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ABSTRACT

In a wireless terrain, presence of various obstacles leads to compliance of Non-line-
of-sight (NLOS) norms between a transmitter (base station, BS) and a receiver (user),
which renders severe degradation in the Quality of service (QoS) of the wireless links
and thereby limits the anticipated performance. Presence of IRS panels stimulates a
supplementary wireless channel that enhances reliable end-to-end connectivity between
a transmitter and a receiver, especially when a direct path (line-of-sight, LOS) experi-
ences either severe signal degradation or completely lost in shorter epochs. Using Intel-
ligent Reflecting Surface (IRS), performance of a wireless network can be improved by
smartly re-configuring the passive reflecting elements which are embedded on a planar

surface.

In this thesis, as geographical terrain experience ubiquitous presence of obstacles,
using estimate pf performance measures such as Achievable rate, Outage probability,
Coverage probability and Ergodic capacity, it is validated that in such scenarios IRS-
assisted wireless communication system performance is significantly enhanced with re-
spect to a conventional wireless system. A mathematical framework for Time-invariant
(TT) and Time-variant (TV) channel models is proposed. A comprehensive analysis is
performed in terms of Achievable rate, Outage probability, Ergodic capacity and Cov-
erage probability estimate. During these performance measures, distance between a BS
and a receiver is considered as a primary variable while regulating parameters such as;
transmit power, number of Embedded Reflecting Elements (EREs), separation distance
between EREs and receiver speed for an Urban Micro-street canyon (UMi-SC) and an
Urban Micro-open square (UMi-OS) wireless terrain. In addition, terrain equipped with

multiple IRS panels are studied to achieve a better network coverage enhancement.

The thesis investigates the network outage performance of multiple IRS-assisted

wireless terrain. Different case studies are presented in which a receiver experiences a



direct (LOS) link and/or IRS reflected links, and all these links are characterized using
kappa-mu (x — ;1) shadowed fading. Here, an IRS panel resulting in maximum instanta-
neous signal-to-noise ratio (SNR) is selected to participate in establishing an end-to-end
wireless link. An exact analysis comprising £ — p shadowed fading impact on outage
probability and ergodic capacity of a wireless link and subsequently, approximating the
x — i shadowed fading channel by Nakagami-m fading model is presented. An ana-
lytical framework is presented to estimate the outage probability and ergodic capacity
of an end-to-end wireless link for different wireless terrain equipped with multiple IRS
panels and experiencing different degree of fading along with varying data/vehicular-
traffic statistics. While incorporating geographical attributes driven spatial aspects and
the distinct vehicular traffic originated in distinct time-intervals exact x — p shadowed
fading model is considered. For all these scenarios, numerical results demonstrate the

precision achieved in approximation accuracy.

Urban terrain that characterizes with high rise buildings and huge size sign boards
along the road can be equipped with IRS panels at appropriate locations to enable Vir-
tual Line-Of-Sight (VLOS) links between BSs and users through these IRS panels. Due
to surrounding spatial attributes, temporal characteristics of wireless terrain and users’
behavioural aspects, a single stochastic model doesn’t suffice to approximate the ter-
rain’s characteristics and the associated underlying propagation mechanism. In this
thesis, to accommodate diversified spatial and temporal characteristics of terrain in a
reasonable manner, usage of Poisson Point Process (PPP) and Poisson Cluster Process
(PCP) is proposed to model the users’ distribution and IRS panels deployment. Cover-
age probability is estimated to validate the proposed stochastic models, while regulating
the cluster size. Furthermore, the efficacy of IRSs equipped wireless terrain is demon-
strated in terms of enhanced coverage probability for a broad ranging SINR threshold.
An analytical framework is presented to estimate the coverage probability of a wireless
link for varying fading conditions in multiuser environment with multiple IRS panels.
Mapping of real world vehicular traffic scenarios with PPP and PCP is established and
accordingly proposed models of PPP and PCP are considered to address location aspect

of IRS panels and BSs.
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CHAPTER 1

INTRODUCTION

The recent advancements in wireless communication has witnessed the deployment of
Fifth-generation (5G) technology standard in a few segments of civilian and military
regimes. Precisely, the 5G wireless technology is meant for realizing bandwidth intense
network applications with diverse service requirements. It also promises to provide
massive connectivity, enhanced mobile broadband and ultra low latency, by exploit-
ing advanced technologies such as massive multiple-input multiple-output (MIMO),
millimeter wave (mmWave) communications, ultra-dense network (UDN), and so on.
However, these technologies inheritate limitations such as excessive power consump-
tion and usage of expensive hardware. For instance, enhancing number of base stations
(BSs) or access points (APs) in a UDN results in scaling total energy consumption of a
wireless network in linear proportion. Subsequently, it leads to increased hardware cost
and enhanced interference. Further, transceivers architecture at mmWave frequencies
involves complex signal processing and it is a challenging task to satisfy QoS require-
ments especially in a harsh propagation environment. In parallel, with the advance-
ments in multimedia technology and Artificial Intelligence (Al), stringent demands of

user community become challenging with unprecedented performance requirements.

In this perspective, wireless industry and academia have put an inimitable effort
to develop and standardize the Beyond-5G (B5G) and sixth generation (6G) wireless
networks in the present era. The upcoming BSG/6G technology is expected to support
usage scenarios including extreme capacity backhaul, enhanced blindspots, short range
device-to-device communication, smart rail mobility, multi-sensory extended reality,
industrial automation and robotics, autonomous mobility, and connectivity in remote
areas and so on. A brief comparison of 5G and 6G technologies in terms of distin-

guished specifications of Key Performance Indicators (KPI) is given in Table 1.1.



Table 1.1: A comparison of 5G and 6G key performance indicators (Rajatheva et al.,

2020)
Key Performance Indicator 5G 6G
Peak data rate 20 Gb/s 1Tb/s
User experienced data rate 0.1 Gb/s 1 Gb/s
Peak spectral efficiency 30b/s/Hz 60b/s/Hz
User experienced spectral efficiency 0.3b/s/Hz 3b/s/Hz
Maximum bandwidth 1GHz 100 GH~
Area traffic capacity 10 Mb/s/m? 1 Gb/s/m?
Connection density 10° devices/km? 107 devices/km?
Energy efficiency not specified 1Tb/J
Latency 1 ms 100 ps
Reliability 99.999% 99.99999%
Jitter not specified 1 ps
Mobility 500 km/h 1000 km/h

As per communication engineering fundamentals, it can be easily inferred that the
operating carrier frequency should be very high in order to provide larger bandwidth.
However, at higher operational frequencies owing to excessive penetration losses, wire-
less propagation environment experiences acceptionally high attenuation. Thus, a wire-
less link gets severely degraded during NLOS mode of propagation between transmit-
ter and receiver. One of the prominent technology which can alleviate this limitation
exploits reconfigurability of wireless channel and it is enabled by Intelligent Reflect-
ing Surface (IRS) deployment. Advantage of using IRS in a wireless network is that,
they are capable of reconfiguring the wireless propagation environment in a smart and
adaptive manner. IRS panels deployed in an area have the capabilities to improve the
propagation conditions by introducing a virtual Line-of-Sight (VLOS) path to enhance
the coverage and capacity of wireless network. Recently, the researchers have devel-
oped techniques to model the IRS-assisted channel and studied the performance analy-
sis based on the applications driven QoS requirements. However, still there exists many
research gaps and challenges that require sophisticated techniques appropriate for the
specific realistic scenarios. Motivation, problem definition, formulation of objectives
and organization of the thesis are also discussed in this chapter. In this thesis, the up-

coming technology refers to the BSG/6G technology.
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1.1 Introduction to Intelligent Reflecting Surface

IRS is considered as the most promising technique which is able to significantly im-
prove the performance of wireless communication networks, by smartly reconfiguring
wireless propagation environment in an adaptive manner with usage of massive low-
cost passive reflecting elements embedded on a planar surface (Wu and Zhang, 2020).
It is worth mentioning that, the literature on the IRS technology makes use of different
terminologies, such as Reconfigurable Intelligent Surface (RIS) (Dai et al., 2020), (El-
Mossallamy et al., 2020), Large Intelligent Surface (LIS) (Yan et al., 2020), (Yuan et al.,
2020), and programmable metasurface (Tang et al., 2019) etc. Though, terminologies
are different, basic operating principle and underlying mechanism being passive and

tunable reflecting surface remains the same.

1.1.1 Architecture of an IRS panel

The hardware implementation of IRS is based on the concept of “metasurface”, which
is made of two-dimensional (2D) metamaterial that is digitally controllable (Cui et al.,
2014). Typically, the metasurface consist of a large number of reflecting elements or
meta-atoms embedded on a planar array as shown in Figure 1.1. A typical architecture
of IRS consists of three layers and a smart controller. In an outer layer, a large number
of metallic patches or reflecting elements are printed on a dielectric substrate to directly
interact with incident signals. Behind this layer, a copper plate is used to avoid signal
energy leakage. Last and the inner most layer is a control circuit board that is responsi-
ble for adjusting amplitude coefficient/phase shift of each reflecting element, and for it

the desired regulation is triggered by a smart controller attached to an IRS.

Specifically, different elements of an IRS panel can independently reflect incident
signal by controlling its amplitude and/or phase and thereby collaboratively achieve
fine-grained 3D passive beamforming for direction specific signal enhancement or
nulling. Phase shifts introduced by individual IRS elements are controlled by a smart

IRS controller, which gets relevant information from a transmitter (base station) over a

3



—— Control circuit board
~——— Copper backplane

Reflecting
Element

IRS
Controller

Figure 1.1: Architecture of IRS (Wu and Zhang, 2020).

8. PIN diode

(b)

Figure 1.2: Reflecting element schematic embedded on IRS panel (a) Structure of PIN
diode (Wang et al., 2020), and (b) Structure of Varactor diode (Trampler
et al., 2020)

backhaul link. By properly designing reflecting elements, including geometrical shape,
size/dimension, orientation, arrangement, and so on, the salient features of an individual
signal response can be modified accordingly. Size of each reflecting element should be
smaller than the operating wavelength, so that an arbitrary reflecting element scatters an
incoming signal with approximately uniform gain in all the directions (Ozdogan et al.,

2019).

In wireless communication applications, reflection coefficients of each element

should be tunable to cater to dynamic wireless channels arising by virtue of user mo-

4



bility, and thus requires reconfigurability in real time. In order to realize IRS, different
methods have been proposed to reconfigure reflection coefficients by using electronic
devices such as positive-intrinsic-negative (PIN) diodes, varactor diodes, field-effect
transistors (FETSs), or micro-electromechanical system (MEMS) switches. Structure of
a reflecting element implemented using PIN diode and varactor diode is shown in Fig-
ure 1.2. PIN diode is used as a controller to turn on/off a specific reflecting element, in
order to reverse phase reflection (Wang et al., 2020). Whereas, to achieve continuous
phase shift reflection, a varactor diode is used in (Trampler et al., 2020). In practice,
field-programmable gate array (FPGA) can be implemented as a controller, which also
acts as a gateway to communicate and coordinate with other network elements by means

of separate wireless links.

1.1.2 Signal propagation in IRS-assisted wireless Terrain

In wireless communication, blockages caused by miscellaneous geographical objects,
such as buildings, foliages, vehicles, etc., are more severe at high carrier frequency
transmission, since at these frequencies propagating signals experience exceptionally
high penetration losses and thus suffer from massive attenuation. In these geographical
terrain, wireless network assisted with IRSs can be used to improve link establishment.
With reference to communication setup established in future communication, a com-

parison of cellular users in absence of IRS, and with IRS is shown in Figure 1.3.

In Figure 1.3a, a communication link is established with only those users, who are
in LOS with respect to a base station. Users under the shadow of environmental ob-
jects suffer with penetration loss, due to blocked LOS path. This results in a degraded
performance for a cellular user under harsh environment scenarios. This shortcoming
can be overcome by deploying IRS panels at appropriate locations to improve the link
establishment as shown in Figure 1.3b. Here, it can be seen that a user deprived of a
direct LOS with a base station, has an alternative VLOS path to establish the commu-
nication via IRS. This is possible, when responses of IRS are optimized to reflect the

incoming signal in a particular direction. Thus, in a wireless terrain wherein users suf-
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fer with severe attenuation due to blockages caused by surrounding objects, presence of

IRS panels significantly enhances VLOS link establishment.

