € C#>*7s — GH®H. The simulation results reveal that
the assumption of the imperfect CSI at both the RIS and the receiver significantly
degrades the BER performance of the RIS-MIMO scheme. However, increasing the

number of reflecting elements at the RIS reduces this performance degradation.

Figure 6.6 demonstrates the BER performance of the proposed RIS-MIMO scheme
with 4 x 4 when path loss effect [64] is considered. Denoting the distances from the
transmitter to the RIS and from the RIS to the receiver as d; and d», respectively, the
path loss Pr, of the overall system is calculated as [64]

4 Mo

= 6.18
L 25672 d2d3 (0.18)
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Figure 6.6 : BER Performance of RIS-MIMO scheme in case of the path loss effect.

10

where A is the wavelength at 2.4 GHz operating frequency. The simulations are
performed for dy = ds = 10 m and d; = 2 m, do = 18 m. It can be deduced from
the results that compared to the performance in the absence of the path loss given in
Figure 6.4, the error performance of the RIS-MIMO scheme significantly degrade with
the path loss effect. On the other hand, since the P, is proportional to d%dQ, the BER
performance of the system fairly improves when the RIS is closer to the transmitter or

the receiver (d1 =2 m and dy = 18 m).

6.4 Summary

In this chapter, a low-complexity algorithm has been developed exploiting the cosine
similarity theorem for RIS aided MIMO transmission schemes to enhance the overall
path gain of the communication channel. Moreover, performing a semi-analytic
approach, the ABEP of the system has been derived. Furthermore, through the
comprehensive computer simulations the BER performance of RIS aided MIMO
schemes for different circumstances including discrete phase reflection, path loss effect

and imperfect CSI has been investigated.
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7. HYBRID REFLECTION MODULATION

This chapter presents a novel IM scheme called hybrid reflection modulation (HRM)
that utilizes a hybrid RIS which consists of both active and passive elements to support
the transmission of a SISO system. In other words, the main motivation of this study
is to combine the attractive advantages of IM and active RIS systems in a clever
scheme in which the RIS operates as a part of the transmitter and directly transmits
information. This makes the proposed scheme fundamentally different from the recent
hybrid RIS-aided designs that consider the classical SISO signaling over a hybrid
RIS architecture employing a certain number of active reflecting elements [86, 110].
In the proposed HRM scheme, we assume that the RIS elements are equipped with
electronically controllable phase shifters and reflection-type amplifiers [83], which
enable to simultaneously perform reflection and amplification functions. While the
integrated phase shifters are dynamically adjusted to supply convenient phase shifts,
the available power amplifiers can be turned ON and OFF according to incoming
information bits to avoid excessive power consumption. Therefore, in the HRM
scheme, in accordance with the incoming information bits, an RIS element can plainly
reflect the incident signal without any amplification as a passive reflecting element or
further amplify the reflected signal at the expense of increasing power consumption as
an active reflecting element. On the other hand, by adapting the IM principle, the RIS
is split into sub-groups, and the information is transmitted through different channel
realizations created by various combinations of active and passive reflecting elements
in these groups. Moreover, we perform a detailed theoretical analysis to obtain
achievable rate expressions using an information theoretic approach and derive an
upper bound for the ABEP of the system. Furthermore, we carry out a comprehensive
numerical analysis under spatially correlated and uncorrelated channel conditions to
illustrate the performance improvement of the HRM scheme over the prior RIS-aided

benchmark schemes considering fully active [83] and fully passive [80,95] RISs.
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Figure 7.1 : System model of the HRM scheme.

The remaining of the chapter proceeds as follows. The system model of the proposed
HRM scheme is given in Section 7.1. Section 7.2 provides theoretical performance
analyses of the HRM scheme including ABEP, achievable rate and energy efficiency.
In Section 7.3, computer simulation results are presented, and the conclusions are given

in Section 7.4.

7.1 Hybrid Reflection Modulation

In this section, after giving the review of the classical passive and active RIS, we

present the system model and the detection algorithm of the proposed HRM scheme.

7.1.1 Passive and active RIS

Most of the current literature on RIS-aided systems pays particular attention on RIS
with passive reflecting elements in various research fields [7, 46-55, 94, 95]. By
smartly inducing convenient phase shifts without any transmit power consumption
[46], the passive RIS elements do not directly modify the magnitude of the incident
signal. On the other hand, the active reflecting elements are capable of generating
reflection gains of greater than unity at the cost of additional power consumption
[83, 84]. This amplification functionality of a reflecting element can be achieved by
integrating additional power amplifier circuitry such as tunnel diode [84] or low-noise

amplifier (LNA) [83]. Therefore, unlike a passive reflecting element, each active
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element introduces a non-negligible thermal noise. For instance, let §, = |§p|ej¢1’
and &, = |&,]e’ %a respectively represent the reflection gains of a passive and an active

element whose magnitudes, (|¢,|, |£4|) and phases (¢, ¢4) can be defined as follows

¢p € [_71-777-]7 ‘§p| S 1 (71)

¢a € [_77-777-]7 ‘€a| > 1. (72)

Nevertheless, although the active reflecting elements exploit power supplies in order
to amplify the reflected signal, their hardware constructions are completely different

from amplify-and-forward (AF) relays that utilize high-cost signal processing units.

7.1.2 HRM scheme

Adopting the IM principle, in the HRM scheme, we aim to modulate a single-tone
carrier signal through RIS with reflective and power-controllable elements. As
illustrated in Fig. 7.1, in the proposed HRM scheme, we consider a SISO system
that employs an RIS with NV reflecting elements to boost the communication link
between the transmitter (T) and the receiver (R) in an outdoor environment.! In
practical conditions, since it is unlikely to maintain a constant direct link between
T-R link due to severe signal blockage in an outdoor environment, we assume that the
direct link is blocked by the obstacles. Moreover, an RIS controller is incorporated
with the RIS to dynamically adjust the phase shifts and the amplification gains of
each reflecting element considering the information provided from the transmitter
via a wireless control channel. For the sake of simplicity, we assume that perfect
channel state information (P-CSI) of all nodes are available at the transmitter [46],
which are conveyed to the RIS controller via the control link, and to the receiver
through pilot-based transmission [111]. However, since the reflection amplitudes and
phases are controlled separately, compared to fully passive RIS [82], the RIS controller
requires additional variable resistor loads [112]. Subsequently, unlike the conventional
passive elements that only utilize low-cost PIN diodes or varactors [94] to simply
reflect signals without any amplification, the HRM scheme additionally includes a

reflection-type power amplifier per RIS element to amplify the reflected signals in

ISince the MIMO extension of the proposed HRM scheme requires the development of a
computationally intensive algorithm for optimization of reflection coefficients of the RIS elements, this
paper considers a SISO transmission to avoid an additional computational burden at the RIS.
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Figure 7.2 : An example of the proposed HRM scheme with an RIS of N = 16
elements and G = 4 sub-groups (active ' /passive ).

order to attain further channel capacity gains [83]. In the HRM scheme, a phase shifter
per each RIS element is employed to generate optimum phase shift for maximizing the
signal-to-noise ratio (SNR), while reflection-type power amplifiers are dynamically
turned ON/OFF according to the transmitted information bits. Therefore, similar to
conventional RIS architecture, when the power amplification option is disabled, an
RIS element can merely reflect the incident signal without any amplification, or when
enabled, it can further amplify the signal with a convenient phase shift. Notably, the
RIS element corresponds to a conventional passive reflecting element in the former

case, while it is converted to an active reflecting element in the latter case.

In the proposed HRM scheme, the RIS with /V reflecting elements is divided into G
sub-groups, each having S = N/G number of RIS elements. Then, applying the IM
concept, the HRM scheme transmitting a single tone carrier signal requires logy(G)
information bits to employ the elements of /4 out of G groups as active reflecting
elements while the remaining ones are used as passive reflecting elements, where [ 4 €
{0,1,...,G—1}. Therefore, the numbers of active and passive reflecting elements
become N4 =14 xS and Np = N — Ny, respectively. In particular, for [4 = 0, since

the power amplifiers of all reflecting elements are disabled, the RIS elements simply
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Table 7.1 : Bit mapping of the HRM scheme with an RIS of N =16 and G = 4 groups.

Information Bits {00} {01} {10} {11}
Number of active RIS groups (1 4) 0 1 2 3
HRM symbol (#H;,) Ho H1 Ho Hs

reflect signals without any amplification. In that case, the RIS serves as a conventional

fully passive RIS.

Indeed, since active RIS elements further amplify the incident signal compared to the
conventional passive reflecting elements, in the HRM scheme, exploiting a different
number of active RIS elements in each time instant generates multi-level HRM
symbols H, ,, like a virtual amplitude shift keying (ASK) modulator. Moreover, unlike
the classical ASK modulator that utilizes a fully digital RF chain with high hardware
complexity and implementation cost, in the proposed HRM scheme, employing an
unmodulated cosine carrier at the transmitter, different combinations of active and
passive reflecting elements are used to create a virtual ASK constellation. This also

facilitates the HRM receiver to differentiate the perceived signal with a high accuracy.

