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Abstract

Reconfigurable intelligent surface (RIS) is a promising technology for wireless commu-
nications applications. A RIS is a thin planar array that consists of multiple reflecting
elements, each of which is connected to a tunable chip and can induce a controllable
reflection coefficient to the incident signal. The RIS is a nearly passive unit as it only
leverages the reflection on its elements and it does not consume any power for trans-
mission. Furthermore, RISs can actively control the propagation channel, by accurately
tuning the reflection coefficients of their elements to fit a specific need. The advantage of
the RIS arises in creating energy-efficient smart radio environments wherein the wireless
channel becomes an optimization variable. In this thesis, we study some of the potential
applications and deployments for the RIS in wireless communications.

First, the multiple-input multiple-output channel matrix in line-of-sight (LoS) envi-
ronments turns out to be rank deficient such that spatial multiplexing becomes unattain-
able. Thus, we exploit the RISs to create additional degrees of freedom by synthesizing
a sort of multi-path propagation. Then, we optimize the transmit covariance matrix
and the reflection coefficients of the RISs using an alternating optimization algorithm to
maximize the achievable rate. Alternatively, we propose different schemes to enhance the
composite channel power which would result in an improvement to the achievable rate.

Second, we characterize the efficient regions of RIS deployments with single and multi-
ple antenna systems in Rician fading channels. We show that in RIS-aided single antenna
systems, near RIS deployments relative to the transmitter or receiver are always better
than far deployments. Moreover, we show that in RIS-aided multiple antenna systems,
the efficient regions of operations are highly dependent on the propagation environment
itself. In LoS environments, both the near and far deployments can result in substan-
tial achievable rate gains. However, as the channel becomes richer with multipath, near
deployments gradually become more efficient than the far deployments.

Third, we propose the RIS to act as an access point for information transfer by
exploiting the polarization control ability of the RIS. In particular, the RIS alternates
the polarization state of the reflected waves to perform conventional as well as differential
polarization shift keying (PolSK) modulation schemes. In RIS-aided conventional PolSK,
two different schemes are proposed. In the first scheme, the receiver corrects for the
polarization mismatch loss that occurs in the wireless channel. In the second scheme,
the RIS additionally pre-codes the reflected wave to compensate for the polarization
mismatch. In RIS-aided differential PolSK, the detection process is independent of the
polarization mismatch. Thus, there is no need for a polarization mismatch compensation
process by either the receiver or the RIS.

v



vi



Contents
Part I 1

Chapter 1 – Introduction 3
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Papers included in the thesis . . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter 2 – Fundamentals of Reconfigurable Intelligent Surfaces 7
2.1 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Electromagnetic functions . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Practical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.5 Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Chapter 3 – Background of the Research Topics 17
3.1 RIS enriched propagation environment . . . . . . . . . . . . . . . . . . . 17
3.2 Impact of RIS placements . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 RIS for polarization modulation . . . . . . . . . . . . . . . . . . . . . . . 23

Chapter 4 – Future Work 27

References 29

Part II 35

Paper A 37
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3 Distributed IRSs-Aided Point-to-Point MIMO . . . . . . . . . . . . . . . 43
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Paper B 53
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2 IRS-Aided SISO Communication . . . . . . . . . . . . . . . . . . . . . . 56
3 Achievable Rate of IRS Aided SISO Communication . . . . . . . . . . . 58
4 IRS-Aided MIMO Communication . . . . . . . . . . . . . . . . . . . . . 61
5 Achievable Rate of IRS-Aided MIMO Communication . . . . . . . . . . . 63

vii



6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Paper C 69
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3 RIS Based Binary Polarization Shift Keying . . . . . . . . . . . . . . . . 74
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Paper D 83
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3 RIS Assisted DPolSK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

viii



Acknowledgments

First of all, I would like to express my gratitude to my supervisors Dr. Rickard Nilsson
and Professor Jaap van de Beek who have given me the opportunity to my early steps in
entering the world’s research community. Without their continuous support and encour-
agement, this thesis would not have been possible. Thanks to both of you for your belief
in me and for guiding me in the right direction. Your knowledge, expertise, patience and
positive attitude helped me to grow not only as a researcher but also as a person.

I would like to express my appreciation to all my current and former colleagues at the
Signal Processing Group for creating a great working environment especially Professor
Johan Carlson who helped me with the thesis template. In addition, I would like to
thank Dr. Medhat Mohamad for the fruitful research discussions on the polarization of
electromagnetic waves.

I would like to thank Professor Laura Cottatellucci for taking the time to read my
collection of papers and acting as the opponent on this thesis.

I would like to acknowledge the funding of the research work in this thesis through
the following two research projects. First, the Wireless Innovation Arena (WIA) project,
funded by the European Regional Development Fund, Region Norrbotten, and Lule̊a
municipality. Second, the Arctic 5G Test Network (A5GTN) project, funded by the EU
Interreg Nord Program, Region Norrbotten, and Lapin Liitto.

Finally, I would like to thank my family for their constant love, encouragement, and
limitless support throughout my life.

Emad Ibrahim
Lule̊a, February 2022

ix



x



Part I

1



2



Chapter 1

Introduction

1.1 Motivation

In the first five generations of wireless communication, the propagation environment has
been seen as an uncontrollable component in the whole communication process. The
propagation environment is naturally imposed from the physical objects surrounded by
the transmitter and receiver which form the wireless channel by altering the electromag-
netic (EM) waves between them. During the entire evolution of wireless communication
technologies, the main interest was in developing sophisticated techniques at the trans-
mitter and receiver just to compensate for the effects of the propagation environment
such as attenuation, shadowing, fading, etc. The concept of turning the propagation
environment itself into an optimization variable, same as the transmitter and receiver,
creates a smart radio environment as shown in Figure 1.1 which may emerge cutting edge
solutions for the fundamental limitations in wireless communication.

A reconfigurable intelligent surface (RIS) is introduced as the key enabler for creating
smart radio environments. A RIS is an inexpensive planar surface that is composed
of multiple identical elements whose EM properties can be independently reconfigured.

Propagation

Environment(H)
Tx Rx

Joint
Optimization
f (H,Tx,Rx)

Figure 1.1: Smart radio environment.
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4 Introduction

These elements are based on low power tunable electronic circuits which are capable of re-
engineering the impinging radio waves in real-time by manipulating their characteristics
to fulfil particular functions. The RIS can create different operations for the EM waves
such as wave steering, blocking, splitting, polarizing, and many others. Furthermore, a
RIS is a highly energy-efficient unit as it doesn’t consume any power for transmission,
but it solely leverages the impinging radio waves to achieve a specific need. Moreover,
it requires minimal signal processing capabilities to configure the tunable elements. The
RIS is introduced as a new player to the whole communication process which may provide
several solutions for the limitations that exist in the wireless channel and emerge new
applications which have never existed with classical wireless communication systems.

Therefore, in this thesis, we study three different topics related to RIS motivated by its
EM potentials as well as the opportunities that it may emerge for wireless communication.
In particular, we use distributed RISs to create multiple degrees of freedom for multiple-
input multiple-output (MIMO) communications in a line of sight (LoS) environment.
Then, we study the effect of the position of the RIS, relative to the transmitter and
receiver, on the achievable rate for both single and multiple antenna systems, in addition,
we highlighted the optimum placement of the RIS for both systems. After that, we
propose two novel RIS-aided modulation schemes where the RIS is deployed to act as an
access point for information transmission. In particular, the RIS performs conventional
as well as differential polarization shift keying modulation schemes by manipulating the
polarization state of the reflected waves.

1.2 Thesis outline

This thesis consists of two parts. Part I contains four chapters, where Chapter 1 describes
the motivation of our work, thesis outline, and the information of the paper included in
this thesis. In Chapter 2, we present the fundamentals of RIS where we highlight the
possible applications and challenges of the RIS in wireless communication. In Chap-
ter 3, the background behind the research problems we tackle in Part II is presented,
whereas Chapter 4 presents future work. In Part II, the publications which constitute
the backbone of our work are presented.

1.3 Papers included in the thesis

The following four papers [1–4] are included in Part II of this thesis.

Paper A: Intelligent Reflecting Surfaces for MIMO Communications in LoS
Environments

Authored by: Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Published in: IEEE Wireless Communications and Networking Conference (WCNC), pp.
1-6, March 2021.
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Abstract: In line-of-sight (LoS) environments, point-to-point (P2P) multiple-input
multiple-output (MIMO) channel matrix turns out to be rank deficient such that spatial
multiplexing becomes unattainable. In this paper, we propose the deployment of dis-
tributed intelligent reflecting surfaces (IRSs) to act as artificial scatterers and synthesize
a sort of multi-path propagation such that additional degrees of freedom are created. We
show that given the far-field deployment of the IRS, it simply resembles a full-duplex
relay with a single effective reflection coefficient. However, to maximize the channel ca-
pacity both the effective reflection coefficients of all IRSs and the transmit covariance
matrix should be jointly optimized, which is a non-convex optimization problem. Thus,
we develop an alternating optimization algorithm to iteratively find a sub-optimal solu-
tion. Moreover, we propose different schemes to enhance the composite channel power
which would result in an improvement to the achievable rate. Our simulation results show
that the deployment of distributed IRSs with P2P MIMO systems in LoS environments
increases the rank of the channel matrix, and improves the achievable rate by making
spatial multiplexing possible.

Paper B: On the Position of Intelligent Reflecting Surfaces

Authored by: Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Published in: 2021 Joint European Conference on Networks and Communications & 6G
Summit (EuCNC/6G Summit), pp. 66-71, June 2021.

Abstract: We study the positional impact of an intelligent reflecting surface (IRS) on
the achievable rate for single and multiple antenna systems. We show that in IRS-
aided single antenna systems, it is always best to place the IRS as close as possible
to the transmitter or receiver since the large-scale fading for IRS-reflected links is the
main factor that characterizes the performance gain. However, for IRS-aided multiple
antenna systems, the propagation environment has an important role in characterizing
the efficient regions of IRS placement. In the case of a line-of-sight environment, the
channel matrix turns out to be rank-deficient. Thus, both far and near IRS placements
result in significant achievable rate improvements where the former provides a substantial
additional degree-of-freedom, while the latter results in a power gain. Furthermore, as the
wireless channel becomes richer with multipath, the rank of the channel matrix increases.
Thus, the efficient far placement regions gradually shrink until they disappear in the case
of a Rayleigh fading channel where IRS near placements become more efficient than far
placements as they result in higher power gains.

Paper C: Binary Polarization Shift Keying with Reconfigurable Intelligent
Surfaces

Authored by: Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Accepted in: IEEE Wireless Communications Letters, pp. 1-5, 2022.

Abstract: We propose a novel binary polarization shift keying modulation scheme for
a line-of-sight environment by exploiting the polarization control ability of the reconfig-
urable intelligent surface (RIS). The RIS encodes the information data in terms of the



6 Introduction

polarization states of either the reflected wave from the RIS or the composite wireless
channel between an RF source and receiver. In the first case, polarization mismatch
correction becomes essential at the receiver. In the second case, the RIS pre-codes the
reflected wave to compensate for the polarization mismatch which allows non-coherent
demodulation at the receiver.

Paper D: Differential Polarization Shift Keying Through Reconfigurable In-
telligent Surfaces

Authored by: Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Submitted to: IEEE Communications Letters, pp. 1-4, Jan. 2022.

Abstract: We propose a novel reconfigurable intelligent surface (RIS)-aided differential
polarization shift keying modulation scheme for a line-of-sight environment. In this
scheme, the RIS exploits the state of polarization (SoP) of the reflected waves over two
successive reflection frames to encode the data bit. In particular, the RIS either preserves
the SoP of the reflected wave similar to the previous reflection frame or switches it to
another orthogonal SoP as a function of the information data bits. The proposed scheme
allows non-coherent data detection without the need for polarization mismatch estimation
and compensation processes at the receiver.



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

S
m

art

C
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tr
oll

er

PCB substrate

Unit cell

Tunable chip

Figure 2.1: The architecture of RIS.
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8 Fundamentals of Reconfigurable Intelligent Surfaces

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 properties that don’t exist in natural materials [5]. That
is why the RIS is widely known as a meta-surface, in addition to other names such
as intelligent reflecting surface, large intelligent surface, digitally controllable scatterers,
and software controllable surface. On the other hand, the unit-cell is known as a meta-
atom, reflecting element, and scattering element. The unit cell can be conceptually
realized as a sub-wavelength metallic or dielectric scattering particle such as a small
antenna that is connected to tunable electronics circuits as positive intrinsic negative
(PIN) diodes, varactors, or microelectromechanical system (MEMS) switches [6]. The
tunable electronic circuits are responsible for the configuration of the unit cell’s response
towards the incident EM waves. The EM wave manipulation capability of the RIS resides
mainly in controlling the reflection coefficient of each unit cell to the impinging waves.

The reflection coefficient of the unit cell is commonly alternated by controlling the
load impedance connected to the reflecting element [7]. For instance, in the case of
having a PIN diode as a tunable chip for each element. Then the PIN diode can be
switched between on and off states by controlling its bias voltage which will vary the
load impedance connected to the element between short-circuit and open-circuit. Thus,
generating a π phase shift difference for the reflection coefficient between the on and
off. Furthermore, for the sake of full phase shift control, multiple PIN diodes or a
varactor can be connected to each unit cell which will allow multiple choices or continuous
configuration for the connected load impedance. Moreover, the amplitude of the reflection
coefficient can be configured by attaching a variable resistor load to each unit cell which
will control the energy dissipated portion of the incident wave in the unit cell [8].

Moreover, a major advantage of the RIS is that it is a highly energy-efficient unit
as it doesn’t have any power amplifier, radio frequency (RF) chain, or complex signal
processing capabilities. That is why the RIS is widely known for nearly-passive RIS as it
doesn’t consume any power for transmission and the main energy is used in the control
process of the tunable circuits to alternate the impinging wave. However, active RIS
which can additionally amplify the impinging radio waves are possible by integrating
amplifiers to the unit cells [9] which may be practically costly and energy inefficient.

2.2 Electromagnetic functions

The RIS can be configured to support multiple functions for the incident EM waves. In
Figure 2.2, we discuss some of the possible functions of the RIS:

� Reflection: The RIS is configured such that the incident EM wave is reflected
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 [10].

� Refraction: The RIS refracts the impinging waves towards a specified direction.
However, in this scenario, the RIS is commonly manufactured from unobstructed
material towards EM waves such as a glass substrate [11].
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Reflection Refraction Focusing

Splitting Absorption Polarization

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
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L1

C

L2

R

Incident wave

Reflected wave

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
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Figure 2.4: Amplitude versus phase shift of a unit cell.

of 2π. However, the amplitude of the reflection coefficient also varies where the minimum
amplitude occurs in the case of zero phase shift and the maximum amplitude occurs in
the case of approximately −π and π phase shifts.

Moreover, to study the response of the RIS towards a wideband signal, in Figure 2.5
and Figure 2.6 the amplitude and phase of the unit cell’s reflection coefficient are plotted
against the signal frequency, respectively, where the variable capacitance is adjusted
to achieve a phase shift denoted by arg (Γc) at the center frequency of 2.4 GHz for a
wideband signal of 0.8 GHz bandwidth. It is clear that the response of the RIS, in terms
of the amplitude and phase induced by the unit cell, towards an impinging wave varies
with the frequency. Thus, the RIS results in dispersion to the wideband signal since the
signals of different frequencies exhibit different reflection coefficients.

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
0

0.2

0.4

0.6

0.8

1

Figure 2.5: Amplitude versus the frequency of the impinging signal for a unit cell that
induces arg (Γc) phase shift at 2.4 GHz.
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2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
-

- /2

0

/2

Figure 2.6: Phase shift versus the frequency of the impinging signal for a unit cell that
induces arg (Γc) phase shift at 2.4 GHz.

2.4 Applications

In this section, we briefly describe some of the possible applications which mainly solve
fundamental limitations in classical wireless communications and emerge new technolo-
gies by shaping the radio environment. Conventionally, in these use cases, the RIS is
tuned to solve a certain optimization problem depending on the performance metric of
interest in each use case. Thus, these applications not only exploit the EM functions of
the RIS, which are previously described in section 2.2, but also may go beyond them.

(a) Coverage enhancement: A RIS can be deployed to create artificial links be-
tween the base station (BS) and users who suffer from low received signal strength
or blockage [20,21], as shown in Figure 2.7a. This application could offer a promis-
ing solution for coverage extension especially for millimetre wave (mmwave) and
terahertz communications which are vulnerable to blockage by obstacles.

(b) Simultaneous information and wireless power transfer: A RIS exploits its
high beam-focusing capabilities to steer the impinging waves towards power-hungry
devices for the purpose of providing both information and power transfer [22, 23].
This application could be a promising solution for several areas such as Internet-
of-things (IoT) and sensor networks.

(c) Physical layer security: A RIS is deployed to intentionally deteriorate the signal
detected by eavesdroppers. This can be achieved by tuning the RIS such as the
reflected links through it are added destructively to the signal of the legitimate user
at the eavesdropper’s receiver which may decrease information leakage [24, 25], as
shown in Figure 2.7b.