&)

LOS Unblocked

(n) Blocked LOS
() .

LOS
% Blocked user
Base station Unblocked
user
(@)
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Figure 1.3: Schematic of (a) obstructed wireless link without IRS, (b) VLOS link en-
abled through IRS

1.1.3 Advantages of IRS
There are several advantages of IRSs, which are listed here.

* Ease of deployment: The IRS panels can be mounted easily on the facade of
buildings or lamp posts in a given wireless terrain for outdoor scenarios. While,

IRSs can also be deployed on walls or ceilings for indoor scenarios. Usually,
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purpose of using IRS panels is served when these panels are deployed in a terrain,

wherein user experiences severe fading/shadowing due to surrounding obstacles.

* Enhancement in spectral efficiency: IRS panels are capable of reconfiguring a
wireless propagation environment by compensating for power loss by forming a

alternative VLOS path over long distances.

* Environment friendly: The main advantage of IRS panels is that they are pas-
sive reflectors. Amount of power consumed by IRS panels is very minimal as
compared to conventional relaying systems, such as, Amplify-and-Forward and
Decode-and-Forward system. Thus, deploying IRS panels is more energy effi-

cient and environment friendly than the conventional relaying systems.

* Compatibility: The functionality of IRS, to passively reflect electromagnetic
wave make them suitable for full-duplex communication. Also, IRS-assisted
wireless networks are compatible with the standards and hardware of existing

legacy wireless networks.

1.1.4 Application scenarios of IRS

Several applications of IRS-assisted wireless network for future communication is il-
lustrated in Figure 1.4. Usage of IRSs is not limited to a particular scenario, since it
finds applications in indoor scenario, outdoor scenario, for smart city environment, in
Internet of Things (IoT) networks and so on. In general, deployment of IRSs is more
appropriate at locations experiencing blindspots and/or unwarranted fading, for exam-
ple at a busy traffic junction or any indoor/outdoor scenarios characterized with a high

density of users and obstacles.

In terms of usage of IRSs in wireless networks, these panels help in enhancing cov-
erage area of a cellular network by providing an alternative LOS path. They assist a
cell-edge user who suffers from both high signal attenuation from its serving BS and
severe co-channel interference from a neighbouring BS. IRSs also acts as a signal re-

flection hub to support simultaneous low-power Device-to-Device (D2D) transmissions.
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IRSs can also be used to transmit secret information to legitimate user securely, while
cancelling out the reflected signal for any unintended eavesdropper. IRSs also find ap-
plications in enhancing the QoS for a vehicular network. Further, IRSs can be deployed
on Unmanned Aerial Vehicle (UAV), where it has added advantage of portability of
IRSs. So these movable IRSs can be used in smart city environments for providing
QoS connection. Finally, application in smart industry automation and wireless sensor

networks assisted by IRS, finds its usefulness in terms of achieved energy efficiency.

Coverage enhancement and
Network throughput

H Mobile edge computing

— IRSs in Wireless network —— D2D Communication

H Physical layer security

— Wireless power transfer

— Vehicular networks

Applications

H IRSs for Smart city ~

— UAV-enabled networks

Intelligent factory
— IRSs in loT networks {

Wireless Sensor Networks

Intelligent Reflecting Surface

Figure 1.4: Diverse applications of IRS.

1.2 Motivation

An exhaustive set of channel modeling approaches for IRS-assisted wireless terrain is
given in section 3.1. However, these methods have inherent limitations in terms of
considered channel characteristics. Among these, the primary and prominent limita-
tion is a hypothesis under which a wireless channel under investigation is treated as
time-invariant (TT), which is not true in a majority of practical scenarios and use cases,
especially in an outdoor wireless environment. Another presumption is apriori knowl-

edge of perfect Channel State Information (CSI), which is difficult to acquire since IRS
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doesn’t have radio resources that can facilitate a precise estimate of channel state. Using
inference from these observations, in this thesis an attempt is made to model wireless
channel in terms of impulse response characterization with reasonably good approxi-
mation. For two different geographical scenarios belonging to Urban-micro (UMi), i.e.,
open street (OS) and street canyon (SC), localized geometry features of a segment of
wireless terrain as well as in vicinity of a mobile receiver are incorporated during chan-
nel modeling. Depending upon the LOS and NLOS compliance, an end-to-end wireless
link between a base station (BS) and a mobile receiver through IRS panels are repre-
sented as a cascade arrangement of Time-Invariant (TI) and Time-variant (TV) channel

models.

Shadowing and multipath propagation affect the performance of a wireless com-
munication system in a considerable manner. Severity of fading in any localized wire-
less terrain is non-uniform, this attributes to inherent spatial aspects in close vicinity
of receiver and time dependent vehicular traffic characteristics along with presence of
temporary blockages in short epochs. Work carried out in this thesis aims to provide a
comprehensive analysis about the impact of presence of multiple IRS panels in a wire-
less terrain on shadowed fading. This is one of the early attempts to estimate wireless
link’s outage probability for multiple IRS-assisted wireless terrain. A outage probabil-
ity analysis of multiple IRS-assisted cooperative communication system is performed,
where different link segments of an end-to-end wireless link are presumed to govern by

the x — p shadowed fading model.

Stochastic geometry deals with a study of spatial patterns that are random in nature.
Recently, stochastic geometry find a significant role in the analysis of heterogeneous
network (HetNet) in cellular communication. It helps in providing some key insights
for network design using analytical approaches. The basic underlying mechanism is, to
model random locations of wireless nodes by a random set of points (often referred to
as a point process) and subsequently analyzing performance of a wireless network using
the properties of the point process. In this context, performance analysis of IRS-assisted
cellular communication using stochastic geometry is a very new approach. For this pur-

pose, tools from stochastic geometry are of particular interest, where a strategy is to



endow appropriate distributions for locations of different network entities and subse-
quently utilizing properties of these distributions to characterize network performance.
Performance analysis of IRS panels assisted cellular communication using stochastic

geometry is still in infancy.

1.3 Problem Definition

In wireless communication systems architecture, so far emphasis has been on config-
uring transceivers as wireless channel behaviour is upto some extent unpredictable and
beyond the scope of any regulation. The ubiquitous presence of fixed (geography in-
duced) and movable (owing to surrounding vehicles) obstacles contributes to vulnerable
degradation in receiving signal strength during course of signal propagation by virtue
of randomness associated with NLOS components. Further, in various use cases of
mobile/cellular communication owing to inherent relative motion between transmitter-
receiver pair, channel behaviour becomes further complex and it adversely affect signal
propagation characteristics. Even if both of these link entities (source and receiver) are
static, obstacles and scatterers may introduce relative velocities. These situations give
rise to time variations of the wireless channel due to the Doppler effect, which hinders
parameters estimation and degrades detection performance. A major regulating factor
that impacts the impulse response measurement/characterization is attenuation associ-
ated with the propagation paths corresponding to several NLOS components. Thereby
it is quite obvious that the performance evolves around propagation dynamics of NLOS
components. These observations fuel a need to counter the unwarranted variations in
received signal strength mainly due to inevitable NLOS components and subsequently
enhancing the performance measures namely, achievable rate, outage probability and

coverage probability.

Appropriate positioning of network elements in a cellular communication system
using stochastic approach needs precise location and time information. Typically, any

geographical terrain in an urban scenario experiences various degree of fading during
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different time intervals and at specific locations. Owing to surrounding geospatial as-
pects, fading zones can be classified as light fading zone, moderate fading zone and
severe fading zone. Similarly, due to heterogeneous behaviour of users, data/vehicular
traffic patterns can be classified into distinguished time intervals as wee hours, off-peak
hours and peak hours, with a unique characteristic; increasing order of users density
in short epochs during different time of the day. Usually, users experience localized
blindspots, one such occurrences may be, during peak hours of a day and in a geo-
graphical terrain characterized by a severe fading zone. There is a need for modeling
these kinds of wireless terrain using suitable approximations with an emphasis on out-

age and coverage analysis.

1.4 Research objectives

In this work, formulated objectives are described as:

* To develop analytical channel models that:
(a) Characterizes Time-Invariant and Time-varying channel behaviour for out-
door use cases such as; UMi-open square and UMi- street canyon scenarios
(b) Enhance achievable rate and coverage span by deploying appropriate number
of IRS panels at suitable locations, with hypothesis based on empirical observa-

tions obtained from an unregulated wireless terrain.

* To establish an outage performance evaluation for wireless terrain equipped with
multiple IRS panels and comprises different fading zones, while wireless channel

is modelled using x — p shadow fading.

* To propose and validate stochastic models that characterize location of IRS
panels and users by PPP and PCP distribution, and BSs by PPP distribution.
Subsequently, performing coverage analysis for these presumed stochastic
distribution for wireless terrain experiencing varying degree of fading by virtue

of spatial and temporal attributes.

11



1.5 Methodology

Wireless link established between a base station and a user in a mmWave communi-
cation network is highly non-deterministic. The unregulated behaviour of the wireless
propagation channel due to NLOS components are countered by deploying IRS panels
in between transceivers at appropriate locations in a wireless terrain. Primary theme
proposed in this work is ubiquitous presence of obstacles make signal propagation
characteristics vulnerable owing to randomness associated with NLOS components.
Thereby, presence of IRS panels transforms and decomposes a Time Variant channel
between a base station (BS) and a mobile receiver into a Time Invariant model between

BS and IRS panels, and TV model between IRS panels and a mobile receiver.

Primarily, this thesis presents an analytical framework in which an end-to-end wire-
less link between the BS and mobile receiver is characterized as a hybrid of TI and
TV channels’ impulse response models. To be more precise, the presence of IRS pan-
els decomposes an overall TV channel between the BS and a mobile receiver into a
TI channel model between the BS and IRS panels, and a TV channel model between
the IRS panels and a mobile receiver. This is one of the unique approaches in which
inference of local geographical factors is projected towards impulse response charac-
terization of IRS-assisted outdoor wireless terrain. Further, for short spans of 100 m
and 180 m, channel response is estimated much frequently, thus it can be interpreted
that strength of the receiving signal at the location of the mobile receiver is estimated at

equi-space distant points during shorter periodic epochs.

Analysis of a wireless terrain under various fading zones needs a mathematical mod-
eling for outage validation. Wireless network outage performance of multiple IRS-
assisted geographical terrain is investigated, while receiver experiences direct and/or
reflected links and are characterized using x — p shadowed fading. Here, an IRS panel

with maximum instantaneous signal-to-noise ratio (SNR) is selected to participate in
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establishing an end-to-end wireless communication link.

In this thesis, to characterize the surrounding dynamics of diverse wireless terrain
in a holistic manner, three different fading zones, namely; lightly fading, moderately
fading and severely fading zones are considered. Further, for any urban or semi-urban
wireless terrain, data traffic pattern varies depending upon the timing of operation. Cor-
responding to three different vehicular traffic characteristics, performance measures es-
timated for three distinct observation time-slots viz; peak hours, off-peak hours, and

wee hours.

On exploiting stochastic geometry based analytical framework, this is one of the
early attempt to use IRSs as network element and model the locations of IRSs and
users by unified approach of PPP/PCP, depending upon the spatio-temporal behaviour
of wireless terrain considered. In this context, network coverage can be significantly

improved in a cellular network assisted by multiple IRSs panels.

1.6 Organization of the Thesis

Aim of the thesis is to develop an analytical channel models for IRS-assisted wire-
less network and to make analysis of various performance metrics for different outdoor
environment scenarios in presence of IRS panels. This thesis is organized into six chap-
ters based on the analyses and performance metrics measured for different objectives.
The chapter 1 of the thesis describes the architecture of IRS and its working principle,
advantages and applications of IRS-assisted networks. Motivation to carried out perfor-
mance analysis of wireless terrain, problem definition, research objectives and structure

of the thesis is given in this chapter.

