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Introduction

The advent of mobile communication technology has had a profound impact on

wireless networks, leading to a remarkable increase in the number of mobile net-

works. This has enabled the society to experience greater connectivity and mobi-

lity, accompanied by substantial growth in traffic volume, diverse network usage

patterns, higher data consumption rates, and various other scenarios. Conse-

quently, network traffic is expected to witness significant expansion. Presently,

mobile devices have become the most prevalent personal gadgets, and the po-

pularity of other devices like wearable and smart devices is also on the rise. To

cater to the evolving demands that previous generations of systems were unable

to address, the deployment of 5G cellular communication systems is crucial and

should be widely implemented.

Despite the advancements made in 4G wireless network technology, meeting

the demands of wireless network services that necessitate high speed, rapid res-

ponse, high consumption, and energy efficiency remains challenging. Consequently,

these features have become critical requirements for future 5G services. Presently,

4G/LTE networks are unable to provide instant cloud services, interactive Inter-

net capabilities, enhanced vehicle-to-everything (eV2X) communication, Internet

of Things (IoT) connectivity, and seamless communication with drones and ro-

botics while maintaining a superior user experience. As a result, there have been

significant global advancements in the field of transmission technology.
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Introduction

This transformative wave of technological advancements is reshaping our lives,

work dynamics, and interactions. It has brought forth remarkable services and

applications, including self-driving cars, artificial intelligence, smart homes, smart

factories, smart cities, and drone-based delivery systems. The future of wireless

settings will witness further expansion through the establishment of a symbiotic

relationship between devices and human-guided interactions.

The capabilities of mobile phone communication will continue to expand, per-

meating all aspects of public life and creating a multidimensional ecosystem cen-

tered around consumers. Hence, addressing cost-effectiveness becomes crucial.

With the expected surge in traffic volume and extensive connectivity growth, nu-

merous implications are on the horizon. Mobile networks will need to deliver

a thousand times the spectral efficiency compared to current technology frame-

works to accommodate this significant traffic increase. It is worth noting that 4G

networks have already demonstrated an increase in spectrum efficiency (SE).

The 5G network integrates several cutting-edge technologies, including the In-

ternet of Things (IoT), device-to-device (D2D) communications, software-defined

networking (SDN), mobile edge computing (MEC), cloud computing, and cloud

radio access networks (CRANs).

Non-orthogonal multiple access (NOMA) has emerged as a promising techno-

logy in the field of wireless networks, offering improved spectral efficiency and

enhanced connectivity. Unlike traditional orthogonal schemes such as orthogonal

frequency-division multiple access (OFDMA) used in 3GPP-LTE and 5G New Ra-

dio Phase 1 standards, NOMA allows multiple users to transmit simultaneously

on the same frequency and time resource by combining their signals in the power

domain. To successfully decode these combined signals at the receiver, successive

interference cancellation (SIC) techniques are utilized.

This thesis investigates the fusion of reconfigurable intelligent surfaces (RISs)

with non-orthogonal multiple access (NOMA), utilizing the unique properties

of metamaterials and large arrays of cost-effective antennas. The aim is to actua-

lize the concept of intelligent radio environments by harnessing the capabilities

of RISs alongside NOMA.
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Introduction

Content and organization of this thesis :

This thesis is organized into five chapters. In the first chapter we give an over-

view of wireless communications.

In the second chapter, we deal with orthogonal and non-orthogonal multiple

access (OMA/NOMA) techniques and the key technologies enabling their appli-

cations.

In the third chapter, the secrets of IRS-assisted communications systems are re-

vealed.

The fourth chapter deals with hybrid NOMA/OMA networks assisted by IRSs

in their downlink and uplink versions.

In the last chapter, we present the simulation results of the performance of NOMA

and IRSs-NOMA networks.

Finally, the conclusion summarizes our work and presents new research perspec-

tives in the field of IRSs and NOMA.
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1
An overview of wireless communications

In this chapter,we’ll first go through a brief history on wireless communications. Then,

we’ll explain what exactly communication is and what’s the benefit to be wireless. We’ll

also talk about current trends in mobile networks and finally give an overview of its 5G

version.

1.1 A brief history of wireless communications

Wireless communication technology plays a crucial role in various aspects of our

daily lives. It is an integral component of essential devices such as telephones,

radios, the Internet, and smartphones. All of these rely on some form of wire-

less technology for their functionality [3]. One of the earliest methods of wireless

transmission can be traced back to ancient China, where smoke signals were em-

ployed as a means of communication. Guardians stationed along the Great Wall

would ignite smoke signals to notify nearby towers of impending attacks. Smoke

signals had the remarkable ability to be visible from a distance of approximately

300 miles, enabling towers to receive timely alerts [4]. In 1880, Alexander Graham

Bell invented and obtained a patent for his telephone. Together with his assistant

Charles Sumner Tainter, they achieved a significant milestone by transmitting the

first wireless telephone message using the photo phone. Unlike traditional tele-

phones that relied on electricity, the photo phone transmitted sound through light

[5]. In 1873, James Clerk Maxwell formulated the theory of electromagnetism,

laying the foundation for our understanding of the relationship between electri-

city and magnetism. Building upon Maxwell’s theory, Heinrich Hertz conducted

experiments in 1886 that provided empirical evidence for the existence of radio

4



CHAPITRE 1. AN OVERVIEW OF WIRELESS COMMUNICATIONS

waves. Hertz’s discoveries marked a significant milestone in the field of wire-

less communication [6]. The exact inventor of the radio is a topic of debate, but

in 1891, Nikola Tesla successfully showcased a functional wireless radio during

a lecture. Tesla’s demonstration played a significant role in the development of

radio technology[3]. In 1897, Guglielmo Marconi obtained a patent for his wire-

less telegraph, which he had developed. By 1901, people started exploring va-

rious aspects of radio technology. Broadcasting stations were established, and on

November 2nd, 1920, Pittsburgh’s KDKA station made the first-ever commercial

broadcast. This significant event occurred on election day, allowing people to hear

the presidential race results before reading about them in newspapers. In 1922,

the British Broadcasting Company made its inaugural public broadcast from a

London studio owned by Marconi. In the same year, The Toronto Star initiated

its own radio station and became the first station to broadcast a hockey game a

year later, featuring Foster Hewitt. However, radio encountered challenges such

as poor audio quality caused by static and interference from sky waves. The is-

sues with radio interference were addressed in 1933 with the development of Fre-

quency Modulation (FM) by Edwin Armstrong. FM technology offered improved

sound quality compared to Amplitude Modulation (AM). Initially, radio stations

operated within the 42 to 50 megahertz band, but eventually shifted to the hi-

gher frequency range of 88 to 108 megahertz [7]. The numerous advancements in

wireless transmission have made it an integral part of the Information Age we

live in today. Satellites, intentionally launched into Earth’s orbit, are among the

commonly used objects that play a significant role in facilitating various services

such as television, radio, internet, and navigation systems like the Global Positio-

ning System (GPS). Other wireless technologies include WiFi, enabling wireless

internet access on mobile devices without the need for Ethernet or USB cables ;

Bluetooth, which facilitates wireless connections between devices ; and Infrared,

which transmits information wirelessly through infrared radiation [4]. The pri-

mary advantage often associated with wireless transmission is its ability to pro-

vide mobility, allowing users to stay connected and access information on the go.

However, a notable drawback is the potential for interference between wireless

connections, which can affect the quality and reliability of the transmission [3].

It is evident that our reliance on wireless transmission has become increasingly

significant in today’s technological landscape.

5



CHAPITRE 1. AN OVERVIEW OF WIRELESS COMMUNICATIONS

1.2 What exactly communication is and what’s the be-

nefit to be wireless?

Communication is the fundamental process of exchanging information. It can be

classified into two main categories : wired communication and wireless commu-

nication. Wired communication utilizes cables as the medium to transmit infor-

mation from a source to a destination [3]. Wired Communication offers the po-

tential to handle numerous tasks. However, there are challenges associated with

its infrastructure setup and cable installation, which can be both costly and time-

consuming to address. In remote areas, the establishment of Wired Communica-

tion can be particularly challenging [5], [3]. So in order to overcome the problems

encountered by Wired Communication, Wireless Communication has been used.

The introduction of Wireless Communication has brought about increased mo-

bility and global connectivity. This form of communication enables the transfer

of information from a source to a destination without the need for any physical

medium [4]. Wireless Communication eliminates the possibility of communica-

tion failure, unlike in Wired Communication where cables can be susceptible to

damage from environmental conditions. In scenarios such as floods or other di-

sasters, Wireless Communication incurs minimal loss to the communication in-

frastructure compared to Wired Communication [5]. The figure below shows the

block diagram of a wireless communication system.

FIGURE 1.1 – A block diagram for a generic wireless communication system.

The initial component in the communication system is the source, which gene-

rates the message signal. This message signal can take the form of non-electric

data, which is then converted into an electrical signal using a transducer. For

instance, a microphone converts our voice into an electrical signal. The next com-

ponent is the transmitter, responsible for various signal processing tasks such as

restricting the range of audio frequencies, signal amplification, and modulation.

6



CHAPITRE 1. AN OVERVIEW OF WIRELESS COMMUNICATIONS

The channel represents the medium through which the message travels from the

transmitter to the receiver. However, unwanted signals, known as noise, can in-

terfere with the desired signal during transmission. The receiver block is respon-

sible for reproducing the message signal in its electrical form. Finally, the output

transducer block serves as the last stage, converting the received electrical mes-

sage signal back into its original form.