(d) Positioning: In this use case, the pencil-like beams which can be formed in three-
dimensional space using large RISs are utilized to accurately estimate the position
of terminals [26, 27]. This could be a promising application especially for indoor



2.4. Applications 13

BS

User

B
lo
ck
in
g

ob
je
ct

(a) Coverage enhancement BS

Eavesdropper

+

=

(b) Physical layer security

Tx Rx

(c) Rank improvement

BS1 BS2

(d) Assist cell edge users

Tx1

Tx2

Rx1

Rx2

(e) Massive D2D communications (f) ModulationRF Src. Rx

Info.
Src.

011..

Figure 2.7: Applications of RIS.
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localization where the conventional global positioning systems typically fail because
of the high sensitivity of satellite signals to blockage.

(e) Rank improvement: In LoS environments, the MIMO channel matrix turns out
to be rank deficient such that spatial multiplexing becomes unattainable. Thus,
the deployment of distributed RISs to act as artificial scatterers and synthesize a
sort of multi-path propagation such that additional degrees of freedom are created
can solve this fundamental limitation [1, 28,29], as shown in Figure 2.7c.

(f) RIS-assisted cell edge users: A RIS can be deployed on the cell edges to serve
users who conventionally suffer from both high signal attenuation from their serving
BS and high interference from the neighbour BSs. In this scenario, the reflected
signal from the RIS are added constructively at the intended users, to create a
signal hotspot, and destructively at the unintended users to form an interference
free region [30], as shown in Figure 2.7d.

(g) RIS-assisted massive device to device (D2D) communications: In this
scenario, the RIS is deployed to act as a reflection hub to serve the communications
between a massive number of low power devices where the reflected signals are
added constructively at the desired user and destructively at undesired users [31,32],
as shown in Figure 2.7e.

(h) RIS-assisted modulation: A promising application for the RIS is to serve as
an access point for information transmission. In this case, the RIS exploits an
ambient or dedicated RF source for information encoding where the RIS alternates
a certain characteristic in the reflected signal to encode the information data such
as its amplitude, phase, or polarization [3, 4, 33, 34], as shown in Figure 2.7f.

2.5 Challenges

In this section, we briefly describe some of the main challenges that may face the potential
gains of RIS in wireless communications applications.

2.5.1 Channel estimation

Channel estimation represents a fundamental bottleneck against achieving performance
gains in RIS-aided wireless communications. The tuning process for the reflection coeffi-
cients of the unit cells in the RIS mainly relies on an accurate channel estimation process.
In RIS applications, the channel estimation problem is quite different and far more com-
plicated than that in traditional communications. Because in this scenario, two more
channel estimates are needed which are the channel between the RIS and BS and the
channel between the RIS and user, in addition to the direct channel between the BS and
user. Moreover, the RIS doesn’t include any powerful signal processing capability which
increases the difficulty of the channel estimation process. The direct channel between
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the BS and user can be performed by setting the RIS into the absorption mode and then
using the traditional channel estimation techniques. However, advanced and efficient
techniques that maintain the power consumption and complexity of the RIS as low as
possible are required to conduct the estimation process for the RIS/BS and RIS/user
channels.

In this literature, depending on the hardware capabilities of the RIS, different tech-
niques can be used for the estimation of RIS/BS and RIS/user channels. In the case of
nearly passive RIS which doesn’t include any RF chains and signal processing capabili-
ties, it becomes infeasible for the RIS to perform the estimation process by transmitting,
receiving and processing training signals. In [35], the authors propose a cascaded chan-
nel estimation technique where a single element is turned on at each time, while all the
other elements are turned off. Then, by transmitting a pilot signal from the user, the
product of the channels of that particular element to the BS and user is estimated at the
BS. However, this method imposes a long estimation delay as the RIS typically consists
of a massive number of elements. In addition, since a single element is turned at each
time, this may degrade the channel estimation accuracy. Furthermore, the authors in [36]
introduce another approach, instead of explicitly estimating the RIS/BS and RIS/user
channels, beam training estimation technique is used where the RIS quickly sweeps the
reflection coefficients of its elements over a pre-defined codebook. Then, based on the
feedback of the user’s received signal strength, the best beam is selected for the RIS
configuration. Moreover, an alternative approach is introduced in [37] where the RIS has
some active elements that are connected to receive RF chains and baseband processing
units. Thus, in this scenario, the channels estimation at the RIS becomes feasible based
on training signals from the BS and users. Although, this may increase the complexity
and power consumption of the RIS. However, given the high channel correlation be-
tween adjacent elements in the RIS due to their sub-wavelength inter-spacing distances,
accurate estimation results with a limited number of active elements can be achieved.

2.5.2 RIS reconfiguration

In classical wireless communication, the reconfiguration of the transmitter and receiver
given the wireless channel has been extensively studied. However, in RIS-aided wireless
communication, the propagation environment itself becomes an optimization parameter
and the RIS is typically composed of a massive number of elements. Therefore, the
reconfiguration of RIS in wireless applications becomes highly non-trivial. The RIS
reconfiguration problem typically has multiple non-convex constraints which increase
the complexity of the problem. In the literature, the RIS reconfiguration problems are
usually solved by alternating optimization which may be computationally prohibitive.
Therefore, light-weight algorithms for the RIS reconfiguration are needed that are capable
of reconfiguring the propagation environment in real-time.
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2.5.3 Network optimization

When the network contains multiple BSs and is assisted with many distributed RISs to
serve a massive number of users, the real-time configuration of the entire network will be a
challenging task. In this scenario, the network consists of multiple separated components
so, to reach a global optimum over the whole network will require an enormous amount
of control signals for the resource allocation, power allocation, users’ scheduling and RISs
configuration. Thus, it becomes crucial to develop new network optimization schemes
that have reasonable computational overhead and energy consumption.



Chapter 3

Background of the Research Topics

In this chapter, we present the background of the topics that we investigate in Part II.
In Section 3.1, we discuss one of the fundamental limitations of MIMO communications
that usually occurs in LoS environments. Then, we introduce a possible solution for
this classical problem using RISs. In Section 3.2, we highlight the impact of the RIS
placement on the achievable rate when it is deployed to assist single-input single-output
(SISO) and MIMO systems. In Section 3.3, we briefly describe the polarization of the
EM wave and polarization modulation. Then, we introduce a novel application for RIS
where it is deployed to act as an access point for information transmission by alternating
the polarization state of the reflected waves to encode the information data.

3.1 RIS enriched propagation environment

MIMO communications has been widely deployed in enormous wireless standards due
to its ability for improving both the spectral efficiency and the reliability of the wireless
systems. MIMO communications, which has multiple antennas at both the transmitter
and receiver, provides additional degrees of freedom by exploiting the spatial dimension.
MIMO systems offer a valuable chance for covering high capacity demands by allowing
the spatial multiplexing of independent data streams from different transmit antennas on
the same time-frequency resource. Furthermore, MIMO systems improve the immunity
against wireless channel impairments as it additionally provides a diversity gain.

A fundamental bottleneck in MIMO communications is that the propagation envi-
ronment plays an important role in their performance. The channel capacity of a MIMO
system of nt and nr antennas at the transmitter and receiver, respectively, is defined
as [38]

C = max
[Q:tr(Q)≤P ]

log det

[
Inr +

1

σ2
HQHH

]
, (3.1)

where H ∈ Cnr×nt is the MIMO channel matrix, σ2 is the variance of the additive white
Gaussian noise, and Q ∈ Cnt×nt is the covariance matrix of the transmitted signal, while
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P is the total transmitted power and tr(·) denotes the trace operation of its entry matrix.
In the case of rich scattering environments, the channel is commonly modeled as

independent and identically distributed (i.i.d.) Rayleigh fading; accordingly, the entries
of H are modeled as ∼ NC (0, 1). Thus, the channel matrix becomes a full rank matrix
with r = min(nt, nr) non-zero singular values. Furthermore, when the channel is known
at the transmitter, the optimum covariance matrix which maximize the channel capacity
can be obtained based on the singular value decomposition of the channel matrix. In
particular, define H = UΛVH , where U ∈ Cnr×r and V ∈ Cnt×r are unitary matrices,
and Λ = diag{δ1, δ2, ..., δr}, where δi is the ith singular value of the channel matrix.
Then, the optimum covariance matrix is given by [38]

Q = Vdiag{p1 , p2 , ..., pr}VH , (3.2)

where p
i
denotes the power allocation of the ith data stream, which is optimally computed

using the water-filling algorithm as [38]

p
i

=

(
µ− σ2

δ2
i

)+

, (3.3)

where (x)+ = max(x, 0) , and µ is chosen to satisfy the total transmit power constraint∑r
i=1 pi = P . Thus, in this scenario, the channel capacity in (3.1) simplifies to [38]

C =
r∑
i=1

log

[
1 +

p
i
δ2
i

σ2

]
. (3.4)

It is clear from (3.4) that the MIMO channel in the case of a rich-scattering en-
vironment resembles r independent SISO channels which results in a beneficial spatial
multiplexing gain by allowing the transmission of independent data streams from different
transmit antennas on the same time-frequency resource.

In contrast, the situation will be different when the MIMO system is deployed in a
LoS environment, where no scatterers or reflectors exist, which is common in many rural
scenarios. In this scenario, assume that one-dimensional uniform linear arrays (ULAs)
are deployed at the transmitter and receiver. In addition, let the distance between the
transmit and receive arrays be much longer than the array lengths such that the transmit
and receive ULAs are in the far-field. Then, the MIMO channel matrix becomes [39]

Ho = ro tHo , (3.5)

where to and ro denote the transmit and receive response vectors, respectively, which are
defined as [39]

to = [1, e−jk∆t sin(φto ), ..., e−jk(nt−1)∆t sin(φto )]T ,

ro = [1, e−jk∆r sin(φro ), ..., e−jk(nr−1)∆r sin(φro )]T ,
(3.6)

where k = 2π/λc is the wavenumber and λc is the wavelength, while φto and φro denote
the angle of departure (AoD) and the angle of arrival (AoA) at the transmit and re-
ceive arrays, respectively, both angles are measured relative to the boresight of its ULA,
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Figure 3.1: Ergodic capacity for a MIMO system of nt = nr versus the number of antennas
for a rich scattering environment and a LoS environment.

whereas ∆t and ∆r denote the antenna separations in the transmitter and receiver, re-
spectively. It is clear from (3.5) that the channel matrix is a rank-one matrix with a
unique singular value: δ1 =

√
ntnr. Therefore, the capacity of MIMO channel in a LoS

environment becomes

C = log

[
1 +

Pntnr
σ2

]
. (3.7)

Thus, the benefits of the MIMO system in a LoS environment diminish to merely
a power gain as only one spatial degree of freedom exists which prevents the spatial
multiplexing gain. In Figure 3.1, the ergodic channel capacity for a MIMO system of
nt = nr is plotted against the number of antennas at an average received signal-to-
noise ratio of 15 dB for a rich scattering environment and a LoS environment. The
performance degradation in the case of the LoS environment in comparison to the case
of the rich scattering environment is clear. This highlights the fundamental limitation of
the MIMO channel in the LoS environment as spatial multiplexing becomes unattainable.

Consequently, in paper A, we propose RIS as a solution to this fundamental limitation.
In particular, we deploy distributed RISs to act as artificial scatterers and synthesize a
sort of multi-path propagation such that additional degrees of freedom are created as
shown in Figure 3.2. In this scenario, the composite channel matrix becomes

H = Ho +
L∑
l=1

Hl, (3.8)

where L is the number of RISs inserted into the environment and Hl ∈ Cnr×nt is the two-
hop channel matrix which results from the signal reflection on the lth RIS. Furthermore,
for the sake of rank improvement, we assume that all the RISs are placed far away
from both the transmitter and receiver such that the paths created by the reflections on
different RISs are very likely to have distinct spatial angles at both the transmitter and
receiver sides. Thus, the composite channel matrix in (3.8) is a summation of multiple
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Figure 3.2: Distributed RISs for enriching the LoS environment.

rank one matrices which would result in a composite channel matrix of a higher rank
given that the RISs create multi-path with distinct spatial angles at the transmitter and
receiver.

However, to maximize the channel capacity both the reflection coefficients of all the
elements in the RISs and the transmit covariance matrix should be jointly optimized,
which is a non-convex optimization problem. Thus, in paper A we develop an alternating
optimization algorithm to iteratively find a sub-optimal solution. Moreover, we suggest
different schemes to enhance the composite channel power which would result in an
improvement to the achievable rate.

3.2 Impact of RIS placements

In this section, we highlight the impact of the RIS placement on the achievable rate
when it is deployed to assist SISO and MIMO systems. The RIS position relative to
the transmitter and receiver controls two important parameters that may directly affect
the achievable rate. First, the RIS position impacts the large-scale fading of the channel
created by the RIS. Second, according to the propagation environment, the RIS posi-
tion may affect the correlation between the direct channel and the channel created by
the RIS. These two parameters are crucial in characterizing the efficient regions of RIS
deployments.

The composite link created through the RIS is formulated from multiple two-hop
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links over the elements in the RIS. In particular, the first hop links are that between the
transmitter and the elements in RIS, whereas the second hop links are that between the
elements in the RIS and the receiver. Therefore, the effective large-scale fading of the
link created between the transmitter and the receiver through a particular element in the
RIS is the product between the large-scale fading channels of the first and second hop
links [40]. Thus, by considering an RIS of M elements, the effective large-scale fading
channel through the mth element, where m = {1, 2, ...,M}, becomes

ηm = ρ1m
ρ2m

, (3.9)

where ρ1m
and ρ2m

are the large-scale fading channels of the first and second hop links
through the mth element, respectively. Moreover, the large-scale fading of each hop
link arises due to two different effects. First, the natural propagation loss depends on
the distance between the element in the RIS and the communication node (either the
transmitter or the receiver). Second, the effective area of the element that is seen from the
communication node depends on the RIS’ orientation relative to the communication node.
Thus, by considering the free-space propagation scenario, based on Friis’ formula [41],
the large-scale fading channel of the first and second hop links through the mth element
becomes

ρ
lm

=

√
alm

4πd2
lm

∀l ∈ {1, 2} , (3.10)

where alm is the effective area of the mth element that is seen from the communication
node and dlm is the distance between the mth element and the communication node. In
addition, the effective area, for an element with a physical area ∆2, becomes

alm = ∆2
[
~dlm · ~n

]
∀l ∈ {1, 2} , (3.11)

where · denotes the dot product, ~dlm ∈ R3×1 is the normalized vector that points from the
mth element to the communication node, whereas ~n ∈ R3×1 is the unit normal vector to
the two-dimensional RIS. Consequently, the effective large-scale fading channel between
the transmitter and receiver through the mth element in (3.9) simplifies to

ηm =
∆2
[
(~d1m · ~n) (~d2m · ~n)

]0.5

4πd1md2m

=
∆2εm

4πd1md2m

, (3.12)

where εm represents the normalized effective area of the mth reflecting element which
is solely dependent on the element’s orientation relative to the transmitter and receiver.
Therefore, εm can be maximized by a proper adjustment of the RIS orientation given
particular geometric locations of the transmitter and receiver. In addition to the effective
area, the propagation loss of the two-hop link through the element is inversely propor-
tional to the product of d1m and d2m as shown in (3.12). Therefore, from the large-scale
fading channel’s perspective, this imposes the RIS placement as close as possible to the
transmitter or receiver. To clarify the impact of RIS position on the large scale fad-
ing channel, in Figure 3.3, the transmitter and receiver are placed along the x-axis at
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Figure 3.3: Impact of RIS position on the large-scale fading channel.

(0, 0) m and (100, 0) m, respectively, whereas the RIS is moving parallel to the x-axis at
yris = 1 m, 10 m, and 20 m. Furthermore, the RIS orientation is adjusted to maximize
εm for each possible position by equating (~d1m · ~n) and (~d2m · ~n). Moreover, in Figure
3.4, the large scale fading channel is plotted versus the x-coordinate of the RIS for an
element of ∆2 = λ2

c/4 at f = 3 GHz, it is clear that for each yris the closer the RIS to
the transmitter or receiver the better large scale fading channel is achieved.

However, there is another impact that arises when the RIS is deployed to assist a
MIMO system depending on the richness of the propagation environment with multi-path
components. In the case of a LoS environment, the direct channel becomes a rank-one
matrix and the benefits of MIMO systems diminish to merely an array gain as shown
in section 3.1. Therefore, the deployed position of the RIS offers a trade-off between
having a power gain or creating a substantial additional degree of freedom. This trade-
off is mainly determined by the correlation between the direct channel and the channel
created by the RIS in terms of the distinction in their AoAs and AoDs [39]. Thus,
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Figure 3.4: Large-scale fading channel versus the position of the RIS.
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although far RIS placements, relative to both the transmitter and the receiver, result
in higher large-scale fading for the links via the RIS, such placements typically result in
creating a substantial additional degree of freedom rather than achieving a power gain.
In contrast, although the positioning of the RIS near the transmitter or the receiver
results in lower large-scale fading of the link via RIS, such deployments usually result
in a higher power gain rather than creating a substantial additional degree of freedom.
Furthermore, in a rich scattering environment, the channel matrix becomes full rank so
the potential gain of creating an additional degree of freedom using RIS vanishes since
the deployment of the RIS solely results in a power gain.

