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Resumo

Comunicacao Massiva do Tipo Maquina (mMTC), Banda Larga Mével Aprimorada (eMBB)
e Comunicagao de Baixa Laténcia e Ultra Confiabilidade (URLLC) desempenharao uma
fun¢do muito importante nas redes de comunicacao atuais Além da Quinta Geragao (B5G)
do que nas redes de comunicagao de Quinta Geragao (5G), cujo objetivo é operar em cendrios
futuros como casas inteligentes, fabricas inteligentes, transporte e dirigibilidade inteligentes,
bem como dar suporte a comunicacao ubiqua em todos outros ambientes praticos previstos
para estarem inclusos, na entao denominada, Industria 4.0. Evidentemente, a demanda
por taxas de dados nestes cenarios serao fortemente aumentadas devido aos intimeros
servigos a serem ofertados. Ademais, o nimero de dispositivos conectados tem crescido
exponencialmente, uma vez que a Internet das Coisas (IoT) serd essencial para se atingir o
futuro projetado. Para atender todos estes cenarios com servigos de alta qualidade, novas
tecnologias serao necessarias, uma vez que as tecnologias existentes nao serao eficientes
em atender simultaneamente todas as demandas dessas redes de comunicacao. Além disso,
uma vez que os recursos de radios sao escassos, é desafiador desenvolver novos métodos
para fornecer qualidade de servigo aceitavel aos usudrios enquanto simultaneamente deve-
se atender aos requisitos necessarios para uma comunicagao sustentavel. Considerando
os desafios mencionados anteriormente, nesta Qualificacdo de Mestrado nés discutimos
o impacto de se aplicar uma nova tecnologia promissora em sistemas de comunicacao
denominada Superficie Inteligente Reconfigurdvel (RIS) através da sua forma convencional,
bem como sua derivagao avangada denominada RIS de Transmissao e Reflexao Simultanea
(STAR-RIS), tendo em vista obter uma compreensao abrangente de como a RIS pode
impactar métricas de desempenho importantes, nas atuais redes de comunicacao, como
confiabilidade, taxa de dados e eficiéncia energética. Associada a tecnologia habilitadora
RIS, também integramos ao esquema de transmissao as estruturas de Multiplas-Entradas
Muiltiplas-Saidas massiva (mMIMO) e o esquema de Multiplo Acesso nao-Ortogonal
(NOMA) com intuito de caracterizar o potencial operacional destas tecnologias em conjunto
com a RIS. Além disso, neste trabalho, nés focamos na comunicacao sustentavel através
dos estudos em comunicacao cooperativa com ajuda de Transmissao Simultanea de Energia
e Informacao (SWIPT), bem como desenvolvemos uma andlise sobre sele¢do do ntimero de
antenas na estacao radio-base e selegdo do niimero de elementos da RIS visando incrementar
a Eficiéncia Energética (EE) e Eficiéncia Espectral (SE) enquanto mantém altos indices de
confiabilidade de comunicagao. Por fim, neste trabalho, predominantemente, utilizamos
uma extensa abordagem analitica para a descricao de cada problema e respectiva solucao
proposta buscando entender sistematicamente o impacto de cada parametro no desempenho
do sistema como um todo, incluindo probabilidade de outage, EE, SE, confiabilidade,

bem como reduzir a complexidade dos sistemas de transmissao, propondo algoritmos



quase-6timos eficientes, tendo em vista adequar suas operagoes aos problemas praticos no

mundo real.

Palavras-chave: Comunica¢ao massiva do tipo maquina (mMTC); Comunicagio de baixa
laténcia e ultra-confiabilidade (URLLC); Internet das coisas (IoT); Superficie inteligente
reconfiguravel (RIS); Multiplas-entradas multiplas-saidas massiva (mMIMO); multiplo

acesso nao-ortogonal (NOMA); transmissao simultdnea de energia e informagao (SWIPT).



Abstract

Massive Machine-Type Communications (mMTC), Enhanced Mobile Broadband (eMBB),
and Ultra-Reliable Low Latency Communications (URLLC) use modes will play a more
crucial key role in the Beyond Fifth Generation (B5G) communication systems than in the
5G communication systems, whose aim is to operate ubiquitously in the future scenarios
such as smart homes, smart factories, transport and intelligent drivability, as well as other
practical setups predictable to be included in the Industry 4.0. The demand for rates in
these scenarios will powerfully increase due to the countless services offered. In addition, the
number of connected devices has exponentially increased once the Internet of Things (IoT)
became paramount for materializing the future. New technologies are required to provide
improved services in these scenarios since the existing technologies will only be efficient in
fulfilling some expected demands in these communications networks. Furthermore, since
the radio resources are limited, developing new methods and technologies to provide Quality
of Service (QoS) to the users while simultaneously regarding sustainable communications
is challenging. Considering the aforementioned challenges, in this Master’ Dissertation,
we study the impact of deploying new promising technology in communication systems,
named Reconfigurable Intelligent Surfaces (RIS), in their most diverse kinds, including the
conventional RIS, the enhanced version, known as simultaneous transmitting and reflecting
RIS (STAR-RIS), aiming to obtain a comprehensive understanding on how the RIS-based
systems can impact key performance metrics, such as reliability, Spectral Efficiency (SE),
and Energy Efficiency (EE). Associated with such enabler technology RIS, we also integrate
the massive Multiple Input Multiple Outputs (mMIMO) and Non-Orthogonal Multiple
Access (NOMA) technologies into the transmission scheme, aiming to understand and
analyze their potential when operated jointly. Furthermore, in this work, we praising for
sustainable communications by carrying out a study on cooperative communications with
the aid of Simultaneous Wireless Information and Power Transfer (SWIPT) technology, as
well as develop an analysis of the antenna number selection and RIS elements selection
methodologies aiming to increase the EE, intending to improve the energy efficiency
while holding the communication reliability. Finally, in this Master’ Dissertation, we
also predominantly utilized analytical methodologies to describe and assess each problem
and its respective proposed solution to understand systematically the impact of each
system parameter on the system performance, including the outage probability, EE, and
SE, as well as to reduce the complexity of the proposed transmitting schemes, proposing

quasi-optimal algorithm, aiming to adequate such schemes for real-world operations.

Keywords: Massive machine-type communications (mMTC), Ultra-reliable low latency

communications (URLLC), Internet of things (IoT), Reconfigurable intelligent surfaces



(RIS), massive multiple inputs multiple outputs (mMIMO), non-orthogonal multiple access

(NOMA), simultaneous wireless information and power transfer (SWIPT).
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1 Introduction

1.1 Motivation

In nowadays, there is a strong motivation to study, understand, and improve
future communication systems, in view of addressing the growing challenges posed by the
exponential increase in data demand and limited resources, particularly spectrum and
energy, as well as the need for higher spectral efficiency, reduced latency, and increased
network capacity. These systems will play a crucial role in supporting a wide range of
advanced applications and services, such as 5G networks and beyond. It is evident that
the past technologies will not suffice to meet these demands of future communication since
future scenarios are projected to entail these several ambitious requirements; therefore, it
becomes crucial to study and enhance new technologies for their future implementation in

B5G communication networks.

Through the study of new technologies and innovative solutions, we can design
systems that deliver superior performance, enhanced reliability, and an improved user
experience. These emerging technologies promise to revolutionize how we connect, com-
municate, and interact with the world around us. Moreover, it is crucial to prioritize
technologies with low implementation costs and high sustainability rates, alongside their
performance impact exploring and addressing sustainability concerns, minimizing energy
consumption, and reducing the environmental impact of communication networks. This
sustainability-driven approach is crucial to ensure that future technologies are economically

viable, socially responsible, and environmentally sustainable.

Therefore, dedicating efforts to study the future communication system is essential
to drive innovation, anticipate the growing demands of society, and lay the foundations
for an advanced and sustainable digital future. Hence, this Master’s Dissertation aims
to shed light on the benefits and drawbacks of selected technologies that have garnered
significant attention within the academic community and industries recently, especially
enabling technologies such as RIS, IoT, mMIMO, NOMA, and SWIPT. Additionally, we

propose solutions to justify, or not, their respective implementations in future scenarios.

1.2 Beyound 5G services

The jointly rapid advent of the IoT, Mobile Broadband (MBB), and other fields
have caused an exponential increase in the number of smartphones, smart devices, tablets,

wearable electronics, virtual reality glasses, etc., associated with the network, imposing
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a huge demand on mobile communications. Furthermore, the demands for high-quality
wireless services imply notorious challenges to the existing cellular networks. It is expected
that the average data consumption for every mobile user per month will increase from
about 5GB in 2020 to around 250 GB in 2030 [Alwis et al. 2021], this is mainly due to
the popularity of mobile video services such as YouTube, Netflix, Tik-Tok, Twitch, and

other streaming services [Guo_ et al. 2021].

Mobile
MMS, Mobile TV, Video Improved Mobile Broadband,

. ‘ 6G Requirements:
Calls All P Networks, HD Video | PPeak Data rate > 1 Tbps, End-to-end delay < 0.1

ims, Processing delay < 10 ns, Reliability >
99.99999%, ilability > 99.99999%, C

Density > 107 Devices/km2, Energy Efficiency > 100x
over 5G, Spectrum Efficiency > 5x over 5G, Mobility >
1000 kmph

Streaming, Mobile Gamin

Digital Communication
Networks added

32
Supportfor sMs | 26" 2000 3G

1990 A
Analog .
Communication a3l
Networks for -o-

Voice Calls

G Vision: FeMBB, umMTC, eRLLC/eURLLC, ELPC,
DHMC, High Spectrum Efficiency, High Area Traffic

. apacity, MBBLL, mLLMT, AEC
[6G Enablers: THz Spectrum, Al and Federated
lLearning, Compressive Sensing, Blockchain/DLT,
OG Swarm Networking, Zero Touch Network and Service
Management, Efficient Energy Transfer and
Harvesting, Smart Surfaces, NTN Towards 3D
Networking, VLC, Quantum Communication
Communication
6G icati UAV, J ce,
. . Reality, C ive AL Driving,
Before 1980 Mobile Network Evolution Internet of Everything, Smart Grid 2.0, Industry 5.0,
From 0G to 6G Hyper-intelligent loT, Collaborative Robots,
Personalized Body Area Networks, Intelligent
Healthcare, Space and Deep-Sea Tourism

Figure 1 — The evolution of the communication system [Alwis et al. 2021].

Furthermore, nowadays, it is far from reality to provide ubiquitous coverage
(encompassing the population in remote, sparse, rural, water surfaces and underwater
areas) across the whole planet with sufficient capacity, acceptable QoS, and affordable
cost. In this sense, the B5G systems, are expected to make use of the synergy of all kinds
of applications such as terrestrial networks, satellite constellations, aerial platforms, etc.,
to provide ubiquitous connectivity [Guo et al. 2021, [Huang et al. 2019], as illustrated
in Fig. . Furthermore, the main services presented in the 5G, like [Liu et al. 2021
Carvalho et al. 2017]

1. Enhanced mobile broadband (eMBB): in this service, the broadband is utilized
to provide high data rates and seamless access for human-centric applications, such

as smart devices;

2. Ultra-reliable low latency communications (URLLC): in this service, the
ultra-high reliability and low latency are essentials, aiming to support applications

such as autonomous vehicles, smart grid, and industry 4.0;

3. Massive machine-type communications (mMTC): where the focus is to support
dense connectivity with a very large number of connected low-cost and low-power

devices,
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should be present in the B5G communication systems, however, remarkably improved. In
addition, there are some works in the literature that envisioned new applications based
on these cited services to guide the deployment of B5G systems, such as sixth-generation

(6G), for instance. In |Jiang et al. 2021], is conceived the following

1. Ubiquitous mobile broadband (uMBB): where the eMBB and mMTC are
combined to provide global ubiquitous connectivity boosting, even more, the capacity

of networks;

2. Ultra-reliable low-latency broadband communication (ULBC): where its
focus is to support the applications of URLLC but also with extremely high through-
put;

3. Massive ultra-reliable low-latency communication (mULC): that combines
the characteristics of both mMTC and URLLC, facilitating the deployment of massive

sensors in vertical industries.

1.3 Massive MIMO

Massive multiple-input multiple-output (mMIMO) is a technology that lever-
ages dozens, hundred of antennas embedded in a physically large array at the base
station (BS) [Marzetta et al. 2016], in order to provide better-operating conditions for
the users simultaneously and emerges as the main candidate to achieve the aforemen-
tioned services. Through the elevated number of antennas, the mMIMO can create highly
directive beams, providing better conditions of service for many users simultaneously,
utilizing the same resource of frequency and time. Besides, these directive beams can
concentrate the energy toward an intended user, reducing the transmission power, min-
imizing the interference between users e improving the spectral efficiency (SE). This
technique is denominated space division multiple access (SDMA) and it is a main sup-
porter of the 5G communication systems. The mMIMO scheme also provides benefits
such as channel hardening and favorable propagation, which are interesting phenomena
[Marzetta et _al. 2016, [Bjornson, Hoydis e Sanguinetti 2017].

1. Channel hardening: The channel hardening denotes the phenom where the fading
channel behaves as if it was a non-fading channel, 7.e., by increasing the number of
antennas (M) embedded in the array at the BS, the channel of User 1, h; € C¥
with the BS, behaves almost deterministically, due to the spatial diversity;

hih,
—— — 1 M — 1.1

where E[-] denotes the expectation operator.
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2. Favorable propagation: When the number of antennas at the BS increases
rigorously, the channel directions of the channels of User 1 h; € CM and User 2 h,
€ CM become nearly orthogonal, and it is denoted as the favorable propagation
phenom.

hih,
VE b1, E [hf/hy)

— 0, M — oo (1.2)

Although the mMIMO systems bring great gains, there are some challenges with
respect to its implementation in practice, as: a) deployment of large aperture arrays;
b) limitation in channel prediction; c); low-cost arrays and the d) pilot contamination
[Bjornson, Hoydis e Sanguinetti 2017]. Independently, it is expected that this technology

move toward the B5G communication systems.

Furthermore, by increasing the number of antennas at the BS, we have origi-
nated the so-called extra-large scale massive MIMO (XL-MIMO) [Carvalho et al. 2020,
Marinello et al. 2020]. One of the differences between the mMIMO and XL-MIMO is that
the spatially non-stationary wireless channel which is dominated by spherical wavefront
propagation can appear. The commonly adopted boundary region which characterizes the
spherical wavefront is named Rayleigh distance and is proportional to the square of the

array aperture and the inverse of wavelength [Cui et al. 2022]

= — 1.
T'rd A ’ ( 3)

where D is the array aperture and A denotes the wavelength. In 5G mMIMO communi-
cations, the Rayleigh distance is only several meters since the arrays are not very large
[Wu_e Dai 2023], however, in the XL-MIMO this distance can be potentially increased
since typically in the XL-MIMO the aperture of the array is very large. In addition, the
large arrays imply the so-called visibility region (VR) [Carvalho et al. 2020], which means
that users when located in a specific area see only a geographical area of the array, where

this area can be changeable according to the user position.

Therefore, these aspects must be addressed in order to consistently understand
the system. Accordingly, a new field of study denominated as near-field propagation

[Bjornson e Sanguinetti 2020] is conceived.

1.4 Reconfigurable Intelligent Surfaces

In order to achieve all aforementioned requisites, new technologies are necessary
aiming to support the B5G services. Among all emerging technologies, RIS-assisted
communications have stood out. The RIS, also known in the literature as Large Intelligent

Surface (LIS) and Intelligent Reflecting Surface (IRS), is a planar surface consisting
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of a massive number of reflecting elements, with the objective of reconfiguring and
redirecting the impinging signal, by changing its electromagnet properties (phase and/or
magnitude)[Wu e Zhang 2020], as illustrated in Fig. [ so that, the reflected signal can be
focused toward a specific direction. Due to its capacity to control in a software-defined
manner the wireless environment, RIS is promising due to its potential to mitigate the
intrinsic effects present in the wireless channels. The specifics advantages of the RIS arrays

can be summarized as follows |Gong et al. 2020]:

1. Easiness in implementation: The RISs are made of electromagnetic materials,
namely metamaterials, which are embedded in the metasurfaces and have lightweight,
small geometry leading to low cost. Furthermore, it can be in any shape, providing
high versatility for its deployment and incorporation into built space. The RISs
arrays can be employed in various structures, including stationary or moving objects
and even on people. For example, RIS can be installed on building facades, ceilings,
aerial platforms, billboards, unmanned aerial vehicles (UAVs), street lamps, vehicle

windows, and, even on pedestrians’ clothes;

2. Spectral and Energy efficiency enhancement: RISs have the potential to
influence the propagation environment in a controlled manner, thus being able to
compensate for the power loss over long distances. Therefore, there is the possibility
of an LoS virtual connection between the base station and the users through the RIS,
formed via the reflection of the impinging signals, reducing the power consumption in
the communications, if well projected. Thus, an increase in the throughput becomes
significant with the possibility of a direct link between the base station and the
users, even if virtual. In this way, a wireless environment built by software can be
meticulously designed in order to provide a substantial improvement in the QoS of

the users;

3. Sustainability: A great paradigm for the next generations of wireless networks
is the innovation and implementation of sustainable technologies, with high values
of energy efficiency, called green communications. In this sense, the RISs, unlike
conventional signal repetition methods (relays), such as amplify-and-forward (AF)
and decode-and-forward (DF) [Bjornson, Ozdogan e Larsson 2020], are capable of
controlling the phase shift of each scattering element present in it, namely passive
beamforming, focusing the incident signal in a specific direction and nulled at other
directions, as opposed to the AF and DF relay, which solely apply a power amplifier.
Due to this, it can be stated that RISs are more energetically efficient than both
signal repetition methods. In addition, although additional radio frequency chains
are not necessary, the RIS has a high potential to provide an elevated degree of
spatial multiplexing with reduced power consumption, when compared with other

promising physical layer technology such as mMIMO:;
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4. Compatibility: Due to the fact that RISs are only responsible for reflecting
electromagnetic waves, their compatibility with full-duplex technology is a very
interesting aspect and one that stands out over half-duplex technology, where
orthogonal resources are needed to receive and propagate. In addition, RISs are

compatible with the existing standards and hardware of the existing wireless networks.
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Figure 2 — Schematic illustration of a conventional RIS prototype [Wu e Zhang 2020].

Due to the aforementioned characteristics, RISs are recognized as a potential
solution for solving a wide range of challenges in commercial and civilian applications.
On this matter, like any emerging technology, new applications and a range of problems
arise as a result, from the perspective of communication and signal processing, open
problems such as phase-shift optimization of scattering elements, channel acquisition
of additional links imposed by deploying the RIS are extremely necessary to be addressed
and efficiently solved [Pan et al. 2021].

1. Phase-shift optimization: The phase-shift optimization is one of the main chal-
lenges concerning RIS. It should be noticed that this problem can be addressed in
diverse manners, i.e., it is directly related to the optimization objective. Furthermore,
it is noteworthy that the difficulty of this problem, in practice, is straightforwardly
connected to the system parameters such as a) the number of users to be attached, b)
the number of RIS elements, ¢) phase-shift levels of quantization of each element, etc.
In the literature, there are many reports of conventional strategies being applied to
this kind of problem such as convex and non-convex optimization, heuristic optimiza-
tion, and even Machine Learning (ML) approaches through supervised /reinforcement

learning;

2. Channel Acquisition: To obtain interesting performance gains, in general, accurate
knowledge of the Channel State Information (CSI) between the RIS, Access Points
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(APs), and users’ devices is necessary. Besides, with high-order antenna arrays
both in BS and planar RIS, the procedure to obtain a good estimate of CSI can be
drastically hampered. Although conventional methods from the mMIMO scenario
can be leveraged, the complexity in this new setup with the deployment of the RIS is
highly elevated due to the additional links imposed. Furthermore, in scenarios where
more than one single RIS is deployed, conventional procedures can be unaffordable.
Alternatives to this problem can be considering the statistical channel information,
which can reduce the complexity since estimating the CSI in all coherence time will

not be necessary.

Although RIS brings diverse benefits, there are some variants of architectures that

seek to address some problems in order to provide better performance. Among them, we

can remark the active RIS and the STAR-RIS.

1. Active RIS: As an alternative for providing better conditions for the double-
fading attenuation link, the active RIS emerges, where each reflecting element is
supported by a set of active-load impedance, i.e. the active RIS is comparable to
an active reflector that directly reflects the impinging signal by applying a power
amplification. Since the active RIS has the ability to amplify the incident signal, fewer
reflecting elements are required to achieve the same Signal-to-Noise Ratio (SNR) at
the received when compared with the conventional passive RIS [Long et al. 2021].
Moreover, an interesting advantage of the active elements is their capability to
estimate the channel between the transmitter-RIS in downlink and uplink at the
RIS side [Taha, Alrabeiah e Alkhateeb 2021]. Therefore, it leaves room to develop
the semi-passive/active RIS topology, where, both active and passive elements are
present, leading to lower consumption with regard to the completely active RIS and
less channel estimation overhead since with the channel partial knowledge, acquired
by the active elements, the channel with respect to the passive elements also can
be estimated in a prompt way through techniques as Machine Learning (ML), for

instance;

2. STAR-RIS: Since the conventional RIS has the objective to reflect the incident
signal, both the source and the destination have to be on the same side of the
RIS. However, this physical constraint limits the flexibility of the conventional RIS.
Aiming to solve this problem, STAR-RIS emerges in order to provide complete access,
1.e., with this topology the incident signal can be reflected and refracted enhancing
the coverage from 180° to 360° [Liu et al. 2021, Xu et al. 2021], as depicted in Fig.
Bl There are three practical protocols for operating STAR-RIS in wireless networks
[Liu et al. 2021], namely energy splitting (ES), mode switching (MS), and time
switching (TS), and each one has its particularities. The ES protocol provides high
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flexibility since the reflecting elements can work simultaneously as reflecting and
refracting; the MS protocol is easy to implement since the mode of operation of
each element can be selected; in the TS protocol, the RIS operates in reflection and

refraction mode in different times, providing independent transmission and reflection

design.
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Figure 3 — Schematic illustration of an STAR-RIS prototype [Xu et al. 2021].

1.5 Non-Orthogonal Multiple Access

Over the decade previous generation’s cellular networks from the First Generation
(1G) to Fourth Generation (4G) have endorsed various distinct multiple access schemes
such as Time-Division Multiple Access (TDMA), Frequency-Division Multiple Access
(FDMA), Code-Division Multiple Access (CDMA) and Orthogonal Frequency-Division
Multiple Access (OFDMA), i.e., Orthogonal Multiple Access schemes (OMA). Since all
the aforementioned multiple access schemes have as the principle the orthogonal resource
utilization, they all suffer from orthogonality limitation, i.e., one resource cannot be
allocated to more than one user [Vaezi et al. 2019]. As a potential technology to achieve
all the expected demand for the 5G and B5G systems, as massive connectivity, high
throughput and provide services for machine-type communication, IoT applications, and
human-centric communication, NOMA has grown up and has been severally studied in

the academical community.

Several NOMA schemes have been proposed aspiring to explore the most sundry
domains, the prevailing NOMA technique is split mainly into two categories, such as code
domain NOMA (CD-NOMA) [Le et al. 2019] and power domain NOMA (PD-NOMA),
however, different strands are also studied, as for instance, the waveform domain NOMA
[Sahin e Arslan 2020].



Chapter 1. Introduction 26

Power

@by UE2

q

UE1

|

SIC of UE2" UE1’s signa
signal detection

Figure 4 — Schematic illustration of a downlink NOMA via power domain multiplexing for

two users |[Vaezi et al. 2019].

The NOMA concept is fundamentally different from conventional OMA, i.e. the
key principle of NOMA transmission is to encourage resource-sharing among users, where,
multiple users are allowed to be served at the same time and frequency, for instance. The
success of PD-NOMA, for example, is based on its capability to efficiently exploit the
users’ dynamic channel conditions. In the PD-NOMA, as depicted in Fig. [4], the user with
better channel conditions, UE1 (denoted by green color), shares the same spectrum with
the user with poor channel conditions, UE2 (denoted as red color). In order to decode
the intending signal, UE1 adopts the successive interference cancellation (SIC) method to
cancel the interference of UE2, whose signal is transmitting over the same spectrum, while
UE2 decodes its signal considering the signal of UE1 as noise once it is allocated higher

power for UE2’ signal. Therefore, potentializing the system’s performance and reliability,

if suitably implemented |Ding et al. 2022].

In order to improve the fairness of the system, some extensions of NOMA also
have attracted some attention in both the industrial and academic communities. The
cooperative NOMA can be viewed as a potential solution for improving the communication
reliability for the URLLC scenarios, as well as improving the system throughput for
[oT scenarios. Cooperative re-transmission can be an alternative technique that seeks
to combat the intrinsic effects of the channel, such as channel fading, path loss, and
shadowing. The canonical model of cooperative re-transmission basically consists of three
transmit /receive nodes, namely, a source node, a relay, and a destination node. The
objective of cooperative re-transmission is to improve the communication between the
source and receiver, through the help of the relay. However, the extra consumption of

resource blocks is an unavoidable factor, for example, in a TDMA system, which requires
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two temporal slots to complete the transmission, one slot is responsible for the transmission
of the source to the destination and another is reserved for the re-transmission of the

signal from the relay node to the destination node [Zeng et al. 2020].

In the literature, there are two main re-transmission protocols: AF and DF. The
idea behind the AF protocol is simply to propagate a scaled version of the observed signal
at the relay to the destination, while DF first seeks to decode the observed signal and then
re-transmit. Recently, the combination of NOMA and cooperative relaying has gained a
lot of attention due to its promising advantages. One of the main procedures regarding
this combination is to use the user with better channel conditions as a relay in order to
enhance conditions for the user with poor channel conditions. One can notice due to the
SIC, the user-relay will necessarily detect the signal of the weak user, so this fact is crucial

to the well-deployment of the system.

Aiming at improving the system, the application of simultaneous wireless informa-
tion and power transfer (SWIPT) [Ozyurt et al. 2022| in cooperative NOMA systems has
recently emerged, which uses a technology implemented in the receiver capable of sub-
dividing the power of the received signal aiming at decoding and the other portion of the
power destined for re-transmission, battery recharge, among other applications. With this
technology, the idea of cooperative NOMA with SWIPT has been gaining a lot of attention
lately [Liu et al. 2016, Ren et al. 2022 [Zhang et al. 2022, [Shaheen e Soleymani 2022].