1.3 Current Trends in Mobile Networks

The growth of mobile subscribers may lead to the explosively increasing mo-

bile data traffic. The latest data from [8] indicates that the global mobile broad-

band subscriptions have reached the 5.1 billion figures in 2018 and it is predicted

to grow to 5.7 billion by 2023. Furthermore, the number of connected devices

may surpass the global population in the future due to the growth of machine-to-

machine (M2M) communications and Internet of Things (IoT) applications, which

further contributes to global mobile traffic growth. In addition, the demand for

rich multimedia content has increased drastically in recent years and hence inevi-

tably contributes to further increase in mobile traffic.

As highlighted by a study in [9], mobile video content contributed more than

half of the global data traffic since 2012 and it is expected to reach 78% of global

traffic by 2021, prompting the need for thousand-fold increase in capacity and wi-

reless resources in order to accommodate the mobile traffic demand. Innovative

solutions, including massive MIMO, network densification and advanced mul-

tiple access schemes, are crucial to address the challenges of the ever-increasing

capacity requirement [10].

There are high expectations for the fifth generation (5G) technology to effecti-

vely support advanced and crucial applications, which have been broadly ca-

tegorized by the International Telecommunication Union (ITU) into three main

groups : enhanced mobile broadband (eMBB), massive machine-type communi-

cation (mMTC), and ultra-reliable and low-latency communication (URLLC). To

meet the demands of these use cases, the ITU has outlined specific performance

7



CHAPITRE 1. AN OVERVIEW OF WIRELESS COMMUNICATIONS

targets. These targets encompass peak rates of 20 Gbps for downlink and 10 Gbps

for uplink, a user experience data rate of 100 Mbps, latency below 1 ms, mobility

support up to 500 km/h, and connectivity density reaching 1 million devices per

square kilometer, as detailed in [11].

1.4 An Overview of the 5G Mobile Networks

Wireless communications have emerged as an essential technology in contempo-

rary society, progressing from the initial generation (1G) to 5G. Being the most

recent iteration in wireless network technology, 5G networks have been designed

to address the exponential surge in demand for data traffic due to the rise and

expansion of the internet of things (IoT) and innovative applications like tactile

internet, high-definition video streaming, telemedicine, remote surgery, intelli-

gent transportation, and instantaneous control [12], [13].

Considering diverse user requirements, the International Telecommunication Union

(ITU) has classified 5G networks into three distinct generic service scenarios : en-

hanced mobile broadband (eMBB), massive machine-type communications (mMTC),

and ultra-reliable low-latency communications (URLLC) [14]. These three scena-

rios correspond to three demands, which arepeak data rate, connectivity density,

and latency, respectively. Note that notall demands need to be fulfilled simulta-

neously [13].

8



2
Multiple access techniques : Orthogonal and

non-orthogonal (OMA/NOMA)

In this chapter,we’ll first go through an overview of multiple access techniques. After that,

we’ll talk about NOMA, the key technologies enabling it, and its system model in its bot

downlink and uplink scenarios. Finally we’ll compare NOMA and OMA.

2.1 An overview of Multiple Access Techniques

In network access, multiple users utilize multiplexing, a technique that involves

merging several signals and transmitting them through a shared channel. This

method allows for efficient utilization of the channel’s capacity, enabling mul-

tiple users to transmit their signals simultaneously without causing significant

interference or congestion. Multiplexing plays a crucial role in optimizing com-

munication systems by allowing multiple data streams to coexist and be transmit-

ted through a single channel, thereby enhancing overall network efficiency and

data transmission rates [15]. When the technique of multiplexing is employed to

enable multiple users to engage in communication over a shared channel, it is re-

ferred to as multiple access. Essentially, multiple access is the practical implemen-

tation of multiplexing in communication systems. An illustration of this concept

is seen in the scenario of a WiFi hotspot that distributes its internet connection

among various users. Each user is allocated a specific frequency block within

which they can transmit and receive data, exemplifying the principles of multiple

access [16]. The larger the size of the block, the higher the throughput achieved.

9



CHAPITRE 2. MULTIPLE ACCESS TECHNIQUES : ORTHOGONAL AND
NON-ORTHOGONAL (OMA/NOMA)

Multiple access can be categorized into two main types : Orthogonal Multiple

Access (OMA) and Non-Orthogonal Multiple Access (NOMA). NOMA operates

by utilizing the power domain or code domain to enable efficient communication

among users [15]. There exist four main OMA techniques, namely

• Frequency division multiple-access (FDMA)

• Time division multiple-access (TDMA)

• Code division multiple-access (CDMA)

• Orthogonal frequency division multiple-access(OFDMA)

2.1.1 Frequency division multiple-access

In Frequency division multiple-access the frequency spectrum is divided into dif-

ferent slots. Each time slot is assigned to a device within the wireless network.

We’ve observed a variety of devices functioning within different ranges, inclu-

ding the wireless personal area network, wireless metropolitan area network,

and wide area network. Additionally, protocols such as ZigBee, Bluetooth, and

WiMAX contribute to this diversity. Each device is allocated a distinct frequency

based on the designated division. To prevent interference, it’s important to leave

certain frequencies and bands unallocated [15], [17] .

2.1.2 Time division multiple-access

To address the challenges stemming from the non-allocation of certain bands, a

solution involves arranging devices into distinct time slots [18]. When allocating

time t1 to Device 1, it can exclusively engage in data transfers or other tasks wi-

thin that specific time frame. The frequency spectrum is designated for a brief

interval, referred to as a Time Frame (TF). Each assignment requires waiting for a

new TF [19].

10
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NON-ORTHOGONAL (OMA/NOMA)

2.1.3 Code division multiple-access

To address the challenges posed by TDMA, a solution known as Code Division

Multiple Access (CDMA) has emerged. CDMA employs a unique coding scheme

for transmitting signals, thus eliminating interference concerns. This approach

allows all devices to utilize the available frequency for data transmission simul-

taneously. However, CDMA assumes that all devices receive signals at the same

power level. The issue of varying power levels is managed through power control

techniques [20].

2.1.4 Orthogonal frequency division multiple-access

Orthogonal Frequency Division Multiple Access (OFDMA) employs a distinct

frequency allocation approach where data is transmitted in a manner akin to

being at right angles. This enables multiple users, potentially an unlimited num-

ber, to simultaneously utilize the data without encountering interference or signal

jamming. This technique is essentially an extension of the multi-user OFDMA

scheme, incorporating a multiplexing approach that operates on orthogonal fre-

quency divisions. The technique assigns specific subsets of carriers to individual

users, facilitating effective implementation of this multiple-access strategy. Each

user is allocated a specific time interval during which they can engage in a multi-

tude of activities. This ensures that user 1 utilizes their allotted time for data trans-

mission or any other operations, followed by user 2 utilizing their designated

time slot. This approach guarantees an absence of interference or signal overlap,

resulting in efficient data transfer. In comparison to other methods, this technique

enables seamless data transmission and is particularly effective in supporting si-

multaneous, low-power data transfer. The primary benefit lies in the occurrence

of activities that overlap in a perpendicular manner. It’s noticeable that each user

is assigned at a distinct right angle, ensuring a division that aligns with these

angles [21], [15].

11
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2.2 Non-Orthogonal Multiple Access (NOMA)

NOMA allows multiple users to be allocated in the same frequency and timere

sources by exploiting another domain such as power or code, producing inten-

tional non-orthogonality for signals among the users and thus allowing mutual

interference among the users. NOMA can be further classified into two major

categories ; power domain and code domain NOMA [22], [23].

Code-domain NOMA includes various multiple access schemes like sparse code

multiple access (SCMA), low-density spreading CDMA (LDS-CDMA), and mul-

tiuser shared access (MUSA). Power domain NOMA improves the spectral ef-

ficiency by multiplexing the users’ signals in power domain using superposi-

tion coding (SC) at the transmitter and applying successive interference cancella-

tion (SIC) at the receiver to detect the users’ signals. In addition, power domain

NOMA can achieve robust performance gain regardless of channel state infor-

mation (CSI) feedback latency and UE mobility [24], [25]. Transmitters rely on

receiver CSI knowledge for tasks like transmit power allocation and user pairing.

Simultaneously, receivers require CSI information for user demultiplexing [26].

2.3 The Key Technologies Enabling NOMA

The fundamental idea of NOMA is to exploit the power domain as a new di-

mension to achieve multiplexing. To enable the application of NOMA, two main

techniques, namely Superposition Coding (SC) and Successive Interference Can-

cellation (Successive Interference Cancellation (SIC)) , are introduced. In particu-

lar, SC must communicate two messages simultaneously by encoding them into

one message unique in two layers, and SIC must decode the desired message

from the superimposed message. With the development and maturity of these

two techniques, NOMA can be applied regardless of the difficulty of implemen-

tation [27].
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2.3.1 Superposition coding

In NOMA, the signals of multiple users are superposed in power domain using

Superposition coding (SC) at the transmitters. SC is a non-orthogonal approach

which combine user’s information into a single signal source and hence able to

achieve the capacity on a scalar Gaussian broadcast channel [28]. This allows

multiple users’information to be transmitted at the same frequency and time re-

sources.

2.3.2 Successive Interference Cancellation

Successive interference cancellation (SIC) is a well-known physical layer tech-

nique [29]. Briefly, SIC is the ability of a receiver to receive two or more signals

concurrently (that otherwise cause collision in current wireless networks based

on IEEE 802.11 standard). SIC is possible because the receiver may be able to de-

code the stronger signal, subtract it from the combined signal, and extract the

weaker one from the residue. Emerging software radio platforms, such as GNU

radios, are making practical implementations of SIC feasible [30], [31]. A natural

question then is : given SIC capable radios, what are the implications on MAC

protocol design? Can SIC be exploited at the MAC layer to improve throughput?