Therefore, in paper B, we delve deep into the impacts of RIS position on the large-
scale fading channel as well as the correlation between the direct channel and the channel
created by the RIS. Moreover, we assume Rician fading channels which allow the co-
existence of both LoS and non-LoS channels with different proportions. In the end, we
characterize the efficient regions of RIS deployments with SISO and MIMO systems in
different propagation environments.

3.3 RIS for polarization modulation

Polarization, amplitude, phase and frequency are the fundamental properties that char-
acterize any EM waves. The polarization dimension of the EM wave provides important
degrees of freedom to the wireless channel similar to the time, frequency, and space di-
mensions. In theory, the polarization dimension can provide up to six possible degrees of
freedom over the electric and magnetic field vector polarizations [42]. However, due to
the complexity in designing such a six-port antenna, in practice, two degrees of freedom
have been widely utilized using dual-polarized (DP) antennas of two orthogonal polar-
izations. Over the past decades, the polarization dimension has been widely exploited
for different technologies such as satellite communications, radar communications, and
optical fibres. However, in terrestrial wireless communications, the polarization dimen-
sion is often exploited to provide diversity gain using co-located DP antennas [43], which
are more space-efficient in comparison to the spatially separated co-polarized antennas.
Even though the polarization dimension can be also utilized in multiplexing to provide
capacity gains and in modulation to convey information.

The EM wave is formed of an electric field component and a magnetic field component
which are orthogonal to each other as well as they are orthogonal to the direction of the
propagation as shown in Figure 3.5. The polarization state of the wave describes the
orientation of the electric field relative to the direction of propagation. The electric field
component can be decomposed into any arbitrary orthogonal pairs of fields. Thus, for
a plane EM wave propagates along the z-axis, the electric field component denoted as
E (z, t) can be formulated as [44]

E (z, t) =

[
E

V
(z, t)

E
H

(z, t)

]
= Eoe

(j2πft−kz), (3.13)

where E
V

(z, t) and E
H

(z, t) are the vertical and horizontal propagating electric field
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Figure 3.5: Electric and magnetic fields of a propagating wave.

components, respectively, which represent the orthogonal pairs of fields; i.e, the fields
along the y and x axes. Moreover, Eo accounts for the static electric field which is
defined as

Eo =

[
E

V

E
H

]
=

[
α

V
ejφV

α
H
ejφH

]
, (3.14)

where α
V

and φ
V

are the amplitude and phase of the vertical component, respectively,
and correspondingly α

H
and φ

H
for the horizontal component. The polarization state

of the EM wave is corresponding to the shape of the electric field when looking along
the direction of propagation. Therefore, the EM wave is totally described using two
parameters, the first is the amplitude ratio between the complex vertical and horizontal
components as

γ = atan

(
α

V

α
H

)
γ ∈

[
0,
π

2

]
, (3.15)

while the second is their relative phase difference as

φ = φ
V
− φ

H
φ ∈ [0, 2π] , (3.16)

where φ = 0 and φ = π represent the linear polarization states, whereas γ = π/4 and
φ = π/2 represents the left hand circular polarization and γ = π/4 and φ = 3π/2
represents the right hand circular polarization, in addition, elliptical polarizations occur
for other values of γ and φ.

The Stokes vector [45] is a fundamental tool that offers an important graphical de-
scription of the state of polarization. The Stokes vector of the electric field in (3.14) is
defined as [44]

s =


s0

s1

s2

s3

 =


|E

H
|2 + |E

V
|2

|E
H
|2 − |E

V
|2

2Re{E
H
E∗

V
}

-2Im{E
H
E∗

V
}

 = s0


1

cos(2γ)
sin(2γ) cos(α)
sin(2γ) sin(α)

 , (3.17)
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where Re{·}, Im{·}, and {·}∗ denote the real part, imaginary part, and the conjugate
of their complex entries, respectively, whereas s0 represents the energy of the signal and
s̄ = [s1 , s2 , s3 ]T denotes the Stokes sub-vector which accounts for the polarization state
of the EM wave and allows the Cartesian mapping into the three-dimensional Poincaré
space. The Poincaré space offers an important geometrical interpretation of the state of
polarization. In Figure 3.6, the Poincaré sphere is shown where every possible polarization
state can be represented by a single point on the sphere. Any two polarization states
are orthogonal to each other if the line connecting them is passing through the origin.
Left and right hand circular polarizations are represented by the north and south poles
of the sphere on the s3-axis, respectively. In addition, all possible linear polarization
states fall inside the equatorial plane such that the vertical and horizontal polarizations
are indicated on s1-axis, while slant 45◦ and slant −45◦ polarizations are indicated on
s2-axis.

Polarization modulation exploits the polarization dimension of the EM wave to carry
the information data bits. Conventionally, in traditional modulation schemes, the ampli-
tude, phase and frequency are exploited to convey information bits by representing the
modulated symbols as points on a two-dimensional constellation diagram. In contrast,
in polarization modulation, the polarization states of the EM waves are utilized to en-
code the modulated symbols on a three-dimensional constellation which is the Poincaré
sphere. For instance, in Figure 3.7, three different constellations of eight-level polariza-
tion modulation scheme are shown where the symbols are distributed as distinct states of
polarization on the Poincaré sphere. A major advantage of the polarization modulation
over the traditional modulation schemes is that the polarization of the signal is immune
to the distortion which may result from the power amplifier at the transmitter RF chain.
It was shown in [46], that using polarization modulation can improve the energy effi-
ciency of the power amplifier by letting it operates in the non-linear region. In contrast,
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Figure 3.7: Three different constellations for eight-level polarization modulation scheme.

traditional modulation schemes impose a strict linearity requirement for power amplifier
operation.

On the other hand, one of the promising applications for the RIS is to serve as an
access point for information transfer. In this case, the RIS is deployed to serve as a part
of the transmitter where it relies on an ambient or dedicated RF source for information
encoding, e.g., the data sources may be some sensors that collect specific measurements
and have direct connections to the RIS. Moreover, one of the potential functions of
the RIS is that it can also control the polarization state of the reflected waves [47].
Recently, it was shown that RIS polarization manipulation becomes possible thanks to
the deployment of DP elements which could excite two orthogonal polarization states and
induce independent phase shifts per each polarization state whenever a wave is incident
on them [13,29].

Therefore, in paper C, we develop two novel RIS assisted information transfer schemes
for a LoS environment that exploit the polarization state of the reflected wave from the
RIS for information encoding. In one scheme, the RIS switches the polarization state of
the reflected wave between vertical and horizontal states to encode the information bits.
In another scheme, to avoid the polarization mismatch estimation and correction at the
receiver, the RIS also pre-codes the reflected wave to compensate for the polarization
mismatch that occurs in the wireless channel which allows non-coherent demodulation
such that a simple maximum power detector at the receiver becomes efficient.

Moreover, in paper D, we develop a novel RIS-aided differential polarization modu-
lation scheme for a LoS environment. In this scheme, the RIS either preserves the polar-
ization state of the reflected wave similar to the previous reflection frame or switches it
to another orthogonal polarization state as a function of the information data bits. The
advantage of the proposed scheme over the schemes in paper C is that it is immune to the
polarization mismatch of the wireless channel. Therefore, the proposed scheme allows
non-coherent data detection without the need for a polarization mismatch compensation
process at either the receiver or the RIS.



Chapter 4

Future Work

In this chapter, we briefly present some of the potential research points that we
may tackle in the future. In this thesis, we exploit the RIS polarization control ability to
develop novel RIS-aided polarization modulation schemes. However, our work in paper C
and paper D was limited to binary conventional and differential polarization modulation
schemes, respectively, in a LoS environment. Thus, it is noteworthy to develop RIS-aided
higher-order polarization modulation schemes. Furthermore, it is important to study
the feasibility of RIS-aided polarization modulation in other propagation environments
such as rich scattering environments where the channel impairments on the polarization
are more complex than that in the LoS environment. In addition, the study of RIS
deployment to jointly assist the communication between a transmitter and receiver as
well as performing polarization modulation to transfer its own information data could
be a promising application. Moreover, the exploitation of the RIS polarization control
function for different purposes other than modulation such as to obtain multiplexing and
diversity gains may be beneficial in particular use cases.

In this thesis, to show the upper bound performance of the proposed research, we
assume the perfect knowledge of the wireless channels between the RIS and the com-
munication nodes. However, it is crucial to develop the whole communication protocol
which takes into account not only the algorithms of RIS reconfiguration but also the
wireless channel estimation problem in time-variant environments. Moreover, we assume
an ideal reflection model for the elements in RIS. However, it is important to take into ac-
count the practical reflection model for the RIS elements which includes the fundamental
relationship between the amplitude and phase of the reflection coefficient.

Moreover, in this thesis, we assume narrowband systems where the response of the
RIS to the incident signals is constant over the whole bandwidth. However, in the case of
wideband systems, the response of practical RIS is frequency-selective over the bandwidth
which results in dispersion to the reflected signals as the signals of different frequencies
exhibit different reflection coefficients. Therefore, it is crucial to study the optimum
configuration for the RIS over the wideband systems such as orthogonal frequency division
multiplexing systems.

27
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Over the past decades, the EM waves have been exploited for different applications.
Two main use cases that have been studied separately are communication in cellular
systems and sensing in radar systems. Recently, a great interest has been shown in
combining both the communication and sensing functions using common infrastructure
and signalling waveforms. This combination could be promising not only for adding
the sensing feature to the wireless networks but also to enhance the performance of
the communication itself. On the other hand, RIS has been widely studied to assist
communication. In addition, one of the potential applications of the RIS is to be used
for localization. Therefore, it will be interesting to study the possibility of RIS not only
for assisting communication but also for jointly sensing the propagation environment.

Machine learning has shown a significant improvement in a wide range of applica-
tions such as speech recognition, natural language processing and computer vision. The
strength of machine learning arises from its ability to extract complex features and char-
acteristics for complicated systems. Machine learning tools are iteratively learning to
find hidden insights in data which enable machines to change, adapt and optimise algo-
rithms by themselves. On the other hand, the deploying of multiple distributed RISs in
the wireless network to serve multiple users in real-time imposes many challenges and
introduce complex problems to tackle such as RIS configuration, channel estimation,
users scheduling, power and resource allocation. These problems typically require an
enormous amount of control signals and rely on computationally prohibitive algorithms.
Therefore, the utilization of machine learning to aid RIS-assisted wireless networks could
be a promising research direction.
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Intelligent Reflecting Surfaces for MIMO

Communications in LoS Environments

Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Abstract

In line-of-sight (LoS) environments, point-to-point (P2P) multiple-input multiple-output
(MIMO) channel matrix turns out to be rank deficient such that spatial multiplexing be-
comes unattainable. In this paper, we propose the deployment of distributed intelligent
reflecting surfaces (IRSs) to act as artificial scatterers and synthesize a sort of multi-path
propagation such that additional degrees of freedom are created. We show that given
the far-field deployment of the IRS, it simply resembles a full-duplex relay with a sin-
gle effective reflection coefficient. However, to maximize the channel capacity both the
effective reflection coefficients of all IRSs and the transmit covariance matrix should be
jointly optimized, which is a non-convex optimization problem. Thus, we develop an al-
ternating optimization algorithm to iteratively find a sub-optimal solution. Moreover, we
propose different schemes to enhance the composite channel power which would result in
an improvement to the achievable rate. Our simulation results show that the deployment
of distributed IRSs with P2P MIMO systems in LoS environments increases the rank
of the channel matrix, and improves the achievable rate by making spatial multiplexing
possible.

1 Introduction

An Intelligent Reflecting Surface (IRS) is a thin planar array that consists of multiple
reflecting elements, each of which is connected to a tunable chip such as PIN diode,
and can induce a controllable phase shift to the incident signal [1]. IRS is nearly a
passive unit as it only leverages the reflection on its elements, and it does not consume
any power for transmission [2]. Furthermore, IRSs can actively control the propagation
channel, by accurately tuning the phase shifts of their reflecting elements to fit a specific
need. IRSs can be used to increase the coverage area for users with blocked direct links
or introduce new paths to enrich the wireless channel [3]. Recently, IRS is introduced
as a promising technology for several communication applications such as unmanned
aerial vehicle (UAV) communications [4], physical-layer security [5], and non-orthogonal
multiple access (NOMA) [6].

The current research in IRS-aided communications is focused on the deployment of a
single IRS for single-input single-output (SISO) and multi-user multiple-input multiple-
output (MIMO) systems [7–9]. However, the deployment of distributed IRSs could offer a
promising solution for one of the fundamental bottlenecks in point-to-point (P2P) MIMO
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communications, where the propagation environment plays an important role in their per-
formance. In the case of rich scattering environments, the channel is commonly modeled
as independent and identically distributed (i.i.d.) Rayleigh fading, where the correspond-
ing channel matrix has full rank. Thus, spatial multiplexing of independent data streams
on the same time-frequency resource is possible. On contrary, in the case of Line-of-Sight
(LoS) environments, where no scatterers or reflectors exist, which is common in many
rural scenarios, the corresponding channel matrix becomes rank-deficient which prevents
spatial multiplexing, and the benefits of MIMO systems diminish to merely an array
gain [10].

In the literature, few studies discuss the deployment of IRS with P2P MIMO commu-
nications such as [11] and [12] in both studies, a single IRS is used. In [11] a Rician fading
channel is assumed, whereas the authors in [12] assumed LoS channel but proposed an
achievable rate maximization algorithm for a special system when the transmitter and
receiver each have two antennas.

To the best of our knowledge, this is the first work that discusses the deployment of
distributed IRSs with P2P MIMO communications in LoS environments. Specifically, we
propose the use of randomly distributed IRSs to act as artificial scatterers and synthe-
size a multi-path propagation. Thus, the rank of the composite channel matrix increases,
such that the spatial multiplexing of independent data streams becomes possible. We
show that given the far-field deployment of the IRS, it simply resembles a full-duplex
relay with a single effective reflection coefficient that not only amplifies the reflected
signal on it without any noise amplification but also results in a phase shift compen-
sation. Furthermore, we develop an alternating optimization algorithm that iteratively
optimizes the transmit covariance matrix and the effective reflection coefficients of all
IRSs. Moreover, we propose several schemes to enhance the composite channel power
either by iteratively maximizing it using an alternating algorithm, by maximizing its
lower-bound, or by maximizing the power of the channel matrix that results from the
transmitted signal reflection on each IRS individually.

2 System Model

In this paper, we consider one-dimensional uniform linear arrays (ULAs) of nt and nr
antennas at the transmitter and receiver, respectively. The distance between the transmit
and receive arrays is denoted by do and assumed to be much longer than the array lengths
such that the transmit and receive ULAs are in the far-field. Thus, using the plane wave
propagation model and given that solely a LoS link exists between the transmitter and
the receiver, the channel matrix is defined as [10]

Ho = αoro tHo , (1)

where Ho ∈ Cnr×nt , αo = λc
4πdo

e−jkdo is the complex channel gain for the LoS link,
k = 2π/λc is the wavenumber, while λc is the wavelength, and to and ro denote the
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transmit and receive response vectors, respectively, which are defined as [10]

to = [1, e−jk∆t sin(φto ), ..., e−jk(nt−1)∆t sin(φto )]T ,

ro = [1, e−jk∆r sin(φro ), ..., e−jk(nr−1)∆r sin(φro )]T ,
(2)

where φto and φro denote the angle of departure (AoD) and the angle of arrival (AoA)
at the transmit and receive arrays, respectively, both angles are measured relative to the
boresight of its ULA, while ∆t and ∆r denote the antenna separations in the transmitter
and receiver, respectively. It is clear from (1) that the channel matrix is a rank-one matrix
with a unique singular value, δ1 = |αo|

√
ntnr. However, the number of degrees of freedom

can be increased by inserting a set of randomly distributed IRSs to the environment. In
this scenario, the distributed IRSs will act as artificial intelligent scatterers that could
enrich the propagation environment and synthesize a sort of rich scattering environment
such that the rank of the composite channel matrix increases.

