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Abstract

INACIO DE SOUZA, Joao Henrique. Physical Layer Optimization, Multiple Access,
and Energy Efficiency in Extra-Large Scale Massive MIMO and Wireless
Networks Aided by Reconfigurable Intelligent Surfaces. 2024. Thesis (Doctorate
in Electrical Engineering) — Universidade Estadual de Londrina, Londrina, 2024.

The mobile networks beyond the fifth generation (B5G) must be designed to supply an
increasing demand for connectivity, coming not only from established applications but also
from emerging ones that surge with progressively ambitious communication requirements.
To that end, physical layer technologies such as extra-large scale massive multiple-input
multiple-output (XL-MIMO) and reconfigurable intelligent surfaces (RISs) have been
considered for integrating the specifications of the next-generation networks aiming to
boost the key performance indicators (KPIs). XIL-MIMO encompasses communication
systems where the base station is equipped with a physically large antenna array, with
hundreds to thousands of half-wavelength-spaced antennas. Seen as an evolution of massive
MIMO, in XL-MIMO systems, the array provides extra spatial degrees of freedom (DoFs)
that can be explored to spatially multiplex many users with high data rates. Furthermore,
an RIS is a thin sheet of composite material equipped with electronic circuits that can be
programmed to change the characteristics of the incoming electromagnetic field. It can
be used to coherently reflect radio signals, enhancing the wireless channel in arbitrary
spots of the service area, relying on low-cost and energy-efficient hardware. To unlock the
potential of XL-MIMO and RIS, it is necessary to solve open research questions concerning
channel modeling, system design, and optimization strategies. Addressing the challenges
faced in the development of these technologies, this thesis investigates the applicability
of XL-MIMO and RIS to leverage the communication KPIs in the B5G networks. Based
on the B5G usage scenarios, it focuses on four objectives: 1) providing high data rates
and supporting high connection density for gigabit per second communication; 2) enabling
energy-efficient wireless communication for the Internet of Things (IoT); 3) providing reli-
able and low-latency communication for mission-critical applications; and 4) investigating
the potential of RISs to program aspects of the wireless channel. Regarding XL-MIMO,
to support multi-user communication in crowded environments, a strategy for system
optimization is proposed to efficiently explore all the DoFs provided by the high-aperture
array. Furthermore, concerning RIS, the energy efficiency of RIS-aided IoT networks is
analyzed, producing relevant insights for system design aiming to extend the devices’
battery lifetime and enhance the network coverage. Moreover, a multiple access scheme
to multiplex hybrid traffic is proposed, using the RIS to support the coexistence through
network resource sharing of mission-critical services along with broadband communication
services. Finally, tackling the integration of the RIS controllability and exploring its

capability of shaping the wireless channel, a method is proposed to control the channel



temporal statistics by using an RIS with time-varying stochastic configurations. In short,
this thesis presents methods, procedures, and algorithms to implement XL-MIMO systems
and RISs in the B5G networks, accompanied by comprehensive evaluations of the system
trade-offs in terms of relevant KPIs, including spectral efficiency, energy efficiency, outage

probability, and latency.

Keywords: Massive multiple-input multiple-output (MIMO), extra-large scale massive
MIMO (XL-MIMO), reconfigurable intelligent surface (RIS), energy efficiency, Internet of

Things (IoT), random access protocols.



Resumo

INACIO DE SOUZA, Joao Henrique. Physical Layer Optimization, Multiple Access,
and Energy Efficiency in Extra-Large Scale Massive MIMO and Wireless
Networks Aided by Reconfigurable Intelligent Surfaces. 2024. Tese (Doutorado
em Engenharia Elétrica) — Universidade Estadual de Londrina, Londrina, 2024.

As redes de comunicagoes moéveis da proxima geracao devem ser projetadas para suprir
uma demanda crescente por conectividade, provocada nao apenas por aplicagoes consoli-
dadas, mas também por aplicacoes emergentes, que apresentam requisitos de comunicagao
progressivamente ambiciosos. Neste sentido, visando impulsionar os indicadores desempe-
nho, tecnologias de camada fisica conhecidas como massive multiple-input multiple-output
(XL-MIMO) e reconfigurable intelligent surfaces (RISs) tém sido consideradas para integrar
as especificagoes das redes da proxima geracao. Em um sistema XL-MIMO, a estacao radio
base é equipada com um arranjo de antenas com grandes dimensoes fisicas, possuindo de
centenas a milhares de antenas espacadas por meio comprimento de onda. Tratado como
evolugao do sistema massive MIMO, em um sistema XL-MIMO, o arranjo de antenas
fornece graus de liberdade espacial adicionais, que podem ser explorados para aplicar
multiplexacao espacial de diversos usuarios a altas taxas. Além disso, uma RIS consiste
em uma superficie delgada constituida por materiais compositos e equipada com circuitos
eletronicos, capaz de ser controlada para alterar caracteristicas do campo eletromagnético
incidente. Especificamente, esta superficie pode ser empregada para refletir sinais de
radio coerentemente, melhorando a qualidade do canal sem fio em pontos arbitrarios da
area se servigo, dependendo de um hardware de baixo custo e energeticamente eficiente.
Para explorar o potencial dos sistemas XL-MIMO e das RISs, é necessario solucionar
questoes de pesquisa em aberto, relacionadas a modelagem do canal, projeto de sistemas e
estratégias de otimizacao. Focando nos desafios encontrados durante o desenvolvimento
destas tecnologias, esta tese investiga a aplicabilidade de XL-MIMO e RIS para melhorar
os indicadores de desempenho nas redes da préxima geracao. Baseando-se nos cenérios de
uso definidos para a proxima geragao, ela concentra-se em quatro objetivos: 1) fornecer
altas taxas de transmissao e suportar alta densidade de conexoes para comunicagao a
gigabit por segundo; 2) viabilizar comunicagdo sem fio energeticamente eficiente para
internet das coisas; 3) fornecer comunicagao confiavel e de baixa laténcia para aplicagoes
de missao critica; e 4) investigar o potencial das RISs para programar aspectos do canal
de propagacgao sem fio. Em relacao a XL-MIMO, para suportar comunicagao multi-usuario
em ambientes com alta densidade de conexoes, uma estratégia para otimizacao do sistema
¢é proposta visando explorar eficientemente todos os graus de liberdade fornecidos pelo
arranjo de antenas. Por outro lado, envolvendo redes auxiliadas por RIS, é analisada a
eficiéncia energética de redes para aplicacoes de internet das coisas, produzindo observagoes

relevantes para o projeto de sistemas visando ampliar o tempo de bateria dos dispositivos



e expandir a cobertura da rede. Além disso, é proposto um esquema de miiltiplo acesso
para multiplexar trafico hibrido, usando a RIS para viabilizar a coexisténcia de servicos de
missao critica e comunicagao de banda larga através do compartilhamento de recursos. Por
fim, visando estudar a integracao da controlabilidade da RIS e explorando sua habilidade
de moldar o canal de comunicacao, é proposto um método para o controle da estatistica
temporal do canal adotando-se configuragoes da RIS estocasticas e variantes no tempo.
Em resumo, esta tese apresenta métodos, procedimentos e algoritmos para implementar
sistemas XL-MIMO e RISs nas redes da préoxima geragao, acompanhados por avaliagoes
extensivas dos compromissos oferecidos pelo sistema de comunicacao em termos de in-
dicadores de desempenho relevantes, incluindo eficiéncia espectral, eficiéncia energética,

probabilidade de interrupcao e laténcia.

Palavras-chave: Massive multiple-input multiple-output (MIMO), extra-large scale mas-
sive MIMO (XL-MIMO), reconfigurable intelligent surface (RIS), eficiéncia energética,

internet das coisas, protocolos de acesso aleatoério.
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1 Introduction and Motivation

The demand for mobile communication services is growing quickly in the last decades,
both in terms of connected devices and traffic volume. Moreover, as the process of
digitization of the society progresses, new use cases and applications are emerging with
increasingly complex communication constraints. The total global mobile data traffic
is projected to grow from 118 EB to 472 EB per month in the interval from the end
of 2022 to 2028, a growth by a factor of 4 [1]. Especially, a relevant contributor to this
growth should be the extended reality (XR) services, newly data-intensive applications
that require the exchange of video, audio, and other multisensory data streams. To address
such applications, improvements on the data rates, communication latency, and radio
unit capacity are required, taking the mobile networks of the fifth generation (5G) as
reference. Furthermore, due to its global widespread, the environmental impacts of the
mobile communication infrastructure and the end-user devices need to be assessed and
reduced to meet the target global emissions by 2030 and, subsequently, reach the net-zero
emissions by 2050 [2]. In summary, the networks beyond the fifth generation (B5G) must
address the emerging use cases and applications, complying with the United Nations (UN)
sustainable development goals (SDGs)! to inflict low impact on the environment and
deliver improvements in the quality of life.

The International Telecommunication Union (ITU) framework for the B5G networks
have proposed 6 usage scenarios, 3 considered to be evolutions of the 5G usage scenarios
and 3 brand-new ones [4|. With applications in the areas of education, healthcare, media,
transportation, manufacturing, agriculture, and energy, each usage scenario presents its
own relevant key performance indicators (KPIs), and the interplay between them forms the
basis to supply the application’s demands. For instance, the evolution of enhanced mobile
broadband (eMBB), the immersive communication usage scenario, should provide high
data rate communication with improved latency and high connection density to enable
the simultaneous operation of many XR devices equipped with haptic feedback. On the
other hand, the newly introduced ubiquitous connectivity usage scenario should bridge
the digital divide by providing connectivity to the unconnected or scarcely covered areas,
focusing on the coverage KPIs. Therefore, to address the emerging applications, the mobile
networks must have pervasive presence and provide uniform quality of service (QoS) to the
end-user devices, while supporting compound services that depend on multiple, potentially
conflicting, communication constraints.

The global threat of climate change urges the necessity to cut the greenhouse gas

1 The 17 SDGs were established in 2015 by the UN in the 2030 Agenda for Sustainable Development,
accompanied by 169 economical, social, and environmental targets to, e.g., eradicate poverty, achieve
gender equality, mitigate the climate change and its impacts, and implement the sustainable use of the
natural resources [3].
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emissions, which includes replacing fossil fuels by renewable energy sources. A study shows
that most of the energy consumed by mobile operators is used to power up the radio access
network [5]. This outcome sheds light on the importance of increasing the energy efficiency
(EE) and reducing the energy consumption of the mobile networks by improving hardware
designs and optimizing their operation. Hence, to develop B5G networks that have low
environmental impact, EE must be introduced as a foundational KPI, while the principles
of environmental sustainability must be incorporated in their design and operation [2].

In Brazil, it is estimated that the smartphone is present in 96.6% of the homes, while
a lower percentage of homes, precisely, 92%, is covered by a mobile broadband network.
Such a coverage statistic is especially alarming in the rural area, where only 69.4% of the
homes are in the footprint of a network [6]. Furthermore, it is estimated that 25% of the
population that lives in areas covered by a mobile broadband network doesn’t use the
service. These numbers show that there are coverage and usage gaps that must be closed to
deliver full connectivity to the Brazilian population. Directions to close these gaps include
reducing mobile tariffs, improving the device affordability, and incentivizing investments to
expand the network coverage, with emphasis on remote and sparsely-populated areas [7].
It is important to stress that such gaps cannot be read only as a revenue opportunity, but
also as a duty to provide the necessary connectivity for a significant part of the population
to benefit from the blessings of the digital society. The mobile networks enable cheap
internet access to the population, being an important tool to improve the quality of life
indicators by building universal and meaningful private and public services.

Despite the deployment of the 5G networks in countries like Brazil is still in the
early stages, it is time to research, design, and evaluate novel technologies to support the
forthcoming applications and address the gaps left by 5G, paving the way for the next-
generation mobile networks. From the technological perspective, the challenges described
previously can be addressed by the strategies in the following. The support to several
compound services can be addressed by developing new network architectures, methods,
and algorithms capable of delivering the specific requirements of each service. Moreover,
the decreasing of the environmental impact can be attained by optimizing the EE and
energy consumption of the infrastructure and end-user devices. Finally, the coverage and
usage gaps can be bridged by, respectively, developing cheap technologies to extend the
network coverage and reducing the cost of the network infrastructure, which potentially
decreases the cost of the mobile broadband service and boosts the capacity of public and
private investments on the network expansion. Guided by these directions, this thesis
explores technologies for the radio interface intending to develop energy-efficient B5G

networks, ready to thrive in the future demanding applications.
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1.1 Thesis Objectives

The aim of this thesis is to contribute to the technological development of solutions
to the challenges introduced in the previous section, with emphasis on the physical layer

aspects of the B5G networks. Precisely, the thesis objectives are:

1) General: Develop methods, procedures, and algorithms for physical layer opti-
mization, multiple access, and EE improvement in B5G systems equipped with an
extra-large scale massive MIMO (XL-MIMO) transceiver or aided by an RIS, aiming
to supply the communication requirements of the compound services and enable the

coexistence of them.
2) Specific:

a) Develop optimization methods, procedures, and algorithms in addition to
multiple access schemes to provide high data rates and high connection density

for gigabit per second communications;

b) Analyze the performance and trade-offs of energy-efficient system deployments

through RISs for Internet of Things (IoT) applications;

c¢) Develop multiple access schemes to provide reliable and low-latency communi-

cation for mission-critical applications served by RIS-aided systems;

d) Analyze the potential and develop frameworks to program aspects of the wireless

propagation environment through the control of RISs.

1.2 Methodology

Numerical simulations and analytical methods have been used in the development of
the contributions of this thesis. Implemented by MATLAB, the simulations are based on
stochastic channel models to represent the communications systems dynamics. Moreover,
they rely on the Monte-Carlo approach, having as primary sources of randomness the
position of the mobile terminals in the environment, the fading channel realizations, and
the additive white Gaussian noise (AWGN) at the received signals. When applied, the
analytical methods helped to obtain bounds and approximations for performance metrics,
and also to develop the frameworks for system design.

Individually, each contribution has its own set of relevant metrics for performance
assessment. Fundamental metrics comprise spectral efficiency (SE), which measures the
achievable information rate per spectrum unit, and EE, which also measures the achievable

information rate, but per unit of consumed energy.? Other more specific metrics, but still

2 Alternatively, the EE can be expressed as the amount of energy required to transmit and correctly

receive an information bit, in J/bit.
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related to SE and EE, include sum-rate, throughput, outage probability, and expected
battery lifetime (EBL). The algorithms and communication schemes proposed in the
contributions are analyzed using these metrics, and subsequently compared to state-of-the-

art benchmarks.

1.3 Thesis Outline

The thesis is formatted as a collection of papers, and it is divided into two parts. In
the remainder of the Part I, Chapters 2 to 4 cover the relevant theoretical background
necessary to develop the research. Specifically, Chapter 2 examines the vision for the B5G
mobile networks. Meanwhile, Chapters 3 and 4 give an introduction about XL-MIMO and
RISs, respectively. Chapter 5 summarizes the contributions of the thesis, describing the
main findings of each scientific paper that make up this thesis. Then, Chapter 6 provides
the conclusions and future work directions. Part II contains the full version of the published
and submitted scientific papers summarized in Chapter 5 of Part I, arranged in order of

conception.
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2 Mobile Networks Beyond the Fifth

(zeneration

This chapter reports on the current status of the research of B5G networks by academia
and industry. Initially, a summary of the vision for the next-generation mobile networks
given by relevant initiatives is provided. Then, the usage scenarios of the International
Mobile Telecommunications for 2030 and beyond (IMT-2030) are presented, with their
main KPIs along with the suggested target values. Finally, enabling technologies with
potential to integrate the B5G networks are introduced.

The research and development of technologies for the next-generation networks have
been conducted by several initiatives comprising universities, governments, and industries.
To identify the demands and challenges with the aim of finding promising paths for such
a process, each initiative builds a particular vision about the next-generation networks.
Specifically, the vision of the Hexa-X! initiative comprises B5G networks designed to
connect the human, digital, and physical worlds based on three values: trustworthiness,
digital inclusiveness, and sustainability [8]. They highlight that, ensuring privacy, security,
and reliability, the B5G networks will be enablers of large-scale deployments of artificial
intelligence (Al) services, transforming Al into a vital technology for the end-user life. From
a different perspective, the Next G Alliance? has built a vision of the sixth generation (6G)
systems based on six goals: 1) trust, security, and resilience; 2) digital world experience; 3)
cost efficient solutions; 4) distributed clouding and communications systems; 5) Al-native
network; and 6) sustainability [9]. Also giving high priority to Al, they argue that increased
robustness, performance, and efficiencies can be attained by incorporating Al into the
system’s design and development cycle. To that end, Al tools should be used for the design,
deployment, management, and operation of network functions and devices, including users’
equipment (UEs), base stations (BSs), and network core equipment.

Another essential point shared by the visions of these two initiatives is the need to
account for environmental sustainability, both in the B5G networks and the applications
that use them. To address this aim, new KPIs must be incorporated in the design and
operation phases to reduce the networks’ environmental impact on material, water, land,
and air. Furthermore, the networks’ environmental impact will be decreased with the
adoption of system architectures and optimization strategies to reduce the dependence
on non-renewable energy sources, prioritizing renewable sources, to improve the EE of
networks and devices, and to reduce the carbon footprint of the network infrastructure

hardware and software [9].

https://hexa-x.eu

2 https://www.nextgalliance.org
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2.1 IMT-2030 Usage Scenarios

In the development of 5G, the usage scenarios of IMT for 2020 and beyond (IMT-2020)
have defined 3 services with different combinations of requirements that oriented the
research and standardization, i.e., eMBB, URLLC, and massive machine type commu-
nication (mMTC) [10]. For the B5G networks, the framework for IMT-2030 proposes 6
usage scenarios, 3 based on an evolution of the IMT-2020 scenarios to provide improved
5G services, and 3 brand-new ones to accommodate the forthcoming applications [4]. The
IMT-2030 usage scenarios are depicted in Fig. 1 with the IMT-2030 design principles:
sustainability, security and resilience, connecting the unconnected, and ubiquitous intelli-
gence. Furthermore, Table 1 shows a comparison of the minimum technical performance
requirements defined by I'TU for the 5G and B5G networks.

Figure 1 — IMT-2030 usage scenarios and design principles.
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A description of each usage scenario, containing the respective target applications,

projected features, and main performance metrics, is given in the following.

1) Immersive communication: As an evolution of eMBB, this usage scenario em-
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Table 1 — Minimum technical performance requirements defined by ITU for the 5G and

B5G networks.

Capability 5G B5G

Peak data rate (Gbps) 10 and 20 50, 100, and 200
User experienced data rate (Mbps) 50 and 100 300 and 500
Average spectral efficiency (bps/Hz/TRxP*)  1.6to9 1.5 to 3 times higher
Area traffic capacity (Mbps/m?) 10 30 and 50
Connection density (devices/km?) 106 106 to 108
Mobility (km/h) 500 500 to 1000
Latency (ms) 1 0.1to1
Reliability 1-10  1-10P%to1-1077
Positioning accuracy (cm) N/A 1 to 10

*TRxP: transmission reception point

Source: |11, Section 4] and [4, Section 4].

braces interactive applications related to XR, requiring the support of transmission
and reception of time-synchronized multisensory data streams, including audio, video,
and environment data collected by sensors. The main communication requirements
involve increased data rates, mobility, and system capacity. In particular cases, com-
bined enhanced reliability and low latency are required for responsive and accurate
interaction. Hence, the associated KPIs are SE and data rate, mobility measured by

the maximum supported speed, and connection density.

Hyper reliable and low-latency communication: Clearly an evolution of
URLLC, this usage scenario covers mission-critical applications, such as emergency
alert and disaster recovery systems, and also applications for full industrial automa-
tion, control, and operation. Reliability and latency are the fundamental KPIs of
this usage scenario. However, depending on the application, positioning precision

and connection density might be additional relevant KPIs.

Massive communication: Extending the features offered by mMTC, this usage
scenario comprises the IoT applications, which have an important role in the fields
of healthcare, transportation, environmental monitoring, smart cities, and energy.
To better address these applications, an improvement in the supported number
of connected devices is required, making connection density the main KPI of this
scenario. Nonetheless, coverage, power consumption, security, and reliability are

potential extra KPIs.

Ubiquitous connectivity: This novel usage scenario was introduced with the aim
of bridging the digital divide by connecting the unconnected or scarcely covered
areas, delivering to them the minimum connectivity necessary to use communication

services. The foreseen feature to realize this objective is the integration of the
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mobile networks with other terrestrial and non-terrestrial networks, such as radio
local access networks and satellite communications systems, respectively. Certainly,

network coverage is the relevant KPI in this scenario.

5) Artificial intelligence and communication: Also a novel usage scenario, it
was conceived envisioning mobile networks optimized for applications that require
distributed computing and Al services. To this end, the mobile networks must be
equipped with features related to, e.g., AI model training and orchestration of
computing resources. Particularly, this scenario comprises a multitude of applications
that can benefit from Al services, such as autonomous driving and digital twins.
Furthermore, it covers applications in which the terminals need to offload computation
tasks across other devices to deal with resource-intensive operations. The main KPIs
associated to this usage scenario are area traffic capacity and user experienced data

rate.

6) Integrated sensing and communication: The last newly-introduced scenario
embraces applications that will be able to exploit contextual information about the
environment, measured and communicated by the mobile network components. Such
applications include, among others, assisted navigation, presence detection, gesture
recognition, fall detection, and environmental monitoring. Especially in this scenario,
the KPIs are tied to the type of required sensing information, being positioning

precision an illustrative example.

2.2 Enabling Technologies

Several enabling technologies have been investigated with the aim of developing systems
capable of attaining the communication requirements organized in Table 1, enabling the
support to the applications described in Section 2.1 To further improve the expressive SE
gains achieved by transceivers with multiple antennas, advanced massive multiple-input
multiple-output (MIMO) techniques have been extensively studied. On this matter, the
cell-free massive MIMO architecture has potential of enhancing performance and coverage
simultaneously. This architecture eliminates the cell boundaries by spreading many access
points over the service area, allowing the UEs to communicate through limited sets of
access points selected according to the channel conditions. As a result, cell-free massive
MIMO yields a high macro-diversity degree, providing uniform QoS in the whole service
area. Importantly, practical implementations of cell-free massive MIMO depend on the
development of advanced techniques for synchronizing the geographically distributed access
points with the central processing unit [12]. On the other hand, the XL-MIMO systems
simultaneously increase the SE and the BS capacity by deploying physically large arrays

with hundreds to thousands of antennas. The feasibility of this architecture relies on the
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better characterization of the wireless channel [13], in addition to the development of
low-complexity algorithms for channel estimation and signal processing to tackle the huge
numbers of antennas [14-16].

The list of promising enabling technologies for the B5G networks also includes the
RISs. In particular, software-controlled intelligent surfaces capable of altering the signal
propagation can be used to enable a programmable wireless environment [17|. Additionally,
substantial gains in SE, network coverage and EE can be attained by implementing
RIS-aided communications systems. The success of RISs comes from their power-efficient
and low-cost hardware, combined with a low-profile construction that enables flexible
deployments, both in indoor and outdoor environments. To realize practical RIS-aided
systems, there is a need for efficient strategies to optimize the RIS phase shift configuration,
preferably using partial channel state information (CSI) or side information that generates
small control overhead. Moreover, more accurate channel models to account for the RIS
operation in the radiative near-field region are also needed [18]. Finally, it is necessary to
explore other RIS architectures, testing different combinations in terms of number and
arrangement of active and passive elements, and to develop hardware designs aiming to
obtain RIS elements capable of changing several properties of the electromagnetic fields

simultaneously.
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3 Extra-Large Scale Massive MIMO

Massive MIMO was one of the main drivers of SE in 5G networks. In massive MIMO
systems, the BS is equipped with an array of many antennas to support many UEs
simultaneously. In short, its benefits come from three fundamental properties: channel
hardening, which makes the fading channel behaves as deterministic; favorable propagation,
resulting in asymptotic mutual orthogonality among the UEs’ channel vectors; and large
array gain, proportional to the number of BS antennas [19]. These properties helped
to deliver high area SE and increased connection density through spatial multiplexing,
implemented with low computational complexity by linear transmit precoding and receive
combining schemes. The current massive MIMO implementations are restricted to compact
planar arrays with tens of antennas. There is an interest to increase both the number of
antennas and the array size to extend the number of spatial dimensions offered by the
channel, further improving SE and connection density. However, the increase in both the
number of antennas and the physical dimensions of the array implies significant changes
in channel modelling, hardware design, signal processing considerations, and fundamental
limits for the system performance.

In this regard, XL-MIMO systems use arrays with hundreds to thousands of antennas,
attaining dimensions of several tens of meters in sub-6 GHz frequency bands. Designed
to address crowded environments due to the many spatial dimensions offered by their
channels, the physically large arrays can be installed close to UEs and integrated into
large structures, such as the walls and ceiling of airports, stadiums, and shopping malls.
Importantly, XL-MIMO is treated as a distinct operation regime of massive MIMO mainly
due to the properties of the wireless channel. To clarify the differences between the
technologies, Table 2 presents a comparison between massive MIMO and XL-MIMO
regarding transceiver architecture, channel characteristics, and signal processing aspects.
In particular, as the physical dimensions of the array increase, spatial non-stationarities
appear on the channel, since different parts of the array experience the same multipath
channel components with different powers, or even distinct components [20]. Moreover, the
XL-MIMO channel is characterized by wvisibility regions (VRs) created by path loss and the
presence of obstacles in the environment [21]. In practice, the energy of the transmitted
signal by a single UE will be significantly concentrated on a portion of the array, which is
called the UE’s VR. Hence, uplink (UL) detection and downlink (DL) transmission can
be done efficiently by processing only the antennas inside the UE’s VR. Also, due to the
increased aperture of the XL-MIMO arrays, the UEs are likely located in the radiative
near-field region of the BS array they are connected to. In this case, the amplitude and
phase variations over the array are characterized by the exact distances between each

pair of BS-UE antennas. Therefore, the emitted waves that arrive to or depart from
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the array are better modelled by spherical wavefronts |22]. The evident consequence of
these propagation properties is the necessity of dedicated XL-MIMO channel modelling,
different from the conventional models employed for massive MIMO systems. Besides,
impressively, these same properties can be exploited to improve the BS capabilities, further
expanding the gains obtained by transceivers with multiple antennas. Fig. 2 illustrates an
XL-MIMO deployment in an indoor enviroment with high user density. The properties of
the XL-MIMO channel are represented by the several beams departing from the highlighted

users.

Table 2 — Comparison of main aspects between massive MIMO and XL-MIMO.

Aspect Massive MIMO XL-MIMO
Transceiver e Tens of antennas, up to few hundreds e Hundreds to thousands of antennas
architecture e Co-located deployments of compact e Arrays of large dimensions embedded
uniform planar arrays in environment structures
e Distributed deployments based on sub-
arrays
Channel e UEs likely experience propagation in e UEs likely experience propagation in
characteristics the array radiative far-field region the array radiative near-field region
e Emitted waves are better modelled by e Emitted waves are better modelled by
plane wavefronts spherical wavefronts
e Stationary spatial correlation over the e Non-stationary spatial correlation over
array the array

e Visibility regions

Signal e Linear beamforming schemes e Non-linear beamforming schemes op-
processing e Angular-domain channel estimation timized to deal with extremely high
numbers of antennas
e Polar-domain channel estimation
Distributed subarray-based processing

Source: The author.