1.6  Simultaneous Wireless Information Power Transfer

Energy harvesting (EH) is the process of capturing ambient wasted or insignificant
heat, sound, wind, and radio wave (radio frequency, RF) emissions and converting them
into electrical energy for use in powering devices|Ozyurt et al. 2022]. Among different
energy scavenging approaches, SWIPT has gained popularity because RF signals have
the capability to carry both information and energy. As making ubiquitous wireless
communications possible in a self-sustainable fashion, SWIPT can be an indispensable
solution for B5G providing the necessary energy for wireless charging of energy-constrained

devices and for transmitting and receiving information.

The SWIPT process can be done in two well-defined ways, named Time Switching
(TS) and Power Splitting (PS) [Ozyurt et al. 2022]. In the TS structure, the receiving
antenna is periodically switched between the information decoding (ID) and energy
harvest (EH) circuits in an alternating fashion. On the other hand, the PS receiver
splits the received signal into two parts with different power levels under a certain PS
ratio. Subsequently, two streams are separately sent to the ID and EH units to allow
simultaneous ID and EH operations. By modifying the PS ratio at the receiver, the

information transmission rate and the level of harvested energy can be balanced and
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Figure 5 — Working principle of TS and PS SWIPT techniquies [Zeng et al. 2020].

optimized according to system needs

1.7 Key Concepts

In order to gain insight into and contribute to future communication systems
design, it is essential to delve into key concepts that help us to understand and enhance
communication systems. Among these concepts, Ergodic Rate and Outage Probability are
of paramount importance, and they are extensively analyzed in this Master’s Dissertation.
These concepts play a crucial role in evaluating system performance, understanding
capacity limits, guiding resource allocation, and facilitating comparative analysis. This
knowledge is of significant importance for developing efficient communication solutions
across diverse application domains. Additionally, the communication channels play a
pivotal role in ensuring the consistency and validity of the studied techniques, given the
numerous scenarios and conditions they encompass. Therefore, the following sections
provide a description of these concepts, highlighting their significance and application in

the field, as well as a short description of the adopted channel models.

1.7.1 Ergodic Rate

The Ergodic Rate (ER), also known as the Shannon (Ergodic) Capacity, defines
the maximum data rate that can be sent over the channel with an asymptotically small
error probability[Goldsmith 2005]. With this metric, we can provide valuable insights into
communication systems’ performance limits, optimization, and design. Mathematically, it
can be defined as

R=Eflogy(1+7)] = [ logy(1+p(1)ar. (14)

where «y is the SNR at receiver and p() is the Probability Density Function (PDF) of ~.
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1.7.2 Qutage Probability

Studying the future behavior of system reliability is of paramount importance.
In this regard, the concept of outage probability plays a crucial role as it quantifies
the probability of a specific metric falling below a desired threshold; in other words, it
represents the failure of a system to meet certain performance requirements. In this sense,
with the outage probability, we can assess the system’s robustness and identify potential

vulnerabilities. Therefore, concerning the SNR (), we defined this metric as follows

Yth
Pout =Pr (7 < ’}/th) = /0 p(’Y)d% (15)

where 7, is the SNR threshold.

1.7.3 Channel Model

In communication systems, basically, we can define the communication channels as:
line of sight or non-line of sight. The line of sight (LoS) channel refers to a specific
type of wireless communication channel characterized by direct, unobstructed propagation
of electromagnetic waves between a transmitter and a receiver. In LoS channels, there is a
clear and uninterrupted path between the transmitting and receiving antennas, with no
significant obstacles or interference in the signal path. Non-line of sight (NLoS) channels
represent a distinct category of wireless communication channels that contrast sharply
with LoS channels. In NLoS scenarios, the propagation of electromagnetic waves between
the transmitter and the receiver is characterized by multiple reflections, diffractions, and
scattering events due to the presence of obstacles or environmental conditions that obstruct
the direct path between the two endpoints. To effectively characterize both types for
simulation purposes, specific approaches are employed. The Rician fading channel is the
standard choice for characterizing both LoS band NLoS paths. A channel represented by

the Rician fading model can be expressed as follows

K =
H H 1.6
k+1 * k+1 77 (1.6)

H=

where H is the LoS component, H is the NLoS component, and the parameter & in the
Rician fading channel model is a critical factor that quantifies the power of the Line-of-
Sight (LoS) path in comparison to the Non-Line-of-Sight (NLoS) paths. In other words,
for low values of k, the channel is primarily dominated by NLoS components, while for
high values of x, the channel is primarily influenced by the LoS path. When x equals
1, it signifies a balanced or equilibrium state where both LoS and NLoS components
have a significant impact on the channel characteristics. This parameter plays a crucial
role in characterizing the behavior and performance of wireless communication channels
in various real-world scenarios. In general, the LoS path can be given by the steering

vector which can have different expressions dependent on the arrangement of the array
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[Bjornson, Hoydis e Sanguinetti 2017]. Besides, the NLoS path can be represented by a
random normal distribution C(0,1). Furthermore, from a statistical perspective, there
is a distribution that serves as a generalization of Rician fading, namely Nakagami-m
distribution [Goldsmith 2005].

1.8 Analytical Techniques

In order to propose innovative solutions and conduct comprehensive analyses of the
challenges posed by future communication systems, this Master’s Dissertation emphasizes
the importance of analytical techniques that prioritize analytical tractability and low
implementation complexity. These techniques enable us to effectively address and gain a
deep understanding of the problems at hand. In the following sections, we outline each of

these analytical techniques, highlighting their relevance and applicability to our research.

1.8.1 Moment Matching

One of the most important techniques to estimate unknown parameters of a
distribution function in statistics is the method of moments or Moment Matching (MM)
[Kobayashi, Mark e Turin 2011], which is widely applied in the literature in the most
diverse kinds due to its easiness of analytical manipulation providing interesting insights
with an interesting accuracy. Such technique estimates the parameters of a specific random
variable through its moments, where the most common are the mean and variance, denoted
by the E[-] and V[-]. Let X be a random unknown variable, where its mean and variance
are given respectively by ux and o%; we can represent X through a, for instance, Gamma
distribution (I'(k,#)) with k£ and 6 being the shape and scale parameters of the Gamma

distribution. Therefore, we should solve the following system of equations

k9 =EB[X] = py,  k0® = V[X] =02, (1.7)

This technique has been and continues to be widely applied in the literature in
several works for different kinds of applications, for instance, in [Xie et al. 2022], the
authors show that the random variable representing the channel gain of STAR-RIS-aided
system can be accurately approximated as a Gamma distribution through the MM. This
enables a comprehensive understanding of the system behavior through its parameters and
extends the possibility of enhancing the system performance according to the available
resources. In [Tahir, Schwarz e Rupp 2020|, [Tahir, Schwarz e Rupp 2021], similarly, the
authors utilized the MM technique to estimate the channel gain distribution by a Gamma
random variable of a RIS-aided system. The Method of Moments (MM) technique is
highly regarded for its power in representing unknown random variables, or even complex

distributions, such as communication channels, SINRs, etc., utilizing the easiest analytical
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description given by the well-known distributions like Nakagami-m, Gamma, Normal,
Weibull, among others. In this Master’s Dissertation, we leverage the MM technique
to evaluate the performance of both cooperative systems in the work described in the
forthcoming Chapter [2] and double-RIS systems described in the forthcoming Chapter [4]
By employing this technique, we gain valuable insights into the behavior and efficiency of

these systems, contributing to the advancement of future communication technologies.

1.8.2 Lagrangian Dual

In addition, in this work, we deal with intricate optimization problems, whose
optimal solution can be very hard or even impossible to obtain. Therefore, in view
of proposing near-optimal solutions, we have leveraged the Lagrangian dual method
[Boyd, Boyd e Vandenberghe 2004], which has a great tradition in the literature to address
optimization problems with constraints. Basically, its principle is to provide a sub-optimal
solution to a non-convex problem by reformulating the original objective function and
conceiving the Lagrangian (L) represented by the original objective function with a
weighted sum of the constraints. Let the following convex problem, expressed in the
standard form [Boyd, Boyd e Vandenberghe 2004]

minimize fo(x) (1.8)
subject to fi(x) <0, i=1,...,m, (1.8a)
hi(x) =0, i=1,...,p, (1.8b)

with x € R", fy(x) : R* — R, fi(x) : R* — R and h;(x) : R — R. The basic
idea in Lagrangian duality is to take the constraints (1.8a) and (1.8b]) into account by
augmenting the objective function with a weighted sum of the constraint functions. Thus,

the Lagrangian is defined as

£(x) = folx) + im@) T jilmxx), (1.9)

where \; and w; are the Lagrange multipliers associated with the i-th inequality constraint
fi(x) and i-th equality constraint h;(x), respectively. Therefore the Lagrangian Dual

function can be defined as

maximize L(x,w) (1.10)
subject to: w; >0, i=1,...,p. (1.10a)
m p
VL=Vf(x)+ > NVfi(x")+ > wiVhi(x*) =0,  (1.10b)
i=1 i=1

where the optimal solution x* must satisfy the Karush-Kuhn-Tucker (KKT) conditions

given by Eq. ({1.10b)).
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In [Guo et al. 2020] the authors utilized the Lagrangian method to optimize the
SE of a RIS-aided system, where the power constraint of precoding matrix is addressed, in
[Tang et al. 2020] the power allocation, and power splitting coefficient of a cooperative
NOMA system have been jointly optimized by considering the minimum harvested energy
and power constraint leveraging the Lagrangian dual-method. In [Liet al. 201§|, the
Lagrangian method is deployed to optimize the EE of a massive MIMO system by
activating a different number of antennas and optimizing the power allocation of the users
with the power and minimum rate constraint. In this Master’s Dissertation, specifically, we
have addressed an EE optimization problem with constraints in the context of RIS-aided

communication systems.

1.8.3 Fractional Optimization

Fractional optimization is a methodology that aims to solve fractional problems.
These kinds of problems are mathematical problems where the objective function or
constraints involve fractional (non-integer) exponents or ratios. Moreover, these problems
have gained significant attention in various fields due to their ability to model complex
phenomena and capture non-linear relationships. The key distinction from traditional
optimization problems is the presence of fractional terms, which introduce non-convexities
and non-linearities into the optimization framework. Basically, there are two types of
fractional problems, which will be reviewed in the following with their respective common

techniques of solving.

1.8.3.1 Single Ratio Fractional Problems

A fractional problem is a class of optimization problems involving fractional ratios.
The simplest case is known as the single-ratio problem. A single-ratio problem is defined

as

s

.. X
maximize BEX))7 (1.11)
where x € R", A(x) : R* — R, is a nonnegative function and B(x) : R" — R, is a
positive function. Since dealing with the problem given in Eq. can be hard, an
alternative approach is to reformulate the problem, whereby its numerator and denominator
are decoupled. With this method, the joint optimization of A(x) and B(x) becomes easier.
A classical approach, and utilized in this Master’ Dissertation, is known as Dinkelbach’s
Transform. This classical technique reformulates the single-ratio problem in Eq. as
[Dinkelbach 1967]

maximize A(x) — nB(x), (1.12)



Chapter 1. Introduction 33

where 7 is an auxiliary variable, which is iteratively updated by

A(x®)
t+1) _
77( )= m, (1.13)

where ¢ is the iteration index. It has been proved, in [Dinkelbach 1967], that convergence is
guaranteed by alternatively updating n according to Eq. and solving Eq. for x
because 7 is nondecreasing after each iteration. The classical Dinkelbach method has been
extensively utilized in order to solve several problems in literature. In [Shen e Yu 201§],
the authors proposed to utilize this method to solve an EE maximization problem. The
authors in [Li et al. 2018] utilized the same method to solve a resource allocation problem,

where a joint antenna number selection and power allocation algorithm has been proposed.

1.8.3.2 Multiple Ratio Fractional Problems

Differently from single-ratio problems, the multiple-ratio fractional problem is a
class of linear or non-linear optimization problems where multiple ratios are involved. This

kind of problem can be defined as

K

.. Ay, (X)

maximize E ,
x k=1 By, (X)

(1.14)

It is worth noting that classic transforms for single-ratio problems cannot be easily
generalized to multiple-ratio fractional problems. This is because although these classic
transforms have the property that the original single-ratio fractional problem and the
transformed problem have the same optimal solution, the optimal value of the objective
function of the transformed problem is not necessarily the same as the original single-ratio
fractional problem objective function value. Thus, when multiple ratios are involved, one
cannot apply the transform to each ratio individually. To deal with the multiple-ratio
fractional problem, there are some techniques such as [Shen e Yu 2018|, [Jong 2012]. One
common technique for addressing the multiple-ratio fractional problem is named quadratic
transform, which was proposed in [Shen e Yu 2018|. The quadratic transform reformulates
the multiple-ratio problem in Eq. as

K
maximize > 2my/ A(x) — 1 Bi(x), (1.15)

k=1
where, again, 7 is an auxiliary variable for £ = 1,..., K, updated iteratively as
77(t+1) _ Ap(x®) (1.16)
b By (x®) '

In [Shen e Yu 2018], the authors prove the convergence of the proposed trans-
form and also extend this technique for the complex case. In literature, the authors of
[Shen e Yu 2018], solved a beamforming problem with the quadratic transform. Besides,
in [Guo et al. 2020], a beamforming, phase-shift RIS angles, and power allocation jointly

optimization problem has been solved by deploying the quadratic transform technique.
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1.9 Research Objectives

The objectives of the Master’s Dissertation can be sub-divided in general and

specific, and are presented in the following:

1. General: Study how the RIS deployment can impact the system performance with
respect to the throughput as well as the reliability and energy efficiency of the
system, operating under URRLC and mMTC services scenarios for communication
system B5G. In addition, since only the deployment is not sufficient to obtain the
best performance of the system, in this work we seek to understand how to set up
the RIS, i.e, how to select the RIS elements number efficiently, as well as configure
its phase-shift of each element in a better way according to a particular objective.
Furthermore, we aim to develop an extensive mathematical analysis of the adopted
system model in order to derive closed-form expressions with tiny complexity and

high accuracy aiming to explore its potential to avoid huge complexity optimizations.
2. Specific: The specific objectives are threefold:

a) Provide an extensive literature review of the RIS theme in several contexts,
especially on mMIMO and NOMA, identifying the target scenarios, and the

open problems associated with the integration of these technologies.

b) Proposed algorithms to solve practical problems related to the throughput
and EE, in RIS-assisted mMIMO/NOMA systems, specifically: dealing with
the number of RIS and antenna elements that will be selected to act desiring
to reduce the energy consumption in addition to the optimization of power

resources.

c¢) Disseminate the achieved results and findings by means of scientific articles.

1.10 Contributions and Generated Publications

The results of this Master’s Dissertation are presented by means of three scientific
articles and one research proposal. The finished works are available in Appendices [A] [B]
and [C] while a report outlining the research proposal for the fourth work is placed as the

Chapter 5| The following works have been submitted or are under review.

JUNIOR, W. D. S.; ABRAO, T. RIS-aided Cooperative FD-SWIPT-NOMA
Outage Performance in Nakagami-m Channels. Submitted to IEEE Transac-

tions on Cognitive Communications and Networking on Jul. 2023 (IF: 8.6, Eng. IV
Qualis-CAPES: Al)
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JUNIOR, W. D. S.;; ABRAO, T. Energy Efficiency Maximization for In-
telligent Surfaces Aided Massive MIMO with Zero Forcing. Full paper.

Submitted to IEEE Transactions on Green Communications and Networking on Jun.

2023 (IF: 4.8, Eng. IV Qualis-CAPES: A3)

JUNIOR, W. D. S.; ABRAO, T. NOMA-aided Double RIS under Nakagami-m
Fading: Channel and System Modelling. Conference paper. Accepted and
presented in the Vehicular Technology Conference (VTC2023-Spring). June 2023.

Moreover, the research currently under development has the title and abstract as follows:

[D]] JUNIOR, W. D. S.; ABRAO, T. On the Capacity of Massive MIMO Aided
by Double-RIS under Rician Channels

This study analyzes the rate performance of a downlink single-user double RIS-aided
massive MIMO system. The system assumes Rician fading with purely LoS components
and adopts MR precoding. We derive an expression for the upper bound of SE in this
configuration. By leveraging this derived expression, we propose an optimization method
for the phase shifts of RIS 1 and RIS 2, using only the long-term CSI. The proposed
method, based on the gradient ascent algorithm, achieves significant rates without the
need for instantaneous CSI optimization or the associated CSI estimation overhead. Our
numerical results demonstrate the effectiveness of the proposed method in achieving high

rates while minimizing the impact of CSI estimation requirements.

1.11 Organization of the Text

The remainder of this text is organized as follows. In Chapters [2] 3], i, we outline
the results reported by the scientific articles, while in Chapter |5l we describe the current
research proposal in the context of this Master’s Dissertation. In Chapter [6] we provide
partial conclusions and comments. Appendices [A] [B] and [C] reproduce, respectively, the

three scientific full papers associated with this Master’s Dissertation.
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2 RIS-aided Cooperative FD-SWIPT-NOMA

Outage Performance over Nakagami-m

Channels

In this chapter, we proposed to analyze the impact of RIS structure in cooperative
communications. The associate paper is presented in Appendix [A] The contributions of

the first part of this Master’s Dissertation are fourfold:

o We integrate the SWIPT technique by utilizing a non-linear EH model for cooperative
scenarios with NOMA aiming to investigate for the first time the performance of the

adopted system model as well as its benefits and drawbacks.

o We showed that the harvested power in the good channel condition device can be

precisely represented by a Gamma distribution.

o We derive novel general expressions for the outage probability as well as for the
ergodic capacity. The derived expressions are parameterized in the system/channel
parameters, therefore the effects of each parameter can be effectively scanned as a

function of the number of RIS elements.

o The accuracy of the derived analytical expressions has been corroborated by the

Monte Carlo simulations, providing effectiveness in the analysis.

The system model for this work is shown in Fig. [6] We consider two devices,
namely the good channel conditions device (D;) and the poor channel conditions device
(D5) which are paired to perform NOMA. The Source (BS) is considered equipped with
just one antenna, configuring a single-input single-output (SISO) scenario. D; leverages
of SWIPT technique to harvest power in order to act as an FD relay under the residual
self-interference, without utilizing its own battery energy to cooperate. We adopt the non-
linear EH model in order to capture the real behavior of the harvested power. Furthermore,
we adopt a RIS whose reflecting elements are configured to cancel the phase of D; user
since it will operate as a relay to assist and provide better conditions of operation to D.
Since RIS is adopted, whole communication links undergo Nakagami-m fading, where the

LoS and NLoS effects are present.

In this work, we intend to answer the following questions: a) Can the RIS improve
cooperative communication between two devices?; b) What are the impacts of RIS on

cooperative communication, and is it truly worthwhile?
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Figure 6 — System model studied in the Article attached in [A]

2.1 Main Results

Fig. [7] depicts the ER of D; and D, vs transmit power (F;) for N = 400 RIS-
elements. Firstly, it is noticeable that the derived upper bounds expressions are very tight

for the adopted parameters, closely matching the obtained results.
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Figure 7 — ER for Dy and D, denoted as blue and green color, respectively. The number
of elements of RIS N = 20? = 400, and energy harvested factor is adopted as
p =0 and p = 0.4 for non-cooperative and cooperative mode respectively.

In Fig. [7 the rate behavior is distinct for scenarios I and II. For scenario I,
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we observe that in D,, the rate increase becomes remarkable for transmit power values
above 30 dBm. On the other hand, in Dy, the rate experiences a constant decrease, even
for low values of P, and this decrease becomes more evident for high values of P,. The
reason for this difference lies in Dy utilizing only 1 — p = 60% of the received power
for information detection, impacting its performance regardless of the transmit power.
Moreover, for P, > 22 dBm, the impact on the rate of D; in the cooperative scenario is
further affected. The same impact occurs for scenario 11, but it is more pronounced since
the rate of D; is severely degraded for any value of P,. This degradation is justified by
the presence of residual self-interference. As the transmit power increases, the harvested
power also increases, leading to higher residual self-interference, increased interference,

and consequently decreased SINR of Dj.

In scenario 11, we observe a further enhancement in the rate of Dy, demonstrating
the potential of cooperative communication in scenarios where D; has high input power.
However, it is worth noting that even with substantial rate increments, Dy reaches a
maximum limit when the transmit power increases considerably. We refer to this asymptotic
behavior as R$°. This observation is insightful, as it confirms that the cooperative
system with RIS cannot provide an unlimited rate for Dy, even in the asymptotic regime.
Additionally, this result shows that N does not influence the value of RS°, indicating that
the RIS cannot impact the asymptotic rate of Ds.
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Figure 8 — OP for D; and D,, denoted as blue and green color, respectively. The number
of elements of RIS N = 20? = 400, and energy harvested factor is adopted as
p =0 and p = 0.4 for non-cooperative and cooperative mode respectively.

In terms of OP, Fig. |8 again reveals distinct behaviors for scenarios I) and I1.

For scenario I, as P, increases, the cooperative mode becomes beneficial, resulting in
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a reduction in the outage probability of Dy for P, > 30. However, the impact of the
cooperative mode on D; is minimal, indicating that it does not significantly affect its
performance. In contrast, for scenario I/, we observe an interesting reduction in outage
probability for D, across a wide range of P;. This reduction is particularly noteworthy as
it comes without any additional power consumption at the source, making it a promising
gain in terms of sustainability. However, the cooperative mode leads to an increase in
outage probability for Dy, severely affecting its performance. Nevertheless, it is essential
to note that despite the significant increment in OP for D, it does not reach an outage
floor. This is a vital observation as, for the linear EH model, D; achieves an outage
limit in both scenarios I and I1. These findings highlight the benefits and trade-offs of
cooperative FD-SWIPT-NOMA systems with RIS. The cooperative mode offers substantial
improvements in outage probability for Dy, promoting sustainability without additional
energy consumption. However, it may negatively impact the outage probability for D,
requiring careful considerations in system design, mainly over w, to strike a balance

between performance gains and potential drawbacks.

2.2 Chapter Conclusions

In this work, we have investigated the downlink communication reliability and
throughput of two devices in RIS-aided cooperative SWIPT-NOMA system operating
under Nakagami-m fading; the D, device leverages of SWIPT technique equipped with
a non-linear EH model to act as an FD-DF relay for assisting the Dy device. So, we
investigate the impact of the deployed RIS on the system performance, indicating that RIS
can significantly improve the performance of both devices. Finally, the simulation results
validate the correctness and effectiveness of the developed theoretical analysis. Based on

the obtained results, we can answer the proposed questions.

a) Can the RIS improve cooperative communication between two devices?

The presented results clearly indicate that the cooperative SWIPT-NOMA system
assisted by a RIS can substantially improve the overall system performance. While the
cooperative system may lead to a decrease in the performance of Dy, it simultaneously
enhances the rates of Dy and improves overall reliability. Moreover, the presence
of the RIS enhances the capabilities of D, reducing the negative impact of the
cooperative communication in D;. In addition, it can securely assist D5 in challenging

conditions, creating an intriguing synergy between these technologies.

b) What are the impacts of RIS on cooperative communication, and is it truly worthwhile?
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The numerical findings demonstrate that as the size of the RIS increases, the received
power at the user relay substantially improves, resulting in enhanced harvested
power. Consequently, the interference caused by the residual self-interference in-
creases, negatively impacting the performance of D;. However, simultaneously, the
cooperative link strengthens, leading to an overall improvement in the rate of Ds.
Furthermore, the numerical results highlight the paramount importance of developing
robust circuits to mitigate the residual self-interference, as it significantly influences
the performance of D;. Addressing this issue becomes crucial to improving the

overall system performance.
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3 On the Energy Efficiency Optimization for
RIS-aided massive MIMO with Statistical
CSl

In this Chapter with the associated paper included in Appendix [B] we intend to
investigate how the deployment of RIS structure can enhance the overall system EE. The

contributions of the second part of this Master’s Dissertation are outlined as follows:

» Based on a tight closed-form expression of the ER, we formulate a joint optimization
problem concerning the users’ transmit power (p), the number of active BS antennas
(M), and RIS phase shift angles (v) variables under the constraints of overall power

budget, ZF precoding feasibility, QoS, and unity module requirements.

o To deal with this problem, we apply the Lagrangian dual method, and some fractional
programming techniques in order to obtain closed-form solutions for all optimization

variables.

o The complexity of the proposed optimization algorithm has been accurately investi-

gated.

» Extensive numerical results corroborate the effectiveness and efficiency of the pro-
posed analytical EE optimization method for RIS-aided mMIMO systems with
statistical CSI.

The communication scenario being addressed is illustrated in Fig. [0l Since the
RIS is considered strategically to lie in a favorable position, the Rician fading model is

considered to account for the combined effects of NLoS and LoS.
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Figure 9 — Studied system model in the Article addressed in Appendix [B]
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Different from other works in the literature that focus on the optimization of
EE using the instantaneous CSI strategy, in this work, we consider the statistical CSI

optimization strategy, which is better explained in Fig. [I0]

Transmission Scheme with
Instantaneous CSl-Based Optimization

Transmission Scheme with
Statistical CSI-Based Optimization

n-T,
e

I

Figure 10 — Illustration of the advantages by adopting Statistical CSI-based parameters
optimization, where the RIS phase-shift vector, transmit power allocation, and
the number of BS antennas remain fixed for the users over multiple channel
coherence times (n7T,); differently, for the Instantaneous CSI-based parameter
optimization approach, where these variables must be updated at each T..

Besides, in this work, we adopt the Zero-forcing (ZF) linear precoding. Based on a
closed-form expression for SE, we formulate an optimization problem aiming to maximize
the EE with respect to the number of BS active antennas (M), power allocation (p) for
the users, and phase-shift matrix (v), given by Eq. (13), Appendix , reproduced here for

sake of clarity.