What is the scope and what are the limitations? Inspired by these questions, this

paper is an attempt to interpret the PHY layer SIC capabilities from the MAC

layer. We limit our focus to the special case of SIC, where only one signal is can-

celled from another. We consider simple topological configurations that form the

building blocks of larger networks, and systematically study the ideal gains avai-

lable from SIC. Even among the simple building blocks, we recognize that certain

topological patterns are amenable to SIC gains, while others are not. In an at-

tempt to tap into some of these gains, we find that link layer coordination, such

as SIC-aware link pairing and power control, are necessary. We verify these ob-

servations through theoretical formulations. Guided by these outcomes, we carve

out the scenarios in which SIC-aware protocols are worth pursuing. We develop

an algorithm for such scenarios, and evaluate its performance [32].

13
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2.4 NOMA’s System Model

NOMA disrupts orthogonality by assigning the same time/frequency resource

to multiple users, albeit with added complexity at the receiver end. On the trans-

mitting end, distinct power levels are assigned to signals from various users (thus

the term "power domain"), and superposition coding is utilized to send out the

combined signals of the users. In the following subsections, we delve into the sys-

tem model of NOMA, including signal superposition and SIC, in both downlink

and uplink scenarios.

2.4.1 Downlink NOMA transmission

Let x1 and x2 be the multiplexed signals of UEs 1 and 2, with respective powers

p1 and p2, and let h1 and h2 be their experienced channel gains with |h1| > |h2|. In

the NOMA framework, UE2 is referred to as the strong user, while UE1 is labeled

as the weak user. A higher power level is allocated to the weak user (p1 > p2) to

compensate for its weaker channel gain, provide user fairness, and allow the de-

coding of UE1’s signal at the level of UE2. The super-imposed signal transmitted

by the Base Station (BS) is given by

x =
√

p1x1 +
√

p2x2, (2.1)

and the received signals y1 and y2 at the level of UE 1 and UE 2 are given respec-

tively by

y1 = h1x + n1, (2.2)

and

y2 = h2x + n2, (2.3)

where ni represents the Gaussian noise received by UE i with average power σ2.

As shown in Fig. 2.1, at the level of UE 2, the SIC receiver is applied to extract x2

from the total received signal. It proceeds first by detecting, demodulating and

decoding the dominant signal which is x1, prior to subtracting it from the total

received signal.

Consequently, x2 is decoded in an interference-free manner and its achievable

rate according to the Shannon channel capacity theorem is given by

R2 = log2

(
1 +

P2 |h2|2
σ2

)
, (2.4)
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FIGURE 2.1 – Two users NOMA transmission in the downlink where UE2 per-

forms SIC before retrieving its own signal.

At the level of the weak user, UE2’signal is treated as additional interference, and

the achievable rate is given by

R1 = log2

(
1 +

P1 |h1|2

P2 |h1|2 + σ2

)
, (2.5)

For the general case of m multiplexed users with channel gains such |h1| > |h2| >
... > |hm|, the power is allocated according to the descending order of channel

gains. The ith UE iteratively decodes and subtracts the signals of users with wea-

ker channel gains before retrieving its own signal xi while suffering from the

interference of the remaining i− 1 users. The rate for UEi is thus given by

Ri = log2


1 +

Pi |hi|2

∑i−1
j=1 Pj |hi|2 + σ2


 . (2.6)

2.4.2 Uplink NOMA transmission

We consider two users transmitting respectively signals x1 and x2 to the base

station (BS). The power of signals x1 and x2 arep1 and p2, respectively (Fig. 2.2).

The received signal at the BS is hence a superposition of x1 and x2

y = h1
√

p1x1 + h2
√

p2x2 + n. (2.7)

In this case, x1 is decoded first by considering x2 as noise. Its signal-to-interference-

plus-noise ratio is

SINR1 =
g1p1

σ2 + g2p2
(2.8)
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FIGURE 2.2 – Two users NOMA transmission in the uplink.

where g1 = |h1|2 and g2 = |h2|2 are the channel gains. Assuming that user 1’s

signal as been correctly decoded, x̃1 is then subtracted from the superposed si-

gnal y (see block SIC in Fig. 2.2) to get signal ỹ2 ≈ h2
√

p2x2 + n in which the

interference caused by user 1 is canceled out. This is the principle of succes-

sive interference cancellation (SIC) : when multiple signals are superposed, the

first decoded signals are subtracted from y before decoding the next signal. The

signal-to-interference-plus-noise ratio of x2 after SIC is :

SINR2 =
g2p2

σ2 (2.9)

In this case, the NOMA data rates are :

R′1 = log2

(
1 +

g1p1

σ2 + g2p2

)
(2.10)

R′2 = log2

(
1 +

g2p2

σ2

)
(2.11)

2.5 NOMA vs OMA

In terms of the spectral efficiency and the users’ fairness, we can say that

1. In OMA, such as in the case of OFDMA, a specific frequency resource is as-

signed to each user regardless of their individual channel conditions [33].

Consequently, this resource allocation approach leads to lower spectral effi-

ciency. Furthermore, the allocation is based on channel conditions, prioriti-

zing users with better channel conditions over those with poorer conditions

[33], [34], [35], [36]. Consequently, users with worse channel conditions have

to wait for resource allocation, resulting in fairness concerns.
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2. NOMA, on the contrary, provides the capability to allocate resources to

multiple users without considering their channel conditions, resulting in

improved user fairness [37], [38]. In NOMA, users are assigned the same

frequency resource, regardless of their channel conditions, allowing both

weak and strong users to utilize the resource simultaneously. As a result,

the spectral efficiency in a NOMA system exhibits a significant improve-

ment compared to an OMA system [39], [40], [41].
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3
Intelligent reflecting surfaces (IRS)-aided

Wireless communications

In this chapter, we’ll go trough an introduction to IRS-aided Wireless communications.

Then, we’ll see some of its applications. After that, we’ll be presenting the challenges

facing their applications. Finally, we’ll make a literature review on IRSs.

3.1 Introduction to IRS-aided Wireless communica-

tions

Recent advancements in electromagnetic materials have revealed the potential

to transform the wireless channel using an innovative type of affordable material

known as meta-material, which has been explored extensively [42], [43]. The engi-

neered thin layer composed of this material is commonly denoted as a reconfigu-

rable intelligent surface (RIS), intelligent reflecting surface (IRS), or meta-surface

[44], [45], [46]. For wireless communication, it is often used in the literature to use

IRS8 and RIS.

3.1.1 The Structure of an IRS element

An IRS can consist of a relatively straightforward 2D configuration, composed

of conductive patches, diodes, and conductive power/signal lines. This structure

includes a positive-intrinsic-negative (PIN) diode, and the associated biasing cir-

cuitry is depicted in Fig. 3.1.
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circuits of the PIN diode at ON and OFF states, respectively. (e) Reflection amplitudes. (f)
Reflection phases. (g) Reflection phase differences.

For wireless communication, it is often used in the literature to use IRS8 and RIS.

1.2.1 IRS Structure

An IRS can be a very simple 2D structure, comprising a set of conductive patches, diodes,

and conductive power/signal lines. Specifically, the work in [5] presented a typical element

structure, which is the basic unit on the thin film, made up by positive-intrinsic–negative

(PIN) diode, and the corresponding biasing circuit is illustrated, as shown in Fig. 1.7.

The schematic of the proposed element for IRS is presented in Fig. 1.7(a), which has a

sandwich structure composed of a simple rectangular patch and a metal-ground plane spaced

by a substrate with a certain dielectric constant and loss tangent [49]. A PIN diode9 is em-

ployed to connect one edge of the patch to the ground through a metal via. Thus an anisotropic

element with binary coding reflective performance is obtained along the x direction. To

facilitate the biasing in practical implementations, a direct-current (DC) circuit in the ele-

ment topology is introduced, as shown in Fig. 1.7(b). The deliberately designed bias circuit

8Without loss of generality, IRS is the term that will be used in the thesis for the following discussion.
9Using PIN diode is only one particular setting, thus more switching techniques can be leveraged base on

other hardware components to achieve higher bit controlling [50].

FIGURE 3.1 – The structure of an IRS unit (As proposed in [1]). (a) Schematic

of the element, with specific dimensions. (b) The biasing architecture. (c,d) The

equivalent circuits of the PIN diode at ON and OFF states, respectively.

A diagram illustrating the structure of an IRS element is shown in Fig. 3.1(a).

This unit features a sandwich-like configuration, comprising a basic rectangular

patch and a metal ground plane, with a substrate positioned between them that

possesses specific dielectric constant and loss tangent values [47]. A PIN diode is

utilized to establish a connection between one edge of the patch and the ground

using a metal via. This configuration results in an anisotropic element that ex-

hibits binary-coded reflective characteristics along the x direction. To simplify

the biasing process in real-world applications, a direct-current (DC) circuit is in-

corporated into the element’s design, as depicted in Fig. 3.1(b). The deliberately

designed bias circuit includes the quarter-wavelength microstrip line, the open-

ended radial stub and DC signal line. The quarter-wavelength microstrip line

and the open-ended radial stub are employed to choke the RF signal and ensure

a good isolation between the DC and RF performance. The PIN diode is modeled

as an equivalent circuit shown in Fig. 3.1 (c,d) when biasing circuit is switched

ON or OFF, respectively.

