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Abstract

Intelligent reflective surfaces (IRS) are envisioned to have a significant number of
applications in future wireless network systems by reconfiguring the signal prop-
agation to improve system performance. In particular, the IRS’s cell elements can
independently reflect the incident signal by tuning its phase and achieving pas-
sive beamforming to enhance the received signal of the user equipment. We study
the IRS-aided point to point multiple-input single-output (MISO) wireless system
where one IRS is deployed to assist the wireless communication network from a
multi-antenna base station to a single-antenna user. The user receives the sig-
nal transmitted directly from the base station as well as that reflected by the IRS.
We aim to maximize the total received signal power at the user by jointly opti-
mizing the (active) transmit beamforming at the base station and (passive) reflect
beamforming by the IRS’s reflective cells. First, we propose a signal model for
the passive IRS-aided wireless network for empty-room and dead-zone scenar-
ios. Second, we propose a beamforming optimization algorithm to analyze the
received signal power’s maximization for the given scenarios. The performance
of the proposed methods is analyzed in an ideal indoor environment where all the
antennas both in the base station and the IRS are in a perfect line-of-sight prop-
agation environment. Furthermore, numerical results show significant perfor-
mance enhancement with the use of IRS in typical wireless networks compared
to benchmark schemes. The numerical results show how the IRS-aided wireless
system compensates for the attenuation loss blocking by the obstacle wall with
different materials in the dead-zone scenarios. Moreover, we present the rela-
tionship between the size of the IRS and the received signal power and the size
of the IRS and the IRS deploying positions, respectively. It is verified that the IRS
can drastically enhance the link quality and coverage over the traditional setup
without the IRS.
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Chapter1
Introduction

1.1 Background and motivation

Intelligent Reflecting surface(IRS) is a brand-new concept providing a revolu-
tionizing technology in wireless communication that will improve the commu-
nication network significantly [1]. The IRS will have a substantial potential use
in future 6th generation (6G) and beyond wireless networks [2], [3], [4]. The IRS
is an artificial meta-surfaces that can control the electromagnetic field on the en-
tire surface, adapt reflecting signals, and proactively modify the wireless chan-
nel. IRS differs significantly from the other related existing technologies such as
amplify-and-forward (AF) relays, backscatter communication, and active intel-
ligent surface-based massive MIMO [5]. For instance, IRS does not require the
use of transmitting RF chains, and it can be densely deployed with scalable cost
and low energy consumption [6], [7]. The main advantage of IRS technology is
that it enables transmitted power, focusing on a target location while reducing
interference to its neighbors [8]. This capability, can, logically, be translated into
a significant increase in transmission data rates, without an unrealistic increase
in transmission power. All the above advantageous make IRS an appealing so-
lution for performance enhancement in next generation wireless networks, espe-
cially for indoor environments with a high density of users (e.g. shopping malls,
airports, stadiums). Moreover, IRS has excellent compatibility with existing con-
ventional networks, that is, in existing networks, IRS can be flexibly deployed
to enhance the performance of current communication networks. Typical ap-
plications of the IRS-aided wireless network are illustrated in [9]. Besides the
promising applications shown in [9], IRS also possesses appealing advantages
from the implementation aspect, such as lightweight, conformal geometry, and
low-cost [9]. However, at this time, the IRS technology is at an infancy stage, and
much more research is needed before it can be deployed in practical systems.

1.2 Purpose and aims

The aims of the thesis are analyzing and maximizing the total received signal
power at the user equipment by jointly optimizing the (active) transmit beam-
forming at the base station and (passive) reflect beamforming by the reflective
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2 Introduction

cells at the IRS. For simplicity, we focus on a single user Multiple-Input-Single-
Output (MISO) communication system, aided by an IRS comprising passive re-
flecting element cells. Deploying an IRS that has set clear links between the BS
and user equipment helps bypass the obstacle via intelligent signal reflection in
the dead-zone scenario and generates a LoS link between them. This new tech-
nology is particularly useful for the coverage extension in mmWave communi-
cations that are highly vulnerable to indoor blockage [9], [11]. This thesis can be
divided into two parts. In the first part of the thesis, we present a general view
of the received power distribution in the empty-room scenario with different de-
ploying positions. In the second part of the thesis, we focus on analyzing how
IRS compensates for the power attenuation caused by the obstacle blocking the
direct signal propagation link between the base station and the user equipment
and how the size and the deploying position of the IRS influence the results.

1.3 Approach and Methodology

To achieve the research objectives, the thesis work started with a literature study.
First, we conducted a literature survey about the current situation and trend of 6G
under IRS aided system research. Second, a proper signal model is formulated.
Then according to the signal model, we develop the joint beamforming algorithm
and optimize it base on the different indoor scenarios to maximized the received
signal power of the single antenna user. Finally, we use MATLAB to evaluate the
model performance and simulate the results under different conditions, such as
by applying different sized of the IRS, deploying the IRS at different positions.
By analyzing MATLAB results under different scenarios, we are able to find the
relationship between optimal received signal power versus varied parameters.

1.4 Main Design Challenges

The IRS design and implementation is at an infancy stage, so there are many
challenges from different aspects, such as hardware architecture design and sig-
nal processing. In this section, we introduce two main challenges in designing
and implementing IRS-aided wireless network, including passive beamforming
design and IRS deployment. In this thesis, we consider an IRS-aided wireless
communication systems as shown in Figure 1.1, where a multi-antenna Base Sta-
tion (BS) serves a single antenna user with the help of an IRS, while H1, h2, and
h1 denote direct wireless channels between BS and IRS, IRS and a user, and BS
and a user, respectively. More specific discussion with 3D geometric setups will
be discussed in Section 3.