The properties of the XL-MIMO channel unlock opportunities to develop more efficient
signal processing algorithms, multiplexing schemes, and resource allocation strategies. For
instance, the UEs” VRs can be seen as an additional dimension for spatial multiplexing,
improving signals’ separability. Exploiting this characteristic, the authors in [23] proposed
low-complexity receivers for a system architecture based on subarrays. Specifically, they
resort to the fact that the UL signal of each UE reaches only part of the BS, arriving to a
limited number of subarrays. Therefore, using a strategy inspired by coded random access,
zero-forcing (ZF) detection is carried out locally at each subarray, and then the interference
produced by the detected symbols is removed from the other subarrays via successive
interference cancellation (SIC). The VRs also motivated the authors in [24] to develop
a random access (RA) protocol with gains on sum-rate and access latency. These gains
are attained by the possibility of assigning the same communication resource to several
UEs, owing to the fact that UEs with non-overlapping VRs have mutually-orthogonal

channels. Furthermore, communication in the radiative near-field region of the array enables
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Figure 2 — Example of XL-MIMO deployment for providing communication in an indoor
environment with high user density using six physically large arrays. Due to the
properties of the XL-MIMO channel, the signals transmitted by the highlighted
mobile users reach each subarray with different power levels.
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Source: The author, with original photo by Benoit Dujardin.

unprecedented multiplexing schemes, such as depth-domain multiplexing of many UEs and
angular multiplexing of data streams to a single UE [22|. In depth-domain multiplexing,
the UEs’ channels are separable not only in the polar and azimuth dimensions, but also in
the radial distance, increasing the BS multiplexing capacity. These examples demonstrate
that, when properly considered, the odd properties of the XL-MIMO wireless channel
unveil novel strategies to improve the communication performance.

One of the main challenges on the development of XI.-MIMO systems is managing
the high computational complexity required to process the many signals transmitted and
received by the thousands of antennas at the BS. Accordingly, such extremely high data
volume generated by the antennas restricts the hardware architecture on building scalable
systems, since fully-connected architectures might require a prohibitive interconnection
bandwidth [25]. To circumvent these technical difficulties, low-complexity signal processing
algorithms have been developed, along with distributed transceiver architectures. Par-
ticularly, in [15, 16|, the authors proposed decentralized XL-MIMO receivers focusing
on reducing complexity and attaining scalable designs. The receivers, based on belief
propagation and the variational message-passing algorithm, operate independently at each
local processing unit connected to a single BS subarray. Ensuring scalability, these units
do not rely on a central processing unit, exchanging information solely with neighboring

local processing units to improve detection through SIC. These solutions are innovative
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examples of scalable and modular system designs that can be applied to different scenarios
and adapted according to environment changes.

In XL-MIMO systems, there is a noticeable interest on developing non-linear beam-
forming schemes, i.e., transmit precoding and receive combining, since the linear schemes
from massive MIMO suffer from high complexity due to the number of BS antennas.
[lustrating, the regularized zero-forcing (RZF) receiver relies on the inversion of a matrix
with size equal to the number of BS antennas, a resource-intensive procedure when using
standard inversion algorithms. Addressing this specific issue, the authors in [14] proposed
non-linear XL-MIMO receivers that emulate the RZF based on randomized Kaczmarz
algorithms. Specifically, the receivers exploit that the original RZF optimization problem
can be reformulated as a system of linear equations. Then, the randomized Kaczmarz
algorithms, which are employed to efficiently solve large systems of linear equations,
are applied to approximate the RZF solution with lower computational complexity and
marginal performance degradation. Other strategies to develop low-complexity signal
processing algorithms incorporate methods such as polynomial expansion and Neumann
series, iterative methods to calculate matrix inversions such as Gauss-Seidel, Jacobi over
relazation, and conjugate gradient, and even Al methods [26]. Continuing to investigate
strategies to further decrease the computational complexity of signal processing algorithms
is essential to enable XL-MIMO systems, leveraging the benefits of the extremely high
number of antennas.

Beyond signal processing algorithms, XL-MIMO systems also face challenges and
opportunities regarding resource allocation. Exploiting the UEs’ channels separability in
the polar-domain due to the propagation regime in the radiative near-field, efficient user
scheduling strategies can be developed [27]. Furthermore, due to the massive architecture
of XL-MIMO systems, it is recommended to design mechanisms for scaling the system
capacity according to the network demand, prioritizing EE. On this matter, to reduce power
consumption in times of low system load, system modules responsible for the exceeding
capacity can be temporarily turned off. To maximize the EE of an XL-MIMO system, the
authors in [28] proposed approaches for antenna selection based on the long-term fading
parameters of the channel. Based on evolutionary optimization, randomized algorithms,
and heuristic algorithms developed from model specificities, the approaches provide a
vast collection of trade-offs between EE and computational complexity. Noticeably, the
authors devised an iterative method to determine the optimal number of active antennas,
corroborating that, for attaining maximum EE, the number of active antennas must be
adjusted according to the number of connected UEs. Still on antenna selection, aiming to
maximize the DL SE, the authors in [29] developed approaches for jointly determining
the set of active antennas and the allocated power levels in transceivers with a limited
number of radio frequency (RF) chains. In particular, to preserve system scalability and cut

hardware costs, the BS array follows a subarray-based architecture, where each subarray
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is equipped with fewer antennas than RF chains and has a partially-connected switching
structure. The authors demonstrate via a numerical analysis that, with a limited number
of RF chains, proper antenna selection is crucial to exploit the potential of XL-MIMO
systems. Moreover, the authors devised a distributed genetic algorithm that substantially
reduces the volume of exchanged information between the subarrays and the central
processing unit, addressing the mentioned issue of high interconnection bandwidth. In
summary, the characteristics of the XL-MIMO systems have created paths to develop novel
resource allocation strategies, delivering improved communication performance through,
e.g., power control, user scheduling and grouping, and antenna selection.

There are still open research challenges that require attention to achieve practical
implementations of XL-MIMO systems. A better characterization of the wireless channel
is necessary, encompassing the effects of spatial non-stationarities, VRs, and propagation
in the array radiative near-field region [13]. In addition, the signal processing algorithms
must be tailored according to the channel properties observed under near-field propagation.
Another promising research path is the study of array geometries to achieve all the spatial
degrees of freedom (DoFs) available in the XL-MIMO channel [22]. Furthermore, the
computational complexity reduction can be attained by using Al techniques for channel
estimation, beamforming schemes, and resource allocation strategies [26]. Indispensably,
future research must pursue the main characteristics desired for an XL-MIMO system,
which can be summarized as scalable transceiver architecture, constrained computational

complexity, and energy-efficient and low-cost hardware.
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4 Reconfigurable Intelligent Surfaces

The development and analysis of communications systems fundamentally bases on
the information-theoretic model depicted in Fig. 3a. Considering a point-to-point wireless
system, in such a model, the communication endpoints, i.e., the transmitter and receiver,
are entities fully planned and optimized by the system designer, while the communication
channel, which embodies the propagation environment, is given by nature according to the
laws of physics. However, the emergence of technologies such as RISs have shed light on
other models in which the channel state can be changed by the system designer, despite
still being defined by nature. The differences between these models become clear when
comparing them in Fig. 3. On the one hand, in the conventional model in Fig. 3a, the
channel is modelled through a fixed transition probability, which cannot be changed by
other factors than the environment setup. On the other hand, in the model of Fig. 3b, the
transition probability is a variable programmed by the designer, and can be optimized
accordingly. In particular, models similar to the latter one inspired the concept of smart
radio environment, where the transmitter, receiver, and communication channel can be
jointly optimized, unveiling unprecedented gains on communication performance [18|. A
promising path to effectively achieve smart radio environments relies on the development of
practical deployments of communications systems aided by RISs, the technology introduced
and discussed by this chapter.

An RIS is a thin sheet of composite material equipped with electronic circuits that can
be programmed and reconfigured to change characteristics of the incoming electromagnetic
field. By appropriately changing such a field, an RIS is capable of dynamically altering
the wireless propagation channel, which makes it a relevant enabler for smart radio
environments. Still, this capability can also be used to modulate or encode the impinging
radio signals. The basic architecture of an RIS comprises an electromagnetic surface, a
microcontroller, and a network interface controller. Being the core component of an RIS,
the electromagnetic surface is a metamaterial-based continuous sheet or a discrete sheet
made upon arranged patches, built with the ability of changing characteristics of the
incoming radio waves. Besides, the microcontroller operates the circuits that ensure the
RIS reconfigurability, while the network controller provides communication to transmit
and receive information about the environment state, side information, and configuration
signals. These three components work together to deliver the most attractive feature of
RISs, which is the capability of being reconfigured after their deployment in the network [18].
Moreover, the lightweight and low profile construction of the components enables flexible
deployments, making it easy to install RISs on indoor and outdoor environments, close to
the users that will benefit from their operation. Attractively, the deployment of an RIS

can be made transparent to the UEs, as it does not necessarily require any hardware and
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Figure 3 — Information-theoretic models for a point-to-point wireless communication sys-
tem where the relationship between the transmitted and received signals is
characterized by the channel transition probability.
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software update at the end-user devices [30]. In principle, an RIS can be developed to apply
different elementary functions to the impinging radio waves, such as reflection, refraction,
absorption, polarization, collimation, and splitting [18]. By orchestrating these changes all
over the electromagnetic surface, there are many possibilities of attaining expressive gains
on communication performance due to, e.g., enhancement of the communication channel,
suppression of interference, and extension of network coverage. Fig. 4 depicts an example
of how an RIS can be deployed to improve network coverage in an indoor environment.
This is a promising scheme to enable consistent communication performance in regions of
the service area where the UEs don’t present line-of-sight (LoS) radio links with the BS,
or suffer from severe path loss.

In the literature, the most popular type of RIS presents an architecture with a surface
comprised by discrete passive reflecting elements. Specifically, these elements are called
passive because they don’t apply power amplification to the impinging radio signals
and have extremely low power consumption, resulted from the circuits used to configure
their states. Individually, each element reflects the impinging radio waves to an arbitrary
reflecting angle. Therefore, the reflecting angles applied across the RIS can be configured to
collaboratively alter the wireless channel. For instance, if the angles are determined so that
the reflected waves interact constructively in a region of the service area, the RIS provides

amplification gains on the received signal, improving communication performance in this
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Figure 4 — Example of RIS deployment for network coverage improvement in an indoor
environment. In this case, the RIS phase shift configuration is optimized to
coherently reflect the signals emitted by the BS array, enhancing the received
signal power at the highlighted mobile user.
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[
&

Source: The author, with original photo by Ralph Chang.

specific region. Such a principle is explored to deploy passive beamforming strategies, which
provides moderate array gain by using low-power passive reflecting elements rather than
antennas that need power-hungry RF chains.! Moreover, this signal amplification effect
can be used to combat severe path loss, extending the network coverage. Conversely, if the
reflecting angles are determined so that the waves interact destructively, the RIS decreases
the received signal power, potentially improving security if an eavesdropper is located
in the target region. Furthermore, due to channel reciprocity, the same principle can be
applied to suppress the interference caused by potential undesired transmitters. These two
use cases also fall under the topic of passive beamforming, but now with the objective
of mitigating the signals received by or transmitted to, e.g., eavesdroppers, interfering
devices, and neighboring communication cells. Noticeably, high gains on communication
performance can be achieved with a simple RIS architecture based solely on passive
reflecting elements. Nonetheless, other more complex architectures, composed by elements
that can change different characteristics of the radio waves simultaneously, have been
motivated innovative use cases. Exemplifying, a self-configuring RIS architecture is proposed

in [31], eliminating the necessity of an active control channel to operate the RIS. Specifically,

L In general, RISs are not considered to be a candidate technology to completely replace massive MIMO.

In fact, they are seen as an alternative of further increasing the number of antennas at the BS, attaining
moderate array gain and providing spatial multiplexing capability through the deployment of large
low-cost and low-power passive RISs.
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the architecture relies on elements that simultaneously reflect and absorb part of the
incident signals, enabling local channel estimation at the RIS and, based on such an
information, the autonomous selection of the RIS phase shift configuration. Differently, the
authors in [32| investigated an RIS architecture where the elements simultaneously reflect
and refract/transmit the impinging waves so that the signals reach both sides of the space
surrounding the RIS. Finally, in [33], presenting an innovative application of RISs equipped
with reflecting elements, the authors used time-modulated reflection coefficients to enable
precise control of the incident waves both in space and frequency domains. Therefore, in
practice, the impinging signal with predetermined carrier frequency scatters to several
spatial directions with distinct frequency offsets.

The research on RISs mainly concentrates on developing schemes, methods, and
algorithms to optimize the RIS configuration aiming to improve the communication perfor-
mance and leverage the system resources. In particular, the authors in [30] investigated the
problem of joint optimization of the BS beamforming and RIS phase shift configuration to
minimize the BS transmit power, subject to UEs individual signal-to-interference-plus-noise
ratio (SINR) constraints. Considering CSI knowledge at the BS, the proposed schemes
approximate solutions to the formulated optimization problem based on semidefinite
relaxation and alternating optimization, resulting in efficient low-complexity algorithms.
Remarkably, the results on the single-user scenario revealed that the receive signal-to-noise
ratio (SNR) increases quadratically with the number of reflecting elements, being more
cost-efficient than massive MIMO and multi-antenna amplify-and-forward (AF) relaying.
Focusing on interference suppression, the authors in [34] studied the use of an RIS to
spatially-multiplex many transmitter-receiver pairs communicating over the same resource
block. Specifically, they proposed an alternating projection algorithm that, from CSI, ap-
proximates an RIS phase shift configuration that nullifies the mutual interference generated
by all devices pairs. In general, the methods to optimize the RIS configuration assume
knowledge of CSI, which can be acquired in advance by channel estimation based on UL
pilot signals. However, the CSI acquisition can be a resource-intensive procedure in systems
aided by passive RISs, since the absence of RF chains and signal processing capacity at the
RIS moves the estimation to the BS. On this matter, prior information about the channel
fading distribution and spatio-temporal sparsity can be exploited to develop more efficient
channel estimation schemes [35]. Still, channel estimation remains an open problem that
needs further research. Tackling the issue of CSI availability, in [36], the authors proposed
a phase hopping scheme where the RIS randomly reconfigures the individual phase shift of
each element at the symbol time-scale. Exceptionally, the scheme substantially improves
the communication outage performance regardless of CSI at the RIS and transmitter,
being a promising solution for URLLC applications. Furthermore, addressing the integra-
tion of RIS into communication protocols, the authors in [37| proposed a multiple access

framework and a medium access control (MAC) protocol design for systems aided by many
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RISs. In particular, they assume the practical scenario of static UEs operating together
with mobile ones. The proposed framework and protocol encompass key steps prior to UL
data transmission, accounting for a pilot transmissions phase along with a computing and
feedback phase for UE classification, channel estimation, optimization of the RISs phase
shift configuration and other resource allocation tasks.

The extremely low power consumption and the potential of improving the system EE
are aspects that have been attracted much attention to the development of RISs. Indeed,
with passive beamforming, an RIS is capable of amplifying and forwarding radio signals
without needing any power amplifier, motivating an obvious comparison with AF relaying.
In this regard, the authors in [38] demonstrated that RIS-aided systems can achieve up
to 300% higher EE compared to systems aided by a multi-antenna AF relay. To attain
such remarkable result, the authors proposed resource allocation schemes to maximize
the EE via power allocation and optimization of the phase shift configuration at the RIS,
constrained by individual link budget guarantees for the UEs. The proposed schemes
rely on optimization tools such as alternating optimization, gradient descent search, and
sequential fractional programming. Lastly, the authors proposed a realistic RIS power
consumption model, which have been extensively adopted in the literature to study the
EE of RIS-aided systems. Alternatively, the authors in [39] compared the EE performance
of RIS with decode-and-forward (DF) relaying, a superior but more complex scheme in
comparison to AF relaying. Their main findings concluded that, to compete with a DF
relay, an RIS needs hundreds of reconfigurable elements. Still, when high rates are needed,
the RIS surpasses the EE obtained by DF relaying.

To achieve practical implementations of RIS-aided systems, it is necessary to develop
solutions to several technical challenges. As mentioned previously, the acquisition of channel
knowledge to optimize the RIS phase shift configuration is still an open problem that
requires efficient solutions. Moreover, the operation of RISs in scenarios where the direct
channels between the UEs and the BS are present must be further investigated [38]. Another
research direction consists on developing strategies for determining the RIS deployment
location. In this regard, efficient strategies must account for aspects such as the spatial
density of UEs and the presence of neighboring communication cells [40]. Due to the many
variables involved in such a problem, Al techniques are promising candidates to tackled it.
In conclusion, efforts are required on the study of the fundamental limits of RIS-aided
systems, in addition to the development of robust optimization and resource allocation

schemes based on electromagnetic-based realistic models for the behavior of the RISs [18].
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Summaries of Contributions

This chapter provides the summaries of the contributions that make up this thesis.

Specifically, Section 5.1 presents the list of published and submitted scientific papers,

accompanied by a diagram relating them to the thesis objectives. Then, Section 5.2

summarizes the findings of the contribution associated to XL-MIMO, while Section 5.3

does the same for the contributions associated to RISs.

5.1

List of Papers

The following published and submitted scientific papers present the contributions of

this thesis, and are fully available in Part II:

[A]

[B]

|C]

D]

[E]

J. H. Inacio de Souza, J. C. Marinello F., A. Amiri and T. Abrao, “QoS-Aware
User Scheduling in Crowded XL-MIMO Systems Under Non-Stationary Multi-
State LoS/NLoS Channels,” IEEE Transactions on Vehicular Technology (IF: 6.8,
Qualis: A1-Eng. IV), vol. 72, no. 6, pp. 7639-7652, June 2023, doi: https://doi.
org/10.1109/TVT.2023.3243488.

J. H. Inacio de Souza, J. C. Marinello F., T. Abrao and C. Panazio, “Energy Efficiency
and Throughput of Random Access Protocols for RIS-Aided IoT Networks,” 2022
IEEE 8th World Forum on Internet of Things (WF-1oT), Yokohama, Japan, 26
Oct.-11 Nov. 2022, pp. 1-6, doi: https://doi.org/10.1109/WF-I0T54382.2022.
10152283.

J. H. Inacio de Souza, J. C. Marinello F., T. Abrao and C. Panazio, “Reconfigurable
Intelligent Surfaces to Enable Energy-Efficient IoT Networks,” 2022 Symposium
on Internet of Things (SIoT), Sao Paulo, Brazil, 24-28 Oct. 2022, pp. 1-4, doi:
https://doi.org/10.1109/SI0T56383.2022.10070317.

J. H. Inacio de Souza, V. Croisfelt, F. Saggese, T. Abrao and P. Popovski, “Ran-
domized Control of Wireless Temporal Coherence via Reconfigurable Intelligent
Surface,” 2023 IEEE International Conference on Communications Workshops
(1CC Workshops), Rome, Italy, 28 May-01 June 2023, pp. 1535-1540, doi: https:
//doi.org/10.1109/ICCWorkshops57953.2023.10283583.

J. H. Inacio de Souza, V. Croisfelt, R. Kotaba, T. Abrao and P. Popovski, “Uplink
Multiplexing of eMBB/URLLC Services Assisted by Reconfigurable Intelligent Sur-
faces,” submitted to IEEE Communications Letters (IF: 4.1, Qualis: A1l-Eng. IV),
Jan. 2024, pp. 1-5. Pre-print available at https://arxiv.org/abs/2305.04629.
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In addition, the following selected publications, which are not included in the thesis,

were developed in parallel with the main contributions:

[F] L. M. Taniguchi, J. H. Inacio de Souza, D. W. M. Guerra and T. Abrao, “Resource
Efficiency and Pilot Decontamination in XL-MIMO Double-Scattering Correlated
Channels,” Transactions on Emerging Telecommunications Technologies (IF: 3.6,
Qualis: A3-Eng. IV), Dec. 2021, vol. 32, no. 12, pp. €4365, doi: https://doi.org/
10.1002/ett .4365.

|G] H. L. dos Santos, J. H. Inacio de Souza, J. C. Marinello F. and T. Abrao, “LSTM-
ACB-Based Random Access for Mixed Traffic IoT Networks,” 2022 IEEE 8th World
Forum on Internet of Things (WF-IoT), Yokohama, Japan, 26 Oct.-11 Nov. 2022,
pp. 1-6, doi: https://doi.org/10.1109/WF-I0T54382.2022.10152141.

[H] W. Souza Jr, J. H. Inacio de Souza, J. C. Marinello and T. Abrao, “Energy Efficiency
in RIS-Aided Massive MIMO and XL-MIMO Communication Systems” in Massive
MIMO for Future Wireless Communication Systems: Technology and Applications.
A. L. Imoize and W. Montlouis, Wiley /IEEE Press, 2024, ch. 7. Accepted on Jan.
2024.

The contributions of the thesis can be divided into two main groups. On the one hand,
one group addresses XL-MIMO communications systems, including only paper [A]. On
the other hand, the other group focuses on communications systems assisted by RISs,
comprising papers [B], [C|, [D] and [E|. Guided by these two groups, Fig. 5 presents a
diagram relating each paper to the thesis objectives, providing a comprehensive view of

the contributions.

5.2 Extra-Large Scale Massive MIMO

Paper A: QoS-Aware User Scheduling in Crowded XL-MIMO Sys-
tems Under Non-Stationary Multi-State LoS/NLoS Channels

This paper investigates the problem of scheduling and power allocation in XL-MIMO
systems with high user density. Recalling Chapter 3, physically large arrays with many
antennas provide high-resolution spatial multiplexing capability and high array gains.
These characteristics make XL-MIMO a promising setup to address crowded areas, serving
simultaneously large numbers of users with moderate to high data rates. In this scenario,
when the number of users is in the same order of the number of antennas at the BS, a
user scheduling strategy must be implemented to exploit the spatial DoFs offered by the
XL-MIMO channel. Importantly, to leverage the system resources, the scheduling strategy
must be guided by an optimization goal and limited by the physical constraints of the



41

Figure 5 — Diagram of the contributions and their relation to the investigated physical
layer technologies and the thesis objectives. The full version of all scientific
papers is available in Part II.
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network infrastructure, which includes the available frequency channels, time slots, and
power budget. On this basis, this paper focuses on optimizing the system sum-rate, ensuring
that the users are provided with data rates lower-bounded by a minimum operating value.
Such a goal is achieved by developing a joint user scheduling and power allocation method
that balances performance and computational complexity in realistic crowded XL-MIMO
environments.

The introduced system model comprises the DL of a single-cell XL-MIMO system.
Particularly, the multi-state channel model enables the representation of complex urban
environments, where users with LoS and users with non-line-of-sight (NLoS) receive antenna
may coexist in the communication cell. This aspect is controlled by a parameter that models
the probability of the user antenna experiencing a LoS channel. Additionally, the channel
model incorporates the spherical wavefront model, accounting for the effects of near-field
propagation observed in the XL-MIMO wireless channel. Before data transmission, the
BS schedules the users based on CSI, described by their respective channel vectors. For
signal transmission, the BS employs the ZF precoder and distributes its transmit power
budget among the data streams intended for each scheduled user. The allocated powers
are determined such that the rate of all users is lower-bounded by a minimum operating
value. The joint user scheduling and power allocation problem is defined to maximize the
system sum-rate, subject to the BS transmit power budget and the minimum operating
rate. The original problem formulation is intricate, since the optimization variables, i.e.,
the set of scheduled users and the allocated powers, are highly coupled. Thus, the decision

of scheduling any user affects the powers assigned to all the other ones and, consequently,
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may prevent fulfillment with the problem constraints. Besides, the formulated problem
can be reduced to the knapsack problem, classified as nondeterministic polynomial-time
complete (NP-complete), which makes it computationally expensive to find an optimal
solution to it [41]. Given the challenging problem formulation, the elected approach is
to decouple it into two sub-problems, one related to scheduling and the other to power
allocation, and propose a low-complexity method for solving the entangled user scheduling.

Describing the elected approach, the devised scheduling sub-problem aims to maximize
the number of scheduled users, considering that each user data stream is assigned with
the power to yield the minimum operating rate. Then, the power allocation sub-problem
alms to maximize the system sum-rate, assuming the set of users scheduled in the previ-
ous sub-problem and guaranteeing that their rates are lower-bounded by the minimum
operating value. Importantly, both sub-problems are constrained by the BS transmit
power budget, ensuring that the QoS requirements of the scheduled users are met, given
the BS capacity. Analyzing the scheduling sub-problem, it is still a decision problem
and therefore NP-complete. For this reason, a low-complexity graph search algorithm is
proposed to approximate a suboptimal solution to it. The algorithm is based on the system
representation by an undirected weighted graph (UWG), where each user is described by a
node. Each node receives a weight equal to the required transmit power for the single-user
capacity to reach the minimum operating rate. In addition, edges are drawn between pairs
of nodes according to an orthogonality metric involving the associated channel vectors.
Accordingly, the set of scheduled users is found by running a greedy clique search over
the graph, identifying the users that have mutually favorable channel properties regarding
orthogonality, while requiring a total transmit power that meets the BS limitation. Given
the set of scheduled users, the power allocation sub-problem is solved optimally using
the water-filling algorithm [42]. Exceptionally, in case the obtained scheduling solution
results in an unfeasible power allocation sub-problem, a simple user removal strategy is
proposed to obtain a feasible one. In summary, the proposed method comprises a user
scheduling algorithm based on greedy clique search, followed by a user removal stage and
then optimal power allocation.

The proposed method is numerically compared with the state of the art regarding sum-
rate, number of scheduled users, and computational complexity. Specifically, the methods
from [43, 44] are adopted for comparison, in addition to a benchmark based exclusively on
the users channel powers. Aiming to cover several realistic scenarios, different LoS/NLoS
setups are inspected, assuming the cases with perfect and imperfect CSI at the BS. In
short, the proposed method consistently presents superior performance in comparison
with the benchmarks. Particularly, it reaches remarkable number of scheduled users and
sum-rate, scheduling up to 5 times more users than a method from [44|. Also, it achieves a
good performance-complexity trade-off, having a running time up to 3.7 and 79 times lower

than the methods from [44] and [43], respectively. One of the key improvements observed in
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the proposed method is the enhancement of the cell coverage. While the methods from [44]
covers only half of the cell radius, the proposed method can schedule users in the whole
area, serving the users with unfavorable channel condition located at the cell edge. To
conclude, the proposed method has steady performance even in the presence of imperfect
CSI, working reliably with channel vectors subject to bounded estimation errors.

This paper proposes a QoS-aware joint user scheduling and power allocation method
to address crowded XL-MIMO scenarios. Specially, using the proposed method, the
spatial DoFs provided by the XL-MIMO channel can be exploited to deliver high-rate
communications for areas presenting elevated user density. Attractively, the method yields
a competitive performance-complexity trade-off, outperforming the state of the art in terms
of number of scheduled users and cell coverage. This unveils the potential of XL-MIMO to
operate in densely-populated urban areas or in venues used to host large-scale cultural,

sporting, and business events.

5.3 Reconfigurable Intelligent Surfaces

Paper B: Energy Efficiency and Throughput of Random Access
Protocols for RIS-Aided IoT Networks

This paper investigates the design of energy-efficient wireless networks for IoT devices
by deploying RISs to enhance the radio links from the devices to the BS. As discussed in
Chapter 4, since its operation essentially relies on passive reflecting elements, an RIS has
the capability of extending the network coverage consuming low power compared to the
equipment at the cell site. For this reason, this technology has been seen as a building
block to achieve ubiquitous and energy-efficient IoT networks, improving the channel of
devices located in shadowed areas at the cost of a marginal increase in the power consumed
by the system.