Furthermore, it is noticeable that numerous elements are compactly arranged wi-

thin an array-style structure to compose a surface. Through the integration of

multiple elements in this array-like meta-material surface, the intelligent reflec-

ting surface (IRS) can achieve a diverse range of manipulative functions on the

incident electromagnetic (EM) wave [1]. Particularly, the EM wave that is reflec-

ted can be skillfully controlled in terms of its polarization state, power distribu-

tion, and concentration towards any chosen direction. In order to achieve such

specific functions, precise manipulation of the excitation and phase of individual

electronic elements is necessary, which is accomplished through processors utili-
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zing a predetermined control strategy, such as employing a field programmable

gate array (FPGA) [42], [48]. This approach enables the manipulation of the phase

and amplitude of the incoming EM wave on the surface, allowing for controlled

reflection in desired directions. This forms the basis for creating a programmable

wireless channel.

3.1.2 The architecture of an IRS unit

The architecture of an RIS unit is shown in Fig.3.2, where a thin planar surface of

multiple unit cells is connected to a smart controller. The unit cells are the main

constructing component of the RIS, whereas the role of the smart controller is

to adapt the interaction of the unit cells to the impinging waves. In general, the

concept of metamaterial is the key enabler for building the RIS. The research field

of metamaterial is interested in building materials of reconfigurable EM proper-

ties that don’t exist in natural materials [49]. The RIS is commonly referred to

Chapter 2

Fundamentals of Reconfigurable
Intelligent Surfaces

In this chapter, we discuss the basic concept of the reconfigurable intelligent surface
(RIS) in terms of its architecture, operation, possible EM interactions, and practical
model. Furthermore, we highlight the possible emerging wireless applications using RIS
and we end up by presenting some of the main challenges that may face the deployment
of RIS in wireless networks.

2.1 Architecture

The architecture of a RIS is as shown in Figure 2.1, where a thin planar surface of multiple
unit cells is connected to a smart controller. The unit cells are the main constructing
component of the RIS, whereas the role of the smart controller is to adapt the interaction
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PCB substrate
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Tunable chip

Figure 2.1: The architecture of RIS.

7

FIGURE 3.2 – The architecture of RIS

as a meta-surface due to its ability to manipulate electromagnetic waves. It is

also known by various other names, including intelligent reflecting surface, large

intelligent surface, digitally controllable scatterers, and software controllable sur-

face. On the other hand, the individual building block of the RIS, the unit cell,

is referred to as a meta-atom, reflecting element, or scattering element. Concep-

tually, a unit cell can be visualized as a sub-wavelength scattering particle, such

as a small antenna, connected to tunable electronic circuits. These circuits, which

may involve components like PIN diodes, varactors, or MEMS switches, enable
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the configuration of the unit cell’s response to incident electromagnetic waves.

The ability of the RIS to manipulate electromagnetic waves primarily lies in its

control over the reflection coefficient of each unit cell in response to the incoming

waves [50].

The alteration of the unit cell’s reflection coefficient is commonly achieved by

controlling the load impedance connected to the reflecting element [51]. For example,

when using a tunable chip like a PIN diode for each element, the PIN diode can be

switched between on and off states by adjusting its bias voltage. This variation in

the load impedance connected to the element results in a phase shift difference of

π for the reflection coefficient between the on and off states. To enable full control

over the phase shift, multiple PIN diodes or a varactor can be connected to each

unit cell, providing multiple choices or continuous configuration for the connec-

ted load impedance. Additionally, the amplitude of the reflection coefficient can

be adjusted by incorporating a variable resistor load for each unit cell. This allows

control over the portion of incident wave energy dissipated in the unit cell [52].

Furthermore, a significant benefit of the RIS is its exceptional energy efficiency,

as it does not require power amplifiers, radio frequency (RF) chains, or complex

signal processing capabilities. This characteristic has led to the widespread recog-

nition of the RIS as a nearly passive device since it does not consume power for

transmission, with the primary energy being utilized in the control process of the

tunable circuits to manipulate the impinging waves. However, it is worth noting

that active RISs, which have the ability to amplify the impinging radio waves,

can be achieved by integrating amplifiers into the unit cells [53].

3.1.3 The electromagnetic functions of an IRS

The RIS can be configured to support multiple functions for the incident EM

waves. In Fig. 3.3, we discuss some of the possible functions of the RIS :

• Reflection : The RIS is configured such that the incident EM wave is re-

flected towards a specified direction where the angle of reflection doesn’t

necessarily be equal to the angle of incidence according to the generalized

Snell’s law [54].
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Reflection Refraction Focusing
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Figure 2.2: Electromagnetic functions of RIS.

� Focusing: The RIS focuses all the scattered waves from the unit cells at a certain
location to maximize the received signal strength there. This function can be
achieved by adjusting the phase shifts induced from all the unit cells in the RIS
such that the scattered paths are added constructively at a certain location.

� Splitting: The RIS creates multiple reflected and refracted waves for a single
impinging wave. This function can be satisfied by dividing the RIS into several
sub-surfaces and configuring them independently to split the incident wave.

� Absorption: The RIS ensures minimum reflection and refraction power of the
impinging waves which may be possible by controlling the amplitude reflection
coefficients of the unit cells [12].

� Polarization: The RIS is utilized to change the polarization state between the
incident and reflected/refracted waves [13]. This function usually relies on dual-
polarized unit cells which could excite two orthogonal polarization states and induce
independent phase shifts per each polarization state whenever a wave is incident
on them.

2.3 Practical model

Most of the current studies of RIS-aided wireless communications applications assume an
ideal reflection model for the unit cells where the amplitude and phase of the reflection
coefficient are modeled as two independent variables. Thus, in the literature, a unity
amplitude reflection coefficient regardless of the phase shift is commonly assumed for
the unit cells. However, this assumption is practically difficult to achieve due to the
hardware limitation as the actual reflection coefficient heavily depends on the resonance
frequency, loss resistance, and quality factor of the unit cell as well as the frequency of

FIGURE 3.3 – The electromagnetic functions of RIS.

• Refraction : The RIS refracts the impinging waves towards a specified di-

rection. However, in this scenario, the RIS is commonly manufactured from

unobstructed material towards EM waves such as a glass substrate [55].

• Focusing : The RIS focuses all the scattered waves from the unit cells at a

certain location to maximize the received signal strength there. This func-

tion can be achieved by adjusting the phase shifts induced from all the unit

cells in the RIS such that the scattered paths are added constructively at a

certain location.

• Splitting : The RIS creates multiple reflected and refracted waves for a single

impinging wave. This function can be satisfied by dividing the RIS into se-

veral sub-surfaces and configuring them independently to split the incident

wave.

• Absorption : The RIS ensures minimum reflection and refraction power of

the impinging waves which may be possible by controlling the amplitude

reflection coefficients of the unit cells [56].
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• Polarization : The RIS is utilized to change the polarization state between

the incident and reflected/refracted waves [1]. This function usually relies

on dual-polarized unit cells which could excite two orthogonal polariza-

tion states and induce independent phase shifts per each polarization state

whenever a wave is incident on them.

3.1.4 A Practical model for the IRS unit

The majority of current research on RIS-aided wireless communications assumes

an ideal reflection model for the unit cells, where the amplitude and phase of

the reflection coefficient are treated as independent variables. Therefore, in exis-

ting literature, it is commonly assumed that the unit cells have a unity ampli-

tude reflection coefficient regardless of the phase shift. However, achieving this

assumption in practice is challenging due to hardware limitations. The actual

reflection coefficient of the unit cells is significantly influenced by factors such

as resonance frequency, loss resistance, quality factor, and the frequency of the

impinging wave. Recent studies, such as [57] and [58], have demonstrated that

a practical RIS exhibits a fundamental relationship between the amplitude and

phase of the reflection coefficient. These findings highlight the need to consider

the interdependency between the amplitude and phase in practical RIS designs,

deviating from the idealized assumptions commonly made in previous research.

An RIS is commonly manufactured using a similar process to a printed circuit

board (PCB), as depicted in Fig. 3.2. The unit cell structure typically consists of

a metallic patch positioned on the upper layer of the dielectric PCB substrate,

along with a metal sheet on the lower layer [59]. To control the reflection coef-

ficient of each unit cell, it is connected to a tunable electronic circuit. Given that

the physical dimensions of the unit cell are often smaller than the wavelength of

the incident wave, its behavior can be approximated using an equivalent lumped

circuit model [60]. In this model, the metallic components of the unit cell are re-

presented as inductors. Thus, the electrical characteristics of the unit cell become

equivalent to a parallel resonant circuit as shown in Fig. 3.4 [61].
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Figure 2.3: Equivalent lumped circuit for a unit cell in a practical RIS.

the impinging wave. Thus, it was shown in [14, 15] that for a practical RIS there is a
fundamental relationship between the amplitude and phase of the reflection coefficient.