Consider L passive distributed IRSs each having M lossless reflecting elements, each
of which reflects the incident signal with a unit gain reflection coefficient denoted by
ejϕlm with ϕ

lm
∈ [0, 2π], ∀ l ∈ L and ∀m ∈ M where L = {1, 2, ..., L}, and M =

{1, 2, ...,M}. In this paper, we ignore the multi-hop links that involve more than one
IRS, as a consequence of its substantial path loss in comparison to direct LoS link and
single reflection links [13]. Then, the composite channel matrix can be written as follows

H = Ho +
L∑
l=1

Hl = Ho +
L∑
l=1

M∑
m=1

α
lm
ejϕlmr

lm
tH
lm
, (3)

where Hl ∈ Cnr×nt is the two-hop channel matrix which results from the signal reflection
on the lth IRS, α

lm
∈ C is the channel gain of the reflected signal on the mth reflecting

element in the lth IRS, t
lm

and r
lm

are the transmit and receive response vectors for the
wave impinges on and reflects from the mth reflecting element in lth IRS, respectively,
which are defined as [9].

t
lm

= [1, e−jk∆tϑlm , ..., e−jk(nt−1)∆tϑlm ]T ,

r
lm

= [1, e−jk∆rµlm , ..., e−jk(nr−1)∆rµlm ]T ,
(4)

where ϑ
lm

= sin(φtlm ) sin(θtlm ), while φtlm and θtlm denote the elevation and azimuth
AODs from the transmit array to the mth reflecting element in the lth IRS, respectively.
Similarly, µ

lm
= sin(φrlm ) sin(θrlm ), while φr

lm
and θrlm are the elevation and azimuth

AOAs from the mth reflecting element in the lth IRS to the receive array, respectively.
It was shown in [10] and [14] that in multi-path propagation, the number of degrees of

freedom of the MIMO channel is not only limited by min(nt, nr) but also by the number
of paths that have distinct spatial angles at both the transmit and receive arrays. Thus,
in this paper for the sake of rank improvement, we assume that all the IRSs exist far away
from both the transmitter and receiver such that the paths created by the reflections on
different IRSs are very likely to be distinct at both the transmitter and receiver sides.
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As consequences of the IRSs’ far-field operation, which occurs whenever the distances
from the IRS to the transmitter and receiver are much longer than the maximum dimen-
sion on the IRS [15], the AODs and AOAs in (4) become approximately independent of
m; hence, the transmit and receive response vectors turn out to be approximately equal
constant vectors over all the reflecting elements in each IRS; i.e., t

lm
and r

lm
approxi-

mately equal to t
l

and r
l
, respectively. Similarly, the magnitude of the complex channel

gain in (3) becomes independent of m. Nevertheless, its phase shift still depends on the
particular element in the IRS due to the sensitivity of the phase shift to small distance
variations; i.e., α

lm
= a

l
e−jψlm , while the phase shift ψ

lm
= k(dt

lm
+ dr

lm
) depends on

the exact distances from the transmitter to the reflecting element and from the reflect-
ing element to the receiver which are denoted by dt

lm
and dr

lm
, respectively. Whereas,

a
l
∈ R is the attenuation coefficient of the two-hop link from the transmitter to receiver

through the lth IRS. In this paper, we assume a square shape reflecting element of aper-
ture area equals λ2

c/4. Furthermore, we rely on the plate scattering-path loss model and
the radiation pattern of reflecting element introduced in [16]. Therefore, the attenuation
coefficient of the lth IRS can be defined as

a
l

=
λ2
c

16πdtld
r
l

(
cos(βtl ) cos(βrl )

)q
, (5)

where q ≈ 0.285, dtl and drl are the distances from the central element of the lth IRS to the
transmitter and receiver, respectively, βtl and βrl denote the angles between the normal
to the lth IRS and the vector connecting it to the transmitter and receiver, respectively.
Thus, the composite channel matrix given far-field operation of the IRSs can be written
as

H = Ho +
L∑
l=1

a
l
γ
l
r
l
tH
l
, (6)

where γ
l

=
∑M

m=1 e
j(ϕ

lm
−ψ

lm
) represents the effective reflection coefficient of the lth IRS

such that |γ
l
| ≤ M where equality holds only if all the reflected paths from the lth IRS

are co-phased at the receiver, and arg {γ
l
} ∈ [0, 2π] where arg {γ

l
} denotes the phase

of γ
l
. It is important to note that given the far-field deployment of the IRSs in LoS

environment, each IRS simply resembles a full-duplex relay that not only amplifies the
reflected signal on it without any noise amplification by controlling the magnitude of γ

l

but also makes phase shift compensation based on the phase of γ
l
. Furthermore, the

composite channel matrix in (6) is a summation of multiple rank one matrices which
would result in a composite channel matrix of a higher rank given that the IRSs create
multi-path with distinct spatial angles at the transmitter and receiver.

In this paper, we assume perfect channel state information (CSI) at both the trans-
mitter and receiver which could be done using the techniques proposed in [17,18], while
our main goal is to tune the IRSs to maximize the composite channel capacity defined
as [10]

C = log det

[
Inr +

1

σ2
HQHH

]
, (7)
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where σ2 is the noise variance, and Q ∈ Cnt×nt is the covariance matrix of the transmitted
signal which satisfies tr (Q) ≤ P , while P is the total transmitted power. In order to
maximize the channel capacity, both the effective reflection coefficients of all IRSs {γ

l
}Ll=1

and the covariance matrix Q have to be jointly optimized. Therefore, the capacity
maximization problem becomes

(P1) max
γ1 ,γ2 ,...,γL ,Q

log det

[
Inr +

1

σ2
HQHH

]
(8)

s.t. |γ
l
| ≤M, ∀ l ∈ L (9)

tr(Q) ≤ P. (10)

Because of the non-concave objective function over the effective reflection coefficients of
IRSs, (P1) turns out to be a non-convex optimization problem. Therefore, in the next
section we discuss several sub-optimal solutions that could improve the achievable rate.

3 Distributed IRSs-Aided Point-to-Point MIMO

In this section firstly, we develop an alternating optimization algorithm to sub-optimally
solve (P1). Secondly, we propose different approaches to enhance the composite channel
power which will improve the achievable rate.

3.1 Alternating Optimization For Rate Enhancement

In this algorithm (P1) is divided into two sub-problems. In the first sub-problem, we
solve for the optimum transmit covariance matrix while all the effective reflection coeffi-
cients of the IRSs are set as constants. In the second sub-problem, we solve for a single
effective reflection coefficient while the transmit covariance matrix and the rest of effec-
tive reflection coefficients are set as constants. It was shown in [11] that by iteratively
solving both sub-problems a locally optimal solution for (P1) can be obtained.

It is important to note that this alternating optimization algorithm is originally pro-
posed in [11] for single P2P IRS aided MIMO communication in Rician fading channel,
the main differences being that in our problem we optimize over multiple IRSs. More-
over, the far-field deployment of the IRSs in LoS environment adds the magnitude of the
effective reflection coefficient as an additional optimization variable to our problem.

In the first sub-problem, since all the effective reflections coefficients {γ
l
}Ll=1, are set as

constants, (P1) becomes a convex problem. Thus, the optimum covariance matrix can be
obtained based on the singular value decomposition of the composite channel matrix. In
particular, define H = UΛVH , where U ∈ Cnr×D and V ∈ Cnt×D are unitary matrices,
D is the rank of composite channel matrix, and Λ = diag{δ1, δ2, ..., δD}, where δi is
the ith singular value of the composite channel matrix. Then, the optimum covariance
matrix is given by [10]

Qopt = Vdiag{p1 , p2 , ..., pD}V
H , (11)
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where p
i
denotes the power allocation of the ith data stream, which is optimally computed

using the water-filling algorithm as follows [10]

p
i

=

(
µ− σ2

δ2
i

)+

, (12)

where (x)+ = max(x, 0) , and µ is chosen to satisfy the total transmit power constraint
as follows

∑D
i=1 pi = P .

The second sub-problem tackles the optimization of a single effective reflection co-
efficient denoted by γ

k
while the transmit covariance matrix and the rest of effective

reflection coefficients denoted by {γ
l
}Ll=1,l 6=k are set as constants. In this scenario, the

composite channel matrix in (6) can be re-written as follows

H = Hf + a
k
γ
k
r
k
tH
k
, (13)

where Hf = Ho +
∑L

l=1,l 6=k alγlrlt
H
l

. Moreover, define the eigenvalue decomposition

of the transmit covariance matrix as Q = UQΣUH
Q , where UQ ∈ Cnt×nt is a unitary

matrix whose columns are the eigenvectors, and Σ ∈ Cnt×nt is a diagonal matrix of the
non-negative real eigenvalues. Then, the term HQHH in (P1) can be written as

HQHH =
(
Hf + a

k
γkrkt

H
k

)
Q
(
Hf + a

k
γkrkt

H
k

)H
=
(
H
′

f + a
k
γkrkt

′H
k

)(
H
′

f + a
k
γkrkt

′H
k

)H (14)

where H
′

f = HfUQΣ
1
2 , and t

′H
k = tHk UQΣ

1
2 . By substituting (14) in (8), the objective

function of (P1) can be written as

fk = log det
[
Ak + γkBk + γ∗

k
BH
k + |γ

k
|2Ck

]
, (15)

where

Ak = Inr +
1

σ2
H
′

fH
′H
f ,

Bk =
a
k

σ2
rkt

′H
k H

′H
f , and Ck =

a2
k

σ2
rkt

′H
k t

′

kr
H
k .

(16)

It is important to note that Ak, Bk, and Ck are independent of γ
k
. Hence, the second

sub-problem of (P1) can be written as

(P1-2) max
γ
k

log det
[
Ak + γ

k
Bk + γ∗

k
BH
k + |γ

k
|2Ck

]
(17)

s.t. |γ
k
| ≤M. (18)

To study the impact of the effective reflection coefficient’s magnitude on the objective
function, (17) can be re-written as

fk = log det
[
Ak + |γ

k
|Dk + |γ

k
|2Ck

]
(19)

= log det [Ak] + log det
[
Inr + |γ

k
|
(
A−1
k Dk + |γ

k
|A−1

k Ck

)]
,
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where Dk = bkBk + b∗kB
H
k , while bk = ej arg {γ

k
}. It is important to note from (16)

that Ak is the summation of an identity matrix plus a positive semi-definite matrix.
Thus, Ak is a full rank positive definite matrix. Also, since Ck is a rank one, positive
semi-definite matrix, the matrix A−1

k Ck has a single non-negative eigenvalue as shown in
corollary III.4.6 [19]. Furthermore, because Dk is a hermitian matrix, the matrix A−1

k Dk

has real eigenvalues as shown in corollary 3 [20]. Consequently, given the aforementioned
matrices properties, the real eigenvalues of

(
A−1
k Dk + |γ

k
|A−1

k Ck

)
become monotonically

increasing in |γ
k
| as shown in theorem VIII.4.5 [19]. Thus, the objective function in (17)

is monotonically increasing in |γ
k
|, and the optimum magnitude of the effective reflection

coefficient is
|γopt
k
| = M. (20)

The optimum magnitude of each effective reflection coefficient is simply the maximum
possible value, which is a logical finding because this will maximize the reflected power
from a particular IRS to the receiver. Now, given the optimum magnitude of the effective
reflection coefficient is set, the objective function in (17) can be re-written as

fk = log det
(
Gk +MbkBk +Mb∗kB

H
k

)
(21)

where Gk = Ak + M2Ck. It was shown in [11] that the optimum phase shift for the
effective reflective coefficient that maximizes the previous objective function is

bopt
k =

{
e−j arg {λk} if tr(G−1

k Bk) 6= 0

1 otherwise
, (22)

where, λk ∈ C is the single non-zero eigenvalue of the rank one matrix G−1
k Bk. Then,

the optimum effective reflection coefficient of the kth IRS is

γopt
k

=

{
Me−j arg {λk} if tr(G−1

k Bk) 6= 0

M otherwise
, (23)

The alternating algorithm starts with randomly generated phases for all IRSs; then
it iteratively computes the optimum effective reflection coefficients and the transmit
covariance matrix until the objective value converges. The overall algorithm is as shown
in Algorithm 1.

Finally, after the convergence occurred in Algorithm 1, the reflecting elements in the
IRSs should be tuned to achieve the optimum effective reflection coefficient of each IRS.
This can be done simply as

ejϕlm = ej(ψlm+arg {γopt
l
}) ∀ l ∈ L & m ∈M. (24)

3.2 Enhancement of Composite Channel Power

In this subsection, instead of jointly optimizing the effective reflection coefficients and
the transmit covariance matrix to maximize the channel capacity, we aim to enhance the
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Algorithm 1 :Alternating optimization for rate maximization

1: Input : Ho, {rl}
L
l=1 , {tl}

L
l=1 , {al}

L
l=1 , σ

2.
2: Output : γopt

1
, γopt

2
, ..., γopt

L
,Qopt.

3: Randomly generate the phases of the effective reflection coefficients of all IRSs.
4: Obtain the transmit covariance matrix based on (11).
5: for k = 1→ L do
6: Compute Gk and Bk based on (16).
7: Update γopt

k
based on (23).

8: end
9: Update the covariance matrix Qopt based on (11).

10: If convergence occurred stop; else go to step 5.

composite channel power using different approaches which will result in an improvement
to the achievable rate. One simple method is to maximize the power of the channel
matrix that results from transmitted signal reflection on each IRS individually which is
defined for the lth IRS as follows

‖Hl‖2 = tr
(
HlH

H
l

)
= a2

l
|γ
l
|2ntnr, (25)

where tr
(
rlt

H
l tlr

H
l

)
= ntnr. The power of each IRS’ channel matrix is maximized when-

ever |γ
l
| = M , which occurs when all the paths reflected by IRS are co-phased at the

receiver to result in ‖Hl‖2 = a2
l
M2ntnr. This can be done by tuning the phase shift of

each reflecting element in each IRS as follows

ejϕlm = ejψlm ∀ l ∈ L & m ∈M. (26)

It is clear that the previous solution is independent of the phase shift of the effective
reflection coefficient because the power of the channel matrix from each IRS is maximized
individually. Thus, for the sake of better composite channel power, the effective reflection
coefficients should be jointly optimized to maximize the composite channel power as

(P2) max
γ1 ,γ2 ,...,γL

‖H‖2 (27)

s.t. |γ
l
| ≤M, ∀ l ∈ L. (28)

where (P2) is a non-convex optimization problem because the composite channel power
is non-concave over the effective reflection coefficients of IRSs. However, using an alter-
nating optimization algorithm, similar to that of (P1), which solves for a single effective
reflection coefficient while the rest are set as constants would converge to a sub-optimal
solution. Then, the composite channel power, given that {γ

l
}Ll=1,l 6=k are set to constants

can be written as follows

‖H‖2 = ‖Hf‖2 + a
k
γ
k
tr
(
rkt

H
k HH

f

)
+ a

k
γ∗
k
tr
(
Hftkr

H
k

)
+ ‖Hk‖2

= ‖Hf‖2 + 2a
k
Re
(
γ∗
k
rHk Hftk

)
+ a2

k
|γ
k
|2ntnr,

(29)
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where Hf is defined in (13), and tr
(
Hftkr

H
k

)
= rHk Hftk. Then, the optimum effective

reflection coefficient of the kth IRS that maximizes the composite channel power is as
follows

γopt
k

= Mej arg {rHk Hf tk} (30)

The overall alternating algorithm starts with randomly generated phases for all IRSs;
then iteratively computes (30) until the composite channel power converges. The overall
algorithm is summarized in Algorithm 2.

After the convergence of the composite channel power in Algorithm 2, the reflect-
ing elements in the IRSs should be tuned to achieve the optimum effective reflection
coefficient of each IRS as shown in (24).

Finally, another low complexity solution for enhancing the composite channel power is
possible. This solution aims to maximize the lower bound (LB) of the composite channel
power which is defined as

‖H‖2 =
nr∑
m=1

nt∑
n=1

∣∣∣∣∣[Ho]m,n +
L∑
l=1

a
l
γ
l
rl,mt

∗
l,n

∣∣∣∣∣
2

≥

∣∣∣∣∣
nr∑
m=1

nt∑
n=1

[Ho]m,n +
L∑
l=1

a
l
γ
l

nr∑
m=1

nt∑
n=1

rl,mt
∗
l,n

∣∣∣∣∣
2

, (31)

where [Ho]m,n, rl,m, and tl,n are the element in mth row and nth column of Ho, the
mth element in rl, and the nth element in tl, respectively. Thus, the effective reflection
coefficient for the lth surface that maximizes the LB of the composite channel power is

γopt
l

= Me
j(arg{

nr∑
m=1

nt∑
n=1

[Ho]m,n}−arg{
nr∑
m=1

nt∑
n=1

rl,mt
∗
l,n})

. (32)

Similar to the previous approaches, the phase shifts of the reflecting elements in each
IRS are computed as in (24). Eventually, after enhancing the composite channel power
either by optimizing the IRSs individually, jointly, or depending on the LB composite
channel power maximization, the optimum transmit covariance matrix can be obtained
as shown in (11).

Algorithm 2 :Alternating optimization for composite channel power maximization

1: Input : Ho, {rl}Ll=1 , {tl}
L
l=1, {a

l
}Ll=1.

2: Output : γopt
1
, γopt

2
, ..., γopt

L
.

3: Randomly generate the phases of the effective reflection coefficients of all IRSs.
4: for k = 1→ L do
5: Update γopt

k
based on (30).