To study the EE of an RIS-aided IoT network, this paper concentrates on the UL,
assuming the transmissions follow the two time-scale RA protocol proposed in [45]. Such a
protocol tries to select appropriate RIS configurations to assist the transmissions of the
contending devices based on a DL training phase, followed by a UL access phase. In the
DL phase, the devices measure the channel quality yielded by different RIS configurations
from a training signal transmitted by the BS. Then, from the measured qualities, the
devices decide the set of time slots to transmit according to the access policy adopted
by the network. In short, the access policy defines the number of packet replicas sent by
each device and how the time slots to transmit them are selected based on the measured
channel qualities. Lastly, in the UL phase, the devices send packet replicas within the
selected time slots while the BS decodes them, applying SIC to resolve potential packet

collisions.
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The main contribution of this paper is the derivation of expressions for the throughput
and EE of the described RIS-aided IoT network. Specifically, a realistic power consumption
model for the system is developed, accounting for the RF power spent in the protocol
phases, in addition to the static power spent by hardware at the RIS, devices, and BS.
Moreover, an expression for the system throughput is derived considering the structure of
the RA protocol. In summary, the throughput consists in the ratio between the number
of devices that had their packets successfully decoded at the BS and the duration of the
RA frame, which includes the duration of both DL and UL phases. Subsequently, the
expression for the overall system EE is derived from the throughput expression and the
power consumption model. Such an expression helps in developing a comparison of the EE
achieved by the network when it adopts different access policies. Meanwhile, it permits
examining the impact on EE caused by the key system parameters, namely, the device
transmit power, the number of elements at the RIS, the number of contending devices, and
the number of time slots in the RA frame.

The numerical results demonstrate the trends of the throughput and EE according
to the mentioned parameters. They are obtained in the case of four access policies, two
proposed in [45], and the other two adapted from the RA protocols in [46] and [47], which
originally cover the scenario of communication without RIS. Importantly, the two latter
access policies do not rely on the devices measuring the channel qualities, so the DL phase
is absent in them. Given this, half of the access policies exploit information on the channel
qualities, while the other half do not. As a first conclusion, the results reveal that the
contribution of the RIS for the system power consumption is negligible, in a way that
large numbers of reflecting elements cause marginal EE loss. Moreover, the results show
that the access policies that exploit information of the channel qualities attain competitive
throughput and EE, simultaneously. Remarkably, one of these access policies achieves its
EE peak at a low value of device transmit power. Therefore, this access policy contributes
significantly to reducing the power consumption at the devices-side, a key aspect in IoT
networks, since, in general, the devices are powered by limited power sources such as
low-capacity batteries.

In summary, the discussion on the results evidences the gains attained by RISs to
deploy ubiquitous and energy-efficient IoT networks, as they can increase the system
throughput with marginal impact on the EE. Notably, these gains are multiplied with the
adoption of the adequate access policy. Hence, from the EE perspective, the access policies
that exploit information of the channel qualities are promising, potentially reducing the

power consumption at the devices-side.
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Paper C: Reconfigurable Intelligent Surfaces to Enable Energy-
Efficient IoT Networks

This paper also addresses the design of energy-efficient networks for IoT devices through
the use of RISs. However, in this case, the EE study focuses exclusively on the device-side
and on physical layer aspects, embracing the transmission protocol proposed in [45] and
the adaptions introduced in paper [B|. This investigation is motivated by the outcome of
paper [B] showing that the RIS has potential of reducing the device transmit power. Closely
to what was discussed in Chapter 2, reducing the power consumed by the communication
functions in IoT devices is crucial to implement ubiquitous networks with low maintenance
cost and low carbon footprint. On this basis, the objective of this paper is to investigate
how the IoT device transmit power and, consequently, its EBL, behave according to
RIS parameters controlled by the system designer, in particular the number of reflecting
elements and the size of the RIS configurations codebook.

Although it is based on the system models in [45] and paper [B], the considered UL
scenario presents simplifications to keep focus only on the physical layer aspects. One of
the main simplifications is the assumption of collision-free packet transmission, so that
single-device transmission takes place. This covers the case where multiple contending
devices transmit over orthogonal time slots. Moreover, it is assumed that the RIS is
configured based on a predefined codebook with a limited number of configurations, where
each configuration sets the same reflecting angle to all RIS elements. Each configuration is
identified by a phase shift taken from equally-spaced values in the interval [0, 7/2]. The
UL transmission follows an RA frame comprised by the sequential training, access, and
acknowledgement phases, described in the following from the device perspective. In the
training phase, the device receives signals from the BS over several time slots to measure
the channel quality provided by each RIS configuration in the codebook. Based on these
measurements, the device identifies the time slot that faced the best channel quality or,
equivalently, the time slot subject to the RIS configuration that maximized the SNR at the
BS. Then, in the access phase, the device transmits its packet in the time slot identified
previously. Importantly, to achieve successful packet decoding at the BS, the device uses
a fixed rate code, adapting its transmit power according to the target SNR of the data
detection scheme at the BS, along with the channel condition. Lastly, the device receives
an acknowledgement signal from the BS reporting the successful or failed packet decoding.
Notice that the SNR improvement leveraged by the RIS allows decreasing the device
transmit power without compromising the packet decoding at the BS. On this basis, an
expression is derived to compute the transmit power necessary to reach the target SNR
at the BS. Obtaining such a value is essential to study the device EE, since, as seen in
paper |B], the RF power represents a significant fraction of the power consumed by the
device for communication.

The contribution of this paper is the derivation of an expression for the device EBL,
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which depends on the device battery capacity, its energy consumption, and the time span
between consecutive reporting periods, namely, the device activation events. In particular,
the energy consumption is strongly linked to the transmit power necessary to reach
the target SNR at the BS. Therefore, the obtained expression for the EBL embodies
the variation of the channel condition across the service area and the impact of the RIS
parameters, comprising the number of elements and the size of the configurations codebook.
To study how the EBL behaves with these aspects, simulation results are provided, showing
the distribution of the EBL in the service area assuming several RIS setups. In short, the
results demonstrate that improvements on the EBL and cell coverage are achieved with
a larger RIS and a larger codebook. Detailing, increasing the number of RIS elements
enhances the array factor, improving the channel condition and, consequently, demanding
a lower transmit power at the device. Furthermore, as the codebook size increases, the RIS
can produce strong beams in more directions, which enables providing improved channel
conditions to a larger portion of the service area. Thus, since the device has a constrained
transmit power, the channel improvement provided by the RIS can help the device, when
located in shadowed areas, to reach the target SNR at the BS, increasing the network
coverage. It is worth noting that increasing the codebook size implies that the channel
quality produced by more RIS configurations must be measured by the device during the
training phase. As a conclusion, the codebook size impacts the overhead generated by the
RA protocol, which is not observed in the number of RIS elements. Hence, the two RIS
parameters yield different system trade-offs in terms of EBL and network overhead.

In conclusion, this paper studies the EE of an RIS-aided IoT network by deriving the
device EBL. Specially, the paper focuses on the EE problem at the devices-side, which
deserves more attention as IoT devices are powered by limited-capacity batteries with
potential expensive and difficult replacement process. The EBL behavior is analyzed from
numerical results generated by considering different codebook sizes and number of RIS
elements. Such an analysis reveals that the RIS contributes to increase significantly the
EBL through a reduction on the device transmit power. At the same time, the RIS extends
the network coverage by improving the channel condition across the service area. However,
to attain the gains on EBL and coverage while keeping a low network overhead, it is crucial
to carefully optimize the number of reflecting elements and the size of the configurations
codebook at the RIS.

Paper D: Randomized Control of Wireless Temporal Coherence
via Reconfigurable Intelligent Surface
This paper focuses on the potential of RIS to shape the temporal statistics of the

wireless propagation channel. Predominantly, the literature on RIS concentrates on system

performance enhancement through algorithmic optimization of the RIS configuration from,
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e.g., CSI, prior environment information, or predefined configuration codebooks. Indeed,
relatively few works explore the potential of stochastic, time-varying, RIS configurations
to enable efficient deployments, that don’t rely on costly tasks arising from the procedure
of configuring the RIS, such as network coordination and full CSI acquisition. To help
to fill this research gap, this paper aims to characterize the temporal correlation of
the wireless channel in a system aided by an RIS, which phase shift configurations are
sampled from a random distribution. Such an analysis allows understanding how the RIS
parameters, specifically its number of elements and the random distribution that generates
the configurations, affect the behavior of slow- and fast-fading channels. Subsequently, a
framework is proposed to arbitrarily control the channel correlation and, consequently, its
coherence time, by properly selecting the mentioned RIS parameters.

Describing the studied scenario, it comprises a point-to-point narrowband communi-
cation system with one RIS, one transmitter, and one receiver, both equipped with a
single antenna. Consistent with Chapter 4, the scenario presents two distinct radio paths
connecting the transmitter and receiver, the direct path and the reflected path, particularly
controlled by the RIS. Moreover, the channel response is modeled by a discrete-time-varying
model based on the Rician-fading, where each channel coefficient has a deterministic LoS
component in addition to a time-variant NLoS component. Specifically, such an NLoS
component is modeled as a first-order autoregressive (AR(1)) random process, accounting
for the natural temporal statistics of the channel. The RIS configuration is described by
the phase shifts applied by each reflecting element that comprises the surface. Importantly,
it is assumed that these phase shifts change at every time index, while the values are
obtained by sampling a random distribution defined by the system designer. As the channel
and the RIS configuration change with the time index, the effective channel experienced
by the transmitter-receiver pair also changes. Hence, the objective is to assess the impact
of the physical channel and the RIS parameters on the channel temporal statistics.

As an initial analysis, the paper derives the autocorrelation function (ACF) of the
effective channel. Notably, the obtained ACF depends not only on channel parameters,
but also on RIS parameters, which can be controlled by the system designer. Specifically,
the channel parameters are the AR(1) parameters and the powers of the LoS and NLoS
components. Meanwhile, the RIS parameters are the number of reflecting elements and the
random distribution that generates the RIS configurations. Even though the general ACF
expression unveils the dependence of the channel temporal statistics on these parameters,
the intertwined relationship among them restricts further analysis. Hence, to get a tractable
expression, some simplifying assumptions are taken. Importantly, the RIS phase shifts are
considered to be obtained, at each time index, by sampling a uniform random distribution
over a parameterized interval. As a result, the simplified ACF presents explicitly dependence
on the number of RIS elements and the introduced uniform distribution parameter. Then,

from the simplified ACF, a framework is developed to design the RIS parameters according
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to the desired shape for the channel ACF. Therefore, using the framework, slow-fading
channels can be converted into fast-fading by tailoring the uniform distribution parameter,
whereas the opposite can be achieved by controlling the number of RIS elements. This is
possible because the channel ACF is the inverse Fourier transform of the Doppler spectrum,
from which the channel coherence time can be evaluated [48].

Summarizing, this paper analyzes the temporal statistics of the wireless channel
subject to an RIS set up with stochastic configurations that change at each time index.
Subsequently, exploiting the dependence of the channel statistics on the RIS parameters, a
framework to shape the channel ACF by tailoring such parameters is proposed. Therefore,
the RIS can exert control over the channel temporal statistics, converting slow-fading

channels into fast-fading and vice versa.

Paper E: Uplink Multiplexing of eMBB /URLLC Services Assisted
by Reconfigurable Intelligent Surfaces

This paper investigates the coexistence of eMBB and URLLC traffic in the UL of
RIS-assisted communications systems. The 3rd Generation Partnership Project (3GPP)
5G new radio (5G NR) specifications address such an issue with the preemptive puncturing
scheme, which, based on BS coordination, interrupts temporarily the eMBB traffic in
favor of the URLLC transmissions. However, when it comes to the UL of RIS-assisted
systems, this scheme imposes critical algorithmic restrictions for the RIS operation, in
addition to an increased overhead that potentially violates the URLLC latency constraint.
[lustrating, due to the unpredictability and low-latency constraint of the URLLC traffic,
when a URLLC packet arrives, the BS has no feasible time to estimate the device CSI for
control purposes. This prohibits the use of algorithms that optimize the RIS configuration
based on URLLC CSI to assist the URLLC traffic. Meanwhile, the task of controlling the
RIS from the BS adds extra overhead caused by the exchange of control messages. Hence,
there is a need for new strategies to address the UL coexistence of eMBB and URLLC
services, with major focus in RIS-assisted systems. To contribute to this matter, this paper
proposes a UL traffic multiplexing scheme deployed by the RIS, which attractively doesn’t
require BS coordination and relies only on eMBB CSI.

The system model comprises one single-antenna BS, one hybrid RIS, and two single-
antenna UEs, where one UE uses the eMBB service while the other uses the URLLC one.
Concentrating on the UL, the communication frame is organized into the sequential C'SI
estimation, computation, and payload transmission phases. In short, in the first phase,
the BS estimates the eMBB CSI. Then, in the computation phase, the BS optimizes the
RIS configurations based on the obtained CSI, sending the configurations to be stored
at the RIS. Finally, in the last phase, the UEs transmit their payload data. Importantly,
the eMBB traffic is scheduled before the frame start, while the URLLC bursty traffic is
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scheduled at any time during the payload transmission phase. The proposed scheme uses
the RIS to multiplex the services through two different configurations, the eMBB-oriented
configuration to multiplex the eMBB traffic, and the URLLC-oriented configuration
for the URLLC one. During the payload transmission phase, the RIS starts configured
with the eMBB-oriented configuration, enabling the reception of the scheduled eMBB
traffic. Eventually, if the URLLC traffic start is detected by the RIS, the URLLC-oriented
configuration is set, silencing the eMBB channel to suppress interference. In particular,
the detection of the URLLC traffic start is done locally at the RIS, based on a dedicated
preamble transmitted by the UE and simple processing of the signal received by the RIS
antenna. Given the proposed multiplexing scheme, the challenge addressed by this paper is
the design of the two RIS configurations relying only on eMBB CSI, obligatorily meeting
the eMBB high SE requirement and the URLLC reliability and low-latency requirements.

As the main contribution, this paper proposes methods to compute the eMBB- and
URLLC-oriented configurations based solely on eMBB CSI. Specifically, the eMBB-oriented
configuration is designed aiming to maximize the UE SNR so as to provide the high SE
demanded by the eMBB service. Thus, since full eMBB CSI is available at the BS, the
configuration that satisfies this optimization goal is the well-known coherent passive
beamformer, computed by a simple closed-form expression [35]. Differently, exploiting the
available eMBB CSI to compensate for the absence of the URLLC one, the URLLC-oriented
configuration is designed to silence the eMBB channel, mitigating the eMBB interference
on the URLLC traffic. On this basis, two different algorithms are proposed to compute
such a configuration. One of them is the phasors rotation, a heuristic algorithm that tries
to cancel out the eMBB channel gain by compensating the phase shifts of the RIS elements
via subtraction. The other is the interference nulling, an iterative alternating projection
algorithm that presents high probability of convergence. Specifically, it approximates a
solution to the optimization problem of finding a RIS configuration that nullifies the eMBB
channel. These two configurations are capable of suppressing the interference caused by the
eMBB UE without BS coordination, providing the reliable and low-latency communication
required by the URLLC service. With the establishment of proper designs for the eMBB-
and URLLC-oriented configurations, the description of the proposed RIS-aided traffic
multiplexing scheme is complete. Subsequently, a performance and latency analyses are
carried out to evaluate the proposed scheme. Focusing on the particular requirements
of each service, the performance analysis generates expressions for the URLLC outage
probability and the eMBB SE. Then, the latency analysis measures the delay introduced
by the scheme to the URLLC latency, accounting for the time necessary to detect the
traffic at the RIS, switch over the RIS configurations, and transmit the URLLC data
symbols.

A set of numerical results is deployed to verify the performance of the proposed

multiplexing scheme and compare it to the state of the art. In particular, the benchmarks
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include the preemptive puncturing scheme and the RIS configurations proposed to assist
the URLLC and eMBB services in [49]. Meanwhile, the numerical analysis evaluates the
outage probability for the URLLC service and the SE for the eMBB one, as functions of
system parameters such as the transmit power, number of RIS elements, and the URLLC
traffic miss detection rate. The results reveal that the proposed scheme achieves an outage
probability comparable to preemptive puncturing, introducing a lower latency due to
its independence from BS coordination. In this regard, remarkably, the URLLC-oriented
RIS configuration computed by the interference nulling algorithm outperforms the outage
probability of preemptive puncturing by up to 4.9 times. Also, when compared to a
configuration introduced in [49], the proposed interference nulling decreases the outage
probability by up to 3 orders of magnitude. In respect of the eMBB service, the proposed
multiplexing scheme provides high SE even for a UE located at the cell edge, proving that
this essential service requirement is satisfied over the whole cell area. Lastly, the results
show that the scheme for URLLC traffic detection at the RIS is not considered to be a
major limiting factor for the performance of the multiplexing scheme. This is explained
by the existence of schemes to reach the needed miss detection rate that rely on efficient
implementations in terms of computational burden and use of the radio resources.

In summary, this paper proposes a service multiplexing scheme to support the coex-
istence of URLLC and eMBB services in the UL of RIS-aided systems. Attractively, to
multiplex both services, the scheme relies only on eMBB CSI and introduces lower latency
than the 5G NR preemptive puncturing. All this is achieved without BS coordination
and by light signal processing at the RIS, comprising an efficient implementation. Hence,
the proposed scheme conciliates the traffic multiplexing strategy defined by the current
3GPP specifications with the operational constraints of the RISs, a technology still under
development, revealing paths to exploit their benefits for the next-generation cellular

networks.
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6 Conclusions and Remarks

This chapter concludes the Part I of the thesis, summarizing the key results obtained

by each contribution and providing directions for motivating future work.

6.1 Conclusions

The conclusions of the thesis contributions are listed in the following.

e Addressing the problem of user scheduling and power allocation in XL-MIMO systems
with high user density, paper [A] has proposed an efficient method to maximize
the sum-rate and enhance the number of scheduled users. Satisfying individual
user QoS constraints, the proposed method combines a graph search algorithm and
optimal power allocation, attaining competitive sum-rate even when accounting
for uncertainties in the CSI available at the BS. Presenting a good performance-
complexity trade-off, the method can schedule up to 5 times more users than the
benchmarks, while having a running time up to 79 times lower. Finally, the proposed
method provides fair coverage as it schedules users over the entire service area,

improving the communication performance of users located in the cell edge.

e To develop ubiquitous IoT networks for low-power machine-type devices, paper |B|
have studied the EE of an RIS-aided RA protocol. The main contributions of the
paper are a general power consumption model and a throughput formula that can
be applied to evaluate the performance of different access policies. Using them to
verify the system EE, it has been demonstrated that RISs are promising compo-
nents to deploy networks for low-power devices, providing high throughput gains
with marginal impact on EE, even for surfaces with large numbers of reflecting
elements. Furthermore, specifically on the RA protocol, access policies that exploit
the channel qualities achieved superior EE performance than the ones that don’t.
Finally, the results revealed that, to improve EE, the studied scheme permits that the
devices transmit at extremely-low power levels, while the RIS with many elements

compensates for the throughput reduction.

e With emphasis on battery-powered IoT devices, paper |C| have studied the EE at
the devices-side in an RIS-aided communication system. Considering the same RA
protocol and a scenario similar to paper [B|, this paper focused exclusively on the
study of physical layer aspects. Specifically, the paper introduced an expression
for the device EBL which, among other variables, depends on the number of RIS

elements and the RIS configuration. Numerical evaluations have shown that, in
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addition to coverage extension, an RIS can provide substantial gains on the EBL by
reducing the required device transmit power. Importantly, the results also evidenced
that, to fully exploit the potentials of the RIS, the number of RIS elements and the

size of the configurations codebook should be jointly optimized.

Paper [D] have explored the capability of an RIS to exert control over the channel
temporal statistics. Specifically, it proposed a randomized framework to control the
channel coherence time by properly setting the number of RIS elements and designing
the random distribution that generates the time-varying reflecting coefficients. Such
a framework was developed based on the introduced discrete-time-varying channel
model where the NLoS channel components are modelled as stationary AR(1) random
processes. Then, the derivation of the channel ACF revealed the dependence of the
channel temporal statistics on the parameters of the RIS, controlled by the system
designer. Numerical results corroborated the effectiveness of the proposed analytical
framework, enabling, via optimization of the RIS parameters, the conversion of

slow-fading channels into fast-fading and vice versa.

In paper [E|, an RIS-aided service multiplexing scheme to support the coexistence of
URLLC and eMBB UL traffic has been proposed. Satisfying the URLLC latency
requirements, the proposed scheme relies only on CSI of the eMBB UE scheduled in
advance. Inspired by the preemptive puncturing scheme, but without BS coordination,
the multiplexing scheme works by using the RIS for temporarily silencing the eMBB
traffic during the URLLC transmission, suppressing any interference to provide
low-latency and reliable communication. Numerical results demonstrated that the
proposed scheme achieves outage probability up to 4.9 times lower than preemptive
puncturing. Furthermore, the multiplexing scheme obtains significant gains on the
average URLLC latency, reaching 0.30 ms against the 0.17 ms achieved by preemptive

puncturing.

6.2 Future Work Directions

The contributions discussed in Sections 5.2 and 5.3 have provided solutions to relevant

technical problems involving XL-MIMO and RIS-aided communications systems. In par-

ticular, such solutions with their respective benefits and limitations, in addition to the

results obtained via numerical and analytical analyzes, introduced novel research questions

that need to be addressed. These open questions motivated the future work directions

summarized in the following.

e In paper [A], providing connectivity for the nonscheduled users remains as a relevant
open problem. In this regard, it is necessary to investigate the impact of allocating

such users in subsequent frames, analyzing performance in terms of latency and
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long-term average user rate. Furthermore, the integration of the XL-MIMO systems
with other network technologies, such as non-terrestrial networks, may be a promising

direction to address the connectivity issue related to the nonscheduled users.

Regarding papers |B| and [C], the communication overhead and its dependence on the
size of the RIS configurations codebook must be further investigated. Moreover, the
problem of codebook design must be considered assuming complex scenario setups,
including the case with several RISs and with existence of LoS links between the UEs
and the BS. Finally, one potential direction to improve the RA protocol performance

is to develop access policies based on Al techniques, such as reinforcement learning.

Based on the contribution of paper [D], it is necessary to investigate applications
of the proposed framework to improve the end-user performance, enhancing the
availability and reliability of the communication service. Furthermore, there is a
need to develop schemes to obtain practical realizations of the suggested flexible

block-fading model and identify potential applications to it.

To verify the feasibility of the proposed multiplexing scheme of paper [E| in realistic
network environments, the scenario with a multiple-antenna BS, multicarrier mod-
ulation, and considering the coexistence of several UEs of each service type must
be investigated. Besides, the multiplexing scheme must be evaluated accounting for
the resource slicing strategy and considering more challenging practical scenarios,
such as the scenario where part of the UEs necessarily need the RIS assistance to

communicate, while the remaining UEs don’t.
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Abstract

Ensuring that the quality-of-service (QoS) requirements are satisfied in wireless com-
munications systems with high user density is challenging due to the limitations on the
transmit power budget and the number of resource blocks. In this paper, we propose
a (QoS-aware joint user scheduling and power allocation technique to enhance the num-
ber of served users in the downlink of crowded extra-large scale massive multiple-input
multiple-output (XL-MIMO) with minimum QoS requirements guarantee. The proposed
technique is constituted by two sequential procedures: the clique search-based scheduling
(CBS) algorithm for user scheduling followed by optimal power allocation with transmit
power budget and minimum achievable rate per user constraints.We propose a generalized
non-stationary multi-state channel model based on spherical wave propagation assuming
that users under line-of-sight (LoS) and non-LoS (NLoS) transmission coexist in the same
communication cell. This is done to accurately evaluate the proposed technique in realistic
XL-MIMO scenarios. Numerical results reveal that the proposed CBS algorithm provides
fair coverage over the whole cell area, achieving remarkable numbers of scheduled users
with satisfied QoS requirements when users under the LoS and NLoS channel states coexist

in the communication cell.

Index Terms: XL-MIMO, user scheduling, resource allocation, channel non-stationarities.
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7.1 Introduction

Extra-large scale massive multiple-input multiple-output (XL-MIMO) are the deploy-
ments of massive MIMO base stations (BSs) made of arrays of antennas with extreme
physical dimensions, often with the size of thousands of wavelengths [1]. Such deployments
are promising designs to address crowded communication scenarios, integrating the antenna
elements with architectural structures of the environment, e.qg., the ceiling, walls, and
columns of a stadium, warehouse, or shopping mall [2]. For this reason, the distances
between the users and the antenna elements are small compared with the co-located BS
design, typically adopted in cellular systems.

Such small distances between the users in conjunction with the very large extent of the
antenna array create spatial non-stationarities on the wireless channel, which drastically
changes the signal propagation aspects compared with the conventional massive MIMO
scenarios. We investigate two of these aspects. First, each antenna element experiences
different average received power and phase from each user, suggesting the operation under
the near-field propagation regime. Hence, the wireless channel is well-modeled by the
spherical wavefront (SW) propagation model rather than the conventional plane wavefront
propagation model [3]. Second, the closeness between the users and the antenna elements
results in a predominantly line-of-sight (LoS) situation. However, due to the relief and
presence of scatterers and obstacles in the environment, it is not accurate to assume that
all the radio links experience LoS transmission. Hence, as is discussed in [4], it is reasonable
to assume that part of the radio links are under the LoS regime, while the remaining links
are under the non-line-of-sight (NLoS) one.

Under the near-field propagation regime considering the SW model, the array gain
is limited [3]. This suggests that asymptotic favorable propagation, which results in the
orthogonality between the channel vectors of different users, may also be compromised by
the near-field propagation condition. However, further investigation is needed to support
this claim. The looseness of the favorable propagation with the SW model increases the
necessity of scheduling spatially compatible users to achieve reasonable DL performance
while optimizing the expenditure of scarce radio resources, e.g., transmit power and resource
blocks. In wireless systems with limited resources, resource allocation (RA) techniques
are essential to assure that the target quality-of-service (QoS) levels are met for a higher
number of served users. RA techniques for multi-user MIMO systems are surveyed in [5].
Despite that, further investigation is needed to assess the effectiveness of the conventional
resource allocation strategies in crowded multi-user MIMO systems with physically large
antenna arrays.

In this sense, in [6, 7| the authors propose methods for antenna selection aiming to
maximize the energy efficiency and the spectral efficiency, respectively. The proposed
methods use different approaches to compute the set of active antennas, including meta-

heuristic optimization, greedy strategies, and heuristic procedures deploying approximate
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expressions for the performance metrics. However, proposing solutions for different wireless
propagation conditions while optimizing the expenditure of scarce radio resources, is still
a need.

Generally, accurate channel state information (CSI) is required to perform efficient RA,
precoding, and detection. Due to the near-field propagation and spatial non-stationarities of
the XL-MIMO channel, new methods for CSI acquisition must be developed. Specifically, (8|
proposed an efficient subarray-wise channel estimation method based on the orthogonal
matching pursuit (OMP) algorithm. Such an algorithm is applied under the consideration
that the channel is spatially stationary in the subarrays, so the subarray channel becomes
sparse in the angular domain. Differently, in [9] is demonstrated that the SW channel is
no longer sparse in the angular domain since the energy of each radio path spread towards
multiple angles. In this sense, the authors demonstrate that the XL-MIMO channel is sparse
in the polar domain, and exploit such a property in the polar-domain simultaneous OMP
algorithm, an accurate and low-complexity approach for XL-MIMO channel estimation.