A RIS is typically fabricated similar to a printed circuit board (PCB) as shown in
Figure 2.1. The unit cell is usually composed of a metallic patch on the top layer of the
dielectric PCB substrate and a metal sheet on the bottom layer of the substrate [16].
In addition, each unit cell is connected to a tunable electronic circuit to control its
reflection coefficient. Since the physical length of the unit cell is usually smaller than
the wavelength of the incident wave, the response of the unit cell can be described by an
equivalent lumped circuit model [17] where the metallic parts of the unit cell are modeled
as inductors. Thus, the electrical characteristics of the unit cell become equivalent to a
parallel resonant circuit as shown in Figure 2.3 [18]. Therefore, the load impedance of
the unit cell, given an impinging wave of carrier frequency denoted by f , becomes [14]

Z(C, f) =
j2πfL1

(
j2πfcL2 + 1

j2πfC
+R

)

j2πfL1 +
(
j2πfL2 + 1

j2πfC
+R

) , (2.1)

where R, C, L1 and L2 are the equivalent loss resistance, variable capacitance that
control the reflection coefficient, bottom layer inductance and top layer inductance for
the parallel resonant circuit shown in Figure 2.3, respectively. Furthermore, given the
impedance discontinuity between the unit cell impedance and the free space impedance,
the reflection coefficient for the unit cell becomes [19]

Γ =
Z(C, f)− Zo
Z(C, f) + Zo

, (2.2)

where Zo denotes the free space impedance. It is clear from (2.2) that the amplitude and
phase of the reflection coefficient for the unit cell depends on both the variable capacitance
and the incident signal’s carrier frequency. In addition, the variable capacitance is the
main controller for the unit cell’s reflection coefficient. In Figure 2.4 the amplitude
and phase of the reflection coefficient are plotted against each other for an incident
wave of f = 2.4 GHz for the unit cell given in [14] of R = 1 Ω, L1 = 2.5 nH, and
L2 = 0.7 nH, whereas C varies from 0.2 pF to 4 pF and Zo = 377 Ω is the free space
impedance. It is clear that tuning the capacitance allows almost full phase shift control

FIGURE 3.4 – Equivalent lumped circuit for a unit cell in a practical RIS

3.2 Applications of IRSs

Within this section, we will provide a concise overview of several potential appli-

cations that address inherent constraints in traditional wireless communications

while introducing novel technologies through the manipulation of the radio en-

vironment. In these specific use cases, the reconfigurable intelligent surface (RIS)

is customized to address particular optimization challenges based on the desired

performance metrics. Consequently, these applications go beyond solely harnes-

sing the electromagnetic capabilities of the RIS.

• Coverage enhancement : By utilizing a Reconfigurable Intelligent Surface

(RIS), it becomes possible to establish simulated connections between the

base station (BS) and users who experience inadequate signal strength or

obstructions [62], [63], as depicted in Figure 3.5.(a). This particular appli-

cation holds great potential for extending coverage, particularly in scena-

rios involving millimeter-wave (mmWave) and terahertz communications,

which are susceptible to blockage from physical obstacles.

• Simultaneous information and wireless power transfer (SWIPT) : By levera-

ging its impressive beam-focusing capabilities, a Reconfigurable Intelligent

Surface (RIS) directs incoming waves towards energy-demanding devices,

enabling simultaneous information and power transfer [64], [65]. This par-

ticular application holds great promise in various domains, including In-

ternet of Things (IoT) and sensor networks, offering potential solutions for

enhanced functionality and efficiency.
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• Physical layer security : The deliberate deployment of a Reconfigurable In-

telligent Surface (RIS) aims to intentionally degrade the signals intercepted

by eavesdroppers. This is accomplished by configuring the RIS to cause des-

tructive interference between the reflected links passing through it and the

signal received by the eavesdropper, thereby reducing the potential leakage

of confidential information [66], [67], as illustrated in Figure 3.5.(b).

• Positioning : This particular application involves leveraging large Reconfi-

gurable Intelligent Surfaces (RISs) to generate precise pencil-like beams in

three-dimensional space, enabling accurate positioning estimation of termi-

nals [68], [69]. It holds great promise, particularly for indoor localization

scenarios where conventional global positioning systems often encounter

challenges due to signal blockage affecting satellite-based positioning.

• Rank improvement : In Line-of-Sight (LoS) environments, the MIMO chan-

nel matrix often lacks full rank, making spatial multiplexing unachievable.

However, by deploying distributed Reconfigurable Intelligent Surfaces (RISs)

as artificial scatterers, it becomes possible to synthesize a form of multipath

propagation. This approach introduces additional degrees of freedom and

effectively addresses this inherent limitation [70], [71], [72], as depicted in

Fig.3.5.(c).

• RIS-assisted cell edge users : By deploying a Reconfigurable Intelligent Sur-

face (RIS) at the cell edges, it becomes possible to address the challenges

faced by users who typically experience significant signal attenuation from

their serving base stations (BS) as well as high interference from neighbo-

ring BSs. In this scenario, the RIS is used to ensure that the reflected si-

gnals are combined constructively at the intended users, creating a signal

hot-spot. Simultaneously, the reflected signals are combined destructively

at unintended users, creating an interference-free region [73], as illustrated

in Fig.3.5.(d).

• RIS-assisted massive device to device (D2D) communications : In this sce-

nario, the RIS is deployed to act as a reflection hub to serve the communica-

tions between a massive number of low power devices where the reflected

signals are added constructively at the desired user and destructively at un-

desired users [74], [75], as shown in Fig.3.5.(e).
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• RIS-assisted modulation : The RIS exhibits great potential as an access point

for information transmission. In this scenario, the RIS utilizes either an am-

bient or dedicated RF source for information encoding. By manipulating

specific characteristics of the reflected signal, such as amplitude, phase, or

polarization, the RIS effectively encodes the information data [76], [77], [78],

[79], as illustrated in Fig.3.5.(f).

3.3 The Challenges facing the application of IRSs

In this section, we provide a concise overview of the primary challenges that

could hinder the potential benefits of RIS in wireless communications applica-

tions.

3.3.1 Channel estimation

Channel estimation poses a significant challenge in achieving performance im-

provements in RIS-assisted wireless communications. The process of tuning the

reflection coefficients of the unit cells in the RIS relies heavily on accurate channel

estimation.

In RIS applications, channel estimation is more complex compared to traditional

communications, as it requires estimating not only the direct channel between

the base station (BS) and the user but also the channels between the RIS and the

BS, as well as the RIS and the user. Furthermore, the RIS lacks powerful signal

processing capabilities, adding to the difficulty of channel estimation.

The direct channel between the BS and the user can be estimated by configuring

the RIS in the absorption mode and employing conventional channel estimation

techniques. However, efficient and advanced techniques are needed to estimate

the RIS/BS and RIS/user channels while minimizing power consumption and

complexity of the RIS.

Depending on the hardware capabilities of the RIS, various techniques can be em-

ployed to estimate the RIS/BS and RIS/user channels. When dealing with nearly

passive RIS, which lacks RF chains and signal processing capabilities, performing

channel estimation through transmitting, receiving, and processing training si-

gnals becomes impractical.
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One approach, proposed in [80], is the cascaded channel estimation technique.

This method involves activating a single element at a time while deactivating the

others. By transmitting a pilot signal from the user, the product of the channels

between that specific element and both the BS and the user can be estimated at

the BS. However, this technique introduces a significant estimation delay due to

the large number of elements typically present in the RIS. Additionally, channel

estimation accuracy may suffer as only one element is activated at a time.

Another approach, presented in [81], involves beam training estimation. Instead

of explicitly estimating the RIS/BS and RIS/user channels, the RIS rapidly ad-

justs the reflection coefficients of its elements using a predefined codebook. Ba-

sed on the feedback of the received signal strength from the user, the optimal

beam configuration is selected for the RIS. This technique eliminates the need for

explicit channel estimation but still requires efficient beam selection algorithms.

An alternative approach, introduced in [82], incorporates active elements in the

RIS connected to RF chains and baseband processing units. This enables feasible

channel estimation at the RIS by utilizing training signals from the BS and users.

However, this approach increases the complexity and power consumption of the

RIS. Nonetheless, due to the high channel correlation between adjacent elements

in the RIS, accurate estimation results can be achieved even with a limited num-

ber of active elements.

3.3.2 RIS reconfiguration

In traditional wireless communication, much research has been devoted to the

optimization of transmitter and receiver configurations based on the wireless

channel characteristics. However, in RIS-aided wireless communication, the pro-

pagation environment itself becomes a parameter to optimize, and the RIS consists

of a large number of elements. As a result, reconfiguring the RIS in wireless ap-

plications becomes highly complex.

The problem of RIS reconfiguration typically involves multiple non-convex constraints,

further increasing the complexity of the optimization problem. In existing litera-

ture, RIS reconfiguration problems are often tackled using alternating optimiza-

tion techniques, but these methods can be computationally intensive and may not

be feasible in real-time scenarios.
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To address this challenge, there is a need for lightweight algorithms that can effi-

ciently reconfigure the RIS in real-time, considering the multiple constraints and

complexities involved. Such algorithms would enable the dynamic adjustment of

the propagation environment to optimize the performance of RIS-aided wireless

communication systems.

3.3.3 Network optimization

Managing a network with multiple base stations (BSs) and distributed reconfi-

gurable intelligent surfaces (RISs) to cater to a large user population poses signi-

ficant challenges in real-time configuration. The network comprises various dis-

jointed components, making it difficult to achieve a global optimum across the

entire network. Attaining such optimization would demand an extensive num-

ber of control signals for resource allocation, power allocation, user scheduling,

and RIS configuration.

To address this complexity, it is vital to develop novel network optimization

schemes that strike a balance between computational efficiency and energy consump-

tion. These schemes should provide reasonable overhead while achieving the de-

sired configuration and optimization objectives for the network, considering the

involvement of multiple BSs, RISs, and a massive number of users.