6: end
7: If power convergence occurred stop; else go to step 4.
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Table I: Simulation Parameters

Parameter Value
Carrier frequency 3 GHz

Receiver noise figure 9 dB
System bandwidth 10 MHz

Gain of transmit and receive antennas 3 dBi
Reflecting element aperture area λc/2× λc/2

Number of reflecting elements per IRS 225
Area of each IRS 0.56 m2

Antenna separation in Tx and Rx λc/2
Number of transmit antennas 4

Number of receive antennas 4
Location of Transmitter ULA [0,−50, 0] m

Location of Receiver ULA [0,+50, 0] m

4 Simulation Results

In this simulation, we study the capacity gains of IRSs-aided P2P MIMO systems in LoS
environments. The simulation parameters are presented in Table I. We assume that the
transmit and receive arrays are placed parallel to the x-axis in the x− y plane. Further-
more, all the IRSs are assumed to be parallel to the y − z plane, and placed randomly
inside a sphere that is centred at the origin and has a radius of 75m, while maintaining
the far-field assumption [15] such that dtl & drl > 10

√
A
irs

= 7.5m, ∀ l ∈ L where A
irs

is the surface area of the IRS. Since the IRSs are distributed randomly, we compute the
10% outage capacity over 104 realizations of IRSs positions. Moreover, in Algorithm 1
convergence is achieved whenever the increment in the objective function is less than
10−3. Whereas, in Algorithm 2 the convergence is satisfied whenever the increment in
the objective function is less than 0.1% of the initial channel power. We compare the
performance of Algorithm 1, Algorithm 2, the LB channel power maximization scheme
in (32), the co-phasing scheme in (26), and the scenario without IRSs.

In Figure 1 the outage capacity given the deployment of 12 IRSs versus the signal-to-
noise-ratio (SNR) of the direct LoS link is shown. Obviously, the four schemes result in
a dramatic reduction in the transmit power compared to the system without IRSs, while
Algorithm 1 achieves the best performance, then Algorithm 2, after that the LB channel
power maximization scheme, and finally the co-phasing scheme. Furthermore, it is clear
from the slope of the outage capacity at high SNR that the four schemes achieve a spatial
multiplexing gain in comparison to the scenario without IRSs, which demonstrates that
the deployment of IRSs in LoS environment improves the rank of channel matrix and
makes spatial multiplexing possible.

In Figure 2 we compare the outage capacity versus the number of IRSs given that
the SNR of the direct LoS link is 25 dB. As the number of IRSs increases, the wireless
channel becomes richer with more multi-path components, so the rank of the composite
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Figure 1: 10% outage capacity versus the SNR of direct LoS link while using 12 IRSs for
4× 4 MIMO system.

channel matrix and the power gain of the formulated eigenchannels improve hence, the
outage capacity increases. However, when the number of the IRSs is relatively small their
impact on the performance becomes limited because the power of their reflected paths is
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Figure 2: 10% outage capacity versus the number of IRSs for 4× 4 MIMO system. The
SNR of direct LoS link equals 25 dB.
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Figure 3: 10% outage capacity versus the distance between transmitter and receiver using
12 IRSs for 4× 4 MIMO system. The SNR of direct LoS link is 25 dB.

negligible compared to that of direct LoS link and the composite channel matrix becomes
dominated by the direct LoS channel matrix.

In Figure 3 we compare the outage capacity when 12 IRSs are deployed versus the
distance between the transmitter and receiver. In this comparison, the SNR of the
direct LoS link is set to 25 dB for all distances. This will quantify the effect of IRS
path loss on the performance of the IRSs-aided MIMO system. As seen, the outage
capacity of all approaches decreases sharply with longer distances. This is attributed
to the unfavourable plate scattering attenuation model of the IRS which is inversely
proportional to the multiplication of IRS’s distances to the transmitter and receiver as
shown in (5).

5 Conclusion

We discussed the deployment of distributed IRSs with P2P MIMO communications in
LoS scenarios. We developed an alternating optimization algorithm that enhances the
achievable rate by iteratively optimizing the transmit covariance matrix and the effective
reflection coefficients of all IRS. Moreover, we propose several schemes to enhance the
composite channel power either by iteratively maximizing it using an alternating algo-
rithm, by maximizing its lower-bound, or by maximizing the power of the channel matrix
that results from the signal reflection from each IRS individually. We demonstrated that
distributed IRSs can synthesize artificial multi-path propagation which increases the rank
of the channel matrix, and improves the achievable rate by making spatial multiplexing
possible.
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On the Position of Intelligent Reflecting Surfaces

Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Abstract

We study the positional impact of an intelligent reflecting surface (IRS) on the achievable
rate for single and multiple antenna systems. We show that in IRS-aided single antenna
systems, it is always best to place the IRS as close as possible to the transmitter or
receiver since the large-scale fading for IRS-reflected links is the main factor that char-
acterizes the performance gain. However, for IRS-aided multiple antenna systems, the
propagation environment has an important role in characterizing the efficient regions of
IRS placement. In the case of a line-of-sight environment, the channel matrix turns out to
be rank-deficient. Thus, both far and near IRS placements result in significant achievable
rate improvements where the former provides a substantial additional degree-of-freedom,
while the latter results in a power gain. Furthermore, as the wireless channel becomes
richer with multipath, the rank of the channel matrix increases. Thus, the efficient far
placement regions gradually shrink until they disappear in the case of a Rayleigh fading
channel where IRS near placements become more efficient than far placements as they
result in higher power gains.

1 Introduction

An intelligent reflecting surface (IRS) is a thin planar array that consists of multiple
reflecting elements, each of which can induce a controllable phase shift to the incident
signal. IRSs can actively control the propagation channel, by accurately tuning the
phase shifts of their elements to fit a specific need. Recently, IRSs are introduced as a
promising technology for several communication applications such as unmanned aerial
vehicles (UAV) communications, physical-layer security, and non-orthogonal multiple
access (NOMA) [1].

When an IRS is deployed to assist a wireless communication system, the achieved
performance gain is highly affected by its position and orientation relative to the trans-
mitter and receiver. In a scenario where an IRS assists a single-input single-output (SISO)
communication system, the key component of the achievable rate gain is the large-scale
fading of the links that reflect on the IRS.

However, when an IRS is deployed to assist a multiple-input multiple-output (MIMO)
communication system, the propagation environment itself has also an important role
on the achievable rate gain. In the case of line-of-sight (LoS) environment, the direct
channel becomes a rank-one matrix and the benefits of MIMO systems diminish to merely

We acknowledge the partial funding by the EU’s Interreg Nord Program.
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an array gain. Therefore, the deployed position of an IRS offers a trade-off between
having a power gain or creating a substantial additional degree-of-freedom. This trade-
off is mainly determined by the relation between the direct channel and the channel
created by the IRS in terms of the distinction in their angles of arrivals (AoAs) and
angle of departures (AoDs) [2]. Thus, although far IRS placements, relative to both the
transmitter and the receiver, result in higher large-scale fading for the links via the IRS,
such placements typically result in creating a substantial additional degree-of-freedom
rather than achieving a power gain. On the contrary, although the positioning of the IRS
near the transmitter or the receiver results in lower large-scale fading of the link via IRS,
such deployments usually result in a higher power gain rather than creating a substantial
additional degree-of-freedom. Furthermore, in a rich scattering environment, the channel
matrix becomes full rank so the potential gain of creating an additional degree-of-freedom
using an IRS vanishes since the deployment of an IRS solely results in a power gain.

Our main contribution in this paper is characterizing the efficient regions of IRS
deployments with SISO and MIMO communication systems in Rician fading channels.
We show that in IRS-aided SISO communication, near IRS deployments relative to the
transmitter or the receiver are always better than far deployments. Moreover, we show
that in IRS-aided MIMO communication, the efficient regions of operations are highly
dependent on the propagation environment itself. In LoS environments, both the near
and far deployments can result in substantial achievable rate gains. However, as the
channel becomes richer with multipath, IRS near deployments gradually become more
efficient than the far deployments.

2 IRS-Aided SISO Communication

We consider an IRS of M lossless reflecting elements, each of which reflects the incident
signal with a unit gain reflection coefficient denoted by αm = ejϕm with ϕm ∈ [0, 2π],
∀m ∈ M where M = {1, 2, ...,M}. Initially, we assume that the IRS is deployed to aid
a SISO communication system. Thus, the effective channel denoted by h ∈ C becomes

h = h0 + hT
2 Φh1, (1)

where h0 ∈ C is the direct channel between the transmitter and receiver, h1 ∈ CM×1 is
the channel between the transmitter and the IRS, and h2 ∈ CM×1 is the channel between
the IRS and the receiver, whereas Φ = diag{ejϕ1 , ejϕ2 , ..., ejϕM } is the tuning matrix of
the IRS.

In this paper, to allow the co-existence of both LoS and NLoS channels with different
proportions, we assume that all channels involved are based on a Rician fading channel
model. Thus, the channel between the transmitter and the IRS and the channel between
the IRS and the receiver become h1 = ρ1 � u1 and h2 = ρ2 � u2 , respectively, where �
is the Hadamard product, while ρ

l
∈ RM×1 accounts for the large-scale fading channel,
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∀ l ∈ L where L = {1, 2}, and

u
l

=

√
κ
l

1 + κ
l

h̄
l
+

√
1

1 + κ
l

h̃
l

∀ l ∈ L, (2)

is the normalized small-scale fading channel such that κl ≥ 0 is the Rician fading factor,
h̃
l
∼ NC (0, IM) is the NLoS channel component, and h̄

l
is the deterministic LoS channel.

Generally, the large-scale fading and the deterministic LoS channels depend on whether
the IRS is placed in the near-field or the far-field relative to the transmitter and receiver.
IRS regions of operation are usually defined based on the relation between the maxi-
mum dimension of the IRS and the length of the IRS link. The near-field region occurs
whenever the length of the IRS link is in the same order of magnitude as the maximum
dimension of the IRS, whereas the far-field region occurs whenever the length of the IRS
link is much longer than the maximum dimension of the IRS [3]. In the case of IRS
near-field deployment, the spherical wave propagation model becomes essential for the
deterministic LoS channel which can be defined as [4]

h̄
l

= [e−jkdl1 , e−jkdl2 , ..., e−jkdlM ]T ∀ l ∈ L, (3)

where dlm , ∀m ∈ M is the distance from the mth reflecting element in the IRS to the
communication node, either the transmitter or the receiver, whereas k = 2π/λc is the
wave-number, while λc is the wavelength. Moreover, because of the near-field deployment,
the large-scale fading channel varies over the reflecting elements which can be defined for
the mth reflecting element based on Friis’ formula as [5]

ρ
lm

=

√
alm

4πd2
lm

∀l ∈ L, (4)

where ρ
lm

is the mth element in ρ
l
, alm is the effective area of the mth reflecting element

that is seen from the communication node. It is important to note that although the
IRS is placed in the near-field, the large scale fading channel in (4) assumes that each
individual reflecting element is in the far-field relative to the communication node, there-
fore the double integration over the physical area of each reflecting element is omitted
here. However, this is a reasonable assumption since the conventional side lengths of the
reflecting element are in the range of sub-wavelength [6, 7]. For instance, given an IRS
operating at 3 GHz carrier frequency and composed of square reflecting elements each
of half-wavelength (0.05m) side length, the reflecting element can be considered in the
far-field when the length of the link to the communication node is greater than 0.5m.
Thus, given a square shape reflecting element of a physical area equals to ∆2

i , the effective
area can be written as

alm = ∆2
i (
~dlm · ~n) ∀m ∈M & ∀l ∈ L, (5)

where · denotes the dot product, ~dlm ∈ R3 is the normalized vector that points from the
mth reflecting element to the communication node, whereas ~n ∈ R3 is the unit normal
vector to the two-dimensional IRS.
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Figure 1: Plane wave propagation model for IRS.

In contrast, when the IRS is placed in the far-field relative to the transmitter and
receiver, the distances between the communication node and the reflecting elements con-
verge to a constant; i.e., dlm ≈ dl, ∀m ∈M and ∀l ∈ L where dl is the distance between
the center reflecting element in the IRS and the communication node. Thus, the plane
wave propagation model is applicable such that the deterministic LoS channel in (3) can
be simplified as [8]

h̄
l

= [ejµl,1 , ejµl,2 , ..., ejµl,M ]T ∀l ∈ L, (6)

where µ
l,m

= gT
mq

l
, ∀m ∈ M such that q

l
∈ R3 is the wave vector which describes the

phase variations over the reflecting elements in the IRS for an incident/reflected wave as

q
l

= k [cos (φ
l
) cos (θ

l
) , sin (φ

l
) cos (θ

l
) , sin (θ

l
)]T , (7)

where θ
l

is the elevation AoA/AoD, while φ
l

is the azimuth AoA/AoD for an inci-
dent/reflected plane wave as shown in Figure 1. Furthermore, gm ∈ R3 contains the
Cartesian coordinates of the mth reflecting element. Moreover, because of the far-field op-
eration ~dlm becomes approximately a constant vector over all the elements; i.e., ~dlm ≈ ~dl,

∀m ∈ M and ∀l ∈ L where ~dl is the normalized vector that points from the center re-
flecting element in the IRS to the communication node. Thus, the large-scale fading
vector converges to a constant over all the reflecting elements in the IRS; i.e., ρ

lm
≈ ρ

l
,

∀m ∈M and ∀l ∈ L.

3 Achievable Rate of IRS Aided SISO Communica-

tion

Consider a transmitted signal denoted by s ∈ C of power p. Then, the received signal
becomes

y =
√
phs+ n, (8)
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where n ∼ NC (0, σ2) is the additive white Gaussian noise (AWGN). Thus, the channel
capacity of the IRS-aided SISO communications can be defined as

C = log2

[
1 +

p |h|2

σ2

]
. (9)

An alternative formulation of the composite channel in (1) is

h = h0 +
M∑
m=1

αm [h1]m [h2]m , (10)

where [v]mis the mth element in the vector v. The received signal-to-noise ratio (SNR)
is maximized whenever the reflected paths from the IRS are added constructively to the
direct channel path. Therefore, the reflection coefficient of each reflecting element which
maximizes the received SNR should satisfy

αopt
m = ej(arg {h0}−arg {[h1]m[h2]m}) ∀m ∈M, (11)

where arg {·} denotes the phase of its complex entry. Consequently, given the optimum
tuning of the IRS elements, the received SNR becomes

SNR =
p
[
|h0|+

∑M
m=1 ηm |[u1]m [u2]m|

]2

σ2
, (12)

where ηm = ρ1m
ρ2m

represents the effective large-scale fading channel of the two-hop link
through the mth reflecting element which can be defined using (4) and (5) as

ηm =
∆2
i

[
(~d1m · ~n) (~d2m · ~n)

]0.5

4πd1md2m

=
∆2
i εm

4πd1md2m

. (13)

Importantly, ηm is the single parameter that characterizes the effect of the IRS posi-
tion and orientation on the channel capacity for any normalized Rician fading channel.
Furthermore, εm represents the normalized effective area of the mth reflecting element
which is solely dependent on the reflecting element’s orientation relative to the transmit-
ter and receiver. Hence, it can be maximized by a proper adjustment of the orientation
given a particular geometric location of the transmitter and receiver. Simply, (~d1m · ~n)

and (~d2m ·~n) are maximized when ~d1m and ~d2m are aligned to ~n, respectively. Therefore,

εm is maximized whenever cos−1(~dlm · ~n) = cos−1(~d1m · ~d2m)/2,∀l ∈ L. However, since
all elements in the IRS share the same ~n. Thus, we rely on maximizing the normalized
effective area for the center element in the IRS as it will result in an optimized orien-
tation over all elements in the planar IRS. In Figure 2, the IRS orientation adjustment
is shown. Initially, the green IRS is deployed parallel to the y − z plane such that its
normal points parallel to the x-axis. Then, the azimuth and elevation angles of the IRS
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Figure 2: IRS orientation adjustment over its azimuth and elevation angles.

are tuned as indicated by the red and blue arcs, respectively, which results in the yellow
IRS orientation such that the effective area is maximized.

In addition to the effective area, the unfavorable propagation loss of the two-hop link
through the reflecting element is inversely proportional to the product of d1m and d2m

as shown in (13). Consequently, the propagation loss is minimized whenever the IRS is
placed as close as possible to the transmitter or receiver.

In Figure 3 the achievable rates of an IRS-aided SISO system versus the position
of the IRS are shown for a direct channel of 20dB SNR which modeled as a Rician
fading channel with factor κ0. The transmitter and receiver are placed on the y-axis at
(0,−25, 0)m and (0, 25, 0)m, respectively. An IRS of 225 reflecting elements is placed
perpendicular to the x− y plane such that the center element of the IRS coincides with
the x − y plane. Furthermore, the orientation of the IRS is adjusted to maximize the
effective area in each possible position for the IRS. Moreover, the placement of the IRS
is forbidden inside the circles of 3m radius around the transmitter and receiver. These
forbidden areas are assumed to maintain the feasibility of the far-field assumption with
respect to individual reflecting elements in the IRS.