1.4.1 Passive Beamforming Design

The challenge of designing such passive beamforming by IRS is choosing the
phase-shift levels of each elements [9]. In general, the transmit beamforming at
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the BS needs to be designed with the phase shifts based on all the BS-IRS, IRS-
user, and BS-user channels in order to meet their minimum beamforming gain
requirement. In practice, however, IRS’s massive passive beamforming gain is
achieved at the expense of more overhead for channel estimation because of the
additional channels involved between the IRS and its associated users [10]. More-
over, wireless networks such as 5G, generally operate in wideband channels with
frequency selectivity. Active BS can use digital processing in the frequency do-
main to deal with the frequency-selective channel variation [12], however, it is
challenging to implement passive IRS that are frequency dependent [9].

Figure 1.1: An IRS-aided wireless system.

1.4.2 IRS deployment

How to deploy the IRS in the practical indoor environment to optimize the hy-
brid wireless network performance is another challenge to be solved. As shown
in Figure 1.1, the IRS should be intuitively deployed at a position with LoS prop-
agation from the BS to maximize its received signal power for passive beamform-
ing. At the same time, the deployment methods mentioned above may not work
well when the IRS needs to simultaneously support transmissions between the BS
and the users under their coverage region. The reason behind that is explained
in [6]. In this thesis (Section 5) we will take a closer look at this problem.
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1.5 Literature review
Prior works on IRS-aided wireless communication can be found in [5], [6], [9],
[13]. The design of the IRS parameters for various communication objectives are
elaborated in [1], [15]- [18]. The simulation results show the SNR improvement
and signal coverage extension achieved by deploying the IRS-aided wireless com-
munication networks as compared to that of the conventional wireless network
without IRS [6]. In [14], [19], the role of IRS with passive elements for improv-
ing indoor coverage is analyzed. Potential use of the IRS are briefly discussed
in [9], [20]. Some theoretical beamforming optimization methods have been dis-
cussed in [5], [6], [21], where the results mainly simulated in 2D space and a
Zero-Forcing (ZF) precoding method have been used. With the aforementioned
discussion in mind, it has not yet been thoroughly investigated the relationship
between the deployment position of the IRS and the size of the IRS elements in
the Dead-Zone scenario in a 3D indoor environment. Since the majority of litera-
ture assume that the BS possesses full Channel State Information (CSI), we make
the same assumptiuon throughout the thesis.

1.6 Thesis Outline
The outline of this thesis is as follows: Chapter 2 introduces the theoretical con-
cepts of beamforming technology and Precoding Methods; The system model is
demonstrated in Chapter 3. Chapter 4 describes the designing problem. The sim-
ulation results of the IRS-aided wireless network by using numerical methods are
presented in Chapter 5. Finally, the conclusion and future work are summarized
in Chapter 6.



Chapter2
Technical Background

2.1 Beamforming Technology
Beamforming is one of the key technologies in wireless communication technol-
ogy. To be specific, beamforming technology is a communication technology that
dynamically transforms a transmit beam into a narrower transmit beam in real
time at the transmitting end to direct energy to a specific target user and obtain
additional system gain, thereby improving the signal quality of the specific target
user. Beamforming technology has the following significant advantages [22], [23]:

1. Longer coverage distance: The wireless unit power is unevenly distributed
in space. The main radiated energy only points to the location of the termi-
nal to avoid waste of power, improve the overall system gain, and expand
the coverage distance.

2. Stronger interference suppression ability: Based on the unbalanced power
distribution, the antenna element is pointed at the terminal of the trans-
mitter at the location of the terminal, and the interference to other wireless
systems is reduced to the greatest extent possible.

Overall, due to the improvement of the received signal quality of the system and
the higher signal-to-noise ratio due to the minimum interference, the system can
work robustly at a higher-order modulation method. Beamforming technology
can be generally divided into two implementation schemes: fixed weight beam-
forming and adaptive beamforming [24], [25]. Fixed weight beamforming means
that the beam weight vector in the system is fixed, that is, the directional pattern
of each antenna is fixed. These fixed beams can form different beam weight vec-
tor combinations. The base station selects different combinations and transmits
them at the receiving end. Through the beam search method, the combination
in which the received signal-to-noise ratio is maximized is selected for commu-
nication [26]. Conversely, adaptive beamforming element weights that depend
on the signal environment via adaptive algorithms. Adaptive beamforming tech-
niques dynamically adjust the array pattern to optimize some characteristics of
the received signal, resulting in the main lobe focusing on the desired signal’s
arriving direction and suppressing the interfering signal [27]. In practice, when
selecting a proper adaptive beamforming algorithm, robustness, complexity, and
convergence speed are the main factors to be considered [27].
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6 Technical Background

2.2 Precoding Methods
The use of precoding technology in multi-purpose wireless communication sys-
tems can greatly increase the channel capacity of wireless communication and en-
sure the reliability of signal transmission [28]. From an implementation perspec-
tive, precoding algorithms for space-division multiple access (SDMA) systems
can be sub-divided into linear and non-linear precoding types [29]. The non-
linear precoding methods usually result in a capacity-achieving performance,
while the linear precoding approaches usually achieve resonable performance
with much lower complexity [30]. Linear precoding strategies include maxi-
mum ratio transmission (MRT), zero-forcing (ZF), and transmit Wiener precod-
ing [31], [32]. The benefits mentioned above can be attained by applying sim-
ple linear precoding at the transmitter such as transmit-maximal ratio combin-
ing (transmit-MRC), zero-forcing (ZF) [3], [33]. Non-linear precoding may be de-
signed based on the concept of dirty paper coding (DPC), which shows that any
known interference at the transmitter can be subtracted without the penalty of
radio resources if the optimal precoding scheme can be applied on the transmit
signal [29], [30]. However, the computational complexity of taking DPC oper-
ations is high, and the hardware implementation is particularly difficult, so its
practical applications are few [34]. Exploiting spatial diversity in the wireless
system with multiple antennas at the BS requires that the transmitted signal be
pre-coded prior to transmission [28], and the need for pre-processing the transmit
signal is detailed explained in [31], [35].