3.4 A Literature Review on IRSs

The utilization of Intelligent Reflecting Surfaces (IRS) for supporting diverse ap-

plications in wireless transmission has prompted extensive research. Previous

studies in the realm of IRS have encompassed a broad spectrum of subjects, in-

cluding beamforming, channel estimation, resource allocation, and hardware im-

plementation. In the course of these studies, both subjective and objective factors

have been taken into account.

Subjective issues pertaining to IRS are those that can be influenced and control-

led by designers. These include parameters like the power constraint of IRS, the

constraint on control bits, and the quantity of IRS units, all of which can be sub-

jectively determined.
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In contrast, objective issues are beyond subjective control but are considered du-

ring the transmission design phase. These encompass factors such as the count of

transceivers, the spatial gap between IRS and transceivers, and hardware impair-

ments. These elements objectively exist in relation to the IRS configuration.

To provide a more detailed categorization, we proceed to examine the following

four transmission schemes, each of which addresses distinct subjective and ob-

jective issues.

• Single IRS assisted single user (SU) transmission.

• Single IRS assisted MU transmission.

• Multiple IRSs assisted SU transmission.

• Multiple IRSs assisted MU transmission.

3.4.1 SU Transmission Based on Single IRS

A significant portion of the research on wireless transmission involving IRS has

its roots in the design for Single User (SU) scenarios and scenarios involving a

single Base Station (BS). In this context, Yan et al. [83] introduced an approach

aimed at maximizing the received power for SU within a Multi-Input Single-

Output (MISO) scheme. This was achieved by creating a passive beamforming

phase shift on the IRS. Moreover, their work considered the optimization of in-

formation transfer from the IRS to the BS, which was achieved by simultaneous

control of the ON-OFF states of individual elements. The study conducted in

[84] focused on maximizing received power and introduced a manifold optimi-

zation technique to effectively address the constant modulus constraint. In the

research presented by Perovi et al. [85], the analysis of Single User (SU) channel

capacity involves the utilization of the global co-phasing technique. This tech-

nique is applied to devise the phase configuration of the IRS. Importantly, the

study takes into account a jointly optimized scenario involving Multiple-Input

Multiple-Output (MIMO) considerations.
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3.4.2 MU Transmission Based on Single IRS

In systems where a single Intelligent Reflecting Surface (IRS) is utilized, mana-

ging Multiple Users (MU) becomes a more comprehensive yet intricate task. In

this context, a solitary IRS can play a dual role – enhancing Quality of Service

(QoS) for users in specific areas under IRS coverage, but also potentially dete-

riorating QoS for other users. In the study documented in [45], the semidefinite

relaxation (SDR) technique was applied. This method provides a high-quality

approximate solution to enhance Multi-User (MU) downlink transmission while

adhering to modulus constraints.

Additionally, the incorporation of IRS into communication systems has been ex-

plored from various perspectives. These include endeavors aimed at maximizing

Energy Efficiency (EE) and optimizing the weighted sum rate [86], [87].

3.4.3 SU Transmission Based on IRS Networks

The concept of an Intelligent Reflecting Surface (IRS) network, involving the de-

ployment of multiple IRS components within a transmission environment, has

been investigated to achieve enhanced Energy Efficiency (EE) and Spectral Ef-

ficiency (SE). Leveraging a supervised learning approach, the IRS network has

been employed to maximize the throughput of a Single User (SU) [88].

3.4.4 MU Transmission Based on IRS Networks

Research into Multi-User (MU) transmission through an IRS network has also

been conducted. This investigation takes into account the minimization of po-

wer consumption for transmit beamforming, while adhering to constraints rela-

ted to power supply, Signal-to-Interference-plus-Noise Ratio (SINR) at each re-

ceiver, and maintaining a constant modulus [89]. In the study presented in [90],

a statistical path loss model for an extensive Intelligent Reflecting Surface (IRS)

network is formulated. This model takes into account both the user (UE) and Base

Station (BS) density to calculate and determine the extent of blind-spots within

the coverage area.
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4
Wireless communications assisted by hybrid

IRSs-NOMA

In this chapter, we’ll go trough an introduction to IRS-aided NOMA networks. Then,

we’ll conduct a literature review on it. After that, we’ll present its system and channel

models. Finally, we’ll detail its outage performance in both downlink and uplink scena-

rios.

4.1 Introduction

Intelligent Reflecting Surfaces (IRS) serve as a cost-efficient and energy/spectral

resource-efficient solution, strategically adapting the propagation environment of

mobile users to enhance reception reliability and user data rates, as highlighted

in references [45] and [91].

A distinguishing aspect of an IRS compared to a half-duplex (HD) relay lies in its

operational principle. While an HD relay actively processes the incident signal, an

IRS functions by intelligently reflecting and beam-forming the incoming signal,

thus consuming less energy. Additionally, an IRS has the capability to operate in

full-duplex (FD) mode, effectively managing signal transmission and reception

simultaneously, while circumventing self-interference, as mentioned in reference

[91].
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Operating as a multiple-access (MA) technique, non-orthogonal MA (NOMA)

introduces a dynamic spectrum sharing approach among mobile users. This stra-

tegy aids in reducing access latency, enhancing Spectral Efficiency (SE), suppor-

ting increased connectivity, and promoting equitable user treatment, as outlined

in reference [92]. However, this advantage comes with the trade-off of heightened

receiver complexity when compared to orthogonal MA (OMA).

An organic progression was to synergize these two technologies, allowing for a

smart and efficient adaptation of the propagation environment for NOMA users.

This merger capitalizes on the benefits of NOMA, which facilitates shared spec-

trum utilization among users, as described in references [93], [94], and [95]. In

existing literature, this amalgamation is often referred to as IRS-aided NOMA,

IRS-assisted NOMA, or simply IRS-NOMA.

4.2 Literature on IRSs-NOMA

IRS-NOMA has garnered substantial attention from both the academic and in-

dustrial realms. For instance, to strike a balanced trade-off between maximizing

the cumulative data rate and minimizing total power consumption within a down-

link Multiple-Input Single-Output (MISO) IRS-NOMA network, a resourceful

energy-efficient algorithm was introduced in the work documented by Fang et

al. [93]. In reference to [94], a distinctive configuration of an IRS-NOMA network

was introduced. This design entails employing Space Division Multiple Access

(SDMA) for managing proximate users, whereas multiple IRS units are harnes-

sed to cater to users at the outer cell edges. The stUEy also delved into assessing

the susceptibility of this IRS-NOMA design to the influence of hardware impair-

ments. The work presented in [95] introduces a design centered on prioritization

to enhance Spectral Efficiency (SE). This design focuses on bolstering the perfor-

mance of the most robust User Equipment (UE), while the remaining users derive

advantages from IRS-assisted beamforming.
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Furthermore, a performance evaluation was conducted in [96], drawing a com-

parison between NOMA and Orthogonal Multiple Access (OMA) within an IRS-

assisted downlink setup. This assessment primarily revolved around the needed

transmit power. To optimize the overall throughput in a downlink IRS-NOMA

network, the researchers in [97] formulated a comprehensive joint optimization

problem. This problem encompassed factors such as channel assignment, the de-

coding sequence for NOMA users, reflection coefficients, and power allocation.

The influence of both coherent and random phase shift designs on the outage

performance of a downlink IRS-NOMA network was stUEied in [98].

For ensuring equitable treatment of users, the authors of [99] embarked on maxi-

mizing the Signal-to-Interference-plus-Noise Ratio (SINR) for all users. This was

achieved through a combined optimization of the phase-shift matrix at the IRS

and the transmit beamforming vectors at the Base Station (BS).

In the context of a downlink IRS-NOMA network, [100] examined aspects like the

outage probability (OP) and the ergodic rate (ER) of users under different succes-

sive interference cancellation (SIC) conditions, taking into account both perfect

and imperfect SIC scenarios. This investigation also considered a 1-bit coding

scheme.

4.3 System and channel models

In what follows, we consider an IRS-aided NOMA system. As shown in Fig. , it

consists of a single-antenna base station (BS) and two single-antenna user equip-

ments (UEs), referred to as N and F. The UE labeled N is located at the center of

the cell and can establish a direct communication link with the BS. On the other

hand, the UE labeled F is situated at the cell edge, which presents challenges for

direct communication with the BS due to factors such as long distances and obs-

tructing objects.

The UE labeled N is located at the center of the cell and can establish a direct

communication link with the BS. On the other hand, the UE labeled F is situated

at the cell edge, which presents challenges for direct communication with the BS

due to factors such as long distances and obstructing objects. Therefore, the UE F

relies on the assistance of an IRS to establish communication with the BS.

34



CHAPITRE 4. WIRELESS COMMUNICATIONS ASSISTED BY HYBRID
IRSS-NOMA

Chapter 6. IRS-Aided NOMA

Figure 6.1: The System model of IRS-aided NOMA.

6.2 System Model

We consider an IRS-aided NOMA system with a single-antenna BS and two single-

antenna UDs, denoted by N and F, respectively, as shown in Figure 6.1. More

specifically, N is the cell-center UD that can communicate with the BS directly,

while F is the cell-edge UD that needs help from an IRS for communications since

there is no direct link between the BS and F due to long distance and block-

ing objects. The IRS has K reflecting elements, and its reflection-coefficient ma-

trix is denoted by Θ = diag
(
β1e

jθ1 , β2e
jθ2 , . . . , βKe

jθK
)
, where βk ∈ [0, 1] is the

amplitude-reflection coefficient and θk ∈ [0, 2π) is the phase-shift variable of the

kth element that can be adjusted by the IRS (k = 1, 2, . . . , K).