In Figure 3a, the ergodic rate for the Rayleigh fading channel, κ0 = κ1 = κ2 = 0, is
shown where the results are averaged over 4000 iterations per each possible IRS position.
Without the IRS 5.9 bps/Hz is achieved. Moreover, when an IRS is deployed the maximal
performance gain achieved when the IRS is placed as close as possible to the transmitter or
receiver. Similarly, the achievable rate in case of the LoS environment, κ0 = κ1 = κ2 =∞,
is shown in Figure 3b. Without the IRS 6.7 bps/Hz is achieved. Moreover, when an IRS
is deployed the performance gain follows a similar behaviour to that of the Rayleigh
fading channel. This suggests that regardless of the propagation environment it is always
best to place the IRS as close as possible to the transmitter or the receiver for IRS-aided
SISO communication.
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(a) κ0 = κ1 = κ2 = 0

(b) κ0 = κ1 = κ2 =∞

Figure 3: Achievable rate of IRS-aided SISO communications when deployed in different
propagation environment.

4 IRS-Aided MIMO Communication

In this section, we consider the scenario where the IRS is used to assist a MIMO com-
munication system. Thus, we assume one-dimensional uniform linear arrays (ULAs)
of nt and nr antennas at the transmitter and receiver, respectively. Consequently, the
composite channel matrix denoted by H ∈ Cnr×nt can be written as

H = H0 +
M∑
m=1

αmh2mhH
1m , (14)
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where H0 ∈ Cnr×nt is the direct channel, whereas h1m ∈ Cnt×1 and h2m ∈ Cnr×1 are the
channel between the mth reflecting element to the transmitter and receiver, respectively.
Moreover, the direct channel matrix can be defined given the Rician fading channel model
as

H0 = ρ0

[√
κ0

1 + κ0

H̄0 +

√
1

1 + κ0

H̃0

]
, (15)

where ρ0 accounts for the large-scale fading channel, H̃0 accounts for the stochastic NLoS
channel with its entries being modeled as ∼ NC (0, 1), whereas H̄0 is the deterministic
LoS channel that could be defined, given that the transmit and receive ULAs are in the
far-field, using the plane wave propagation model as [9]

H̄0 = h̄20h̄
H
10
, (16)

where h̄10 and h̄20 denote the transmit and receive response vectors, respectively, which
are defined as [9]

h̄10 = [1, e−jk∆t cos(βt), ..., e−jk(nt−1)∆t cos(βt)]T,

h̄20 = [1, e−jk∆r cos(βr), ..., e−jk(nr−1)∆r cos(βr)]T,
(17)

where βt and βr denote the AoD and AoA of the direct channel at the transmit and receive
arrays, respectively, while ∆t and ∆r denote the antenna separations of the transmit and
receive arrays, respectively.

Similar to the SISO scenario, the channel from the mth reflecting element to the
transmit and receive array are defined as

h1m = ρ1m

[√
κ1

1 + κ1

h̄1m +

√
1

1 + κ1

h̃1m

]
,

h2m = ρ2m

[√
κ2

1 + κ2

h̄2m +

√
1

1 + κ2

h̃2m

]
,

(18)

where ρ1m
∈ R and ρ2m

∈ R account for the large-scale fading channels, whereas h̃1m and

h̃2m account for the NLoS channels with their entries modeled as ∼ NC (0, 1).
In the scenario where the IRS is deployed in the near-field relative to the transmitter

and receiver, the deterministic LoS channels based on the spherical wave propagation
model become

h̄1m = [e−jkd1m,1 , e−jkd1m,2 , ..., e−jkd1m,nt ]T,

h̄2m = [e−jkd2m,1 , e−jkd2m,2 , ..., e−jkd2m,nr ]T,
(19)

where d1m,b ∀b ∈ B and d2m,z∀z ∈ Z are the distances from the mth reflecting element
to the bth antenna in the transmit array and to the zth antenna in the receive array,
respectively, such that B ∈ {1, 2, ..., nt} and Z ∈ {1, 2, ..., nr}. Furthermore, similar to
(4), the large-scale fading channels can be defined as

ρ
lm

=

√
alm

4πd2
lm,1

∀l ∈ L, (20)
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where alm is the effective area of the mth reflecting element that is seen from the transmit
or receive arrays as shown in (5).

When the IRS operates in the far-field relative to the transmitter and receiver, the
LoS deterministic channels based on the plane wave propagation model become

h̄1m = e−jµ1,m h̄1IRS
, h̄2m = e−jµ2,m h̄2IRS

∀m ∈M, (21)

where µ1,m and µ2,m account for the phase variation over the path incident on and reflected
from the mth reflecting element in the IRS, respectively, which we previously described
using (7), whereas h̄1IRS

and h̄2IRS
are the transmit and receive response vectors for the

signal incidents on and reflects from the IRS, respectively. In this paper, we assume
that the transmit and receive arrays are placed parallel to the x-axis in the x− y plane.
Therefore the transmit and receive responses for the IRS link are defined as

h̄1IRS
= [1, e−jk∆tϑ1 , ..., e−jk(nt−1)∆tϑ1 ]T,

h̄2IRS
= [1, e−jk∆rϑ2 , ..., e−jk(nr−1)∆rϑ2 ]T,

(22)

where ϑ1 = cos(ψ1) cos(γ1), while ψ1 and γ1 denote the azimuth and elevation AoDs from
the transmit array to the IRS, respectively. Similarly, ϑ2 = cos(ψ2) cos(γ2), while ψ2 and
γ2 are the azimuth and elevations AoAs from the IRS to the receive array, respectively.
Furthermore, because of the far-field assumption the large-scale fading converges to a
constant over all the reflecting elements in the IRS; i.e., ρ

lm
≈ ρ

l
, ∀m ∈M and ∀l ∈ L.

5 Achievable Rate of IRS-Aided MIMO Communi-

cation

Let the composite channel matrix be known at both the transmitter and receiver, then
the MIMO channel capacity becomes [9]

C = log det

[
Inr +

1

σ2
HQHH

]
, (23)

where σ2 is the noise variance, and Q ∈ Cnt×nt is the transmit covariance matrix which
satisfies tr (Q) ≤ P , while P is the total transmitted power. In order to maximize
the channel capacity, both the covariance matrix and the reflection coefficients of all
elements in the IRS have to be jointly optimized which was shown in [10] to be a non-
convex optimization problem. Alternatively, for the sake of simplicity, in this paper we
maximize the composite channel power over the reflection coefficients of all elements in
the IRS which will result in an improvement to the achievable rate. Thus, we define the
composite channel power maximization as

(P) max
α1,α2 ,...,αM

‖H‖2 (24)

s.t. |αm| = 1, ∀ m ∈M, (25)
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where (P) is a non-convex optimization problem because the composite channel power
is non-concave over the reflection coefficients of IRS. However, using an alternating op-
timization algorithm which solves for a single reflection coefficient while the remaining
coefficients are set as constants will converge to a sub-optimal solution [10]. Thus, given
that {αm}

M
m=1,m 6=k are set to constants the composite channel can be written as

H = Hf + α
k
h2kh

H
1k
, (26)

where Hf = Ho +
∑M

m=1,m6=k αmh2mhH1m . Then, the composite channel power becomes

‖H‖2 = tr
(
HHH

)
= ‖Hf‖2 + αktr

(
h2kh

H
1k

HH
f

)
+ α∗ktr

(
Hfh1kh

H
2k

)
+ tr

(
h2kh

H
1k

h1kh
H
2k

)
= ‖Hf‖2 + 2Re

(
α∗
k
hH

2k
Hfh1k

)
+ ‖Hk‖2,

(27)
where tr

(
Hfh1kh

H
2k

)
= hH

2k
Hfh1k . Thus, the optimum reflection coefficient of the kth

element in the IRS that maximizes the composite channel power becomes

αopt
k = ej arg {hH

2k
Hfh1k

}. (28)

The overall alternating algorithm starts with randomly generated reflection coeffi-
cients for all the reflecting elements in the IRS; then iteratively computes (28) until the
composite channel power converges.

Furthermore, after convergence of the composite channel power, the optimum covari-
ance matrix can be obtained based on the singular value decomposition of the composite
channel matrix. In particular, define H = UΛVH , where U ∈ Cnr×D and V ∈ Cnt×D are
unitary matrices, D is the rank of composite channel matrix, and Λ = diag{δ1, δ2, ..., δD},
where δi is the ith singular value of the composite channel matrix. Then, the optimum
covariance matrix is given by [9]

Qopt = Vdiag{p1 , p2 , ..., pD}V
H , (29)

where p
i
denotes the power allocation of the ith data stream, which is optimally computed

using the water-filling algorithm as [9]

p
i

=

(
µ− σ2

δ2
i

)+

, (30)

where (x)+ = max(x, 0) , and µ is chosen to satisfy the total transmit power constraint
as follows

∑D
i=1 pi = P .

A special but important scenario for characterizing the efficient regions of IRS deploy-
ments is when the IRS is deployed in the far-field relative to the transmitter and receiver
in LoS environment such that κ0 = κ1 = κ2 =∞. In this scenario, the composite channel
matrix simplifies to

H = ρ0h̄20h̄
H
10

+ η ω h̄2IRS
h̄H

1IRS
, (31)

where η = ρ1ρ2 is the effective large-scale fading channel of the two-hop link through the
IRS, whereas ω =

∑M
m=1 αme

−j(µ1,m+µ2,m ) represents the effective reflection coefficient of
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Figure 4: Null-space metric of IRS-aided MIMO communications in LoS environment.

the IRS [11]. It is clear from (31) that the direct channel is a rank-one matrix. Therefore,
the effective large scale fading of the IRS-reflected link is not only the main factor that
describes the impact of the IRS position on the achievable rate but also the relations
between the transmit/receive array responses of the direct channel (h̄10/h̄20) and the
channel via the IRS (h1IRS

/h2IRS
) have an important impact on characterizing the impact

of the IRS position. Simply, these relations control the source of the achievable rate
gained by the deployment of an IRS which could either be classified as a power gain,
an additional degree-of-freedom or a mixture of both. An important metric that can
relate between IRS position and the source of achievable rate gained is the null-space
metric [12]

E =

(
nt −

∣∣h̄H10
h1IRS

∣∣) (nr − ∣∣h̄H20
h2IRS

∣∣)
ntnr

, (32)

where 0 ≤ E ≤ 1 such that E = 1 occurs when both the transmit array and the receive
array responses of the direct channel and the reflected channel on IRS are orthogonal.
In other words, E = 1 indicates that the IRS deployment only results in creating an
additional-degree-of-freedom which could be seen from (31). In contrast, E = 0 occurs
when the transmit array and/or the receive array responses of the direct channel and the
reflected one on IRS are aligned. Thus, E = 0 indicates that the IRS deployment only
results in a power gain [2, 9].

In Figure 4 the null-space metric for an IRS-aided MIMO system of nt = nr = 4 is
shown, while the rest of the simulation parameters are similar to that of the IRS-aided
SISO systems that we previously mentioned in section III. Moreover, in the case of IRS
near-field deployment relative to the transmitter or receiver, the null-space metric is
computed based on the transmit and receive responses of the center element in the IRS.
It is important to note that the null-space metric is mainly dependent on the distinctions
of AoAs and AoDs of the direct channel and the channel created by the reflection on the
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(a) κ0 = κ1 = κ2 =∞

(b) κ0 = κ1 = κ2 = 7

(c) κ0 = κ1 = κ2 = 0

Figure 5: Achievable rate of IRS-aided MIMO communications in different propagation
environments.
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IRS [2, 9]. This creates an important trade-off between the null-space metric and large-
scale fading. In short, a high value of the null-space metric imposes the IRS being placed
far away from both the transmitter and the receiver, which results in a high large-scale
fading. In contrast, a low value of the null-space metric imposes the IRS being placed
close to the transmitter or receiver which results in a low large-scale fading.

In Figure 5a, the achievable rates of an IRS-aided MIMO system in LoS environment
is shown. Without the IRS 10.7 bps/Hz is achieved. Moreover, when an IRS is deployed
both the far and near deployments result in significant achievable rate improvements
where the former mainly creates a substantial additional degree-of-freedom, while the
latter mainly results in a power gain.

In Figure 5b and Figure 5c, the ergodic achievable rates for Rician fading channel
with κ0 = κ1 = κ2 = 7, and Rayleigh fading channel are shown, respectively. Without
the IRS, 17 bps/Hz and 22.3 bps/Hz are achieved for the Rician and Rayleigh fading
channels, respectively. As the Rician factor decreases, the wireless channel becomes richer
with multipath so the rank of the direct channel matrix increases and the distribution of
its eigen-channels improves. Therefore, the efficient far-away deployment regions of the
IRS gradually shrink with decreasing Rician factor until they disappear in the case of
Rayleigh fading channel as the potential gain of creating an additional degree-of-freedom
vanishes and the deployment of an IRS solely results in a power gain. Thus, in a rich-
scattering environment for the sake of a higher power gain, near deployments of the IRS
relative to the transmitter or receiver become more efficient than far deployments.

6 Conclusion

We have characterized the efficient regions of IRS deployment for SISO and MIMO sys-
tems. We have showed that for IRS-aided SISO communication, the large-scale fading of
the IRS-reflected links is the main factor that affects the efficient regions of IRS place-
ment. Thus, it is always best to place the IRS as close as possible to the transmitter or
the receiver. We showed that for IRS-aided MIMO communication, the efficient regions
of IRS deployment are highly dependent on the propagation environment. In LoS envi-
ronment, both the near and far deployments can result in substantial achievable rate gain.
As the channel becomes richer with multipath, the efficient far-away deployment regions
of the IRS shrink gradually until they disappear in case of rich-scattering environment
and the near deployment of the IRS become more efficient than far deployment.
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Reconfigurable Intelligent Surfaces

Emad Ibrahim, Rickard Nilsson, and Jaap van de Beek

Abstract

We propose a novel binary polarization shift keying modulation scheme for a line-of-sight
environment by exploiting the polarization control ability of the reconfigurable intelligent
surface (RIS). The RIS encodes the information data in terms of the polarization states of
either the reflected wave from the RIS or the composite wireless channel between an RF
source and receiver. In the first case, polarization mismatch correction becomes essential
at the receiver. In the second case, the RIS pre-codes the reflected wave to compensate
for the polarization mismatch which allows non-coherent demodulation at the receiver.

1 Introduction

Current research on reconfigurable intelligent surface (RIS) aided wireless communica-
tions is mainly focused on the beam focusing and steering ability of the RIS for different
communication systems [1]. However, one of the potential functions of the RIS is that it
can also control the polarization state of the reflected waves [2]. The polarization state
of the electromagnetic waves describes the orientation of the electric field relative to the
direction of propagation which can be either linear, circular or elliptical. Typically, dual-
polarized (DP) antennas of two orthogonal polarized states have been used to provide
diversity and multiplexing gains [3]. Recently, it was shown that RIS polarization ma-
nipulation becomes possible thanks to the deployment of DP reflecting elements which
could excite two orthogonal polarization states and induce independent phase shifts per
each polarization state whenever a wave is incident on them [4,5].

A promising application for the RIS is to serve as an access point for information
transfer. In this case, the RIS exploits an ambient or dedicated radio-frequency (RF)
source for information encoding, e.g., the data sources may be some sensors that collect
specific measurements and have direct connections to the RIS. In this letter, we propose
a novel RIS assisted information transfer scheme by encoding the information data in
terms of the polarization state of the reflected waves from the RIS. We assume a line-
of-sight (LoS) environment which often exists in many scenarios such as millimetre-wave
and rural area communications.

Few works in the open literature have suggested using the RIS for information trans-
fer. In [6] the authors propose a RIS that alternates the states of its reflecting elements,

We acknowledge the partial funding by the EU’s Interreg Nord Program.
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by turning them on and off, to perform amplitude shift keying (ASK) modulation for in-
formation encoding. That, however, adds complexity to the RIS fabrication since the am-
plitude reflection coefficients of its elements need to be controlled. Also, it underutilizes
the RIS since some elements are switched off which decreases the received signal-to-ratio
(SNR) [7]. In [8] the RIS is used to perform space shift keying modulation, where the
RIS encodes the information data in the indices of the receiver antennas by maximizing
the received SNR for the selected antenna index. However, a fundamental limit in the
space shift keying is that it requires a rich-scattering environment wherein the receiver
antennas have low correlation, while LoS environments with highly correlated antennas
limit its performance [9].

Moreover, few works have discussed the deployment of DP-RIS. In [10] the authors
built a prototype of a DP-RIS to provide a multiplexing gain by encoding two independent
streams over the two degrees of freedom of the DP-RIS. In [11] the authors fabricated
a DP-RIS to manipulate the polarization state of the reflected waves and constructed a
prototype for a RIS assisted polarization modulation scheme. However, the work in [11]
introduces a fabrication technique for the DP elements in the RIS. Also, it doesn’t include
the polarization mismatch loss that usually occurs in a LoS environment.