To better illustrate, the HRM transmission scheme is explained with following
example. In order to achieve a spectral efficiency of 1 = 2 bits/s/Hz, we assume that the
proposed HRM transmission scheme employs an RIS with NV = 16 elements divided
into G = 2" = 4 sub-groups, each of which consisting S = 4 RIS elements. While
the active/passive RIS element combinations for the corresponding HRM symbols

H;, are presented in Figure 7.2, the considered bit mapping is listed in Table 7.1,

A
where 14 € {0,1,2,3}. As clearly seen from Figure 7.2, unlike the conventional
fully passive [95] and fully active RISs [83] whose elements continuously operate
in the same manner, in the proposed HRM scheme, via adjusting power amplifiers,
different RIS configurations consisting of active and passive elements are formed in
each time instant, which creates distinct variations in the amplitude of the over-the-air
HRM symbols. Accordingly, for incoming {00} bits, since the number of active RIS
sub-groups is [ 4 = 0, Ho symbol is created by a fully passive RIS, while for the other
incoming bit streams of {01}, {10} and {11}, the HRM symbols are generated from

hybrid RIS configurations consisting of both active and passive reflecting elements.
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Clearly, the larger number of active sub-groups, the further RIS amplifies the incident

signal.

Let & = |&;] 79 be the reflection coefficient of the i-th reflecting element of the HRM
scheme with magnitude |¢;| and phase shift ¢; € [—m, 7], where i € {1,2,--- ,N}.
Then, for active and passive elements, the reflection coefficient &; becomes

€= pied® i€ {1,2,... N4}
! el i otherwise.

(7.3)
It is worth noting that for the passive reflecting elements, the reflection gain is
assumed to be |&;| = 1 [95] while for the active reflecting elements, it is |§;| =
p; > 1 [83-86, 110]. For simplicity, we assume that all active reflecting elements
have the same reflection gain, i.e., p; = p for Vi € {1,2,...,Na}. Accordingly,
the reflection matrices including the phases of the active and passive elements
can be respectively given as ® € CNaxNa — diag{ej¢1,ej¢2, . .,ej¢NA} and ¥ €

CNPXNP _ diag{€j¢NA+l,6j¢NA+2,...,€j¢N}.

Let h e C*V = /L;h and g € CPY = /L, be the channel vectors between the
T-RIS and RIS-R links, respectively, where L; and L, are the path attenuation in the
corresponding links. Here, the path loss terms are obtained for the T-RIS distance
d¢ and the RIS-R distance d, as L; = fod, ** and L, = [od, ", where [y is the
path loss at the reference distance of 1 meter (m), and a; and «, are the path loss
exponents at the T-RIS and RIS-R links, respectively. Please note that T and R are
located sufficiently away and operate independently, thus, the T-RIS and RIS-R links

are statistically independent, where h and g are modeled as independent Rician fading

V7 / hLos + Vi hNLos (7.4)

7.5
gLos + K, JrlgNLos (7.5)

channels and generated as

=
I

O'QI

K +1
where flLos and gpos are the line-of-sight (LOS) components and BNLOS and
gnLos are non-LOS (NLOS) components of their corresponding channel vectors,
while K; and K, are the Rician fading coefficients of the T-RIS and RIS-R links,
respectively. Here, both the LOS and NLOS components are assumed to consist of
complex Gaussian random variables, whose each entry is independent and identically

distributed (i.i.d.) and follows CA/(0, 1) distribution.
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For a better illustration, the channel vectors between the T-RIS and RIS-R links can
be given as h = [h,, h,|T and g = [g,, g,), respectively, where h, € C1*V4 and g, €
C™N4 are the channel vectors corresponding to the active elements, while the channel
vectors h, € C1*VP and g, € C*NP correspond to the passive reflecting elements
at the RIS. Therefore, for Pgs being the total transmit power, the overall received

complex baseband signal at the receiver becomes [83]:

y = /Pas (pgacﬁh} + gpq:hg) + g ®vT 4. (7.6)
——

N J/

R dynamic noise
reflected signal Y

where ns ~ CN(0,02,) is the static noise term, while v € C*Va ~ CN(O,INAagly)
is the additional noise vector composing the thermal noise terms generated by power

amplifiers of active elements that cannot be neglected as in the passive elements.

In the HRM scheme, the phase shifts of the all reflection elements and the amplification
gain of the active RIS elements p can be optimized in order to achieve the maximum
SNR. Then, for P4 being the maximum amplification power at the RIS, which
corresponds to the power budget of active reflecting elements [86], the maximum

instantaneous received SNR can be formulated as

2
Pas Hpga<1>haT +g,Th, H

max 5 (7.7)
2
2
st p*Pas H@haT +9° @)% 03, < Pa. (7.8)

Then, applying the triangle and Cauchy-Schwarz inequalities [108], since
pligalllhall + llgpllhp]l > ||lpga®h, +g,®h} ||, the optimum phase shift of the i-th
reflecting element, ¢;, which completely eliminates the phases of the corresponding

channel coefficients, and the reflection gain p are simply obtained as

Py
p< . (7.10)
\/ Pps |ha||* + 0,

Therefore, for h; = |h;|e/? and g; = |g;| e/Xi respectively being the i-th component
of the channel vectors h and g, for the optimum phase shifts in (7.9) and an arbitrary
amplification gain p, the received signal (7.6) can be rewritten as
Ny N Ny
v = \/Ps <p2 il + 3 I |gz-|) > Jglttn. @1
i=1 i=Na+1 i=1
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where ¥; = v;e I%i, and v; is the i-th complex element of the dynamic noise vector v.
Therefore, for H;, = pzij\g‘l |hil|gi] + Zi]iNAH |hi||gi| being the HRM symbol for

the corresponding [ 4, the received signal can be rewritten as

y=+/PesH;, +n (7.12)

where n = pZi\i"‘l |gi| 0; + ns is the overall noise term. It is worthy to note that
applying the central limit theorem (CLT) for increasing N4, n is approximated to
a complex Gaussian random variable with ~ CN (0, Ny) distribution, where Ny =

pQNALTJCQZy +022.
7.1.3 HRM receiver

In the HRM scheme, since exploiting different number of active reflecting elements
creates virtual amplitude variations in the received signal, different signal levels of the
HRM symbols can be easily distinguished at the receiver. Moreover, the HRM receiver
with perfect knowledge of the overall channel considers ML detection algorithm to

choose the most likely estimate of [ 4, as follows

~

la :argrrllaxp(yﬁ{lA) (7.13)
A

where p(y|H,,) is the conditional probability density function (pdf) of the received
signal y given H; ,, which can be given as
2
1 *‘y*\/PBsHlA|
No

Pyl Hiy,) = p A (7.14)

Here, the overall noise power Ny, where it is obtained as Ny = P’ N ALraﬁy + O'Szt
in the previous subsection, and the HRM symbol H;, vary with the number of
active sub-groups of RIS (/4) and the total number of active reflecting elements
N 4. However, since the thermal noise of each active element experiences the path
attenuation of the RIS-R link (L, ) while the RIS-R distance of d, is sufficiently large,
the varying N4 hardly affects the decision of minimum metrics in (7.14). Therefore,
the HRM receiver can simply detect [ 4 as follows

2

iy :argnllin‘y— VPesH, (7.15)
A

2For X and Y being independent random variables, the variance of the product Z = XY is calculated
as 0% = 0%0% 4+ p% 0% + p 0% and the mean of Z is 1z = p1x py . In addition, the mean and variance
of the sum W = X +Y are uy = pux + py and 03, = 0% + 0%, respectively.
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which gives as almost the same estimate as the ML algorithm given in (7.13). Here, we
consider all combinations of active and passive elements and simply select the closest

virtual constellation point with respect to received signal.

7.1.4 Fully hybrid reflection modulation (F-HRM)

In this subsection, a special case of the proposed HRM scheme, fully hybrid reflection
modulation (F-HRM), is introduced. In the F-HRM scheme, the same RIS, transmitter
and receiver hardware architectures of the HRM scheme are considered. However,
unlike HRM, in the F-HRM scheme, whole RIS elements without grouping are
assumed to manipulate the incident signal in the same manner. Specifically, in the
F-HRM scheme, 1-bit information (7 = 1 bits/s/Hz) is transmitted over the RIS to
control the amplification gains of the RIS elements. In the F-HRM scheme, by properly
adjusting the power amplifier of each reflecting element, for the incoming {0} bit, all
reflecting elements perform a plain passive reflection with the optimum phase shifts of
(7.9), while for the incoming bit {1}, all elements function as active reflecting elements
that amplify and reflect the incident signal with additional thermal noise. Please note
that, in the F-HRM scheme, since RIS elements operate in the same manner as a whole,
the number of the overall active reflection elements is Ny =14 x N for 4 € {0,1}.
Accordingly, in the F-HRM scheme, for the corresponding /4 and N4 values, the
received signal, the optimum estimate of [ 4 at the receiver and the maximum received

SNR can be obtained from (7.11), (7.15) and (7.7)-(7.10), respectively.