K M — K)WviB
S log, (14 BT ROVEDY
o?(Ky + 1) v Agv

maximize 7pp = = (3.1)
M,p,v K
0> pr + Prix + M Pgs + N Pgis
k=1
K
subject to Zpk < Prx, (3.1a)
k=1
Ri > Ruim, Vk=1,...,K, (3.1b)
M > K, (3.1c)
e’ =1, ¥n=1,...,N, (3.1d)

In short, we seek to answer the following questions: a) Can the RIS, with a
constant phase-shift matriz configured over multiple coherence times, achieve promising

performance?; b) Is the statistical-CSI optimization strategy worth it in terms of EE?
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3.1 Main Results

Aiming to answer these crucial questions, we analyze Fig. [L1] which illustrates
the achievable EE performance as a function of the transmit power budget at BS, Prx.
We evaluated the performance for the four variable optimizations strategies: 1) only
p; 2) p and v; 3) p and M; and 4) p, v and M optimization, denoted as yellow, red,
green, and blue color respectively. Moreover, we adopt as benchmarks the random all

(p, v, and M) strategy, and the instantaneous CSI-based optimization strategy, which

has been implemented based on Algorithm 1 proposed in [Miridakis, Tsiftsis e Yao 2023],

denoted herein as black and purple color curves, respectively. We also plotted the average
instantaneous EE obtained from the proposed statistical CSI-based optimization analytical

approach evaluated by Monte Carlo Simulation (MCs), depicted in orange color.
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Figure 11 — Average EE vs the transmit power budget at the BS (Prx). Performance
evaluation of the proposed algorithm for four different approaches.

First and foremost, in Fig. one can infer that the impact of optimizing the phase
shift RIS angles is not negligible on the attainable EE, even considering the statistical
optimization approach. It is noteworthy that the achieved EE improvement in scenarios in
which the number of active BS antennas M is optimized, is considerably greater compared
to those scenarios where M is not optimized. This can be readily verified by examining
the obtained gain in the EE curve of strategy 1) compared to the curve of strategy 2), as

well as in the curve of strategy 3) with respect to the curve of strategy 4).

Furthermore, also based on Fig. [T}, one can see the potential to achieve higher
EE through the statistical CSI optimization approach since this methodology enables us
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to reduce the overhead associated with the phase-shift optimization during each channel
coherence time while maintaining the fixed v over multiples channel coherence time with
a minimal performance loss. As a result, the EE decreases from 1.510 to 1.433 bps/Hz/W,

representing a loss of & 5.3%, in high power regimes.

3.2 Chapter Conclusions

This work handles the EE maximization problem in a downlink RIS-aided mMIMO
communication system operating under generalized Rician BS-RIS channels and ZF
precoding. We proposed a statistical CSI-based optimization strategy, reducing the
overhead of the variables optimization in every channel coherence time. Based on an
ergodic rate (ER) lower-bound closed-form expression, the EE optimization problem
with power and QoS constraints is formulated. We proposed an alternating-sequential
optimization approach, that optimizes the power allocation vector (p), the number of BS
antennas (M), and the RIS phase-shift vector (v). Our numerical results validate the
effectiveness of the proposed Algorithm. Based on the obtained results, we can answer the

proposed questions.

a) Can the RIS, with a constant phase-shift matriz configured over multiple coherence

times, achieve promising performance?

According to the presented results in the work addressed in Appendix [B] it can be
observed that optimizing the phase shift angles of the RIS v with Statistical-CSI
optimization strategy, can provide remarkable gains. This approach provides higher
rates for the users, decreases the number of active antennas, and reduces power
consumption. Additionally, it offers the advantage of an interesting overhead gain,

as it does not necessarily need to be updated at every coherence time.
b) Is the statistical-CSI optimization strategy worth it in terms of EE?

According to Fig. we can see that the Statistical-CSI optimization strategy can be
promising in terms of EE, as the EE obtained from the Statistical-CSI optimization
reduces from 1.510 to 1.433 bps/Hz /W, representing a loss of ~ 5.3%, in high power
regimes (maximum difference observed), when compared to the Instantaneous-CSI
optimization strategy. This finding highlights the potential of the Statistical-CSI
optimization approach to deliver favorable EE outcomes in RIS-aided communication

systems.
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4 NOMA-aided Double RIS under Nakagami-
m Fading: Channel and System Modelling

In this Chapter, as addressed by the paper in Appendix [C] we investigate a SISO
double-RIS setup including channel and system modeling, with the application of the
NOMA transmit scheme. The contributions of the third part of this Master’s Dissertation

are summarized in the following:

« With the aid of the MM technique and Central Limit Theorem (CLT), we statistically
characterize the cascaded channel between the two RIS where all links are adopted

as Nakagami-m fading.

o We derived a closed-form equation for outage probability and ergodic rate for this

system setup, where different system and channel parameters are taken into account.

o We assessed the impact of the number of reflective elements of each RISs on the

system performance.

The double RIS NOMA-aided communication scenario is illustrated in Fig. [12]
We consider two RIS deployed, where the near BS RIS is a conventional RIS with Ng
elements, and in order to provide a better degree of coverage, we adopt the near user
RIS as STAR-RIS [Xu et al. 2021, Xu et al. 2021] topology with Ng elements, serving

the outdoor and indoor users simultaneously.

Figure 12 — System model studied in the Article reproduced in Appendix [C]
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In order to assess the best performance of the adopted system model, we configure
the STAR-RIS to coherently combine the phases of indoor/outdoor user, i.e., the optimal
phase-shift is adopted, while the conventional RIS is configured to coherently combine the

phases of the outdoor user.

In this work, we intend to answer the following question a) Is the performance
of a double-RIS configuration better than the conventional single-RIS setup?; b)In which
conditions the double-RIS setup outperforms the single-RIS setup for the SISO case?.

4.1 Main Results

In view of answering these questions, we derived closed-form expressions for ergodic
capacity, as well as the outage probability of indoor and outdoor users. Fig. [13] which
illustrates the achievable ergodic sum-rate performance as a function of the split factor,
defined as n = %, with N & No + Ng, for three different path-loss coefficients, oy =
{2.8;3.1;3.4}, where N¢ and Ny is the number of elements in the conventional RIS and the
STAR-RIS respectively. We first notice that for all scenarios considered the analytically
derived equations given by Eq. (13) in Appendix |C|are very accurate for any value of
7. Furthermore, we can see that, by improving the conditions of the direct link between
the source and the STAR-RIS, the ER performance of the system can be improved; the

double-RIS setup can be outperformed by the single-RIS setup when o, < 2.8.
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Figure 13 — Ergodic sum-rate vs split factor () over an NOMA-aided conventional and
STAR-RIS system wvs single-RIS setup with N = 200 and SNR p = 35 dB.
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On the other hand, when «; = {3.1,3.4}, the double-RIS setup can obtain higher
data rates than the single-RIS setup for a wide range of 7, revealing its great potential in
scenarios where the direct link between the Source and STAR-RIS is poor. Finally, we can
see the scenarios where the double-RIS setup performs well the number of meta-surface

elements Ng and N¢g can be strategically optimized.

Fig. reveals a result of work embedded in Appendix [C] where it illustrates the
ergodic sum-rate vs. total number of reflective elements for three different values of 7. As
a benchmark, we include the random phase shift solution (RPS) for both a) STAR-RIS
and Conventional RIS; b) only for Conventional RIS; and ¢) only for STAR-RIS. Besides,
we also include the single-RIS setup with a near-user STAR-RIS deployed with N elements

for a fair comparison, where the phase shift is set as the optimal phase shift.
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Figure 14 — Ergodic sum-rate vs total number of reflective elements (V) for three different
values of n, with SNR p = 35 dB.

First, we observe the significance of optimizing the angles of STAR-RIS. This is due
to STAR-RIS serving both indoor and outdoor users simultaneously, while Conventional
RIS serves only the outdoor user. Additionally, the highest sum rate is achieved when
n = 0.3, indicating the STAR-RIS must be larger than the Conventional RIS. This is
attributed to the greater impact of STAR-RIS, as the indoor user rate, given by Eq. (13)
in Appendix , which grows with N2. We also can notice that the single-RIS setup
outperforms the double-RIS only in scenarios where N is low, typically N < 50; however,
when N > 50 the double-RIS setup can provide greater sum rates for any value of n, till

to the random phase shift configuration.

Another interesting finding in this work is that channel estimation is necessary for
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defining the optimal phase shift in STAR-RIS. For instance, when n = 0.3, in the single-RIS
setup, channel estimation is required for N = 200 reflecting elements. In contrast, in the
double-RIS configuration, the channel estimation must be done for Ng = N(1 —n) = 140

reflecting elements.

4.2 Chapter Conclusions

In this paper, we have characterized the system performance of a NOMA-aided
conventional and STAR-RIS under Nakagami-m channels. We derived analytical equations
for outage probability and ergotic rate using the CLT and MM techniques. The numerical
(analytical and MC simulation) results reveal that in scenarios where the direct link
between the Source and STAR-RIS is in poor conditions, the double-RIS outperforms
the single-RIS setup increasing the users’ rate and consequently decreasing the outage
probability. Besides, within this scenario, when the values of Rc and Rg are suitably
adjusted, the double-RIS has the potential to achieve very high rates than the single-RIS

setup.

Moreover, another interesting finding, is that the double-RIS setup can achieve
promising gains with lower channel estimation overhead than the single-RIS setup. Finally,
the simulation results demonstrated that the analytical proposed equations are very
accurate under the parameters of the system. Based on the obtained results, we can

answer the proposed questions:

a) Is the performance of a double-RIS configuration better than the conventional single-RIS
setup?

According to the findings in the work available in Appendix [C], we can see that
under specific system configuration and channel conditions, the double RIS setup
exhibits significant potential to outperform the single RIS setup. This improvement
is observed in terms of both outage probability and ergodic rate. Besides, we see
that it is possible to achieve higher sum rates for the double-RIS setup with lower
channel estimation overhead since the double-RIS can operate under random phase
shift for the near BS RIS as illustrated in Fig. [I4]

b)In which conditions the double-RIS setup outperforms the single-RIS setup for the SISO

case?

According to Fig. [13] one can observe scenarios where the direct link between the
source and the STAR-RIS is poor, the double-RIS has great potential for operating

since it can provide alternate ways to improve the channel conditions for the users.
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5 On the Capacity of Massive MIMO Aided
by Double-RIS under Rician Channels

This research consists in analyzing the combined scenarios established by the
previous Chapters [3] and [4] i.e., the works in Appendix [B]and Appendix [C] Specifically,
in this Chapter, we proposed to seek to combine the mMIMO and double-RIS systems,

differently from the previously discussed works which deploy a single-RIS structure.

Specifically, we intend to approach a double-RIS setup as in |Zheng, You e Zhang 2021|

but with deploying mMIMO technology and ZF precoding, with the goal of deriving
the ergodic capacity expression in closed-form following the methodology proposed in

\Zhi et al. 2022

The motivation for deriving a closed-form expression for the ergodic rate of double-
RIS mMIMO systems is that it can provide interesting insights about the double-RIS
performance; in addition, such an approach allows avoid the necessity of optimizing
the phase-shift matrix in each channel coherence time interval, since for that, the CSI
knowledge is necessary, whereas the double-RIS setup imposes a huge complexity in
the channel estimation process; hence, the proposed approach can be beneficial in the
complexity viewpoint. Moreover, it can possibly achieve reasonable performance in terms of

ER. Furthermore, the double-RIS setup can be justified due to the recent promising results

reported in |[Zheng, You e Zhang 2021| and the necessity of new algorithms addressing
such double RIS-aided mMIMO system configuration.
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Figure 15 — A representation for the double-RIS-aided mMIMO communication in the
current research.
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In addition, other considerations can be adapted to become this study further
attractive, for instance, we can also integrate a hybrid active-passive RIS architecture as
in [Kang, You e Zhang 2022, in order to comprehensively explore the potential of the RIS

communications in terms of SE and EE.

5.1 Addressed Problem

With the double-RIS deployed, naturally, the channel estimation task is hugely
increased concerning the conventional single-RIS setup. Besides, in the recent literature,
the most of works focus on optimizing the angles of the RIS in an instantaneous way, i.e,
in each coherence time interval, it is necessary to estimate the CSI, so that the angles of
the RIS are optimized. Evidently, all these tasks are costly to be processed in a short time
period. In order to reduce this complexity related to the aforementioned task, deploying
the statistical CSI optimization strategy result in an interesting solution. In order to
explore the double-RIS setup over the single-RIS setup, in this Chapter, we look for
deriving a closed-form expression for the ergodic rate of a double-RIS setup taking into
account the statistical CSI approach instead of burden instantaneous CSI optimization.
Furthermore, based on a closed-form expression, we intend to optimize the angles of both
deployed RISS.D In short, in this current work

1. We analyze the performance gains/drawbacks of the double-RIS setup over the
single-RIS setup, especially integrated into the massive MIMO systems. Besides, we
seek to understand how such performance is scalable regarding the SISO double-RIS

setup studied in Chapter 4;

2. We derive a closed-form expression, easy to compute, for the ergodic rate of a
double-RIS setup;

3. Based on a closed-form expression for the double-RIS setup, we optimize the phase-
shift matrix of both deployed RISs in view of either increasing the SE of the users
or the EE of the system:;

4. We study the double-RIS mMIMO system behavior operating under different system

and channel scenarios.

It is noteworthy that the statistical CSI optimization procedure is effective in scenarios where the users
are assumed static or with very low mobility, so the RIS phase-shift matrix can be set as fixed over a
long time period.
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5.2 Proposed Solution

Aiming to provide valuable insights, we leverage random matrix theory to derive
a closed-form expression for the ergodic capacity of a double-RIS system. Furthermore,
looking to obtain a tractable solution for the optimization of the phase-shift matrix of
RISs we seek to apply the Alternate Optimization (AO) method. The AO can be seen
as a conventional optimization method where in double RIS-aided communications it
can optimize each phase-shift matrix separately and alternately, while another one is set
fixed. Moreover, to optimize each phase-shift matrix, we apply the conventional gradient
ascent method. The proposed solution is detailed in Section [5.5 and the numerical results
can demonstrate its potential. For the considered problems, techniques such as Machine-
Learning, through its strands such as reinforcement learning or supervised learning, and
even heuristic evolutionary optimization, including the genetic algorithm, can be promising

as well.

5.3 System Model

We consider a downlink double-RIS-aided mMIMO communication system, where
a single-antenna user communicates with a base station (BS) equipped with M antennas
and aided by two distributed RIS. The RISs are located near BS (referred to as RIS 1)
and near the user (referred to as RIS 2). Let N be the total number of passive elements
for the two RIS, where RISs 1 and 2 consist of N; and N, elements respectively, with
Ny + Ny = N.

We can define the channel between the BS—RIS 1, the channel between RIS
1—user, the channel between RIS 2—user, the channel between RIS 1—RIS 2 and the
channel between the BS—RIS 2 as F € CM*N1 g ¢ CM*1 u e CM2*!, D € CM*M and
T € CM*N2 pespectively. We consider the practical scenario where the direct link between
the user and the BS is severely obstructed by obstacles (dense obstacles, e.g., walls which
generally occur in indoor scenarios). The RISs are assumed to be positioned strategically
(according to Fig. in order to channel matrix F to be purely LoS channel as well as

the channel u, besides, the channels are Rician fading and give as

[ Bp Bp K,
D= Dnio ——Drs, RIS1 RIS2 5.1
K+l NLoS + K+l LoS — (5.1)

Bt Br K
T = Tares + | 2222 o B 12 2
Kyt 1 NLos + T, 41 LS S — RIS (5.2)

Bg 5gK3
K + 1gNLos+ st 1

g = SLoSs RIS1 — User (5.3)
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where K7, Ky and K3 denotes the Rician factor. The LoS components of all links are
expressed in terms of array responses (steering vector), which are dependent on the array
geometry. Without loss of generality, in this work, we consider that the RIS 1, RIS 2, and
BS are equipped with a Uniform Planar Array (UPA), thus, the LoS component are given
respectively by

F = aM(SOb?fD, ¢b¢1OD)aN1(SOb¢IOA; be{,}fA)H BS — RIS1
8Los = aNl(gongD, T?ED) RIS1 — User
u = aNQ((IO’r’?'SD7 é\gD) RIS2 — User
Dios = an, (0,50, o500 )ag, (508, ¢,200) RIS1 — RIS2
TLos = am(@se, Gome D )an, (L™, Gpms™) BS — RIS2

where ¢ (¢) are the azimuth (elevation) angles and it can be Angle of Departure (AoD) or
Angle of Arrival (AoA), with bry, ru, rou, rire and bry denoting the BS-RIS 1, RIS 1-user,
RIS 2-user, RIS1-RIS2, and BS-RIS 2 path respectively. Since only UPA is adopted herein,

the array response of BS, RIS 1, and RIS 2 share similar expressions and can be given as

ax(p, ¢) = {ejk(sp’(b)Trl, - ,ejk(*”"ﬁ)TrX}T : (5.4)
_ 2md |sin(gp)cos(¢)
k(p, ) = Y [ sin (o) ] ; (5.5)

o [mod(z’— 1, X)
S LE=1)/X)

where X € {M, Ny, N2}, d denotes the element spacing (which is assumed to be uniform

], i=1,....X (5.6)

along the UPA i.e., the vertical and horizontal distance between elements are equal) and
A denotes the wavelength. The superimposed channel combining the two single-reflection

links and the double-reflection link can be given as follows’|

h = /BpBcF®1g+ 1/ SrfuTPru+ 1/ BrOp fuF P DPou, (5.7)

single-reflection single-reflection double-reflection

where 0, = [¢% /% ... ,6j95LVH]T, denote the reflection coefficients of RIS p, and ®, =
diag(0,,) the phase-shift matrix of RIS p, where p € {1, Z}H We assume the quasi-static
flat-fading channel model for all the channels, which remain approximately constant within
each channel coherence interval. During the download data transmission, the received

signal at the user can be given as follows

y=+/pw'hz + z, (5.8)

It is noteworthy that although there is one more double-reflection link between BS—RIS 2—RIS
1—user, it is neglected in this paper due to high path-loss degradation.

Herein we consider the reflection amplitudes of all surfaces as one, that is, |ej95| =1V p,n in order to
evaluate the maximum performance of the system.
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where p is the downlink transmit power allocated to the user; w € CM*!

is the precoding
vector; x is the transmitted information symbol with E[|z|?] = 1 and z is the additive
white Gaussian noise with zero mean and variance o2, z ~ CN(0,0?). The SNR, which is

defined as the ratio between the signal power and the noise power, can be computed as:

:L|WHh|2
|27 [1wl[*

(5.9)

where we normalize the precoding power by W Hence, the achievable rate can be given
by

P ‘WHhP) . (5.10)

R:log2<1—|—

212 [Iwl?

5.4 Instantaneous CSl-based Optimization

In this section, we formulate an optimization problem in order to maximize the
rate by optimizing the active beamforming at BS and both passive beamforming at the
RISs by considering the perfect CSI known at the BS. Accordingly, the problem can be

formulated as

p |w'h[?
log, [1+ 5.11
ik, °g2< IR i (&-11)
st. || =1,  V¥n=1,...,N,,  pe{l,2}, (5.11a)

where p represents the first and second RIS.
This problem has been tackled by [Zheng, You e Zhang 2021] and through the AO

technique, an improved near-optimal solution has been proposed. The solution proposed
in [Zheng, You e Zhang 2021] optimizes all variables separately; thus, in the following, we

give the solution of each variable in closed form.

5.4.1 Optimizing phase-shift matrix of RIS 1 with fixed precoding matrix and
fixed phase-shift matrix of RIS 2

The optimal passive beamforming at RIS 1 when w and ®, are fixed can be
computed as [Zheng, You e Zhang 2021} Eq. 21]

0} = ¢ (A QrwIT Rz (5.12)

Y

with Q = Fdiag(g) + ¥, e/ u;Fdiag(Dy).
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5.4.2 Optimizing phase-shift matrix of RIS 2 with fixed precoding matrix and
fixed phase-shift matrix of RIS 1

The optimal passive beamforming at RIS 2 when w and ®; are fixed can be
computed as [Zheng, You e Zhang 2021, Eq. 20]

0y = ¢/ (WAt T D) (5.13)

)

with A = Tdiag(u) + F®,Ddiag(g).

5.4.3 Optimizing precoding matrix and fixed phase shift matrix of RIS 1 and
phase shift matrix of RIS 2

The optimal active beamforming at BS when ®; and ®, are fixed is the MR
precoding, which maximizes the SNR given as [Zheng, You e Zhang 2021] Eq. 23]

. h  F®D&u+Fd g+ Tdu
wh = - . (5.14)
]| ~ [[F®,D®u + Fd g + Tdul|

5.5 Statistical CSl-based Optimization

In this section, we proposed to maximize the ER which can reduce the overhead
caused by the channel estimation. So, since in the previous section, we showed that
MR is the optimal precoding, by plugging in , one can compute the ergodic
achievable downlink rate by applying the Jensen’s inequality

_ (a) p
R=E [logQ (1 + ||2hHh>] < log, (1 +5E [hHhD : (5.15)

where (a) utilizes Jensen’s inequality based on the fact that the function f(z) = log,(1+x)

is concave with respect to x.

Theorem 1. The ergodic capacity can be upper bounded by
R < log, <1 + 2 [y + AHAD , (5.16)
o

with

NlﬁgBF NSt By n N1 N2 Spp Bu (5.17)
Katl Ko+l K+ 1

WK .
\/WFQ DLOS‘I)QU + \/WTLOS¢2 \/ﬁgTF¢lgLoS 5. 18)
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Proof. To derive an expression in closed-form to R, we should firstly compute E [hH h}, to

this end we written h as follows

| Br B BrBg K3
h — F@ O 0
1( K3_|_1gNLS+ K3+1gLS

u uK
( bf TNros + bf 2TLOS) Pou

Ky +1 Ky +1
X2
Br D Pu Br b fuK1
Fo Duio T " Dyes | Pou,
1(\/; NLoS T Ki+1 LoS 2u
X3

ﬁLoS ~ CN(071N1)7 1 S n S N2 (519)
ﬁLoS ~ CN(()?IM)a 1 S n S N2 (520)
ENLoSs ™~ CN(07 IN1)7 (521)

then, once the linear transformation for a standard Gaussian random vector is still a Gaus-

sian random vector [Muirhead e J 2009], by leveraging of [Muirhead e J 2009, Theorem
1.2.6] we obtain

BrBe K3 BrBg H
~C F® g5, FF 5.22
X1 N( Kyt 1 lgLSK3+1 (5.22)
BBk Nofr By
~C Tros®Pou, ————1 5.23
Xo N( Ky 11 Lles 2UK2+1M (5.23)
BFﬁDﬁuKl NQﬁFﬁDﬁu H
~C —————F® Dy sPou, ———— —FF" |,
= N( K +1 o resTt e T
(5.24)
thus, by applying [Muirhead e J 2009, Theorem 1.2.14], we obtain the following
h~CN (A,Y), (5.25)

where A and X are respectively given by

BrBg K3 B Buks Br o Pull
A= |03 pg o Tpos® PEPDPu i by D) o ®ou, (5.2
Kyt 1 18Los + Ky 11 Llos ou + K11 1Dros®au, (5.26)

FFY 4 NoBrPu N25F5D5uFFH

= — I 2
K;+ 1 Ko+ 1 M7 K +1 ’ (5.27)
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where, each element of h has variance of T = [X] = Difbefy | Naprby 4 NiNafefobu

mym ~ K3+1 Ko+1 Ki+1
Therefore, the product h’h has a complex non-central Wishart distribution with M
ATA

degrees of freedom, covariance T and non-centrality parameter o represented by
[Muirhead e J 2009 Definition 10.3.1]

AHA) | (5.28)

hh ~ M. YT, ——
W( ) ) T

Hence, we have the expectation of a non-central Wishart can be given in closed-form
expression by [Siriteanu et al. 2012 Eq. (7)],[Siriteanu et al. 2014, Eq. (45)]

E[h'h] = MY + A"A. (5.29)

This completes the proof. ]
We should notice that in this case by formulating the optimization problem intending

to maximize the ergodic rate, just the passive beamforming at the RISs is considered since

the active beamforming at BS has been considered in order to compute the ergodic rate,

hence the optimization problem now is formulated as

H
max log, (14 p MY+ A"A]) (5.30)
st |e% =1, Yn=1,...,N,, pe{l,2}
(5.30a)

5.5.1 Optimizing phase-shift matrix of RIS 1 with fixed phase-shift matrix of
RIS 2

The derivative of R with respect to the angles of RIS 1 can be given as

_ P
oRO) _ g (2C7 108 (531)
90, 1n2<1+”2(M'r+Hb+cel|\2>>’
g
. Bufr K> BrBe K3 . Br B Buky
thb =/ ——Tr,sP dC= Fiosd o ————Q, wh
wi Kot 1 Los®ou an K11 Losdiag(gros) + K41 Q, where

the matrix Q = Fysdiag (DposP2au)
Proof. Notice that (5.16)) can be written as

R < log, (1 + L [MY + (b + O (b + cel)]) , (5.32)
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by taking the first order derivative of (5.32)) with respect to 8; we obtain

. p 9(b+Co)"(b+Ch)
OR(0,) _ o2 00,
001 2 (1+ &4 [MY + (b+COy)"(b+CO,)])

(5.33)

by utilizing [Petersen, Pedersen et al. 2008, Eq. (84)], the numerator of ([5.33) can be
evaluated as follows

d(b+CO,) (b + CH,)
00,

=2C" (b +CH,), (5.34)

thus the proof is completed. |

5.5.2  Optimizing phase-shift matrix of RIS 2 with fixed phase-shift matrix of
RIS 1

The derivative of R with respect to the phase-shift of RIS 2 can be given as

_ p
00> 19 (1 + L + ||a+B02H2)>
g

, (5.35)

where a and B are given by

BePrKs BrBuks . BrPp fuk .
Fd,gr.s, B= Tro ———F®,D,
K, 41 18108 K, r1 sdiag(u) + K r1 1D 10sdiag(u)
(

5.36)

Proof. Notice that (5.16)) can be written as
- p
R < log, (1 + L [MY + (a+ BO:)" (a+ BOQ)D , (5.37)

by taking the first order derivative of (5.37) with respect to 85 we obtain

3 ﬁa(a—f—BOg)H(a—f—BOg)
OR(0-) _ o2 00,
00> n2(1+ & [MY + (a+ B6,)"(a+ B6,)])

(5.38)

by utilizing [Petersen, Pedersen et al. 2008, Eq. (84)], the numerator of ([5.38) can be
evaluated as follows

8(a -+ BOQ)H(B_ -+ Bag)
00,

= 2B (a + BO,), (5.39)

thus the proof is completed. |
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Algorithm 1 Complete Solution for Optimization of ®; and ®,
Initialize ®, = diag(0,) and ®, = diag(6;) with random feasible values; f™ = Fi) =
£ = 0; e =103
repeat
Step 1: 81 optimization with fized 0
repeat

S = R(6",62) in Eq (5.10);
0"V — exp (jé arg, max R (‘95”) + ’/%0611)));

F = R, 6,) in Eq (5.10));

n=n+1;
until " — [V <e
Step 2: 05 optimization with fixed 04
repeat

£ = R(6,,605") in Eq (5.16);

0+ = exp (jé arg, max R (egn) + V%));
£ = R(6:,65"Y) in Eq (510);

n=n+1;
until | f{" — 5"V < e

until |F1 — F2| S €
Outputs: ®"™ and &Y.