The main contributions are that we first present a mathematical framework for the
RIS assisted polarization control functionality. Then, we develop two novel RIS assisted
information transfer schemes that exploit the polarization state of the reflected wave
from the RIS for information encoding. In one scheme, the RIS is deployed to beam
steer the incident wave from a single polarized RF source towards a DP receiver and
switch the polarization state of the reflected wave between vertical and horizontal states
to encode the information bits. In another scheme, to avoid the polarization mismatch
estimation and correction at the receiver, the RIS also pre-codes the reflected wave to
compensate for the polarization mismatch which allows non-coherent demodulation such
that a simple maximum power detector at the receiver becomes efficient.

2 System Model

We consider an RIS of M lossless DP reflecting elements each of which has two polariza-
tion states of slant 45◦ and slant −45◦ as shown in Figure 1. In addition, each element
induces two independent phase shifts denoted by ϕm,1 and ϕm,2 for the excited slant 45◦

and slant −45◦ polarization states, respectively, while ϕm,1 and ϕm,2 ∈ [0, 2π], ∀m ∈ M
such that M = {1, 2, ...,M}.

In this letter, we assume an RF source that transmits a vertically polarized unmod-
ulated carrier wave which is received by a DP receiver of vertically and horizontally
polarized antennas solely through the wave reflection on the RIS (the direct channel
between the RF source and the receiver is blocked) as shown in Figure 1. Thus, the
composite wireless channel h ∈ C2×1 between the receiver and source becomes

h =
M∑
m=1

H2mΦmh1m , (1)
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Figure 1: RIS-aided polarization modulation.

where h = [h
V
, h

H
]T such that h

V
and h

H
are the composite channels from the source

to the vertical and horizontal antennas, respectively, while h1m ∈ C2×1 and H2m ∈ C2×2

are the channels between the mth reflecting element in the RIS to source and receiver,
respectively. The matrix Φm ∈ C2×2 is diagonal and accounts for the two phase shifts
induced by the mth reflecting element as

Φm =

[
ejϕm,1 0

0 ejϕm,2

]
. (2)

In a LoS environment, orthogonality between two polarized states is maintained
through the wireless channel. However, polarization mismatch loss often occurs due
to the different orientations between the DP received wave and destination [12]. In
this paper, we assume that the first-hop channel between the RF source and the RIS is
perfectly aligned such that there is no polarization mismatch loss. However, there is a
polarization mismatch loss in the second-hop channel between the RIS and the receiver.
In addition, we assume that the polarization mismatch loss occurs solely due to an az-
imuth angle mismatch between reflected wave by the RIS and the DP receiver as shown
in Figure 2. Consequently, the second-hop channel between the mth reflecting element

H

V

V ant.

H ant.

β α
Slant 45◦Slant −45◦

Figure 2: Polarization mismatch between the reflected wave and the DP receiver.
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of slant 45◦/− 45◦ polarization states and the DP receiver of vertically and horizontally
polarized antennas becomes [12]

H2m = ρ2e
jµ2,m

[
cos (α) sin (α)
sin (α) − cos (α)

]
, (3)

where ρ2 and µ2,m account for the large-scale fading channel and the phase shift of the link
between the mth reflecting element and the receiver, respectively, whereas α = 45◦ − β
is the mismatch angle between the slant 45◦ reflected wave and the vertical antenna of
the receiver such that β represents the polarization mismatch angle of the DP receiver
as shown in Figure 2. Similarly, the first-hop channel between the vertical polarized RF
source and the slant 45◦/ − 45◦ mth reflecting element, given there is no polarization
mismatch, becomes h1m =

ρ1√
2
ejµ1,m [1, 1]T where ρ1 and µ1,m account for the large-scale

fading channel and the phase shift, respectively. Furthermore, it is important to note
that the large-scale fading channels and the polarization mismatch angle are assumed
constant for all the elements in the RIS which is valid assumption given that the RIS is
placed in the far-field with respect to both the RF source and the receiver. Consequently,
the composite channel matrix in (1) can be simplified as

h = Au, (4)

where A represents the polarization mismatch loss matrix of the DP receiver which is
defined as [12]

A =

[
cos (β) sin (β)
− sin (β) cos (β)

]
, (5)

and u represents the composite reflected wave from all the elements in the RIS,

u =
η

2

M∑
m=1

ej(ψm+ϕm,1)
[
1 + ej∆ϕm

1− ej∆ϕm

]
, (6)

where η = ρ1ρ2 , ψm = µ1,m + µ2,m , and ∆ϕm = ϕm,2 − ϕm,1 represent the effective large-
scale fading, the phase shift of the two-hop channel through the mth element, and the
phase shift difference between the two excited polarized states from the mth element,
respectively as shown in Figure 1. Thus, it is clear that the polarization state of the
reflected wave from each reflecting element can be controlled by the appropriate choice
of ∆ϕm . Particularly, in case of ∆ϕm = 0 and ∆ϕm = π the reflected wave from the mth
reflecting element will be vertically and horizontally polarized, respectively. In addition,
right and left hand circular polarized waves can be composed when ∆ϕm = π/2 and
∆ϕm = −π/2, respectively, and even elliptical polarized waves can be composed for
other phase shift difference values.

3 RIS Based Binary Polarization Shift Keying

In this section, we discuss a modulation scheme where the polarization state of the
electromagnetic waves is used to carry information data bits. We develop two different
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schemes that both exploit polarization for information encoding. In a first scheme, the
RIS encodes the information data bits in terms of the polarization states of the reflected
wave from the RIS without respect to the polarization mismatch loss. Consequently, in
this scheme, the polarization mismatch estimation and correction at the receiver becomes
essential for the data detection. In a second scheme, the RIS encodes the information
data bits in terms of the polarization states of the composite wireless channel between the
RF source and the receiver via the RIS. Consequently, in this scheme, there is no need for
the polarization mismatch estimation and correction at the receiver since the RIS itself
pre-codes the reflected wave to correct for the polarization mismatch. Moreover, to show
the upper bound performance of the proposed schemes we assume that the channels from
the RIS to the source and receiver in addition to the polarization mismatch angle are
perfectly known. In practical scenarios, an estimation process will be necessary which is
possible using pilot signals of limited overhead especially in the LoS environment.

3.1 Scheme 1: Polarization mismatch correction at the receiver

In the first scheme, the RIS is deployed to perform two fundamental functions. Firstly,
the RIS beam-steers the reflected wave towards the receiver to maximize the composite
channel power. Secondly, the RIS shifts the polarization state of the reflected wave
between vertical and horizontal polarization states to encode the information data bits
as shown in Figure 1. Since the composite channel power is maximized whenever all the
reflected paths from the RIS are added constructively at the receiver, by observing (6),
the phase shift of the excited slant 45◦ polarization state becomes

ϕm,1 = −ψm ∀m ∈M. (7)

In this letter we choose the vertically polarized state to encode information data bit
b = 1 and the horizontally polarized state to encode the information data bit b = 0.
Thus, the phase shift of the excited slant −45◦ polarization state as a function of the
information data bits becomes

ϕm,2 = ϕm,1 + π (1− b) ∀m ∈M, (8)

where (8) guarantees that all the reflecting elements in the RIS excite vertically and
horizontally polarized waves in case of b = 1 and b = 0, respectively. Consequently, the
received signal denoted by y ∈ C2×1 at the DP receiver as a function of the information
data bits becomes

y = Mη
√
ptAx + w, (9)

where y = [y
V
, y

H
]T such that y

V
and y

H
are the received signal at the vertically and

horizontally polarized antennas, respectively. The vector x = [b, 1− b]T describes the
selected polarization state of the reflected wave as a function of the information data
bit, pt is the transmitted power from the RF source, and w ∈ C2×1 ∼ NC (0, σ2I2) is
the additive white Gaussian noise with variance σ2. Given the orthogonal polarization
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mismatch loss matrix shown in (5), the equalization process to correct the polarization
mismatch simply becomes

x̂ = ATy. (10)

Then, the data bit demodulation can be performed based on the maximum power
detector as

b̂ =

{
1 if |x̂

V
| ≥ |x̂

H
|

0 if |x̂
V
| < |x̂

H
|
. (11)

The received SNR at the targeted polarized antenna becomes

γ1 =
M2η2pt
σ2

, (12)

and the theoretical performance of this scheme in terms of the bit-error-rate (BER)
becomes [13]

BER =
1

2
e−

γ1
2 . (13)

3.2 Scheme 2: Polarization mismatch correction at the RIS

In this scheme, the information data bit are encoded in terms of the polarization states of
the composite wireless channel between the RF source and receiver via the RIS. Therefore,
the RIS performs an additional function in comparison to the previous scheme which is
the pre-coding of the reflected wave to correct the polarization mismatch.

Let l
V

and l
H

reflecting elements excite solely vertically and horizontally polarized
wave, respectively, such that ∆ϕm = 0, ∀m ∈ M

V
and ∆ϕm = π, ∀m ∈ M

H
, where

M
V

= {1, 2, ..., l
V
} and M

H
= {l

V
+ 1, l

V
+ 2, ...,M}, while l

V
+ l

H
= M . Consequently,

the reflected wave from the RIS defined in (6) becomes

u = η


∑

m∈M
V

ej(ψm+ϕm,1 )∑
m∈M

H

ej(ψm+ϕm,1 )

 = η

aV

a
H

 , (14)

and the composite channel can be formulated as

h = η cos (β)

[
a

V
+ a

H
tan (β)

a
H
− a

V
tan (β)

]
. (15)

Then, the phase shift of the excited slant 45◦ polarization state is chosen to maximize
the composite channel power at the targeted polarization state which can be performed
based on (14) and (15) as

ϕm,1 =

{
−ψm +

π

2
[1 + (−1)bsign(tan(β))]∀m ∈M

V

−ψm ∀m ∈MH

, (16)
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where sign(·) denotes the sign operator, while (16) guarantees the coherent addition for
the components at the targeted polarized antenna. Thus, the vertically and horizontally
polarized composite channel power, as a function of the information data bit, becomes

|h
V
|2 = η2 cos2 (β)

[
l
V
− (−1)bl

H
|tan (β)|

]2
|h

H
|2 = η2 cos2 (β)

[
l
H

+ (−1)bl
V
|tan (β)|

]2. (17)

Moreover, l
V

and l
H

are chosen such that the composite channel vanishes on the
horizontally and vertically polarized channels in case of b = 1 and b = 0, respectively,
which by observing (17) becomes

l
V

=

{
b M

1+|tan(β)|e if b = 1

b M
1+|cot(β)|e if b = 0

, (18)

where b.e is the operator that rounds to the nearest integer number, while l
H

= M − l
V
.

Now, given that (16) and (18) are fulfilled the data bit detection can be performed directly
based on the maximum power detector of the DP received signal as

b̂ =

{
1 if |y

V
| ≥ |y

H
|

0 if |y
V
| < |y

H
|
. (19)

Moreover, by substituting (18) in (17) the received SNR at the targeted polarized
antenna becomes

γ2 ≈
M2η2pt

σ2 [ 1 + |sin (2β)| ]
, (20)

where the approximation is due to the rounding operation in (18). It is important to
note that the received SNR in this scheme degrades in comparison to the previous scheme
where the equalization is performed in the receiver. Thus, the RIS correction for the
polarization mismatch comes at the expense of the performance. However, this scheme
allows for non-coherent data bit detection without the need of polarization mismatch
estimation and correction at the receiver which simplifies the receiver structure. The
theoretical BER in this scheme becomes [13]

BER ≈ 1

2
e−

γ2
2 . (21)

4 Simulation Results

The simulation parameters are shown in Table I. We rely on the plate scattering-path
loss model which is used given the far-field operation of the RIS as shown in [14] and
we use the radiation pattern of the reflecting element introduced therein. Thus, the
large-scale fading channel becomes

η =

(
∆
√
GtGr

4πr1r2

)
[cos(ζ1) cos(ζ2)]qo , (22)
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Table I: Simulation Parameters

Parameter Value
Gain of transmit and receive antennas 3 dBi

Carrier frequency 3 GHz
Transmission power (pt) 8 dBm

Noise power (σ2) -96 dBm
Reflecting element aperture area (∆) λc/2× λc/2

Location of RF source [50, 0, 0]m
Location of Receiver [50, 100, 0]m

Location of RIS [0, 50, 0]m

where qo = 0.285 given the square shape reflecting element of half-wavelength as a side
length [14], while Gt, Gr, and ∆ are the gain of the RF source antenna, the gain of the
receiver antennas, and the physical area of the reflecting element, respectively while, r1

and r2 represent the distances from the RIS to the source and destination, respectively.
Furthermore, ζ1 and ζ2 represent the angles between the normal of the RIS to the incident
and reflected waves, respectively. Importantly, the received SNRs in (12) and (20) that
govern the performance of the schemes are proportional to A2

RIS where ARIS = M∆
denotes the surface area of the RIS. Thus, in our simulations, we rely on the RIS’ surface
area instead of its number of elements to neutralize the effect of the carrier frequency on
the performance.

Furthermore, the phase shifts of the links from the reflecting element in the RIS to
the source and the receiver are defined based on the plane wave propagation model as

µ
l,m

= gT
mq

l
∀m ∈M, (23)

where l ∈ {1, 2}, and

q
l

=
2π

λc
[cos (φ

l
) cos (θ

l
) , sin (φ

l
) cos (θ

l
) , sin (θ

l
)]T , (24)

where λc, gm ∈ R3×1, and q
l
∈ R3×1 are the carrier wave-length, the Cartesian coordi-

nates of the mth reflecting element in the RIS, and the wave vector which describe the
phase variations over the elements in the RIS for the incident/reflected wave, respec-
tively, whereas θ

l
and φ

l
are the RIS’ elevation and azimuth angles of arrival/departure,

respectively.
In Figure 3, the received SNRs at the targeted polarized antenna are shown for the

two proposed schemes versus the polarization mismatch angle for a RIS of ARIS = 1m2.
For scheme 1, the SNR is independent of the polarization mismatch angle, whereas in
scheme 2 the worst performance of 3 dB loss occurs in case of β = 45◦. In addition,
the SNR curve is periodic with period equals to 90◦, and scheme 2 achieves the same
performance as scheme 1 when β equals multiples of 90◦ and when β = 0◦. Moreover,
it is clear from the performance of scheme 2 that the RIS correction for the polarization
mismatch comes at the expense of a reduced performance relative to the polarization
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Figure 3: SNR versus the polarization mismatch angle for a RIS of ARIS = 1m2.

mismatch angle. However, scheme 2 allows non-coherent detection which eliminates the
need for the polarization mismatch estimation and correction at the receiver in contrast
to scheme 1.

In Figure 4, the theoretical and simulated BER curves for the two proposed schemes
are shown versus the surface area of the RIS. In case of scheme 2 the performance is
shown for three different polarization mismatch angles of β = 0◦, 10◦ and 45◦. It is
clear that scheme 2 achieves its best performance when β = 0◦ followed by β = 10◦ and
β = 45◦. In addition, scheme 2 achieves similar performance to scheme 1 only when
β = 0◦. Furthermore, the performance of the two proposed schemes are compared
with the traditional RIS information transfer scheme [6] where the RIS alternates the
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Figure 4: BER are shown versus the surface area of the RIS.
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Figure 5: BER are shown versus the surface area of the RIS in the presence of estimation
errors.

on and off states of the reflecting elements to perform ASK modulation. Thus, in case
of b = 0, all the elements are set to the off states, whereas in the case of b = 1, all
the elements are set to on states such that the phases of the two excited polarization
states are chosen to maximize the received SNR at the DP receiver by fulfilling (7) and
by setting ∆ϕm = ∆ϕ , ∀m ∈ M where the performance is independent of the choice
of ∆ϕ ∈ [0, 2π]. In this scenario, the received SNR in case of b = 1 is similar to that
in (12). Moreover, two possible detectors are performed depending on the knowledge
of β at the receiver. The first is the matched filter detector as x̃

ASK,1
=
(
hH
o /|ho|

)
y

where ho = A[1 + ej∆ϕ, 1 − ej∆ϕ]T, followed by a hard decision: x̃
ASK,1

b̂=1
≷
b̂=0

Mη
√
pt/2.

Alternatively, in case of β is unknown at the receiver a simple possible detector becomes

x̃
ASK,2

=
√
|y

V
|2 + |y

H
|2 followed by a hard decision similar to the first detector. It is

clear from Figure 4 that through the reasonable performance region, i.e. BER< 10−1, the
proposed scheme 1 achieves the best performance, while the performances of the scheme
2 and that of RIS-aided ASK with matched filter detector are comparable depending on
the value of β. The worst performance is for the RIS-aided ASK when the β is unknown
at the receiver.