7.2 Performance Analyses

In this section, we investigate the performance of the proposed HRM in terms of ABEP,

achievable rate and energy efficiency.

7.2.1 ABEP analysis

In this subsection, the ABEP of the proposed HRM scheme is analyzed. Since the
simple HRM detection algorithm in (7.15) gives exactly the same error performance
as the true ML detector in (7.13), we build our theoretical analysis based on it in the

following way.
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After the PEP of the HRM scheme is obtained, we derive the ABEP of the system using
an MGF-based approach [102]. For this purpose, first of all, in order to determine
the CPEP of the HRM scheme, we assume that the number of sub-groups of active
elements /4 and its corresponding total number of active elements N4 = [4 x S are
erroneously detected as [gand Ny =14 %S, respectively. Therefore, considering the

detection rule in (7.15), the CPEP of the HRM scheme can be given as

Py (la— lafhg, @, 7) = P, (\y— Vs (H1)| |y Vs ()| > 0>

(7.16)

where H; = pz‘;val‘thgj’ + Z;VINAH\thgj] is the HRM symbol for the

corresponding L4. Therefore, the CPEP in (7.16) can be simplified to:
P, (zA N ZA|h,g,(I>,\I/) _
2 H
Py (Pos [, * =20/ PosR { (v/PosHr, +n) "1, }

>PBS‘HZA‘2—2JP_BS§R{(@HZA+n)H%ZA}). (7.17)

After some mathematical manipulations, the CPEP expression in (7.17) can be

rewritten as

Py (La = Lallg @) = P~ Pos [0, 9 |~ 20/ Bosn [, 24, [} > 0).

(7.18)

Therefore, for D being a  Gaussian random  variable  with

D = —Pyq "HIA —H;, ‘2 _ 23%{ Pasntl ‘HZA —H;, } the CPEP expression
yields in

2 (zA—>ZA|h,g,q>,\1:> — P.(D>0) (7.19)

where the mean and the variance of D are calculated as yup = —Pggs ‘Hl 4 HZA )2

2
and a% = 2Prs Ny ‘"Hl a HZA‘ . After deriving the statistical distributions, the CPEP

expression can be given, using ()-function, as

2
Pgs ‘,HZA — H[A’
2Ny

Py (1a = ialh,g,®,9) = Q (7.20)

In the HRM scheme, the channel magnitudes of |h;| and |g;| are independent Rician

distributed random variables with the means of p, = %,/%Ll /2(—Kt) and
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Hgi| = %@/%Ll/g (—K;), and the variances of U|2h7;\ =L — %L?/Q(—Kﬁ

L2

2
n =L, —
and oj = Ly 1/2

(Kr+1) (—=Ky), where Ly 5(+) is the Laguerre polynomial [113].
Then, defining > = H;, — HZA’ which is another Gaussian random variable with the

following statistics

uz_m¢

(Ke+1) Kr+1)
X Ly jo(—Ki) Ly jo(—K5y) x (pd —6)
o3, = (LiLy — 1i3,) x (p*6 —6) (7.21)

for 0 = (N4 — N A) the average error probability of the system is calculated in the

following way. Considering the following alternative representation of ()-function

1 w/2 —t2

and using the MGF of I = |X|?, which follows non-central chi-square distribution, the

average PEP can be calculated as follows

Py
P(lA—>lA / MH< m)d&. (7.23)

Here, the MGF of non-central chi-square distribution is given as [114]

1 125
M (s) = exp (1 X ) . (7.24)

Therefore, substituting the MGF expression (7.24) into (7.25), the PEP is obtained as

P (ZA%LQ:
MR
/ ——e “Vo—j;f) do. (7.25)
T INosin2(0) 4Nosin® (6)

To gain further insights, since a function of z(#) = 1/sin?(#) has a single minimum
at @ = 7/2, where z(mw/2) = 1, by letting § = 7/2, (7.25) can be upper bounded as
follows [102]

Zp
) 11 — L
P, (z 4 A) <- exp o (7.26)
2 ) U%Pt 14 o5, Py
+ 4Ny 4Ny
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Moreover, for high P; /Ny regime, an asymptotic PEP expression can be approximated
as:
-\ P )
P, (lA — lA) A L, L(p~0 —6)
1
2

Ki+1)(K,+1)

« _7T2L1/2( Ky)L %/2(_Kr)(p_1)25
FPNT6(K, + (K, +1) 7212 o (K L2, (~K,) (07— 1)

x [1 ((mmmm/g(m)]

(7.27)

It is worth noting that for G = 2, the PEP results the ABEP of the HRM scheme, while

for G > 2 the following well-known upper bound is considered [102]:

1 1
Bl

la

ZPT(ZA %iA)e(lA,ZA)] (7.28)
Ia

where ¢(l4,14) is the number of bit errors in each PEP event.

7.2.2 Achievable rate analysis

In this subsection, considering an information theoretic approach, we perform
achievable rate analysis of the HRM scheme by deriving the mutual information

between its transmit and received signals.

In the HRM scheme, since the an unmodulated carrier signal is transmitted and the
information bits are modulated to generate a spatial constellation symbol #;,, the
mutual information of the HRM scheme corresponds to the information conveyed
between the received signal vector space Y and spatial constellation space .

Therefore, the achievable rate of the proposed HRM scheme becomes [114]

p(ylHi,)
Zpr(y‘HiA)p(HlA>>dy' (7.29)

Here, since each HRM symbol H;, is equiprobable, i.e., p(#;,) = 1/G, substituting

—0o0

I(H;Y) = /OO p(y[Hi, )p(Hi,) x logy (

the conditional pdf of p(y|H;,) given in (7.14) into (7.29), the achievable rate of the

HRM scheme is rewritten as

I(H;Y) =
ﬁ”lAl

= loga(G) - _{WNO Z/

v, |l |
x log, (Ze No )dy}. (7.30)
l

A
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Therefore, after some algebraic manipulations, (7.30) can be simplified to [115]

X |V e
I(H;Y) :logQ(G)—logQ(e)—EZE{logQ <Ze No } (7.31)
la iA

7.2.3 Energy efficiency

In this subsection, the power consumption model and energy efficiency of the proposed
HRM scheme are evaluated. In the HRM scheme, for 73 being the transmit power

efficiency, its average power consumption can be calculated as

P
Pr— TLS 4 Pgis + P. (7.32)
t

where P, represents the overall power dissipated in transmitter and receiver circuit
blocks while Fgris denotes the total power consumption of the RIS that can be given,
for €1 and €7 respectively denoting the average number of active and passive reflecting
elements, as follows:

Pris = f_)—: +e1Pay + €2 P+ Py (7.33)
In (7.33), Fgy and Py correspond to dynamic and static power consumption of
the active reflecting elements, respectively, while P, is the required power per
passive reflecting element [86], and 7, is amplifier efficiency of the active reflecting
elements for 7,7 € (0,1] [86]. On the other hand, when a conventional RIS of N
passive reflecting elements is considered, FPgrys corresponds to the power consumed
by the adaptive phase shifters, i.e. Fris = NP, [48], while for fully active RIS,
whose elements include both reflection and amplification circuitry, the overall power
consumed by the RIS becomes Fris = f—f + N Pyy + Py [86]. Comparing the power
consumption of the proposed hybrid, fully active and fully passive RIS configurations,
with the note that I, < Py, it is obvious that fully passive RIS architectures with only
reflection capabilities are the most power-efficient constructions. On the other hand, in
the proposed HRM scheme, the hybrid RIS architectures save a significant amount of

power compared to the fully active RIS designs.

Further, the energy efficiency in bits per Joule (bits/J) of the HRM system results, in

terms of instantaneous received SNR ~y given in (7.7), can be obtained as
B
E. = “Xlogy(147) (7.34)
Pr
where Byy represents the system bandwidth.
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Figure 7.3 : Analytical and simulation results of the HRM scheme for different N
values.

7.3 Numerical Results

In this section, the BER, achievable rate and energy efficiency performance of
the proposed HRM scheme is investigated through extensive computer simulations.
For the different number of RIS sub-groups and reflecting elements, the superior
performance of the proposed HRM scheme over the existing fully active [83], fully
passive [95] and RM [80] schemes is demonstrated. Unless otherwise indicated, in
all simulations, the following system parameters are assumed: the distances d; = 20
m and d,, = 50 m, the path loss exponents a; = 2.2 and «, = 2.8, the noise variances
2

aﬁy = 05 = —90 dBm, the Rician shape parameters K; = K, = {0} and the reference

path loss value of 5y = —30 dB.