In [10, 11], user scheduling techniques for MIMO systems that employ zero-forcing
beamforming as the spatial multiplexing strategy are proposed. Specifically, the semiorthog-
onal user selection (SUS) algorithm proposed in [11] can achieve the same asymptotic
achievable sum-rate as that of dirty paper coding. However, the analysis is restricted to
up to 4 antennas at the BS and Rayleigh fading channel, which not applies to physically
large arrays. On the other hand, the problem of user scheduling for the XL-MIMO systems
with the SW model is addressed in [12]. The authors propose a strategy based on the
equivalent distance, a measure that combines the distance from the users to the BS and
the interference level produced by the other scheduled users. The developed algorithm
can outperform the performance of SUS with less computational complexity. Despite that,
analyses of the individual achievable rates and the coverage reached by the algorithm are
not provided. In [13], authors take advantage of the non-overlapping visibility regions
(VR) across the array in a crowded XL-MIMO system to propose a joint random access
and user scheduling protocol. Such a protocol explores the different VRs of the users to
improve the access performance, besides seeking users with non-overlapping VRs to be
scheduled in the same payload data pilot resource.

In [14], the problem of RA in the DL of user-centric cell-free MIMO networks is studied.
The authors propose an iterative method to promote max-min fairness in the system by
scheduling users, allocating power, and selecting the pilot length. In [15], the problem
of DL precoding in millimeter-wave (mm-Wave) systems is examined. Exploiting the
sparsity of the mm-Wave channel in the angular domain, three different algorithms for
beam selection and user scheduling are proposed. Compared with the state-of-the-art, the
proposed methods allow for increasing the number of users to be served, especially when
there are fewer available DL beams.

The problem of user scheduling, via optimizing the configurations of a reconfigurable
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intelligent surface (RIS), and BS beamforming in multi-user networks assisted by RIS
is analyzed in [16]. Specifically, a scheme with two graph neural networks is developed
to schedule users and optimize the RIS configurations. The proposed scheme promotes
fairness among the users, achieving better network utility.

In [17], the problem of maximizing energy efficiency under minimum throughput
constraints in the DL channel of multi-cell massive MIMO schemes is studied. To increase
the number of served users by each cell, a mini-slot-based transmit beamforming method
is proposed, by scheduling the farther and nearer users into different time mini-slots. As a
result, the BS can double the number of served users and reduce significantly the inter-cell
interference, improving the performance of the border users.

Contribution. The contribution of this work is threefold.

i) We propose a QoS-aware joint user scheduling and power allocation algorithm based
on the search in a graph for the DL channel of crowded XL-MIMO systems. Such
an algorithm is designed to increase the number of served users with satisfied QoS
requirements in XL-MIMO systems with high user density. The proposed graph-based
technique can increase significantly not only the number of scheduled users, but the

system achievable sum-rate, while providing fair coverage across the whole cell area.

i1) We propose a non-stationary multi-state channel model based on the SW propagation
considering that users under LoS and NLoS transmission coexist in the same com-
munication cell. In the proposed model, it is assumed that users under the LoS and
NLoS states experience different propagation characteristics both in the multi-path
fading and in the path loss rule. This is done aiming to capture the complexity of

the propagation environment with physically large arrays of antennas.

iii) We extensively evaluate the performance of the proposed QoS-aware joint user
scheduling and power allocation technique with numerical simulations. The perfor-
mance of the proposed graph-based technique is evaluated in crowded XL-MIMO
scenarios under different channel conditions and also compared with state-of-the-art
techniques. As an outcome, a comprehensive analysis is obtained, including results
on achievable sum-rate, number of scheduled users, computational complexity, and

distribution of the scheduled users.

Notation. Boldface lowercase a and uppercase A letters represent vectors and matrices,
respectively. Calligraphic letters A represent finite sets. I,, denotes the identity matrix of
size n. 0, denotes the zero column vector of length n. {-}" and {-}" denote, respectively,
the transpose and the complex conjugate transpose operators. ¢(-) denotes the power set

operator.
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7.2 System Model

In the following, we describe the model of the communication system analyzed in this
work. We consider the DL transmission of a narrowband XL-MIMO system with K € Z,
users operating in the time-division duplexing (TDD) mode. The BS is equipped with
M € Z, antennas organized as a uniform linear array (ULA) with elements spaced by the
distance d > 0 meters. Therefore, the array has an aperture of D = (M — 1)d meters. A
sketch of the crowded multi-user XL-MIMO communication scenario is depicted in Fig. 6.
The BS antennas and the users are located at the xy-plane. Indeed, the ULA is oriented
along the x-axis, and its center is at the origin of the coordinate system.

Adopting the representation in polar coordinates, the position of the user k € {1,...,K}
is described by the ordered pair (r.*, 8/%), where r/® > 0 is the distance from the user k
to the origin and 6;® € [0, 27r) is the angle between the direction of user k and the x-axis
direction (see Fig. 6). Similarly, the position of the antenna m is described by the pair

(rps,05%), whose coordinates are calculated by:

1 0, ifm>0
rs = (lml - —) d and 6,° = , (7.1)
2 m, ifm<O0

Vme [-M/2,M /2], m # 0.

Figure 6 — Diagram of the crowded multi-user XL-MIMO communication scenario, indi-
cating the scheduled and non-scheduled users, as well as the scatterers.

O T '
-7 e 'l’ Tm,k
Array d _*9UE !
e —— . k '
] e ] e >
_M m' -2 -1 1 2 m r
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D D Non-scheduled user
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Source: The authors.
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7.2.1 Channel Model

In this subsection, we formulate the channel model based on the SW model considering
that users under LoS and NLoS channel states coexist in the same communication cell.
For this reason, we define two channel vectors, one for the LoS channel model, and the
other for the NLoS one. Then, we define a unified model capturing the multi-state aspect
of the proposed channel model.

The LoS channel follows the SW model. Hence, the channel response between the

antenna m and the user k can be expressed as [12]:

ﬁ(I)JOS &
ank = 3| Se (72
’
m,k
where /3308 > 0 is the path loss attenuation at a reference distance, y“°5 > 0 is the path

loss exponent, 4 > 0 is the carrier wavelength, and r,; > 0 is the distance from the

antenna m to the user k, calculated by:

Pk = \/(r]‘CJE)Z + (rB%)2 — 2rFry cos(6)° - 657). (7.3)

%OS € CM for the LoS channel is equal to:

Considering (7.2), the channel vector a
a%os = [al,k aM,k]T. (7.4)

Differently, the NLoS channel follows the i.i.d. Rayleigh-fading model with the path
loss computed independently for each antenna due to the variation of the average received
power across the large-aperture XL-MIMO array [6]. The path loss of the NLoS radio link

between the antenna m and user k is equal to:

NLoS
0
ﬁm,k = NLoS * (75)
»Y
m,k
where ,BON LoS 5 0 is the path loss attenuation at a reference distance and yN“°5 > 0 is the

path loss exponent, and ry,x is as in (7.3). Hence, the channel vector akN LoS e M for the
NLoS channel is defined such that:

akNLOS ~ CN(OM, Ek), (76)

with the diagonal covariance matrix X; € RM*M containing the path loss coefficients w.r.t.

all the antenna elements, i.e.,

Ty = diag([Bix - Buxl)- (7.7)

Note that the uncorrelated channel assumption in (7.7) is justified since the antenna

elements are separated by the distance d > 1/2.
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Definition 7.1. Let x; € {0, 1} be the channel state indicator associated with the user k,
equal to 1 if the channel is under the LoS state, or 0 if it is under the NLoS state. To capture
the influence of topographic features related to the communication cell on the channel
state, e.g., the effect of relief, as well as the spatial configuration of scatterers and obstacles,
the indicator is modeled as a random variable. Therefore, xg ~ fy, v gve) (x | (r*, 0.%)),
where fy, ve gue) 1 {0,1} — R} is the conditional probability mass function (pmf) that

depends on the position of the user k in the cell.

Given the definition of the channel state indicator, as well as the LoS and NLoS channel

vectors, the multi-state channel vector a; € CM can be defined as:
a; = xka%OS +(1- xk)akNLOS. (7.8)

Notice that, when xx = 1, eq. (7.8) is equal to the LoS channel vector. On the other hand,
when x; = 0, the channel vector of user k is equal to the NLoS channel vector. Hence,
users with different channel states may coexist in the same communication cell, depending
on the definition of the state indicator pmf, kal(rlgE’gll{JE).

In this sense, for the sake of simplicity and to enable the evaluation of the proposed
techniques in a variety of channel scenarios, in the remainder of this work we consider
that the channel state indicators follow a Bernoulli random distribution with parameter

0 < p <1, namely the LoS probability. Therefore, the conditional pmf results:

Fadtremars) (x| (r(%,0,%) = p*(1 = p)' ™, (7.9)

where x € {0,1} and Vk € {1,...,K}.

7.2.2 Signal Model

Now, we define the model for the signal received by the users. Let K C {1,...,K} be
the set of scheduled users. The transmitted signal by the BS is equal to:

z = Yex VP ik, (7.10)

where py > 0 is the power allocated for the user k, s; € C such that E{|s¢|?} = 1 is the
signal intended for the user k, and fy € CM such that ||fk||g = 1 is the precoding vector

computed for the user k. The received signal by the user k € K is equal to:

Yk = \/p_kSkaka + Zie?{\k \/]T,'SiaZfi + W, (7.11)

where wi ~ CN (0, 02) is the additive white Gaussian noise. Given the received signal in
(7.11), the signal-to-interference-plus-noise ratio (SINR) calculated for the user k € K is
equal to [12]:

prlalif|?

Siegevk PilaGi|? + o

SINRy = (7.12)
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Without loss of generality, let k € {1,...,|%]|} be the indices of the scheduled users.
Then, the channel matrix with the channel vectors of all the scheduled users is defined
as A € CMXIK| guch that A = [a; --- ajx|]. For the sake of simplicity, we consider perfect
CSI available at the transmitter!, and that || < M and rank(A) = %], then the BS can
transmit the DL signal using the zero-forcing (ZF) precoder. Hence, the precoding vector

for each user k € K is equal to:
B A(A"A) e,

fZF
k 1
[(A®A)1]7,

, (7.13)
where e, € {0,1}/%l is the k-th vector of the standard basis of the |%|-dimensional
Euclidean space.

Considering that the ZF precoder mitigates the inter-user interference (IUI), i.e.,
af; = 0,Vi,j € K,i # j, substituting (7.13) in eq. (7.12) results in the SINR calculated

for user k using the ZF precoder:

SINRZ = Pk . (7.14)
o [(ARA) 14k

Using Shannon’s equation, the achievable rate of the user k € K using the ZF precoder is

equal to:
Pk
o [(AFA) "k

Observing (7.15), we note that the achievable rate of the user k not only depends on its

R¥ =log, 1+ (7.15)

respective allocated power and the noise power, but also on the overall set of scheduled
users and their respective channel vectors. For this reason, the user scheduling process is
crucial for attaining reasonable performance levels.

Let R > 0,Vk € K be the minimum achievable rate that the BS must serve to user
k. Given the set of scheduled users K, the maximum DL achievable sum-rate of the
XL-MIMO system using the ZF precoder is succeeded with the allocated powers that solve

the following optimization problem:

{Pitkex = arg max  Yyex RY, (7.16a)
{Pr}rex

subject to  RY" > Ry, Vk € K, (7.16b)

2kex Pk < Pmax, (7.16¢)

Pr > 0,Vk € K, (7.16d)

where Ppax > 0 is the maximum power available for DL transmission, and the achievable
rates R}",Vk € K are given by eq. (7.15). Since eq. (7.16) is equivalent to the optimization
problem of allocating power on independent parallel Gaussian channels, the set of powers

{P} }rexc that solve it follows the water-filling distribution [18].

1

Further, in Subsection 7.5.4, the impact of inaccurate CSI at the transmitter on the performance of
the user scheduling techniques is numerically evaluated.
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7.3 User Scheduling: Problem Formulation

In this section, we introduce the formulation of the studied user scheduling problem.
The optimization problem of joint DL user scheduling and power allocation with individual

minimum achievable rate constraints and transmit power budget can be defined as:

Po : r;l(&gir}rig(e Skex REY, (7.17a)
subject to  RZ" > Ry, Vk € K, (7.17b)
2kexk Pk < Prax, (7.17¢)

Kcil,... K (7.17d)

pr > 0,Vk € K. (7.17¢)

The constraints (7.17b) ensure that all the scheduled users are served with a minimum
achievable rate. Moreover, the constraint (7.17c) ensures that the DL transmitted power
does not exceed Prax. Finally, the constraints (7.17¢) and (7.17d) define the domain of
the optimization variables.

The optimization problem g is concave in the variables {p}rex, but not in the
variable K. For this reason, it isn’t possible to solve Py optimally with standard convex
optimization tools. An alternative path to reach a sub-optimal solution is to split Py
into two sub-problems in which each variable is optimized independently. We discuss this
strategy in the sequel.

Let g : gJ({ak}le) — R, be a function that measures the spatial compatibility
between users from their channel vectors. The spatial compatibility quantifies how efficiently
these channel vectors can be separated in space. Examples of spatial compatibility metrics
are the condition number and the null-space projection of the channel matrix. Since there
exists a correspondence between spatial compatible users and the precoding performance,
optimizing a spatial compatibility metric is a promising path to obtain a good set of
scheduled users [5]. The generic user scheduling problem solved by maximizing a spatial

compatibility metric is called user grouping and can be formulated as:
P1: K =arg max g({ag}rex), (7.18a)
K
subject to K c {1,...,K}. (7.18b)

The optimization problem #; is an NP-complete combinatorial problem solved only by
exhaustive search. Since, in crowded XL-MIMO systems, the number of users in the
communication cell is high, the size of the solution space of P; scales quickly. Hence, in
such a case, it is impractical to solve the user grouping problem in a feasible time. For
this reason, Section 7.4 develops an effective, quasi-optimal, and computationally efficient

method to carry out user scheduling in crowded XL-MIMO scenarios.
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Given the set of scheduled users K™, the optimal set of allocated powers {p] }rex+ can

be calculated by solving the following optimization sub-problem:

Po: APptkex = arg max  Yyeqe RY, (7.19a)
{Prtrex

subject to R}" > Ry, Vk € K*, (7.19Db)

ZkGW* Pk < PmaXa (719C)

pr > 0,Vk € K*. (7.19d)

The optimization problem P is identical to (7.16) and, if feasible, it can be solved optimally
by the water-filling solution [18|. A simple way to check the feasibility of Py is presented

in the following.

Remark 7.1. The optimization problem P» is feasible if and only if the sum of the minimum
allocated powers necessary to serve each user with its respective minimum achievable rate

does not exceed Ppax, i.€.,

Sker D = T2 Deser (2R = 1) [(A"A) ik < Prnacs (7.20)

where p; > 0 is the minimum power required to serve user k with the achievable rate in

eq. (7.15) equal to the minimum achievable rate Ry.

Considering that the feasibility criterion in eq. (7.20) is satisfied, the solution of Ps is
given by:
pi=max(py, p = oy [(A"A) k), (721)

Vk € K, where u € R is a constant called water-level. Moreover, to meet the constraint

(7.19¢) with equality, the optimal water-level can be obtained by satisfying:

Skere max(Py, p—o2[(A"A) k) = Prmax =0, (7.22)

which can be easily solved by a root-finding algorithm [18].

A sub-optimal solution of the original problem $y can be obtained by sequentially
solving £ and P». Since the two optimization variables are decoupled in the formulated
sub-problems, the set of scheduled users K™ may result in an infeasible power allocation
policy. In such a case, the set K* must be altered to enable power allocation.

To solve the user scheduling problem by sequentially solving the sub-problems #; and
P5, we propose the two distinct frameworks presented in Fig. 7. In Framework 1, firstly
the set of scheduled users is computed. Next, if the power allocation with the calculated
set of users is infeasible, the users with the worst channel condition are removed until
feasibility is reached. Finally, the power allocation is carried out. Differently, in Framework
2, users are scheduled iteratively until the power allocation problem becomes infeasible.
When an infeasible set of users is reached, the last scheduled user is removed, then a

power allocation procedure is carried out. From an implementation perspective, in general,
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solutions that fit into Framework 2 demand higher computational complexity than those
fitting into Framework 1. This is due to the power allocation feasibility test carried out
at every iteration, which commonly requires the calculation of the precoding vectors.
Although in Framework 1 this feasibility test is carried out as well, if the user scheduling
procedure is carefully designed, the number of tests can be drastically reduced, increasing

its computational advantage w.r.t. Framework 2.

Figure 7 — Flowcharts of the two distinct frameworks adopted for joint user scheduling and
power allocation procedure by sequentially solving #; and Ps. Note that, in
Framework 2, the feasibility of the power allocation problem is checked at every
iteration of the user scheduling procedure. On the other hand, in Framework 1,
the power allocation feasibility check is carried out more than once only if the
set of scheduled users results in an infeasible power allocation problem.

Framework 1 Framework 2

Schedule users

F Schedule one user

i

Remove user with the
worst channel condition

0

No

Yes

feasible?

No

\

s power allocation
feasible?

Remove the last
scheduled user

v

Allocate power

Yes

\

Allocate power

Source: The authors.

7.3.1 P5 Infeasibility Test

In this subsection, we present an efficient method to check the infeasibility of the
optimization problem (7.19) without needing to calculate the inverse matrix (A"A)~!.

This method motivates the development of the graph representation used in the proposed
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scheduling algorithm and reduces significantly the number of operations required to test
the feasibility of the set of scheduled users.
Let R} > 0 be the single-user capacity of the user k calculated by:

(7.23)

2
a
RS = log, (1+pk|| k||2).

oy
The single-user capacity is the achievable rate if, during the DL, the BS transmits only
the signal of user k. Following this definition, the minimum required power p;" > 0 for

the user k to experience its minimum achievable rate Ry is equal to:

—su O-v% Ry
Pl = (2R~ 1), (7.24)
llall3
Lemma 7.1. For any set of scheduled users K C {1,...,K}, if the sum of the minimum

powers required to equal the single-user capacity of each scheduled user to its minimum
achievable rate is equal to or greater than Puyax, i-€., Zke?{ﬁiU > Piax, the optimization
problem (7.19) is infeasible. Such a condition is sufficient but not necessary to confirm
the infeasibility of Pa. If Ypex Pr. < Pmax, the feasibility or infeasibility of Po can only be
proved by checking whether eq. (7.20) holds.

Proof. The effective channel gain obtained by user k with the ZF precoder is upper-bounded
by [19]:
lall3 > [(A"A) 7'k = llarll3 — aff Ag (A AL) " Allay, (7.25)

CMXIK|-1

where Ak € is the channel matrix with the channel vectors of all the scheduled

users, except for k, i.e.,
Ap=lar - g ag - ayx |- (7.26)

Since A has full rank, (A*;{Ak)_l is positive definite and, consequently, the equality in
eq. (7.25) is obtained if and only if A']iak = 0x|-1, i.e., the channel vector of user k is
orthogonal to the channel vectors of all the other users. Therefore, we obtain the following
relationship between the sum of the minimum allocated powers required to attain the

minimum achievable rates of the scheduled users:

Zke?( l_7k 2 Zkeﬂ( ﬁiU (7'27)

Accordingly, noticing that it is impossible to get perfectly orthogonal channel vectors
in practice, if Yieq Pr = Pmax we have that Yieq Pr > Pmax, indicating that K is an
infeasible set of scheduled users for the optimization problem 5. Conversely, in the ideal
case where the scheduled users have all mutually orthogonal channel vectors, eq. (7.27)

attains equality. O
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7.4 User Scheduling Based on Clique Search

In this section, first, we introduce the concept of the undirected vertex-weighted
graph (UWG) model for modeling the interference between the users in the proposed user
scheduling XL-MIMO operating under non-stationary multi-state LoS and NLoS channels.
Then, we formulate a clique search problem on the UWG to solve the user scheduling and

power allocation sub-problems $; and $» proposed in Section 7.3.

7.4.1 Undirected Vertex-Weighted Graph Model

Let G = (V, &) be a UWG, where V = {vy,...,vy} is the set with the graph vertices
such that [V|=V,and & C {{vi,v;} | vi,v; € V,v; # v;} is the set with the graph edges.
Let E € {0,1}"*V be the adjacency matrix of the graph G such that:

1, if{v;,,vi} €&
tivitesd (7.28)
0, otherwise

The vertex weight function w : V — R characterizes the weight of each vertex v; € V.
In our work, the UWG G represents the users in the communication cell and the or-

thogonality relationship between their respective channel vectors. Each user k € {1,...,K}

is represented by a vertex vy. Moreover, the edges & are described by the adjacency matrix

constructed from the channel vectors according to the e-orthogonal rule,

[E];; = | o (7.29)
l{ercr|er <€) (m) , otherwise
Vi,j € {l,...,K}, where I4(-) denotes the indicator function and 0 < € < 1 represents the

admissibility for channel orthogonality. Such a method for defining the graph edges will
make only those vertices representing users with quasi-orthogonal channel vectors to be
connected. Finally, the weight of vertex k is defined as the minimum power required for

user k to achieve a single-user capacity equal to its minimum achievable rate, i.e.,

2 —
w(v) = P = (2R~ 1), Vk € {1,...,K}. (7.30)
llakll3
Fig. 8 depicts a diagram of a UWG representation of a hypothetical XL-MIMO system

with K = 7 users and its equivalent adjacency matrix.

Definition 7.2. The subgraph G’ = (V’, &) is called a clique if the vertices in V' are
mutually adjacent to one another, i.e., & = {{v;,v;} | vi,v; € V’,v; # v;}. Moreover, the

number of vertices in the clique is called the clique number |20].
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Figure 8 — UWG representation of a hypothetical XL-MIMO system with K = 7 users and
its equivalent adjacency matrix. The vertices va, v, and v4 form a clique in
this graph.

______________________________________

Adjacency matrix Edge

01000 0 0 . .
1011000
0101100

E=|0 110010

w(v w(v

0010000 (ve) (7)\
0001000 ) Unconnected
0 0000 0 O Clique vertex

Source: The authors.

7.4.2 User Scheduling Based on Clique Search

Now, we formulate the user scheduling process as a clique search problem in the UWG
G that represents the XL-MIMO system. Let Cg be the set of all the cliques of the graph
G. We aim to find the clique with the largest clique number and with the sum of the

weights less than Ppax. This clique search problem can be written in the form:

P3: G = arg max |V’|, (7.31a)
gl

subject to 3, cqr @(Vi) < Pmax (7.31Db)

G = (V&) eCs. (7.31¢)

The constraint (7.31b), derived from Lemma 7.1, ensures via the sum of the weights of
the clique vertices that the set of scheduled users represented by the vertices results in a
possibly feasible P2. Moreover, the constraint (7.31c) ensures that G* is a clique of graph
G. Typically, clique problems are NP-complete, requiring high computational effort to be
solved in large graphs. Specifically, problem P53 can be solved by clique enumeration [20],
which consists of listing all the possible cliques in the graph G, evaluating which one
simultaneously satisfies (7.31a) and (7.31b). The search space of this procedure can be
reduced by evaluating the constraint (7.31b) during each iteration of the clique enumeration.
However, the worst-time complexity of this procedure is still the same as the original
one. For this reason, we propose a low-complexity procedure to calculate a near-optimal
solution of Ps3.

Algorithm 1 presents a method to find a near-optimal solution for the clique search

problem P3. We call this algorithm as clique search-based scheduling (CBS). In this
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pseudocode, the operator neighbors : V — ¢(V) returns the set of vertices that have

edges with the input vertex vy, i.e., neighbors(vy) = {v; | {vk,vi} € E}.

Algorithm 1 CBS — Greedy algorithm to solve the clique search problem #s.

input: The set of graph vertices, V
output: The set of clique vertices, V’
1: vi <« arg min {w(v;) | v; € V}
V'O — (v}
N neighbors(vy)
QO — w(v))
n«20
repeat
vi « arg min {w(v;) | v € N}
(V/(n+1) — rV/(n) U {Vk}
N N A neighbors (v)
QD QM 4 oy(vy)
if QD > P .. then
exit loop
end if
n—n+1l
. until N =0
. return V'« V’'®

= = e = e e
SO AN ol ol =

The greedy algorithm starts by finding the vertex that requires the least weight and
adding it to the clique. The neighboring vertices of the first vertex constitute the clique
neighborhood, computed in line 3. In the loop beginning at line 6, the vertex of the clique
neighborhood with the least weight is added to the clique. Next, in line 9, the clique
neighborhood is updated with the vertices that are simultaneously neighbors of all the
clique vertices. This loop repeats until the sum of the weights in the clique is less than
or equal to Ppax, or if there are no more vertices in the clique neighborhood. When the
first stop criterion is met, the algorithm outputs the set of vertices obtained during the
previous iteration, satisfying the constraint (7.31b). Hence, the set of scheduled users is
calculated from the output of the Algorithm 1 by K ={k € {1,...,K} | viy € V'}. It
is worth mentioning that the scheduling criterion used in CBS results in a set of users
possibly feasible w.r.t. P2, without guaranteeing that the users in K can be scheduled
satisfying the power budget? and minimum achievable rate constraints simultaneously. For
this reason, we need a procedure to verify the feasibility of K w.r.t. the problem 5 and
remove users from the set if the power allocation is infeasible. We describe the adopted

approach in the following.

2 Constraint (7.31b) is a necessary condition for ensuring the power feasibility of the solution, but not

a sufficient condition. This occurs since the simplified feasibility test in constraint (7.31b) assumes
perfect orthogonality between scheduled users. If there exists a certain interference level between them,
more transmit power is required, and therefore a more accurate, time-consuming procedure to verify
the feasibility of the solution has to be performed.
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7.4.3 Obtaining a Feasible Set of Scheduled Users

Algorithm 2 User removal — Obtaining a feasible set of scheduled users.

input: The infeasible set of scheduled users, K, the minimum achievable rates, {Ry }rex,
and the channel vectors, {ag}rex
output: The feasible set of scheduled users, K’

1. K «—K

2: A [ag --- a|r}(/|]

3: repeat

4: k¥ « arg min {||ak||% | k € K'}

5. K «— K'\k*

6: A far - apeoy apean - A

T D =0oa (2R - D) [(A"A) ik, VE € K
8: until > ;cq Pr < Pmax

9: return K’

When the set of scheduled users produced by the CBS algorithm is infeasible, a user
removal procedure must be adopted to get a feasible one. The proposed user removal
algorithm is based on the P feasibility criterion in eq. (7.20) and described in Algorithm 2.
In this procedure, the user with the lowest channel power, namely the user with the worst
channel condition, is removed from the set of scheduled users until the power allocation
problem P5 becomes feasible. Accordingly, in lines 4-7, the user with the lowest channel
power is removed, then the minimum powers necessary to serve the users in the reduced
set are calculated. These steps repeat until the power allocation feasibility is confirmed
according to the condition in eq. (7.20), as evaluated in line 8.

Finally, with a feasible set of scheduled users, power allocation can be carried out
satisfying both the transmit power budget and the minimum achievable rate constraints.
Fig. 9 sketches out the whole proposed technique for joint user scheduling and power

allocation problems in crowded XL-MIMO systems.

Figure 9 — Flowchart for the proposed joint user scheduling and power allocation techniques,
constituted by the CBS algorithm, a user removal algorithm, and optimal power

allocation.
Schedule users with Obtain a feasible set |, '
K K K
the CBS algorithm > of scheduled users > All lgcate p(l))\lzver ‘tg
(Algorithm 1) with Algorithm 2 SOIVINg problem 72 Hpj}yexr

Source: The authors.

7.4.4 Scheduling Users Analyzing Their Channel Powers

Now, we describe a simple but effective approach to schedule users based on the powers

of the channel vectors. Let P > 0 be the power of the channel vector of user k, calculated
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from the multi-state channel vector in eq. (7.8) by:
Pr = llacll3. (7.32)

The power of the channel vector is a suitable measure of the channel quality for a given
user, resulting from its distance w.r.t. the BS array and its channel state. Moreover, by
inspecting eqs. (7.20) and (7.25), one can see that the minimum allocated power necessary
to serve user k € K with its respective minimum achievable rate is inversely proportional
to Py,

Pk

B o2(2Re — 1)
- Pi — a‘zAk(AiAk)_lAzak .
Therefore, we use the channel powers to develop a user scheduling technique named channel
power-based scheduling (CPBS).