In the second chapter, a comprehensive summary of various outdoor and indoor
wireless scenario along with relevant specifications is given. A holistic set of perfor-
mance metrics that is quite often measured is also described in this chapter for different
scenarios. Some IRS prototypes designed and developed are also briefly presented in

this chapter.
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Chapter 3 focuses on the channel modeling and analysis of achievable rate and cov-
erage enhancement in urban wireless terrain assisted with IRS panels. The literature
survey section covers the exhaustive coverage of channel modeling schemes so far used
for IRS equipped wireless terrain. Mathematical framework for Time-Invariant and
Time-Varying channel scenarios is furnished in this chapter. In particular, two out-
door terrain namely UMi-OS and UMi-SC are considered that facilitate IRS-assisted
wireless communication. Further, estimate of achievable rate enhancement and more
reliable coverage using multiple IRS panels is validated. Chapter concludes with the
performance analysis of the proposed mathematical framework in terms of obtained

simulation results.

In chapter 4, an analytical framework is presented to estimate outage probability
of an end-to-end communication link for wireless terrain equipped with multiple IRS
panels. A detailed schematic and characteristics of a wireless terrain is also described
in this chapter. Further, channel model for the considered wireless terrain and the ana-
lytical framework of the outage probability for multiple IRS-assisted wireless terrain is
presented. While uncovering the local surrounding spatial/geographical characteristics
and distinct vehicular traffic patterns, a comprehensive outage probability analysis and

its inference is presented and concluded in last section.

In chapter 5, a unified analytical framework is proposed to approximate IRS panels
and users locations for coverage analysis while imparting due concern to interference
mitigation. The literature survey section covers the state-of the-art schemes exploit-
ing stochastic modeling approaches for approximating the location of network entities.
Further, detailed schematics and characteristics of a wireless terrain with stochastic
approach is described, followed by mathematical framework for analysing coverage
probability. Finally, chapter concludes with the performance analysis of the proposed

unified analytical framework in terms of simulation results.

Chapter 6 concludes contributions of the thesis by summarizing different mathe-
matical framework. Future scope to develop efficient techniques that yield improved

performances for future wireless communication paradigms is also briefly presented.
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CHAPTER 2

IRS-ASSISTED WIRELESS NETWORK SCENARIOS
AND PERFORMANCE MEASURES

Introduction

In this chapter, architecture of IRS-assisted wireless network is compared with the tra-
ditional relay based wireless network. The key advantages of IRS based network over
relay based wireless networks are highlighted. Subsequently, two broad paradigms of
deploying IRSs in future wireless network i.e., indoor and outdoor propagation environ-
ments are illustrated with a review of analytical models as well as prototype testbeds.
Furthermore, a comprehensive summary of performance metrics, which are used to

analyse the performance of IRS-assisted wireless terrain are discussed.

2.1 Comparison of IRS and relay-based wireless trans-

mission links

In order to support exceptionally high bandwidth, millimeter wave (mmWave) com-
munication is considered as a potential technique to cater unprecedented data rate for
upcoming wireless technology. However, one of the basic challenges of mmWave com-
munication is its vulnerability to blockage effects, which are inevitable in form of build-
ings, foliages, and vehicles etc. Thus, users (mobile receiver) experience blockage of
the direct transmission/LOS path with respect to the base station (BS) due to the pres-
ence of obstacles in the surrounding environment. This major limitation of signal propa-
gation can be addressed by adding a supplementary link, that is referred as VLOS and it
mitigates blockage effects. This can be achieved by deploying the relays or IRS panels
to enhance the quality of received signals as shown in Figure 2.1, which depicts an out-

door terrain equipped with a single relay/IRS. A wireless terrain assisted by a relay unit



and an IRS panel in presence of obstacles is illustrated in Figure 2.1a and Figure 2.1b,
respectively, for an outdoor propagation environment. For the case of relay assisted
wireless networks, different kinds of relays are used in practice, namely; amplify-and-
forward (AF), decode-and-forward (DF) and full-duplex (FD) relays. Though, relays
are used to facilitate a reliable connection between BS and user via an alternative path,
it has many shortcomings as compared to that of a wireless terrain assisted by an IRS.
In Table 2.1, a comparison of IRSs with different kinds of relays for a variety of opera-

tional and system parameters is given.

(b)

Figure 2.1: Wireless communication system supported with (a) relays and (b) IRS (Du
et al., 2021).

Looking into comparative analysis as given in Table 2.1, it can be observed that

IRS panels have advantages over relay mechanisms for a variety of practical applica-
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Table 2.1: Comparison between IRS and relay mechanism (Pan et al., 2021).

Operational/system

parameters IRS AF Relay DF Relay FD Relay

RF chains No Yes Yes Yes

Signal Processing No No Yes Yes

Noise No Yes Yes Yes

Duplex Full Half Half Full
Hardware cost Low Median High Very high
Power consumption Low Median High Very high

tions. The primary advantage of IRS panels is that, since these are passive reflecting
elements, IRS panels deployment doesn’t require sophisticated signal processing op-
erations and the associated complex RF transceiver hardware. Hence, IRSs equipped
wireless terrain incur less operating cost in terms of hardware and power consumption
compared to conventional systems with relays. Further, since IRSs can be fabricated
with light weight and limited layer thickness, they can be easily installed on walls,
lamppost, ceilings, sign boards along the road and so on. In addition to it, an IRS can
be operated in full-duplex mode as it doesn’t induce unwarranted phenomenons such
as self-interference and thermal noise. Thus, IRSs achieve higher spectral efficiency
compared to active half-duplex relay mechanism. However, deployment and efficient
utilization of IRS panels need some careful investigations as there are some limitation
associated with users of IRS panels. As an illustration, by considering an IRS as a
totally passive element, the CSI is usually performed at the communication ends, i.e.,
the transmitter or the receiver. This leads to degradation in the accuracy of channel es-
timation, and high computation and power requirements when considering large IRSs
(Pérez-Adan et al. (2021)). Moreover, in futuristic cellulr networks, IRS panels will
be deployed as inevitable network elements, and usual mode of communication is full-

duplex. In view of this, on various operational issues, such as, hardware complexity
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of RF chain, associated complexity of signal processing algorithm, accompanied noise,
relatively high cost, and acceptionally high power consumption etc., yield an edge to
IRS based network architecture over the relay-based network architecture. In summary,
owing to low cost, relatively less complex signal processing, ease of deployment, and
spectral efficiency the IRSs emerges as a potential technology for the next generation

wireless networks.

[ ﬂi{
2 i

(a) (b)

Figure 2.2: A schematic of wireless network using (a) relays, UDN and DAS, and (b)
multiple IRSs (Wu and Zhang, 2020).

A comparison of wireless terrain assisted with existing technologies and multiple
IRS panels is shown in Figure 2.2. An end-to-end wireless link in the conventional
networks involves using active relays, small cell for ultra dense network (UDN) users
and distributed antenna system (DAS) as shown in Figure 2.2a. The wireless commu-
nication system assited with a single IRS can be scaled with multiple IRSs as shown
in Figure 2.2b for multi-user environment scenarios. The major drawbacks in these
conventional wireless networks is that, the network architecture consumes more energy
and are costlier due to active components usage. Subsequently, the networks experience
complicated interference management and bottleneck in the backhaul link. Whereas,
IRS-assisted networks consume a very low energy due to usage of passive components

and are cost effective. Further, they are used for local coverage without the need of an
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inter-IRS interference management.

Relay terminals and IRS units assisted wireless terrain characteristics and perfor-
mance is summarized as follows. A Cooperative multiple antenna deployment links was
proposed in (Feteiha and Hassanein, 2016), here vehicles act as relaying terminals using
Decode-and-Forward relaying for Long Term Evolution-Advanced network. For a full-
duplex relay exploiting Amplify and Forward protocol, the effect of distance, path loss
exponent, and residual self-interference on the vehicle-to-vehicle communication sys-
tem is analyzed in (Nguyen et al., 2019). A mechanism for broadcasting warning mes-
sages to vehicles complying NLOS conditions at road-intersections in an urban scenario
with reduced time delay is proposed in (Alodadi et al., 2017). Using non-orthogonal
multiple access (NOMA) scheme, the outage probability and average achievable rate of
vehicular communication links at road-intersections in the presence of interference are
proposed in (Belmekki et al., 2020). The key differences and similarities between IRSs
and relays based wireless network architectures are given in (Di Renzo et al., 2020)

along with spectral efficiency analysis.

2.2 IRS-aided wireless communication system

The system architecture and prototype of an IRS-assisted wireless communication sys-
tem is depicted in Figure 2.3 and 2.4, respectively. The system is composed of Personal
Computers, universal software radio peripherals (USRPs), an IRS unit, a FPGA-based
master control board. The transmitter section consists of a host computer, a USRP de-
vice and an antenna unit designed to transmit at desired operating frequency. IRS unit is
placed at an appropriate location between the transmitter and receiver so as to serve as
a smart reflector that reflects impinging signal as a beam towards the intended receiver.
While operating the system in real-time, there is a need for adaptation of the reflection
coefficients, which can be exercised by introducing a feedback link that connects IRS

unit and a receiver.
Further, in the outer layer of IRS, a large number of metallic patches are printed on
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a dielectric substrate to directly interact with incident signals. Unlike, the active relay
assisted wireless system, which performs signal regeneration and retransmission, IRS
does not include active transmit module, rather it reflects the incident signal as a passive
array. The control circuit board is responsible for adjusting the amplitude and/or phase
shift of reflected signal that is enabled by elements of an IRS and is regulated by a smart

controller attached to the IRS.
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Figure 2.3: System architecture for IRS-assisted communication system (Pei et al.,
2021).

The basic operation involved in the design of reflecting surface is based on the gen-
eralized Snell’s law of reflection (Ozdogan et al., 2019). According to the generalized
Snell’s law, each reflecting surface can independently tune the angle of reflection and
phase of the reflected ray, where it gives an information about ideal phase shift that is
required to create a narrow beam oriented towards an intended receiver. The underly-
ing mechanism that facilitates reconfigurable aspects of the wireless environment in a
controllable manner is to introduce desired regulation of reflected signal components’
amplitude coefficients and phase shifts. In order to generate variable phase shift, PIN
diodes can be used which are embedded in each reflecting element. The PIN diode can
be controlled by switching to either “ON” or “OFF” state, by applying different bias-

ing voltages via a direct-current feeding line, thus triggering the reflecting elements to
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RIS (@ 5.8 GHz

Figure 2.4: Prototype of IRS-assisted wireless communication system (Pei et al., 2021).

result in a phase-shift difference of 7 in the incident signal.

A prototype IRS unit designed and fabricated (Pei et al., 2021) for wireless com-
munication system is shown in Figure 2.4. The reflecting elements are arranged in the
form of a Uniform Planar Array with a 5520 element grid, constituting 1100 elements
in a single IRS panel. The dimension of the fabricated IRS unit during experimentation
is 80.08 cmx31.30 cm, indicating the compactness of the IRS panel for the ease of de-
ployment at appropriate locations. Further, IRS can be configured to operate in any part
of the radio frequency spectrum, including frequencies from sub-6 GHz to THz span,

thus supports a wide range of operating frequencies.

Recently wireless industry has paved initiatives to implement and commercialize
IRS based technologies to create new value chains, and several startups have been
launched to advance in this new field of research. The prominent companies and re-
search projects with a brief about primary activity and objectives is given in Table 2.2.
As an illustration, the Metawave startup company is working towards automative radar,
5G wireless and artificial intelligence (Al), active repeaters and passive relays. The
Greenerwave is investigating on 4D imaging radar, millimeter wave 5G to broadband

satellite communications, Internet of Things (IoT) and RFID. The Pivotal commware is
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Table 2.2: List of main industry progress, projects and prototypes related to IRS (Wu
etal., 2021a)

SI. | Company Primary activity and achievement
No.
1 NTT DOCOMO and Metawave | Demonstrated the first meta-
(DoCoMo, 2018) structure reflectarray at 28 GHz
band for 5G technology
2 Pivotal Commware Demonstrated software defined
(pivotalcommware, 2020) antennas using the holographic

beamforming technology
3 NTT DOCOMO and AGC Inc. | Demonstrated the first prototype

(Docomo, 2020) dynamic metasurface for
5G technology
4 Greenerwave Developed reconfigurable meta surface
(greenwave, 2020) based on physics and propagation
SI. | Research project Primary objective
No.
1 VisorSurf Development of a software driven
(visorsurf, 2020) hardware platform for functional
metasurface
2 ARIADNE Design of a metasurface with the
(ariadne, 2020) integration of artificial intelligence (Al)
and new radio techniques
3 Pathfinder To develop intelligent metasurface
(cordis, 2020) assisted wireless 2.0 networks with

theoretical and algorithmic base

researching in the domain of 5G mmWave techologies, systems and applications using

holographic beamforming.