7.3.1 BER performance in ideal channel conditions

In this subsection, the BER performance of the proposed HRM scheme under the ideal

channel conditions is carried out.

In Figure 7.3, the analytical and numerical results of the BER performance of the

HRM scheme with p = 10, which achieves a spectral efficiency of n = 1 bits/s/Hz
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Figure 7.4 : BER results of the HRM scheme with N = 256 divided into G

sub-groups.

for G = 2 and Rician scale factors of K; = Kp € {0,10}, is demonstrated. As
it can be clearly seen from Figure 7.3, the analytical results applying the CLT for
increasing N perfectly match to computer simulations for N € {32,64,128,256,512}.
Moreover, it is observed that for each K; = K, doubling the reflection elements
provides approximately 7.5 dBm improvement in the required transmit power Pgg at

the BER value of 106,

In Figure 7.4, the BER performance of the HRM scheme is given for N = 256
reflecting elements divided into G = 2,4,8,16 and 32 sub-groups. It is observed
that like the ordinary multi-level digital modulation techniques, as the number of
sub-groups is increased the signal levels of the HRM symbols get closer, and this
deteriorates the BER performance of the HRM scheme. In particular, it is apparent that
the HRM scheme achieving m = 5 bits/s/Hz (m = logy(G)) with an RIS of G = 32
sub-groups exhibits remarkably worse error performance compared to the lower GG
cases, which shows an interesting trade-off between the error performance and the
spectral efficiency. Moreover, as in the classical ASK modulation, considering the

reflection power constraint in (8), since the same p and N values are considered in Fig.

81



100 T T T T T T T
E —+—HRM, G =16
== A —+—HRM, G =4, QPSK ]
=l T~ —-A-—RM [35], G = 4, QPSK ||
1071 L TS \\ Tty . — — —passive [1] 16-PSK |
: ~ ‘\ E
N\ AN :
~ \
L < \ |
1072 ¢ \ NN .
3 RN z
= [ W ]
= r \ N 1
M , SR
1073 E ‘\- > ~N b=
£ \ ~N ]
E . < 1
: \ ~ ]
. \ \ \ 4
L '\‘ >
1074 L \ N
: \ !
: \ ]
L '\ 4
10*5 1 1 1 1 | 1 1
0 5 10 15 20 25 30 35 40

F; (dBm)
Figure 7.5 : BER performance comparison of the HRM, RM and conventional fully
passive RIS-aided schemes for optimum phase shifts.

4, the systems with larger GG necessitate a higher power consumption. Therefore, it can
be concluded that besides their superior error performance, the HRM systems with a

smaller G save more energy than the systems with a larger G.

In Figure 7.5, the BER performance comparison of HRM, RM [80] and conventional
fully passive RIS-aided systems is investigated for N = 256. In the reference RM
scheme [80], similar to HRM, an RIS with fully passive reflecting elements, is split into
G sub-groups whose indices are used to convey additional information bits. However,
contrary to HRM and conventional fully passive RIS-aided systems, adjusting ON/OFF
keying states of each group, the whole RIS elements are not utilized in the reference
RM transmission scheme [80].  Moreover, in the reference RM scheme [80], an
RF source is used to transmit an optimized M-PSK constellation per each RIS
configuration to achieve a spectral efficiency of 1 = logy(G) + logy(M). Then, in
Figure 7.5, to attain n = 4 bits/s/Hz, considering the optimum phase shifts in (7.9),
the HRM scheme with G = 16 sub-groups and the amplification gain of p = 10 is
compared to the reference fully passive RIS-aided system with 16-PSK, and the RM
scheme with G = 4 sub-groups employing the rotated quadrature PSK (QPSK) [80].
The results show that although the HRM scheme with G = 16 enlarges the HRM
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signal constellation considerably, it still achieves significant performance over the
RM [80] and conventional fully passive RIS-aided system. Furthermore, in Figure
7.5, at n = 4 bits/s/Hz, as an extension of the HRM scheme, the BER performance
of HRM that jointly encodes information in the transmit signal and RIS sub-groups
is also evaluated. In this case, while preserving the RIS and receiver architecture of
the proposed HRM, instead of an unmodulated signal, a QPSK modulated signal is
employed at the transmitter of the HRM scheme. For the case of the HRM scheme
with M-PSK modulation, the spectral efficiency becomes 7 = logy (M) + logy(G)
bits/s/Hz. Therefore, in order to achieve a spectral efficiency of n = 4 bits/s/Hz, for
p = 10 and QPSK signaling, the RIS is clustered into G = 4 sub-groups. The results
exhibit that the HRM scheme with G' = 4 and QPSK signal transmission achieves 16
dB Fpg gain at the BER value of 10~° over the reference RM scheme [80]. It is clear
from the Figure 7.5 that using an additional RF chain at the transmitter alleviates the
burden of RIS transmission by reducing the required number of RIS sub-groups. In that
case, since the benefits of a lower HRM signal level are retained, the BER performance

improves, but it brings an additional hardware cost.

7.3.2 BER Performance in non-ideal channel conditions

In this subsection, the BER performance of the ideal and non-ideal channel conditions

1s compared for different RIS configurations.

Further, for more realistic settings, we investigate the performance of the HRM scheme
under the spatially correlated RIS elements whose impact on the BER performance is
given in Figure 7.6. For this aim, we consider a square RIS and assume that the channel
vectors h and g, representing T-RIS and RIS-R links, respectively, are modeled as
spatially correlated Rayleigh fading channels, i.e., Ky = K, =01in (7.4) and (7.5), and

generated as

h = /L:hy; osRY/2 (7.35)
g = /LrgnLosRY? (7.36)

where R € CY*N is the correlation matrix due to spatially correlated RIS
elements, whose (k,l)-th component is [R];; = sinc(2||c;, —¢;|| /) [116, 117], for
k,l € {1,2,--- N} and \ being the wavelength at 2.4 GHz operating frequency.

Here, the horizontal width and vertical height of a single reflecting element
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Figure 7.6 : BER results of the HRM scheme for correlated channel conditions.

are represented by d and d,, respectively, and for ¢ € {k,l}, the vector
ci =10, mod (i —1,Np)dp, | (i—1)/Np|dy], where Nj, is the number of reflecting

elements in each row or column of the square RIS, i.e., N = Np, X Np,.

In Fig 7.6, the BER performance of HRM scheme under spatially correlated and
spatially independent channel conditions is given for the squared RIS elements with
different dimensions of dj, = d,, € {\/2,\/4,)/8} at the spectral efficiency of n = 1
bits/s/Hz. The results show that the configuration of the RIS has a great impact on
the degree of correlation. Therefore, as the horizontal and vertical sizes of the RIS
elements enlarge, the HRM system becomes more robust to the bit errors. Moreover,
it can also be deduced that increasing number of reflecting elements significantly
facilitates the BER performance degradation of channel correlation. As it can be
clearly seen from the Figure 7.6, the HRM scheme with N = 256 exhibits almost
the same BER performance in both spatially correlated RIS with dj, = d,, = A\/2 and
spatially independent RIS cases. However, for the lower N values, i.e., N = 16
and N = 64, the spatial correlation causes a considerable deterioration in the BER

performance.
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Figure 7.7 : Achievable rate of the HRM scheme for different /V and G values.

7.3.3 Achievable rate and energy efficiency performance

In this subsection, the achievable rate and the energy efficiency performances of the
proposed HRM scheme and the fully passive and fully active RIS-aided systems are

compared through extensive computer simulations.

Figure 7.7 provides the achievable rate of the HRM scheme with the amplification gain
of the active elements being p = 10. In this figure, the RIS with N = 64,256 and 512
reflecting elements are divided into G = 2,4 and 8 sub-groups that achieve the spectral
efficiency values of n = 1,2 and 3 bits/s/Hz, respectively. These information-theoretic
results illustrate that increasing number of reflecting elements, N, enables a more rapid

convergence to the target data rate.

Furthermore, in Figure 7.8, we investigate the energy efficiency and power
consumption of F-HRM, fully active [83] and fully passive RIS-aided schemes [95]
at the spectral efficiency of 1 bits/s/Hz. At the transmitter, while in the F-HRM
scheme, an unmodulated carrier signal is considered, binary PSK (BPSK) modulation
is employed in the fully passive and fully active RIS-aided systems. Notably, in

the F-HRM scheme, the average number of active and passive elements are equal as
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Figure 7.8 : Comparison of the HRM, active and passive RIS schemes in terms of
(a)-(b) energy efficiency and (c) power consumption.