5.6 Simulation Results

In this section, we aim to investigate the performance of the single-user double-RIS-
aided mMIMO system. The single antenna user is positioned in a (60; 0; 0) m, while the
RIS 1 and RIS 2 are located at (10; 20; 30) and (50; 5; 30) respectively the BS is located
at (0; 0; 20). All presented results have been averaged over 1000 realizations. Table

summarizes the adopted values for the main simulation parameters.

Table 2 — Adopted Simulation Parameters.

Parameter Value

Double-RIS-Aided Massive MIMO System
Tx. to Noise power ratio £ € {0; 80} [dB]
Number of antennas at BS M =64
Number of reflecting meta-surfaces N = 50; N = Ny = N/2
Path-loss models BF = fu=Pp = diz

ﬂT = Bg = d:a%

Rician coefficient Ki =15 Ky =K3=17.5
Monte-Carlo Simulation T = 1000 realizations

Fig. depicts the Capacity of a single-user system when the communication
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is assisted by two RIS. Here, we apply two optimization techniques aforementioned,
instantaneous CSI optimization and statistical CSI optimization. We firstly should notice
that the performance of the single RIS system is outperformed by the double-RIS system,
mainly when the ®; and ®, are optimized in the instantaneous/statistical CSI mode.
Furthermore, we can see that in mean, the statistical CSI can be very tight when compared
with the instantaneous CSI, indicating the promising potential of this proposed optimization
technique, since the optimization of ®; and ®, are not necessary to be realized in each

time coherence.

25 T T T T T T T
Instantaneous CSI
—-©-—Statistical CSI —
20 | Single RIS @, optimized
E @, and @, optimized
D
@ 15
2, @, optimized
>
=
O - 4
S 10
&
O Random phases
5 -
Oc 1 1

0O 10 20 30 40 50 60 70 80
plo® [dB]

Figure 16 — The instantaneous CSI wvs. the statistical CSI-based rate for four different
cases: a) random phase-shift matrices; b) only ®; optimization; ¢) only ®,
optimization and d) ®; and ®, optimization.

5.7 Future Directions

In the following, we intend further to explore the investigated scenario. Starting by
changing the Rician factors (K3, K3, and K3) we will investigate to understand which link
can better contribute to the system when it is with the strongest LoS. Furthermore, the
RISs’ positions also should be investigated, where we will seek to understand how they
can impact the performance of the system. Besides, we will explore the number of users in
the cell aiming to comprehensively study a more realistic scenario, where a new technique
of precoding should be explored since initially, we consider the MR precoding which is

optimal in the single-user scenario but in the multi-user scenario can not operate with
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desirable performance. In addition, the MR precoding at BS necessarily needs the CSI

knowledge to be computed.
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6 Conclusions

6.1 General Conclusions

In this Master’s Dissertation, we study the physical characteristics, deployment,
and operational principle of a new promising and potentially enabling technology called
Intelligent Reconfigurable Surfaces. The findings of this study are presented by means
of three scientific publications, each addressing different aspects and scenarios to provide
comprehensive insights into the benefits and limitations of RIS-aided communication. The
first scenario/work focuses on enhancing cooperative communication between two users
by deploying RIS. We examine how RIS implementation can improve the performance
and efficiency of such cooperative systems. In the following, in the second work, we study
the EE problem for RIS-based systems, where an alternative strategy is utilized to deal
with the difficulties imposed by the RIS. Furthermore, in the last work, we investigate the
impact of deploying two RIS on system performance. We analyze the benefits and trade-offs
associated with utilizing multiple RIS in different scenarios. Through these investigations,
we aim to contribute to the understanding and advancement of RIS technology, paving
the way for its practical implementation and deployment in various B5G communication

scenarios. The main conclusions of these three works are:

o The RIS holds great potential in delivering substantial performance gains for com-
munication systems. When properly deployed, it can effectively reduce power
consumption at the BS, leading to enhanced energy efficiency. Moreover, it enables
higher data rates for users located at the cell edge, and consequently better system
fairness. The RIS also plays a significant role in enhancing the reliability of user

information.

o The RIS also exhibits remarkable versatility as it can be interestingly integrated with
other key technologies such as massive MIMO, NOMA, and others. This integration
boosts the achievable capacity of communication systems, with an additional cost

associated with its deployment and configuration.

» To achieve promising gains, the RIS is highly dependent on phase-shift configuration,
which in turn is highly dependent on accurate channel estimation. However, obtaining
accurate channel estimation procedures can be challenging in practice, particularly
due to the large number of RIS elements. This introduces a significant overhead in
the channel estimation process, which can pose difficulties, especially in scenarios

with short channel coherence times.
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6.2 Specific Chapter Conclusions

Here, we delve deeper into the key findings and specific conclusions of each research
work conducted as part of this Master’s Dissertation. These findings shed light on the
important insights gained in each specific RIS-aided application scenario, providing valuable

contributions to this research field.

6.2.1 Chapter [2] Conclusions

In the work discussed in Chapter 2] and shown in Appendix [A] we analyze the
RIS-aided cooperative FD-SWIPT-NOMA system. The conclusions and main findings are

outlined below.

1. For low-middle values of power, the harvested power can be precisely approximated as
a Gamma random variable through the moment matching technique. This statement
allows us to derive analytical OP/ER expressions that are simple yet accurate for a

wide range of values of several parameters of the system.

2. We show that the RIS can effectively improve the throughput of the poor channel
condition device when the good channel condition device cooperates. The number
of elements of RIS has a primordial impact on this configuration once the RIS
potentialities the good channel condition device to harvest power, providing better

conditions for the poor channel condition device.

3. We show that the number of elements of RIS does not impact the maximum data
rate that the poor channel condition device can achieve, however, it can be achieved

with lower power when the number of elements increases.

4. We show how it is vital to mitigate the residual self-interference value, in order
to not harm the good channel condition device user performance. Furthermore,
we show if the residual interference value is very high, it can influence the poor
channel condition device performance, since the cooperative link can be useless in

this situation.

5. The numerical/analytical results demonstrate that although the RIS can not mitigate
the residual self-interference, it can potentialize the edge-cell performance till when

both users are physically distant.

6.2.2 Chapter [3] Conclusions

In the work discussed in Chapter [3] available in Appendix [B] we investigate the
performance of EE in the RIS-aided mMIMO scenarios. The main conclusions and findings

can be summarized as follows
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o The statistical CSI optimization can lead to a very promising performance gain with

lower complexity when compared with the instantaneous CSI optimization.

o The RIS has proven to be very promising as it can significantly improve the user’s

conditions even with the statistical CSI optimization, leading to higher EE.

o The proposed algorithm can provide higher EE when all optimization variables are
optimized, since for this scenario the algorithm can manage efficiently the resources,

providing lower power consumption, and few active antennas at BS.

o Our approach incurs a performance loss of &~ 5.3%, compared to the instantaneous
CSI-based optimization method. Besides, our proposed algorithm can achieve better

EE gains with lower complexity than the Gradient Ascent method.

6.2.3 Chapter [4] Conclusions

In the work discussed in Chapter [4] and reproduced in Appendix [C| we investigate
the performance of a double-RIS setup. The main conclusions and findings can be

summarized as follows

1. We show that the cascaded channel between the conventional and STAR RIS can
be represented by a Gamma random variable by utilizing the moment matching

technique.

2. We show that the double-RIS setup can outperform the single RIS setup achieving
higher rates, mainly when the double-reflection BR-RIS-RIS-Users link has bet-
ter conditions than the single-reflection link between the BS-RIS-Users. Besides,
when the conventional RIS has a random phase-shift set, the double-RIS still can
outperform the single-RIS setup.

3. We show how the placement of the RISs in the performance of the system is important.

Furthermore, the size of each RIS has a fundamental impact on the system.

6.2.4 Chapter [5] Conclusions

In the work discussed in Chapter [, we investigate the performance of a double-RIS

setup with mMIMO. The partial conclusions can be listed as follows

1. The double-RIS system with mMIMO seems to be promising. Since channel es-
timation is a latent problem, the statistical CSI optimization should be better

investigated.

2. The proposed algorithm for a single-user scenario presented promising results and

should be extended for the most robust scenarios.
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6.3 Future Research Directions

Here, the author emphasizes certain avenues for future research associated with
this Master’s Dissertation, that will be explored and further investigated in forthcoming

studies:

o Channel Estimation Overhead: Although RIS can bring interesting potentials,
in practice, the channel estimation overhead can be a crucial limiter. Since that
RIS is, in general, composed of a huge number of passive/active elements, accurate
channel estimation can be hard to obtain. Furthermore, the majority of works in
the literature, consider perfect CSI estimation. Therefore the combination of these
factors highlights the necessity of proposing new ways to configure and better deal

with RIS-aided communication systems.

o Self-Sustainable RIS: The current deployment of RIS relies on an external power
source, which is crucial for its operation. However, in order to achieve sustainable
systems, self-sustainable RIS emerges as an up-and-coming solution. The concept
of self-sustainable RIS is closely linked to Wireless Power Transfer (WPT), which
has gained significant attention for its ability to extend the battery life of energy-
constrained devices through electromagnetic waves. The fundamental idea behind
self-sustainable RIS is to utilize the RIS not only in reflection mode but also in

absorption mode, enabling it to harvest energy and sustain itself.

« Near Field Communications: Since millimeter waves (mmWave) technology is
a potential candidate for operating in future scenarios due to its ability to utilize
better the limited bandwidth resource, future array panels are expected to consist
of a large number of antenna/metamaterial elements, resulting in larger panels in
terms of width and length. This is an important consideration as it can significantly
alter the communication scenario, transitioning from the conventional far-field to
the near-field. In the far field, the impinging wave is assumed to be planar, while
in the near field, it is spherical in nature. For this reason, the operation of RIS in
these scenarios is crucial to be understood and new ways for RIS focusing should be

proposed.
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RIS-aided Cooperative FD-SWIPT-NOMA
Performance over Nakagami-m Channels

Wilson de Souza Junior and Taufik Abrao

Abstract—In this work, we investigate reconfigurable intelli-
gent surfaces (RIS)-assisted cooperative non-orthogonal multiple
access (C-NOMA) consisting of two paired devices. The device
with better channel conditions (D) is designated to act as a
full-duplex (FD) relay to assist the device with poor channel
conditions (D2). D does not use its battery energy to cooperate
but harvests energy using simultaneous wireless information
power transfer (SWIPT). A practical non-linear energy harvest-
ing model is considered. We assume that all devices’ links undergo
Nakagami-m channel fading. We first approximate the harvested
power as Gamma random variables via the moment matching
(MM) technique. This allows us to derive analytical Outage
Probability (OP) Ergodic Rate (ER) expressions that are simple
to compute yet accurate for a wide range of RIS passive elements
configurations, energy harvesting (EH) coefficients, and residual
self-interference (SI) levels, being extensively validated by numer-
ical simulations. The OP expressions reveal how important it is
to mitigate the SI in the FD relay mode since, for reasonable
values of residual SI coefficient, it is notable its detrimental
effect on the system performance. Also, numerical results reveal
that increasing the number of RIS elements can benefit the
cooperative system much more than the non-cooperative one.

Index Terms—RIS, NOMA, Outage Probability, Ergodic Rate,
Cooperative, SWIPT, Nakagami-m, Self-Interference, Energy
Harvest.

I. INTRODUCTION

he necessity for providing new technologies in order to
fulfill the demands of the next generations of commu-
nication systems is extremely vital since numerous highly
important services are expected to be present in the fifth-
generation (5G) communication systems and the beyond
5G (B5G) communications systems. Among them, massive
machine-type communication (mMTC) and ultra-reliable low
latency communications (URRLC) are use case scenarios
widely targeted [1]. Since wireless networks have become
denser, one of the challenges is to support heavy traffic [2].
In recent studies in the literature, it has been proven that non-
orthogonal multiple access (NOMA) can be superior to the
multiple access schemes as deployed in the past generations
of cellular networks [3], including frequency division multiple
access (FDMA), time division multiple access (TDMA), and
code division multiple access (CDMA), which possibly may
not be able to scale to meet such new use case demands.
On the other hand, NOMA can be regarded as an exciting
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candidate to overcome such challenges. The NOMA technol-
ogy, allows multiple devices to transmit in the same resource
block (RB) leading to higher spectral efficiency (SE) and
energy efficiency (EE), than the usual orthogonal multiple
access (OMA). Adopting NOMA, the successive interference
cancellation (SIC) is required to distinguish the respective
device’s signal, being essential for NOMA to work suitably
[4].

In cellular systems, the individual performance of each
device is often affected by its specific geographical position;
hence, to enhance fairness, the device with poor channel
conditions device needs to be allocated a large number of
resources, which can harm the QoS of the good channel
conditions. Nonetheless, according to the NOMA protocol, the
information of the device with poor channel conditions is pre-
viously known by the device with good channel conditions [5].
Therefore, leveraging this fact, the deployment of cooperative
communication with the device with good channel conditions
acting as a relay can be a potential solution for avoiding
this fairness issue. Such a scenario is highly significant
since it characterizes device-to-device (D2D) communication,
which is an important technology for the next generations
of communication systems [6], [7]. Specifically, cooperative
communications can be performed under two distinct modes,
named half-duplex (HD) and full-duplex (FD). The HD mode
is known for sub-dividing the transmission time block, on
which can degrade the SE, in the meanwhile the FD mode can
be performed simultaneously at the cost of self-interference
(SD) aggregation. The authors in [8], [9] concluded that by
employing the device with good channel conditions as a relay,
the cooperative NOMA system can enhance significantly the
system performance of the system, in addition, [10]-[12]
also show that the outage performance of cooperative NOMA
can outperform the non-cooperative NOMA counterpart, even
with imperfect channel state information (CSI) knowledge and
imperfect SIC.

Although attractive performance gains could be achieved
with cooperative communications, the deployment of such
technology can be detrimental to the battery lifetime of the
device that acts can a relay since inevitably it drains its
battery energy. To overcome this issue, simultaneous wireless
information and power transfer (SWIPT) is a promising
and sustainable technology. Moreover, the SWIPT technique
allows the user-relay to harvest energy from the ambient radio-
frequency (RF) sources and reuse it to cooperate with the
device with poor channel conditions. Precisely, SWIPT also
can be implemented in two ways through its protocols, named,
power-splitting (PS) and time-switching (TS) [13]. The PS-
SWIPT protocol splits the received signal power into two parts,



the first one is dedicated for information decoding (ID), and
the second one is for energy harvesting (EH) purposes. On
the other hand, the TS-SWIPT protocol necessarily splits the
time slot to perform the ID and EH processes separately. [14]-
[17] investigate the system performance of the SWIPT-assisted
C-NOMA system over FD/HD mode, carrying out extensive
analyses on the OP/ER. Moreover, [18] proposes an alternative
optimization-based algorithm to jointly optimize the power
allocation, power splitting, receiver filter and transmit beam-
forming in a SWIPT-assisted C-NOMA system.

Recently, reflecting intelligent surface (RIS) has attracted
remarkable research attention due to its capability of changing
and customizing the wireless propagation environment sup-
porting high throughput, and being useful in indoor/outdoor
scenarios where dense obstacles arise. The RIS is composed
of scattering elements, i.e., artificial meta-material structures
composed of adaptive composite material layers, which can
reflect incident electromagnetic waves. Moreover, the RIS
elements can be configured in order to increase the reflected
signal level in a specific direction for a priority device. The
RIS is calling attention mainly due to its features: the capacity
to be sustainable, low-power consumption, enhancing com-
munications metrics, facility of implementation/ installation,
compatibility, and low cost. In [19], a two-device RIS-assisted
non-C-NOMA system has been analyzed and the authors
concluded that RIS-aided communication can substantially
improve the system OP. In [20], the authors show that the
RIS-aided system can outperform the relay-aided system.
Furthermore, the performance of the RIS-aided non-C-NOMA
system has been analyzed in [21] from the perspective of
imperfect SIC effects, where the authors have shown the
potential of RIS to counter this limitation. On the other hand,
in [22], the authors assess the impact of RIS phase shift
design on the OP, ER, and bit error rate (BER) through two
phase-shift configurations: random phase, and coherent phase-
shifting under Nakagami-m fading. Recently, [23] provided
valuable analytical results on the OP for downlink RIS-assisted
backscatter communications with NOMA. In [24], the RIS-
NOMA system OP under hardware impairments has been
analyzed analytically: an accurate closed-form for the OP was
developed. Very recently, the end-to-end channel statistics for
both weakest and strongest devices in a non-cooperative RIS-
aided NOMA system under Nakagami-m was derived in [25].
In [26], a RIS-aided cooperative NOMA scheme was analyzed
from the perspective of power consumption, has been shown
that the RIS can potentially reduce the consumption of the
transmitted power.

A. Motivation and Contributions

To further improve the throughput, reliability, and fairness
of mobile devices, the integration of different technologies
such as NOMA and the cooperative system with SWIPT and
RIS is very promising; furthermore, there are few works in the
literature dealing with RIS-aided C-NOMA-SWIPT systems
[27]-[29]. A hybrid TS and PS EH relaying scheme for RIS-
NOMA system with transmit antenna selection is proposed
in [27], while in [29] the authors seek to minimize the

transmit power at both the BS and at the user-cooperating
relay. Differently, in [28], the authors proposed an algorithm
to jointly optimize the beamforming and the power splitting
coefficient. However, to the best of our knowledge, so far,
no studies have provided a solid investigation on the OP/ER
performance of RIS-aided C-NOMA-SWIPT communications
assuming a non-linear energy harvesting model operating
under generalized Nakagami-m fading channels.

Motivated by improving the fairness between the devices,
extending the battery lifetime of the user-relay, and providing
better reliability and throughput to the devices, in this work
we aim to investigate the potential benefits of combining RIS,
NOMA, and cooperative communications with SWIPT and
non-linear EH circuit for energy harvesting. Herein, in order to
suitably unveil the system OP and ER performance, we focus
on a two-device scenario with perfect SIC and perfect CSI
at the BS. In light of the above motivations and challenges,
the main contributions of this work are fourfold and can be
summarized as follows:

o We analyze a cooperative RIS-aided NOMA system sce-
nario under Nakagami-m fading channels to capture the
characteristics of both non-line-of-sight (NLoS) and line-
of-sight (LoS) propagation, combined with the SWIPT
technique adopting a non-linear energy harvesting model,
where the device D1 cooperates with the device Do with-
out harming itself in terms of battery lifetime. Besides, we
investigate the use of RIS, aiming to identify its benefits
and drawbacks operating under the considered scenario.

e« We derive novel general expressions for the analyzed
system’s OP and a tight upper bound for ER. Since such
expression is parameterized w.r.t. the system and channel
parameters, the effect of each parameter can be effectively
scanned as a function of the number of RIS elements.

« The methodology is deployed to assess the RIS-aided C-
FD-SWIPT-NOMA performance analytically; hence, we
characterize the impact of system parameters, such as
residual self-interference, number of reflective elements,
maximum harvested power, and energy harvest coefficient
on the performance of the communication system.

o Comprehensive numerical results simulations for the OP,
ER, and device rate corroborating the effectiveness and
accuracy of the proposed analytical performance expres-
sions, as well as the provided insights of the studied
cooperative system.

Notation: T'(-) is the Gamma function; «(-,-) is the lower
incomplete Gamma function; I'(-,-) is the upper incomplete
Gamma function; X ~ CN (1, 0?) denotes a random variable
X following a Complex Normal distribution with mean p and
variance 02; X ~ Gamma(k,) denotes a random variable
following a Gamma distribution with shape parameter k£ and
scale parameter 6; X ~ Exponential(\) denotes a random
variable following a Exponential distribution with rate param-
eter \; X ~ Rayleigh(o) denotes a random variable following
a Rayleigh distribution with scale parameter o; the magnitude
of a complex number z is expressed by |z|; arg(-) denotes the
argument of a complex number; diag(-) denotes the diagonal
operator; vectors and matrices are represented by bold-face



letters; F'x denotes the cumulative density function (CDF) of
X; fx denotes the probability density function (PDF); and
Pr(-) expresses probability.

II. SYSTEM MODEL

Let us consider a RIS-aided C-FD-SWIPT-NOMA downlink
where a source (S) equipped with a single antenna, serves
simultaneously two devices. Let us denote the device with
good channel conditions as D;, while Dy is the device
with poor channel conditions as represented in Fig. 1. The
transmission process is assisted by an /N-elements RIS.

N elements RIS [
Con}ri;le_r _____________ oooo i | visp
- nooo

ooad ice 1

)
[/
Source Ly

Obstacle

Fig. 1. Downlink RIS-aided C-FD-SWIPT-NOMA system model, consisting
of a source (S) and two paired devices, D1 and Ds3. To improve the
performance of D2, the device D; acts as a full-duplex relay under the self-
interference (SI) effect.

The system model depicted in Figure 1 assumes that the
direct link between the source and the devices is fully blocked
or obstructed. This system model is specifically designed for
application scenarios related to IoT systems, taking into con-
sideration environments such as offices and residences where
D2D communication can be advantageous. Additionally, the
proposed setup has significant potential for applications in
industries, enabling communication and automation between
industrial robots.

To ensure improved QoS to the system, D; can act as a
cooperative relay using the decode-and-forward (DF) proto-
col [30], [31]. In order to achieve ultra-low latency in the
cooperative framework, a crucial requirement in the 5G and
B5G communication systems, we assume that the cooperative
device (D;) is equipped with two antennas. The first antenna is
responsible for receiving the signal while the second antenna
is used for relaying [32]. This enables the cooperative process
to occur in FD mode [5], [16], [18], [33], [34], allowing
simultaneous transmission and reception. However, this FD
mode operation is subject to the self-interference (SI) or loop-
interference (LI), which refers to the signal that is transmitted
by the transmitter antenna and looped back to the receiver
antenna at the same node [12].

To ensure the battery lifetime of D; is not compromised,
D, can leverage the SWIPT technique by adopting the PS
architecture [17], [35]. This architecture allows D; to divide
the received power into two fractions, where a fraction p of
the received power is allocated for energy harvesting and the
remaining fraction (1 — p) is used for information decoding.
By utilizing the harvested energy, D; can effectively relay the

reconstructed message of Ds, thus enabling efficient utilization
of available energy resources.

The operation of the RIS is encapsulated by its phase
shift matrix, which represents the phase shifts applied to the
incoming signals. The RIS is assumed to be an ideal passive
and lossless surface. The phase shift matrix is given as

® = diag([1e’” 1067, .. 1, eI V]T) Q)

where ¢, € (0,27] is the phase shift applied to the n-th
element of the RIS and v, is the amplitude coefficient of the
n-th element which is assumed to be one for all elements,
ie., v, = 1, n = 1,...,N. We consider that the RIS is
programmed by a dedicated controller connected to the S via
a high-speed backhaul [36], whose main aim is to update
systematically the RIS phases shift at each coherence-time
since the phase-shift variables are directly related to the CSI,
which is assumed to be perfectly known at the S.

We assume that all link channels experience quasi-static
flat fading over a coherence time and vary independently
from one coherence time to another. The small-scale fading
channel from S to the RIS is denoted by h,, € CV, while
the small-scale fading channel between the RIS and the ¢-th
device is denoted by hy, € CVN V¢ € {1,2}. It is assumed

that [[hy]n| = |hssn| and |[hy]n| = |hse,n| are independent
random variables following Nakagami-m fading,
|hssn| ~ Nakagami(mss, 1), Vn € {l,...,N}
|hs€,n| ~ Nakagami("”s& 1), vl e {17 2}7 2)

Accordingly, the cascaded channel between the S, RIS and
Dy can be written as

he = \/BssBsthL®hyy, VL€ {1,2} A3)

where (.5 and [, are the path-loss of S — RIS and RIS
— Dy links, respectively. In this study, our main objective is
to improve the communication conditions for D2. However,
we configure the RIS to maximize the received power at the
DI. This enables D1 to benefit from better channel conditions,
making it the strong device in the NOMA protocol, while D2
represents the weak device with poorer channel conditions.
The phase shift matrix of the RIS for this particular configu-
ration is given as follows

On = —Lhgsn — Lhsin, VYn={1,...,N}, @

Here, with the phase-shift matrix defined as (4), the cas-
caded channel for D;, h,;®@h, = Zivzl |Pss nllhsinls is
a real-number’ and h,;®h,, = EnN:1 eI by nhson, @
complex number since the phases of RIS appear random for
Ds.

Besides, for the Dy — Dy communication link (D2D),
the hio follows a complex Gaussian distribution, i.e., hiy ~
CN(0,B12) Vn € {1,..., N}, where 312 is the path loss of
D2D communication.

'Sum of product between two Nakagami-mn random variables, since the
RIS is programmed to cancel the phase of hss,n and hs1,n



A. Signal Model

In NOMA, S transmits a superimposed signal x(¢) which
propagates in direction to the devices through the RIS, with
x = \Jarxy + \/azx2, where oy € (0,1) denotes the power
allocation coefficients, with a1 + as = 1, s > a1 and zy,
with E[|z¢|?] = 1, is the message of (-th device, £ € {1,2}.