Let n € Z} be the number of the iteration of the CPBS algorithm. During each

iteration, the CPBS schedules the user with the largest channel power, solving the following

(7.33)

optimization problem until a stop criterion is met:
k* = arg max Py, (7.34a)
k
subject to k€ {1,..., KY\ K"V, (7.34Db)

The pseudocode of the CPBS algorithms is given in Algorithm 3. The CPBS algorithm
operates with the procedure described in the following. In lines 5 and 6, the algorithm
schedules the user with the largest channel power by solving problem (7.34). The algorithm
repeats this procedure until the set of scheduled users results in an infeasible power
allocation problem according to the criterion described in Remark 7.1, or if all the users in
the communication cell are scheduled. Similarly to the CBS algorithm, the set of scheduled
users calculated by the CPBS generates an infeasible power allocation problem. Therefore,
the procedure derived in Section 7.4.3 must be applied to K to generate the final set of

scheduled users.

7.5 Numerical Results

In this section, we present numerical results to demonstrate the effective performance
of the introduced user scheduling methods operating in crowded XL-MIMO systems. In
the Monte-Carlo simulations, we consider K = 103 users located inside a cell such that
r,® €[0.03,1] km and 6" € [-nx,n], Vk € {1,...,K}. The users are uniformly distributed
in the cell area. Hence, the angles ;" follow a uniform distribution, while the distances

r. " follow the probability density function [21]:

2r rrznx—r2. L i rgin € F < Foax
fye(ry = 427 i) = (7.35)

0, otherwise
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Algorithm 3 CPBS — Channel power-based scheduling.

input: The number of users, K, and the channel vectors, {:;11(}{,{(:1
output: The set of scheduled users, K
1: Py — |lagll3, Vk € {1,...,K}
)
QO n 0
repeat
k* — arg max {Py | k € {1,..., K}\ K™}
(]((n+1) — 7((n) U {k*}
Qn+l) ) +l_72g
if QU+D > p .. then
exit loop
end if
ne—n+1
. until |[K| = K
. return K «— K™

[ S S SR

where 0 < rpin < rmax are respectively the possible minimum and maximum distances
from the array center to any user in the communication cell. The BS is equipped with
M = 10? antennas. The minimum achievable rate per user is set to Ry € [5,15] bps/Hz,
Vk € {1,...,K}. We choose the minimum value of 5 bps/Hz to meet the ITU-R experienced
data rate requirement of 100 Mbps for the dense urban eMBB scenario [22]. On the matter
of the channel model, the path loss attenuation and coefficients are defined according to the
ITU-R urban micro-cell environment [23]. The complete list of the simulation parameters
is organized in Table 3. The evaluation metrics are calculated by averaging the results
obtained from S = 103 realizations. During each realization, the users’ positions and the
channels are generated by sampling random distributions following the definitions provided

in Section 7.2.

7.5.1 Evaluation Metrics

The metrics used to evaluate the user scheduling techniques are a) the achievable
sum-rate; b) the average achievable rate; and c¢) the number of scheduled users. Moreover,
we have defined metrics to analyze the d) distribution of the scheduled users across the
cell, and e) the probability of a user being scheduled given its channel state.

From the achievable rate of the user k defined in eq. (7.15), the system achievable

sum-rate is calculated by:

Pk

2 [(A"A) 1]z (7.56)

R = Yrexlogy |1+

Using eq. (7.36), the average achievable rate can be expressed by dividing the sum-rate by

the number of scheduled users: R
R=—. 7.37
K] (7.37)



77

Table 3 — Simulation parameters.

Parameter Value

Number of antennas M =103

Carrier frequency fe =4 GHz
Rayleigh distance IRayl. ® 37.4 km
System bandwidth B =20 MHz
Antennas spacing d=21/2=3.75 cm
Number of users K =103

Minimum achievable rate
User distance range

User angle range
Transmit power budget

Ry€ [5,15] bps/Hz, Vk
ri® € [0.03,1] km

0." € [-n, 7]

Prax € [0,30] dBm

LoS probability

o € {0,0.25,0.75, 1}

LoS channel path loss exponent Y108 =220
NLoS channel path loss exponent yNLOS = 3 67
LoS channel path loss attenuation ﬁﬁi}os = 107400
NLoS channel path loss attenuation By LoS — 1038
Noise power spectral density —174 dBm/Hz
Admissibility for channel orthogonality € = 0.4
Number of realizations S =103

Source: The authors.

To measure the distribution of the scheduled users across the cell, we determine the
complementary cumulative distribution function (CCDF) of the 2D distance between the

scheduled users and the array center. The CCDF for a distance r > 0 is calculated by:
F(r)=Pr(k e K| r" >r). (7.38)

From a numerical perspective, the CCDF in eq. (7.38) can be approximated by deploying

the result of a Monte-Carlo simulation as:

2xes ikex Lreriprsry (r]")
Z‘KGS |7(| ’

., Ks} is the set containing all the sets of scheduled users obtained in

F(r) =

(7.39)

where S = {Kj, ..
each of the § = |S| Monte-Carlo realizations.

A complementary metric to evaluate the distribution of the scheduled users is the
probability of a user being scheduled given its channel state. These probabilities w.r.t. a

user under the LoS or NLoS channel state are respectively given by:

Pros = Pr(k e K | Xk = 1), (7.40)
PNlLos = Pr(k ek | Xk = 0). (7.41)
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Similarly to eq. (7.38), these two probabilities can be estimated from the result of a

Monte-Carlo simulation by calculating:

. 2xes Lkex L1y (xx)
Pros = , 7.42
ko Yoces K] (7:42)

. 2xes 2kex Loy (xx)
P = . 7.43
s Tices K] T

7.5.2 Baseline Techniques

The baseline user scheduling techniques for XIL-MIMO systems adopted for comparison
with the proposed CBS and CPBS algorithms include the greedy weighted clique (GWC)
search algorithm [10], the distance-based scheduling (DBS), and the simplified DBS (DBS-s),
both latter proposed in [12].

In GWC, the users in the communication cell are represented by a UWG. The edges
are drawn according to the e-orthogonal rule as described in Section 7.4, while the vertices
weights are the single-user capacities considering uniform power allocation. The GWC
algorithm of [10] implements a greedy algorithm to search the maximum weighted clique in
the graph aiming to obtain a set of scheduled users that have simultaneously high channel
powers and quasi-orthogonal channel vectors.

Differently, the DBS algorithm performs user scheduling using a metric named equivalent
distance, defined in eq. (7) of [12]. The equivalent distance of a given user during an iteration
of the DBS algorithm essentially depends on its distance to the center of the BS array
and the sum of the inner products between its channel vector and the precoding vectors
of the currently scheduled users. Hence, users with lower equivalent distance values have
higher scheduling priority. The algorithm proceeds by selecting the users with the lowest
equivalent distance until there is a reduction in the achievable sum-rate. Alternatively, also
in [12] is proposed the DBS-s algorithm, a version of the DBS with lower computational
complexity. In this algorithm, the equivalent distance metric is substituted by the distance
between the user and the center of the BS array, reducing the complexity of the algorithm
at the cost of performance degradation.

For a fair comparison between the proposed and baseline scheduling techniques, we
have included one additional stop criterion on the GWC, DBS, and DBS-s algorithms.
During the end of each iteration of the baseline algorithms, the feasibility of the power
allocation problem is evaluated by applying eq. (7.20). If this criterion is violated, the last
scheduled user is removed from the set and the algorithm stops. After the user scheduling
procedure, the power allocation is carried out by calculating the solution of optimization

problem Ps.
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7.5.3 User Scheduling Performance

Fig. 10 depicts the achievable sum-rate and the number of scheduled users obtained
by the proposed CBS algorithm depending on the parameter of admissibility for channel
orthogonality. This analysis is paramount to tune the CBS € parameter for the performance
comparison carried out in the following. From Fig. 10, one can see that both the sum-rate
and the number of scheduled users are almost constant for p = 0 and € > 0.1. This
occurs because, due to the law of large numbers, the NLoS channel state benefits from the
favorable propagation offered by the XL-MIMO array. Differently, for p > 0, the peaks of
sum-rate and number of scheduled users are achieved in the range € € [0.3,0.7]. In this
case, similarly to the result obtained in [11], if € is close to 1, the performance degrades due
to the reduction in the effective channel gains paid to obtain the IUI suppression provided
by the ZF precoder. On the other hand, if € is close to 0, the multi-user diversity gain
decreases. Considering this result, we choose € = 0.4 to generate the remaining numerical
results.

Figure 10 — Achievable sum-rate and number of scheduled users of the CBS algorithm ws.

the admissibility channel orthogonality (€) under scenarios with different LoS
probabilities. M = 10% antennas, K = 103 users, Ppmax = 0 dBm.
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Firstly, we evaluate the user scheduling techniques in terms of the achievable sum-
rate. Fig. 11 depicts the achievable sum-rate obtained by the techniques depending
on the transmit power and considering different LoS probability values. At first glance,
we see that the LoS probability value changes drastically the performance of the user
scheduling algorithms since the users’ channel qualities depend directly on the channel state.
We note that decreasing the LoS probability reduces the achievable sum-rate obtained
by all the algorithms. Moreover, as expected, the sum-rate increases with the transmit
power. It is worth noticing that the graph-based techniques achieve the best sum-rate
performance among the evaluated ones. The CBS and GWC algorithms have similar
performance for low transmit power. However, for Pyax > 15 dBm and p < 0.75, the

GWC algorithm outperforms significantly the CBS one. After the graph-based techniques,
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the CBS algorithm is the one that achieves the best performance. The DBS and DBS-s
algorithms achieve almost the same performance for all the evaluated cases, outperforming
only the random scheduling. Indeed, it is worth mentioning that, except for the random
scheduling, all the evaluated techniques achieve similar performance for p = 0. The random
scheduling achieves the poorest performance because its scheduling criterion does not take
into account the quality of the users’ channel vectors. Such a behavior repeats for all the

numerical results in the sequel.

Figure 11 — Achievable sum-rate vs. the transmit power under scenarios with different LoS
probabilities. Simulation parameters are detailed in Table 3.
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Fig. 12 depicts the number of scheduled users as a function of the transmit power
considering different values of LoS probability. One can see that the number of scheduled
users increases with the transmit power and LoS probability. Specifically for p = 0, all
the evaluated techniques, except for the random scheduling, schedule almost the same
number of users. For p > 0, the CBS algorithm achieves the best performance in terms of
the number of scheduled users, followed by GWC. It is worth mentioning that, despite the
GWC attaining a higher sum-rate than the CBS for Ppax > 15 dBm and p € (0,0.75], the
CBS consistently schedules a higher number of users. Finally, similarly to what occurs
with the sum-rate metric, the number of scheduled users achieved by all the scheduling
techniques treated herein, except for the random scheduling, are nearly the same for p = 0.

Fig. 13 depicts the average achievable rate depending on the transmit power
considering different values of LoS probability. For all the evaluated techniques, except
for the random scheduling, the average rate is inversely proportional to the number of
scheduled users. Specifically, for p < 1, the CBS algorithm obtains achievable rate values
close to the minimum achievable rate of 5 bps/Hz. For p > 0.75, the best techniques in
terms of the average rate are the DBS and DBS-s. On the other hand, for p < 0.25, the
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Figure 12 — Number of scheduled users vs. the transmit power under scenarios with different
LoS probabilities. Simulation parameters are detailed in Table 3.
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random scheduling achieves the best performance in terms of average rate. However, it is
important to mention that this high average rate is obtained at the cost of scheduling an

extremely low number of users, as demonstrated in Fig. 12.

Figure 13 — Average rate of the scheduled users vs. the transmit power under scenarios
with different LoS probabilities. Simulation parameters are detailed in Table 3.
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Fig. 14 depicts the achievable sum-rate as a function of the minimum achievable rate
considering different values of LoS probability. For all the techniques, except for the CBS,
the achievable sum-rate decreases by increasing the minimum achievable rate. This behavior

is expected since increasing the minimum achievable rate constraint implies allocating
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more power per user to satisfy this requirement. Especially, the GWC for p € {0.25,0.75}
reaches achievable sum-rate values that increase with the minimum achievable rate, up to a
point where this behavior reverses. As we will see in the result in the sequel, this maximum
point of achievable sum-rate occurs due to a reduction in the number of scheduled users

slower than the increase in the minimum achievable rate.

Figure 14 — Achievable sum-rate vs. minimum achievable rate per user under scenarios
with different LoS probabilities. Pyax = 30 dBm.
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Fig. 15 depicts the number of scheduled users depending on the minimum achievable
rate considering different values of LoS probability. As expected, the stricter minimum
achievable rate constraints with a fixed transmit power budget results in a reduction on
the number of scheduled users. Specifically, we see that the CBS and GWC algorithms
present a slow rate of decrease in the number of scheduled users for p = 0.75 and Ry < 9
bps/Hz, Yk, and for p = 0.25 and Ry < 11 bps/Hz, Vk. This is the cause of the partially
increasing behavior of the achievable sum-rate obtained by these algorithms identified in
Figs. 14 for p € {0.25,0.75}.

7.5.4 User Scheduling Performance with Inaccurate CSI

Since the proposed and benchmark scheduling algorithms rely on CSI, it is important
to evaluate their performance in the case when inaccurately estimated channel vectors are
available at the BS. Let a; € CM denotes the estimated channel vectors that follow the

model below:
fik: Vl—aQak+avk,Vke{l,...,K}, (744)
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Figure 15 — Number of scheduled users vs. minimum achievable rate under scenarios with
different LoS probabilities. Pyax = 30 dBm.
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where 0 < @ < 1, and vy ~ CN(0yy, ||ak||%IM) denotes the estimation error. Therefore, the
NMSE of the estimate is:

E {—”a" - a"”%} =2(1-V1-a?), (7.45)
llall3

where the expectation is taken over v;. In this sense, Fig. 16 depicts the achievable sum-rate
and the number of scheduled users vs. the normalized mean-squared error (NMSE) of
the estimated channel vectors. The NMSE values are in accordance with recent results
for channel estimation in XL-MIMO systems [9]. Analyzing Fig. 16, one can notice that
the achievable sum-rate decreases with the channel estimate NMSE, once the mismatch
between the channel vectors and their estimates produces IUI, preventing the users from
reaching their required QoS levels. Moreover, the channel estimation error has a significant
impact on the number of scheduled users by the CBS and GWC algorithms when the
NMSE is above —20 dB, and when it is above —10 dB for the others. In the worst case,
the methods cannot carry out user scheduling when the NMSE is greater or equal to —10
dB for the graph-based techniques and —5 dB for the others. Therefore, even though the
CBS algorithm is affected by inaccurate CSI as the other scheduling techniques, it can
achieve remarkable performance in crowded XL-MIMO scenarios, scheduling around 560
users with a channel estimate NMSE of —20 dB.

7.5.5 Computational Complexity

Table 4 shows the running time of the evaluated scheduling algorithms for p €
{0,0.25,0.75, 1}. With this result, the performance-complexity trade-off obtained by the
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Figure 16 — Achievable sum-rate and number of scheduled users vs. channel estimate
NMSE. p =1, Ppax = 30 dBm, Ry =5 bps/Hz.
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algorithms can be compared by the ratio between the running time and the number of
scheduled users (Fig. 12). For p = 1, the CBS algorithm has the best trade-off, achieving
the highest number of scheduled users at the expense of a running time 3.7 times lower than
DBS and 79 times lower than GWC. On the other hand, for p = 0, the CPBS algorithm
achieves the best trade-off, since all the evaluated techniques schedule approximately the
same number of users, except for the random scheduling. For p € {0.25,0.75}, the DBS-s
algorithm achieves the best trade-off. Whereas, it is worth noticing that the CBS algorithm
can schedule up to 5 times more users than DBS-s with a similar trade-off. Therefore, the
benefits of the proposed CBS algorithm are achieved in realistic scenarios where users

under the LoS and NLoS channel states coexist, i.e., p > 0.

Table 4 — Running time (s) of the scheduling algorithms.

p CBS CPBS GWC [10] DBS [12] DBS-s[12] Random

1.00 0.43  0.41 32.40 1.61 0.26 0.15

0.75 1.19  0.37 20.88 0.60 0.16 1-1073
0.25 050  0.23 2.94 0.51 0.14 41074
0.00 0.26 0.12 0.40 0.46 0.12 3-107%

Prax = 30 dBm, Ry = 5 bps/Hz
Source: The authors.

7.5.6 Distribution of the Scheduled Users

Fig. 17 depicts the CCDF of the 2D distance between the scheduled users and the
array center considering different values of LoS probability. For p < 0.75, both graph-based
user scheduling techniques, our proposed CBS and the GWC provide a much higher cell
coverage when compared with the DBS and DBS-s algorithms, allowing scheduling users

located at cell border (0.8 < r;® < 1.0 km). In fact, the distance-based techniques can
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schedule only users that are at the maximum distance of 0.5 km apart from the array, half
the cell radius. The scheduled users’ distribution in Fig. 17 demonstrates the superiority
of the proposed CBS algorithm in providing a more uniform communication experience for
users positioned throughout the communication cell, including border users. On the other
hand, for p = 0, one can see that, except for the random scheduling, all the evaluated
techniques achieve the same poor coverage, scheduling users only around 0.3 km apart
from the array center. Specifically, this result occurs due to the high path loss associated
with the NLoS channel state and the limited transmit power. Particularly, we note that the
random scheduling attains the best coverage in all the evaluated LoS channel probability
cases. However, such good coverage comes at the price of low performance in terms of

achievable sum-rate and number of scheduled users, as demonstrated in Figs. 11 and 12.

Figure 17 — CCDF of the 2D distance between the scheduled users and the array center
under scenarios with different LoS probabilities. Ppax = 30 dBm, Ry = 5
bps/Hz.
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Fig. 18 depicts the probability of scheduling users under LoS and NLoS channel states
considering two different values of LoS probability. The techniques that consider the
minimum required power to attain the minimum achievable rate and the channel quality
tend to schedule users in the most favorable channel state, namely the LoS state. On the
other hand, the techniques that consider the distance tend to schedule users in the same
proportion as that they appear in the communication cell.

From the numerical results presented in Figs. 11-18 and Table 4 one can conclude that
the CBS algorithm achieves high numbers of scheduled users and provides fair coverage
with good performance-complexity trade-off when 0 < p < 1. This includes the cases when
users under both LoS and NLoS channel states coexist in the communication cell. On
the matter of the CPBS algorithm, it demonstrates a better trade-off than DBS in all
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Figure 18 — Probability of a user being scheduled given its channel state under scenarios
with different LoS probabilities. Ppax = 30 dBm, Ry =5 bps/Hz.
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the evaluated scenarios and improved coverage for p = 0.25. As a result, in the context
of XL-MIMO systems operating in crowded scenarios, the CBS algorithm is a promising
technique to schedule high numbers of users ensuring the QoS levels constraints, while

providing fair coverage over the whole cell area.

7.6 Conclusions

In this paper, we study the problem of user scheduling in crowded XL-MIMO systems
with per-user QoS requirements. To increase the number of served users in the DL channel
of XL-MIMO systems with high user density, we propose the CBS algorithm, a QoS-aware
joint user scheduling and power allocation algorithm based on the search in a graph.
Moreover, to capture the complexity of the propagation environment with physically
large arrays, we propose a non-stationary multi-state channel model that accounts for
the co-existence of users under LoS and NLoS transmission in the same communication
cell. The user scheduling performance of the developed CBS algorithm is evaluated and
compared with the state-of-the-art, considering the proposed channel model under different
conditions. As a result, the CBS algorithm demonstrates superiority over state-of-the-art
techniques in crowded XL-MIMO scenarios, scheduling up to 5 times more users with
satisfied QoS requirements than the DBS algorithm [12] when users under both LoS and
NLoS channel states coexist (0 < p < 1). Still, this improved performance is reached
even when inaccurate CSI is available at the BS. Besides, the CBS algorithm achieves fair
coverage over the whole cell area, providing a more uniform communication experience
for all users, including the ones located at the cell border. Finally, the computational
complexity analysis demonstrates that the CBS algorithm presents a good performance-
complexity trade-off, scheduling more users than the graph-based GWC algorithm [10]

in a running time up to 79 times lower. Future research directions include incorporating
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strategies to schedule the non-scheduled users on subsequent frames, improving the users’

average achievable rates, and thereby promoting fairness among them.
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Abstract

Green Internet of Things (IoT) aims to enable a sustainable smart world by making
energy efficiency (EE) the main performance indicator for IoT hardware and software.
With respect to network design, this implies in developing energy-efficient communication
protocols and network architectures adapted to the ubiquitousness of the IoT machine-
type devices (MTDs) and the sporadic traffic generated by them, keeping a low power
consumption at the MTDs-side. In this sense, reconfigurable intelligent surfaces (RISs)
have presented the capacity of significantly improving the network coverage using mostly
passive reflecting elements, drastically reducing the power expenditure. In this paper, we
develop a realistic power consumption model and an expression for the overall system EE
for RIS-aided IoT networks that adopt a two time-scale random access (RA) protocol to
handle the uplink transmissions. Specifically, during each time slot of the RA protocol, the
RIS covers a specific area of interest in the communication cell with a predefined set of
phase-shift configurations, changing the channel qualities of the contending MTDs. Numer-
ical results comparing the RA protocol performance reveal that access policies that exploit
information of the channel qualities are suitable for green IoT networks, simultaneously
attaining competitive EE and throughput combined with low power consumption at the
MTDs-side.

Index Terms: Green Internet of Things (IoT); random access protocols; reconfigurable

intelligent surface (RIS); energy efficiency (EE).
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8.1 Introduction

The concept of green IoT brings the challenge of developing a sustainable IoT envi-
ronment by paths such as designing energy-efficient systems and devices, and prioritizing
the use of renewable power sources [1|. From the communication protocol standpoint,
this objective leads to optimized schemes that make an efficient use of radio resources,
including transmit power and time-frequency resource blocks. In this sense, [2] has recently
proposed a framework to improve the devices’ EE by optimizing the transmit power and
the maximum number of packet replicas in the irreqular repetition slotted ALOHA (IRSA)
protocol. Although optimized protocols are able to offer increased EE, combining these
designs with energy-efficient technologies can further enhance these gains.

RIS is a promising low-cost and low-power technology to enable sustainable wireless
networks. This technology can produce anomalous reflection of the incoming signal to
create hot spots in areas of interest in the communication cell without any power amplifier
(PA), consuming much less energy than common active transceiver technologies, such as
arrays with massive numbers of antennas. Specifically, in the analysis of [3], it is shown
that RIS-aided networks can achieve up to a threefold increase in EE when compared with
networks assisted by multiple-antenna amplify-and-forward relays.

Recently, [4] has proposed a two time-scale RA protocol for RIS-aided networks in
which the RIS has a limited set of phase-shift configurations, designed to cover specific
areas of interest in the communication cell. During the first phase of the protocol, the
contending MTDs measure their channel qualities over a sequence of training time slots,
where in each slot the RIS induces a different phase-shift configuration. Then, at the
second phase, the RIS repeats the configuration change pattern over a sequence of access
time slots, where in each slot the MTDs independently decide to transmit according to the
measured channel qualities. This protocol increases the average number of successful access
attempts at the expense of increased access delay, which is a minor issue in delay-tolerant
IoT applications.

In this paper, we develop a realistic power consumption model and the throughput
formula for RIS-aided IoT networks that adopt the RA protocol proposed in [4]. With this
model, we derive an expression for the overall system EE, evaluating the protocol perfor-
mance with four different access policies. Moreover, we extend the strongest-configuration
access policy (SCP) given in [4] to fully exploit the successive interference cancellation
(SIC) receiver implemented at the access point (AP)-side. Finally, we adapt the contention
resolution diversity slotted ALOHA (CRDSA) [5] and the state-of-the-art IRSA [6] protocols

to create two novel access policies suitable for IoT networks.
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8.2 System Model

In this section, we describe the time-division multiple access (TDMA) frame, the
RIS-aided communication scheme, and the two time-scale RA protocol. The TDMA frame,
depicted in Fig. 19a, is comprised by a downlink (DL) training block of duration T; > 0
and an uplink (UL) access block of duration 7, > 0. The training and access blocks are
divided into § € Z, time slots with lengths respectively equal to Tis > 0 and T, > 0, i.e.,
T; = STis and T, = ST,s. The two blocks of the TDMA frame are used by the RA protocol
to handle the UL transmissions of the contending MTDs, namely the MTDs that want to

transmit a data burst during an RA frame.

Figure 19 — (a) Diagram of the TDMA frame, and (b) setup of the RIS-aided communica-
tion scheme.

(a) TDMA frame

T; T
| DL training | UL access |
’ Time
[DL [ [DL, [ - [PLg| [UL [ - UL, | - ] ULs |
- -—>
Tlcs Tas
(b) RIS and communication cell setup
N, elements y
: Cell area

' Blockage
() N
(-L) AP S dk

dAP:'ﬂ\eAp
: \\\/\’/

N, elements

RIS —— !

Source: The authors.

Fig. 19b depicts the RIS and communication cell setup. The RIS is a thin surface
located at the xz-plane with center at the origin. The surface is constituted by N, € Z,
reflecting elements in the x-axis direction and N, € Z, in the z-axis direction, totaling
N = NN, elements. Each reflecting element has a rectangular surface of sides dy,d; < A4,
where A denotes the carrier wavelength. Similarly to [4], we assume that the signal reflection
produced by the RIS is independent of the z-dimension. We consider that the RIS has a
fixed number of phase-shift configurations equal to the number of time slots, S. Specifically,
the set of phase-shift configurations of the RIS as a function of the number of time slots is

denoted by:
n(s—1)

o0 - {555

sE{l,...,S}}. (8.1)
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Therefore, the s-th phase-shift configuration induced by the RIS in the impinging signal is
denoted by 8 € ©(S). Since in the RA protocol we assume that the RIS has a dedicated
phase-shift configuration for each time slot, throughout the text we use s to denote the
s-th RIS configuration and the s-th time slot interchangeably.

In the proposed setup, the AP and MTDs are in the xy-plane, located respectively in the
fourth and first quadrants. Specifically, the AP is located at a distance d,p € [dmin, dmax]
from the origin, with 0 < dpin < dmax, forming an angle 6, € [0, /2] with the RIS
boresight. Similarly, the MTD k is located at a distance dy € [dmin, dmax] from the origin,
forming an angle 6; € [0, 7/2] with the RIS boresight. The contending MTDs communicate
with the AP via a virtual line-of-sight path created by the RIS, since the first and fourth
quadrants are separated by a blockage that prevents direct radio links between them.

Let a,p > 0 and a; > 0 be the AP and the k-th MTD antenna gains, respectively. The
channel coefficient of the MTD k during the access time slot s, denoted by hi(s) € C, is
equal to [7]:

hi(s) = \Bre! " Qp (s), (8.2)

where B; € R is the path loss, ¥, € R is the total phase-shift, and Q(s) € C is the RIS
array factor [4], respectively defined by:

B = Xar@ [ dyd: 2c0829 (8 3)
T )2 \dapdy ko '
N,y +1
Vi =w (dAp + dy — (sin0,p — sin ;) de|, (8.4)
Qk(s) =N. ZnNil ejw(sinﬁk—sinﬁs)ndx’ (8.5)

where w = 27/A denotes the wavenumber.