In Figure 5, the BER performance of the two proposed schemes are presented given
there are estimation errors in the polarization mismatch angle. The estimation errors
are modeled as a zero-mean Gaussian distribution of standard deviation denoted by σe
which accounts for the accuracy of the estimator. In the case of σe = 4◦, the degradation
in the performance are not significant, whereas in the case of σe = 8◦ the degradation
are noticeable. Thus, even imperfect estimator of the polarization mismatch angle can
be useful, especially if error coding techniques are used.
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5 Conclusion

We propose a novel RIS aided binary polarization shift keying modulation method for the
LoS environment. Two schemes that exploit the polarization states of either the reflected
wave from the RIS or of the composite channel between the RF source and receiver to
encode the information data bits are presented. In the first scheme, the receiver corrects
the polarization mismatch which occurs in the wireless channel. In the second scheme,
the RIS itself pre-codes the reflected wave to compensate for the polarization mismatch.
Although this comes at the expense of a degraded performance, it allows non-coherent
demodulation without the need for polarization mismatch estimation and correction at
the receiver.
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Abstract

We propose a novel reconfigurable intelligent surface (RIS)-aided differential polarization
shift keying modulation scheme for a line-of-sight environment. In this scheme, the
RIS exploits the state of polarization (SoP) of the reflected waves over two successive
reflection frames to encode the data bit. In particular, the RIS either preserves the SoP
of the reflected wave similar to the previous reflection frame or switches it to another
orthogonal SoP as a function of the information data bits. The proposed scheme allows
non-coherent data detection without the need for polarization mismatch estimation and
compensation processes at the receiver.

1 Introduction

One of the potential functions of the reconfigurable intelligent surface (RIS) is that it
can control the state of polarization (SoP) of the reflected waves [1]. RIS polarization
manipulation becomes possible thanks to the deployment of dual-polarized (DP) reflect-
ing elements which could excite two orthogonal SoPs and induce independent phase shifts
per each SoP whenever a wave is incident on them [2, 3]. In this letter, we deploy the
RIS to act as an access point for information transfer where the RIS relies on an external
radio-frequency (RF) source for information encoding; for instance, the data sources may
be some sensors that collect specific measurements and have direct connections to the
RIS. Furthermore, we exploit the polarization control ability of the RIS to perform a
novel differential polarization shift keying modulation (DPolSK) for a line-of-sight (LoS)
environment. In this scheme, the RIS performs two functions. First, the RIS beam steers
the incident wave from an RF source towards a receiver to increase the received signal
strength. Second, the RIS alternates the SoP of the reflected waves over two orthogonal
SoPs to perform DPolSK modulation scheme. In particular, the RIS either preserves or
switches the SoP of the reflected wave in comparison to the previous reflection frame as a
function of the information data bits. Moreover, the receiver tracks the SoPs of two suc-
cessive received signals to perform non-coherent detection. Thus, the proposed scheme
is immune to the polarization mismatch that occurs in the wireless channel in contrast
to the conventional RIS-aided PolSK [4], where polarization mismatch estimation and
compensation processes are essential at the receiver for the data detection.

We acknowledge the partial funding by the EU’s Interreg Nord Program.
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2 System Model

We consider a RIS of M lossless DP reflecting elements each of which has vertical and
horizontal polarization states and can induce two independent phase shifts denoted by
ϕ
m,V

and ϕ
m,H

for each polarization state, respectively, where ϕ
m,V

and ϕ
m,H
∈ [0, 2π],

∀m ∈ M = {1, 2, ...,M}. In this letter, we assume a DP RF source that transmits
vertically and horizontally polarized unmodulated carrier wave which is received by a
DP receiver solely through the wave reflection on the RIS (the direct channel between
the RF source and the receiver is blocked). Thus, the received signal y ∈ C2×1 at the
receiver becomes

y = Hx + w, (1)

where y = [y
V
, y

H
]T such that y

V
and y

H
are the received signal at the vertically and

horizontally polarized antennas, respectively, whereas x =
√
pt/2 [1, 1]T is the unmodu-

lated carrier wave from the source and pt is the transmission power, while w ∈ C2×1 ∼
NC (0, σ2I2) is the additive white Gaussian noise with variance σ2. The matrix H ∈ C2×2

is the composite wireless channel between the receiver and source through the RIS as

H =
M∑
m=1

H2mΦmH1m , (2)

where H1m ∈ C2×2 and H2m ∈ C2×2 are the channel matrices between the mth reflecting
element in the RIS to source and receiver, respectively. The diagonal matrix Φm ∈ C2×2

accounts for the two phase shifts induced by the mth reflecting element as

Φm =

[
ejϕm,V 0

0 ejϕm,H

]
. (3)

In a LoS environment, the orthogonality between two polarized states is maintained
through the wireless channel. However, polarization mismatch loss often occurs due to
the different orientations between the received wave and the destination [5]. In this paper,
we assume that the first-hop channel between the RF source and the RIS are perfectly
aligned such that there is no polarization mismatch loss. However, there is a polarization
mismatch loss in the second-hop channel between the RIS and the receiver. In addition,
we assume that the polarization mismatch loss occurs solely due to an azimuth angle
mismatch between reflected wave by the RIS and the DP receiver as shown in Figure 1.
Consequently, the channel matrices H1m and H2m become [5]

H1,m = ρ1,me
jµ1,mI2, (4)

H2,m = ρ2,me
jµ2,m

[
cos (βm) sin (βm)
− sin (βm) cos (βm)

]
, (5)

where ρ1,m and µ1,m account for the large-scale fading channel and the phase shift of
the link through the mth reflecting element in the first-hop channel, similarly follows
ρ2,m and µ2,m for the second hop channel, whereas βm is the polarization mismatch
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Figure 1: Polarization mismatch between the reflected wave and the DP receiver.

angle between the reflected wave from the mth element and the DP receiver as shown
in Figure 1. However, in the case of LoS environment and under the scenario when the
RIS is placed in the far-field relative to both the RF source and the receiver, both the
large-scale fading channels and the polarization mismatch angle converge to constants
over the whole elements in the RIS; i.e., ρ

l,m
≈ ρl, ∀m ∈ M and l ∈ {1, 2} and βm ≈ β,

∀m ∈M. Thus, the received signal vector can be simplified as

y = Au + w, (6)

where A represents the polarization mismatch loss matrix of the DP receiver which is
defined as

A =

[
cos (β) sin (β)
− sin (β) cos (β)

]
, (7)

and u represents the composite reflected wave from all the elements in the RIS,

u =

√
η2pt

2

M∑
m=1

ej(ψm+ϕ
m,H)

[
ej∆ϕm

1

]
, (8)

where η = ρ1ρ2 and ψm = µ1,m + µ2,m are the effective large-scale fading channel and
the phase shift of the two-hop channel through the mth element, respectively, whereas
∆ϕm = ϕ

m,V
− ϕ

m,H
is the phase shift difference between the vertical and horizontal

induced phases for the mth element. The received signal strength is maximized whenever
all the reflected waves from the elements in the RIS are added constructively at the
receiver. Thus, by observing (8), the phase shift of the excited horizontal polarization
state and the phase shift difference between the vertical and horizontal exited polarization
states should satisfy

ϕ
m,H

= −ψm and ∆ϕm = ∆ϕ m ∈M. (9)

Consequently, the composite reflected wave from the RIS becomes

u =
α√
2

[
ej∆ϕ

1

]
, (10)
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where α =
√
M2η2pt and the average received signal-to-noise ratio (SNR) can be calcu-

lated as

γ =
α2

2σ2
. (11)

In general, the SoP of an electromagnetic wave is described using two parameters,
the first is the amplitude ratio between the complex vertical and horizontal components,
while the second is their relative phase difference. Consequently, it is obvious from
(10) that the appropriate choice of ∆ϕ controls the SoP of the reflected wave from the
RIS. Conventionally, the Stokes vector is a fundamental tool that offers an important
graphical description of the SoP. Generally, the Stokes vector of a DP signal denoted by
e = [e

V
, e

H
]T is defined as [6]

se =


se0

se1

se2

se3

 =


|e

H
|2 + |e

V
|2

|e
H
|2 − |e

V
|2

2Re{e
H
e∗

V
}

-2Im{e
H
e∗

V
}

 , (12)

where Re{·} and Im{·} denote the real and imaginary parts of their complex entries,
respectively, whereas se0

represents the energy of the signal and s̄e = [se1
, se2

, se3
]T

denotes the Stokes sub-vector which accounts for the SoP of the waves and allows the
Cartesian mapping into the three-dimensional Poincaré space. The Poincaré space offers
an important geometrical interpretation of the SoP. In Figure 2, the Poincaré sphere is
shown where every possible SoP can be represented by a single point on the sphere. Any
two polarization states are orthogonal to each other if the line connecting them is passing
through the origin. Left and right hand circular SoPs are represented by the north and
south poles of the sphere on the s3-axis, respectively. In addition, all possible linear
polarization states fall inside the equatorial plane such that the vertical and horizontal

s1

s2

s3

H

V

−45◦

LC

RC

∆ϕ +45◦

Figure 2: Poincaré sphere.
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SoPs are indicated on s1-axis, while slant 45◦ and slant −45◦ SoPs are indicated on
s2-axis.

3 RIS Assisted DPolSK

In this section, the RIS ability to control the SoP of the reflected waves is exploited
to perform a novel DPolSK modulation scheme. The Stokes vector of the composite
reflected wave from the RIS in (10) becomes

su =


su0

su1

su2

su3

 = α2


1
0

cos (∆ϕ)
sin (∆ϕ)

 , (13)

It is obvious from (13) that ∆ϕ is the main controller for the SoP of the reflected wave
as shown in Figure 2; for instance, ∆ϕ = 0 and ∆ϕ = π result in two orthogonal SoPs
of slant 45◦ and slant −45◦, respectively. RIS polarization control functionality can be
used for information encoding by performing conventional PolSK [4]. However, in con-
ventional PolSK the polarization mismatch loss fluctuates the SoP of the received signal
which imposes polarization mismatch estimation and compensation processes at the re-
ceiver. However, the DPolSK proposed here allows non-coherent detection, where the
receiver demodulates the received signals directly without the knowledge of the polariza-
tion mismatch which simplifies the receiver structure.

In DPolSK, the data bits are encoded in terms of the SoP of the reflected waves
over two successive refection frames. Thus, the change in the SoP over two consecutive
reflected waves are exploited to bear the data bit. Therefore, non-coherent detection
becomes possible given that the polarization mismatch is static during two successive
reflection frames. Furthermore, DPolSK can be implemented simply by firstly differen-
tially encoding the data bits then alternating the SoP of the reflected waves between two
possible orthogonal SoPs as a function of the encoded bits as shown in Figure 3.

The differential encoder starts with an initial encoded bit denoted by dk−1 at the
refection frame index k − 1. Then, the information data bit denoted by bk for the kth

Info.
src.

011..Diff.
encoder

Incid
ent wave

RF
src.

Reflected wave

Rx

Figure 3: RIS-aided DPolSK.
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reflection frame is differentially encoded as

dk = bk ⊕ dk−1, (14)

where ⊕ denoted the XOR Boolean operator. After that, the SoP of the reflected wave
is switched as a function of dk. In this paper, we choose the slant 45◦ and slant−45◦ as
our two orthogonal SoPs for data encoding. Thus, the phase shift of the excited vertical
polarization state at the reflection frame index k becomes

ϕ
m,Vk

= −ψm + (1− dk) π ∀m ∈M. (15)

where (15) results in reflected waves of either slant 45◦ or slant −45◦ SoPs while it pre-
serves the SoP in case of bk = 0 and it alternates the SoP in case of bk = 1. Furthermore,
the demodulation process of the DPolSk can be done simply by observing the change in
SoPs over two successive received signals. Moreover, the optimum maximum likelihood
detector in LoS environment simplifies to the minimum distance detector in the Poincaré
space [7]. Thus, the demodulation process for the kth information bit becomes

b̂k =

{
0 if s̄T

y
k
s̄y

k−1
≥ 0

1 if s̄T
y
k
s̄y

k−1
< 0

, (16)

where s̄y
k

and s̄y
k−1

are the Stoke sub-vectors for the two successive received signals y
k

and y
k−1

, respectively.
It is important to note that the detection process needs two consecutive received

signals. Therefore, the performance is affected by two independent noise samples which
result in performance degradation in comparison to the conventional PolSK. However,
the detection can be done directly based on the received signals without the polarization
mismatch estimation and compensation processes at the receiver. It was shown in [8]
that the theoretical bit-error-rate (BER) of the DPolSK is defined as

BER =
1

2π

2π∫
0

∞∫
0

fη(η)

[
1− Fϑ

(
acot

[
cos(δ)

η

])]
dηdδ

+
1

2π

2π∫
0

0∫
−∞

fη(η)Fϑ

(
acot

[
cos(δ)

η

])
dηdδ, (17)

where the probability density function fη(η) and the cumulative distribution function
Fϑ(ϑ) are defined as [8]

fη(η) =
1

2

(
1

1 + η2

) 3
2

e
−γ
(

1− η√
1+η2

)
·

[
1 + γ

(
1 +

η√
1 + η2

)]
η ∈ [−∞,∞], (18)

Fϑ(ϑ) = 1− 1

2
e−γ(1−cosϑ) (1 + cosϑ) ϑ ∈ [0, π], (19)

where γ is the received SNR defined in (11).



4. Simulation Results 91

Table I: Simulation Parameters

Parameter Value
Gain of transmit and receive antennas 3 dBi

Carrier frequency 3 GHz
Transmission power (pt) 8 dBm

Noise power (σ2) -96 dBm
Reflecting element aperture area (∆) λc/2× λc/2

Location of RF source [50, 0, 0]m
Location of Receiver [50, 100, 0]m

Location of RIS [0, 50, 0]m

4 Simulation Results

The simulation parameters are shown in Table I. We rely on the plate scattering-path
loss model which is usually used given the far-field operation of the RIS as shown in [9]
and we use the radiation pattern of the reflecting element introduced therein. Thus, the
large-scale fading channel becomes

η =

(
∆
√
GtGr

4πr1r2

)
[cos(ζ1) cos(ζ2)]qo , (20)

where qo = 0.285 given the square shape reflecting element of half-wavelength as a side
length [9], while Gt, Gr, and ∆ are the gain of the RF source antennas, the gain of the
receiver antennas, and the physical area of the reflecting element, respectively, whereas
r1 and r2 represent the distances from the RIS to the source and destination, respectively.
Furthermore, ζ1 and ζ2 represent the angles between the normal of the RIS to the incident
and reflected waves, respectively. Importantly, the received SNR in (11) which governs
the performance is proportional to A2

RIS where ARIS = M∆ denotes the surface area of
the RIS. Thus, in our simulations, we rely on the RIS’ surface area instead of its number
of elements to neutralize the effect of the carrier frequency on the performance.

Furthermore, the phase shifts of the links from the reflecting element in the RIS to
the source and the receiver are defined based on the plane wave propagation model as

µ
l,m

= gT
mq

l
∀m ∈M, (21)

where l ∈ {1, 2}, and

q
l

=
2π

λc
[cos (φ

l
) cos (θ

l
) , sin (φ

l
) cos (θ

l
) , sin (θ

l
)]T , (22)

where λc, gm ∈ R3×1, and q
l
∈ R3×1 are the carrier wave-length, the Cartesian coordi-

nates of the mth reflecting element in the RIS, and the wave vector which describe the
phase variations over the elements in the RIS for the incident/reflected wave, respec-
tively, whereas θ

l
and φ

l
are the RIS’ elevation and azimuth angles of arrival/departure,

respectively.
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Figure 4: BER are shown versus the surface area of the RIS.

In Figure 4, the theoretical and simulated BER curves for the RIS-aided conventional
PolSK and DPolSK modulation schemes are shown. In the case of conventional PolSK,
the RIS switches the SoP of the reflected wave between two orthogonal SoPs as a function
of the information data bits, while the receiver first compensates for the polarization
mismatch then the data bit detection process is done [4], it is shown that its theoretical
performance is BER = 0.5 e−γ [8]. In addition, the theoretical BER performance of the
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Figure 5: BER are shown versus the surface area of the RIS in the presence of estimation
errors.
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DPolSK is computed numerically. Although the performance of PolSK is better than that
of DPolSK, the DPolSK allows non-coherent detection without the need for polarization
mismatch estimation and compensation at the receiver.

In Figure 5, the BER performances are presented given there are estimation errors
in the polarization mismatch angle. The estimation errors are modeled as a zero-mean
Gaussian distribution of standard deviation denoted by σe which accounts for the ac-
curacy of the estimator. The performance of RIS-aided DPolSK is independent of the
polarization mismatch estimation errors as it utilizes non-coherent detection. It is clear
that the performance of RIS-aided PolSK is sensitive to the polarization mismatch esti-
mation accuracy that shows the advantage of RIS-aided DPolSK as it is immune to the
polarization mismatch that occurs in the wireless channel.

5 Conclusion

We proposed a novel RIS-aided DPolSK modulation scheme for LoS environment. In
particular, the SoPs of the reflected waves from the RIS are alternated differentially over
two successive reflection frames to encode the information data bit. The proposed scheme
allows at the expense of the performance non-coherent detection without the need for
polarization mismatch estimation and compensation at the receiver in contrast to the
conventional RIS-aided PolSK.
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