1) Device 1: The observation at the D; which will be
designated for ID can be written as follows

Y2 (t) = hi/Pe(1 — p)a(t) + hsi\/Praza(t — 7) +w,(5)

Residual Self-interference

Superimposed Noise

information

where 0 < p < 1 represents the fraction of received power
utilized for energy harvesting (EH factor), P, denotes the
transmit power, and the SI term arises from the adoption
of FD mode at the user-relay. In this work, we assume that
the channel coefficient associated with the SI is not affected
by fading due to the short distance. In addition, we consider
imperfect self-interference cancellation, where hg; denotes the
residual self-interference and is modeled as CN'(0,w) [14],
[15], [37], [38]. Besides, Za(t — 7) is the rebuilt message of
D, retransmitted by D;, 7 denotes the processing delay at
the user-relay caused by FD mode, which is assumed lower
than the coherence time. The additive white Gaussian noise
(AWGN) at the D; is modeled as ny ~ CN(0,0%).

2) Device 2: The observation at the Dy can be written as
follows

yg(t) = ho Ptl‘(t) + hi2v/ PHfjg(t — T) —|—n2(t), (6)
——

noise

Superimposed
information

Cooperative
transmission

where ny ~ CN(0,03). is the AWGN at the Ds.

Non-Linear EH Model. For the EH process, we employ a
practical non-linear model [39]; thus, the power utilized in the
relaying step at D; (Pg) can be mathematically expressed as:

Py, (1+efa(:£)Pin—b) - 1+1eab)
PH(ﬂy Pzn) = 1 3 (7)

1- 1+4eab

where Py, is the threshold harvested power in saturation and
a and b are constants related to the EH circuits as capacitance,
resistance, and diode turn-on voltage. The adopted non-linear
EH model from [39] closely matches experimental/practical
EH circuit results for both the low (nW) and high (mW)
wireless power harvested regime. The RF input power in the
EH circuit at D is defined as:

Py, = Py|h* )

B. Signal-Interference-to-Noise-Ratio

D receives a superimposed message y; from the S — RIS
— Dy, so, according to NOMA the message of D5 is detected
firstly, and the corresponding signal-to-interference-plus-noise
(SINR) is given by

SINR}; = P = p)Pias

— , 9
|h1]2(1 — p)Pray + |hsr|?> P + o2 ©)

where we consider 07 = 03 = o2 After message o

is detected, it is eliminated from the received signal (5)
by performing the SIC process?, thus, the SINR in D; for
detecting x; is given by

h1‘2(1 — p)PtOél
SINRT = —‘ .
D1 |h51|2PH+02

At D, the received SINR to detect x5 from S — RIS —
D5 link, and the received SNR to detect x5 from D; — Do
link are respectively expressed as

|ha|? Prao

(10)

SINRT;, ¢ = TP Por 1 0% (11)
and
. Py |hya|?
SNRG, p, = ——% (12)
’ g

By adopting the maximum ratio combining (MRC) rule, the
overall SINR in D is equivalent to the sum of SINR from S
— RIS — D link and SNR from D; — D5 link, which can
be expressed as [18], [38], [40]

SINR;, = SINR};, 5+ SNREZ, 1,

_ |hePPas Pr|hya)?

= 13
|ha|?2 Py + 02 o2 (3)

III. STATISTICS OF THE CHANNEL AND HARVESTED
POWER

Our objective is to derive new expressions that characterize
the OP and ER for both devices in the RIS-aided C-FD-
SWIPT-NOMA. To achieve this, we statistically analyze the
cascaded channel for both devices and the harvested power at
D in the two subsequent subsections.

A. Statistical Channel Characterization

Before proceeding to the OP and ER derivations, it is of
paramount importance to characterize the channel statistically.
For that reason, let us define the following variables to

facilitate our analysis X; = \/% = 22[21 |Pssn|Pstnls
and X, 2 [z

m = ‘Z::[:l ej(lsnhss,nhszn . ACCOrding to
Lemma 2 of [41], the distribution of X; and X5, can be

approximated as

2,2
X, PP Gamma (Nl p’ss/;le 7
— HssHs1

a Trox N
X, PR Rayleigh <1/2>,

where pss and pg are the mean of a Nakagami-m random
variable given as [42, Table 5.2]

1— 2 ,,2
/U’ssﬂsl> , (14)
Hssfsi

(15)

D(mss +1/2)
L(mgs)y/Mss

I'(mgs +1/2)

LA —— 16
TN el

Hss = sl —

2Here we consider that the SIC process is performed perfectly, i.e., we do
not take into account an eventual residual error from this process.



Proceeding, Lemma 1 of [41] states that the distribution of
X?% and X2, can be approximated respectively as

X2 PR Gamma (k1,6,), 17
X2 "PR” Exponential (N), (18)
where
@)? @ _ (,@)?
(+) i ()
= W7 1= @ (19)
8- ()
with ug?:) being the m-th moment of a Gamma random

variable given as
1—/L% ‘,uzl m F N /LES}LEI
ssts m
(m) _ ( Hoshs 1—p2 u3, t

F(N uisﬂil )

1—p2,u2,

Kx, = (20)

Substituting Eq. (20) in Eq. (19), we obtain the following
useful approximations

Nu2 p2 (Nﬂgsl‘gl )
k — 17“’?5“’31 17#25/‘51 + 1 ~ Nlugsl’l‘gl (21)
! 4 ( Np2,p2, ) 6 41— p2pu?)’
1—p2,u2,
1—u} u21>2<4Nu2 ) > 2 2
01_< SSsIs SsSIs +6 %4N 1711155//’15 .
Msss1 1- Mzsuzl ( 1)

(22)

The PDF and CDF of X? and X2 can be written respec-
tively as

xklﬂe%f 1 .
fXIQ(‘T) = F(k’l)@’lﬁ ’ fX%(x) = Ne N, (23)
v (k:l, Gx—l) .
FXIQ(Z‘):W’ Fyz(z)=1-e"~. (24)

B. Statistical Harvested Power Characterization

In order to understand the proposed system model, it is
crucial to examine the distribution of the harvested power in
Dy when it acts as a relay (p # 0). To shed light on this aspect,
we introduce the following lemma, which provides insights
into the distribution of harvested power at D;, crucially
impacting its role as a relay in the system.

Lemma 1. Let x £ 01apP.BssPs1, the distribution of the
harvested power by the non-linear EH model in D+, Py, given
by Eq. (7), can be approximated as a Gamma random variable,

PH apgox : 7Pthi

Tteab
are given respectively by

Gamma | kp,, 9pH>, where kp,, and 0p,,

a+of 1 )?
(I4+x)* 1 fesd  1tes®

(14+x)*1 1
2¢ab

1 2
2ab - k b - ab
1 e ((1+X) 14eab] 1+e )
T o TR
(25)

kpy

1 _ ( a+0* 1 )2
2cab c2ab 1 k1 ab 1+e“’b
Op, = M aoR TR (1) e
P 0™ 1
(14x)*1 +eab1 14-eab
(26)
Proof. The proof is available in Appendix A. ]

Theorem 1. Using Lemma 1, we can directly compute the
average harvested power in closed form for the non-linear
EH model as follows

(1+x)"™ 1

Pin _
L= e \(L+x)" 4ot The®
@7)

Py = kp, 0p, =

Proof. The proof is straightforward, as it follows directly
from the properties of the Gamma distribution. The mean
of the Gamma distribution is given by the product of its
shape parameter (kp, ) and scale parameter (6p, ) [42, Table
5.2]. ]

Corollary 1. The total number of reflective elements required
on the RIS to attain the threshold power P, with an accuracy
factor € can be determined as follows

ab—1Ine

Nsat ~ .
athBssﬂslM?gs:u%l

Proof. Accor%ing to Eq. (27), the saturation ﬁH = P, occurs
(I+x)"t
(1+x)*1+eat

(28)

when = 1; thus, assuming an error ¢ we have:

eab

<e
(1 + Hlapptﬂssﬁsl)kl a
ab—Ine < kyIn (1 + 601apP;BssBs1)

ab—Ine~ klelapptﬂssﬂsh

(29)

where we utilized In(1 + z) ~ =z, for low values of x.
substituting Eq. (21) and Eq. (22) in Eq. (29) this completes
the proof. |

Corollary 2. The transmit power required on the BS to attain
the threshold power Py, with an accuracy factor € can be
determined as follows

sat ab—1Ine
¢ apﬂssﬁslN2(,uss,Ufsl)2

Proof. The proof is obtained similarly to the proof of Corol-
lary 1. ]

(30)

Remark 1. We can see that both N®2' and P2' are inversely
proportional to the cascaded channel conditions of D;. More-
over, both are parameterized in an accuracy factor e, which
value will be further explored in Section V.

IV. SYSTEM PERFORMANCE ANALYSIS

In order to explore the advantages in RIS-aided C-FD-
SWIPT-NOMA scenarios, in this section new expressions
for the OP and SE of Dy and D5 in the RIS-aided C-FD-
SWIPT-NOMA system considering generalized Nakagami-m



fading channels and non-linear energy harvesting model are
presented, where we consider that target SINRs are determined
by the devices’ QoS requirements. The OP metric is crucial
for assessing the reliability of transmissions in 5G and B5G
systems, especially in the URLLC mode.

A. Device 1 Outage Probability

Particularly, the outage behavior for D; occurs: since D;
cannot detect effectively x2 and consequently its own message;
or, when xo is detected successfully but an error occurs
to decode zi; i.e., the outage occurs except for the case
that both D; and D, messages are decoded successfully.
Mathematically it can be formulated by

PPy —1 -

out

Pr(SINRE. > yup,,, SINRE, > 7u1,), (31)

where i, = 2H2 _ 1 and Yth, = 2R _ 1, with Rl and
RQ being the target rates of the Dy and D, respectively. The
following theorem provides the OP of D; for the RIS-aided
C-FD-SWIPT-NOMA system.

Theorem 2. Let £ = max (P = p)ala P p)(az amm)) f
2 < Viny OF M < wPy, Dy is in outage, POut =
othervwse the closed- -form expression for the OP of D1 under

Nakagami-m fading is given by (32) at bottom of this page
Proof. The proof is available in Appendix B. ]

B. Device 2 Outage Probability

The outage behavior for the Dy can occur in two distinct
ways: 1) D; detects effectively the Do’ message however the
sum of the SINRs after MRC in D, is lower than the SINR of
threshold or 2) D; cannot detect effectively the D’ message
and the SINR becoming of the S — RIS — Dj is lower
than the SINR threshold. Therefore, the OP of D5 can be
formulated as

P2 = Pr(SINRE, < vin,, SINR, ¢ < Yin,)

+ Pr(SINR, > v, SINRE < yi,).  (33)

Theorem 3. For the case when oa < a1Vip,, then PU2t =1,
otherwise, then the closed-form expression for the OP of Do
under Nakagami-m fading is given by Eq. (34)

Proof. Please refer to Appendix C. |

C. Device 1 Ergodic Rate

In this subsection, in order to understand better the RIS-
aided C-FD-SWIPT-NOMA system with a non-linear EH
model, we proposed an upper bound for the ER of D;.

Theorem 4. Assuming the Dy can successfully detect the
message of Do and itself message, then the upper bound
spectral efficiency for D1 under Nakagami-m fading can be
calculated as Eq. (35) at the bottom of next page

Proof. The Proof is available in Appendix D. ]

D. Device 2 Ergodic Rate

An approximation for the ER of D, is proposed in the
following theorem.

Theorem 5. Assuming the Dy decoded successfully the mes-
sage of xo from S — RIS — Dy as well as the rebuilt
message Io from the cooperative link (since Dy decoded
successfully xo in order to relay it), the upper bound for ER
of D is given as Eq. (36)

Proof. The Proof is available in Appendix E. ]

Corollary 3. When P, — oo or N — oo, the asymptotic ER
of Dy, R3° can be computed as

«
R =log, (1 + 2> +
o
—_———

Non-Cooperative
Asymptotic Rate

*(145%)
e Pinbi2

log(2) :

o? (1+ %f)
0, — /)

P2

Cooperative

Asymptotic Rate

(37
Remark 2. 1t is worth noting that the asymptotic rate of Do
in RIS-aided cooperative systems with NOMA comprises two
distinct terms: the non-cooperative asymptotic rate and the
cooperative asymptotic rate. Surprisingly, the number of RIS
elements, denoted by N, does not influence the asymptotic
rate of Dy. However, this does not imply that the RIS cannot
have an impact on cooperative systems.

V. SIMULATION RESULTS

In this section, we aim to confirm through Monte-Carlo
simulations (MCs) the accuracy of our previous mathematical
analysis and illustrate the achievable enhanced performance
of the RIS-aided C-FD-SWIPT-NOMA system. The simula-
tion results are averaged over 10° realizations. Unless stated
otherwise, the parameter values adopted in this section are
presented in Table I. In the following numerical results, the
Monte-Carlo simulations curves are labeled as “MCs”, and
the derived analytical expression-based curves are labeled as
“Analytical”. We use blue color lines to represent the D;
performance, while D5 is represented by green color lines.

2
(kl’ 91B<e5elpf)
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p=0

Dy
Pout ~ ( &o®

2 ¢o?
v kl"%ﬁssﬂslpt(l—ﬂ)) e“Pu F<k1’915 sBs1 P (1—p)

0_2
* &uﬁH)
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(k1) (Hw)
EWPH

p#0 (32)
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To gain a comprehensive understanding of the studied
system model, assess the performance of the transmission
scheme, and demonstrate the accuracy of the derived analytical
expressions and obtained insights, we adopt two distinct
scenarios: I), where D; encounters poor channel conditions
compared to the BS and RIS, with 3,, = —45 dB and
Bs1 = —65 dB, resulting in low input power and consequently
low harvested power. On the other hand, we also assessed the
opposing case, considered in scenario 1), where favorable
channel conditions for D; concerning the RIS and BS are
assumed, with 3,5 = —30 dB and 8,1 = —30 dB, leading to
high input power and consequently high harvested power.

Fig. 2 illustrates the average harvested power as a function
of the transmit power at the base station. We can firstly observe
the strong agreement between the analytical result obtained
from Eq. (27) and the MCs result. This comparison provides
convincing evidence for the accuracy of the proposed Theorem
1, validating its effectiveness across a wide range of transmit
power (F;) values and the number of reflective elements (V).
It emphasizes the significant benefits of using this lemma
in characterizing the relationship between harvested power,
transmitted power, and the number of reflective elements while
offering valuable guidance for applications in the RIS-aided
C-FD-SWIPT-NOMA system.

Additionally, Fig. 2 highlights the non-linear EH model’s
behavior, which is paramount to understanding the subsequent
analyses. In scenario I, we can see that the average harvested
power increases with P, and N, however, due to the poor
conditions of channels of D, the average harvested power

TABLE I
ADOPTED SIMULATION PARAMETERS.

Value
RIS-aided C-FD-SWIPT-NOMA system
Py = [—20,45] dBm

Parameter

Transmit power

Noise power 0?2 = —95 dBm
Power Allocation coefficients a1 =01, a2 =09
Residual self-interference w = —35 dB;

w = [~90; —35] dB (Fig. 6)
I) Ry =6, Ry =1 bps/Hz
IT) Ry = 18, Ry = 3 bps/Hz

Minimum rate

Accuracy factor e =0.05
Non-Linear Energy Harvesting Parameters
EH coefficient p€[0,1]
EH model constants a = 150; b = 0.014 [43], [44]
Max. RF (harvested) power Py, = 250 puW;

Py, = 500 uW, 5 mW (Fig. 6)
Channel Parameters

Channel Model S-RIS/RIS-Ds
Shape Parameter S-RIS
Shape Parameter RIS-Ds
Channel Model D2D

Channel Gains

Nakagami-m

Mss =5

ms1 =4 mg2 = 1.5

hi2 ~ CN(0,512)

Bs2 = —90; B12 = —40 [dB]

I) Bss = —45 Bs1 = —65 [dB]
[I) ﬁss = —-30 ﬁsl = —-30 [dBJ

does not achieve saturation. Alternatively, for scenario 11, we
can see that the harvested power in D reaches its maximum
value, denoted as Py, for the computed values of Pgat
according to the Corollary 2, for the three values of NV adopted.

N2 SsHMs 2 2 P
logg (1 + Pssl3 1#;5/1‘51 tOZ1> o
g
= o2
NQﬁssﬁsl,UQ /.Lzl(l —p)Pta1> ePrw ( o2 )
10 1 + < ssls _ F 07 ¢ O (35)
g2 ( o2 10g(2) B p #
NﬁssﬂsQPtOéQ
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R2 - 02<1+%> 2 1 NBssBsaPras
: (1 L e i ) : o o’ (1 + wiipns) Lo s
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A noteworthy observation is that increasing N leads to a
significant boost in harvested power, as confirmed by Eq. (27),
achieving a saturation point at lower values of P§**, confirmed
by Eq. (30) as well.
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Fig. 2. Average Harvested Power (ﬁH) vs Transmit Power (P:) for two
different scenarios: I) low input power; I7) high input power. We also
consider N = {100, 225,400} elements.

Fig. 3 and 4 depicts the ER and OP of D; and Dy vs
transmit power (P,), respectively, considering N = 202 = 400
RIS elements, while the energy harvested factor is adopted
as p = 0 (non-cooperative mode) and p = 0.4 (cooperative
mode). Firstly, it is noticeable that the derived OP expression
given by Eq. (32) and Eq. (34) are very accurate as well as
the derived upper bound expressions provided by Eq. (35) Eq.
(36) are very tight, closely matching the obtained MCs results.
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Fig. 3. ER for D; and Dy, denoted as blue and green color, respectively.
N = 202 = 400 elements; energy harvested factor p = 0 and p = 0.4

a) Scenario [

Analysis of Fig. 3 and 4 reveals a clear trade-off between
the performance of the devices. When D; acts as a relay,
its own performance is inevitably compromised to enhance

the performance of D,. Parameters such as residual self-
interference (w), number of reflective elements (/V), maximum
harvested power (F%;;), and energy harvest coefficient (p)
impact the system performance and should all be thoroughly
examined in the sequel to gain a comprehensive understanding
of their real impacts on the overall system performance.

In Fig. 3, we observe distinct ergodic rate behaviors for sce-
narios I and I. For scenario I, Dy exhibits a higher ergodic
rate in the cooperative mode compared to the non-cooperative
mode (p = 0); such a difference becomes more pronounced
for transmit power values above 30 dBm. However, in D1,
the ergodic rate for the cooperative mode results lower than
in the non-cooperative mode; such a gap constantly increases,
mainly for high P, values. This constant difference in D; for
low power regime, P; < 15dBm, is due to D; utilizing only
1—p = 60% of the received power for information detection,
impacting its performance regardless of the transmit power.
Moreover, when P, > 22 dBm, the impact on the rate of
D; in the cooperative scenario is further affected. In coop-
erative mode, the residual self-interference justifies the ER
degradation since the transmit power increasing leads to higher
harvested power and consequently to higher RSI, increasing
interference, and decreasing SINR of D, as predicted by Eq.
(10). The same degradation mechanism occurs in scenario 11,
but it is more pronounced since the rate of D; is severely
degraded w.r.t. the non-cooperative curve for any P, value,
once the harvested power is very higher in this scenario than
the former.

In scenario 11, we observe a further enhancement in the rate
of Dy, demonstrating the potential of cooperative communica-
tion in scenarios where D has high input power. However, it
is worth noting that even with substantial rate increments, Do
reaches a maximum limit when the transmit power increases
considerably. We refer to this asymptotic behavior as R5°,
as stated in Corollary 3. This observation is insightful, as it
confirms that the cooperative system with RIS cannot provide
an unlimited rate for Do, even in the asymptotic regime.
Additionally, this result shows that N does not influence
the value of RS°, indicating that the RIS cannot impact the
asymptotic ergodic rate of Ds.

Finally, in Fig. 3 and 4, we also plotted the widely adopted
linear EH model, defined as Py = nP;,, with an efficiency
parameter, adopted herein as 7 = 0.9. In scenario I, for
P, > 15 dBm, and in scenario I, for any value of P, > —20
dBm, we observe that the rate of D; saturates at a maximum
value. This phenomenon occurs because the linear EH model
provides misleading insights regarding high-power regimes.
According to this model, the harvested power has no limit and
can achieve unlimited values, which is physically impractical.
Therefore, based on Eq. (10), the maximum rate of D; for
the linear EH model can be expressed as log, (1 + (1_77%)
However, this is not true, as the non-linear EH model intro-
duces limitations on the interference in the denominator of
Eq. (10) justifying the behavior of the rate of D; in Fig. 3 b),
which reaches a minimum value at the saturation point and
then begins to increase again. This observation highlights the
importance of considering realistic non-linear EH models, as



they accurately represent the system’s behavior, particularly
at high power levels. The adopted non-linear EH model
takes into account the limitations of the energy harvesting
process, leading to more reliable rate predictions and aiding in
the design of practical and efficient wireless communication
systems.
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Fig. 4. OP for D1 and D3, denoted as blue and green color, respectively;
N = 400 elements; p = 0 (non-cooperative) and p = 0.4 (cooperative).

The outage probability in Fig. 4 again reveals distinct behav-
iors for low and high power regimes, scenarios I and 11, re-
spectively. In scenario I, as P, increases, the cooperative mode
becomes beneficial, reducing the outage probability of D, for
P, > 30 dBm. Interestingly, the impact of the cooperative
mode on D1 is minimal, indicating that it does not significantly
affect its performance. In contrast, for scenario /1, we observe
an interesting reduction in outage probability for D5 across a
wide range of P;. This reduction is particularly noteworthy
as it comes without any additional power consumption at the
source, making it a promising gain in terms of sustainability.
However, the cooperative mode increases outage probability
for D,, severely degrading its performance. Nevertheless, it is
essential to note that despite the significant increment in OP for
D1, it does not reach an outage floor. This is a vital observation
as D1 achieves an outage limit for the linear EH model in both
power regimes, scenarios I and /1. These findings highlight
the benefits and trade-offs of RIS-aided C-FD-SWIPT-NOMA
systems. The cooperative mode substantially improves outage
probability for D5, promoting sustainability without additional
energy consumption. However, it may negatively impact the
outage probability for D;, requiring careful consideration in
system design, mainly over w, to balance performance gains
and potential drawbacks.

Figure 5 illustrates the ER of D; as the energy harvesting
coefficient (p) increases, considering four different values of
residual self-interference (w). As the values of p increase, the
performance of D; decreases, which is expected due to its
utilization of lower power levels for information decoding.
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Fig. 5. Ergodic rate of D1 vs energy harvest coefficient (p) for scenario
I, with N = 400 and P, = 20 dBm and different values of residual self-
interference (w).

This leads to a reduced SINR and, consequently, worsened
performance.

Furthermore, when w decreases, particularly for w < —40
dB, the system operates closer to the ideal scenario with
no residual self-interference (w = 0). In other words, the
system approaches the minimum loss region, as indicated by
the hatched area in Fig. 5. Specifically, at w = —40 dB
and p = 0.4, R; achieves a rate of 15.7 bps/Hz, whereas
at w = —10 dB, maintaining the same p = 0.4, R; decreases
to 8.6 bps/Hz. This demonstrates that reducing the residual
self-interference is crucial, even in the low power regime
(scenario I), for the RIS-aided C-FD-SWIPT-NOMA system
to operate in good conditions concerning D1, which can save
approximately 50% of its rate.

Figure 6 illustrates the impact of the number of RIS
elements on the individual rate (R;, ¢ = 1,2) and sum rate
(Rq + R2) of NOMA devices with fixed parameters P; = 30
dBm, p = 0.4, w = {—90, —35} dB, considering P, = 5
mW and Py, = 250 pW in scenario I. First, we can observe
two distinct behaviors corresponding to different levels of
residual self-interference: one with very low self-interference
(w = —90 dB) and the other with a considerable level of
residual self-interference (w = —35 dB).

For the scenarios with very low self-interference, the RIS-
aided C-FD-SWIPT-NOMA system remarkably outperforms
the RIS-aided non-C-FD-SWIPT-NOMA system in the range
of RIS elements. This improvement in system performance
is evident in the substantially increased sum rate, which is
attributed to D, acting as a relay and enhancing the rate of
Dy. At N = 400 elements, the cooperative system exhibits an
enhancement in sum rate of about 10 and 13 bps/s, i.e., 31%
and 34% increasing w.r.t. the non-cooperative mode for both
maximum harvested power Py, = 250uW (low) and 5 mW
(high), respectively, resulting in remarkable gains. Conversely,
when the residual self-interference increases substantially to
w = —35 dB, the non-cooperative system (p = 0) outperforms



the cooperative system. This is due to the increased level
of residual self-interference, which leads to a rate loss more
significant in device D; than the obtained rate gain with
D, deteriorating the overall system performance. Thus, this
observation emphasizes the importance of efficient EH circuits,
which contribute to attaining improved system performance
and higher overall rate gains. Moreover, the results indicate
that the residual self-interference should be minimized as the
power in the EH process increases.
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Additionally, the figure highlights the significant impact of
the maximum harvested power (P;;) on the system perfor-
mance. It is shown that by increasing the maximum harvested
power, D; has the capacity to harvest more power, conse-
quently exhibiting a greater impact on the Dy performance.
Therefore, this finding reveals that a more robust design of
EH circuits allows a more satisfactory cooperative system
performance enhancement.

Finally, we can see how the Corollary 1 can be applied in
practice, where the number of reflective elements to achieve
the saturation (V%) can be obtained.