2.3 Environment scenario specifications

IRS panels can be deployed for both outdoor and indoor scenario usage as shown in
Figure 2.5. Though the radio wave propagation mechanism in an indoor and outdoor
environment is regulated by phenomenons such as reflection, scattering and diffrac-
tion, the signal propagation conditions in an indoor environment is much dynamic like;

door/windows are open or closed, and the mounting place of antenna on desk or ceiling
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etc,. Whereas, the Doppler spread effect due to relative motion between the transmitter
and receiver affects the radio propagation mechanism significantly in an outdoor envi-
ronment. Further, by virtue of parameter namely doppler spread as relative motion is
not significant in an indoor environment compared to outdoor environment. The indoor
channel characteristics is not as dynamic as the outdoor one. Whereas, characteriz-
ing the shadow fading channel in an outdoor terrain is more complex due to dynamic

channel variations on account of large moving surrounding obstacles.

Outdoor IRS Indoor IRS

Base Station 1 IRS (Y Users

Figure 2.5: IRS-assisted wireless communication for outdoor and indoor deployments
(Elbir and Mishra, 2020).

For indoor environment scenarios, it is appropriate to consider the near-field propa-
gation effects, while considering the channel modeling aspects. In this case, the far-field
assumption may not hold good, since the IRS is either closer to transmitter or receiver
(Dajer et al., 2021). Whereas, for channel modeling in an outdoor environment sce-
nario, both the near-field and far-field effects can be considered depending upon the

relative position of the IRS with respect to transmitter and receiver location.

For a user in an outdoor environment, in particular for an urban terrain characterized
with high rise buildings, huge size sign boards along the road can be equipped with IRS
panels at appropriate locations to enable virtual line of sight (VLOS) links via IRS

panels. For indoor environments, the typical scenarios experiencing high user density
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include offices, shopping centres, etc., and in such terrain IRS panels can be deployed
on various objects such as walls, ceilings, windows, furnitures to improve the quality of

received signal and the coverage area.

2.3.1 Indoor scenarios

Typically, the wireless communication established in an indoor propagation environ-
ment is for shorter distances. Further, the variability of the environment is much larger
even for a small separation range of transmitter-receiver. Subsequently, the propaga-
tion inside a building is strongly influenced by; layout of the building, construction
materials, and building type which can be factory, office area, shopping mall etc. The
strength of the received signal measured inside a building usually is low, due to the high
penetration loss from walls. One of the major requirement of indoor scenario such as;
hospitals, factories, security offices is to have a ultra-reliable high-speed communica-
tion. In this situation, an IRS-assisted communication setup established will certainly
help to improve communication and coverage aspects of indoor wireless system. IRSs
indeed have many other applications including military purposes, indoor localization

and health monitoring system etc.

Figure 2.6: A transmission setup for indoor scenario (Pei et al., 2021).
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A prototype setup for an IRS-assisted wireless communication in an indoor environ-
ment is shown in Figure 2.6 (Pei et al., 2021). The setup depicts for a scenario wherein
transmitter and receiver (transceiver) placed in a separate room, so as to comply NLOS
norms. In such use case, as the transmitted signal suffers penetration loss, the obtained
experimental results demonstrate that received signal strength increases due to the pres-
ence of IRS. The effectiveness of the IRS usage in terms of total received signal strength

is validated for both, i.e., LOS and NLOS scenarios.

2.3.2 Outdoor scenarios

A prototype setup of over-the- air test for an outdoor terrain equipped with an IRS
is shown in Figure 2.7 (Pei et al., 2021). Implications of IRS presence is validated
using enhanced received signal strength for a particular experimental setting in which
transmitter and the receiver is 500 m space apart and tested for a real-time transmission
of a video signal. It is validated that the streaming video is communicated smoothly in

the presence of IRS.

In outdoor environment scenarios, ultra-reliable low-latency communication
(URLLC) requirement acts as crucial factor for applications that demand stringent la-
tency and reliability requirements such as augmented/virtual reality and autonomous
vehicles. IRS can be deployed on the building facade, advertising sign-board, lamppost
and also even on the surface of moving vehicles, to have URLLC requirement. The key
factor that has to be considered, is to effectively compensate the Doppler spread and
delay spread effects, in turn benefits smart transportation applications have stringent
URLLC requirements. In these kind of scenarios, the reliable end-to end communica-
tion can be achieved by exploiting IRS-assisted links. Thus the usage of IRS-assisted
system helps in reducing the packet retransmission and subsequently minimizing the

delay which is critical for URLLC applications.

The typical outdoor wireless terrain scenarios used for field measurement with chan-
nel parameters and specifications are given in Table 2.3. For the system setup and de-

ployment of wireless communication system, knowing the propagation characteristics
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Figure 2.7: A transmission setup for outdoor scenario spanning 500 m (a) location of
the transmitter and receiver on the map (b) the transmitter unit (c) the site of
the receiver; (d) a snap of the receiver while data transmission. (Pei et al.,
2021).

is very important, since user complying to LOS or NLOS with respect to BS makes
a big impact for mmWave communication system. Here two major classifications for
outdoor scenarios namely; urban microcell (UMi) and urban macrocell (UMa) terrain
specifications are considered. In case of UMi scenario, BSs are usually mounted below
the rooftop levels of surrounding buildings, for realizing seamless coverage. Whereas,
in UMa scenarios with larger inter-site distances and the regions with rich scattering
environments, BS heights above 25 m are considered. Overall, the parameters and

specifications in Table 2.3 gives an indication of the typical transmitter and receiver
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height setups, valid communication range and path loss exponent (PLE) values for a

specific outdoor wireless terrain that operates in the mmWave band of frequencies.

Table 2.3: Channel parameters and specifications in outdoor scenarios (Wang et al.,

2019)
Area scenario | frequency | Tx height | Rx height | range PLE
(GHz) (m) (m) (m)

LOS 28/38 5 1.7 14-113 | 2.7/3.1

NLOS 28/38 5 1.7 14-113 | 3.7/3.1
UMi NLOS 28 15 1.5 98-270 2.7
campus LOS 38 8/23/36 1.5 >200 1.9
NLOS 38 8/23/36 1.5 >200 33
LOS 28 Ay 1.5 31-54 2.1

UMi NLOS 28 717 1.5 61-186 34
street canyon LOS 29 6.5 1.5 35-256 2.2
NLOS 29 6.5 1.5 35-256 3.1
UMi LOS 28 8/17 - 55-207 2.1
downtown NLOS 28 40 1.5 110-135 | 4.1
UMa LOS 29 - - 35-256 2.7
open area NLOS 29 - - 35-256 34
UMa LOS 29 - - 35-256 29
parking structures | NLOS 29 - - 35-256 3.44

2.4 Comprehensive performance metrics

The impact of IRS presence can be validated by various performance metrics which are

typically used in a variety of wireless networks scenarios. The performance metrics

based on probabilistic analysis are used to characterize the uncertainty associated with

an end-to-end link that comprises a transmitter, propagation channel and the receiver

architecture. Further, the ergodic metrics are used to characterize the averaged network

performance, channel conditions, considering the randomness in network topology, the

distribution of reflecting elements, and interference variations, etc,. Performance met-

rics used for IRS-assisted wireless network include the following:

» Reflection probability: The probability that an IRS can reflect the signals from a
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transmitter to an intended receiver.

* Qutage or coverage probability: The probability that the SNR estimate at receiver

is above or below a stipulated threshold.

* Bit error probability: The probability that the decoded information bits at receiver

differs from the transmitted one.

* Ergodic capacity: The expectation of channel capacity measured by Shannon’s

formula.

* Pairwise error probability which measures the probability that the decoded signal

is a certain symbol given the transmitted signal.

» Average area spectral efficiency which is the sum of the capacity of all the com-
munication channels normalized over operating spectral bandwidth for a geo-

graphical terrain under investigation.

* Energy efficiency which measures the capacity normalized over the energy con-

sumption of IRS equipped wireless networks.

From the perspective of future wireless network goals, researchers have considered
the design objective with IRS assistance to achieve power minimization, rate maximiza-
tion, energy efficiency maximization, outage minimization, weighted sum-rate maxi-
mization, and capacity/rate region characterization. A detailed set of performance met-
rics considered for analysing the performance of IRS-assisted wireless terrain is given

in Table 2.4 and Table 2.5.
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Table 2.4: Summary of performance metrics for IRS-assisted wireless networks (Has-

souna, 2022)

SIL. | Reference Performance| Design goal
No. metrics
1 | (DiRenzo and Song, 2019)| Reflection Establish point-to-point
probability communication with
maximizing reflection
probability
2 | (Khaleel and Basar, 2020) | Bit Error Enhance the performance
Rate (BER) | and improve the spectral
efficiency
3 | (Guo et al., 2020) Outage Minimization of outage
Probability | probability in IRS-assisted
MIMO systems
4 | (Ferreira et al., 2020) Bit error To show performance
probability | improvement under double-
Nakagami fading channels
5 | (Jung et al., 2020a) Achievable | To attain asymptotic
rate optimality of IRS for
maximizing achievable rate
6 | (Heetal., 2020) Achievable | To achieve high rate in
rate low SNR regime
7 | (Ozdogan et al., 2020) Achievable | Maximize the rate by
rate optimizing phase and proper
IRS deployment
8 | (Zhang et al., 2020) Achievable | Maximize the data rate
data rate with optimal phase shift
calculations
9 | (Lyu and Zhang, 2020) Spatial Maximize spatial throughput
throughput | for IRS-aided
multiuser environment
10 | (Bjornson, 2021) Achievable Sum rate enhancement
data rate IRS-assisted OFDM under
mutual coupling
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Table 2.5: Summary of performance metrics for IRS-assisted wireless networks, con-
tinue from Table 2.4. (Hassouna, 2022)

SIL. | Reference Performance Design goal
No. metrics
11 | (Zhang and Zhang, 2021) Achievable Achieve superior rate
user rate performance for different
IRS deployment strategy
12 | (Papazafeiropoulos et al., 2021a)| Coverage To enhance coverage
probability probability of IRS system
under spatially correlated
channels
13 | (Jung et al., 2020b) Ergodic To show performance of
rate IRS aided comparable to
that of massive MIMO
14 | (Papazafeiropoulos et al., 2021b)| Sum spectral To enhance sum spectral
efficiency efficiency for IRS-assisted
MU-MISO systems
15 | (Wuetal., 2021b) Energy To achieve energy
efficiency efficiency for IRS-assisted
cognitive radio networks
16 | (Yangetal., 2021c) Coverage Enhance coverage
probability and probability and throughput
average throughput| with minimal energy
17 | (Heetal., 2021) Downlink To enhance downlink rate
rate for cooperative multi-IRS
communications
18 | (Duetal., 2021) Outage probability | To show that IRS
and bit-error aided system outperforms
probability over AF relay system
19 | (El Bouanani et al., 2020) Outage probability | To perform wireless
and symbol error | power transfer with IRS
probability aided wireless networks
20 | (Yue and Liu, 2021) Outage probability | Enhance energy efficiency

and ergodic rate

compared to conventional
communications.
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CHAPTER 3

CHANNEL MODELING AND PERFORMANCE
ANALYSIS OF IRS-ASSISTED WIRELESS TERRAIN

3.1 Introduction

Wireless communication system is composed of propagation channel, transceiver units
with associated antennas as air interface. Propagation channel is a medium, in which
transmitted radio waves propagate and subsequently received by a receiving antenna.
During this journey, radiated waves typically undergo attenuation and dispersion phe-
nomena. Considering the operational characteristics of the propagation channel that
depend on the geographical features of the wireless terrain, the transceiver should be

properly designed to achieve a higher achievable rate and reliable communication.