Let K be the set with the indices of the contending MTDs during an RA frame, and
such that its cardinality is |K| = K with K € Z,. In addition, let K'(s) € K be the set with
the indices of the contending MTDs that transmit during the access time slot s. Therefore,

the UL received signal at the AP during the access time slot s is equal to:

y(s) = Zke?((s) Vourohi ($)vi + w(s), (8.6)

where pyrp is the MTD transmit power, vi € CF such that ||Vk||% =1 is the data burst of
the MTD k with L € Z, symbols, and w(s) ~ CN (0., 021;) is the additive noise. From
eq. (8.6), one can derive the signal-to-noise ratio (SNR) of the MTD k during the access

time slot s as:

2
yi(s) = Lum PO (8.7)
g,

w

During the DL training, the MTDs measure their respective channel qualities within each
time slot by indirectly estimating their SNRs, {yi(s) | s € {1,...,S}} for each k € K. For

the sake of simplicity but without loss of generality, we consider that the channel qualities



94

measured by the MTDs can be defined as:

qi(s) = cryr(s) + & (s) (88)

for k € K, and s € {1,...,S8}, where ¢, € R is a constant to account for the DL channel
quality, and &¢(s) € R is the estimation error such that E{g;(s)} = 0 and Var{ey(s)} = o'ezk.
Further details on the measurement of the channel qualities during the DL training can
be found in [4].

8.2.1 Random Access Protocol

In this subsection, we describe the two phases that constitute the RA protocol, the DL

training phase and the UL access phase.

Phase I: Downlink training

1. AP transmits a training pilot over S consecutive time slots, varying the RIS phase-

shift configuration to one of the § available ones during each slot.

2. The contending MTDs listen to the channel during each time slot, estimating and
buffering their instantaneous channel qualities as defined in eq. (8.8) for each RIS

phase-shift configuration.

Phase II: Uplink access

1. AP listens to the channel over S consecutive time slots, using the same change

pattern of the RIS phase-shift configuration adopted in the training phase.

2. The contending MTDs send packet replicas during a selected set of time slots, chosen
independently by each MTD following a predefined access policy. Specifically, four
different policies, described in Subsection 8.2.2, are evaluated in this work. Notice
that the packet replicas have cyclic redundancy check (CRC) bits appended to enable

detection of decoding errors.

3. AP receiver starts by decoding the singleton time slots, namely the time slots in
which a single packet was transmitted, or, later in the receiver operation, the time
slots that have only one remaining packet after interference cancellation (IC). In
practice, preamble recognition can be applied to detect the singleton time slots [5].
After that, a collision resolution procedure based on SIC is carried out to try to
decode the colliding packets. The operation of the AP SIC receiver is illustrated in
Fig. 20. One should note that a packet is successfully decoded if the CRC bits are
correct. In this sense, it is considered that the AP receiver can decode a packet if

it is within a singleton time slot and its SNR is above the threshold v, € R in dB.
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Therefore, the collision resolution between n colliding packets is possible when n — 1

of those packets are decoded in prior iterations.

Figure 20 — Flowchart of the SIC receiver deployed in the AP to decode the signals
transmitted by the contending MTDs during the access phase.
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8.2.2 Access Policies

Four different access policies have been deployed in the UL access phase of the analyzed
RA protocol. Specifically, the access policy determines the access time slots in which a
contending MTD will transmit. Hence, carefully designing the access policies is crucial to
enhance the protocol performance by jointly exploiting the spatial diversity among the
contending MTDs and the time diversity created by switching between the different RIS

configurations.
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Configuration-Aware Random Access Policy (CARP)

In CARP [4], a contending MTD k transmits during each access time slot s with the

probability:
qi(s)

Ze1dk(s)’
where the channel qualities g (s) for k € K and s € {1,...,S} are defined in (8.8). With

these probabilities, the contending MTDs are more likely to transmit within the access

pi(s) = (8.9)

time slots that provided the best channel qualities during the DL training phase. In CARP,
the decision of transmitting during a time slot is made from Bernoulli trials following the
probabilities defined by (8.9). If no time slot is selected, the contending MTD will transmit
during the time slot that provided the best channel quality. Therefore, each contending

MTD can transmit a single packet or up to S packet replicas.

s-Strongest-Configurations Access Policy (s-SCP)

This policy is a generalization of the SCP, originally introduced in [4], to fully exploit
the benefits of the SIC procedure at the AP’s receiver. In s-SCP, a contending MTD
selects the s € Z, access time slots that provided the best channel qualities during the
DL training phase. Hence, in this access policy, each contending MTD transmits s packet
replicas, totaling sK packet replicas during the UL access phase. It is straightforward to
notice that s-SCP is equivalent to the original SCP if s = 1, and SIC cannot be applied.

Conversely, SIC can be conveniently applied for s > 2.

Contention Resolution Diversity Slotted ALOHA Access Policy (CRDSAP)

This policy is an adaption of the CRDSA protocol originally proposed in [5] as an
extension of the slotted ALOHA with support to IC techniques. In CRDSAP, a contending
MTD transmits during s = 2 access time slots chosen randomly with the same probability,
totaling 2K transmitted packet replicas during the UL access phase. As the access time
slots are chosen randomly without any information about the channel qualities, CRDSAP
does not require the DL training phase of the RA protocol. The essential difference
between the CRDSAP and the CRDSA protocol is that, during each time slot of the
former, the contending MTDs experience different channel conditions due to the changing
RIS phase-shift configuration. This creates spatial and time diversities that, as it will be

demonstrated further, can increase the system EE and throughput.

Irregular Repetition Slotted ALOHA Access Policy (IRSAP)

This policy is an adaption of the IRSA protocol proposed in [6], introducing variable
packet repetition rates to increase the throughput attained by CRDSA. In IRSAP, a

contending MTD transmits s packet replicas following a statistical distribution defined by
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the probability generating function [2]:

1 S x5
A(x):(1+S_1)SZ:2:(S_1)s. (8.10)

The s access time slots selected to transmit the replicas are chosen with the same probability.
Since the access time slots are chosen randomly without any information about the channel
qualities, IRSAP does not require the DL training phase. The difference between IRSAP
and the original IRSA protocol is the spatial and time diversities created within the UL
access phase by changing the RIS configuration between the time slots. In this policy, each

MTD can transmit 2 up to S packet replicas, resulting in the average total number of

(RS .11

s=2

transmitted packet replicas:

which can be obtained straightforwardly from eq. (8.10).

8.2.3 System Power Consumption Model

In this subsection, we present the power consumption model, an extension of the model
proposed in [3] adapted to account for the power consumed during the RA protocol phases.
Let P,p > 0 be the static power dissipated by the AP hardware, p,p > 0 be the AP
transmit power during each training time slot, and &,p > 1 be the inverse of the AP

transmit PA efficiency. The power consumed by the AP is equal to:

Prp = SEappar + PAP- (8'12)

To derive the power consumption of the RIS, we consider that each of the N reflecting
elements is constituted by a phase-shifter with limited resolution [3|. Let P,(b) > 0 be the
power consumption of a phase-shifter having b-bit resolution. The power consumed by the
RIS is equal to:

Pris = NP, (D). (8.13)

Finally, let Pyrp > 0 be the static power consumed by the hardware of each MTD. In
addition, let s; € {1,...,S8} be the number of packet replicas sent by the contending MTD
k during an RA frame, and &yrp > 1 be the inverse of the transmit PA efficiency of each

MTD. The power consumed by the contending MTD k is equal to:

Pyrok = SkévrpPurnd + Pyirp. (8.14)

With the power consumed by the AP, RIS, and contending MTDs, we can write the power

consumed by the system during an RA frame as:

P = Pup + Pris + Xkegc Puro k- (8.15)
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8.3 System Energy Efficiency

Considering the RA protocol described in Section 8.2, a successful access attempt (SA)
occurs when, during the access phase, one packet replica transmitted by a contending
MTD can be successfully decoded at the SIC receiver. Therefore, let A < K be the number
of SAs during the RA frame. From Fig. 19a, the system throughput can be calculated by:

A A ~ A
T Ti+T, STis+STas (147r)STy

[packet /s, (8.16)

where, in the last equality, r = Tis/T,s is the ratio between the duration of the training
and the access time slots, namely the training time slot ratio. One should notice that,
for access policies that do not require the DL training phase, such as the CRDSAP and
IRSAP, the throughput can be calculated from (8.16) by setting r = 0.

Considering the system throughput in eq. (8.16) and the power consumption model in
eq. (8.15), the overall system EE is:

B G
Pap + Pris + Xpexc Pyro i

Nee [packet /s/ W], (8.17)

where the denominator summands are given respectively by egs. (8.12), (8.13), and (8.14).

8.4 Numerical Results

To evaluate the applicability of the RA protocol proposed in [4] to RIS-aided IoT
networks, we present numerical results on the throughput (G) and FE (ngg) considering the
four access policies described in Subsection 8.2.2. The parameter values used to carry out
the simulations and calculate the results are given in Table 5. In addition, for simplicity,

we assume perfect estimation of the contending MTDs channel qualities, i.e., in (8.8),
cr=1and g (s) =0 forall k e K and s € {1,...,S}.

Remark 8.1. Figs. 24-26 reveal the optimal throughput and optimal EE in terms of the
number of time slots, S. The optimal metric values are calculated knowing that A < K,
and that the denominators of eqs. (8.16) and (8.17) are strictly increasing functions of S.
Hence, the optimal throughput and EE w.r.t. § can be obtained by evaluating the metrics
with the number of time slots in the set {S € Z, | A(S) < K}.

Fig. 21 presents the throughput and EE vs. the number of contending MTDs, K. Two
values of number of time slots, S, are considered. CARP outperforms significantly the other
policies both in throughput and EE for higher numbers of contending MTDs, being suitable
for crowded networks. In the sequence, s-SCP presents an advantage over CRDSAP and
IRSAP for § =20 and K > 11. It is worth mentioning that CARP and s-SCP present slow
throughput and EE decaying when compared to CRDSP and IRSAP. On the matter of
the policies that do not require the DL training phase (CRDSAP and IRSAP), CRDSAP
performance degrades with K later than IRSAP.
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Table 5 — Parameter values used to generate the numerical results.

Parameter Description

Eap=1.2 Inverse of the efficiency of transmit PA
Pap = 100 mW Transmit power

P.» =9 dBW Static power dissipated by the hardware
(dap,Osp) = (20m,m/4) AP position

a,p =5 dB Antenna gain

Evrp = 1.2 Inverse of the efficiency of transmit PA
Purp€ [1,100] mW Transmit power

Pyrp = 40 mW Static power dissipated by the hardware
dy € [25,100] m Distance from the origin

0 € [0, /2] Angle with the RIS boresight

ar =5 dB MTD antenna gain

N € [4,400] (Ny = N;) Number of RIS elements

P,(3) = 1.5 mW Power consumption of a phase-shifter having 3-bit resolution
dy=d, =10 cm RIS elements size

S e [1,40] Number of time slots

K € [2,20] Number of contending MTDs

T.s=1s Access time slot duration

r=20.2 Training time slot ratio

Yin =0 dB SNR threshold of the SIC receiver
A=10 cm Carrier wavelength

o2 =-94 dBm Noise power

s=2 s-SCP parameter

Source: The authors.

Fig. 22 presents the throughput and EE vs. the MTD transmit power, pyrp. For § =5,
the CARP outperforms significantly all the other policies both in throughput and EE. Still,
s-SCP attains performance close to CRDSAP, while IRSAP achieves poor throughput and
EE values. Differently, for S = 20, CARP and s-SCP outperforms the other policies for
low values of transmit power (pyrp < 20 mW). Finally, in the region S = 20, pyrp > 20
mW, IRSAP attains the best throughput, while CRDSAP attains the best EE due to the
reduced number of transmitted packet replicas.

Fig. 23 shows the throughput and EE wvs. the number of RIS elements, N. It is
worth mentioning that we consider equal numbers of RIS elements in each direction, i.e.,
N, = N,. In this result, for S = 5, again CARP attains remarkable performance both
in throughput and EE, significantly outperforming the other policies. Also, for § = 20,
N < 150, respectively CARP and s-SCP are the best policies. Conversely, for S = 20 and
N > 150, the IRSAP becomes the best policy both in terms of throughput and EE.
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Figure 21 — (a) G x K and (b) ngg X K for two different numbers of time slots, S € {5, 20}.
PmMTD = 10 mW, N = 100.
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Figure 22 — (a) G X pyrp and (b) ngg X purp for two different numbers of time slots,
S € {5,20}. K = 10, N = 100.
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8.4.1 Optimal Throughput and EE w.r.t. Number of Time Slots

In the next three figures, we present the optimal throughput and optimal FE w.r.t.
the number of time slots, S, considering increasing the a) number of contending MTDs
(Fig. 24), b) MTD transmit power (Fig. 25), and c¢) number of RIS elements (Fig. 26).
The optimal throughput and EE w.r.t. the number of time slots, S, vs. the number of
contending MTDs, K, is revealed in Fig. 24. One can see that the attained throughput for

all four policies decreases with K until reaching a floor. Conversely, the EE is monotonically
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Figure 23 — (a) G X N and (b) ngg X N, for two different values of number of time slots,

(a) Throughput (b) Energy efficiency
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decreasing with K, since the power consumption is proportional to the number of contending
MTDs. Looking at the throughput floor attained by CARP, one can notice its outstanding

advantage to operate in crowded networks over the other policies.

Figure 24 — (a) Optimal G and (b) optimal ngg w.r.t. S vs. the number of contending
MTDs, K. pyrn = 10 mW, N = 100.
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Fig. 25 presents the optimal throughput and EE w.r.t. the number of time slots, S, vs.
the MTD transmit power, pyrp. In this result, the throughput analysis is similar to that
of Fig. 22a, except that the IRSAP performance is near the same as CRDSAP. Differently,

under the EE perspective, the CARP policy attains remarkable results for low values of



102

transmit power (pyrp < 60 mW), being a promising access policy for very low-power IoT
networks. Still on EE, one can see that, for higher transmit power values, the IRSAP
performance is significantly degraded when compared with CRDSAP. This is due to the
fact that IRSAP allows the transmission of up to S packet replicas by each contending
MTD, increasing significantly the number of transmitted replicas during the UL access

phase.

Figure 25 — (a) Optimal G and (b) optimal ng w.r.t. S vs. the MTD transmit power,

purp- K =10, N =100.
(a) Throughput (b) Energy efliciency
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Fig. 26 reveals the optimal throughput and the optimal EE w.r.t. the number of time
slots, S, vs. the number of RIS elements, N. Again, the CARP policy attains the best EE
when compared with the other policies. It is worth mentioning that, after the maximum
value is reached, the EE slowly decreases with N, since the power required by each RIS
element is quite low. This demonstrates the advantage of RIS in providing reasonable
network performance at the cost of an extremely-low power consumption when compared
with conventional network solutions that use active elements.

Analyzing Figs. 24-26, one can conclude that the RIS-aided communication is an
energy-efficient technology suitable for green IoT networks, providing high throughput
gains with a marginal impact on the EE, even for surfaces with large numbers of reflecting
elements. In addition, the access policies that exploit information of the channel qualities
contribute significantly with the reduction of the power consumption at the MTDs-side.
This is paramount in the proposed IoT network setup, since the MTDs are powered by
limited-power sources such as batteries, while the AP and RIS may be connected to the

power grid.
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Figure 26 — (a) Optimal G and (b) optimal 7gg w.r.t. S vs. the number of RIS elements,
N. K =10, pyrp = 10 mW.

(a) Throughput (b) Energy efficiency
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8.5 Conclusions

In this paper, we develop a power consumption model, the throughput formula, and
an expression for the overall EE for RIS-aided IoT networks that adopt a two time-
scale RA protocol. Moreover, we adapt schemes from [4], [5], and [6] for respectively
developing the access policies s-SCP, CRDSAP, and IRSAP. The numerical results on the
RA protocol performance reveal that the access policies that exploit information of the
channel qualities are suitable for green loT networks, simultaneously attaining competitive

EE and throughput with low power consumption at the MTDs-side.

8.6 References

[1] C. Zhu, V. C. M. Leung, L. Shu, and E. C.-H. Ngai, “Green internet of things for smart
world,” IEEE Access, vol. 3, pp. 2151-2162, Nov. 2015.

[2] Z. Chen, Y. Feng, Z. Tian, Y. Jia, M. Wang, and T. Q. S. Quek, “Energy efficiency
optimization for irregular repetition slotted ALOHA-based massive access,” IEFEE
Wireless Communications Letters, vol. 11, no. 5, pp. 982-986, May 2022.

[3] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, “Recon-
figurable intelligent surfaces for energy efficiency in wireless communication,” IEEE

Transactions on Wireless Communications, vol. 18, no. 8, pp. 4157-4170, Aug. 2019.



4]

[5]

(6]

17l

104

V. Croisfelt, F. Saggese, 1. Leyva-Mayorga, R. Kotaba, G. Gradoni, and P. Popovski,
“A random access protocol for RIS-aided wireless communications,” Mar. 2022,

arXiv:2203.03377.

E. Casini, R. De Gaudenzi, and O. Del Rio Herrero, “Contention resolution diversity
slotted ALOHA (CRDSA): An enhanced random access scheme for satellite access
packet networks,” IEEE Transactions on Wireless Communications, vol. 6, no. 4, pp.
1408-1419, Apr. 2007.

G. Liva, “Graph-based analysis and optimization of contention resolution diversity
slotted ALOHA,” IEEE Transactions on Communications, vol. 59, no. 2, pp. 477487,
Feb. 2011.

0. Ozdogan, E. Bjornson, and E. G. Larsson, “Intelligent reflecting surfaces: Physics,
propagation, and pathloss modeling,” IEEE Wireless Communications Letters, vol. 9,
no. H, pp. 581-585, May 2020.



105

9 Paper C: Reconfigurable Intelligent

Surfaces to Enable Energy-Efficient
IoT Networks

Joao Henrique Inacio de Souza, José Carlos Marinello Filho, Taufik Abrao,

and Cristiano Panazio

This paper has been published in the proceedings of the 2022 Symposium on Internet of
Things (SloT), Sao Paulo, Brazil, 24-28 Oct. 2022, pp. 1-4, doi: https://doi.org/10.
1109/SI0T56383.2022.10070317.

Abstract

In this article, we study the uplink (UL) channel of a cellular network of Internet of
Things (IoT) devices assisted by a reconfigurable intelligent surface (RIS) with a limited
number of reflecting angle configurations. Firstly, we derive an expression of the required
transmit power for the machine-type devices (MTDs) to attain a target signal-to-noise
ratio (SNR), considering a channel model that accounts for the RIS discretization into
sub-wavelength reflecting elements. Such an expression demonstrates that the transmit
power depends on the target SNR, the position of the MTD in the service area, and the
RIS setup, which includes the number of reflecting elements and the available reflecting
angle configurations. Secondly, we develop an expression for the expected battery lifetime
(EBL) of the MTDs, which explicitly depends on the MTD transmit power. Numerical
simulations on the energy efficiency (EE) evaluated via the EBL demonstrate the benefits

of adopting RISs to enable energy-efficient IoT networks.

Index Terms: Reconfigurable intelligent surface (RIS), Internet of Things (IoT), energy
efficiency (EE).

9.1 Introduction

RIS is a promising low-cost and low-power physical layer (PHY') technology to enable
sustainable wireless networks. This technology can produce controllable anomalous reflec-
tion of the incoming signal to create hot spots in areas of interest in the communication
cell without any power amplifier (PA), consuming much less energy than common active
PHY technologies [1]. On the matter of EE, it is shown in [2| that RIS-assisted networks
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can achieve up to a threefold increase in EE when compared with networks assisted by
multiple-antenna amplify-and-forward relays. This benefit on EE is particularly favorable
for IoT networks, which need to achieve low-power consumption and extended coverage
to serve hundreds of battery-powered MTDs. In this sense, in [3, 4], efficient random
access protocols are proposed for RIS-assisted networks, introducing frameworks to coor-
dinate the optimization of the RIS reflecting coefficients with the device transmissions.
Moreover, in [5], the EE of the random access channel in a RIS-assisted IoT network is
evaluated, revealing that simultaneously optimizing the RIS setup and the transmission
protocol is paramount to attain competitive EE and throughput combined with low-power
consumption.

In this article, we study how RISs can improve the EBL of MTDs in IoT networks,
focusing on the PHY aspects. Firstly, we derive an expression for the required transmit
power to attain a target SNR considering a channel model that accounts for the RIS
discretization into sub-wavelength reflecting elements [4]. Secondly, we develop an expres-
sion for the EBL of the MTDs, revealing that the numbers of reflecting elements and
reflecting angle configurations at the RIS have significant impact on both system EE and
network coverage. Differently from the work [5], in this article we focus on the EE problem
exclusively at the devices-side, which needs more attention since the IoT devices are
powered by limited-capacity batteries that are in general expensive and difficult to replace.
Numerical evaluations demonstrate that the RIS can significantly improve the EBL of
the MTDs by reducing the transmit power. Nevertheless, since the EBL is simultaneously
limited by the number of RIS elements and configurations, the RIS setup must be carefully
designed to achieve energy-efficient networks that can fully exploit the potential of the
RIS.

9.2 System Model

In this section, we describe the system model. We consider a communication setup as
depicted in Fig. 27a, where the single-antenna M'TDs are connected with the single-antenna
AP via the reflected path produced by the RIS, since the direct radio links between the
AP and the MTDs are highly attenuated due to a blockage. In the communication scheme,
the AP and MTDs are located at the xy-plane. Let y; = (dg,0x) denotes the position
of the k-th MTD in the service area, where dyin < di < dmax is the distance between
the MTD and the origin, and 0 < §; < § is the angle formed by the MTD with the RIS
boresight. Similarly, let yap = (dap, Osp) denotes the position of the AP.

The RIS is a thin surface located at the xz-plane with center at the origin. The surface
is constituted by N, € Z, reflecting elements in the x-axis direction and N, € Z, in the
z-axis direction, totaling N = NN, elements. From the operational standpoint, we consider

that the RIS introduces a phase shift 0 < 6, < § with marginal amplitude attenuation to
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Figure 27 — (a) AP, RIS, and service area of the communication cell where the MTDs are
located; (b) TDMA frame.
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the impinging signal. Importantly, the introduced phase shift belongs to a limited set of
reflecting angle configurations, proposed to reduce the complexity of the RIS hardware
and its control mechanism. Let C € Z; denotes the number of available configurations,
and § = ﬁ denotes the angular resolution of the RIS. The set of reflecting angle

configurations is defined as:
©@2{6,6,=cd,c=1,...,C}. (9.1)

In this article, we focus on the UL channel, assuming that the packet generation
by each MTD is modeled as a Poisson process. The UL transmissions are carried out
through time-division multiple access (TDMA) frames with duration less than the channel
coherence time, T, > 0. The TDMA frame, depicted in Fig. 27b, is comprised by a training
block of length T; > 0, an access block for data transmission with length 7, > 0, and an
acknowledgement block of length T, > 0. In the training block, in coordination with the
RIS, the AP broadcasts a signal to the MTDs to prepare for the data transmission. Then,
the MTDs transmit their data signals in the access block. Lastly, the AP sends a message
to recognize the successfully decoded data packets in the acknowledgement block. To focus
purely on the PHY aspects of the system, we adopt this generic description of the TDMA
frame. For comprehensive information on designing transmission protocols for RIS-assisted
networks for MTDs, see [3, 4].

During the access block, the received data signal of the k-th MTD at the AP considering

single-device transmission is equal to:

Y = Vpchivi +w, (9.2)

where py > 0 is the MTD transmit power, i € C denotes the channel coefficient, v, € CL
such that E{”Vk“%} = 1 denotes the transmitted data signal with L € Z, symbols, and

w € CL such that w ~ CN(0,021;) denotes the additive white Gaussian noise vector,
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where o2 > 0 is the noise power. From (9.2), the instantaneous SNR for the k-th MTD is

equal to:

. Prlhil?
y & B (9.3)

O-W
Based on the channel model of [4, 6] for communication schemes as depicted in Fig. 27a,

the SNR can be rewritten as: )
e = PPl Akl

b
o

(9.4)

where B; > 0 denotes the total path loss and Ay € C denotes the array factor due to the

RIS discretization into sub-wavelength reflecting elements [4], respectively defined as:

Bi = 2’80 5 cos® O, (9.5)
N
Ay =N, ZnNle ej2n(sin9k—sin9r)n’ (96)

where By > 0 denotes the path loss at the reference distance and j = V—1. From (9.6), one
can notice that the RIS array factor directly depends on the reflecting angle 6,, which is
limited by the set ® defined in eq. (9.1). Finally, substituting (9.5) and (9.6) in (9.4), we

obtain the following expression of the instantaneous SNR:

Pk,BONZ2| 2’1:];1 ej27r(sin0k—sin0,)n|2 cos2 0,

= 9.7

Therefore, one can note that, besides the MTD and AP positions, the RIS setup, specifically
the number of reflecting elements, N = N,N,, and the reflecting angle configuration, 6, € ©,

has a significant impact on the instantaneous SNR.

9.3 Device Energy Consumption Model

In this section, we develop a model for the MTDs energy consumption. We propose
an expression for the EBL as EE metric specially focused on the devices-side. Let y € R
denotes the target SNR at the AP for an MTD to experience reliable communication.
From (9.7), we can derive the transmit power of the k-th MTD to attain the average SNR
Y as:
[ BoNZ iy ertmteintisingn2 cos? g |
pe(y) =7 I

(9.8)

From (9.8), one can notice that the transmit power depends on the position of the MTD,
Xk = (di,01), as well as on the number of elements at the RIS, N = N,N,, and the angle of
reflection of the RIS, 6,. Deriving the radiofrequency (RF) transmit power is paramount
to analyze the MTD EE as it constitutes most of the dissipated power during the TDMA

frame.
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To develop the model for the device energy consumption, we consider the MTDs under
two device modes: i) transmission mode, and i) receive mode. From Fig. 27b, one can
perceive that the MTDs are in the receive mode during the training and acknowledgement
blocks, while they are in the transmit mode during the access block. Therefore, the energy
consumption E(yy) > 0 of the k-th MTD at the position yj is defined by:

E(xx) = Es + T;Prx + Ty (P + €pi) + Tock PR (9.9)

where E; > 0 denotes the static energy consumption, Pry > 0 denotes the power dissipated
in the receive mode, P1y = P, + £py denotes the power dissipated in the transmission
mode, where P, > 0 denotes the power dissipated by the device circuits, and & > 1 denotes
the inverse of efficiency of the RF PA.

The EBL is a metric to evaluate the device EE given its battery capacity, energy
consumption, and reporting period [7]. Let T, > 0 denotes the expected length between
consecutive reporting periods of the MTD. The EBL in seconds of the k-th MTD at the
position yj is equal to:

EoT,
Es+T(Pe +&pi) + (Ty + Tack) Prx”

L(xi) = (9.10)

where Ep > 0 denotes the battery capacity of the MTD in Joule. From the transmission
protocol standpoint, the EBL depends mainly on the length of the TDMA frame blocks
and the transmit power. Especially, as suggested by (9.8), the transmit power is strongly
linked to the RIS setup, particularly the number of RIS elements and reflecting angle
configurations. Therefore, carefully designing the RIS setup is essential to improve the

system EE in [oT networks, particularly at the devices-side.

9.4 Numerical Results

In this section, we analyze the EE of the RIS-assisted IoT network using the EBL as
the main metric. In the simulations, we calculate the required transmit power to attain
the target SNR, defined in eq. (9.8), at each position yj. Moreover, we assume that the
transmit power cannot exceed the maximum transmit power, pmax > 0, i.e., px(¥) < Pmax-
In this sense, when the MTD needs more power than ppnax to attain the target SNR, such
MTD is under outage. All the parameter values deployed to generate the numerical results
are listed in Table 6.