VI. CONCLUSIONS

This work has investigated the downlink communication
reliability and throughput of two devices in a RIS-aided C-FD-
SWIPT-NOMA system operating under Nakagami-m fading;
the device with better channel conditions (D7) leverages of
SWIPT technique equipped with a non-linear EH circuit to act
as an FD-DF relay for assisting the device with poor channel
conditions (Ds). It was shown that the harvested power in D;
can be approximated as a Gamma random variable, allowing
finding a closed-form solution for the average harvested power
and consequently flexible modeling of the system. We have
derived tractable closed-form expressions for the performance
of both types of users, including @) upper bound for ER of a
D1 /D5 devices; b) tight expression for OP of both devices;
and c¢) the ergodic sum rate, and the ergodic rate that D,

can attain in the (non)-cooperative modes. In addition, we
assessed the impact of the RIS dimension on both adopted
metrics. Moreover, we find closed-form expressions for the
transmitted power (Pf*) and RIS elements (N®2) for the
non-linear EH model to achieve saturation. Furthermore, it
has been demonstrated that the RIS can significantly enhance
the system sum-rate when D; is acting as a cooperative
relay. However, this gain is achieved only when the residual
self-interference is effectively suppressed, underscoring the
sensitivity of cooperative systems to residual self-interference.
Simulation results validate the correctness and effectiveness
of the developed theoretical analysis while demonstrating the
advantages of the analyzed RIS-aided C-FD-SWIPT-NOMA
system over the non-cooperative RIS-aided system.

APPENDIX A
PROOF OF LEMMA 1

Our objective is to approximate the power utilized in the
relaying step, Py, defined by in Eq. (7), as a Gamma random
variable using the method of moments. For this reason, let us
define Y = W, thus the first moment of Y can be
lower bounded as

1 1

. _ (38)
= —a(pPin—0) eat
1+E [6 ] L+ (14+601apPBssBs1)k1

E[Y]

where, utilizing Eq. (8), we obtain

E {e—a(me—b)} — eab/ e—athBsslezfo (z)da
0

. ab ee} 1
(2 € - / xkl*le_w(aﬁ'athﬁssle)
F(k1)011 0
ab
- ‘ - (39)
(1 + Hlapptﬁssﬂsl)
where [45, 3.351.3] is utilized in (z). By proceeding with the
same steps above, similarly, the second moment of Y can be
given by

1

2¢ab +
(14+61apPBssBs1)F1

E[Y?] >

e2ab

(14261apP;BssBsr)
(40

The shape kp, and scale fp, parameters of Py, which
will be approximated as Gamma random variable, are given

1+

by [41] ( )2
E[Y] - e
kPH = E[Yg] _ E[YP ) (41)
_EY? -E[Y]?
Op, = DT (42)

By defining, x e 01apP;BssPs1 and plugging (38) and (40)
in (41) and (42); (25) (26) are obtained and this completes the
proof.
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After performing some mathematical manipulations, Eq.
(31) can be written as follows

ph

£(Jhsr|* Py+o?)
0ut=Pr(X%< —_— |,

Pt(l - p)ﬁssﬁsl

max ( Jth Yth2

(43)

where ¢ = - . We observe that when
ar? (@2—a1vtn2)

p=0orw=0,itleads to Py = 0 or |hg;|? = 0, respectively.
In both of these particular cases, we can compute the OP of
D; as the following

J T (k fo” ) (44)
out F(kl)ry b elpt(l - p)Bssle ’
where we utilized the CDF of X7 as defined in (24).

When we have p # 0 and w # 0, (43) should be further
analyzed. Firstly, we should notice that according to Lemma
1, Py is a Gamma random variable with shape and scale
parameters given by kpy and Oppy respectively. Thus (43)
can be written as

hsr|?¢Py &o?
Pcﬁl:]-_Pr | _Xzﬂssﬂs < — 5
¢ P(1—p) LT pa-p)

v

(45)
2
let us define V £ |’;35t1|17_€5)H and Z & X?B,,P1. Since
Py range from low values lower than nano-Watts to Py,
which assumes values till mili-Watts, its values are lower
than |hgz|?, which is parameterized in w and undergo an
Exponential distribution, due to this, here, we propose to ap-
. . . . approx
proximate V' as an exponential random variable, i.e., V"~
@&Pu ) Furthermore, since Z is the product
] Py(1—p) .
of X, with a constant, utilizing the scale property of Gamma
distribution, Z ~ Gammal(ky, 01 8ss8s1), hence, (45) can be

written as

Exponential (

PP 1 /Oo Fy <z — W) fz(z)dz
pf(%p) P(1-p)
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+
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F(kl) (Pt(1*P)91ﬁ55551 )kl
wPHE +1

where in (i) we utilized the CDF of exponential random
zPt(1—p)

variable V, given by Fy/(2) = 1—e  «¢Pu | for first integral,
and we apply [45, 3.381.9] for solving the second integral.
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To obtain the OP of D, it is reasonable to consider two
different cases: 1) when the D; does not operate as relay (p =
0); 1I) when D; operates as a relay (p # 0).

I) p =0 (D1 does not act as a relay)

By recalling the established definition in subsection III-A,
we have that |ha|? = B4s/3s2X3, after some manipulations, we
can written Eq. (33) as

UQ'Yth2 )
N CY))
BssBs2Pr(aa — a1vin2)

according to subsection III-A, X5 follows a Rayleigh random

out

PP2 — pr <X22 <

variable with scale parameter %, thus, its squared magni-
tude follows an exponential distribution with rate parameter
N. By using Eq. (24), we obtain the following expression for
the OP of Dy when D; does not operate as a relay

2
— 9" Yth2

Pcﬁrf — 1 — e NPtBssPsa(aa—a17in2) |

(48)

II) p # 0 (D operates as a relay)

By recalling the established definition in subsection III-A,
we have that |h1|? = (45851 X7, similarly to the subsection /)
of this Appendix, after some manipulations, we can write Eq.
(33) as

Yenz(|hsr|>Pu + o)
BssBs1Pi(1 — p) (a2 — a1venz)’
UQ’YthQ )
BssﬂsZPt(CQ - al’yth2)
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We can straightforwardly observe that the first term given
eh2(|hs1|’ Pa+o®)
by Pr (X12 < Bssﬂ’ilhpt(1ilp)(a12{—061’¥th2) has already been de-
rived in the Appendix B. Similarly, the second term given by
2
Pr (X22 < 555 1;: (gt;famm)), has been previously derived
earlier in subsection I) of this Appendix.
Therefore, here, we should focus on computing the fol-

Py X5 BssBs2
=)

out

PPz — py (Xf <

X3 <

P
Yeno—H |12

lowing term Pr . For

QQ*‘XI(’Yth,Q*%lhl,Q‘z)

easiness, let us define the following variables, ) £ %

and W £ P—§|h1_2|2. Since @ is X scaled by constants, its
o bl

distribution is given as ) ~ exp (%

). Moreover, It
can be observed once again that the condition Py, < fi2,
leads to Py values generally lower than |hjo|?. In other
words, the harvested power is highly likely to be lower than
path-loss in D2D communication, as D is typically located
in close proximity to Do. Therefore, as |hjo|?> follows an

exponential distribution, we again proposed to approximate W



as exponential random variable, W ~ exp (P #51 ), hence we
must compute the following integral
Yeno — W
Pr{@Q< )
( Q2 — Oll(”Ythz - W)
Yth2
Vth2 — W
= F fw (w)dw
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Since D, assume low rate values, and «s > «7 due to
implementation of NOMA, we have ag > «a174p2, thus, the
integral in I can be approximated as

—yppo? Yenz y< o2 o e? >
] ~ ePiBssBsaNay / e PtNBssBsaa2  B1oPpy dy’ (G2))
0

whose solution is found trivially. Substituting the solution of
Eq. (51) in Eq. (50) we obtain

P, 2
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Hence, by utilizing Eq. (52) and the remaining analytical
results derived for Eq. (49) in the previous Appendix, Eq.
(34) is obtained. This completes the proof.
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We have that the ergodic rate of D1 can be computed as

h1?(1 — p)Piax
R =E [logg (1 + | |i1LLI(|2PHp1‘ ;-21 >}
(1) |h1|2(1 — p)PtOll
< log, <E {1 + W ) (53)

where Jensen’s inequality has been utilized in (). Here will
take the conditional expectation of Eq. (53) with respect to
|h1|?, therefore, Eq. (53) can be written as

N2 ssMs 2 u? 1- P
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By rewriting Eq. (54) we have
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defining A2 N?Bs. ﬂ‘Sl'uss:usl(l p)Pral+o?

and B £ 13 , we
should computing the expectatlon with respect the varlable
|hsz|?, therefore we have that
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(57)
where the L’Hospital’s rule has been utilized, with [46,
06.06.20.0003.01]. Since the term % assumes high values, we
neglect it, therefore, the ergodic rate of D; can be given as

A\ e=I (0,2
<o () - Fo

substituting the values of A and B in Eq. (58), Eq. (35) is
obtained and this completes the proof.

8 |

(58)
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The Ergodic Rate of D5 is given as

Ry = [log, (1+ SINRE;, s + SNRE, 1, )|, (59)

Let us focus firstly when p = 0, then by utilizing Eq. (11),
we can rewritten Eq. (59) as

|ha|? P
|h2|?Pray + 0 ’

By utilizing Jensen‘s inequality, we can obtain an upper
bound for the ergodic rate of D, given as

Ry =E {logQ (1 + (60)

|h2|2Pt042
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When p # 0, we should consider the term SNR?27 p, in
Eq. (59). By taking the conditional expectation with respect
to the random variable Py, we obtain

(61)
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Now, we turn our focus on calculating the expectation of
Eq. (62), with respect to the variable |h12|?, rewriting Eq. (62)
in a conventional way, we wave

o2 NBssBs2 Pz
Ry <E |1 = (1 o hia|?
2= |:Og2 <PH ( +N555552Pta1+02)+| 12| )
P
+log, | —2 ] : (63)
o
let us define A £ % 1+ %) According to

Section I, ki is a complex Gaussian random variable of zero
mean and variance (1. Therefore, the square magnitude of
h12, follows an exponential distribution whose PDF is given

_ ¢ P12
as f\h12|2 = Bia "

following integral

Based on this, we should compute the

/ logy (A + ) fin,, 2 (z)de = —— / logy (A + x)e” Pz dx
0 Bz Jo

A
(i) ePiz < A )
= log, (A) + ryo,—|,
g2 ( ) 10g(2) ﬂlZ

where in (7), [45, 4.337.1] and [45, 8.359.1] have been utilized.
Finally, we conclude the proof by substituting the value of A
in Eq. (64) and the result into Eq. (63) and performing a few
basic mathematical manipulations.
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Energy Efficiency Maximization for Intelligent
Surfaces Aided Massive MIMO with Zero Forcing

Wilson de Souza Junior and Taufik Abrao

Abstract—In this work, we address the energy efficiency (EE)
maximization problem in a downlink communication system
utilizing reconfigurable intelligent surfaces (RIS) in a multi-
user massive multiple-input multiple-output (mMIMO) setup
with Zero-Forcing (ZF) precoding. The channel between the BS
and RIS operates under a Rician fading with Rician factor K.
Since systematically optimizing the RIS angle phase shift in each
channel coherence time interval is challenging and burdensome,
we employ the statistical CSI-based optimization strategy to
alleviate this overhead. By treating the RIS phase shift matrix
as a constant over multiple channel coherence time intervals, we
can reduce the computational complexity while maintaining an
interesting performance. Based on an ergodic rate (ER) lower
bound closed-form, the EE optimization problem is formulated.
Such a problem is non-convex and challenging to tackle due
to the coupled variables. To circumvent such an obstacle, we
explore the sequential optimization approach where the power
allocation vector p, the number of antennas ), and the RIS
angle phase shift v are separate and sequentially solved iteratively
until convergence. With the help of the Lagrangian dual method
and fractional programming techniques, insightful closed-form
expressions for all the optimization variables are derived. Simu-
lation results validate the effectiveness of the proposed method
across different generalized channel scenarios, including NLoS
(K1 = 0) and partially LoS (K7 # 0) conditions. Our approach
offers significant performance gains once it can reduce the
power consumption and the number of active antennas t BS,
demonstrating the potential of RIS deployment and optimization
in mMIMO systems with ZF.

Index Terms—statistical CSI, massive multiple-input multiple-
output (mMIMO), Reconfigurable intelligent surfaces (RIS),
energy-efficiency (EE), zero-forcing (ZF), Lagrangian.

I. INTRODUCTION

econfigurable intelligent surfaces (RIS) is one of the most
R promising recent techniques which has the potential to
integrate future communications systems (beyond fifth gener-
ation, 6G, etc.) due to its potential to improve the transmission
by creating a “’virtual” reconfigurable communication link [1].
Specifically, the RIS is composed of several individually scat-
tering elements which are artificial meta-material structures
that can reflect incident electromagnetic waves and can be
configured to increase the signal level in a specific direction
[2].
On the other hand, to enhance the spectral efficiency (SE)
and to serve a plurality of users using the same physical layer
resources, massive multiple-input multiple-output (mMIMO)
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is paramount; however, this technology resorts to hundreds
of antennas operating at the base station (BS) [3], which can
significantly increase the consumption.

RIS and mMIMO are promising for future systems. Since
the integration of these technologies is expected to be present
in the emerging wireless networks, which impose highly
demanding data rate requirements and a massive number of
connected users [4], [5], many serious concerns about energy
consumption have been raised. Consequently, bit-per-Joule
efficiency is a key performance indicator to ensure a green
and sustainable communication system.

An extensive number of works such as in [6]-[13] have
studied the RIS deployment impact in mMIMO systems. In
[6], the authors derived a tight closed-form expression for the
ergodic rate (ER) of a RIS-aided mMIMO system with zero-
forcing (ZF) precoding over Rician fading. In [7], the authors
exploit the long-term statistical CSI to optimize the phase-shift
matrix of RIS aiming to maximize the achievable rate with
maximum ratio combiner (MRC), where a genetic algorithm
is deployed. In [9], the authors investigated the EE prob-
lem in downlink RIS-aided mMIMO systems by proposing
two algorithms based on alternating maximization, gradient
descent, and sequential fractional programming. In [10], the
EE problem in uplink RIS mMIMO is approached, where the
authors proposed a joint optimization of the resources through
the block coordinate descent algorithm. A resembling setup is
defined in [11], and the power minimization problem subject
to the QoS constraint is tackled by an alternating optimization-
based method.

All the works mentioned above, [9]-[12], [14] concerning
the EE problem require the transmitter to access accurate
instantaneous channel state information (CSI), to optimize the
phase-shift matrix of the RIS. In practice, acquiring accu-
rate instantaneous CSI in RIS-aided mMIMO is challenging.
Furthermore, the instantaneous channel estimation process
can be impracticable in scenarios with high mobility and
short channel coherence time. Hence, the long-term statistical
CSI-based optimization strategy could be more practical and
feasible [7]. To corroborate the necessity and usefulness of
the statistical CSI-based channel estimation approach, Fig. 1
reveals the excessive time overhead by adopting instantaneous
CSI estimates compared to statistical CSI-based estimation
transmission schemes. In the latter methods, the statistical
channel estimation is deployed for DL and UL data trans-
mission across different channel coherence times, reducing
the overhead and the signaling, so being practical in the
challenging RIS-aided mMIMO system scenarios.

To our best knowledge, the EE optimization problem with
statistical CSI under Rician fading for RIS-aided mMIMO



has not been investigated yet. Thus, motivated by the lack
of robust and effective EE optimization methods for recent
RIS mMIMO systems, in our work, different of [9] and
[10], the EE optimization problem is approached in RIS-aided
mMIMO with statistical CSI operating in generalized Rician
fading channels. Moreover, we also extended the adopted
problem in [15] for more challenging generalized channel
and system scenarios, deriving closed-form expressions for
three optimization variables, i.e., the number of BS antennas
(M), the RIS angles phase-shift (v), and the transmit power
allocation (p).

Transmission Scheme with

Instantaneous CSl-Based Optimization
T,

c
.

Data
Transmission Scheme with
Statistical CSIl-Based Optimization

nT,

IS

Fig. 1.  TIllustration of the advantages by adopting Statistical CSI-based
parameters optimization, where the RIS phase-shift vector (v), transmit power
allocation (p), and the number of BS antennas (M) remain fixed for the users
over multiple channel coherence times (n7%); differently, for the Instantaneous
CSI-based parameter optimization approach, where the channel estimation,
precoding, RIS phase shift, and transmit power must be updated at each T¢

The main contributions of this work are fourfold:

« Different from the previously works [9], [10], [16], we
proposed an effective, low-complexity solution for the
EE maximization problem subject to a minimum user
rate in RIS-aided mMIMO systems with ZF, considering
different LoS and NLoS channels, and by relying only on
the statistical CSI estimates, which can be beneficial in
high mobility and short channel coherence time wireless
scenarios; indeed, such an approach does not need precise
instantaneous CSI estimates in view of optimizing the
RIS angles phase shift and power allocation.

o Based on a tight closed-form expression of the ER of a
single cell RIS-aided mMIMO system, we formulate a
joint optimization problem concerning the users transmit
power p, the number of active BS antennas M, and RIS
phase shift angles v variables under the constraints of
overall power budget, ZF precoding feasibility, quality of
service (QoS), and unity module requirements.

o To deal with this problem, we apply the Lagrangian dual
method with some fractional programming techniques in
order to obtain closed-form solutions for all optimization
variables. The complexity of the proposed antenna (M),
power allocation (p), and RIS phase shift (v) optimiza-
tion algorithm has been accurately investigated.

« Extensive numerical results corroborate the effectiveness
and efficiency of the proposed analytical EE optimization

method for RIS-aided mMIMO systems with ZF operat-
ing under generalized Rician channels.

The remainder of this paper is organized as follows. Sec-
tion II describes the RIS-aided mMIMO system model. The
optimization problem and the overall proposed analytical opti-
mization methods and algorithms are developed and discussed
in Section III. We present numerical results corroborating our
findings in Section IV. Final remarks are offered in Section
V.

Notations: Scalars, vectors, and matrices are denoted by
the lower-case, bold-face lower-case, and bold-face upper-case
letters, respectively; C4*5 denotes the space of A rows and
B columns complex matrices; |-| denote the absolute operator;
diag(-) denotes the diagonal operator; Tr(-) is trace operator;
[z]" denotes max(x,0); [x]¢ denotes min(max(z,b), a); [-]*
denote the conjugate operator; /[-] denotes the phase of the
complex argument; j = \/—1; E[] is the expetation operator;
[]¥ is the transpose operator; [-]/ is the conjugate transpose
(Hermitian) operator; I stands for the K x K identity matrix;
X1 is the inverse of X; det(-) is the determinant of a given
matrix; Re(-) is the real part of a complex value; CN (i1, 0%)
defines a complex-valued Gaussian random variable with mean
w and variance o2; z ~ Ua,b] defines a uniform random
variable from range of a to b; [-] denotes the ceiling function;
[X]g, stands for the entry at k-th row and I-th column of
matrix X; [X]y,. denotes the k-th row vector of matrix X;
[X]..r denotes the k-th column vector of matrix X; [X]a:p.c:a
represents the sub-matrix of X consisting of rows from a to
b and columns from ¢ to d; The notation O(-) denotes the
computational complexity.

II. SYSTEM MODEL

We consider a single-cell multiuser RIS-aided mMIMO
system operating in downlink mode, where the BS is equipped
with a uniform linear array (ULA) with M, antennas, where
M antennas will be activated in order to serve K single-
antenna users (UEs). The single RIS panel is equipped with
N elements and deployed to improve the network communi-
cation’s reliability and coverage. Fig. 2 illustrates the general
RIS mMIMO system and channel scenarios investigated.

Let us denote D € CM*X as the direct link communication
channel between the UEs and the BS, given by

D = Da}/?, (1)

where ap = diag([ap1,...,ap k]) and ap i denotes the
large-scale fading term between the BS and the k-th user, the
matrix D € CM*X s composed by independent and iden-
tically distributed (i.i.d) complex Gaussian random variables,
whose mean is zero and variance is unit, i.e. d,,  ~ CN(0, 1),
Vek=1,...,Kandm=1,..., M.

We define the channel between the RIS and the BS as G €
CM*N and the channel between the users and the RIS as
F € CV*K_ The channel matrix G is assumed to be a Rician
fading channel and can be given as [6]

1 K
G = —G —G 2
”OLGKl—i—l NLoSJr\/OZ(;Kl_'_1 Los, (2)
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Fig. 2. RIS-aided mMIMO multi-user investigated scenarios. Particularly, this
setup is illustrated with N = 64 reflective elements at RIS and Mmax = 12
BS antennas; in this specific configuration, there are M = 7 actives elements
at BS.

where a¢ is the large-scale fading (path loss) between the
RIS and the BS and K; denotes the Rician factor. Besides,
the fading channel matrix F is assumed to be purely Line of
Sight (LoS) and expressed as

F= FLosC!}m/2 = [Varifiog: - Varkfiesl,  3)

where aop = diag([ap1,...,ark]) and apy denotes the
large-scale fading factor between the k-th user and the BS.
Besides, the LoS channel for RIS adopted herein is based on
the two-dimensional uniform squared planar array (USPA) and
given as [17]

aN(SOa (b) = |1,..., ej27r%(a?sind)singp+ycos¢7)7

s ej?ﬂ'%((Xfl) sin ¢ sin p+(Y —1) cos ¢):| T . (4
where 0 < z,y < X with X =Y € Z, being the square
side of the USPA [18], [19], d denotes the element spacing,
A denotes the wavelength, ¢ and ¢ are azimuth and elevation
angles respectively. Let us denote <pljfoD the angle of departure
(AoD) from the BS towards the RIS, @XﬁD and (;SX]ZD the
AoD from RIS towards the k-th user and ¢,  , and ¢}, the
angles of arrival (AoA) at the RIS from the BS respectively.
Moreover, the LoS channel for BS is based on the Uniform
Linear Array (ULA), given by [20]
T

- (

aM(@) =11,..., ej27r%msin<p)ej27r%((X—l) Sinap):| 5)

Under this condition, the LoS channel matrix Gy,g is
expressed as

Gros = an(Vaop)an (Phoas Phoa) £ avay,  (6)

and the LoS component ff ¢ is
£fos = an (Pion: Oien)- @
The angle phase shift matrix of the RIS can be defined as
® = diag(v), where v = [e 7% ... 779" and 0, is the
phase shift of the n-th RIS element. In this way, the cascaded

channel can be written as H =D + G®F.
The received signal y; at the k-th UE is

K
yk = VoEhf wise + Y /Bihiwisi + 0k, (8)
=Lk

where h;, and wy, is the k-th column of H and W respectively
with W being the precoding matrix, ny is the i.i.d. additive
white Gaussian noise with zero mean and unit variance, ny ~
CN(0,1), p, € p is the downlink transmit power for the k-
th user, where p = [p1,...,px]? denotes the set of transmit
powers, and sy, is the transmitted information symbol of the k-
th user with E[|sy|?] = 1. In this work, we adopt the linear ZF
precoding, given by the Moore—Penrose pseudoinverse W =
HHAH)!.

III. ENERGY EFFICIENCY OPTIMIZATION PROBLEM
FORMULATION WITH STATISTICAL CSI

Since channels might be fast time-varying in practical
wireless communications scenarios, the ® matrix optimization
could be difficult to be implemented every channel coherence
time since accurate CSI should be available; thus, utilizing the
statistical CSI to optimize the EE in RIS-aided mMIMO can
be a cost-efficient alternative way. Therefore, we formulate
and investigate the EE optimization problem in this section
by exploiting the statistical CSI estimates. For this reason, we
should adopt the ergodic achievable rate with ZF precoder in
RIS-aided mMIMO systems, which can be written as [21, Eq.

(18)1:
- Dk
Re=E {10%2 (1 o [(HHHHk,k-) } Y

In [6], Kangda Zhi, et. al., derived a closed-form lower
bound expression for the ergodic rate as given in Eq. (9), in
a RIS-aided massive MIMO system with ZF. This expression
can be represented as [6, Eq. (22)]

pr(M — K)viBv (10)
0'2(K1 + 1)VHAkV ’

where the constants B and Ay, Vk € {1,..., K} are given as

Ry > ék = log, <1—|—

1
B2 ~Iv + ok diag(al)FA~'Fdiag(ay) (11)

A, £ [ATY], , B—Kiagssy, (12)
where the variables A 2 a¢FPF + (K, + 1)diag(ap), and
si £ [A"'FHdiag(ay)], . are computed through of the
path-loss and LoS component

Thus, the maximum energy efficiency optimization problem

regarding the interest variables is described as follows.

K
M — K)viBv
g logy | 1+ p;( )H
po 0?(Kq1 + 1)vEAgv
P; : maximize ngg = “—

M,p,v K
QZPk + Prix + M Pps + N Pgris
k=1
(13)
K
subject to Zpk < Prx, (13a)
k=1
R > Ruin, Vk=1,...,K, (13b)
M > K, (13¢)
| =1, ¥n=1,...,N, (13d)



where o is the power amplifier (PA) inefficiency; Ppg is
the constant radio frequency (RF) chain circuit power con-
sumption per transmit antenna; Prig is a fixed power value
necessary to activate one reflecting element on RIS; Pprx
is the fixed consumed power at the BS. Constraint (13a) is
the total RF transmit power constraint at BS with Prx being
the power budget available at BS, i.e., the maximum power
available; constraint (13b) guarantees the minimum achievable
downlink rate for all UEs, where R, is a pre-defined
parameter which depends on QoS requirements; constraint
(13c) guarantees the applicability of the ZF in the ER lower
bound equation I and constraint (13d) accounts for the fact
that each RIS reflecting element can only redirect, without
amplifying the incoming signal, ¢.e., the RIS is assumed to
operate exclusively only in passive mode.

We can see that the objective function of the problem given
in Eq. (13) is a concave-linear fraction whose numerator and
denominator are concave and linear functions w.r.t. the number
of active antennas M and power allocation p respectively.
Furthermore, one can notice that the constraint (13b) is a
non-linear constraint; and the constraint (13d) is a non-convex
constraint; thus, the formulated problem in (13) is an intricate
non-convex NLP, hence, difficult to solve.

Due to the coupling of variables, it is hard to obtain the
globally optimal solution of (13). Therefore, we proposed
an iterative procedure to solve problem P; sub-optimally
and with low complexity. For this purpose, we leverage the
classical alternating optimization strategy, which optimizes
one variable while the others are kept fixed. The proposed
alternating algorithm contains basically two fundamental steps,
which are run sequentially. In the first step, we optimize the
RIS phase shift v for a fixed number of active antennas M
and power allocation p; in the second step, we optimize the
number of active antennasM and power allocation p with
given RIS phase shift v.