In general, modeling of a wireless channel incorporates important channel parame-
ters such as path loss exponent, attenuation coefficients and path delays associated with
multipath components, and LOS probabilities. The key performance measures for 5G
systems are data rate, latency, spectral efficiency, connection density, energy efficiency,
reliability, mobility, and coverage. The 5G channel modeling is investigated in differ-
ent communication scenarios namely, Urban Micro- (UMi) and Urban Macro- (UMa)
cellular scenarios, Rural Macro (RMa), indoor office, indoor shopping mall, etc. The
UMi scenarios include open square (OS) and street canyon (SC) terrain with high user

density (Docomo, 2016), (Technical-report, 2017), (Rappaport et al., 2017).

Passive reflecting surfaces are deployed in radar systems, remote sensing earth ob-
servatory platforms, and satellite/deep-space navigation and communication systems,
however, usage of passive reflecting surfaces is still limited in the mobile wireless com-

munication paradigm. This is mainly because the traditional reflecting surfaces have



fixed phase shifters, which are unable to regulate the characteristics of wireless chan-
nel in a desired manner while considering user mobility as one of the important sys-
tem parameters. However, the recent advances in RF micro electromechanical systems
(MEMS) and metamaterial have made the reconfigurability of reflecting surfaces possi-
ble, even by an extent in which phase shifters can be controlled in real-time (Cui et al.,
2014), (Tang et al., 2019). With a smart controller, each element of an IRS can inde-
pendently reflect the incident signal while introducing desired amplitude and phase shift
regulations. By appropriately adjusting the phase shifts of the passive elements, the re-
flected signals can be added coherently at the true location of the receiver to improve
the receiving signal strength. Moreover, the received signals at the non-intended re-
ceivers can be added destructively to suppress interference, which also provides privacy
(Wu and Zhang, 2020). The effectiveness of using IRS for mmWave-non-orthogonal
multiple-access (NOMA) systems has resulted in significant sum-rate gains (Zuo et al.,

2020).

Conceptually, IRS can be viewed as an ideal phase shifter that introduces phase
shift variations which yield enhancement in received signal power. In terms of opera-
tional characteristics, as the IRS panel involves passive reflecting elements, it doesn’t
contribute to noise amplification (Basar et al., 2019). Further IRS also supports full-
duplex (FD) transmission while ensuring no mutual interference or crosstalk between
the uplink and downlink (Wu et al., 2021a). Thus, offers competitive advantages over
traditional active relays, e.g., half-duplex (HD) relay that suffers from low spectral ef-
ficiency as well as FD relay that needs sophisticated techniques for self-interference
cancellation. To improve network energy efficiency, a scheme that includes usage of
precoding at the base station and formation of direction-specific narrow beamforming

by the virtue of IRS is investigated in (Huang et al., 2019).
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3.2 Channel modelling of wireless terrain

A propagation channel is an integral part of any communication system, be it wired
or wireless. A precise mathematical model yields fairly good insight into the channel
characteristics that influence the propagation of signals over a given geographical ter-
rain. The commonly used channel model parameters are carrier frequency, bandwidth,
the distance between transmitter and receiver, and the associated geographical terrain

specifications.

The channel behavior and associated signal propagation mechanism can be analyzed
based on LOS probability and Large-scale path loss models. The mobile user frequently
satisfies compliance of LOS or NLOS norms with the BS during course of motion in
shorter epochs. Conventionally, owing to the presence of surrounding obstructions,
statistical models are used to predict the compliance of LOS or NLOS norms. The
LOS probability is modeled as a function of the transmitter-receiver (T-R) separation
distance, which is frequency-independent, and is solely based on the geometry and lay-
out of service terrain (Sun, 2016). Compared to LOS propagation, NLOS propagation
exhibits a higher path loss exponent (PLE) and increased shadowing variance, which
leads to an inference that LOS propagation ensures reliable and robust performance in
mmWave band (Sun et al., 2015). The characterization of the path loss exponent and
delay spread for a mmWave channel operating at 26 GHz is reported based on the Ray
Tracing method (da Silva et al., 2019). Usually, large-scale path loss models are used

to estimate the strength of mmWave signal with varying distances.

In this section, mathematical analysis and modeling for static and time-varying chan-
nels are discussed. Time-invariant (TT) channel model is used for static channel analysis
whereas, time-variant (TV) channel model represents a reasonably good approximate
analysis of dynamic channels. In many single user use cases, it is presumed that the
communication paradigm involves one BS (transmitter) and one mobile unit (receiver).
The wireless communication system comprises of Ny transmit antennas and Ny re-
ceive antennas at the BS and mobile unit, respectively. The propagation environment

characteristics in terms of downlink signal propagation from the BS to the mobile unit
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is presumed to have a single LOS propagation component and a scattering cluster hav-
ing N4, number of NLOS propagation components. The azimuth angles of arrival and
departure of the [*" ray in the scattering cluster are denoted by ¢} and ¢!, respectively.
Similarly, the elevation angles of arrival and departure of the ['" ray are denoted by 67

and 6!, respectively.

3.2.1 Time-Invariant (TI) channel model

The impulse-response of a T channel between transmitter and receiver in a matrix form

can be given as

H(7) = Hyros(7) + Hros(7) (3.1)
The NLOS component of the impulse response is given by (Buzzi and D’ Andrea, 2016)

Nray

Hyros(r) =&Y an/L(r)a, (6], 07) x af (¢}, 0))h(m — 1) (3.2)
=1

where «; is the complex path gain, L(;) is the distance dependent attenuation, r; is the
length associated with the propagation path of the [ ray. Usually, in wireless terrain
during the course of propagation, signal experiences many obstacles between the BS
and a mobile receiver. Considering these obstacles, for transmitting and receiving rays;
azimuth and elevation angles are represented by pairs (¢}, 07) and (¢}, 0]), respectively.
The factors a,.(¢],0]) and a,(¢!, 0}) represent normalized receive and transmit array
response vectors evaluated at corresponding angles, respectively. Propagation delay
associated with the [*" path is ; = r;/c, where c is speed of light. A normalization

factor £ ensures that the received signal power scales linearly with the product Ny N7,

NrNp

and is given by £ = Noay

The total length of the [** propagation path 7, is estimated using geometrical consider-

ations and is given by:

1= o4 (i — b+ rysind})? + (d = rocosticosds)? (33)
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Estimate of a propagation path length depends on the Euclidean distance between scat-
tering cluster and receiver, r,, link length distance d, transmitter antenna height (hr),

and receiver antenna height (hg).

The attenuation associated with the propagation path of [ ray for the UMi terrain is

given by (Buzzi and D’ Andrea, 2016),(Alonzo and Buzzi, 2017)

4 b
L) = —20logio [ =) —10n |1 — b+ —= | logio(r) — X, (3.4)
A Ao

It has functional dependency on key parameters namely, path loss exponent (n) and
zero-mean Gaussian distributed Shadow fading term (X, ) in logarithmic units having
standard deviation (o), system parameter (b), speed of light (c), fixed reference fre-
quency (fy) and the operating wavelength (\) corresponding to carrier frequency. For
both the wireless terrain (UMi-OS as well as UMi-SC), values of n and o are given in
Table 3.1 for the LOS and NLOS compliance. Further, in equation (3.4), for outdoor
wireless scenarios, system parameter b is treated as zero (Docomo, 2016), (Buzzi and

D’ Andrea, 2016).

In an UM scenario, the width of the typical OS area is in the order of 50 to 100 m

and it is considerably smaller for SC (Technical-report, 2017). The impulse response

Table 3.1: Pathloss model parameters for UMi-SC and UMi-OS

UMi-SC UMi-SC UMi-OS UMi-OS references
LOS NLOS LOS NLOS
(n, o) (n, o) (n, o) (n, o)
(2.1,3.76) (3.17,8.09) (1.85,4.2) (2.89,7.1) (Docomo, 2016)
(1.98,3.1) (3.19,8.2) (1.85,4.2) (2.89,7.1) (Buzzi and D’Andrea, 2016)
(Alonzo and Buzzi, 2017)
(Haneda et al., 2016)
(2,2.9) (3.1, 8.1) (1.9,47) (2.8,8.3) (Sunetal., 2016)
(2.1,3.2) (34, 8.6) - - - - (Sun, 2016)

corresponding to LOS component in equation(3.1) is given by (Buzzi and D’ Andrea,

2016)
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H,05(7) = I0s(d)v/ NeNrel\/L(d)a, (6} o5, 0} 05) X

af(¢tLOS> QtLos)h(T — TLOS)

(3.5)

where I 0s5(d) is a random variable that takes the value equal to one, if a LOS link
exists between transmitter and receiver, 7 is a uniformly distributed random variable

covering angular span in the range [0, 27).

3.2.2 Time-Variant (TV) channel model

This section deals with modeling aspects of wireless communication systems operat-
ing over channels that vary in time due to the inherent mobility of a transmitter and/or
receiver. Even if both of these entities (transmitter and receiver) are stationary, sur-
rounding temporary obstacles and scatterers may introduce relative velocities. These
situations yield temporarily varying wireless channel characteristics due to the Doppler
effect, which hinders degree of precision with parameter estimation and degrades de-
tection performance. Owing to the practical relevance, TV channels have attracted
considerable interest in the fields of signal processing, communications, propagation,

information theory, and mathematics.

In a generic scenario, the transmitter and receiver are considered moving with speed
vTX and X, respectively along the city street/highway. The channel can be modeled

as a time-variant system, and its matrix-valued impulse response can be expressed as:

H(t,T) = HNLOS(taT) +HL05(t,T) (36)
It’s NLOS component is given by (Buzzi and D’ Andrea, 2016)

Hyros(t,7) =€ an(t)/L(r)an(e],07) x ay' (6], 6;)h(r — m)e >™" (3.7
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In equation (3.7), in contrast to equation (3.2), the effect of Doppler shift v, can be
observed due inherent characteristics of a TV channel. Here, the complex path gain
(ay) is evaluated at the discrete-time intervals n'7; on sampling the received signals with

uniform period, 7,. The Doppler shift due to receiver mobility for the /'

propagation
path is given by:

v = —é(VRXCOSQ{COS¢?) (3.8)

here f corresponds to the center frequency of the received signal bandwidth. Equation

lth

(3.8) is used to estimate doppler shift associated with [** NLOS signal component.

The impulse response characterization of LOS component in equation (3.6) is given by

(Buzzi and D’ Andrea, 2016):

Hos(t,7) = ILos(d)v/ NeNrel "/ L(d)a, (6} o5, 0} 05) X

af(gthOS’ QEOS)h(T — TLOS)e—jQW’Lost

3.9

Vios = —f(vRXcosézoscoscbzos) (3.10)

In this work, owing to receiver mobility and stationary nature of transmitter (BS); in

equations (3.8) and (3.10), only v*¥ is considered.

Equations (3.2) and (3.7), infer that the major regulating factor that impacts the im-
pulse response measurement is attenuation associated with the /V,,, propagation paths
corresponding to NLOS components. Thus, it is quite obvious that the performance
of received signal strength is governed significantly by the propagation characteristics
of NLOS components. These observations project a need to counter the unwarranted
received signal strength variation, mainly due to inevitable NLOS components and sub-
sequently enhancing the performance measures namely, achievable rate and coverage.
The underlying characteristics of NLOS signal components result in undue signal fad-
ing, which can be overcome to some extent by deploying IRS panels in between a BS

and mobile receiver at appropriate locations in a wireless terrain.
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3.3 IRS panels deployment in wireless terrain

A system consisting of the BS (transmitter) and a mobile unit (receiver) for a downlink
communication with a single IRS panel is shown in Figure 3.1. BS is equipped with M
antennas and IRS is a planar array having N discrete reflecting elements with an ability
to enable desired phase regulation. Owing to the ubiquitous presence of obstacles in
the vicinity of a mobile unit and its path locus relative to a BS, the mobile receiver is
most likely to experience varying signal strength associated with LOS and NLOS com-
ponents. The obstacles in the form of buildings or vehicles or foliages, etc., block the
direct signal propagation path between BS and receiver, and hinders the performance.
For instance, the achievable rate is likely to be affected by the obstacles, since the mo-
bility of the receiver results in complying with LOS or NLOS norms in non-uniform

shorter epochs in a sporadic manner.