€1 = €g = N/2. Therefore, to evaluate the total power consumption in (7.33), we set
Pe =75 dBm, P, =5 mW, Py = 35 dBm, Fygy = 30 dBm, and 7, = 7z = 0.5 [86],
and assume By = 10 MHz [48] to determine the energy efficiency of (7.34) by 10°

number of iterations.

In Figure 7.8(a), the energy efficiency of F-HRM and active RIS-aided transmission
schemes, all employing N = 512 reflecting elements at the RIS, is measured as a
function of Pgg. The results indicate a considerable energy efficiency improvement
for the F-HRM scheme over the active RIS-aided system for P4 = 10,20 and 30
dBm. These results can be explained by the fact that although a fully active RIS-aided
system achieves substantial capacity gains [83, 85], it requires larger amount of power

compared to the more environment-friendly F-HRM scheme.

In addition, in Figure 7.8(b), the energy efficiency of the F-HRM and active and passive
RIS-aided systems are further investigated for varying N values and the amplification
power of P4 = 0 and 10 dBm, as well as for the transmit power FPgs = 30 dBm.
Consistent with the results in Figure 7.8(a), the F-HRM scheme achieves a noticeable
improvement in the energy efficiency compared to fully active RIS-aided system,
and exceeds the conventional passive RIS-aided system with a substantial margin.

To support these results, in Figure 7.8(c), the power consumption of the proposed
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F-HRM scheme and the reference RIS-aided systems are depicted as a function of N
for P4 = 10 dBm and FPgs = 30 dBm. Obviously, increasing N hardly changes the
power consumption of the passive RIS-aided systems, while further opens the power

consumption gap between the F-HRM and active RIS-aided systems.

The results presented in Figure 7.8 are in accordance with the earlier studies [83,
85, 86] that an interesting trade-off exists between the achievable rate and power
consumption. Therefore, the RIS-aided systems with partially or fully active reflecting
elements are capable to achieve ultimate capacity gains compared to the conventional
reflection-based transmission schemes such as fully passive RIS-aided systems. On
the other hand, although the HRM and fully active RIS-aided systems have the
same hardware capabilities, i.e., all reflecting elements are integrated with additional
power amplifiers, since constantly driving active RIS elements requires a tremendous
power consumption, more energy-efficient communication systems with high data rate
can be constructed using HRM transmission concepts that limit the overall power
consumption. In summary, it can be deduced from the results that the HRM scheme
offers an intermediate solution between a fully passive and fully active RIS-aided
transmission scheme, and achieves noticeable performance gains with a high data rate

in a more energy-efficient manner.

7.4 Summary

In this chapter, we have introduced the novel scheme of HRM, which offers a
promising solution for RIS-aided transmission systems that experience high path
attenuation. In the proposed HRM scheme, the target RIS has been split into
sub-groups through which the conventional IM technique has been applied to transmit
information. While the active/passive combinations of the reflecting elements in those
sub-groups have been determined according to incoming information bits, the phases
have been optimally adjusted for achieving maximum SNR gains. Therefore, the RIS
has been configured to perform amplification and reflection functions at the same
time. Besides, the analytical BER performance and the achievable rate of the HRM
scheme have been derived. Furthermore, comprehensive computer simulations have
been conducted to illustrate the performance achievement of the HRM scheme over

the existing fully active, fully passive and RM systems.

87






8. OVER-THE-AIR BEAMFORMING WITH RECONFIGURABLE
INTELLIGENT SURFACES

In this chapter, unlike the conventional precoding techniques that employ
power-hungry and hardware-complex devices [118], for RIS-aided multi-user
downlink transmission systems, we propose a novel over-the-air beamforming
technique with the aid of an active RIS to exploit its capability of manipulating
the magnitude of the incident wave. In other words, the main motivation of the
over-the-air beamforming scheme is to simplify the transmitter and receiver ends of the
overall network while transferring inter-user interference elimination tasks completely
to an active RIS. Therefore, this paper proposes two novel over-the-air beamforming
schemes that mitigate the burden of signal processing on the transmitter and receiver
sides. In the proposed over-the-air beamforming-based transmission scheme, it is
assumed that a multi-antenna transmitter serves K single-antenna users through an
active RIS without utilizing any other signal processing tasks at the transmitter and the
receiver sides. Then, the reflection coefficients of the active RIS are properly adjusted
to maximize the sum-rate of the overall system. Moreover, taking inspiration from this
over-the-air beamforming concept, a new receive IM scheme that transmits additional
information bits to specify the index of the effective received antenna is also proposed.
Contrary to the traditional receive IM systems [119,120], in the proposed system, since
no precoding is applied at the transmitter, the reflection coefficients of the active RIS
are rectified to steer the incident signal into the intended receive antenna. On the other
hand, since the receive IM scheme benefits from the multi-antenna transmission at the
user side and IM system design at the receiver side, it shows the favourable features
of both, such as high spectral efficiency and improved performance. In these proposed
over-the-air downlink beamforming and over-the-air uplink receive IM schemes, to
optimize reflection coefficients of the active RISs, two distinct semidefinite relaxation
(SDR)-based optimization problems are formulated, which can be effectively solved

through the CVX convex optimization toolbox [121]. Furthermore, the achievable rate
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and BER performance of the proposed over-the-air beamforming-based transmission

schemes are investigated through extensive computer simulations.

The rest of the chapter is organized as follows. In Section 8.1, after giving a short
review of the conventional zero-forcing (ZF) precoding, we introduce the system
model of the proposed over-the-air beamforming-based multi-user multi-antenna
transmission scheme. In Section 8.2, the over-the-air beamforming-based receive IM
scheme and its low-complexity receiver detection are introduced. Section 8.3 provides
the sum-rate and BER results of the proposed over-the-air beamforming-based

transmission systems, and the conclusions are drawn in Section 8.4.

8.1 Over-the-Air Beamforming with RIS

In this section, after a review of conventional transmit precoding, the over-the-air

beamforming concept is introduced for MISO downlink transmission systems.

8.1.1 Conventional transmit precoding

Considering a typical multi-user downlink transmission system without an RIS, a base
station (BS) transmitter (T) with 7, antennas is assumed to perform ZF precoding to
alleviate interference between K single-antenna users [122]. Let F € CEX*Te = /T pF
represents the channel matrix of the direct links between the T and the users, where Fe
CE*T= is modeled as independent Rayleigh fading channel matrix with ~ CA/(0,1)
and Lp is the corresponding path attenuation, which is calculated as Lp = Codl_)ﬂ b,
where () is the reference path attenuation at a distance of 1 meter (m) and dp is the
distance between T and the users. Then, the received signal of the k-th user (Uyg), for
ke{l1,2,--- K}, becomes

K
Yp = kakak—l-kaWZH:Ei—i-Ck (8.1)

ik
where x; being an M-PSK signal to be transmitted over the k-th transmit antenna.
Here, f;, € C'*7 is the k-th row of the channel matrix F corresponding to the channel

vector between T-Uy,, wy, € C1*7= is the precoding vector for Uy, and ¢, ~ CN(0,02)

is the static noise at Uj. Therefore, the signal-to-interference-plus-noise-ratio (SINR)
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at U; can be calculated as
et

| 82)
St w402

Tk =

Moreover, the overall transmit ZF precoding matrix, exploiting the perfect CSI, can be
obtained as [122]
W = /((FIF)~IFH, (8.3)

where W € CTo* K — [W{{, fe ,WI;] and ( is a scaling constant to meet the total power

constraint Pr, such that E {WWH} = Pr.

8.1.2 System model of over-the-air beamforming with RIS

In this subsection, after a review of conventional transmit precoding, the over-the-air

beamforming concept is introduced for MISO downlink transmission systems.

8.1.2.1 Active RIS

The principal drawback of RIS-aided communication systems is the inherent
multiplicative path attenuation along the RIS-aided indirect link, which is hardly
compensated by the RIS with passive reflecting elements [83, 85]. Therefore, to
overcome this challenge, an RIS architecture with active reflecting elements that enable
to configure both the magnitude and phase of the incident wave at the expense of
additional power consumption, is recently proposed [83, 123]. Therefore, unlike the
passive RISs, the active RISs reflect incident signals with amplification via employing
additional power circuitry. Although the active reflecting elements have a similar
capability of amplifying the incident signal as in the full-duplex amplify-and-forward
(AF) relays, their hardware constructions are completely different from each other.
While the AF relays embody a circuitry for amplification in their hardware
constructions and they are also externally equipped with high power-consuming RF
chains to transmit and receive signals [55], the active reflecting elements employ
reflective-type power amplifiers to simultaneously rectify the magnitude and phase of

the incident wave [83].
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Figure 8.1 : Over-the-air beamforming-based multi-user downlink transmission sys-
tem.