A. Phase Optimization

In this subsection, we deal with the RIS phase shift op-
timization problem, where we design a new low-complexity
algorithm based on an analytical approach. Specifically, we
first apply the Lagrangian Dual Transform procedure [22],
[23] to translate our sum-of-logarithm original problem into
an equivalent sum-of-ratios problem. In addition, we utilized
the strategy to deal with the sum-of-ratio proposed in [24] to
reach a closed-form expression for 6,, Vn € {1,...,N}.

1) Lagrangian Dual Transform: From the objective func-
tion of (13), we observe that when p and M are fixed, the
EE maximization is equivalent to the sum-rate maximiza-
tion; therefore, the optimal v is the one that maximizes the
numerator of (13). One can notice that due to the sum-of-
logarithm, the closed-form expression is challenging or even
impracticable to obtain directly; to address this issue, we
initially employed the Lagrangian Dual Transform proposed

In the practice, it is important to note that M > K for ZF feasibility,
however, when considering the ER defined in (10), the number of antennas
should exceed than the number of users, i.e., M > K, as the rate becomes
null when the equality condition is met.

in [22] to decouple the argument of the logarithm function
argument, enabling us to derive the equivalent optimization
problem, given as:
K

> (10g2(1 + k) = Yk
k=1
n (14 )p(M — K)v'Bv >

vl (02(K1 +1)Ax +pr(M — K)B)v )’

(14)

P> : maximize
v,y

Ve=1,...,K,
Yn=1,...,N.

subject to . > 0,

|€j9n =1,

,vx|T is an auxiliary variable introduced
for each argument of the logarithm function %in
the numerator of Eq. (13). Here, the idea is optimize < and v
in an alternating, interative way, ¢.e., we optimize -y for given
v, while v is updated for values of ~ at their last updated.
The optimal values of ~ can be straightly obtained in closed-
form according to the Karush-Kuhn-Tucker (KKT) conditions

applied to Eq. (14), resulting:

[ (AEL+ )VE AV + pp(M — K)vPBv 1 *
= log(2)02(K1 + 1)vH Agv ’

where v = [v1,. ..

15)
Given 4, one may focus on the following fractional problem

K

(14 A)pe(M — K)vIBv
max

v ;VH (02(K1 + 1Ay +pr(M - K)B) v’

(16)

2) Fractional Problem Sum-of-Ratio: Since the problem
in (16) is a sum-of-ratios, classical transforms for fractional
programming problems, as Charnes-Cooper Transform and
Dinkelbach’s Transform can not be generalized to multiple-
ratio problems [25]. In addition, although the Quadract Trans-
form proposed in [25] works well in many multiple-ratio
problems, specifically, in the phase-shift angles optimization
problem, it can impose difficulty to obtain a closed-form
expression since it introduces a square root in the optimization
variable. In order to circumvent this problem, herein we adopt
the strategy proposed in [24]. The key idea is introducing
auxiliary variables 3 = [B1,...,8k|T, and the problem
represented in Eq. (16) is equivalently translated to

K
Ps: maxiglizeZuk ((1 +v5)pe(M — K)vBv
v k=1

— B (02K + DAk + pe(M = K)B) v) (17)

B >0, Vk=1,...,K,
| =1, Vn=1,...,N.

subject to

where

B 1

v (02(Ky + 1)Ag +pp(M — K)B) v’
is defined as the denominator of the objective function given
in Eq. (16), Vk =1, ..., K, and is set constant being updated
in each interaction after v is optimized. Besides, according to
[24] the optimal values of 3 can be obtained as:

ug (18)



ék _ (14 A)pr(M — K)vEBv (19)
v (02(K; + D)Ay + pr(M — K)B) v
Notice that for given ,é, we can rewrite Eq. (17) as
Ps: maximize v7Cv, (20)
subject to e | =1, Yn=1,...,N
where C € CV*¥ is a Hermitian matrix defined as
K
:Z ((1+30pe(M - K)B @1

_ék (O’ (Kl + 1)Ak —l—pk(M - K)B) ) .

The problem P35 is known in the literature, and initially,
the first proposed solution has been the Semidefinite Relation
(SDR) [26]. However, due to the high complexity for the
cases where rank (vv¥ ) # 1, this solution can not be
adequate. Furthermore, many authors also adopt the Sequential
Fractional Programming (SFP) method, also known as the
Majorization-Minimization strategy. Herein, we proposed an
alternative way to optimize Ps with low complexity and based
on closed-form expression, according to the following Lemma.

Lemma 1. Let the optimization problem given in Egq. (20),
when vy = €% is fixed, V¢ € {1,...,N} \ n, the optimal

solution of [v],, can be given in closed-form expression by

b, = 2 [ﬁ (([C]Mnl),n)H [V]1;(n1)>

+ T (V1w [Cl o) } 7

vne{l,...,N} (23)

Proof. The proof is Available in Appendix A. ]

The proposed EE maximization algorithm w.r.t. RIS phase-
shift, based on statistical-CSI for RIS-aided mMIMO, is sum-
marized in Algorithm 1. The RIS phase-shift v, is optimized
when the user’s power allocation p and the number of transmit
antennas at BS M are fixed. Additionally, we present two
distinct solutions for P3. The first solution is based on the
SFP methodology, thoroughly explained in subsection III.A.2
of [9]. The second solution is the optimal proposed analytical
solution, given by (23). For the SFP solution, A, represents
the minimum eigenvalue of matrix C.

Algorithm 1 RIS Phase-shift Optimization

Input: M, p, v, 02, K1, B, Ay, Vk € {1,...,K}
repeat

Step 1: Update ~ by (15);

repeat

Step 2: Compute u by (18);
Step 3: Update 3 by (19);
Step 4: Compute C by (21);

Set ¢/ =1;
repeat
Step 5:

1) SFP Approach:
Set Amin as the minimum eigenvalue of C;
v = ejl(/\minIN—C)v(Z’l)

bl

2) Analytical Approach:
v]$ = e/ based on (23), n =1, ...,
until |[v(®) — vV < ¢

until the objective function in (16) converge
until the objective function in (14) converge

Output: v = [e 7%, =7~ ]H

N;

B. Active Antennas and Power Allocation Optimization

The formulated original problem P; is a fractional program-
ming problem, whereas Dinkelbach’s transform is a classical
method that can deal with this kind of problem. By invoking
the Dilkelbach’s transform, problem P; can be transformed to

> (24)

K
—TEE (QZpk + Prix + M Pgs + NPRIS) :

k=1
subject to (13a), (13b).

pr(M — K)viBv
o?(Ky+ 1) v Agv

K
Py maﬁglize ; log, (1 +

Notice that the existence of logarithmic functions imposes
a serious difficulty deriving a closed-form solution for M.
Intending to propose a low complexity algorithm for opti-
mization variable M, we proceed similarly to [27]. Hence, by
recalling Eq. (10) and after some mathematical manipulations
we can define

2 — 1)02 (K, + 1)VARv
(M — K)vBv

Pk = (25)

Substituting (10) and (25) into P, we can further convert

K (2 — 1o

2Ky + 1) vHEARv

e (M) =3 e (03

K

+Zuk (fik — Rrﬂin) + ¢

k=1

(M — K)vHBv

+ Prrx + M Pps + NPRIS) +

(PTX - i (QEk — 1)02

k=1

(22)

(K1 +1)vIALv
(M — K)vHEBv '
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this problem to the following equivalent problem:

K
Ps : maximize Z Ry, — neE (PFIX + M Pgs + N Pris
MR
(2Rk — 1)0’2(K1 + 1)VHAkV
. 26
Q,; (M — K)viBv (26)
K =
~ (2% —1)o? (K1 + v Ay
bject t P
subject to kz::l (M— K)VHBV > I'TX;,
(26a)
Rp > Rui, Vk=1,....K (13b)

Since vTALv > 0 and v7Bv > 0, P5 is convex, one can
utilize the Lagrangian Dual method [28] to solve this problem
and reach near-optimal low-complexity solution regarding the
original problem P;.

The Lagrangian Dual problem can be modeled by [28], [29]

minimize maximize L (M7 f{, u719) , 27)
(TR MR
subject to @ =0, ¥ >0, (28)

where the corresponding Lagrangian function can be expressed
as (22) , in which the vector p and the scalar ¥ are non-
negative Lagrange multipliers.

We can obtain the optimal number of transmit antennas
M by satisfying the KKT conditions, which can be directly
computed as:

OL(M, R, p, ) o OLQM, R, p, ) 0
oM ’ R} '
After some mathematical manipulations from the computed

derivatives via Eq. (29), the following second-order equation
can be obtained:

(29)

—(M — K)*nggPss log(2)

K
K)> (e +1)
k=1

Finally, the optimal number of transmit antennas M in
closed-form is given at the top of this page by Eq. (31).

Notice that for the proposed solution be feasible in practice,
]\*4 must be limited in the range of K + 1 and My, since the
constraint of the ZF precoding, (13c), should be attained and
M should be lower than the maximum number of antennas
available at the BS, M, ax.

Proceeding by substituting the calculated derivatives, Eq.

(29), into the power equation pg, Eq. (25), we obtain the

optimal power allocation closed-form expression:

. 0'2 (Kl + ].)
M—-K

+
vHALv
vHEBv

Br = 1+ pg
g log(2)(neE0 + V)

(32)

Lagrange multipliers Updating. Although the analytical ex-

pressions for the optimal number of transmit antenna, J\*f , and
power allocation, f)k, have been derived, these expressions are
related to the Lagrangian multipliers. Herein, we apply the
widely-used sub-gradient method to update the Lagrangian
multipliers; it means that gy and 9 should decrease if the
gradients are positives, i.e., V,, £ > 0 and Vy£ > 0, and
vice versa. The values of uj and ¢ at the ¢-th iteration will
be updated according to

0 _ [ Lo _ (B Ruw)]®
My~ = | Mg 10
K + (33)
(&) — | 9e=1) _ ﬂ _
9 = lﬁ 10 (PTX ka’k)] ;

Algorithm 2 Proposed Solution for M and p Optimization
Input: M, 0%, K1, p, v, B, Ay, Vk € {1,...,K}
repeat

Step 0: Compute ngg by (13);

Step 1: Compute M by (31);

Step 2: Compute p by (32);

Step 3: Update the Lagrangian Multipliers by (33);
until g converge

Outputs: M and p

Algorithm 3 EE Maximization Complete Solution Algorithm

Iﬂpllt: N, PTX’ (72, Kl, ag, &g, O p, ay, F
Step 0: Initilize M, p, and v to feasible values;
Step 1: Compute B and Ay, as (11) and (12) respectively;
repeat
Step 2: Compute v according to Algorithm 1;
Step 3: Update Ay as (12);
Step 4: Compute p and M by Algorithm 2;
until the objective function in (13) converge

Outputs: M, P and v

C. Complexity

We provide the computational complexity analysis of the
proposed Algorithms 1, 2, and 3. Concerning to the Algorithm
1, it is known that the complexity to update -, u, and 3 results



in the same order, given by O(K N?). Additionally, solve P3
by Eq. (23) has the complexity of CANA = O(N(N — 1)),
while solve P3 with SFP metodology has complexity of
CSFP = O(N). Furthermore, Algorithm 2 has a complexity
of O(3I,KN?). Therefore, the complexity of the proposed
RIS phase-shift optimization v procedure, as well as for
the number of active antennas M and power allocation p
optimization, and the complete proposed solution procedure
are given in Table L.

TABLE I
COMPLEXITY FOR THE OPTIMIZATION METHOD

Alg. Complexity
O(L(KN?+ I,(2KN? + L))
O(3,KN?)

O(Is((I.(KN? + [, 2K N? + ,C1))) 4+ 3L, K N?))

W N =

where I; and I 1 represent the number of iterations for the
inner and outer layers of Algorithm 1, while I; is the number
of iterations for optimizing v, and i € {SFP,ANA} holds for
SFP and Analytical approach, respectively; I5 is the number
of iterations for Algorithm 2 and I3 is the number of iterations
for Algorithm 3.

IV. SIMULATION RESULTS

In this section, we aim to investigate the performance of the
multi-user RIS-aided mMIMO system. We denote a system
configuration setup where the users’ localization is fixed con-
cerning their positions, AoA, and AoD for azimuth/elevation
as illustrated in Fig. 2. For one single system configuration
setup, the instantaneous-CSI optimization-based approach is
averaged over 7 = 500 realizations of D and Gprpos.
Moreover, we assume the users are uniformly distributed in
a circular area with the center in (100; 50) m and a radius of
r = 15 m, while the RIS is located at (100; 0) m and the BS is
located at (0; 0) m. In each setup, the AoD angles were unifor-
mally distributed as: ¢y¥, ~ U0, zl ok~ U[-%, %], and
b b ~ U[—Z, Z]; besides, the AoA angles ¢, ~ U[0, 3]
and @) a ~ U[=F,F]. All presented results for statistical
CSl-optimization have been averaged over S = 50 different
setups. Table II summarizes the adopted values for the main
simulation parameters.

Aiming to highlight the proposed method, we simulate four
different variable optimization strategies denoted as

1) p optz: only the power of the users, p, is optimized;

2) p, v optz.: the power of the users, p, and the RIS phase-
shift, v, are optimized,

3) p, M optz.: The power of the users, p, and the number
of antennas, M, are optimized;

4) p, v, M optz.: The power of the users, p, the number
of antennas M, and the RIS phase-shift v are optimized
sequentially.

It should be noted that when M, v or p are not opti-
mized, they are assigned random feasible values. In addition,
for comparison purposes, we also consider the random all
allocation approach, where all variables are assigned random
feasible values. Specifically, p is assigned values that satisfy

TABLE 11
ADOPTED SIMULATION PARAMETERS.

Value

RIS-Aided Massive MIMO System
Max. Power Budget at BS Prx € {20; 50} [dBm]

Parameter

Noise variance 0?2 = —95 dBm
Numbers of UEs K =10

Max. # Antennas at BS Mpax = 256

# Reflecting meta-surfaces N =100

Target rate Rumin = 1 bps/Hz
Power inefficiency o=12

Fixed power consumption Prix =9 dBW
Power BS antenna activation Pgs=1W
Power RIS element activation Pris =0.1 W

Channel Parameters
ac = —25log(dy)
afp K = —10.6 — 20 log(dpyk)
ap,r = —35.6 — 40log(dp k)
Rician fading
Rayleigh fading

Path-loss models

Matrix G (BS-RIS)
Matrix D (BS-UEs)

Matrix F (RIS-UEs) Purely LoS

Rician coefficient Ky =35
Monte-Carlo simulation (MCs) 7 = 500 realizations
Setups S = 50 setups

constraint (13a), M obeys the constraint (13c), and v adheres
to constraint (13d).

A. Attainable Energy Efficiency

Fig. 3 illustrates the achievable EE performance as a func-
tion of the transmit power budget at BS, Prx. We evaluated
the performance for the four variable optimizations strategies:
1) only p; 2) p and v; 3) p and M; and 4) p, v and M
optimization, denoted as yellow, red, green, and blue color
respectively. Moreover, we adopt as benchmarks the random
all (p, v, and M) strategy, and the instantaneous CSI-based
optimization strategy, which has been implemented based on
Algorithm 1 proposed in [30], denoted herein as black and
purple color curves, respectively. We also plotted the average
instantaneous EE obtained from the proposed statistical CSI-
based optimization approach, evaluated from the MCs, and
depicted in orange color.

First and foremost, it must be noticed the consistency of
the EE computed utilizing the ER lower bound, Eq. (10),
which undoubtedly proves that Ry > Rj. This is evident as
the obtained EE MCs curve is slightly higher than the EE
evaluated from the ER equation, demonstrating the tightness
of the derivation proposed in [6] and affirming the potential
of the statistical CSI-based optimization for enhancing EE.
Regarding the different strategies for statistical CSI-based
optimization, it is evident that the proposed algorithm for
strategy 4) can outperform all other strategies with statistical
CSI optimization in terms of EE enhancement, achieving a
significant improvement by increasing the EE from ~ 0.58
bps/Hz/W with the random solution (in the maximum value)
to ~ 1.42 bps/Hz/W. This translates to a remarkable EE gain
of approximately 145%. Since it optimizes all variables p,
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Fig. 3. Average EE vs the transmit power budget at the BS (Prx). Perfor-
mance evaluation of the proposed algorithm for four different approaches: 1)
only p; 2) p and v; 3) p and M; and 4) p, v and M optimization denoted
as yellow, red, green, and blue color respectively. Random p, v, and M
and the instantaneous optimization strategy are denoted as black and purple,
respectively.

M, and v sequentially, such a result was expected. Besides,
given the high value assumed by M,,,x as in practical RIS-
aided mMIMO scenarios, there is a significant probability
of obtaining a high value of M in the random realizations
for both strategies 1) and 2) as depicted in Fig. 4, and
analyzed in details in subsection IV-B. Thus, when M is high,
the energy consumption is significantly increased implying
poor EE. Accordingly, optimizing M becomes of paramount
importance.

Moreover, in Fig. 3, one can infer that the impact of
optimizing the phase shift RIS angles is not negligible on
the attainable EE, even considering the statistical optimization.
It is noteworthy that the achieved improvement in scenarios
in which the number of active BS antennas M assumes low
values (optimized M) is considerably greater compared to
those scenarios where M assumes high values. This can be
readily verified by examining the obtained gain in the EE curve
of strategy 1) compared to the curve of strategy 2), as well as
in the curve of strategy 3) with respect to the curve of strategy
4).

Based on Fig. 3, one can see the potential to achieve higher
EE through the statistical CSI optimization approach since this
methodology enables us to reduce the overhead associated with
the phase-shift optimization during each channel coherence
time while maintaining the fixed v over multiples channel
coherence time with a minimal performance loss. As a result,
the EE decreases from 1.510 to 1.433 bps/Hz/W, representing
a loss of ~ 5.3%, in high power regimes.

B. Average Number of Active Antennas

Fig. 4 shows the number of average active antennas M for
the optimization strategies 1), 2), 3), and 4). It is noteworthy
that strategies 1) and 2) exhibit a significantly higher average
number of active antennas compared to the average number

of active antennas in strategies 3) and 4). It occurs due to the
random assignment for M in each setup S, and since strategies
1) and 2) do not optimize M, there is a high probability for
M 1in strategies 1) and 2) to be higher than that in strategies
3) and 4). This finding helps explain why strategies 1) and
2) attain poor EE as illustrated in Fig. 3, and higher rates as
analyzed further ahead in Fig. 6.

2) p and v optz.
4) p, v, and M optz.

1) p optz.
3) p and M optz.

—_
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o
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20 25 30 35 40 45 50
Transmit Budget Power PTX [dBm]

Fig. 4. Average number of antennas for four different strategies.

Furthermore, by optimizing the RIS phase-shift angles re-
markably reduce the average number of active BS antennas,
mainly in low-power regimes, e.g., by comparing strategy 3)
with strategy 4), at Prx = 20 dBm, the average number of
antennas is reduced from 76 to 60. These results highlight the
potential of RIS deployment and optimization.

C. Power Consumption

Fig. 5 depicts the average percentage of transmit power
budget utilized for transmission versus the transmit power
budget. In the low-budget power regime, all strategies deplete
the available power budget; however, as the transmit power
budget increases beyond 35dBm, the algorithm starts to min-
imize the consumption of the power utilized for transmission.
This behavior is expected as in order to achieve the maximum
EE, the available power should not be fully utilized.

Additionally, this strategy is directly accountable for the
constant EE observed in high-power budget regimes, as pre-
sented in Fig. 3. Furthermore, it becomes apparent that opti-
mizing the number of antennas M is of utmost importance
in order to save a significant amount of power, reducing
the power consumption substantially, from 100% (as in the
“random all” case) to 84%, 26%, and 8% in the best strategy,
for Prx = 40, 45, and 50 dBm respectively. Consequently,
this strategy also implies high EE gain as presented in Fig. 3.
Moreover, one can see the substantial impact on the reduction
of power consumption caused by optimizing the RIS phase-
shift angles. This power reduction corroborates the potential of
RIS deployment and configuration, resulting in a remarkable
energy efficiency gain that cannot be obtained in non-RIS
scenarios.



1) p optz. 2) p and v optz.

8 3) p and M optz. 4) p, v, and M optz.
N 100%
5
S g
2 80%
o
2
B 60%
>
o
k)
L 40%
I}
€
8
o 20%
o

0%

20 25 30 35 40 45 50
Transmit Budget Power PTX [dBm]

Fig. 5. Percentage of the transmit power budget utilized vs the transmit

power budget at BS. The colors in the graph are associated with the strategy
according to Fig. 3.

D. Distribution on the Attainable Data Rates

Fig. 6 reveals the complementary cumulative distribution
function (CCDF) of the users’ ergodic rate Ry over S = 50
different realizations setups, represented by the solid lines.
Besides, dashed lines indicate the computed instantaneous
users’ rate, Ry, over 7 = 500 MCs for D and Gnr,os, in the
range of Prx from 20 to 50 dBm. Notice that the proposed
Statistical CSI-based optimization method mandatorily obeys
the constraint (13b) for all strategies solutions. This fulfillment
is primordial to guarantee appropriate QoS for all users.
Moreover, one can see that strategies 1) and 2) are capable
to provide higher ER than strategies 3) and 4). It can be
justified owing to strategies 1) and 2), the number of antennas
is not optimized, resulting higher number of BS antennas in
the majority of setups than the optimized M’s obtained in the
strategy 3) and 4), as illustrated in Fig. 4, and consequently
higher ER at cost of EE degradation.

Indeed, the consumed power in strategies 1) and 2) is higher
than that one in strategies 3) and 4), as shown in Fig. 5, leading
to higher rates. However, one can see that although strategy 4)
has a much lower number of active antennas and lower power
consumption than strategy 3), strategy 4) still has a feasible
probability of attaining high rates than strategy 3). This is
due to the RIS angle phase shift optimization, which can
potentialize some users by maximizing the ER, as discussed in
the subsection III-A. We can also notice from Fig. 6 that the
instantaneous user rate Ry obtained through statistical CSI-
based optimization (orange dashed curve) can achieve lower
rates than Ry, implying a violation of (13b), in contrast to
the data rates obtained through the instantaneous CSI-based
optimization (purple dashed curve), which are always higher
or equal than R;y,.

E. Computional Complexity of Algorithm 1

In Fig. 7, we illustrate the ergodic rate vs. the average num-
ber of iterations (/7) attainable with the proposed procedure

—#8— Random all
1) p optz.
—O—2) p and v optz.
—%—3) p and M optz.
—%—4) p, v, and M optz.
—=%-=Proposed MCs
—-¥¢-— Inst. optz. MCs

CCDF

0 5 9 14 19 23
User Rate [bps/Hz]

Fig. 6. CCDF of the ergodic user rate Ek for four different strategies with
statistical CSI-based optimization (solid lines) and the instantaneous user rate
Ry, for instantaneous CSI-based optimization (dashed lines), with Rpin = 1
bps/Hz.

for RIS phase shift optimization, Algorithm 1. Additionally,
we include a benchmark utilizing the Gradient approach
algorithm proposed in [6]. It is apparent that the proposed
algorithm achieves a gradual convergence with significantly
fewer iterations than the Gradient approach, i.e., the proposed
optimization method for both SFP and Analytical strategies
needs I; ~ 10 iterations for convergence. Moreover, one can
observe that the proposed algorithm outperforms the Gradient
approach by achieving ~ 146 bps/Hz, while the latter achieves
around 141 bps/Hz after 50 iterations.

—
¥
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ol 1455 i —
145

140t 20 21 22
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Number of lteration I1

—— Proposed + SFP
—O6— Proposed + Analytical
Gradient Approach proposed in [1]

Ergodic Rate [bps/Hz] (objective function)

Fig. 7. The convergence behavior of the proposed Algorithm 1 for EE max-
imization and the convergence behavior of the Gradient approach benchmark
proposed in [6] over S = 1000 different setups. Here we adopt M = M ax,
Prx =30 dBm, K =20 and N = 100.

We also can notice in Fig. 7 the potential of the proposed
scheme with the SFP method solution since the performance
gap is negligible regarding the optimal solution given ana-



Iytically by Eq. (23), but resulting in a significantly lower
complexity according to Table I and III. This clearly highlights
the potential of the proposed solution. Furthermore, Table
IIT confirms that the optimal Analytical proposed solution is
more complex than the SFP approach, as the former has a
complexity of O(N) while the latter has a complexity of
O(N(N —-1)).

TABLE III
RUNNING TIME COMPARISON OF THE ALGORITHMS IN SECONDS

Elapsed Time [s]
Proposed + SFP 0.2782
Proposed + Analytical 0.4575
Gradient Approach [6] 0.3075

V. CONCLUSIONS

This work addresses the EE maximization problem in a
downlink RIS-aided mMIMO communication system oper-
ating under generalized Rician BS-RIS channels and ZF
precoding. We proposed a statistical CSI-based optimization
strategy that treats the RIS phase shift and power allocation
as a constant over multiple channel coherence time intervals,
reducing the overhead of the variables optimization in every
channel coherence time. Based on an ergodic rate (ER) lower-
bound closed-form expression, the EE optimization problem
with power and QoS constraints is formulated. To circumvent
the challenging coupled optimization variables and non-convex
constraints, the proposed alternating-sequential optimization
approach, based on the fractional programming techniques and
dual Lagrangian method, optimizes the power allocation vector
(p), the number of BS antennas (M), and the RIS phase-shift
vector (V) in an iterative manner based on analytical closed-
form expressions until convergence. Our approach offers an
elegant methodology to gradually improve the system EE
performance by optimizing step-by-step the system variables,
demonstrating the potential of RIS deployment and optimiza-
tion in mMIMO systems since the proposed scheme can result
in high data rates for the users, lower power consumption
and lower active antennas operating at BS. Our numerical
results validate the effectiveness of the proposed Algorithm,
as it substantially reduces the computational complexity while
maintaining an exciting trade-off in terms of EE performance.
Our approach incurs a performance loss of = 5.3%, compared
to instantaneous CSI-based optimization method. Besides, our
proposed Algorithm can achieve better EE gains with lower
complexity.