Fig. 28 depicts pg (y) required to attain the target SNR y = 10 dB across the service
area of the communication cell. We assume that the RIS has two different reflecting angle
configurations, i.e., C = 2. Additionally, at each position, py(¥) is calculated considering
the best RIS configuration, that is, the configuration that results in the smallest transmit
power. Analyzing Fig. 28, one can see that the minimum py(y) observed across the service

area decreases with N due to the enhanced array factor of the RIS, defined in eq. (9.6).



Table 6 — Parameter values used to generate the numerical results.

Parameter

Description

XAP = (20 m’ﬂ/4)

dy € [20,100] m

AP position
Distance of the MTD from the origin

110

0y € [0, /2] MTD-RIS angle

N € [4,100] # RIS elements (Ny = N;)

C €{2,4,8,16} # RIS reflecting angle configurations
T, =50 ms Channel coherence time

T, = 0.85T, Training block length

T; = 0.107, Access block length

Tock = 0.05T, Acknowledgement block length
Bo=-52 dB Path loss at the reference distance

o2 =-94 dBm Noise power

T, =300 s Length between consecutive reporting periods
Ey=2.5kJ Battery capacity

E;=10uJ Static energy consumption
P.=1mW Power dissipated by the M'TD circuits
Prx = 100 mW Power dissipated in the receive mode
£&=1.33 Inverse of efficiency of the RF PA
Pmax = 24 dBm Maximum transmit power

vy=10dB Target SNR

Source: The authors.

At the same time, the outage region area reduces as N increases, improving the network
coverage. For N = 100, there are two main beams in the service area (dark blue color),
where the required pg(y) is less than the values in the other positions. Specifically, these
beams are pointed towards the reflecting angles configured at the RIS, ®, which in the
analyzed scenario with C = 2 are equal to 30° and 60°. Hence, these beams represent the
regions where the RIS can efficiently reflect much of the signal power.

Based on the results of Fig. 28, Fig. 29a depicts the EBL L(xx) in years across the
service area for C = 2. From (9.10), it is straightforward to see that L(yx) must follow the
inverse behavior of py(¥). Accordingly, in Fig. 29a, one can notice that the increase on the
RIS array factor due to the higher N improves the maximum L(yy), reducing the outage
region area, and simultaneously improving the devices EE and the network coverage.

In order to analyze the effect of increasing the number of RIS reflecting angle configu-
rations, Fig. 29b depicts L(yx) across the service area for C = 8. Comparing this result
with the same N to Fig. 29a, one can notice that increasing C improves the EBL L(yx)
across the service area and reduces the outage region size. Such improvements arise since
the RIS with an increased number of reflecting angle configurations can beamform the
signal towards a greater number of directions. Despite the improvement on coverage, one

can notice that specifically for N = 100 there is a permanent outage region into the service
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Figure 28 — pi(y) across the service area. C = 2, ¥ = 10 dB, and ppax = 24 dBm.
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area near to 0y = /2. Such region is due to the setup of the communication cell, depicted
in Fig. 27a, where the MTDs with 0; ~ n/2 are located in approximately the same plane
as the RIS, an unfavorable region for signal reflection as revealed by the cosine term in
(9.5).

Fig. 30a depicts the average pi(y) and L(yx) over the service area as a function of
N. Following the behavior observed in the previous results, the average px(y) decreases
with N, while the average L(yi) increases with it. Specifically for C € {2,4} and N > 36,
one can notice that the average pr(y) has a clear oscillating behavior. This is due to
the low number of main beams produced by the small number of RIS reflecting angle
configurations C and the fact that increasing N may increase the signal power at the main
beams at the expense of decreasing it at the side beams. Moreover, for a fixed C, one
can notice that the average pi(y) and, consequently, the average L(y) are limited by N,
demonstrating that the RIS setup, i.e., N and C, must be carefully designed to avoid a
setup that cannot be fully exploited by the network.

Lastly, Fig. 30b depicts the percentage of the outage region area as a function of N.
This result reinforces that the outage region decreases asymptotically both with N and C,
indicating that the RIS setup is directly associated with the network coverage. Indeed,
such a result demonstrates that, even with large values of N and C, there is a permanent
outage region for 8; = /2 due to the communication cell setup. Therefore, if the aim is
to enhance the network coverage in the simulated setup, a RIS with (N, C) = (81,8) is

sufficient to get an outage region with area as small as 2%.



Figure 29 — L(xx) across the service area. C € {2,8}, T, =300 s, ¥ = 10 dB, and ppax =

24 dBm.
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9.5 Conclusions

In this article, we study the design of energy-efficient IoT networks assisted by a RIS.
Firstly, we derive an expression for the required transmit power to attain a target SNR
considering the RIS discretization into sub-wavelength reflecting elements. Secondly, we
develop an expression for the EBL of the MTDs. The numerical results demonstrate that
the RIS can significantly improve the EBL of the MTDs by reducing the transmit power.
Additionally, the RIS can enhance the network coverage as long as it has the right numbers
of reflecting elements and reflecting angle configurations. Nevertheless, since the EBL is
simultaneously limited by the number of RIS elements and configurations, the RIS setup
must be carefully designed to achieve energy-efficient networks that can fully exploit the
potential of the RIS.
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Figure 30 — (a) Average px(y) and average L( ) as a function of N; (b) Outage region area,
as a function of N. C € {2,4, 8,16}, T, = 300 s, ¥ = 10 dB, and pmax = 24 dBm.
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Abstract

A reconfigurable intelligent surface (RIS) can shape the wireless propagation channel
by inducing controlled phase shift variations to the impinging signals. Multiple works have
considered the use of RIS with time-varying configurations of reflection coefficients. In this
work, we use the RIS to control the channel coherence time and introduce a generalized
discrete-time-varying channel model for RIS-aided systems. We characterize the temporal
variation of the channel correlation by assuming that the configuration of RIS’ elements
changes at every time step. The analysis converges to a randomized framework to control
the channel coherence time by setting the number of RIS’ elements and their phase shifts.
The main result is a framework for a flexible block-fading model, where the number of

samples within a coherence block can be dynamically adapted.

Index Terms: Reconfigurable intelligent surface (RIS), temporal correlation, fading.

10.1 Introduction

A RIS consists of a massive number of passive reflecting elements able to alter the phase
shifts and possibly the amplitude of impinging wireless signals [1], thereby exerting control
over the wireless propagation. Some RIS instances can be seen as passive holographic
MIMO surfaces. Numerous use cases have been proposed to show how such control can
benefit the communication between a transmitter (Tx) and a receiver (Rx), where the
prevailing focus is on improving the communication performance [1]. However, relatively
few works explore how to use the RIS to induce temporal diversity in the wireless channel

and avoid prolonged unfavorable propagation to a given user.
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To illustrate, consider the channel aging problem that occurs due to Rx mobility which
makes the CSI acquired by the Tx unreliable over time. Works as [2-5| suggest the use
of a RIS to deal with this problem by compensating for the Doppler effects of mobility.
The focus of these works typically relies on optimizing the RIS’ configurations of the
elements aiming to minimize the channel aging effect. In [6], a continuous-time propagation
model is given and is used to configure the RIS in such a way that the received power
is maximized whereas the delay and Doppler spread are minimized. The authors in |7]
study the spatial-temporal correlation implied by the RIS when it is embedded in an
isotropic scattering environment. Nevertheless, these prior works do not analyze how the
temporal channel statistics, such as the coherence time, can be modeled as a function of
the properties of the RIS’ elements. In this paper, we focus on studying how the RIS can
shape temporal channel statistics by relying on a discrete-time-varying channel model. A
closely related work is [8] where the authors proposed a RIS phase hopping scheme with
the purpose of transforming a slow-fading into a fast-fading channel. This was achieved by
randomly varying the RIS’ configurations, significantly improving the outage performance
without the need for CSI at the RIS. Nevertheless, this paper focused on how the random
variation of phases impacts the outage performance, while here we analyze temporal
channel correlation that stems from the properties of the RIS.

We propose a generalized discrete-time-varying channel model for RIS-aided commu-
nication systems, showing how the part of the propagation environment controlled by
the RIS shapes the discrete temporal channel statistics. We characterize the temporal
variation of the channel correlation as the RIS’ reflections configuration changes at every
time index. This analysis reveals how one can control the coherence time of the channel
by changing the number of RIS’ reflecting elements and their phase shift configurations.
Our findings corroborate the results from [8], and prove the possibility of using the RIS to
generate a flexible block-fading model.

Notation. Boldface lowercase a and uppercase A letters represent vectors and matrices,
respectively. Calligraphic letters A represent finite sets. Operators: transpose by {-}",
complex conjugate by {-}*, and real part by R{-}. Important functions are: |-] the floor
function, 6[-] the Kronecker’s delta function, and sinc(6) = sin(6)/6. The expected value
operator is E{-} and, unless otherwise stated, it is taken w.r.t. the variable k. The complex
Gaussian distribution is denoted as CN (u, 0?) with mean u and variance o2, whereas a

uniform random distribution over the interval [a, b] is U(a, b).

10.2 System Model

The communication setup consists of one single-antenna Tx, one single-antenna Rx, and

one RIS with N € Z, passive reflecting elements, operating in narrowband communication
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channel and in free space.! The wireless channel consists of two distinct radio paths from
the Tx to the Rx, the direct path and the reflected path controlled by the RIS, see Fig. 31.

The index of the complex samples in the discrete-time domain is denoted by k € Z.

Figure 31 — RIS-aided communication system, where the RIS’ elements imposing time-
variant reflection configurations can alter the channel response.

Tx Rx

f hp [k] f Time-variant RIS configs.
RIS L —
L~ —
g[k] o [k] h[k] Static RIS configs.

Discrete time

Channel gain

Source: The authors.

Considering the downlink, let Ap[k] € C denote the channel coefficient from the Tx to
the Rx, g,[k] € C denote the channel coefficient from the Tx to the n-th reflecting element
of the RIS, and h,[k] € C denote the channel coefficient from the n-th reflecting element
of the RIS to the Rx, n € {1,..., N}. Let the channel vectors from the Tx to the RIS and
from the RIS to the Rx be g[k] = [g1lk],...,gn[k]]" and h[k] = [h[k],..., An[k]]T,
respectively. Consider then that the n-th reflecting element of the RIS can induce a phase
shift of ¢, [k] € [0,27) upon the impinging signal with marginal impact on the signal’s
amplitude. Thus, we denote the RIS’ configuration impressed at time k as the matrix
Y[k] = diag([¥1]k],...,¥n[k]]T), whose n-th diagonal entry is the reflection coefficient
Ynlk] = e7/9IK1 of the n-th RIS element.? Using the narrowband model from [1], we
assume that a RIS configuration is constant within the time of each sample k.3 Moreover,
we assume that the RIS’ elements have a flat frequency response, preserving the coherence
bandwidth of the equivalent channel, B. > 0.* The equivalent channel heq[ k] € C from
the Tx to the Rx is then [1]:

heq[k] = hp[k] +g'[k]¥[k]h[],

= hplk]l + XL galk]ha[klynlk]. (10.1)
——
Uncontrollable Controllable

We assume a scenario with a single Rx and single-antenna equipment to simplify the analysis. Note that
the obtained results can be directly generalized to multi-Rx and multi-antenna scenarios if statistical
independence holds.

The RIS is considered to have unitary attenuation to simplify the presentation. The generalization is
considered to be straightforward.

During the switching time from a configuration to another, the RIS can generate an unpredictable
channel behavior. Throughout the paper, we assume that this effect is negligible considering that the
switching time is much lower than the time reserved for each configuration.

B, is inversely proportional to the channel delay spread, determined by the multiple reflection delays
of the signal between the Tx and Rx.
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Eq. (10.1) is made up of two different time-variant terms: the uncontrollable component
depending only on the properties of the propagation environment, and the controllable

components controlled by changing the RIS’ configurations.

10.3 Discrete-Time-Varying Channel Model

In this section, we present a discrete-time-varying model for the channels hp[k], g[4],
and h[k] in order to understand the impact of switching the reflection coefficients of the
RIS over the time index k. Based on such a model, we show how the temporal correlation

of the equivalent channel behaves by characterizing its ACF w.r.t. k.

10.3.1 The Model

Without loss of generality, let h[k] € C denote a generic channel coefficient sample
from one of the channels hp[k], g,[k], and h,[k]. To represent both LoS and NLoS

components, we assume the time-variant Rician fading model as follows [9]:
hlk] = h+ hlk], (10.2)

where h € C denotes the time-invariant LoS channel component and A[k] € C denotes the
time-variant NLoS channel component.® Specifically, the NLoS component is modeled as a

stationary AR (1) random process with recurrence relation [10-12]

h[k] = aphlk — 1] + /1 - aloyw(k], (10.3)

where 0 < a; < 1 denotes the AR(1) parameter, 0'2 > 0 denotes the power of the
NLoS component, and w[k] is a white stationary complex Gaussian process such that
wlk] ~ CN(0,1). From (10.2) and the properties of the AR(1), it is straightforward to
demonstrate that:

E{h[k]} = h and E{|h[k]|?} = |A|* + o°2. (10.4)

Hence, the Rice factor x;, > 0 of h[k] is defined as the ratio between the powers of the
LoS and NLoS components, .
Kp = % (10.5)
T
Given the channel model and the relationship between the powers of its time-invariant
and -variant parts, we now define what are the intrinsic parameters to the environment,
meaning that they are determined by the physical properties of the wireless propagation

medium and the setup geometry, and cannot be directly controlled by the system designer.
5

The time-variant nature of the NLoS component comes from changes in the communication environment,
such as the ones caused by scatterers moving, appearing, and disappearing from the environment [3].
In [10], the authors demonstrated that the AR model could be considered for the computer simulation
of correlated fading channels, corroborating that low orders are appropriate for narrowband Doppler
fading processes. Moreover, [11, 12] unveil that an AR(1) model is enough to capture most of the
channel tap dynamics.

6
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Definition 10.1. (Set of Environmental Parameters) We denote as &, = {ap, kj, 0'2} the

set of environmental parameters.

10.3.2 Temporal Correlation of the Equivalent Channel

We now carry out an analysis of the correlation among the channel samples over the

time index k. Our first result is summarized in the following lemma.

Lemma 10.1. Consider that the channel coefficients hplk], g.[k], and h,[k], Vn, follow
the time-variant Rician model in eq. (10.2). Then, the ACF Ry n., * Z — R of the

equivalent channel is given by

Rpoqheg [T] = E{heq[k]heq [k — 7]}, (10.6)
= |hpl® + oy of + 3N (18l + oy 02) (hal? + @) o2 )Ry g, [7]+

+ S0ss ey &n&yhalty Ry, [T] + 2R} 3L, @l By [K]}},  (10.7)

n’#n
where Ry,y,, © Z — R is the cross-correlation function (CCF) of the RIS’ reflection

coefficients, calculated for the discrete-time delay T as:

Ry, (7] = E{ynlkly, [k — 7]} (10.8)
Proof. See Appendix A. O

From the above result, one can note that the channel ACF inherits the uncontrollable

part and the controllable parts from the equivalent channel in eq. (10.1).

10.4 A Randomized Framework for Controlling the Tem-

poral Correlation

We start by providing a general framework that describes how to control the temporal
correlation by using Lemma 10.1 to set the number of RIS’ reflecting elements N and/or
designing their configuration {wn[k]}nNzl. Note that through N we select a RIS of sufficient
size to meet the system’s temporal correlation requirements. Then, we study the case with

uniformly distributed phase shifts, as in [8].

10.4.1 Temporal Correlation under Random Phase Shifts

We first make the following simplifying assumptions. (1) There is no direct path from
the Tx to the Rx, i.e., hp[k] = 0. This holds when obstacles block the direct path between
the Tx and the Rx, as in dense urban scenarios and industries. (2) The LoS components

are predominant in the channels from the Tx to the RIS, i.e., kg, — oo dB , Vn. Therefore,
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these channels are static, i.e., g,[k] = g,, Yn. This can be justified by the fact that the Tx
and the RIS do not move and the deployment of the RIS is chosen so as to enhance the
LoS components between the Tx and the RIS. Using these assumptions, the equivalent

channel in (10.1) can be rewritten as:
g K] = W KIB[K], (10.9)
and its ACF is given by:
R i [T = Zoly 182 (1] + a';,i'”fn)anwn [r]+ 20, Zi\zil 8n&hnhy, Ry, (7], (10.10)

where g = [g1,...,gy]Tand h = [h1, ..., hx]". We further assume that the N channels from
the RIS’ elements to the Rx share the same set of environmental parameters & = {a, k, 072},
where ap, = @, kp, = k, and 0'}?” = 02, Vn. This assumption is valid when considering that
the process which introduces the time variations is the same for all N channels and that
the receptions occur in the far-field regime [10]. Now, let us assume that the phase shifts

at a given time k are drawn from a uniform random distribution:
¢plk] ~U(m - 6,7 +6),Vn, (10.11)

where 6 € [0, ] is the phase shifts distribution parameter. Then, the CCF of the RIS’

reflection coefficients is:

S[r] + (1 = 8[r])sinc?(0), ifn=n'
Ry, [7] = : (10.12)
sinc?(9), otherwise

where we used eq. (10.8). Substituting (10.12) into eq. (10.10) and given that |g'h|? =
N SN 8.8 hnh, results in the ACF of the equivalent channel

Ry [7] = (1= sinc®(0)) (XL, 1gal*12al® + 02 I8113)6[7] + sinc®(6) (|g7h? + o"l0?Ig13),

@ 5 2g12((1 - sinc(8)) (x + 1)8[r] +sinc? () (Nky + a!™)), (10.13)
_T}_l 2
with 7 = |—8~ | . (10.14)
ligll2Ihl2

Specifically, the equality (a) in eq. (10.13) results from the Rice factor in eq. (10.5), i.e.,
from substituting the term ||l_1||% = Z,[,v:l |ha|? by Nko2. Also, from the triangle inequality,
n lies between [0, 1] and is a measure of orthogonality between the LoS components of the
channels g[k] and h[k], depending on N and the positions of the RIS, Tx, and Rx [13].
By using the results for the CCF and ACF, we derive the correlation coefficient between

two channel samples delayed by |r| samples,

_ Rt [T]_ (1= sinc?(6)) (x + 1) 7] +sinc?(6) (Nkn + @™

R [0] (1 —sinc2(8)) (k + 1) +sinc2(§) (Nkn + 1) (10.15)
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One can notice that the temporal channel correlation depends on i) the delay |7| between
the channel samples in discrete time, ii) the environmental parameters set &, iii) the
number of RIS’ reflecting elements N, and iv) the parameter that determines the interval
of the phase shifts’ distribution 8. We make the following remarks about the obtained

result.

Remark 10.1. Regarding « and n, it is worth noting that, in the absence of a LoS path
component from the RIS to the receiver, i.e., k — —oco dB, or when the LoS components
are perfectly orthogonal, i.e., n = 0, the channel correlation is determined only by @ and 6.
On the other hand, if xk > 0 and n > 0, the correlation coefficient can also be altered by
setting N.

Remark 10.2. Regarding the distribution parameter 6, we analyze how the temporal
channel correlation behaves in the extreme values of its interval, [0, 7]. When 6 = 0, the

resulting correlation coefficient from (10.15) simplifies to:

Nkn + !l

T (10.16)

plrllo=o =

In this case, note that one can control the temporal correlation only by selecting the
number of RIS elements N. On the other hand, when 6 = x, the correlation coefficient

becomes:
pltllg=r = o[7]. (10.17)

Now, observe that the channel samples are totally uncorrelated, corroborating with the
findings of [8]. Recall that the authors of [8] used ¢/ [k] ~ U(0,27) to transform a slow-
fading channel into a fast-fading one, improving reliability-related metrics. Hence, by

tuning 6 and given N, we can control the temporal correlation to values in the interval

Lolt]lo=r» pL7]lg=0]-

10.4.2 Controlling the Temporal Correlation

Based on Remark 10.2, we present a method to design the phase shifts distribution
parameter 6 to obtain the desired channel correlation between samples separated from

each other by a desired delay. This is based on the following:

Definition 10.2. (Project Requirements) The tuple of project requirements is p = (o, 7),
where 0 < p < 1 is the desired correlation coefficient of two-channel samples delayed by

T € Z, samples.

Method. From eq. (10.15) and for a constant N, the value of 6 for obtaining a channel

correlation coefficient p[+7] = p is:

_ — il (k+1)p
6 = 6(p) = sinc (\/ﬁk TN+ |’ (10.18)
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where sinc™!(+) is the inverse function of sinc(-) with codomain over the interval [0, 7].” By
taking into account that 6 € [0, 7], the argument in the right-hand side (RHS) of (10.18)
must lie in the interval [0, 1]. Given this, we define the set of feasible project requirements

as:
Pl - {(ﬁ, ) € Ry X Z,

feas.

NKn+a|%|
Nkn+1

0<p< (10.19)

From the above, one can note that the feasible channel correlation is upper-bounded by

the environmental parameters & and the number of RIS reflecting elements N.

Remark 10.3. In Remark 10.1, we have observed that one can also control the correlation
coefficient by changing N. We now give an additional result showing the achievable
channel correlation when opting for designing N. We assume that the RIS, Tx, and Rx are
positioned in a way that n does not vary with N.® Considering a constant 6, the value of

N for obtaining a correlation coefficient p[+7] = p is:
(1 —sinc?(0))(k + 1) +sinc®(0) (p — a!™h
sinc?(0)(1 — p)kn

with N = N(p). Knowing that N > 1 and that the denominator of the argument at the

RHS of (10.20) must be nonzero, the set of feasible project requirements can be derived

N(p) = : (10.20)

as:

PN = {(p,7) € Ry X Zy| prain < p < 1}, where (10.21)
sinc?(0) (kn + &™) — (1 = sinc?(8)) (k + 1)
sinc?(0) (kn + 1) '

Pmin =

(10.22)

From this, one can note that the achievable channel correlation obtained by setting the

number of RIS’ elements N is lower-bounded by the environmental parameters & and 6.

To get an overview of the condition in which Remark 10.3 is valid, Fig. 32 depicts
how n changes with N considering different Rx positions. The LoS channel vectors are
calculated with the model in [13]. Considering the right-handed Cartesian coordinate
system, the RIS is placed parallel to the xy-plane with center at coordinates (0, 0, 5), while
the Tx is at coordinates (—10,0,0). When the Rx position is symmetric to the Tx one
w.r.t. the RIS center, n = 1 is constant. So Remark 10.3 is valid for position (10,0, 0). In
position (15,0, 0), it may be valid for N < 100 due to the low variation of 1 in this region.
However, it does not apply for positions (10,2, 0) and (10, 10,0) due to the high-amplitude

oscillations of n with N.

7 In the domain [0, 7], the sinc(-) function is partially invertible since it becomes bijective. In the absence

of a closed-form expression for sinc™!(-), numerical methods can be used to calculate it with the
required precision.
We leave the analysis of the case where i varies with N for future works.
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Figure 32 — Orthogonality between the LoS components as a function of N.
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10.5 Simulation Results

In this section, we exemplify by numerical results how the method proposed in Subsec-
tion 10.4.2 can be applied to obtain a given project requirement p = (p, 7). The results
and their respective simulation parameters are given in Figs. 33 and 34. In the simulations,
the coordinate system, the RIS and Tx positions, and the method to compute the LoS
channel components are the same as in Fig. 32.

Fig. 33a depicts the correlation achieved by different 6 with a fixed N = 100. From
(10.11), recall that 8 = 0 implies static RIS phase shifts equal to 7. Under this condition, «
in this result is calculated by eq. (10.16) to obtain p[1000]|g=p = 0.9. For the cases where
6 > 0, the phase shifts distribution parameter 6 is calculated by eq. (10.18) to obtain a
correlation of p = 0.9 at the time delays 7 € {250, 500, 750}. This result shows that the
proposed method can change the temporal channel statistics imposed by the environment.
In the sequel, Fig. 33b depicts the correlation obtained by different N. In this result, «
is calculated using the method above, but now to obtain p[50]|g=0.n=9 = 0.9. The values
for N > 9 are calculated by eq. (10.20) to yield a correlation of p = 0.9 at the time delays
7 € {100, 200,400}. Such a result reveals that a fast channel, i.e., a channel with a fast
decay correlation, can be slowed down by increasing the number of elements of the RIS.

Fig. 34a shows the impact of 6 and N in modifying the correlation at || = 100 as a
function of @, representing different environmental conditions. It demonstrates that the
correlation changes quickly with little change in a, justifying the use of the AR (1) model
to represent both slow- and fast-fading channels. Then, Fig. 34b depicts the correlation at
|7| = 100 as a function of x and under different a. This result reveals that high « yields
correlation values close to 1 due to the significant increase in the power of the deterministic
part of the channel h relatively to the stochastic ones {fln}fyzl. In other words, as expected,
the higher the x parameter, the lower the impact of the RIS in controlling the environment.
It is worth mentioning that low « is typical in scenarios with partially blocked LoS and/or

environments with rich scattering.
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Figure 33 — Channel temporal correlation. The markers indicate the points where the
correlation should reach 0.9 according to the project requirements p.

(a) a=1-1.12x107%, k=6 dB N = 100, Rx at (10, 10, 0)
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Figure 34 — Channel temporal correlation as a function of (a) @ and (b) «.

(a) k = 6 dB, Rx at (10, 10,0) (b) N =100, 6 = 0, Rx at (10,2,0)
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10.6 Towards a Flexible Block-Fading Model

In this section, we extend the classical block-fading model [14, 15| to account for the
channel correlation control based on the randomized framework proposed in Section 10.4.
Define a coherence block as a resource block consisting of a number of subcarriers and
time samples where the equivalent channel response z can be approximated as constant

and flat-fading. Specifically, each coherence block has A, = B.T, complex-valued samples,
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where T, > 0 is the channel coherence time. Moreover, this discrete-time channel’s channel
response (power gain) z follows a given distribution z ~ fz. For example, for Rayleigh
fading channels, f7 is exponential. The RIS-enabled control discussed in Section 10.4 can
be used to create coherent blocks with different lengths, where the coherence time relates
to the discrete-time interval 7. Recall that the channel coherence time is defined as the
range of time span values over which the channel ACF is approximately nonzero [15].
Therefore, using the RIS to shape the ACF of the equivalent channel is a path to control T,
and, consequently, change A.. This generation of coherence blocks with a flexible number
of samples can be done by setting 8 and N to obtain a project requirement p as described
respectively by egs. (10.18) and (10.20). Particularly, this flexible block-fading model
can improve how the resources are leveraged, enabling the on-demand creation of blocks

according to the availability of services with different performance requirements over time.

10.7 Conclusion

In this paper, we have studied how a RIS can change the temporal statistics of the
wireless propagation channel by analyzing the correlation among channel samples using
the introduced discrete-time-varying channel model. Then, we proposed a randomized
framework to control the relative channel coherence time by setting the number of RIS’
elements and designing the distribution of their reflection coefficients, whose effectiveness
is corroborated by simulation results. Our results demonstrate the possibility of redefining
the resource allocation problem as we know it today by creating a flexible block-fading

model based on the proposed framework.