8.1.2.2 System model

An overwhelming literature on passive RIS-aided multi-user transmission deploys the
RIS as a passive beamformer, after a preprocessing is conducted at the transmitter
[55, 124]. However, in the proposed over-the-air beamforming concept, contrary to
this traditional perspective, both the active and the passive beamforming are carried

out only at the RIS with active reflecting elements.

As given in Fig. 8.1, in the proposed scheme, the direct transmission links between
T with 7} antennas and K single-antenna users are neglected due to obstacles, thus,
the communication is established through an active RIS with /V reflecting elements. In
the proposed over-the-air beamforming-based multi-user transmission, it is assumed
that T and the users have the perfect CSI about T-RIS and RIS-users channels, which
is conveyed to a smart RIS controller via a feedback control link [55]. Moreover,
at the transmitter side, without requiring any additional signal processing approaches
for interference mitigation, the overall signal is conveyed to the users through the
RIS. Hence, unlike the traditional beamforming techniques that employ complex
and power-hungry signal processing hardware [118, 125], the RIS is designed as a
beamformer to alleviate multi-user interference by adjusting the amplitude and phase
of each reflecting element. Towards this aim, the RIS elements are assumed to

be equipped with additional power circuitry to modify both the magnitude and the
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phase of the incident signal [12, 83, 86]. Furthermore, in the proposed system, since
all transmit antennas simultaneously convey their own M-PSK modulated signals, a

spectral efficiency of nvu = T logy (M) [bits/s/Hz] is achieved.

Let us assume that the channels between T-RIS are presented by the matrix H €
CN*Te = \/LrH and g, € C*N = /L,.g; represents the vector of channel
coefficients between the RIS and Uy, where L7 and L, correspond to path attenuation
between T-RIS and RIS-Uy, links for k € {1,2,---, K}, respectively. Here, for dp and
dj. being the corresponding distances, using a well-known distance-dependent model,
the path attenuations are obtained as L = Cod;ﬁ Tand L, = C’od,;ﬂ *, where 5 and [,
are the path loss exponents at T-RIS and RIS-Uy, respectively. In the proposed system,
the matrix H € CVN*T= and the vector g;, € C'*Y are both modeled as Rayleigh
fading channels, whose each element is an independent and identically distributed
(i.i.d.) Gaussian random variable with ~ CN(0,1). In addition, the RIS architecture
that is equipped with additional power circuitry to operate as an active RIS [83], is
represented in a diagonal matrix ¥ € CNV*V = diag{flej(bl,ﬁgej@,--- ,§Nej¢N},

where &, > 1 and ¢,, € [—m, 7] being the amplitude and phase of the n-th reflecting

element for n € {1,2,---,N}. Therefore, for the overall transmit signal being x €
CToXl = [21,59,--- ,xx]", the received signal at Uy, is obtained as
Ur =V Prgr PHX + 2, OvT 41y, (8.4)

where E {XHX} = 1. Here, P} is the power introduced by the k-th transmit antenna,
the vector v.€ C'*¥ represents the thermal noise generated from power amplifier
circuits of active reflecting elements [83] and ny, is the static noise term at Uy, where
v ~ CN(0,Ix02) and ny ~ CN(0,02) for o2 and o2 being the corresponding noise
variances of dynamic and static noise figures, respectively. Moreover, at the user side,
since the received superposed signal at Uy (8.4) includes the targeted and interference

signals, it can be rewritten as

K
vk =V PegePhirg + /P ) geWhizi +gu v +ng (8.5)
ik

where h;, € CV*1 is the k-th column of the channel matrix H corresponding to the

channel vector between the k-th transmit antenna and the RIS. At this point, the SINR
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at U; can be calculated as:

Py |lgx®hy |
= - k||gk2 il ——. (8.6)
P> ier @ ¥hil|" + lgr T v " + o3
Accordingly, the sum-rate of the overall system becomes:
K
R.= logy(1+). (8.7)
k=1

Then, to maximize this sum-rate, the reflection coefficients of the active RIS elements
are optimized. In what follows, the corresponding problem formulation and the

proposed solution are presented.

8.1.3 Problem formulation and proposed solution

In the over-the-air beamforming-based multi-user transmission scheme, interference
cancellation is performed at the RIS without employing any additional integrated
high-cost signal processing circuitry, such as multiple RF chains, either at T or user
sides. For this purpose, the reflection coefficients of the RIS are adjusted to maximize
the SINR of the intended Uy. Therefore, to deal with this problem, the following
QCQP problem is formulated

(P1): max vk (8.8)
K 2
.. Pngk\IlHkHQ2Fk<PkZHgk‘IIHiH2+Hgk\IIVTH +o?) 89
i
Pes | H|* + || ¥* 02 < Py (8.10)

where [y, is the minimum SINR requirement of Uy, Pgs = K Py, and P, is the
maximum reflection power introduced by the active reflecting elements. Please note
that for the over-the-air beamforming-based multi-user systems, the total power Pr
is the sum of power dissipated at the transmitter (Fgs) and the RIS (Pj), that is
Pr = P, + Pgs, while for the conventional transmission without RIS, Pr denotes

to total power consumed at the transmitter.

Then, using the Cauchy-Schwarz inequality, the constraint in (8.10) can be rewritten

as

P
| ? < 2 (8.11)

—_ 2 .
Pgs ||H||" 402
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Therefore, since the problem (P1) is non-convex and it is difficult to obtain an optimal

solution, we resort to the SDR technique and define new variables A; € CV*N =
H, HI B, e CV*N = g, Hg, and V = vvH. In light of these, the SINR of the k-th

user in (8.6) can be rewritten as

P Tr(QiZ) S
Zi#k PTr(Q;Z) + Tr(QumZ) + 02 —

where Q, € CNV*N = A, 0By, Q; € CN*N = A, 0B, and Q,,, € CV*N =V, 0By,

Ve = L' (8.12)

while Z € CV*N = zz! for z € CV*! being a vector consisting the non-zero diagonal
elements of the reflection matrix W, i.e., z = [a16791, age/??, -  anel?N]H [50,126].

Therefore, the maximization problem (P1) is equivalently defined as

(P2): max 7y (8.13)
st PTr(QiZ) — T (D PTr(QiZ) + Te(QumZ) +03) >0 (8.14)

i£k
Tr(Z) FPa (8.15)

< ey
PBsTl“(HH ) + O'Lg

Here, Z is a positive semidefine matrix and rank(Z) = 1. However, since the rank-one
constraint is non-convex, we remove this constraint and reformulate (P2) as a convex

feasibility problem as follows

(P3): Find Z (8.16)
K

s.t. PuTr(QuZ) — Tk (D PeTr(QiZ) + Tr(QumZ) +07) > 0 (8.17)
i#k
Py

Tr(Z) < . 8.18

r )‘PBSTr(HHH)+a§ (8.18)

Finally, through the existing solvers of CVX toolbox [121], a feasible solution of (P3)
satisfying the inequality constraints in (8.17) and (8.18) is obtained. However, after
the relaxation, the optimal solution of (P3) cannot always ensure the rank-one solution.
Therefore, for Z being the optimal solution of the problem (P3), using the eigenvalue

decomposition of Z = UXU", the estimated z is sub-optimally obtained as
z2=Ux/2e! (8.19)

where e € C'*¥ is a Gaussian random vector with ~ CA/(0,I), where U € CV*V is a

unitary matrix of eigenvectors and 3 € CV*V is a diagonal matrix of eigenvalues.

Then, after determining optimized reflection matrix, the RIS performs over-the-air

beamforming in order to alleviate the user interference.
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Figure 8.2 : Over-the-air receive IM scheme.
8.2 Over-the-Air Receive Index Modulation

In this section, the proposed over-the-air beamforming concept is adopted to a novel
receive IM transmission scheme. Considering the over-the-air beamforming approach
given in Section 8.1, a single-user uplink transmission of an active RIS-aided IM

transmission system is developed.

8.2.1 System model of over-the-air receive IM

As given in Figure 8.2, in the proposed IM system, due to presence of the obstacles over
the direct links, a multi-antenna user communicates with an R -antenna receiver (R)
through an RIS with V reflecting elements. Besides, an RIS controller is attached to the
RIS that exchanges the information through a feedback control link. In the proposed
system, considering the IM transmission principle [72], an over-the-air receive IM
scheme is developed. Unlike traditional receive IM schemes [119,120,127] that deploy
transmit precoding techniques via high-cost hardware devices for preprocessing the
transmit signal before its transmission, the proposed receive IM scheme employs
the RIS as a signal processing unit and apply an over-the-air beamforming at the
RIS. In the over-the-air receive IM scheme, at the user side, the conventional
multi-antenna transmission is considered. Moreover, in order to attain higher data
rates, extra information bits are conveyed via indicating the active receive antenna
index. Therefore, the incoming information bits are used to determine the modulated

M-PSK symbols for each of the available T}, transmit antennas, as well as to specify
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the active receive antenna index, one out of R, receive antennas. Therefore, the

spectral efficiency achieved by this novel receive IM scheme is calculated as
v = Ty logy (M) +logy(Ry) [bits/s/Hz]. (8.20)

In this system, the information of the active receive antenna index and perfect channel
knowledge of user-RIS and RIS-R links is shared by the user to the RIS through the
smart controller. Then, the reflection coefficient of the RIS elements are adjusted to
ensure that the target receive antenna has the strongest received signal power. In other
words, by the means of active reflecting elements, the RIS acts as a kind of digital

beamformer and steers the overall signal along the desired receive antenna direction.