6.2.1 Channel Model

All channels experience quasi-static flat fading, and the CSI of all channels is

assumed to be perfectly known by the BS [148–151]. In particular, several channel

estimation schemes for IRS-assisted systems have been proposed to acquire accurate

95

FIGURE 4.1 – The tow UEs IRS-Assisted NOMA System we have considered in

this chapter [2].

The IRS has K reflective elements and its reflection coefficient matrix is denoted

Θ = diag
(
ζ1ejθ1 , ζ2ejθ2 , . . . , ζKejθK

)
, where ζk ∈ [0, 1] is the amplitude reflection

coefficient and θk ∈ [0, 2π) is the phase shift variable of the kth element which

can be adjusted by the IRS (k = 1, 2, ..., K)[2].

Both direct and reflective channels experience quasi-static flat fading, and the

CSI of all channels is assumed to be perfectly known by the BS [101] , [98]. In par-

ticular, several channel estimation schemes for IRS-assisted systems have been

proposed to acquire accurate CSIs [102], [80],[103]. The link between the BS and

N is assumed to be NLoS because it is a link between the BS and the UE on the

ground. Therefore, the small-scale fading between BS and N follows the Ray-

leigh fading model and is denoted h ∼ CN (0, 1), where CN (0, 1) is the complex

Gaussian distribution. BS-IRS and IRS-F links can be LoS or NLoS for different

scenarios. Due to the large path loss, signals that are reflected by the IRS twice

or more are ignored. The small-scale fading vector between the BS and the IRS is

denoted G ∈ C1×K . The small-scale fading vector between IRS and F is denoted
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g ∈ CK×1. In particular, these are G = [G1, G2, . . . , GK] and g = [g1, g2, . . . , gK]
T,

respectively. All elements of G and g follow the Nakagami-m fading pattern with

fading parameters, mG and mg , respectively. In particular, it is NLoS for mG = 1

and is LoS for mG > 1 (G ∈ {G, g}) [2].

For the uplink scenario, the signal received at the BS is given by [2]

y = hd−
αh
2

N

√
Pusu

1 + GΘgd−
αG
2

F1 d−
αg
2

F2

√
Pusu

2 + n, (4.1)

where Pu denotes the transmit power of each UE, su
1 and su

2 denote signals trans-

mitted from N and F, respectively, and n denotes the AWGN at the BS with va-

riance σ2. At BS, the signal from N is first decoded considering the signal from F

as interference, and the corresponding SINR is given by [2]

SINRu
N =

|h|2d−αh
N

|GΘg|2d−αG
F1 d−αg

F2 + 1/ρ′
, (4.2)

where ρ′ = Pu/σ2 denotes the transmission SNR of each UD. After performing

the SIC, the signal of F is detected with the SNR given by [2]

SNRu
F = |GΘg|2d−αG

F1 d−αg
F2 ρ′ (4.3)

When considering the downlink scenario, the BS transmits the signal x =
√

α1Pbsd
1 +√

α2Pbsd
2, where Pb denotes the transmission power of the BS, sd

1 and sd
2 denote the

signals transmitted to N and F, respectively, and α1 and α2 represent the power al-

location coefficients for N and F, respectively (α1 + α2 = 1). Note that we assume

that the power sharing is fixed between two UEs and that we define α1 < α2 for

user equity. The signals received at N and F are given by [2]

yN = hd−
ah
2

N x + n1 (4.4)

and

yF =

(
GΘgd−

α1
2

F1
d−

α2
2

F2

)
x + n2, (4.5)

respectively, where dN and dF1 denote the distances between the BS and N and

the IRS, respectively, dF2 denotes the distance from the IRS to F, αh, αG, and αg

denotes the path loss exponents for BS-N, BS -IRS, and IRS-F links, respectively,

and n1 and n2 denote the AWGNs at N and F, respectively, with the same variance

σ2
n∗ .

36



CHAPITRE 4. WIRELESS COMMUNICATIONS ASSISTED BY HYBRID
IRSS-NOMA

At N, the signal of F is detected first, and the corresponding SINR is given by [2]

SINRd
N,F =

|h|2d−αh
N α2

|h|2d−αh
N α1 + 1/ρ

(4.6)

where ρ = Pb/σ2
n denotes the transmission SNR of the BS. After implementation

of the SIC, the signal of N is decoded, and the corresponding SNR is given by [2]

SNRd
N = |h|2d−αh

N α1ρ. (4.7)

At F, its signal is decoded directly considering N’s signal as interference, and its

SINR is given by [2]

SINRd
F =

|GΘg|2d−αG
F1 d−αg

F2 α2

|GΘg|2d−αG
F1 d−αg

F2 α1 + 1/ρ
(4.8)

4.3.1 Adjusting the IRS unit’s parameters

The goal here is to provide the best channel quality to F by adjusting the IRS

settings. That is,

maximize |GΘg| =
∣∣∣∑K

k=1 βkGkgkejθk

∣∣∣,

where Gk and gk are the kth element of G and g respectively . This can be achie-

ved by intelligently adjusting the phase shift variable θk for each element, i.e.

the phases of all Gkgkejθk are set to be the same. Therefore, there is not only one

solution for {θk} (k = 1, 2, . . . , K), and the generalized solution is given by

θk = θ̃ − arg (Gkgk),

where θ̃ is an arbitrary constant ranging in [0, 2π) . After adopting the optimal

{θk}, we have [2]

|GΘg|2 = β2

(
K

∑
k=1
|Gk| |gk|

)2

(4.9)

where we assume that βk = β, ∀k without loss of generality.
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4.4 The system’s outage probability

4.4.1 Downlink scenario

For the fixed rate transmission system, outage probability is a widely used metric

to measure system performance. The outage probabilities of N and F are given by

[2]

Pd
N = 1− Pr

(
SINRd

N,F ≥ γ̃F, SNRd
N ≥ γ̃N

)
(4.10)

and

Pd
F = Pr

(
SINRd

F < γ̃F

)
, (4.11)

respectively, where γ̃N = 2R̃N − 1 and γ̃F = 2R̃F − 1 with R̃N and R̃F being the

target rates of N and F, respectively.

In the downlink of the IRS-assisted NOMA system under consideration, the ou-

tage probabilities of users N and F can be expressed as follows : [2]

Pd
N = 1− e−ρ̃m (4.12)

and

Pd
F ≈ e−

λ
2

∞

∑
i=0

λiγ
(

i + 1
2 , ρ̃

2

)

i!2iΓ
(

i + 1
2

) (4.13)

respectively, where ρ̃m = max
{

γ̃F
(α2−α1γ̃F)aρ

, γ̃N
aα1ρ

}
and ρ̃ = γ̃F

(α2−α1γ̃F)b rho with a =

d−αh
N and b = Kβ2(1− ξ)d−αG

F1 d−αg
F2 . Note that when we define power allocation

coefficients, we must ensure that α2 − α1γ̃F > 0.

4.4.2 Uplink scenario

The outage probabilities of N and F are given by [2]

Pu
N = Pr (SINRu

N < γ̃N) , (4.14)

and

Pu
F = 1− Pr (SINRu

N ≥ γ̃N, SNRu
F ≥ γ̃F) , (4.15)

respectively. In the IRS-assisted NOMA system considered here, the outage pro-

babilities of N and F for the uplink are given by [2]

Pu
N ≈ 1− e

−
˜̃NN
aρ′ −

λ
2

∞

∑
i=0

λi

i!22i+ 1
2

(
bγ̃N

a + 1
2

)i+ 1
2

(4.16)
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and

Pu
F ≈ 1− e

− γ̃N
aρ′ −

λ
2

∞

∑
i=0

λiΓ
(

i + 1
2 , γ̃N γ̃F

aρ′ + γ̃F
2bρ′

)

i!22i+ 1
2

(
bγ̃N

a + 1
2

)i+ 1
2 Γ
(

i + 1
2

) (4.17)

respectively, where Γ(·, ·) is the upper incomplete gamma function.
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5
Simulations and Results

In this chapter, we provide the simulation results for the performance evaluation of a two-

user NOMA downlink network. We first illustrate the principles of successive cancel-

lation (SC) and successive interference cancellation (SIC) through numerical examples

which will be represented graphically. Then, we analyze the performance of downlink

NOMA in terms of various metrics such as bit error rate (BER), achievable capacity,

and outage probability. These simulations are conducted considering two different chan-

nel types : the AWGN channel and the Rayleigh fading channel. Finally, we analyze the

outage probability of an uplink IRS-aided NOMA network.

5.1 Illustrating the SC and SIC functioning through

numerical examples

In Section 2.3, we highlighted that superposition coding (SC) and successive in-

terference cancellation (SIC) stand out as the two pivotal technologies enabling

NOMA. In the subsequent parts of this section, we will delve into a numerical

exposition of these two techniques.

Here, we consider two user equipment (UE1 and UE2) which communicate si-

multaneously using the same frequency with the BS. Let x1 denote UE1’s data

and x2 denote UE2’s data. The principle of SC is shown in Fig.5.1.

The UE’s data (x1 and x2) are first BPSK modulated (x1m and x2m) before being

given different power allocations (a1 and a2). The superposition coded signal xSC

is then given by

xSC =
√

a1x1m +
√

a2x2m, (5.1)
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FIGURE 5.1 – The principle of SC

with a1 + a2 = 1.