APPENDIX A
PROOF OF LEMMA 1

Initially, we should notice the P3 can be equivalently
transformed into

max v Cv = max Tr(CV),

(34)

with V = vv#, where the following constraints rank(V) = 1
[Vl =1, Vn € {1,..., N}, must be attined. Procceding,
conveniently, we can rewritten v as the following manner

A, (35)

H _—3j6,
v=[vi, e vy
where v; € C"! and vo € CV~" are respetively defined as
vi 2 [V]}., 1y and v2 £ [v],, .- This alternative notation
enables us to look for the n-th element of v, /%~ . Therefore,
by utilizing Eq. (35), one can rewrite V as:

Y1V{I Vle*j‘)" ylvf

V=wi = ejenvfl 1 ejeﬂvf (36)
H —jbn, H
VoV vaoe I vavy

By defining the following variables

C1 = [Clim-1),1:0-1) e ¢r—1x(n-1)
c; = [C], (n—1),n c cn-1x1

Cs = [Clim-1),(nr1):n e C(n=x(N-n)
Cy=[C],, cC

¢s = [Cl, (ni1)n € CIX(N=n)

Co = [Clinsn,mn)n e CN=mx(N=n),

(37
the matrix C can be rewritten in terms of these variables:

Cl Co C3
C= Cgl 04 Cs |, (38)
C?I;I C5H C6
Therefore, after some basic algebraic manipulations:
Tr(CV) = e~ (Tr(cg'v1) + Tr(esva)) (39)

+ ed0n (Tr(chfI) + Tr(c?vf)) + Oy
+Tr (Cngv{{ + Clvlv{{ + C?vlvf) + Tr (CGVQvf) ,

Interestingly, Eq. (39) leads us to see that maximize Ps
w.rt. 6, is equivalently to

max Tr(CV) = max 2R{e 7% (Tr(ckvy) + Tr(vacs))}

whose optimal solution is straightforwardly given in closed-
form by 6} = Z(Tr(civi)+ Tr(vacs)). Substituting the
values of co and cs given in Eq. (37), and v; and vo, the
proof is complete.
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Abstract—We investigate the downlink outage performance
of double-RIS-aided non-orthogonal multiple access (NOMA),
where a near-BS and a near-users RISs setup are deployed.
To extend the coverage to 360 degrees, we deploy a simulta-
neously transmitting and reflecting RIS (STAR-RIS) structure
aiming to improve communication reliability for both indoor
and outdoor users. New channel statistics for the end-to-end
channel with Nakagami-m considering both the conventional-RIS
and the STAR-RIS antenna elements features are derived using
the moment-matching (MM) technique. The numerical results
reveal that the double-RIS setup can outperform the single-RIS
setups when the number of elements of STAR-RIS (Rs) and
conventional RIS (R¢) is suitably adjusted. Moreover, when the
link between the base station and the near-user RIS is in good
condition, the double-RIS setup is outperformed by the single-
RIS setup. Finally, the proposed analytical equations reveal to be
very accurate under different channel and system configurations.

Index Terms—Simultaneously Transmitting and Reflecting Re-
configurable Intelligent Surfaces (STAR-RIS); outage perfor-
mance; moment-matching (MM)

I. INTRODUCTION

he upcoming beyond fifth generation (B5SG) wireless
networks aim to provide high connectivity and different
services for the most different kinds of users. Reconfigurable
intelligent surface (RIS) has gained much space both in the
research community and industries, and it is envisioned as a
promising candidate to meet the stringent demands of future
networks, mainly due to its ability to create a configurable
propagation environment, enhancing metrics such as Spectral
Efficiency (SE) [1], Energy Efficiency (EE) [2], as well as
indicators as Quality of Service (QoS). However, depending
on the place where the conventional RISs (C-RISs) are in-
stalled, users located in specific positions (blind spots) will
not be served. Recently a new proposed architecture named
simultaneously transmitting and reflecting RIS (STAR-RIS)
can overcome this limitation by extending the coverage of
communication by 180° to 360°. Besides, it has been shown
that the RIS should be installed closer to the receiver to achieve
the best performance gain[3]; thus, in order to improve the
potential of this technology, double-RISs have been attracting
much attention due to the high potential by combining the RIS
deployment near to the transmitter and receiver.
Furthermore, with the exponential growth of connected
devices in the network, schemes able to support massive con-
nectivity are demanded, hence, non-orthogonal multiple access

Taufik Abrdo
Department of Electrical Engineering (DEEL)
State University of Londrina (UEL).
86057-970, Londrina, PR, Brazil.
taufik @uel.br

(NOMA) is considered a promising multiple access technique
for B5G since it can provide access for a higher number
of users, improving the system spectral efficiency. Recently,
there is an effort to predict the behavior of the RIS-aided
channels; hence, analytical expressions for outage probability
(OP) and ergodic capacity (EC) considering different multiple
access systems have been proposed in [4], [5], [6], [7]. These
analytical approaches can be useful to assess the system’s
reliability and understand how the RIS-aided system scales
according to some parameters. In [4], the authors derived
analytical expressions for OP and EC for NOMA and OMA
in downlink and uplink networks. In [5] the authors derived
analytical equations for OP in a NOMA-aided single RIS
scenario with random and optimal phase-shift design through
the statistical moment-matching (MM) technique. In [6], the
authors proposed a method to optimize the phase-shift of
double-RIS-aided MIMO communication setup to maximize
the system capacity. [7] investigated the performance of STAR-
RIS assisted NOMA networks over Rician fading channels,
and analytical equations for OP are derived.

To the best of the authors’ knowledge, the analytical channel
prediction behavior of a double-RIS (C-RIS + STAR-RIS)-
aided NOMA has not yet been considered in the literature.
Hence, motivated by the research gap considering this scenario
we investigated the closed-form expressions for OP and EC;
besides, we characterized conditions in which double-RIS con-
figurations can be indeed profitable. The major contributions
of this work are threefold: i) we analyze a downlink double-
RIS system, where a conventional RIS and a STAR-RIS are
deployed to serve an indoor and an outdoor user. Through
the MM technique, we statically characterize the end-to-end
channel for this new scenario where all the communications
links are considered as Nakagami-m; ii) the OP and EC
are derived in simple and accurate closed-form expressions
and calculated for different parameters configurations of the
double-RIS setup, as the number of elements in each RIS, as
well as the m parameter of Nakagami distribution (LoS and
NLoS impact). The developed analytical results are confirmed
by Monte-Carlo simulations (MCs); iii) we expose in which
conditions and configurations the double-RIS setup can out-
perform the single-RIS setup.

Notations: Scalars, vectors, and matrices are denoted by the
lower-case, bold-face lower-case, and bold-face upper-case let-



ters, respectively; CN*M denotes the space of N x M complex
matrices; | - | denote the absolute operator; diag(-) denotes
the diagonal operator; I'(+) is the gamma function; ~(-) is the
lower incomplete gamma function; E[-] and V[-] denotes the
statistical expectation and variance operator; G(k, ) denotes
the distribution of a Gamma random variable with shape and
scale parameter k and 6 respectively; GG(«, 3,7, c) denotes
an r.v. whose distribution is generalized-Gamma where the
parameters are «, 3,7 and ¢; Nakagami(m, <)) denotes the
distribution of a Nakagami-m random variable with shape and
spread parameter m and (2 respectively;

II. SYSTEM MODEL

As shown in Fig. 1, we consider a downlink double-RIS-
aided two-user communication system, where the base station
(BS), denoted by S, and the users are equipped with one single
antenna. To extend the coverage to 360 degrees, we consider a
STAR-RIS deployed in the building facade which can enhance
the communication of indoor user (U;) and outdoor user (Ug)
simultaneously. We assume the Uy and Up as the strongest
and weakest users, respectively. The RISs are located near S
(conventional RIS referred to as R¢) and near users (STAR-
RIS referred to as Rg). Let us denote as /N the total number of
passive elements for the two RIS, where R¢ and Rg consist
of No = [N¢| and Ng = N3] elements respectively, with
the set of RIS elements defined as N¢ = {1,...N¢g}, N5 =
{1,...Ng} and N¢ + Ng = N. We define the split factor as
n& % Furthermore, we consider that U; and Ug are paired
to perform NOMA.

The Rc can be configured aiming to improve the com-
munication through its phase-shift matrix given as ®o =
diag([v1€7%1, ... vn.e?Ve]), where 6, € [0,27] and v, €
(0, 1] are the phase-shift and the amplitude coefficient applied
at the n-th element of R¢, respectively. Here, we adopt
ideally v, = 1, Vn € {1,...,N¢}. Besides, concerning
the STAR-RIS (Rg), its phase-shift matrix can be defined as
&L = diag([&167%1, ..., & ne€?PNs]) with i € {I,0},
where &1, (¢1,,) and &0, (po.n) denotes the amplitude
coefficient (phase-shift) for refraction and reflection of n-th
element respectively.

This paper focuses on the energy splitting (ES) protocol,
where the STAR-RIS is assumed to operate in transmitting and
reflecting mode simultaneously by splitting the total radiation
energy into the refraction and reflection signals. By obeying
the energy conservation law, the sum of the energies of
the transmitted and reflected signals should be equal to the
incident signal’s energy, i.e., {1, + on = 1 Vn € Ns.
Without loss of generality we adopt &; , = & = 0.5, Vn € Ng
and Vi € {I,O}.

A. Channel Model

In order to systematically characterize our proposed sys-
tem model, let us denote f = [f1,...,fn,] € C*Ne,
D = [dy,...,dys] € CNeXNs | yi = [u‘l,...,uﬁvs]T
€ CNsxl v € {1,O}, g = [g1,..-,9nc]T € CNex! and
t = [t1,...,tns] € CP*Ns as the channel between the S —

Rc, Re —+ Rs, Rs — U;, Rc — U()1 and S — Rg re-
spectively. We consider that the absolute value of all elements
of f,D,u’,g and t follow a Nakagami-m distribution with
parameters (my, ), (mp,Qp), (mu,, Q,). (ng,Qy) and
(my¢, ), respectively. Since the channel estimation problem
is out of the scope of this manuscript, we assume that perfect
channel state information (CSI) is available at S.

o<
@H‘ﬂ:{;—%

STAR-RIS

Fig. 1. Application scenario for double RIS-aided mobile communication.

III. NEW STATISTICS OF THE END-TO-END CHANNEL

In this section, we intend to derive new channel statistics for
the proposed double-RIS-aided network, which will be useful
to compute the OP and EC in the following subsections.

As illustrated in Fig. 1 we consider the double reflection link
as well as the single reflection link from S to Rg towards the
Uy and Ugp and from the R¢ to the Ug, therefore, one can
write the cascaded channels of both user as follows:

hi = \/BiBut®Lur + /B BpBufecD®Guy, (1)

single-reflection

ho = \/BsBef®cg + \/BiBuot®Suo

single-reflection

double-reflection

single-reflection

+/BsBpBu.f2cDPTuo,  (2)

double-reflection

«
do

where 5, = (E) " denotes the large-scale fading gain (path-
loss), dy is the reference distance, d,, is the distance of link v,
and «, is the path-loss coefficient, Vv € {f, g,t, D, uj, uo}.

Notice that in order to maximize the single-reflection link
for the Ug user, the optimal phase-shift in Rc can be applied
setting 0, = — (Lfn + Zgn) ¥Yn € N(; besides, aiming to
explore the potential of the deployed Rg, we consider the case
where it is configured to maximize the received power from
the double-reflection link of both users, ¢.e., the phase-shifts of
the Rg are set as ; , = — (Z([f®cD)y) + Luin) Vn € N,
therefore, the signal of Uy and Ug will be coherently combined
by the Rg. Thus, by setting the coherent phase shift design in
both RISs, the following lemma is proposed.

In this work, we do not consider the link between the Rc — Uy.



Lemma 1. || appzon g(khl,\/ﬁUﬂhl) whose scale and
shape parameters are given by Eq. (3). Moreover, the dis-

tribution |ho| “"R°° G (kny,0n,) whose scale and shape

parameters are given by Eq. (4), where i, = %ﬁ%ﬂi,
Vo € {f,g,t,D,U],'U,O}.
Nspiy §
kh = : )
I (QUI_“%I %)
3)

P &y/Buy\/(Bi+BBp Ne) (Quy—uiy, F)
h[ = ﬁHUI b

2
T(Bt+BrsBpNc)
(x/ﬁuoéNsHUO Y SR BfBgNC#fﬂg>

khO_ 4Qy —pu2, w
2,,2) g2 Yo "ug
BrByNo(QQg—12p2)+¢ ﬂUONS(Bt,‘FﬁfBDNC)( 7y )

)

6, — VBuoENs vy “EHEPDNC) | R N g
o kh() .

“)

Proof. The proof can be found in Appendix A. ]

Remark 1. If only the double-reflection link is considered,
Be = By = 0, besides, if only the single-reflection link is
considered, we have that Sp = 0.

Besides, the probability density function (PDF) and cumu-
lative distribution function (CDF) of |h;| can be given as [8]

_ =z
fhi (m) — 7]%331%1—16 Oh; , (5)

X
K, 9hi> : (6)

IV. OUTAGE PROBABILITY AND ERGODIC CAPACITY

Fu@) = oy (

We derive new OP closed-form expressions for double-RIS
systems aided by STAR-RIS topology.

A. Signal Model of NOMA under Power Domain

For downlink communications, the S transmits the signal
x = VP (VArs1 +v/Aos0), where P denotes the transmit
power of the S, s; and so denote the transmitted signals to
Up and Up, respectively, and A\; and Ao denote the power
allocation coefficients for Uy and Up, respectively, with A; +
Ao =1, and A\; < Ap. On the indoor and outdoor user side,
the received signal is given by

yi = hix + 2, i€ {l,0}, @)

where the background noise z; ~ CN(0,0?).
At Uy, the signal of U is detected first, and the correspond-
ing signal-to-interference-plus-noise ratio (SINR) is given by

plhil*Xo

=70 8
Yo plhrPAr + 1 3)
where p = U—P2 is the transmit SNR under the AWGN channel.
Besides, assuming perfect signal reconstruction and canceling

in the successive interference cancellation (SIC) step, the SNR
at the Uy is simply given by:

M= P|h1\2)\1- ©)

At Up, its signal is decoded directly by regarding Uy’s signal
as interference, resulting in the following SINR
plhol* Ao

= 10
7o plhol?Ar +1 (10)

B. Outage Probability at Indoor User

According to the principle of NOMA, the outage behavior
for the Uy occurs when it cannot effectively detect the user
Uo’ message and its message consequently or when the Ug’
message is decoded successfully but an error occurs in the SIC
process to decode its own message. Mathematically it can be
formulated by the union of the following events:

Pc%lt =1- Pr(’Yl—m > Ythgs N1 > :Ythl)
Veho [ Yty
=1-Pr(|k|> /7 | > >7
<| | P(Ao = Ar¥no ) F A1p
where 7y, and Ay, are the SINR threshold for U and Uf,

respectively. Clearly, if Ao < Ar7ih,, Pg;t =1, otherwise by
utilizing Eq. (6) the OP of U; can be given as

max { \/ Vtho \/ 'Ythl}
p(Ao — A1tn,) \ Arp
On, ’

an

1
out T(kn,) Y |Rhrs

where kj,, and 6y, are given respectively by Eq. (3).

C. Outage Probability at Outdoor User

In this case, the outage behavior for the Up occurs since
Uo cannot detect effectively its message. Hence, the OP of
Up is defined as

PY% = Pr(yo < 7 —Pr(h S P — )
out (’YO ’}/tho) | 0| P()\O — )‘I'Vtho)
Vtho
1 P(Ao — Atho )
= v khov 5
F(kho) Hho

12)

with kp, and 6, are given respectively by Eq. (4).

D. Ergodic Capacity

In this sub-section, the EC of the Uy and Uy for NOMA-
Aided Conventional and STAR-RIS is derived based on The-
orem 1.

Theorem 1. In NOMA-Aided Conventional-RIS and STAR-RIS
networks, the ergodic rate for the Uy and Uy can be predicted
as



B~ logs (1 -+ pMNZ13, w28, (B + ByBpNe))

RO ~
Ay, [ NstUg Buom(Be+BBDNC)+2,/ByBgNChyig 2
PAO 5
lo 1+4
B2 [T ENsuy, BUOW(ﬁt+ﬁfﬂDNC>+2\/BfBgNC}Lny 2 ’
PAT o) +1
(13)
Proof. The proof can be found in Appendix B. |

V. SIMULATION RESULTS

In this section, we provide numerical results to evaluate the
accuracy of the proposed analytical equations. We consider
three distinct scenarios: Sc.A: single- and double-reflection
links are considered; Sc.B: only double-reflection link is
considered; Sc.C: only single-reflection links are considered.

We show the impact of the reflecting elements on the
performance of the NOMA-aided conventional and STAR-RIS
system. The MCs results are averaged over 10° realizations.
Unless stated otherwise, the adopted parameter values are
presented in Table L.

TABLE I
ADOPTED SIMULATION PARAMETERS.

Parameter Value

NOMA-aided Conventional and STAR-RIS System
Transmit SNR p € [0; 50] [dB]
#Total Reflecting Meta-Surfaces N € {50,100, 200}
Split Factor n=0.35

Ar =0.15, Ao = 0.75
Ry = Ry = 0.01 [BPCU]

Power Allocation coefficients
Target Rate

Distance from S to R¢ 25 [m]
Distance from Rg to Uy and Up 5 and 20 [m]
Distance from R¢c and Rg 15 [m]
Distance from R¢ and Up 35 [m]
Distance from S to Rgs 35 [m]

Channel Parameters

S-Rc link: f my :8, Qf:1

S-Rs link: t me = 15, Qt =1
Rc-RS link: D mp = 8, QD =1
Rc-Up link: g mg =18, Q=1

ml =150l =1

m? =750 =1

af =ap =22

ay, = ayy, = 2; ag =2.8
o € {2.8,3.1, 3.4}

do =1 [m]

Rgs-Uq link: uy
Rs-Up link: up
Path Loss Exponent

Reference Distance

Fig. 2 depicts the OP for both users vs. the split factor
n= % when N = Ngc+Ng = 200. We can see that when the
value N¢ is low, Ug has a poor outage performance due to the
marginal impact of the single reflection link S — R — Up
and double-reflection link S — Rc — Rg — Ug once Up is
far from Rg and Rc. In contrast, since the Uj is near to the
Rg, its performance is better when Ng assumes a high value.

Fig. 3 shows the ergodic sum rate vs the SNR (p) for three
different scenarios, A, B and C. We can see that scenario C has

']00 T T v —V v
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104 | Double-RIS setup Eq./(13) ]
>
%
®
3
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Split Factor n

Fig. 2. Outage performance vs split factor (1) for N = 200 and oy = 3.4
on scenario A.

the worse condition due to its low path-loss, besides, we can
see the great potential of scenario B and how it can directly
impact the double-RIS setup, outperforming even the single-
RIS setup. Furthermore, we can see that the derived analytical
equations (13) are very accurate when p varies.

8 T T T
Single- and double- reflection links /
7 |~~~ Double-reflection link only ;|
il Single-reflection links only ;o
6 | |~ Single RIS setup P
® MCs '

&)]
T

w
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-
T

o
4

10 20 30 40 50
SNR p [dB]

o

Fig. 3. Ergodic sum-rate (R; + Ro) vs SNR (p) N = 200, = 0.35 and
ot = 34

Fig. 4 depicts the ergodic sum rate for both users versus
the split factor when N = 200 for three different path-
loss coefficients, «; = {2.8,3.1,3.4}, where the path-loss
f= (%)

t
the analytical equations as summarized in Eq. (13) are very
accurate for any value of the split factor 7. Furthermore,
we can see that, by improving the conditions of the direct
link between the S and the Rg, in terms of path-loss, the
performance of the system can be improved in a general

t
. We first notice that for all scenarios considered



way, however, within these conditions, the double-RIS setup
can be outperformed by the single-RIS setup. On the other
hand, when «; = {3.1, 3.4}, the double-RIS setup can obtain
higher data rates than the single-RIS setup, revealing its great
potential in scenarios where the direct link between the S
and Rg is poor. Finally, we can see the scenarios where the
double-RIS setup performs well, the number of meta-surface
elements Ng and N¢ can be strategically optimized aiming
to obtain as better performance as possible.

4.5 w T
MCs 7

4 ‘U\ 0 =28 .
Double-RIS setup

- Single-RIS setup |]
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-
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0 0.2 0.4 0.6 0.8 1

Split Factor 7

Fig. 4. EC vs split factor (n) over an NOMA-aided conventional and STAR-
RIS system vs single-RIS setup with N = 200 and p = 35 dB.

Fig. 5 depicts the OP for both Uy and Ug also for the three
different values of N. Firstly, one can notice that the derived
analytical expressions (11) and (12) are very accurate for the
considered parameters. Furthermore, we can notice that better
performance for both Uy and Ug users occurs for high values
of N. Additionally, we can observe how important is to know
the CSI aiming to optimize the phase-shift matrix of Rg and
R¢ since it can provide very high-performance gains over the
random phase-shift matrix strategy.

VI. CONCLUSIONS

In this paper, we have characterized the system perfor-
mance of a NOMA-aided conventional and STAR-RIS under
Nakagami-m channels. We derived analytical equations for
OP and EC using the Central Limit Theorem (CLT) and
MM technique. The numerical (analytical and MC simulation)
results reveal that the double-RIS setup can outperform the
single-RIS setups when the values of Rg and R are suitably
adjusted. Furthermore, in scenarios where the direct link
between the S — Rg are in poor conditions w.r.t. the path-
loss (large «;), the double-RIS can outperform the single-
RIS setup. Finally, the simulation results demonstrated that
the analytical proposed equations are very accurate under the
parameters of the system.
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Fig. 5. OP vs SNR (p) when N = {50,100,200}, oz = 3.4 and 7 =
Fo = 0.5.
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APPENDIX A
PROOF OF LEMMA 1

According to section II-A all links follow Nakagami-m
distribution whose mean and variance can be given as

_ D(m, +1/2)v/Q,

v T ) 14
a T (1) /s (14)
02 =Q,—pu2,  Wwe{f gt Du,uo}, (15

The channel of Ug in (2) can be written as

o/ | Vit + /5770 £cD 820 + /575, £,
w Y

X

Zo
— VHonto + /BB, a6

- (éfn + Zgn) Vn € NC, thus, Y can be

by setting 6,, =
written as
N¢
Y =" |fullgnl, (17)
n=1

according to Lemma 2 of [5], the distribution of Y can be ap-

2 2
proximated as Y PR g %’ Z) , where py = Nopigig
Y

and 03 = No(QsQ, — pjp?). Since ®¢ is set to maximize
the power of the single reflection link S — Rc — Up, its
combination in w will appear random, hence, by applying
Lemma 4 of [5] we can approximate w as

w PR CN (0, NoTny), (18)



one can notice that [9] shows that the Central Limit Theorem
(CLT) provides a good approximation for w, however, the
correlation clearly impacts the approximation of |hgo| and it
will be characterized in the numerical results in sub-section.
Besides, the distribution of x can be given as follows

x PR CN (0, (B + BsBpNec)Ins)

since the distribution of z,, follows complex Gaussian, the
distribution of |x,,|, follows Rayleigh Vn € AN whose mean

is given as 1, = E[|z,|] = w and variance can
— (4=m)(Be+B;BpNc)
L .

(19)

be given as 02 = V([|z,|]

Furthermore we set @ = — (Zz,, + Zuo,n) Vn € N, in
order to maximize the received power of Ug thus Zp can be
written as follows

Ns
Zo =€ |anlltonl, (20)
n=1

we should notice that differently of (17), eq. (20) represents
the sum of the product of a Rayleigh and Nakagami-m
r.v.; however, since Rayleigh can be viewed as a particular
case of a Nakagami-m r.v., we also applied Lemma 2 of
[5] to approximate the PDF of Zp as Gamma r.v., hence,

2 2
ADDrox o
Zo PR g “220,5 o ), where piz, = ENspizpiv, and
0z, HZo

0%, ~ &Ns(Qu, (Bt + BsBpNe) — ui,p2), where the
approx. is due to the correlation in x.

Hence, the distribution of |ho| in (16), is the sum of two
scaled gamma random variables with different shapes and
scales parameters, since the exact closed-form expression for
its PDF can be toilsome to obtain, we approximate the distribu-
tion of |ho| according to the well-known Welch-Satterthwaite
[10] as follows

(v/BoobNsptativy + /BrByNeiisiig)”
525%‘7%0 + B1B40% ’
525Uo‘7%o + ﬂfﬂga%

v/ Buo Nttt + /BBy Neiifiig

By following the same step in (16) and applying optimal
phase-shift in @L, the channel of Uj in (1) can be written
as

lho| ~ G

. (21)

|hr| = |V/Bo x@gur | = \/Bu Z1, (22)
——
Zy
following the same steps done above, we obtain that Zy PRI

2
UZI A

iz, = ENspapy, and 0% ~ ENg(Qu,(B: + BsBpNe) —
113, 13) respectively, therefore

2, %
|h1| ~ G UT»VBUIT -

Z) Z

2
Hz, Zy . .
g , where the mean and variance are given as

(23)

APPENDIX B
PROOF OF THEOREM 1

The EC of Uy and Ug can be written as
R; = E[logy (1 +7:)], Vi € {1,0},

where ~ and o are given respectively by (9) and (10). By
utilizing Jensen’s inequality we can obtain an upper bound
based on log,(1 4 x), which is concave w.r.t. x, therefore

24)

Ry <log, (14 pAE[|l|?]) (25)

= pAoE[|hol?] )
Ro <lo 14— 26
0 = o8 ( PAE[Ro[Z] + 1 (20

Since |h;| ~ G(kp,,0h,;), we have that
1 1 ki _q _a2l/?
fina2 (@) = f|hi\(90)2\/5 = 29?1‘(1@012 e T ,(27)
therefore |h;|? ~ GG (ki,02,0,1/2) [11, Eq. 17.116], thus, the
mean of generalized gamma r.v. is given by [11, Eq. 17.118]

o o l(ki +2)
E[|h;] ]_eiW»

One can notice that if k; — o0, I' (k; + 2) =~ I" (k;) k2, thus
(28) can be approximate as

E[Jhf?) ~ 0212,

(28)

(29)

thus substituting (29) into (25) and (26) respectively, (13) are
obtained. This completes the proof.
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