Let the multi-path fading channels between user-RIS and RIS-R links are modeled as
the independent Rayleigh fading channels, which are denoted by the channel matrices
of He CV*Tr and G € CRo*N = [gl gl ... ,g%x]T, respectively, where g, € CT*V
is the 7-th row of the the channel matrix G corresponding to the channel vector between
the RIS and the r-th receive antenna for r € {1,2,--- , R;}. Therefore, for x; being

the M-PSK modulated signal transmitted from the ¢-th transmit antenna, the overall

transmit signal becomes x € CT=*! = [zy,--- 27,7, where E{x'x} =1 and ¢ €
{1,2,---,T,}. Then, the received signal at the target receive antenna 7 is obtained as
yr =/ Ppsgr ¥, - Hx + g, W, v +n, (8.21)

where W, € CV*¥ is the optimized diagonal reflection matrix for the corresponding
r-th receive antenna. It is worth noting that according to incoming spatial bits, if the
r-th receive antenna is activated, it is ensured that the signal power of the r-th received

antenna is much stronger than the others:

Ry
lgr @ H|? > ||, H (8.22)
£

Therefore, to address this problem, for ®, = diag(g,)H and z € C™Te = diag(W,),

a QCQP optimization problem is formulated as

(P4) : max 10,0z (8.23)

st Pos | @ H|? 4[|, |02 < Pa. (8.24)
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Then, resorting to SDR, the problem (P4) is expressed as

(P5) : max Tr(A,Z) (8.25)
Ry
st Tr(AZ) =6, ) Tr(AZ) >0 (8.26)
i#£r
Tr(Z) < Fa - . (8.27)
PgsTr(HH") + 02

Here, for 6, > 1, A, € CV*N = @r@ﬁl and Z = zz1l, the problem (P5) is solved using
CVX solvers [121]. Then, following the same processes as in the multi-user downlink
transmission in Section II, the sub-optimal estimate of z, is obtained as given in (8.19).
Then, the resulting RIS reflection matrix enables that the overall signal is oriented in

the direction of the target receive antenna.

8.2.2 Low-complexity successive greedy detector

In the subsection that follows, a sub-optimal successive detection algorithm for
the proposed receive IM scheme is proposed. In the proposed system, after the
optimization of the reflection matrix W, for the specified r-th receive antenna, it is
straightforward to exploit a ML detector that jointly estimates the "spatial symbol" r

and the overall transmit signal vector x as follows

yi — \/PBsgj\IerX‘ (8.28)

[F,X] = argr%ixn .
However, in the proposed receive IM scheme, in order to save the computational
complexity, instead of considering joint detection, the receiver reconstructs the
transmit information via a low-complexity greedy detector that perform the successive
detection in the following way. First, using amplitude detectors, the index of the active
receive antenna is detected as

7= argje{rﬂ??%w} Y51 (8.29)
Then, exploiting the ML detector, the transmit signal vector x is estimated, by
considering all possible x realizations, as follows

‘ 2

X = arg H;in yr —/ Psgr ¥, Hx (8.30)
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Moreover, from the computational complexity standpoint, we note that since the
complexity of SDR problem (P5) is O(N*?) [128], the overall complexity of the
greedy detector approximates to ~ O(M7'= 4 T,), while the complexity for the
joint ML detector is ~ O((M™e + T, + N*5)R2), which grows exponentially with
increasing N and R,. Therefore, comparing to the joint ML detection, the proposed

greedy detector offers a significant reduction in computational burden.

However, in the proposed receive IM scheme, in order to save the computational
complexity, instead of considering joint detection, the receiver reconstructs the
transmit information via a low-complexity greedy detector that perform the successive
detection in the following way. First, using amplitude detectors, the index of the active
receive antenna is detected as

f:argjegli)%m}wﬂ. (8.31)
Then, exploiting the maximum likelihood (ML) detector, the transmit signal vector x

is estimated, by considering all possible x realizations, as follows

yr —/ Pesgr¥rHx (8.32)

2
X = argmin ‘
X

Moreover, from the computational complexity standpoint, we note that since the
complexity of SDR problem (P5) is O(N*5) [128], the overall complexity of the
greedy detector approximates to ~ O(M7= + T,), while the complexity for the
joint ML detector is ~ O((M*= + T, + N*°)R2), which grows exponentially with
increasing N and R,. Therefore, comparing to the joint ML detection, the proposed

greedy detector offers a significant reduction in computational burden.

8.3 Numerical Results

In this section, the sum-rate and BER performance of the proposed over-the-air
beamforming-based single-user and multi-user downlink transmission, and uplink
receive IM schemes are presented through the Monte Carlo simulations. More-
over, comparing to the ZF-based conventional transmission [120, 122] and the
state-of-the-art RIS-aided joint beamforming schemes [55], the improved performance

of the over-the-air beamforming-based systems are illustrated.
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Figure 8.3 : Comparison of the achievable rate performance of the proposed
over-the-air beamforming with traditional ZF precoding and joint
beamforming with RIS for single-user system configurations.

In all computer simulations, the following system setups are considered: the reference
path loss value is Cp = —30 dBm, the noise variances are 02 = 02 = —90 dBm , the
path loss exponents for the RIS-aided systems are 7 = 2.2 and (3, = 2.8 and for the
conventional direct transmission, itis 5p = 3.5 [86], the distances are d7 = 20, dg = 30

m and dp = 50 m.

8.3.1 Downlink transmission

In this subsection, the numerical results of the proposed over-the-air beamforming
and the benckmark schemes for single-user and multi-user downlink systems are

demonstrated.

8.3.1.1 Single-user

The following computer simulation results are performed for single-user MISO

transmission schemes.

In Figure 8.3, for a single-user downlink transmission (K = 1) with T, € {2,4} and
N = 16, the achievable rate performance of the proposed over-the-air beamforming
scheme as a function of total transmit power Pr is compared to the traditional ZF

precoding [122] and the passive RIS-aided joint active and passive beamforming
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techniques [55]. Here, while Pr is the overall power consumed at the transmitters
of the traditional ZF precoding and joint beamforming transmission schemes, it
corresponds to the total power dissipated between the transmitter (FPgs) and the RIS
(Py) for the proposed over-the-air transmission, where Py = Pgs + P4 for Pgs =0
dBm. Moreover, as discussed in Section 8.1, the reference ZF precoding considers
a traditional single-hop transmission without RIS that performs transmit precoding
before the signal transmission [122]. On the other hand, in the joint active and passive
beamforming scheme, a passive RIS-aided single-user transmission with the existence
of direct links between the transmitter and the user, is considered, where the digital
beamforming at the transmitter and analog beamforming at a passive RIS via phase
shifters are jointly optimized to enhance the received SNR of the user [55]. For this
purpose, similar to our proposed beamforming technique, a QCQP-based non-convex
optimization problem is formulated and an SDR-based solution is performed via
CVX solvers [55]. The results show that although a direct link between the
transmitter and the user does not exist in the proposed active RIS-aided over-the-air
beamforming scheme, a considerably better performance achievement is observed for
T, = 2 compared to the traditional ZF and joint beamforming with passive RIS-aided
transmission schemes. Moreover, it is shown that increasing 7, results in enhancement
of the achievable rate of all systems. However, in the proposed active RIS-aided
over-the-air beamforming scheme, as given in (8.11), since the magnitude of reflection
matrix W is restricted with the magnitude of transmission matrix H, i.e., increasing 77,
a slighter performance improvement is achieved compared to the benchmark schemes.
Furthermore, since a small-scale passive RIS is considered, i.e. N = 16, an additional
performance improvement due to the indirect RIS-aided link is hardly observed in
the passive RIS-aided joint beamforming scheme compared to the conventional ZF

precoding scheme.

8.3.1.2 Multi-user downlink transmission

In this subsection, the sum-rate results of an active RIS-aided multi-user downlink

system with the proposed over-the-air-beamforming is demonstrated.