Chapter3
System Model

The studied geometric setup, using Cartesian coordinates, is shown in Figure 3.1.
Overall, the IRS is placed between the BS and the user, we assume the operating
frequency under this setup is 5GHz and λ is the corresponding wavelength. The
base station has L antennas and placed linearly in the z-direction, and we denote
the position of the �thantenna at base station as (xBS

l , yBS
l , zBS

l ) where � = 1, 2 . . . L.
The antennas are dBS meters away from each other. The IRS is placed parallel
to the z − y plane, and we denote the position of each cell as (xIRS

m,n , yIRS
m,n , zIRS

m,n ),
where m = 1, 2 . . . M and n = 1, 2 . . . N. The adjacent cells in IRS are dIRS-h and
dIRS-v meters apart in horizontal and vertical direction respectively. In this thesis,
we narrow down to a single mobile user and the position of the user is denoted
by (xuser, yuser, zuser). The discrete-time signal received at the mobile user can be
expressed as

y = (h2ΦH1 + h1)ws + n, (3.1)
where h2 ∈ C1×MN denotes the wireless channel between the IRS and the user,
H1 ∈ CMN×L denotes the wireless channel between the BS and IRS, h1 ∈ C1×L

denotes the direct channel between BS and the user, Φ � diag [φ1, φ2, . . . φR] with
R � M · N is a diagonal matrix representing the effective phase shifts by all IRS el-
ements, wk and s ∈ CMN×1 denote the precoding vector and information symbols
which are modeled as in dependent and identically distributed (i.i.d) random
variables with zeros mean and unit variance, respectively, while nk ∼ CN (0, σ2)
represents the thermal noise power at the receiving user. Accordingly, the signal
power received at the user is given by

γ =
∥∥(h2ΦH1 + h1)w

∥∥2 . (3.2)

For analytical tractability, we assume that the reflected signals will be absorbed
when they touch the ceiling, floor, and walls of the indoor environment except for
the IRS, and a perfect line-of-sight propagation between the base station and IRS,
and IRS and the user equipment will be considered. The distance dBS, dIRS-h and
dIRS-v are chosen as λ/2. Therefore, channel h1, h2, and H1 can be characterized
as follows,

h1(l) =
λ

4πdB(l)U
e
−j2πdB(l)U

λ , (3.3)

7



8 System Model

Figure 3.1: A general view of the geometric setup in 3D.

h2(m · M + n) =
λ

4πdI(m,n)U
e
−j2πdI(m,n)U

λ , (3.4)

H1(m · M + n, l) =
λ

4πdB(l)I(m,n)

e
−j2πdB(l)I(m,n)

λ , (3.5)

where dB(l)U, dI(m,n)U, dB(l)I(m,n)
represent the Euclidean distance between the l-th

antenna at the base station and user, the m-th row and n-th column of the IRS el-
ement and the user, the l-th antenna at at base station and the m-th row and n-th
column of the IRS, respectively. In this thesis, we consider the IRS can only tune
its phase to achieve passive beamforming. Therefore, the effective phase shift by
IRS elements is formulated as

φr = αejθr f or r = 1, 2 . . . R, (3.6)

where θr ∈ [0, 2π] is the phase rotation for the r-th cell in the IRS, and α is the
power loss factor of the IRS. In paper [36], numerical simulations show that the
power efficiency of an inhomogeneous reflective surface is around 94%. In prac-
tice, we consider the IRS in our thesis is tunable with considerable transmission
loss. Therefore, we consider α = 0.3, such that our IRS’s power efficiency is about
1/10 of that number [36].



Chapter4
Problem Formulation

In this thesis, we consider a single user MISO communication system aided by an
IRS comprised of passive reflecting element cells and full knowledge of the CSI
at the BS. We denote the total channel presented in (3.1) as

Htot = h2ΦH1 + h1. (4.1)

To exploit spatial diversity, the signal from each antenna at BS is transmitted after
being weighted, so that the signal arrive in phase at the IRS and the user added
coherently. In order to maximize the received signal power at the user with signal
antenna equipment, the problem becomes

arg max
Φ,w

∣∣y∣∣2 ⇔ arg max
Φ,w

‖Htotw‖2
F , (4.2)

where‖·‖Fis the Frobenius norm.

Clearly, the precoding vector w that maximizes the received SNR can be achieved
by applying the maximal ratio combining (MRC) [31], [35].

Thus, the performance optimization of the IRS-aided wireless system problems
becomes the maximization of the norm of the total channel. Since we assume the
channel knowledge is known at the base station, the only variable here is phase
rotation vector Φ. The optimization problem in (4.2)can be formulated as follows,

(P1) : max
Φ

f (Φ), (4.3)

where f (Φ) =‖Htot‖F.

Here, we provide two independent constraints for (4.3), which presents as fol-
low, ∣∣φr

∣∣2 = α2, f or r = 1, 2, . . . R, and (4.4)

R

∑
r=1

∣∣φr
∣∣2 ≤ α2M · N, (4.5)

9



10 Problem Formulation

where (4.4) and (4.5) are two constraints denoted as phase-only-adapted and
energy-normalized, respectively. Note that when analyzing the IRS-aided wire-
less network performance, we either apply (4.4) or (4.5). Intuitively, optimizing
P1 with the (4.5) will outperform than that with (4.4). However, the computa-
tional complexity is different between these two linear constraints. Hence, in the
next sections, we will apply a numerical method to compare the network perfor-
mance between (4.4) and (4.5), and we need to find out the number of iteration to
guarantee we obtain the global minimum in both constraints. To achieve optimal
simulating performance, we apply the numerical method for finding the opti-
mized phase rotation by maximizing the system’s gain ‖Htot‖F shown in (4.1).
We will also analyze wireless network performance of different indoor scenarios
by applying the transmit-maximum ratio combining (transmit-MRC) and the op-
timized phase rotation vectors.