As an illustrative example, let us assume that each UE has just 4 bits of data

to send. This assumption is far from reality, but is sufficient to understand the

basic working of NOMA. Let x1 = 1010 and x2= 0110. a1=0.75 and a2=0.25. x1

and x2 are graphically represented in Fig. 5.2. x1 and x2 must first undergo digital

modulation before transmission. Let’s consider BPSK modulation which maps 0’s

to -1’s and 1’s to +1’s. After BPSK modulation, the mapped versions of x1 and x2

are shown Fig. 5.3.

We then need to scale x1 and x2 with
√

a1 and
√

a2, respectively. The result is

shown in Fig. 5.4 .

Finally, the superposition coded signal xSC is plotted in the Fig. 5.5 .

Newt, we will see how SIC is carried out to decode the superposition coded signal

xSC at the receiver side. As shown in Fig.5.6, for our simple case of a two UE

NOMA network, the steps involved in SIC are described below :

1. Directly decode xSC to get the signal that is weighed with high power (i.e.,

x1 ).

2. Multiply the signal decoded in step 1 by its corresponding weight
√

a1 and

subtract it from xSC to get
√

a2x2m.
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FIGURE 5.2 – Graphical representation of x1 and x2.
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FIGURE 5.3 – x1 and x2 after BPSK modulation.
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FIGURE 5.5 – The superposition coded signal xSC.
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3. Decode the signal obtained in step 2 to get the other signal which was mul-

tiplexed with low power (i.e.,x2 ).

5.2 Downlink NOMA

5.2.1 The bit error rate (BER)

In Fig.5.7 (where the BER as a function of the SNR is plotted), we consider the

downlink NOMA scenario, where the BS is transmits a superposition coded si-

gnal simultaneously to two UEs, using the same frequency carrier. The channel is

a Rayleigh fading channel. UE1 is the far/weak as he is far away from the trans-

mitting BS. UE2 is the near/strong user. Let d1=1000 meters and d2=500 meters,

denote their distances from the BS. Let h1 and h2 denote the channel from the BS

to the near and the far user respectively. Let’s set the power allocation factors as

α1 = 0.75 and α2 = 0.25. We can see that for both UEs, the BER decreases as we

increase the SNR. Also, UE2 outperforms UE1 in terms of BER performance.

In Fig.5.8 , we consider the downlink NOMA scenario, where the BS is transmits

a superposition coded signal simultaneously to two UEs (which are located at

equal distances from the BS), using the same frequency carrier. The channel is an

AWGN. We have plotted the BER as a function of the SNR. We clearly see that

UE2 has slightly higher BER than UE1, especially in the low SNR regime. This is

because UE2 has to do SIC. While performing SIC, UE2 must first estimate UE1’s

data from xSC. If this estimate is wrong, then, this error will reflect in the decoding
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FIGURE 5.7 – The BER performance of a two UEs downlink NOMA network in a

Rayleigh fading channel
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FIGURE 5.8 – The BER performance of a two UEs downlink NOMA network in

an AWGN channel.
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of its own information because the wrong data would be subtracted from xSC. In

other words, UE2 must decode both UE1’s data and its own data correctly. Any

error in decoding UE1’s data or its own data will impact its BER. That is why UE2

experiences higher BER than UE1.

5.2.2 The achievable capacity

Lets consider the same system model and parameters as in Fig.5.7. In Fig.5.9, we

have plotted the achievable capacity of a downlink NOMA network in a Rayleigh

fading channel. We can see that UE1’s achievable capacity increases slowly, then

stabilizes starting 30 dBm. UE2’s achievable capacity increase without limit with

the increase of the SNR, and it is much higher than that of UE1.

5.2.3 The outage probability

Lets consider the same system model and parameters as in Fig.5.7. In Fig.5.10,

we have plotted the outage probability of a downlink NOMA network in a Ray-

leigh fading channel. We can clearly see that for both UEs, the OP decrease as we

increase the SNR. The OP of UE2 is lower that that of UE2.

5.3 Uplink IRS-assisted NOMA

In this section, we consider a NOMA uplink with two single-antenna UEs, assis-

ted by an N-elements IRS. At the BS (also single-antenna), the overall received

signal from both the direct and reflection links is given by

y =
2

∑
i=1

(√
ℓhi hi +

√
ℓhBSℓgi

N

∑
n=1

ejϕn hBS,ngi,n

)
√

Pixi + w. (5.2)

where hi ∈ C, hBS ∈ CN, and gi ∈ CN are the small-scale fading coefficients

of the UE-BS, BS-IRS, and UE-IRS links, respectively. hBS,n and gi,n are the nth-

elements of hBS and gi, respectively. The parameters ℓhi , ℓhBS and ℓgi are the path-

losses across the previous links. Pi and xi are the transmit power and signal of

the ith-UE. w is the AWGN at the BS with zero mean and variance Pw. For all the

reflective elements of the IRS, the amplitude reflection coefficient is set to 1. ϕn is

the phase shift applied at the nth-element of the IRS unit. The links are assumed

to undergo a Rayleigh fading.
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FIGURE 5.9 – The achievable capacity of a two UEs downlink NOMA network in

a Rayleigh fading channel
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FIGURE 5.10 – The outage probability of a two UEs downlink NOMA network in

a Rayleigh fading channel
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Fig. 5.11 shows the OP as a function of the threshold λth for transmit powers of

20 and 30 dBm, respectively. We point out that UE2 (which has a random phase-

shifting configuration) does not benefit from the increase of the number of the

IRS elements N. The reason for this is that the spatial degree of freedom offered

by the IRS cannot be exploited in a random phase-shifting scheme. In the case of

UE1, the outage threshold required to achieve a given OP raises as N increases.

Indeed, for a Pout = 10−4, λth raises 5 dB as N increases form 16 to 128 for both

values of P. Higher rates are achieved in Fig. 5.11b, where the transmit power is

increased to P = 30 dBm.
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FIGURE 5.11 – OP vs the outage threshold λth.
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Conclusion and perspectives

In this thesis, we have carried out a study on uplink-NOMA transmission assisted

by reconfigurable smart surfaces.

First, the principles of NOMA networks and IRS-assisted transmission systems

were studied. The performances of NOMA and IRSs-NOMA were analyzed in

terms of bit error rate (BER), achievable capacity, and outage probability.

This work highlights the power of NOMA systems assisted by IRSs.

While this thesis and other related works have made significant contributions to

hybrid IRS-NOMA systems, several challenges still await resolution. Given that

this work examines a single-IRS aided NOMA/OMA network, it’s worthwhile to

explore a multiple-IRS version wherein each User Equipment (UE) is served by a

dedicated IRS. This could potentially enhance received signal quality and merits

investigation in future research.

Another promising avenue is dividing the IRS unit into two segments, each cate-

ring to a UE in a coherent manner. A compelling question to answer here would

be the determination of the optimal splitting ratio.

In this study, our focus has been on jointly controlling the IRS unit’s parameters,

especially the phase shifts, for both UEs. This was carried out by assuming perfect

Channel State Information (CSI) availability at both the Base Station (BS) and the

IRS unit’s controller. Exploring the impact of imperfect CSI estimation on the ove-

rall system performance constitutes yet another intriguing research direction.
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Abstract

The utilization of intelligent reflecting surfaces (IRSs) offers a cost-effective and energy/s-

pectral efficient approach to enhance reception reliability and data rates for mobile users by

intelligently adapting their propagation environment. Similarly, Non-orthogonal multiple-

access (NOMA) is a dynamic multiple-access technique that enables efficient sharing of

the available spectrum among mobile users. NOMA aids in reducing access latency, in-

creasing spectral efficiency (SE), supporting greater connectivity, and improving user

fairness.

This research focuses on the integration of these two technologies, known as IRS-aided

NOMA, and investigates its performance in terms of outage probability.

Keywords : spectral/energy efficiency, 5G, OMA/NOMA, IRS-NOMA.



ص:خ ُلُ مُ   
( نهجًا فعالًً من حيث التكلفة وفعالًً في استخدام الطاقة / الطيف  IRSيوفر استخدام الأسطح العاكسة الذكية ) 

لمستخدمين المتنقلين من خلال تكييف بيئة الًنتشار الخاصة  لتعزيز موثوقية الًستقبال ومعدلًت البيانات ل 

 بهم بذكاء. 

( هو أسلوب ديناميكي متعدد الوصول يتيح المشاركة  NOMAوبالمثل ، فإن الوصول المتعدد غير المتعامد ) 

  في تقليل زمن الوصول ، وزيادة كفاءة   NOMAالفعالة للطيف المتاح بين مستخدمي الهاتف المحمول. تساعد  

كبر ، وتحسين عدالة المستخدم. SEالطيف )   ( ، ودعم اتصال أ

، ويتحقق من أدائها من    IRSبمساعدة    NOMAيركز هذا البحث على تكامل هاتين التقنيتين ، والمعروفين باسم  

 حيث احتمالية الًنقطاع. 

Résumé

L’utilisation de surfaces réfléchissantes intelligentes (IRS) offre une approche rentable et

économe en énergie/spectrale pour améliorer la fiabilité de la réception et les débits de

données pour les utilisateurs mobiles en adaptant intelligemment leur environnement

de propagation. De même, l’accès multiple non orthogonal (NOMA) est une technique

d’accès multiple dynamique qui permet un partage efficace du spectre disponible entre

les utilisateurs mobiles. NOMA aide à réduire la latence d’accès, à augmenter l’efficacité

spectrale (SE), à prendre en charge une plus grande connectivité et à améliorer l’équité

des utilisateurs.

Cette recherche se concentre sur l’intégration de ces deux technologies, connues sous le

nom de NOMA assisté par IRS, et étudie ses performances en termes de probabilité d’ou-

tage.
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