In Figure 8.4, the sum rate of the downlink multi-antenna transmission scheme

based on the conventional transmit ZF precoding [122] and the novel over-the-air
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Figure 8.4 : Sum-rate comparison of the proposed over-the-air beamforming and the
classical transmit ZF precoding for K € {2,4,8}.

beamforming has been carried out for K € {2,4,8} and quadrature PSK (QPSK),
ie., M = 4. Here, for the over-the-air beamforming with N = 16, the transmitter
power is assumed to be Fgs = 0 dBm, while, for a fair comparison, the transmit
power of the conventional ZF precoder is equated to the total power Pr, where
Pr = Pgs + P4 for the RIS-aided system. Comparing these two schemes, it is
obvious that at lower Pr values, the over-the-air beamforming based multi-user
transmission scheme attains higher sum-rate than the classical transmit ZF precoding
technique [122]. However, for K = 2 and K = 4, as Pr increases, the performance
of ZF gradually begins to exceed the performance of the proposed beamforming
scheme. Nevertheless, for K = 4, the ZF precoder achieves only a slight gain
over the proposed beamforming concept at Pr = 15 dBm. It can be also deduced
from Figure 8.4 that an increase in the total number of users rapidly decreases ZF
sum-rate, however, such a severe performance loss is not observed in the proposed
over-the-air beamforming-based system. Moreover, when the number of users further
increases to /' = 8, it is observed that the system with the proposed over-the-air
beamforming-based scheme outperforms the system with the traditional ZF technique

with a significant performance gain.
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Figure 8.5 : Sum-rate performance of the proposed over-the-air beamforming-based
multi-user systems for different system configurations.

In Figure 8.5, the sum-rate of the proposed over-the-air beamforming-based downlink
multi-user system is evaluated for different system configurations. In this case, for
a constant Pr, the performance of the over-the-air beamforming based systems are
investigated for different number of the reflecting elements N, Pgs = 0 dBm and
QPSK signaling. It is observed that increasing RIS size has an adverse affect on
the system performance. This results may be explained by the fact that in the
over-the-air beamforming design, as given in (8.11), the power consumed by the
reflecting elements is inversely proportional with the magnitude of the channel matrix
H. Therefore, when a constant P4 is considered for N = 16 and N = 64, it reveals that
the proposed beamforming-based systems with the lower /N values show considerably

better performance than the ones with the higher /V values.

In Figure 8.6, the effect of increasing reflection power P4 on the sum-rate of the
proposed beamforming based systems with QPSK and Pr = 30 dBm is investigated
for N = 16. The results show that in all cases, the increasing P, improves the
system performance up to a certain P4 value, after which the performance begins to
degrade. These results indicates the relation between the reflection power constraint

P, and transmitter power Fgg in (8.10). Indeed, in our system design, the overall
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Figure 8.6 : Sum-rate of the proposed over-the-air beamforming-based systems for
N =16 and K € {2,3,4,8}.

consumed power Pr is dissipated to the transmitter (Pgg) and the RIS (P4), where

Pr = Pgs + P4, and for a constant Pr = 30 dBm, Pgg decreases with increasing Pjy.

However, it is clear from (8.6) that the minimizing Fgg directly affects the SINR value.

Surely, the investigation of this interesting trade-off points out the importance of the

power allocation between the transmitter and the RIS, which is an open problem to be

addressed in future studies.

8.3.2 Single-user uplink transmission

In this subsection, the BER performance of the proposed receive IM scheme is

evaluated.

In Figure 8.7, the BER performance of the proposed receive IM scheme
with sub-optimal greedy detector is investigated for different RIS-aided MIMO
configurations with N = 16 and binary PSK (BPSK). Similar to the conventional
receive IM schemes [120, 129], the performance results of the corresponding high-rate
systems that employ (a) 7, = 2 and (b) 7, = 4 transmit antennas reveal a certain

trade-off between system performance and data-rate.

In Figure 8.8, the BER performance of the transmit ZF precoded receive spatial

modulation (RSM) [120] and the proposed over-the-air receive IM schemes are
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compared. For R, =T, = 2, the receive IM and the RSM schemes respectively
exploit BPSK and QPSK modulations to achieve np = 3 bits/s/Hz. On the other
hand, for R, = T, = 4 configuration, the receive IM with BPSK and the RSM with
16-PSK assess nmv = 6 bits/s/Hz. The results demonstrate the significant performance
improvement of the proposed receive IM scheme over the traditional ZF precoded

RSM [120].

8.4 Summary

In this chapter, first, deploying an active RIS, a novel beamforming approach has
been proposed for RIS-aided multi-user systems. In the proposed concept, without
employing any other signal processing units at the transmitter and/or receiver sides,
the reflection coefficients of the active RIS have been customized to mitigate the
user interference. To meet this challenge, we have obtained SDR-based solutions
via CVX software toolbox. Moreover, taking the proposed over-the-air beamforming
concept one step further, a low-complexity receive IM scheme has been developed
for single-user uplink transmission. Through computer simulations, the enhanced
performance of the over-the-air beamforming-based systems over the traditional

precoding-based systems have been indicated.
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9. CONCLUSIONS

IM-based systems with their simplified transceiver designs have a substantial potential
to address the demanding high data-rate and high energy efficiency requirements of
future networks. Hence, in light of the recent development in wireless technology and
the growing IM literature, we have presented new IM-based physical layer solutions

for today’s and next generation networks.

As the first study in this thesis, we have implemented the classical MBM system in
realistic indoor and outdoor IMT-Advanced channel conditions exploiting the statistics
of a real RA with four radiation patterns. Then, we have extended the considered
IMT-Advanced channel model, when a passive RIS is allocated between the transmitter
and the receiver. Moreover, through Monte Carlo simulations, we have extensively
investigated the channel capacity of the proposed scheme for different MIMO and RIS

configurations.

In the subsequent two studies, utilizing its inherent capacity achieving feature of MBM,
to provide transmit diversity gains, we have introduced two distinct STBC-based MBM
schemes that are integrated with the traditional STBC technique of the Hurwitz-Radon
family of matrices and a new circular matrix-based STBC design, respectively. In both
studies, the various orders of transmit diversity gains have been attained via exploiting
single RF chains at the transmitters. Furthermore, the improved performance of the

systems have been compared with the reference contemporary studies.

Recently, with the emerging of the RIS technology, hardware construction designs
of the next generation networks have gained promising new perspectives. In that
sense, in the next studies, we have considered RIS-aided transmission schemes, and
explored the new RIS-aided IM solutions. Towards this aim, we have introduced a
cosine similarity-based low-complexity algorithm to optimize the reflection phases
of the corresponding passive RIS elements to maximize composite channel gains
of the RIS-aided MIMO transmission schemes. Moreover, we have extended our

analysis, and developed a new RIS-aided IM scheme that leverages the introduced
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low-complexity algorithm to optimize the reflection phases. Therefore, a challenging
paradigm that has attempted to be solved via computationally complex optimization

methods in the existing literature has been addressed in a more efficient manner.

More recent studies have highlighted that in passive RIS-aided systems, the
contribution of the passive RIS is almost negligible, if a strong direct link exists
between transmitter and receiver. Therefore, to achieve substantial performance gains,
active RIS-aided transmission schemes have been recently introduced. In the next
study of this thesis, considering the RM approaches, which are recently developed
IM designs that leverage RIS itself for transmitting information, we have developed a
novel RM scheme utilizing both active and passive reflecting elements at RIS to further
improve performance gains. In this system, an unmodulated carrier has been exploited
at the transmitter and the overall information bits have been embedded into the indices
of the RIS sub-groups which are able to be altered to act as active or passive reflecting
elements. Through this study, we have performed extensive computer simulations to
indicate the performance improvement of the proposed system over the existing RM
systems. Moreover, we have provided exhaustive analyses to investigate its theoretical

ABEP, capacity and energy efficiency performances.

As the last study of this thesis, a novel over-the-air beamforming concept, which
burdens an active RIS with eliminating inter-user interference tasks of a multiuser
downlink transmission scheme, has been proposed. In the proposed scheme,
the reflection coefficients of the active RIS are optimized to maximize sum-rate
gains. Towards this aim, an SDP-based convex feasibility optimization problem is
formulated, which has been solved through the CVX convex optimization toolbox.
Moreover, to exhibit its reliability, we have compared the sum-rate performance of
the proposed beamforming concept with the traditional ZF transmit beamforming
method through extensive computer simulations. Inspired form this over-the-air
beamforming concept, we have also proposed a novel single-user receive IM scheme
that conveys additional information by indicating the index of the specified received
antenna of a multi-antenna receiver in each time instant. However, in this case, the
over-the-air beamforming at the RIS operates to steer the overall reflected signal in the

direction of the effective received antenna. Further, the improved BER performance
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of the proposed scheme over the classical receive IM systems has been exhibited via

computer simulations.

As aresult, this thesis has presented novel IM solutions for future generation networks
in a broad range of application areas. Each chapter has investigated a different problem
and offerred an effective solution. Moreover, each of proposed solution has been

published in an international journal or an international conference proceeding.
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