Chapter5
Simulation results and analysis

In this section, the simulation results of IRS-aided wireless systems of different
geometric setups are provided. In order to achieve optimal simulating perfor-
mance, we apply the numerical method using iterative optimization technique to
find the optimized phase rotation by maximizing the system’s gain‖Htot‖F. This
section is divided into three subsections: Subsection 5.1 is mainly discussing the
wireless system performance in the empty-room scenario. Section 5.2 presents
the wireless system performance in the dead-zone scenario. In Section 5.3, the
relationship between the received signal power and the total travel distance of
the BS and the user are analyzed. For quantitating how much power gained by
applying IRS-aided wireless network, we define the power gain of the IRS aided
system as follows:

Power Gain (dB) = 10 log10

(
PIRS+BS

PBS

)
, (5.1)

where PIRS+BS is the received signal power of IRS-aided system and PBS is the
received signal power of traditional base station system. According to the MISO
assumptions in the previous section, the definition in (5.1) can be simplified as

Power Gain (dB) = 10 log10

(
‖h2ΦH1 + h1‖2

F

‖h1‖2
F

)
. (5.2)

We also define the relative received signal power in [dB] as follows,

Relative received signal power (dB) = 10 log10

(
Prx

Ptx

)
, (5.3)

where Prx and Ptx denote as the received and transmitted signal power, respec-
tively. For simplicity, we consider the transmitted power is normalized to unit
one and do not consider any additional noise in this thesis. Note that, since we
assume the transmitted power is one for following simulations, we denote the
relative received power also as received signal power in the following sections.

In the rest of the sections, we will present the simulation results of the power
gain defined in (5.2) for Empty-Room and Dead-Zone Scenarios as defined in

11



12 Simulation results and analysis

Section 5.1 and 5.2 and also apply a numerical method with different constraints
to find the optimized φr such that to enhance the performance of IRS-aided wire-
less system. In each scenario, we "optimize" the phase rotation across the surface
to see how much it can improve the situation (improved received power), given
that the transmit power is kept constant, and "co-optimize" the beam-former at
the BS with the phase rotations across the surface, for maximal received power.
Comparing this with the results and show that how much power gained by an
optimal IRS in both scenarios.

5.1 Empty-Room Scenario

Two vertical views of the empty-room scenario with different geometric setups
are presented in Figure 5.1. In particular, we consider the size of the room is 50 ×
50 in meters and the base station is placed at the center of the south wall for all ge-
ometric setups. The IRS is placed on the north wall in Figure 5.1a and on the west
wall in Figure 5.1b respectively. For these two geometric setups: dbs = dirs = 25
meters; the base station and the IRS are 3 meters above the ground measured at
the geometric center of each component; the height of the user zuser is 1.8 meters.

(a) An IRS is deployed on the north wall (b) An IRS is deployed on the west wall

Figure 5.1: Two vertical views of the empty-room scenario geomet-
ric setup.

The simulation results are presented under the condition that the room is empty
where both signal propagation links of BS and IRS, IRS, and the user, BS, and user
are under LoS. To further improve the performance of the IRS-aided wireless net-
work, the numerical beamforming method (mentioned in Section 4) is applied to
iteratively optimize the phase rotation vector. Hence, we should find the mini-
mum number of iteration such that guarantees the P1 to achieve the optimized
phase rotation vector Φ. Since we have the two independent constraints, the
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phase-only-adapted (4.4 and energy-normalized (4.5), we need to analyze them
separately. First, let’s consider P1 with the constraint (4.4). In particular, we con-
sider the user moving parallel to the south wall (x-axis) from the left to the right
and the vertical distance between the user k and the south wall is always 30 me-
ters. Here, we assume L = M = N = 8 and α = 0.3.
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Figure 5.2: Received signal power versus the horizontal distance in
x-axis for different numbers of iteration with constraint (4.4).
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Figure 5.3: Received signal power versus the horizontal distance in
x-axis for local constraint (4.4) and different numbers of itera-
tion with constraint (4.5).
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As shown in Figure 5.2, the received signal powers with constraint (4.4) are equal
for different number of iterations from #iter = 1 to #iter = 20. Although the
results of (4.5) are more in line with the practice, constraint (4.5) turns out to
be questionable from IRS implementation point of view and with higher com-
putational complexity. While Figure 5.3 shows that, as the number of the iter-
ation increase, the received signal power converges to a certain level, and that
level is the received signal power output with the constraint (4.4) shown in Fig-
ure 5.2. Hence, for computational simplicity, we apply phase-only-adapted con-
straint (4.4) with #iter = 1 for the Section 5.1 and Section 5.2.1. Note that, the
convergence property may change for more complicated setups and movement.
In general, we will get better results when we increase the number of iteration.
For improving the simulation performance, the number of the iteration will in-
crease accordingly in Section 5.2.2 and Section 5.3.
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Figure 5.4: Contour plot of system power gain in dB for the geomet-
ric setup in Figure 5.1b with IRS size of 3×3, 8×8 10×10, and
16×16.
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Figure 5.5: Contour plot of system power gain in dB for the geomet-
ric setup in Figure 5.1a with IRS size of 3×3, 8×8 10×10, and
16×16.

Figure 5.4 and Figure 5.5 present the power gain in dB of different setups in the
empty-room scenario. We consider the BS is placed at the center of the south wall
(x-axis) for both cases, and an IRS is deployed on the center of the north wall in
Figure 5.4 and on the center of the west wall in Figure 5.5. Comparing with the
traditional wireless network, Figure 5.4 and Figure 5.5 illustrate that there is a
significant improvement of power gain for IRS-aided network. The closer to the
IRS, the more power gain we can obtain. We can clearly observe the beam struc-
ture of the distribution of the power gains from four subfigures in Figure 5.4. For
example, in Figure 5.4a, the main lobe is facing directly to the BS, and as M and N
increase, side lobes occurs symmetrically around the main lobe shown from Fig-
ure 5.4b to Figure 5.4d. In Figure 5.5, the main lobe of the IRS is in the direction
that facing towards to the BS, which we can clearly see from Figure 5.5a. This
is because in this direction, it creates the shortest wireless link with highest sig-
nal energy. There is not much power to gain cover in the northeast corner when
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the size of the IRS is M = N = 3 shown in Figure 5.5a . As M and N increase,
the larger power gain gradually covers northwest region of the space, which can
be seen from Figure 5.5b to Figure 5.5c. When the size of the IRS increases to
M = N = 16 in Figure 5.5d, the power gain on the geometric diagonal of the
room is between 5 to 10 dB, and its coverage is far more better than that in Figure
5.4d. However, in Figure 5.1a if there is an obstacle blocking the direct LoS link
between the IRS and the BS in , the power gain will be reduced due to the atten-
uation loss through the obstacle. Hence, the geometric setup in Figure 5.1a is not
practical.