10.8 Appendix A: Proof of the ACF of the Equivalent
Channel

Recalling that hp[k], g[k], h[k], and ¥[k] are mutually independent, the ACF of eq.
(10.1) is given by the sum:

Rpoqheq [T] = E{heqk]heq[k — 7]} = S1 + S2 + S3, where ( )

= E{hp[k]hp[k — 7]}, ( )

52=E{(g [k]¥[k]h[k])(g" [k — 7]'¥[k - 7]h[k - 7])"}, and (10.25)

S3 = E{hp[k](g"[k — 7]¥[k — 7]h[k - 7])"}+ ( )
+E{hp [k — 7] (g" [k]P[k]h[k])}.
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Now we evaluate each term independently. Initially, due to the model in (10.2) adopted

for hp[k], S1 can be rewritten as:

S1=E{(hp + hp[k])(hp + hp[k — 7])*},
= |hp|* + E{hp k] A} [k — 7]} + B{hph}y [k — 7]} + E{h} hp[k]}. (10.27)

Since hp is deterministic and Ap[k] is an AR(1) random process as per (10.3), the

expectations are given respectively by:

E{hp k1A [k - 71} = a)l o7, (10.28)
E{hph}, [k — 7]} = B{h})hp[k]} = 0. (10.29)

So, S can be rewritten as:
Sl = |]71D|2+a’|h-r]l0'2D. (1030)

Expanding the multiplications in S results in

Sy =3N SN _ P1PyP3, where (10.31)
P1 =E{gnlklgw [k — 7]}, (10.32)
Py = E{hy[k]hy [k — 7]}, (10.33)
P3 = E{yu[k]gw [k = 7]} = Ry, y,, [7], (10.34)

with Ry, .y, defined in eq. (10.8). From the model in eq. (10.2) adopted for g[k] and h[k],
and recalling that {gn[k]}nN:1 and {hn[k]}nN:1 are mutually independent, P; and Py result

|(g7n|2+a[;n|o'2 ifn=n'

Py = 2 , (10.35)
gn& otherwise

| 7|2 +aLT|0'2 , ifn=n
n n

Py = (10.36)

— — * . M
huh,, otherwise

While the results for n = n” are based on the derivation of S1, the results for n # n’ come
from the mean of the time-variant channel coefficient in eq. (10.4). Therefore, given the

results for P, P2, and P3, we can rewrite So as:

So=3N, zﬁzl,n,m 8n8o hah Ry, [T]+ (10.37)

et )
+ 30 (Gl + o2 ) (1hal? + @) o2 YRy, [7].

In S3, the expectation of each multiplication can be rewritten as the multiplication of

the expected value of each term:

Ss = hpg"B{¥* [k — 7]}h* + hj,g"E{¥[k] }h. (10.38)
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Expanding the results of the multiplications in the summations:

S3= hp I, @Bk - 71} + kY S, guhi B K]}, (10.39)

Considering that {wn[k]}nNz1 are wide-sense stationary (WSS) random processes, S3 can

be rewritten as:

Sy = 2R SV, guhaBAUalK]}). (10.40)
Finally, substituting egs. (10.30), (10.37), and (10.40) into eq. (10.23), we obtain
eq. (10.7), completing the proof. |
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Abstract

This letter proposes a scheme assisted by a reconfigurable intelligent surface (RIS)
for efficient uplink traffic multiplexing between enhanced mobile broadband (eMBB) and
ultra-reliable-low-latency communication (URLLC). The scheme determines two RIS con-
figurations based only on the eMBB channel state information (CSI) available at the base
station (BS). The first optimizes eMBB quality of service, while the second reduces eMBB
interference in URLLC traffic by temporarily silencing the eMBB traffic. Numerical results
demonstrate that this approach, relying solely on eMBB CSI and without BS coordination,
can outperform the state-of-the-art preemptive puncturing by 4.9 times in terms of URLLC

outage probability.

Index Terms: Reconfigurable intelligent surface (RIS), enhanced mobile broadband

(eMBB), ultra-reliable low-latency communications (URLLC), and multiplexing.

11.1 Introduction

The 5G of mobile networks have been launched with features to support heterogeneous
services with different requirements of QoS and traffic characteristics [1|. In particular,
eMBB services require extremely high SE, while URLLC services demand high reliability
and low latency [2|. Due to these very different QoSs, there is a need for multiplexing
strategies that perform effectively in challenging channel conditions and better accom-
modate heterogeneous traffic from both eMBB and URLLC services. In particular, 5G

NR has introduced the preemptive puncturing scheme, which relies on BS coordination to
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interrupt the eMBB traffic and prioritizes the URLLC transmissions |3, 4]. Despite its fair
DL performance, in the UL, such a strategy increases the URLLC latency, mainly due to
the waiting time for the BS to grant scheduling responses.

Our work is motivated by the observation that an RIS can help to simultaneously
deliver the QoSs of heterogeneous services through the proposal of new multiplexing
schemes, whose study has received less attention in the research literature. An RIS is a
thin sheet of composite material that can cover, e.g., parts of walls and buildings. It can
reflect incident signals to desired directions by dynamically configuring the phase shifts
of the many elements that compose it [5]. In the literature, works like [6-8| study the
fundamental limits and optimize the QoS of RIS-assisted URLLC applications. However,
the multiplexing of eMBB/URLLC services in RIS-aided systems gives rise to two additional
challenges [4]. First, the BS is unaware of the time of arrival of a URLLC packet and
cannot reliably estimate its CSI to tailor the RIS configuration [2]. Second, controlling the
RIS adds extra overhead that can violate the URLLC latency requirements.

In this letter, we propose a new RIS-assisted multiplexing scheme to support het-
erogeneous eMBB and URLLC UL traffic. Rather than depending on BS coordination,
our scheme is based on the assumption that the RIS is equipped with an antenna, and
the RIS is then capable of minimally processing the signal received by this antenna to
detect URLLC traffic. Then, inspired by the preemptive puncturing of 5G NR, the RIS
multiplexes the services using two configurations, which rely solely on eMBB CSI. The first
configuration assists the eMBB UE by optimizing its signal strength and thus its SE. The
second, motivated by [9], is designed to assist the URLLC UE (if detected) by temporarily
silencing the eMBB interference. The proposed scheme is compared to benchmarks in terms
of outage probability for the URLLC service and SE for the eMBB. Numerical results show
that the proposed scheme can outperform the outage probability of preemptive puncturing

by 4.9 times on average.

11.2 System Model

We consider a narrowband UL channel of a wireless system with one single-antenna
BS, one hybrid RIS, and two single-antenna UEs, where the BS controls the RIS via an
out-of-band control channel [10]. One of the UE uses the eMBB service, while the other
uses the URLLC one.! Henceforth, we index the UEs by ¢ € {e, u}, where e and u refer
to eMBB and URLLC, respectively. We assume an industrial scenario where the LoS
paths between the BS and the UEs are blocked by obstacles. Thus, the RIS is deployed

1

To attain efficient multi-user communication, it is common to multiplex several UEs of each traffic type
in a wideband channel. However, since we focus on how such multiplexing can be done, we consider a
single UE of each traffic type in a narrowband channel, leaving the general case for a future extension of
this work. Moreover, note that the resource allocation strategy is an independent problem not treated
in this work.
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to simultaneously have LoS to the BS and the UEs. The RIS is a square uniform planar
array (UPA) of N € Z, half-wavelength spaced passive reflecting elements and one active
element, placed at the center of the RIS. The RIS can perform light computational tasks
by processing the signal received by its active element. Each passive element can induce a
phase shift 8, € [0, 27) to an impinging signal with marginal impact on its amplitude. On
this basis, we define an RIS configuration as ¢ = [ --- ¥y]", where ¥, = /% is the

reflection coefficient of the n-th RIS element.

11.2.1 Structure of a Uplink Frame

Fig. 35 depicts a UL frame, in which the time-frequency resources used by the UEs
are organized into a grid. In the time domain, the length of the UL frame is T > 0, and
it is divided into M € Z, identical mini-slots of duration Ty, > 0, which are indexed
by M = {1,...,M}. In the frequency domain, the spectrum reserved for UL has the
bandwidth B > 0. Due to different requirements, the UEs have different transmission
time intervals (TTIs). To achieve high SE, the eMBB TTTI spans over the entire frame.
Conversely, the URLLC TTT spans over a limited number of My, € Z,, 1 < My, < M
contiguous mini-slots to guarantee the low-latency requirement. We denote as M,, € M
with |My| = My, the set of mini-slots of the URLLC TTI. Moreover, we consider that the
eMBB UE is admitted and scheduled by the BS at the frame start, while the URLLC UE

can start transmitting at any mini-slot.
Figure 35 — UL frame divided into CSI estimation, computing, and payload transmission.
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11.2.2 Signal Model

Let the vector hy, € CV denotes the BS-RIS channels and the vectors h, € C*¥ denote
the RIS-UEs channels. We further assume the block-fading model, i.e., the channels remain

constant for the entire frame duration. Therefore, the BS-UEs cascaded channels are
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represented by the vector [9]
g = diag(h,) hy,. (11.1)

Finally, we let the scalars g,, = [g,], denote the BS-UEs cascaded channels that pass
through the n-th RIS element. We denote as x,,, € CF' the vectors with the L € Z, symbols
transmitted by each UE such that E{||Xt,m||§} =1 in the m-th mini-slot. Thus, x,,, =0 in
the mini-slots with absence of URLLC traffic, that is, when m ¢ M. Let p, > 0 denote the
UEs’ transmit power for one mini-slot. Considering the RIS configuration ¥, the received
signal y,,(¥) € CL at the BS is:

Y (¥) = VPu(8¥)Xum + VP (8 ) Xen + Wi, (11.2)

where w,, ~ CN (0, 0I) is the AWGN.? Using (11.2), the SNR for the eMBB UE in the
mini-slots without URLLC traffic is:

Hyr |2
Lem(¥) = peli—;‘pl,\%m e M\M,. (11.3)

Also, during the URLLC TTI, the SINR for the URLLC UE is given by
pulg'{'ﬂ/’|2

———,Vm e M,. 11.4

Pelgiy|? + o2 ( )

With (11.3) and (11.4), one can measure the quality of the radio links established for the

UEs by the RIS.

LCum(¥) =

11.3 RIS-Assisted Multiplexing Scheme

Here, we introduce our proposed multiplexing scheme. First, we explain the three
phases comprising a UL frame and give an overview of how our scheme works. Then, we
discuss how the RIS could detect the URLLC traffic, and we parameterize the performance
of an arbitrary detector by its miss detection rate, ey. Finally, to multiplex the eMBB
and URLLC services, we design two RIS configurations that rely only on eMBB CSI.

11.3.1 Phases of the Multiplexing Scheme

From Fig. 35, a UL frame is divided into three phases. 1) CSI Estimation: The
BS estimates the eMBB CSI by using pilot symbols sent by the eMBB UE, while the
RIS switches among predefined configurations (for more details, see [5]). 2) Computing:
The BS computes two RIS configurations based on the eMBB CSI, the eMBB-oriented
configuration and the URLLC-oriented configuration to potentially multiplex the eMBB

2 Following the approach in [4, 11, 12|, we focus on the RIS configuration by assuming a single-antenna

BS. In the case of a multiple-antenna BS, eq. (11.2) can be seen as the received signal after linear
processing, where the effect of the beamformer applied by the BS is embedded into the vector of
cascaded channels, g,. Hence, the proposed model and scheme are general.
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and URLLC services within the given frame. Finally, these two configurations are sent to
the RIS to be stored there for potential use in the next phase. 3) Payload Transmission:
In this phase, the scheduled eMBB UE transmits its payload whereas the RIS starts by
being configured with the eMBB-oriented configuration. At any time in this phase, if
the URLLC UE has a packet to send, it will start its TTI by sending a preamble over
M, € Z, mini-slots to announce its intention to transmit payload data. By exploiting its
active element3 and the URLLC preamble, the RIS can detect the start of the URLLC
traffic. Suppose URLLC traffic is detected. In that case, the RIS switches to the URLLC-
oriented configuration to multiplex the URLLC T'TT; otherwise, it keeps the eMBB-oriented
configuration. In the former case, when the URLLC TTI is over, the RIS switches back to
the eMBB-oriented configuration. Note that while all this occurs, the eMBB TTT is not
interrupted, so part of the eMBB mini-slots will be erased by the URLLC traffic, and by
the changes in the environment caused by the RIS.4

In practice, the RIS can impose a physical latency due to switching configurations. By
assuming that the time the RIS takes to change its phase shifts is around some microsec-
onds [5], we consider the RIS takes Mg € Z, mini-slots to switch between configurations.
We also assume that the URLLC UE is aware of this switching time and waits for it before
transmitting the payload. Hence, in case the URLLC traffic is detected, the RIS adds an
overhead of Mg mini-slots for the URLLC UE and 2Mg mini-slots for the eMBB one.

11.3.2 Detecting the URLLC Traffic

The URLLC traffic can be identified at the RIS using the preamble signaling to span
over M, mini-slots. To do so, one effective approach would involve the joint design of the
preamble and detection algorithm to meet URLLC QoSs. For instance, in the context of
URLLC service, a robust scheme presented in [13] introduces a brief preamble consisting
of a single orthogonal frequency-division multiplexing (OFDM) symbol, detected at the
receiver using differential detection. This algorithm can be seamlessly implemented in a
hybrid RIS with limited signal processing capacity. However, we investigate the performance
of an arbitrary detection scheme, assessing its general impact on multiplexing efficiency
without relying on a specific scheme. We parameterize the performance of this detector by

its miss detection rate, defined as 0 < €, < 1, whose impact is evaluated in Section 11.5.

11.3.3 Computing the eMBB-Oriented RIS Configuration

The eMBB-oriented RIS configuration ¥¢ € CV is set to maximize the eMBB SNR,

which can be posed as the problem

3 In practice, this active element could also be the antenna of the communication interface used to
control the RIS [5], making it a viable solution.
To decode the eMBB payload data at the BS with a limited number of erased mini-slots, erasure

coding can be applied by the eMBB UE [2].

4
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gy |?
max ———, s.t. Cq : =1,Vn. 11.5
Fortunately, this problem assumes a family of closed-form solutions known as coherent

passive beamformers [10]. Based on this and with eMBB CSL,° ¢° can be computed as:
Yo =[e ... e/N]T, where 6° = —arg(ge,) + 6, Vn, (11.6)

and 6 € [0,2n) due to the phase periodicity. For the sake of simplicity but without
compromising generality, we take § = 0. In such a case, from (11.1), the effective channel of
the eMBB UE can be simplified to glfy® = Z,Il\’:l |ge.n|. Hence, the RIS yields the maximum
array gain of N2, providing high SE.

11.3.4 Computing the URLLC-Oriented RIS Configurations

At the BS, the computation of an RIS configuration to multiplex the URLLC TTT is
challenging since only eMBB CSI is available.® Our idea is to find a configuration that
mitigates the interference caused by the eMBB traffic to the URLLC one, temporarily
silencing the eMBB UE. We present two methods for computing the URLLC-oriented
configuration. The first one is a heuristic based on phasors rotation that tries to cancel out
the channel gain of the eMBB UE by compensating the phase shifts of the RIS elements
via subtraction. The second one is an alternating projection algorithm to approximate a

configuration that nulls the eMBB interference.

Method 1: Phasors Rotation (PR)

Given the eMBB CSI, let us define the problem of finding an RIS configuration that
minimizes the channel gain of the eMBB UE as

in |giyl, s.t. Cy, 11.7
i, lgeyl, st Co (11.7)

with C;j as in (11.5), which makes the problem to be not convex. However, notice that
the channel gain is lower-bounded such that |giy| > 0. Therefore, we aim to find a
configuration that makes this gain as close to zero as possible.

We start by presenting a heuristic algorithm with low computational complexity, which
yields a sub-optimal solution to problem (11.7). The heuristic is based on the representation

of the eMBB cascaded channels as phasors and the idea that we can individually rotate

5 We assume perfect CSI knowledge at the BS to show the upper bound performance of the proposed

scheme, leaving the study of the impact of imperfect CSI for future work.

6 Due to the unpredictability of its traffic, the BS cannot acquire the URLLC CSI for the computing
phase. Still, in the case of coherent data detection in the subsequent payload transmission phase, the
BS must estimate the CSI from, e.g., the demodulation reference signal (DMRS) multiplexed in the
URLLC TTI symbols [3].
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them so that they cancel each other out, nulling the eMBB channel. This is done by
dividing the RIS elements into two sets, where the goal of one of the sets is to eliminate the
contribution of the other. From (11.1), let the n-th eMBB cascaded channel be represented
by the phasor

Aneln 2 gty (11.8)

where A, = |gen| is the phasor’s amplitude, and w, = —arg(ge,) — 8, is the phasor’s
angle. Let the nonempty sets Ny and N, denote a partition of the RIS elements, i.e.,
NoUN; ={1,...,N} and Ny N N; = 0. Accordingly, the RIS elements are configured with
the following phase shift

—arg(gen), neNy

ol = (11.9)

T = arg(ge,n)’ n e Ny
Using the configuration ¢ = [¢ /%1 - .- ¢7/V]T, the cascaded channels belonging to sets

No and N; are out of phase, since w, = 0 if n € Ny and w, = —n if n € Ny. Therefore,
from (11.8) and (11.9), the eMBB channel gain with ¢" is equal to

|g§¢u| = | ZnNzl Anejwnl = | ZneNo Ay — Zn’eNn An/|~ (11-10)

Thus, to mitigate the interference caused by the eMBB traffic, we need to determine the
sets Ny and Ny that approximately null (11.10). Since each cascaded channel can belong
to either Ny or Ny, minimizing (11.10) is a combinatorial optimization problem with 2V
candidate solutions. As this is not tractable even for moderate size RISs, in Algorithm 4
we present an intuitive method for determining Ny and Ny, approximating a solution that

minimizes (11.10) in feasible computation time.

Algorithm 4 Phasors rotation algorithm.

input: The channel vector ge
output: The RIS configuration y"

1. Ay < |genl

2: (a’i)l.]\il «— sort(Aq,...,AyN)

3: N* « arg min {|Z,’}\£1 a; — ;Y:N'+1 ay| | 1< N <N}
4: Nop — {k(1),...,k(N)}, Ny «— {«k(N*+1),...,k(N)}
5: Set 6, Vn according to eq. (11.9)

6: return YU — [e701 ... e ON]T

The algorithm works as follows. Initially, the amplitudes of the phasors representing the
cascaded channels are computed. Then, the algorithm finds an integer number 1 < N* < N
such that the sum of the amplitudes of the N* shortest phasors is as close as possible to
the sum of the amplitudes of the N — N* remaining ones. Finally, the set N is created with
the indices of the elements associated with the N* shortest phasors, while N is created

with the indices of the remaining ones. In the algorithm, x(-) maps the indices of (a/,-)l.ji 1
to {An}nNzl.
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Method 2: Interference Nulling (IN)

The second method of finding an RIS configuration that nulls the eMBB interference
at the BS can be cast as the following feasibility problem

find € CV, s.t. C; and Cy : gy = 0, (11.11)

where Cy is defined as in (11.5), while Ca ensures that the eMBB traffic does not interfere
at the BS. Similarly to (11.7), this problem is not convex due to the unit modulus
constraints C;. However, notice that, if any, a solution to the problem is any vector that
belongs to the intersection between the sets defined by constraints C; and Cs. In this case,
the alternating projection algorithm can approximate a solution with a high probability of
convergence. In this sense, Algorithm 5 presents an adaption of the alternating projection
algorithm in [9] that iteratively approximates a solution to problem (11.11). During each
iteration t € Z,, the vector of reflection coefficients ¥;_1 is projected sequentially onto
the set {¢ € CVN | gy = 0}, then onto the set {¢ € CN | |y,| = 1,Vn}. The projection
operators consider the smallest Fuclidean distance from ¥,_1 to a point in the projected
set, derived according to |9, eq. (20)]. We use early stopping and maximum iterations as

stopping criteria.

Algorithm 5 Alternating projection algorithm for interference nulling (IN).

input: The channel vector g, and the initial configuration ¥
output: The RIS configuration y"

I: v e ge/“ge”%a t 1

2: repeat

3 Y=y —~(VH‘//t—~1)V ~

e Y= [/l on /TNl

5: t—t+1

6: until stopping criterion is satisfied
7: return Y «— Y,

Fig. 36 illustrates how the configurations work by depicting the RIS power pattern
produced by them. We can see that the eMBB-oriented configuration produces a strong
beam centered around the direction of the eMBB UE, while the configurations obtained

via phasors rotation (PR) and IN produce a null in this same direction.

11.4 Analysis

This section introduces the metrics used to analyze the proposed multiplexing scheme.

Performance Analysis

By using the RIS configurations of Section 11.3, we present expressions for the outage
probabilities achieved by the eMBB and URLLC UEs. First, considering ¢ in (11.6) and
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Figure 36 — Normalized RIS power pattern produced by the proposed configuration designs.
The eMBB UE is positioned in the azimuth angle of 345°.
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assuming that a single URLLC TTI happens during each UL frame,” the average mutual

information per mini-slot of the eMBB data stream at the BS is:

pe(ZnNzl |ge,n|)2
+ )

11.12
- (1112)

Ie(pe) = (1= &) logy (1

where the pre-log term & = (M}, + 2Mg + M,,)/M accounts for the mini-slots erased by the
URLLC TTI and RIS configuration switching. Similarly, the average mutual information
per mini-slot of the URLLC data stream considering the RIS configuration ¢ computed
by Algorithms 4 or 5 is derived as

pulgiyt|?
pelgg‘ﬁulQ + 02

Ly(pu, pe) = logy |1+ (11.13)

Therefore, given constant transmit power, the outage probabilities of the eMBB and

URLLC UEs as functions of the SEs per mini-slot, , > 0, are respectively equal to

Po(re) = Pr(le(pe) < re) and Py(ry) = Pr(ly(pu, pe) < ru)-

Latency Analysis

From Fig. 35, the latency introduced by the proposed scheme to the URLLC traffic is
governed by: 1) the transmission of the URLLC preamble, 2) the delay due to processing
of the preamble and switching between configurations at the RIS, and 3) the transmission
of the URLLC payload symbols. Neglecting the propagation delay, the latency introduced
by the transmission of the URLLC preamble and payload are respectively M,T,, and
M, T,. Moreover, we let Dyoc > 0 be a constant that accounts for the time needed to
process the preamble at the RIS and detect the URLLC traffic. Also, recall that the delay
for the RIS to switch to the URLLC-oriented configuration is MgTy,. Then, the URLLC
latency is:

D = MyTy, + MyTn + Dproc + My, (11.14)

7 If the URLLC UE has multiple TTIs in a single frame, such that the total duration is in the same
order as the eMBB TTI, allocating orthogonal resources to each service might be more efficient than
multiplexing them.
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If the processing delay is negligible compared to the mini-slot duration, a reasonable
approximation for the URLLC latency is D = (Mp + Mg+ M, )T,. As a comparison, in
the 5G NR preemptive puncturing, the latency increases in the order of the slot duration
due to the BS coordination [3|. Given the transmission numerology p = 2 and two symbol
mini-slots, the average URLLC latency obtained by preemptive puncturing is around 0.30
ms, against 0.17 ms for the proposed multiplexing scheme. Due to space limitations, we

leave a detailed comparison for future work.

11.5 Numerical Results

Now, we present numerical simulations to discuss the performance of the proposed

scheme for multiplexing eMBB and URLLC services. In the simulations, hy, and h, follow
the LoS channel model in [14], with 2 = 0.1 m, 8= 3.67, yo =1, dy = 1 m, and o2 = =90
dBm.® Moreover, we consider M, = Mg = 1 mini-slot and M, = 2 mini-slots. The RIS is
placed at the origin of the coordinate system in the yz-plane, pointing towards the direction
of the x-axis. The BS is at qgg = [0t/ V2 0/ V2 0]7, where of = A(VN —1)2/2 is the far-field
distance of the RIS. The region occupied by the UEs is a volume defined in spherical
coordinates by the set {(0,%, ¢) | 0of < 0 < 100 m, Iyip, < ¥ < ﬂmax,%” < ¢ < 2n},
where (o, ®, ¢) denotes, respectively, the radial distance, the polar, and azimuthal angles.
Specifically, the angles Pyin, $max are such that the z-coordinates of the UEs lie within
[-3,3] m. The UEs’ positions, drawn for each 107 realization, are uniformly distributed
over this region.
Benchmarks: To compare the proposed algorithms for computing the URLLC-oriented
configuration, we define the following benchmarks: 1) Random: The phase shifts {9}:}2’:1
are drawn from a uniform distribution over the interval [0, 27). 2) Missed URLLC preamble:
eMBB-oriented configuration, representing the case where the RIS always fails to detect the
start of the URLLC traffic (ey, = 1).% 3) Preemptive puncturing: Following the procedure
described in [3], the eMBB TTTI is interrupted so as the URLLC UE has an interference-free
TTI. Still, since there is no URLLC CSI knowledge at the BS, the RIS keeps the eMBB-
oriented configuration. 4) Maximize URLLC SNR: Ideally, assuming that URLLC CSI is
available at the BS prior to its TTI, ¢" is set to perform coherent passive beamforming
like in (11.6), but for the URLLC UE.

Figs. 37a and 37b present the URLLC outage probability as a function of the SE and
the transmit power ratio, respectively. These results reveal the gains of the proposed PR
and IN algorithms over the benchmarks, even relying only on eMBB CSI. Notice that the

PR and IN performance is comparable to the preemptive puncturing, where there is no

8 The operations of the proposed algorithms and benchmarks are independent of the channel model,

applying to other, more general, models.
The benchmarks 1) and 2) are respectively equivalent to the configurations to assist the URLLC and
eMBB UEs in [12].

9
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eMBB interference due to the BS scheduling. Remarkably, the IN algorithm outperforms
the preemptive puncturing performance by 4.9 times in Fig. 37b. Observing Fig. 36, this
might happen due to the several nulls produced by the eMBB-oriented configuration, which
can impact the URLLC channel. Compared to the random and PR configurations, IN
reduces the outage probability by up to 3 orders of magnitude and 3.5 times, respectively.

However, the PR algorithm yields a better trade-off due to its simpler implementation.

Figure 37 — URLLC outage probability and eMBB SE at the cell edge. When not otherwise
specified, the transmit powers are p, = py = 23 dBm, the RIS has N = 100
elements, the URLLC traffic miss detection rate is €, = 0, and the RIS far-field
distance is of = 4 m. Also, in (e), £ is the fraction of eMBB mini-slots affected

by the URLLC TTI and the RIS switching, as defined in (11.12).
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Fig. 37c depicts the URLLC outage probability as a function of the URLLC traffic
miss detection rate. Only for preemptive puncturing, €, is considered to be the failure
rate for the URLLC scheduling request procedure. Notice that, for the proposed scheme,
the traffic detection scheme is not considered a major limiting factor for the performance,
mainly because there are simple architectures for it that yield extremely low detection
error rates. For example, a scheme in [9] achieves a detection error rate of up to 1077 at
an SNR of 4 dB with a preamble comprised by a single OFDM symbol.

Fig. 37d depicts the URLLC outage probability as a function of the number of RIS

elements. It is worth mentioning that, as the outage probability improves with a bigger
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surface, the overhead for estimating the eMBB CSI increases proportionally to N. Hence,
when selecting the number of RIS elements, a trade-off exists between the URLLC outage
probability and the overhead in the CSI estimation phase.

Fig. 37e depicts the SE of the eMBB UE when placed at the cell edge as a function of
the transmit power. Notice that, as the URLLC packet size is relatively small compared
to the eMBB, the mini-slots erased by the URLLC traffic have minimal impact on the
eMBB TTI, resulting in high eMBB SE.

11.6 Conclusions

In this letter, we have proposed an RIS-assisted UL multiplexing scheme to support
the eMBB/URLLC coexistence. The scheme relies on two RIS configurations computed
from eMBB CSI. The first configuration is a coherent passive beamformer to maximize
the eMBB SNR. The second is computed by the proposed PR and IN algorithms and
mitigates the eMBB interference in the URLLC traffic, temporarily silencing the eMBB
traffic. Numerical results have demonstrated that the proposed scheme enables a balanced
coexistence of the services in the absence of URLLC CSI. Future work might study how

resource allocation can be solved while considering such a multiplexing scheme.
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