The performance impairments in the form of undesirable outcomes, such as reduction
in throughput and insufficient coverage problems up to some extent can be mitigated by
deploying IRS panels. In any localized terrain, IRS panels are deployed at appropriate
locations, which enables compliance of LOS norms for some IRS panels with local
serving BS. In such circumstances, the NLOS components are processed by IRS panels
in a manner that leads to enhanced receiving signal strength at mobile receiver. Usually,

IRS panels are mounted on facade of buildings or lamp posts in a given wireless terrain.

3.3.1 Modeling of diverse signal propagation scenarios

It can be observed in Figure 3.1 that, there exist three distinguish channels in an IRS-
assisted wireless terrain for a downlink scenario. (i) Channel between a BS and IRS is
denoted by hy; € CY*M | (ii) channel between IRS and a mobile receiver is denoted
by him € CV, and (iii) the direct channel that exists between a BS and an arbitrary
mobile receiver is denoted by h,; € C. In this work, M is considered to be equal to one

assuming that BS is equipped with a single antenna.
Further, these channel segments are governed by distinguished features. A segment be-
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Figure 3.1: IRS-assisted wireless terrain

tween BS and strategically placed IRS panels (reflectors) is treated as TI. The hypothe-
sis for this presumption is that a BS and IRS panels are located at sufficient altitude and
thus, presence of any heavy vehicle or any other fixed/mobile obstacles does not inter-
cept progressive signal beam in between a BS and IRS panels. Whereas, the channel
segment between a fixed IRS panel and mobile receiver owing to instantaneously chang-
ing surrounding geospatial features is considered as TV. LOS component of downlink
between BS and the receiver is approximated as TV channel owing to relative motion
of mobile receiver. The continuous movement of the receiver yields unpredictable vari-

ations in the receiving signal strength.

The phase shift introduced by an IRS panel is denoted by a phase shift matrix

e = diag(alejel, ...aNejaN) (3.11)

where «,, € [0, 1] is the amplitude reflection coefficient and 6,, € [0, 27) is the phase

shift of reflected signal processed by the n'" passive element of an IRS panel.

The array response vector of the IRS a(p! % 9115)

as given in equation (3.12) is sub-
stituted in place of a,.(¢],]) for the BS to IRS link, and in place of a,(¢!, 6!) for the
IRS to mobile receiver link in equations (3.2), (3.5), (3.7) and (3.9). In an IRS panel,

for the uniformly distributed passive reflecting elements with an inter-element spacing
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of 9, an array response vector is given by

IRS pIRS —jké(using! S sin@I BS 4ycosfI S

a(
(3.12)
. 6—jk6((\/ﬁ—1)sin¢{RSsin@lIRS-i-(\/N—l)cosOlIRS)]

here0 <u<vVN—-land0 < v <VN-1, assuming a square IRS with v/N elements

in horizontal and vertical axes, and k = 27/, A is the operating wavelength.

The overall wireless channel in between a BS and a mobile receiver can be modeled
as a superposition of (i) aggregate NLOS component that is characterized by cascade
arrangement of BS-IRS link and IRS-mobile receiver link, and (ii) the LOS component
featured as a direct link between a BS and a mobile receiver. In aggregate the composite

channel is represented as

3.3.2 Achievable rate
The average achievable rate experienced by a mobile receiver is defined as
R = Elloga(1 + 7)] (3.14)

where v is the average value of Signal-to-Noise ratio (SNR) at mobile receiver. In
this work, average achievable rate is computed for diverse signal propagation scenarios,

which are illustrated next.

1) LOS with complying free-space propagation norms :
For a mobile receiver operating in an environment that satisfies the LOS compli-

ance with respect to BS and experiencing free-space gain (hy,), average SNR is
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given by
(3.15)

Pr
= ’hfs|2§

where Pr is transmit power at a BS and o2 is the noise power estimate at the

mobile receiver.

NLOS under varying fading conditions (without IRS) :
For a mobile receiver served by a BS under NLOS condition in a wireless terrain
without IRS and observing channel gain (hx10s), average SNR is given by

Pr
o2

v = |hnros|? (3.16)

NLOS under varying fading conditions (with IRS) :
Considering the preceding use case with IRS equipped wireless terrain and the
overall estimated cascaded channel gain (hffn © hy;). An usual BS-mobile re-

ceiver link (hy) is considered to experience NLOS norms due to the presence of

various static and dynamic obstacles, in such a scenario, average SNR is given by

P
= |(h§{nehb,.)|20—§ (3.17)

LOS under varying fading conditions (without IRS) :
For the case of mobile receiver served by a BS under LOS condition without IRS,

and observing direct channel gain (h,4), average SNR is given by

p
v = Ihd|20—§ (3.18)

LOS under varying fading conditions (with IRS) :

Considering the preceding use case for a wireless terrain equipped with IRS, re-
sultant channel gain can be presumed as superposition of cascaded channel gain
(hgn © hy;) and direct channel gain (h,). Here, a BS-mobile receiver link (hy)
is presumed to have a LOS path, however, due to local surrounding dynamics of
other vehicles/obstacles as perceived by mobile receiver during a few shorter time

intervals, mobile receiver experiences fading. To overcome it, IRS panel enables
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supplementary channel (hf © hy,;), thereby average SNR is approximated by

P
v =|(hih, © hei) + hd|20—§ (3.19)

Summary of a mathematical framework to estimate the achievable rate is given in

Algorithm 1.

Algorithm 1: Algorithm for computing achievable rate at a mobile receiver
for IRS-assisted wireless terrain
Input: Coordinates of a BS, IRS units, Mobile receiver and Transmit signal
specifications as given in Table 3.2 and Table 3.3
1. Estimating the direct link gain (h,) using TV channel model as given in
equation (3.9)
2. Estimating the BS-IRS link gain (hy;) using TI channel model as given in
equation (3.5)
3. Estimating the Doppler shift (v;) due to mobile receiver using equations (3.8)
and (3.10)
4. Estimating the IRS- mobile receiver link gain (h;,,,) using TV channel model
using equations (3.7) and (3.9)
5. In steps 3 and 5, array response vector of the deployed IRS units is estimated
using equation (3.12)
if mobile receiver experiences LOS norms with BS in a typical wireless terrain
Compute average SNR for LOS without IRS using equation (3.18)
Compute phase shift introduced by IRS using equation (3.11)
Compute average SNR for LOS with IRS using equation (3.19)
else mobile receiver experiences varying degree of fading, as a result of NLOS
compliance for BS-mobile receiver link Compute average SNR for NLOS
without IRS using equation (3.16)
Compute phase shift introduced by IRS using equation (3.11)
Compute average SNR for NLOS with IRS using equation (3.17)
6. Compute the achievable rate for all the cases using equation (3.14)

3.3.3 Coverage enhancement

Deploying IRS panels at appropriate locations not only improves the achievable rate but
also ensures coverage area enhancement. With a motive to extend service coverage area,
a schematic diagram using multiple geographically distributed IRS panels is shown in

Figure 3.2a and 3.2b for UMi-OS and UMi-SC terrain, respectively.
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Figure 3.2: Coverage enhancement using IRS panels for (a) UMi-OS and (b) UMi-SC

Channels between a BS and multiple IRS units are denoted by {hy;1, Rpiz, ..} € CV*M,
and that between IRS units and mobile rceiver is denoted by {him1, Pim2, ..} € CN.
Figure 3.2a and 3.2b illustrate the usage of three IRS panels, one in proximity to the BS
and the others geographically space apart to extend the coverage range. Also, all these
IRS panels need to be placed in strategic locations that satisfy LOS norms with BS. An
array of embedded reflecting elements in an IRS panel undergoes tunable phase offset
introduced by a smart IRS controller connected to a BS over a backhaul link. Cascaded
channel {hs,,} from a BS to the mobile receiver via multiple IRS panels is estimated
and subsequently the achievable rate is obtained by estimating average performance

over the distributed participating links.
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In this chapter, the achievable rate is considered as a performance measure to evaluate
the performance of channel segments for the various case studies. In these case studies;
the appropriate channel model (TI/TV) is considered to evaluate the impulse response
i.e, H(7) and H(¢, 7), and subsequently, inference from the channel impulse response is
used to estimate the achievable rate at mobile receiver as well as an analysis about the

coverage aspect is carried out.

In this work, validation of channel TI/TV impulse response models is exercised for
two different geographical terrain, namely UMi-SC (an area having a large number
of obstacles) and UMi-OS ( an area characterized with relatively low density of vehi-
cles/obstacles). For both of these terrain; various case studies are investigated to assess
the performance of a wireless link between a BS and a mobile receiver. The underlying
factors for these case studies are wireless terrain with/without IRS, presence of single
or multiple IRS panels, IRS panels with varying strength of the number of embedded
reflecting elements (EREs), a varying separation between two neighbouring EREs as
a multiple of operating wavelength, regulation in BS transmit power and owing to in-
evitable movement of mobile receiver treating distance as a variable of interest. For a
variety of underlying factors, the performance of wireless links is measured in terms of

achievable rate (bit/s/Hz) at mobile receiver.

3.4 Simulation results

Wireless terrain under test involve fixed as well as variable network parameters, spec-
ifications of these parameters used during the simulation study are given in Table 3.2
and 3.3. In a majority of simulation results, traversing distance, number of active ERE,
transmit power level of BS are treated as independent variables/parameters. In case
these network specifications are neither independent variables nor regulating parame-
ters, then the considered values are kept constant. In simulation results, value of the
transmit power level, number of active ERE deployed in an IRS panel, and separation

between two neighbouring EREs is considered as 20 dBm, 64 and \/2, respectively.
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Table 3.2: Wireless terrain specification having fixed network parameters

Parameter Value
Carrier frequency 28 GHz
Noise PSD -174 dBm/Hz
BS coordinates: (z,y, h)ps (0,0,20)

Receiver coordinates: (z,y,h)yy  (d,10,1)
IRS panel coordinates: (z,y, h)rs

IRS, (25,5,10)
IRS, (50,5,10)
IRS; (75,5,10)

Table 3.3: Wireless terrain specification having variable network parameters

Parameter Value

Transmit power 0 to 40 dBm (Wu, 2019; Wu and Zhang, 2020)
Number of EREs 16 to 256 (Dai et al., 2020)

ERE separation distance A\, A\/2, A\/4 (Adnan et al., 2017)

Receiver speed 24 and 36 km/hr (Bas et al., 2019),(Hur et al., 2018)

Simulation results are analysed for two distinct geographical terrain, namely, UMi-OS
and UMi-SC. Further, other characteristics considered in simulation studies are distinct
short epochs during which measurement is carried out, i.e., peak business hours or off-
peak hours. In all use cases, it is presumed that the mobile receiver traverses away
from a centrally located BS. Achievable rate is estimated at every one-meter separation
distance for a span of 100 meter and 180 meter omnidirectional locus of mobile receiver
movement. Since the performance analysis is confined to a single cell, the impact of
interference from neighbouring cells is ignored during an analysis of the results. The
spectral efficiency of a downlink for a mobile receiver at different locations for both the
geographical terrain is estimated and comparative analysis is reported with an average

estimate of 3.087 b/s/H z (nex, 2015) and 4 b/s/ H =z (Bas et al., 2019).

During six different case studies, achievable rate is estimated as the key performance
measure. These case studies are characterized with distinct features such as deployment
of single or multiple IRS panels in wireless terrain, regulating; transmit power level of
BS, number of active EREs and spatial separation between EREs, etc. For both the

considered geographical terrain (UMi-OS and UMi-SC), depending upon the current
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location and the characteristics of the surrounding environment, the mobile receiver
satisfies LOS and NLOS norms with respect to a BS. Moreover, during shorter epochs,
presence of heavy vehicles in the vicinity of the mobile receiver leads to a breach of
LOS compliance and usually contributes more severe fading during prevailing NLOS
norms. A comprehensive analysis of achievable rate variations and its dependence on

some key regulating parameters is presented next for six different case studies.