Overall, we could see from Figure 5.4 and Figure 5.5 that the power gain of two
geometric setups increase as the number of the IRS increases. In the next section,
we will focus on the geometric setup in Figure 5.1b and discuss its performance
for dead zone scenario.

5.2 Dead-Zone Scenario

5.2.1 Signal power distribution and power gain

The vertical view of the dead-zone scenario is shown in Figure 5.6. We consider
a room of size 50 × 50 in meters and there is an obstacle wall to separate the
entire space into two small rooms denoted as room 1 and room 2, respectively.
User k is located in room 1 where the direct link between it and its serving BS is
severely blocked by an obstacle. In this case, deploying an IRS helps the signal
bypass the obstacle via IRS reflection. The base station is placed at the south wall
(x-axis) and the IRS is placed the west wall (y-axis). dbs, dirs and dw denote the
horizontal distance between the original point and the base station denotes, the
vertical distance between the original point and the IRS, and the horizontal dis-
tance between the west wall and the left side of the solid wall respectively. The
base station and the IRS are all 3 meters above the ground measured at the geo-
metric center of each component and we assume the height of the user zuser is 1.8
meters. We denote the maximum horizontal distance between the user and the
west wall for a given vertical distance yuser is d1, such that the user can received
the LOS signal directly from the base station. When the horizontal position of the
user xuser ≤ d1 for the given vertical distance yuser, the user is L0S to the BS + IRS
reflection region. when xuser >d1 for the given vertical distance yuser, the user can
received the signal from the IRS’s reflection as well as the signal from the base
station through the obstacle with a attenuation loss factor β. In this subsection,
we consider the obstacle as a glass window and the signal power strength atten-
uates around 7dB according to Table 5.1 [37].

In particular, we consider dbs = 10m, dirs = 30m, l2 = 20m, α = 0.3, and
β =

√
10−7/10. Since we are interested in the situation that the user is located

in the dead zone, we present the power gain defined in (5.2) only at Room 1.
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Obstacle Width (mm) 5GHz Signal Atten-
uation (dB)

Synthetic material 20 3
Asbestos 8 4
Wooden door 40 4
Glass window 50 7
Heavy colored glass 80 10
Brick wall 1 120 20
Brick wall 2 240 25
Armored glass 120 35
Concrete 240 30

Table 5.1: Attenuation of typical obstacles.

Figure 5.6: The vertical view of the Dead-Zone scenario geometric
setup.

Figure 5.7 shows that contour plot of the system power gain of the dead-zone
scenario in Room 1. We set the number of the antenna L = 8 at the base station
and present the power gain with different IRS size. Overall, the power gain in-
creases when the user is close to the IRS as the number of the IRS size increases.
Instead of installing an additional BS, the results show that the signal coverage
can be extended by deploying an IRS. For example, as we can see from Figure
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5.7a, there is nearly no power gain behind the wall in Room 1 when M = N = 3
comparing with that when M = N = 10, where the power gain distribution in-
crease dramatically. We also observe that the power gain distribution is denser
when the user closed to the left side of the dot boundary line. This is because
the user received signal is dominated by the BS-user direct link in the left side of
the dot boundary line region. According to [5], the received signal power scales
with the number of reflecting elements N × M in the order of (N × M)2. For ex-
ample, when we compare the power gain between Figure 5.7b and Figure 5.7d,
the power gain at the same position increase around 12dB as the the number of
reflecting elements increase 16 times from 8 × 8 = 64 to 16 × 16 = 256.

So far, we already have the general view of how much the IRS aided system
improves the signal strength. In the next subsection, we will analyze the rela-
tionship between the size of the IRS and power loss compensation in the dead
zone scenario where the user is blocked by the obstacle.
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Figure 5.7: Contour plot of system power gain in dB for the geomet-
ric setup in Figure 5.6 with 7dB attenuation loss and different
IRS sizes.
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5.2.2 Dead-Zone power compensation

The general view of the power gain distribution of the IRS aided wireless system
with the indoor solid wall scenario has been shown in section 5.2.1. In this sec-
tion, we will fix the user position and analyze the relationship between the size
of the IRS and received signal power compensation with different deploying po-
sitions and different blocking obstacle materials.

Two vertical views of the Dead-Zone power compensation geometric setups pre-
sented in Figure 5.8 and Figure 5.13, respectively. In each scenario, we provide
two different observation views, known as the wireless channel perspective and
the signal coverage perspective. Similarly to the geometric setups of the Empty-
Room scenario, we also have two sub-scenarios, where an IRS is deploying at the
west wall shown in Figure 5.8 and at the north wall shown in Figure 5.13. The
difference between two geometric setups, Empty-Room and Dead-Zone power
compensation, is that there is an obstacle blocking the LoS propagation link be-
tween the user and the BS. Therefore, the user received the signal power from
the BS with a quite large attenuation loss. In this case, deploying an IRS that has
clear links with the BS and user helps bypass the obstacle via intelligent signal
reflection and thus creates a virtual LoS link between them. This is particularly
useful for the coverage extension in mmWave communications and the received
signal power compensation that are highly vulnerable to indoor blockage.