3.4.1 Wireless terrain assisted with a single IRS panel

In this case study, it is presumed that both the geographical terrain are equipped with a
single IRS panel and to experience the impact of the sole IRS panel on receiving signal
strength at mobile receiver location, four different scenarios are considered. These four
scenarios attribute to pairing LOS and NLOS compliance with active or disable state of
a single IRS panel. Treating distance between a BS and mobile receiver as an indepen-
dent variable, achievable rate characteristics corresponding to these four scenarios are
shown in Figure 3.3a and Figure 3.3b for UMi-OS and UMi-SC, respectively. Achiev-
able rate characteristics shown in Figure 3.3a and 3.3b have one unique trend; it can
be inferred that in aggregate terms achievable rate decays with distance (d). For both
the terrain, i.e., UMi-OS and UMi-SC owing to the presence of a single IRS panel at
a location, (25,5, 10); decay characteristics reverses its trend in the close proximity of
IRS panel for LOS as well as NLOS compliance. Analysis of these characteristics re-
veal that the poorest achievable rate attained in an UMi-SC geographical terrain, which
is inherently characterized by high-rise buildings and a high density of obstacles in the
vicinity of a mobile receiver. This can be validated from the characteristic shown in Fig-
ure 3.3b corresponding to NLOS compliance for a UMi-SC terrain without IRS panel.
In relative terms, achievable rate performance in UMi-OS terrain for NLOS compliance
without having an IRS is marginally better than that obtained in UMi-SC. It attributes
to the geometrical characteristics of OS terrain that deprives the presence of high-rise

buildings and enjoys a low density of fixed and movable obstacles.
The performance of LOS and NLOS paths can be discriminated by the spatial aspect-
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Figure 3.3: Achievable rate for a single IRS-assisted scenario (a) UMi-OS and (b) UMi-
SC

driven geometrical specification of surrounding objects. The state of fading zone in
NLOS complied geographical smaller areas is considered to be a steady-state, whereas,
a terrain that usually satisfies LOS norms (hereafter, it is invariably established between
a mobile receiver and BS) may experience varying degrees of fading, sporadically dur-
ing shorter epochs owing to frequently changing characteristics of surrounding vehi-

cles/obstacles.

For both the geographic terrain, i.e., UMi-OS and UMi-SC, wireless communication,
assisted by a single IRS panel under the steady compliance of LOS shows signifi-
cant improvement in achievable rate compared to exclusive LOS scenario and NLOS
with/without IRS scenarios. For both of these terrain; achievable rate characteristics
have three different trends corresponding to different positions of the mobile receiver
with respect to a BS. For the first interval of displacement (10 — 25)m, achievable
rate decays from its maximum value almost monotonically, due to a drop in the signal
strength of the received signal from BS. During the second interval of displacement
(25 — 40)m, due to presence of an IRS panel at (25, 5, 10) m, achievable rate character-
istics reverse its trend and almost attained the initial maximum value as observed at BS.
In the third and last displacement interval (40 — 100)m, achievable rate monotonically
decays with distance. As anticipated the best performance of achievable rate is attained

for UMi-OS LOS scenario in the presence of a single IRS panel. In IRS-assisted wire-
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less communication, this attribute to distributive manner in which, the channel gain
experiences enhancement first in the BS-IRS panel wireless link segment and subse-

quently in an IRS panel-mobile receiver link segment.

3.4.2 Wireless terrain assisted with a single or multiple IRS panels

This case study presumes that both the geographical terrains are equipped with either a
single IRS panel or multiple IRS panels. Empirical observations based on enhancement
in achievable rate characteristics by virtue of a single IRS panel envisage a further
possibility in rate improvement by deploying multiple IRS panels. The coordinates of
IRS panels are given in Table 3.2. Combining IRS panel specifications (single/multiple)
with LOS and NLOS compliance results in the estimation of four different achievable

rate characteristics shown in Figure 3.4a and Figure 3.4b.
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Figure 3.4: Achievable rate for single or multiple IRS-assisted scenarios (a) UMi-OS
and (b) UMi-SC

For both of these geographical terrain, achievable rate performance is severely compro-
mised when a mobile receiver fails to satisfy LOS norms with respect to BS. Figure
3.4a and Figure 3.4b yields moderate achievable rate performance under compliance of
LOS condition. An interesting observation in Figure 3.4a and Figure 3.4b especially in
the vicinity of IRS panels infers that the achievable rate measured at mobile receiver

remains approximately constant at a moderately high value. This establishes a hypoth-
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esis that up to a certain extent, irrespective of wireless terrain spatial features, usage
of multiple IRS panels mitigates the fading phenomenon and leads to a robust achiev-
able rate performance. In summary, owing to surrounding environment characteristics,

achievable rate performance obtained in UMi-OS is better than that secured in UMi-SC.

Further, for both the geographical terrain with respect to the estimated mean value of
the acceptable achieved rate, i.e., 3.087 b/s/Hz (nex, 2015) and 4b/s/Hz (Bas et al.,
2019), characteristics in Figure 3.4a and Figure 3.4b reveals that usage of multiple IRS
panels (in this work, three IRS panels) result in attaining achievable rate above the
chosen threshold value (3.087 b/s/H z) at a distance of 180 m and 100 m for LOS and
NLOS compliance, respectively. This observation establishes an advantage in favour of

deploying multiple IRS panels in wireless terrain.

3.4.3 Single IRS panel assisted wireless terrain with the regulation

in number of active EREs:

An IRS panel comprises several reflecting elements in an array form. Two fundamental
specifications of an IRS panel are its size and the number of active EREs. Spatial
precision in beamforming mechanism is introduced by an IRS panel and it depends on
active status of EREs, in this case study, the impact of parametric variations in number
of EREs on the achievable rate is investigated. The basis for regulation is taken from
(Dai et al., 2020) in which a maximum of 256 EREs are considered on a single IRS
panel. Maximum signal reflection is achieved when reflection coefficients of all the

EREs in an IRS panel are set to maximum value (Wu and Zhang, 2020).

For the UMi-OS and UMi-SC geographical terrain, achievable rate characteristics while
regulating number of active EREs are shown in Figure (3.5a-3.5d) for LOS as well as
NLOS compliance. For both the terrain; with parametric variations in the form of an
increase in BS transmit power levels, achievable rate enhances with an initial increase
in the number of participating EREs. Although these characteristics reveal that an, ap-

proximately linear rising trend persists for an initial hike in number of active EREs and
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Figure 3.5: Achievable rate for a single IRS-assisted scenario (a) UMi-OS complying

LOS, (b) UMi-SC complying LOS, (c) UMi-OS complying NLOS and (d)
UMi-SC complying NLOS

subsequently, achievable rate characteristics corresponding to different transmit power

levels attain saturation status for number of EREs > 96.

3.4.4 Wireless terrain with a single IRS panel and variations in

transmit power level:

To analyse the impact of spatial separation () between two adjacent EREs on beam-
forming mechanism (it is one of the decisive factors in equation 3.12) and subse-
quently, its after effects towards achievable rate performance, operating wavelength

(M) is treated as a parameter while regulating the transmit power level of BS. As per the
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empirical observations given in (Adnan et al., 2017), for a large antenna array system,
maintaining inter-element spacing of order less than \/2 yields poor directivity, and to

achieve a higher directivity, inter-element spacing must be atleast \/2.
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Figure 3.6: Achievable rate for a single IRS-assisted scenario (a) UMi-OS complying
LOS, (b) UMi-SC complying LOS, (c) UMi-OS complying NLOS and (d)
UMi-SC complying NLOS

Achievable rate characteristics under the LOS and NLOS compliance with varying
transmit power of BS, number of active EREs in the participating IRS panels and inter
separation distance of EREs are shown in Figure (3.6a-3.6d) for UMi-OS and UMi-
SC wireless terrain. These characteristics reveal that for both the geographical terrain
achievable rate as perceived by a mobile user enhances with an increase in the number
of active EREs and spatial separation maintain between EREs. It can be inferred that to

attain a reasonably satisfactory achievable rate, an IRS panel must comprise sufficiently
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a large number of active EREs while maintaining appropriate spacing (integer multiple

of \/2) between participating EREs.

3.4.5 ERE spacing driven distance centric analysis for single IRS

panel assisted wireless terrain:

In this case study, observations are drawn for a scenario in which variable/key-
parameters, namely, distance-driven locus of a mobile receiver, spatial separation be-
tween EREs vary, and the impact of these variations is analysed in terms of the resul-
tant achievable rate. For a traversing span of 100m with respect to a BS, treating three
distinct spacing viz, A\, A/2, and M4, achievable rate characteristics for UMi-OS and
UMi-SC terrain are shown in Figure (3.7a -3.7d) for LOS as well as NLOS compliance.
Further, empirical observations about maintaining appropriate spacing between EREs
given in (Adnan et al., 2017) can be validated for characteristics associated with \/4
spacing in both the geographical terrain, as in most of the distance segments achievable
rate falls below the chosen threshold of 3.087 b/s/Hz (nex, 2015). These characteris-
tics reveal that presence of an IRS makes a significant improvement in the achievable
rate when a mobile receiver maintains proximity with IRS panel (with location coordi-
nates (25,5,10)) during the course of traversing. Further, it is also observed that as we
decrease the spacing between adjacent EREs, achievable rate decays with a nonlinear

trend.

3.4.6 Impact of mobile receiver velocity in a single IRS panel-

assisted wireless terrain:

Frequent call drops or intermittent loss of services of data network usually attributes
to the occurrence of fading phenomenon, which primarily depends on mobile receiver
(user) velocity. For both the considered geographical terrain, while introducing para-
metric variations in mobile receiver velocity, achievable rate characteristics are shown

in Figure 3.8. Both of these geographical terrain are equipped with a single IRS panel
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Figure 3.7: Achievable rate for a single IRS-assisted scenario (a) UMi-OS complying
LOS, (b) UMi-SC complying LOS, (c) UMi-OS complying NLOS and (d)
UMi-SC complying NLOS

having Cartesian coordinates as (25, 5, 10).

These characteristics are obtained for a mobile receiver speed of 24 km/h (Bas et al.,
2019) and 36 km/h (Hur et al., 2018) for UMi-OS and UMi-SC while satisfying LOS
and NLOS compliance. These characteristics reveal that achievable rate is significantly
better at a slower speed of the mobile receiver for both geographical terrain. Moreover,
due to the inherent characteristics of local geometrical aspects, it is observed that UMi-

OS experiences a better achievable rate than that obtained in UMi-SC.
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Figure 3.8: Achievable rate for a single IRS-assisted scenario with parametric variation
in the receiver speed (a) UMi-OS and (b) UMi-SC

3.5 Summary

In most of the wireless terrain, the presence of obstacles (fixed and/or moveable) is
inevitable. Presence of IRS panels ensures alleviating unwarranted degradation in re-
ceiving signal strength during shorter epochs especially for the smaller geographical re-
gions that comply the NLOS mode. For various considered scenarios, simulation results
reveal that IRS-assisted wireless terrain performance is significantly enhanced with re-
spect to a conventional wireless terrain (terrain without IRS). Further, a comprehensive
analysis is presented while exercising regulation in elements such as transmit power of
BS, number of EREs embedded on IRS panels, spatial separation between the adjacent
EREs, number of IRS panels deployed and the impact of a mobile receiver velocity
on the performance of achievable rate. Analysis of achievable rate characteristics with
respect to considered regulatory parameters infers many insights and observations that
may be of immense interest to wireless service providers. In addition to that, wireless
terrain equipped with multiple IRS panels is analysed, herein obtained result demon-
strates that irrespective of mobile receiver locations measured achievable rate remains
above the chosen threshold of 3.087 b/s/Hz, this may be treated as an enhancement in

network reliable coverage.
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CHAPTER 4

OUTAGE PROBABILITY ANALYSIS FOR
MULTIPLE IRS-ASSISTED WIRELESS NETWORKS

4.1 Introduction

IRS is capable of dynamically altering wireless channels to enhance the QoS experience
in terms of performance measures, namely, improved energy and spectral efficiency,
data rate optimality, coverage area enhancement, and mitigating deep fading (Pan et al.,

2020; Zou et al., 2020; Basar, 2019; Dhruvakumar and Chaturvedi, 2022).