(a) Wireless channel perspective
(b) Signal coverage perspective (From

User point of view)

Figure 5.8: Vertical views of the Dead-Zone power compensation
scenario geometric setup where IRS is placed on the west wall.

First, we discuss the power performance of the scenario which is shown in Fig-
ure 5.8, where an IRS is deployed at the west wall. Figure 5.8a presents the detail
geometric setups with wireless channel information, while Figure 5.8b provides
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a clear view of the BS and the user’s coverage region. We are keeping the same
geometric setups as in the section 5.2.1, which means dbs = 10m, dirs = 30m,
l2 = 20m, α = 0.3. We change the power attenuation factor of the obstacle wall
β by selecting different obstacle materials from Table 5.1 for the following sim-
ulations. We consider a fixed l1 = 20m, the vertical distance between the user
and the obstacle wall, such that the user at (40, 40, 1.8) in the given coordinate
system. The user receives the signal is mainly from the IRS and receives a little
signal from the base station through the office glass wall with an attenuation loss.
The IRS’s deploying position is moving along the west wall. In this section, we
assume the passive elements of the IRS are distributed as a square structure such
that M = N, and we defined IRS size as the side length M.

0 5 10 15 20 25 30
IRS size

-70

-60

-50

-40

-30

-20

-10

0

R
ec

ei
ve

d 
si

gn
al

 p
ow

er
 [d

B
]

yIRS = 2 yIRS = 4

yIRS = 6 yIRS = 8

yIRS = 10 yIRS = 12

yIRS = 14 yIRS = 16

BS+Wall BS

(a) Glass window (7dB attenuation)

0 5 10 15 20 25 30
IRS size

-70

-60

-50

-40

-30

-20

-10

0

R
ec

ei
ve

d 
si

gn
al

 p
ow

er
 [d

B
]

yIRS = 2 yIRS = 4

yIRS = 6 yIRS = 8

yIRS = 10 yIRS = 12

yIRS = 14 yIRS = 16

BS+Wall BS

(b) Brick wall 1 (120mm) (20dB attenuation)

0 5 10 15 20 25 30
IRS size

-70

-60

-50

-40

-30

-20

-10

0

R
ec

ei
ve

d 
si

gn
al

 p
ow

er
 [d

B
]

yIRS = 2 yIRS = 4

yIRS = 6 yIRS = 8

yIRS = 10 yIRS = 12

yIRS = 14 yIRS = 16

BS+Wall BS

(c) Armored glass (30dB attenuation)

0 5 10 15 20 25 30
IRS size

-70

-60

-50

-40

-30

-20

-10

0

R
ec

ei
ve

d 
si

gn
al

 p
ow

er
 [d

B
]

yIRS = 2 yIRS = 4

yIRS = 6 yIRS = 8

yIRS = 10 yIRS = 12

yIRS = 14 yIRS = 16

BS+Wall BS

(d) Concrete (35dB attenuation)

Figure 5.9: Relationship between size of IRS (side length M) and
received signal power for four different wall loss attenuation and
different IRS deployment positions from yirs = 2 to yirs = 16
on the west wall when L = 8.

Figure 5.9 presents the relationship between the size of the IRS and the received
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signal power for different IRS deployment positions and different obstacle mate-
rials. The yellow triangular dotted line in the middle denotes the received power
of the user when the room is empty without any obstacle blocking the user from
the BS, and the bottom red triangular dot line denotes the received power of the
user when there is an office wall blocking the direct link between the base station
and the user, while the curves between them denote the corresponding received
power of the user with different IRS deploying position when there is an office
wall blocking the direct link between the base station and the user. The deploy-
ing position of the IRS is moving along with the west wall shown in Figure 5.8b,
where it varies from yirs = 2 to yirs = 16 with a step size 2 meters. The number of
the iteration of the numerical beamforming method is set to be 10 in Figure 5.9.
Clearly, we can observe that the closer the IRS to the BS, the more signal power
can be received. This is matching our initial guess, since the IRS, which is a pas-
sive device, can receive more signal power with a large open angle from the BS.
The same observation can be concluded from Figure 5.10, where the deploying
position of the IRS is moving upwards to the north wall of the room.

However, if we deploy the IRS to close to the BS, such as yirs = 2 or yirs = 4,
the performance of the IRS is not outstanding. This is because when the IRS is
too close to the BS, the outgoing propagation angle from the BS is nearly 180◦.
There are some fluctuations when the material of the obstacle wall changes from
low attenuation material to Concrete (attenuation loss is 35dB according to Table
5.1) even the number of the iteration increases to 30. This is because it is hard
to optimize joint beamforming through the numerical beamforming method. IRS
needs to support the valid transmission simultaneously between the BS and the
user under their coverage region [6].

The threshold point of the user is defined as a position that when deploying po-
sition of IRS is entering the region that there is a LoS propagation between the
IRS and the user, where that in Figure 5.9 is yirs = 8. The user receives both
non-LoS signal propagation from the BS and the IRS, and of course, we can see
that the received signal power is quite low compared to that above the threshold
point of the user. In Figure 5.8b, dth denotes the vertical distance between the
threshold position of the user and the origin point, and dLoS denotes the horizon-
tal distance between the threshold position of BS and the west wall where the
threshold point of the BS is defined as a position that the farthest position the BS
get cover on the north wall. Moreover, if we want to fully compensate for the
attenuation loss caused by the obstacle wall, we need to adjust the deploying po-
sition of IRS such that there are more IRS elements placing above the threshold
point. Furthermore, we need to consider the width of the IRS when we deploy it.
Hence, the near-optimal performance of the received signal power of the user can
be achieved when the IRS deploying position is slightly higher than the threshold
point of the user.

Figure 5.10 presents the relationship between the size of the IRS and the received
signal power for different IRS deploying position and different obstacle materials,
where the IRS deploying position varies from yirs = 25 to yirs = 45 with 5 meters
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(b) Brick wall 1 (120mm) (20dB attenua-
tion)
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(c) Armored glass (30dB attenuation)
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Figure 5.10: Relationship between size of the IRS (side length M)
and received signal power for four different wall loss attenuation
and different IRS deploying positions from yirs = 25 to yirs =
45 on the west wall when L=8.

step size between each simulation. As we deploy the IRS above the threshold
point of the user (dirs > dth), the received signal power decreases linearly when
the IRS is moving upward to the north wall. The received signal power has a
better performance when yirs = 25 for all materials.

Figure 5.11 shows the relationship between the deploying position in the y-axis
and the power compensation size of the IRS with different attenuation loss due
to different obstacle materials. We remain the same geometric and antenna set-
ting as the one used in Figure 5.9 and Figure 5.10. The number of the IRS size
which can compensate for the attenuation loss increases as the deploying posi-
tion of the IRS moving upwards in the y-axis. We can apply the minimum size of
the IRS and deploy it around the threshold point in order to improve the energy
consumption. Since the size of the IRS has to be a "whole number", the size of
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Figure 5.11: Relationship between minimum IRS sizes that can
compensate for the attenuation loss and its corresponding de-
ploying position along the y-axis with four different attenuation
loss when L = 8 and l2 = 20m.

the IRS size which can compensate for the attenuation loss is the same within a
certain range and then increase as the deploying position moving the north wall
of the room. Overall, the shape of the IRS power compensation size is shifting
to the top as well as to the right when the attenuation loss from the obstacle is
increasing, and the size is increase by 3 measured from the minimal size point
for all attenuation loss listed in the figure. The IRS compensation size of the con-
crete wall (with 30dB attenuation loss) is overlap with that of the armored glass
(with 35dB attenuation loss). The minimal IRS compensation sizes of the glass
wall (7dB attenuation loss) and the brick wall 1 (20dB attenuation loss) occurs
when the IRS at yirs = 10 with size 5 and 7 respectively, while that sizes of the
concrete wall and the armored glass are starting from yirs = 16 with size 8. It
can be observed that when the attenuation loss increase by 10dB, the correspond-
ing IRS power compensation size roughly increases by one. For instance, the IRS
compensation size for 20dB attenuation is roughly one size smaller than that for
30dB attenuation with the same yirs.

In Figure 5.12, the vertical distance between the obstacle wall and the south wall
is increase to l2 = 30 and we keep the same geometric setups as in Figure 5.11.
Since l2 is increased, the corresponding threshold position is also moving upward
along the y-axis. This causes the number of the minimum IRS size to increase ac-
cordingly. Comparing the results shown in Figure 5.11, the IRS compensation
size is varying within 2dB for all attenuation loss listed in the figure. It can be
observed that the minimal IRS compensation size for 7dB, 30dB, and 35dB atten-
uation loss is starting at the same number with size 9.
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Figure 5.12: Relationship between minimum IRS sizes that can
compensate for the attenuation loss and its corresponding de-
ploying position along the y-axis with four different attenuation
loss when L = 8 and l2 = 30m.

Second, we discuss the power performance of the scenario which shown in Fig-
ure 5.13, where an IRS is deployed along the north wall. Figure 5.13a presents the
detail geometric setups with wireless channel information, while Figure 5.13b
provides a clear view of the BS and the user’s coverage region.

Figure 5.14 presents the relationship between the size of the IRS and the received
signal power for different IRS deploying positions on the north wall. The red tri-
angular dot line denotes the received power of the user when the room is empty
without any obstacle blocking the user from the BS, and the bottom blue trian-
gular dot line denotes the received power of the user when there is an office wall
blocking the direct link between the base station and the user, while the curves be-
tween them denote the corresponding received power of the user with different
IRS deploying position when there is an office wall blocking the direct link be-
tween the base station and the user. The threshold position of BS is dLOS = 22.5m
when l2 = 20. Similar reason for deploying on the west wall, if the IRS deploying
across the threshold position of the BS, the direct propagation link between the
IRS and the BS will be blocked by the obstacle. Since the IRS is a passive device,
therefore, the signal received by the user is reduced significantly and the size of
the IRS which can compensate for the attenuation loss will be increase greatly.
Hence, we only focus on deploying the IRS left to the threshold position of the BS
on the north wall (dirs < dLoS).

The deploying position of the IRS is moving along with the yellow line shown
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(a) Wireless channel perspective
(b) Signal coverage perspective (From

User point of view)

Figure 5.13: Vertical views of the Dead-Zone power compensation
scenario geometric setup where IRS is placed on the north
wall.

in Figure 5.13b, where it varies from xirs = 0 to xirs = 20 with a step size 5
meters. To get a better system performance, the number of the iteration of the nu-
merical beamforming method is set to be 10 in Figure 5.14. Overall, the received
signal power of the user is increasing linearly as the IRS moving to the right.
The best deploying position for an IRS is located at the threshold position when
dirs = dLoS. This is because the IRS is deploying at the region that is LoS to the
BS. In practice, we have to consider the width of the IRS. Hence, the near-optimal
performance of the received signal power of the user can be achieved when the
IRS deploying position is slight to the left of the threshold point of the BS.

Figure 5.15 illustrates the relationship between the IRS size which can compen-
sate for the attenuation loss and the IRS deploying position along x-axis when
L = 8 and l2 = 20m with 4 different material of the obstacle wall. Overall, the
size different between different attenuation loss are smaller than that in the Fig-
ure 5.11. Comparing with Figure 5.11 where L=8 and l2 = 20m, the minimum IRS
size that compensated the attenuation loss is much larger when the deploying
position is close to the threshold point of the BS. When we increase l2, the thresh-
old point will move towards to the west wall, and therefore, it can be predicted
that the results will be even worse than that when l2 = 30m.

5.3 Power VS travel distance

In Section 5.2, the received signal power behavior and the power compensation
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(a) Glass window (7dB attenuation)
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(b) Brick wall 1 (120mm) (20dB attenua-
tion)
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(c) Armored glass (30dB attenuation)
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Figure 5.14: Relationship between size of the IRS (side length M)
and received signal power for four different wall loss attenuation
and different IRS deploying positions from xirs = 0 to xirs = 20
on the west wall when L = 8.

size with respect to the IRS deployment position in the Dead-Zone scenario are
elaborated. While the total distance in the x-y plane between the IRS and the BS,
and between the IRS and the user keeps varying during the simulation. In this
section, we are interested in analyzing the received signal power behavior when
we fix the total travel distance. The travel distance of the user and the BS are
denoted du and db, respectively, and the total travel distance is the sum of the
du and db which denotes as dtotal. All the travel distance is measured in the x-y
plane in 2D and we do not consider the height of each element in this section. The
geometric setup of the corresponding scenario is shown in Figure 5.16. An IRS is
deployed at the origin position, and we assume that all elements from the IRS are
entirely exposed to the user and the BS. The user is moving along the dotted line
in space 1 with a travel angle θu, while the BS the moving along the dot line in
space 2 with a travel angle θb. In particular, we assume there is no direct propa-
gation link between the BS and the user in the entire movement, where the link is
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Figure 5.15: Relationship between the minimum IRS sizes that can
compensate for the attenuation loss and its corresponding de-
ployment position along the x-axis with four different attenua-
tion loss when L=8 and l2 = 20m.

fully blocked by the obstacle lain in between. Hence, the entire open space can be
divided equally into two subspace, Space 1 and Space 2, which can be described
as the LoS to the user region and the LoS to the BS region, respectively.

Figure 5.16: The geometric setup of power VS travel distance.
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Figure 5.17: Relationship between received signal power of the user
and user travel distance for different number of antennas at the
BS when M = N = 13 and θu = θb = 45◦.

In Figure 5.17, we compare the received signal power of the user versus the user
travel distance for different numbers of the antenna at the BS when M = N = 13,
and θu = θb = 45◦. We set db is changing linearly from 1m to 100m. Overall, as
the number of antennas at the BS increases, the received signal power increases.
For example, when db = 50m, the received signal power for L = 10 is around 3dB
larger than that for L = 5, and is around 6dB smaller than that for L = 40. This is
because increasing L enables more IRS elements to receive the signal energy from
the BS which results in an array gain of L [5]. It can be observed that the received
signal power is much higher when either the BS or the user is closed to the passive
IRS, and the received signal power is lower when neither of them close to the IRS.

Figure 5.18 presents the relationship between the received signal power of the
user and user travel distance for different number of the antenna elements at the
IRS when θu = θb = 45◦. The total travel distance dtotal is 100m and we vary the
number of antenna elements at the IRS from size 10 to 20 in this case. Overall,
the curves behave similarly as the one shown in Figure 5.17, while offset differ-
ence is around 12dB. This is because the IRS is comprised of M by N reflective
antenna elements thus a total reflected beamforming gain from the IRS becomes
(M × N)2 [5].

In Figure 5.19 and Figure 5.20, we compare the received signal power with differ-
ent user travel angles versus the travel angel of the user (θu) and the travel angel
of the BS (θb), respectively, when L = 10 and M = N = 13. Overall, neither θb
and θu influence the behavior of the received signal power, and the shape of the
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Figure 5.18: Relationship between received signal power of the user
and user travel distance for different IRS size when L = 10 and
θu = θb = 45◦.
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Figure 5.19: Relationship between received signal power of the user
and user travel distance for different θu when L = 10, M =
N = 13, and θu = 45◦.

figure is same as the one shown Figure 5.17. This is because the transmit-MRC
optimizes the beamforming of the antennas at the base station, such that the out-
put beams are directed to the IRS. The same reason for the wireless link between
the IRS and the user, the numerical beamforming optimization is robust such that
the results are not affected by the steering angels. Since we can not control the
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Figure 5.20: Relationship between received signal power of the user
and user travel distance for different θb when L = 10, M =
N = 13, and θb = 45◦.

movement of the user, we need to deploy the BS closer to the IRS such that du is
closed to the corresponding position of the right peak with a smaller θb.



Chapter6
Conclusion and Future Works

6.1 Conclusion

In this thesis, an approach to improving wireless networks’ performance by de-
ploying passive IRSs is proposed. The signal model and the beamforming al-
gorithm of the MISO wireless communication system have been built and dis-
cussed in Section 3 and Section 4. Precisely, the transmit-MRC beamforming at
the BS and the passive reflect beamforming of the phase shifters at the IRS are
jointly optimized to maximize the signal power received at the user in an IRS-
aided MISO system. From simulation results, we provide an overview of the
IRS-aided wireless network performance in three different scenarios, including
Empty-Room, Dead-Zone, and Power VS travel distance, respectively. Moreover,
we compare the IRS power compensation size versus the IRS deploying position
in the x-axis and y-axis. Simulation results show that the optimized solution of
the IRS deploying position is to deploy the IRS as close as the threshold point of
the BS or the user, such that to compensate for the power attenuation caused by
the obstacle. In other words, the received signal power behaves oppositely as the
IRS moves away from the threshold point. In practice, the minimum number of
the IRS elements can be chosen depending on the IRS’s deployment position. Fur-
thermore, we compare the received signal power versus the user travel distance
with different travel angels for an open space setup and the movement shown in
Figure 5.16. Interestingly, it was shown that the optimal received signal power is
not affected by travel angles, and it can be achieved when either the base station
or the user is closed to the IRS.

6.2 Future Work

In practice, the propagation environment may be complicated and each IRS can
be associated with multiple BSs. In such scenarios, using such a method dis-
cussed above alone for deploying IRS may be ineffective. Finding the optimal
location requires global CSI at all locations, which is practically difficult to ob-
tain. For future work, an interesting search topic on achieving autonomous de-

31
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ployment of IRSs to predict the most suitable locations is a new problem of high
practical interest.
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