An analysis of multiple IRS panel assisted wireless terrain to improve the network
reliability and connectivity in the presence of random blockages is reported in (Zhou
et al., 2021), where a stochastic optimization problem based on the minimization of
sum outage probability is formulated to enhance beamforming robustness. Outage per-
formance analysis of an IRS-assisted wireless communication system with statistical
CSI over Rician fading channels is investigated in (Xu et al., 2022), where, an end-
to-end (source to destination) wireless channel is considered as a cascade arrangement
of two identical and independently distributed (i.i.d) sub-channels. First channel is the
standalone LOS link between a base station and an arbitrary IRS panel, whereas, the
second channel is the dominant LOS link between a corresponding IRS panel and a re-
ceiver. In particular, both the sub-channels are stochastically modeled as Rician fading
channel. Considering this hypothesis, closed-form expression of outage probability is
derived. Further, an asymptotic outage probability expression is derived for a wireless
terrain experiencing higher value of SNR. In addition, phase regulation is exercised on

continuum as well discrete basis while adjusting coding gain and scaling laws.

The performance analysis of an IRS-assisted single-input single-output (SISO) sys-

tem over the channels experiencing Rayleigh fading is given in (Zhang et al., 2021).



Here, the outage probability and the ergodic capacity is derived in an exact closed-form
expressions, while considering a practical phase shift model. Furthermore, a simpli-
fied expressions is derived assuming that an IRS panel comprises of a large number
of reflecting elements. In (Zhang et al., 2021), authors expressed apprehension that
equipping a wireless terrain with multiple IRS may yield a remarkable improvement in
getting a more accurate lower and upper bound estimate of ergodic capacity. Usage of
a Rate-Splitting Multiple Access (RSMA) for a wireless terrain equipped with IRS in
downlink scenario is investigated in (Bansal et al., 2021). RSMA utilizes rate-splitting
at the base station and successive interference cancellation at the users. An analysis
of outage probability in a wireless terrain assisted with an IRS panel and experiencing
r — p fading, is given in (Charishma et al., 2021). Here, the authors considered, phase
error that occurs due to quantization at IRS with and without source-destination link
and approximation for the outage probability estimate is exercised using three different

approaches including moment matching technique.

Shadowing and multipath propagation affect the performance of a wireless com-
munication system in a considerable manner. Usually, the x — ;4 shadowed fading ac-
counts for multipath propagation effects and Line-of-Sight (LOS) shadowing (PARIS,
2014)-(Kodide et al., 2016). Performance analysis of wireless networks over fading
channels has been addressed in the recent research work (Lopez-Martinez et al., 2017)-
(Badarneh et al., 2020). Performance of IRS-assisted communication system influenced
by Rayleigh and Ricean fading channels is analyzed with tight bounds and asymptotic
results in (Tao et al., 2020). An accurate closed-form approximation for outage prob-
ability and average channel capacity of a Rayleigh fading channel for an IRS-assisted
wireless terrain is presented in (Yang et al., 2020). An approximate performance evalu-
ation of IRS-empowered systems over Nakagami-m fading channel is given in (Samuh

et al., 2021).

The authors in (Trigui et al., 2020) analysed the scaling rates for outage probability
and average sum-rate for a single and multiple IRS element over Fox’s H fading chan-
nel. In most of these methods, performance is measured in terms of outage probability,

average channel capacity, and average Bit Error Rate (BER). However, most of these
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investigations on IRS-aided communication have considered wireless terrain equipped
with a single IRS panel. Wireless terrain equipped with single IRS panels have some
limitations, some of these are: (i) In a terrain characterized with high rise buildings and
other miscellaneous obstacles, quite often an IRS fails to comply LOS norm with an
intended receiver, thereby leads to frequent blind spots creation and (ii) Use cases that
impose stringent requirement about latency may not be afford frequent outage owing
to presence of single IRS. Thus, wireless terrain equipped with multiple IRS panels
can achieve robust signal transmission and attain significant improvement in blind spot
phenomenon. Further, looking into coverage span of UMi wireless terrain and the as-
sociated geographical features, deployment of multiple IRS panels seems to be a cost

effective performance enhancement strategy.

To mitigate the fading, realizing an IRS-aided communication link using a single
IRS panel is inadequate in an environment characterized with dense obstacles. In such
scenarios, multiple IRS panels can be deployed to ensure reliable connectivity as well
as an extended coverage. However, even in IRS-assisted wireless terrain, LOS link
between IRS panel and the receiver may undergo frequent sporadic blockage due to

heavy vehicles proximity, which in turn results in blind spots creation.

The severity of fading in any localized wireless terrain is non-uniform, this attributes
to inherent spatial aspects in close vicinity of receiver and the time sensitive surround-
ing vehicular-traffic characteristics that lead to presence of temporary blockages in short
epochs. In this thesis, to characterize the surrounding dynamics of diverse wireless ter-
rains in a holistic manner, three different fading zones, namely; lightly fading zone,
moderately fading zone and severely fading zone are considered. Further, for any ur-
ban or semi-urban wireless terrain, data/vehicular traffic pattern varies depending upon
the timing of the day. Corresponding to diverse traffic generation characteristics, three
distinct observation time-slots viz; peak hours, off-peak hours, and wee hours are con-

sidered for wireless links outage analysis.
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4.2 System model

In geographical service area segments, for a reliable communication, IRS panels are
mounted on the facade of buildings at appropriate locations. These strategically cho-
sen locations enable LOS norms compliance for some of these IRS panels with a local
serving BS and thereby facilitate virtual-LOS (VLOS) links between a serving BS and
a user. Direct signal propagation path between source(S)/ base station (BS) and destina-
tion (D)/receiver is blocked by obstacles in the form of buildings or vehicles or foliages,
etc., and hinders achievable performance. For instance, outage probability and ergodic
capacity is likely to be affected by the obstacles, since mobility of a receiver results in
LOS or NLOS compliance with BS during sporadic short epochs. Thus, a small seg-
ment in a geographical region that fails to satisfy LOS compliance and thereby a VLOS
link through an IRS panel comes into effect in a manner that leads to an enhanced signal

strength at receiver.

The IRS-assisted wireless network consists of a source, a destination, and X number
of IRS panels {IRSy,IRSs,...,IRSg} is shown in Figure 4.1. An IRS is a planar
array having N embedded reflecting elements (EREs). These EREs are capable to
introduce the desired phase regulation. The direct channel between the source (S) and
the destination (D) is denoted by hgp € C', a channel between S and r** IRS panel
is denoted as h, € C¥*! and a channel between the r** IRS panel and D is denoted
by g, € CV*!, It is assumed that small-scale fading coefficients of these three links

experience x — u fading Charishma et al. (2021).

In this work, the complete knowledge of CSI is assumed to be available at a BS in order
to optimize the phase shifts. Let = represents a signal transmitted by a BS and passively
reflected to an intended receiver (D) by an arbitrary r*" IRS panel, which regulates the
phase reflection coefficients to maximize SNR at receiver, thereby improves end-to-end

quality of the wireless link. Received signal, y is expressed as Tao et al. (2020)

y= /Py (WO,g, + hsp)x @
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Figure 4.1: Multiple IRS-assisted wireless communication system.

where Pr denotes transmit power level at BS and w represents additive white Gaus-
sian noise (AWGN) with zero mean and variance o3 during the course of signal prop-
agation, ©,. is a phase-shift matrix associated with r* IRS panel, and is defined as
O, = diag(e’fr1 ef2 . el%N) wherer = 1,2..., R. Here, 0,., is the phase-shift

introduced by the n* reflecting element associated with r** IRS panel.

Instantaneous SNR estimate by virtue of beam forwarding from the r** IRS is given by

(Charishma et al., 2021):

PT|hrT®rgr + hS,D|2

2
ON

SNRrs = 4.2)

Considering propagation dynamics through a selected IRS panel and NV participating

EREs within it, an expression of SNR can be written as (Charishma et al., 2021)

2

SNRIRS =7 Z ejenn hr7n| |gr,n| + |hS,D| (43)

reRneN

where v = £Z is SNR in the vicinity of a BS. In order to maximize received signal

power level, the desired phase shifts introduced by n'* element of r** IRS panel is
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given by

Orn = arg(hsp) — arg((h],,[glrn) (4.4)

In this work, effect of distance dependent path loss on large-scale fading model is con-
sidered for the performance analysis. The distance-dependent path loss is given by

Zhang and Dai (2021)

d

L(d) = Co (d_o) ,d € {dSDa dSRa dRD} (45)

where C) is path loss at a reference distance dy = 1m and v denotes the path loss
exponent. Here dsp, dsr, drp represents Euclidean distance between BS-receiver, BS-

IRS panel, and IRS panel-receiver, respectively, and it is presumed that Cy = —30dB
Zhang and Dai (2021).

Let a random variable Z represents magnitude of end-to-end channel coefficients in

IRS-assisted system

2
Z = (\/ LdSRLdRD Z e/ hr,n’ |gr,n| + v LdSD ’hS,D’> (4.6)

reRneN

In this expression, due to coherent combining, pathloss fading coefficients of a direct
link and through an IRS reflected link (VLOS) are in-phase. The second term in the
equation (4.6) constitutes a sum of identical unit-power double-Nakagami Random
Variables. Sum of positive RVs is approximated by a Gamma RV using a causal form
of the central limit theorem (CLT) Papoulis (1962). This in-turn, needs the calculation

of the first and second moments of the sum.

The mean and variance of sum under unit-power i.i.d. condition is given by

N
Hrrs, = ZE{|hm| |8rnl} = N
n=1
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N
2
s, — Wins, = 3 Var {[hy,| [gnal} = N(1 = 43) 4.7)
n=1

with

1 =E{[h | gm0} = E{|h.,[} E{|gra|} (4.8)
as a product of the mean of two independent Nakagami RVs.

Further, the expression for SNR in equation (4.3) can be written in terms of random

variable Z as
PrZ
0N

SNR]RS = ’}/Z = (49)

In this work, end-to-end (source-destination) wireless channel segments are modeled
as K — p shadowed fading channels. The probability density function of the random

variable Z, f(Z) is given by PARIS (2014)

0= it (7)o ()

k(14 k) Z
pwk+m  Z

where x denotes a ratio of total signal power of dominant components to the total power
of the scattered waves, p indicates number of multipath clusters, m is a shadowing

parameter and ; F(.,.;.) is the confluent hyper-geometric function.

Further, estimate of SNR is carried out using Gamma random variable with shape pa-
rameter («), scale parameter (/5) and on exploiting moments. The first and second mo-
ments of non-negative random variable Z is given by puy = E{Z} and N(ZQ) = E{Z?},
respectively. The x—u shadowed random variable  can be approximated by the gamma
random variable with parameters («, ), where, these parameters are defined as

(2 2

2
_ Hz _ Mz — Bz
A= f=——"=.

(4.11)
Mz _NQZ Kz

The cumulative distribution function of Z, F(Z) is given by Kumar and Chouhan
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(2015)

A -7
Fz(Z) = Wdﬂ(a;a‘i‘l;?) (4.12)

Since the instantaneous SNR estimate of the direct link (BS-receiver) is independent of
its value for the r*"* IRS link, the CDF of the instantaneous SNR for S to D direct link

can be expressed as Fz; ,(Z) and is given by

ZCYS,D
F(Oés,D + 1)

Z
FZS,D(Z) = Baso 1 (CYS,DQ asp + 1; ——) 4.13)

Bs.p

Similarly, the CDF of instantaneous SNR for a holistic S to D link with an interme-

diate IRS-assisted link segment is given as

Zor A
Fyps(Z) = m 1F1 (Oér;Oér +1; _@_) (4.14)

4.3 Spatial attributes driven channel model

On considering local geometrical features, a fairly good approximated channel model
that characterizes propagation behavior of geographical segments under test is pre-
sented. Further, during the course of traversing, receiver experiences shadow fading
from a BS due to presence of large/small and stationary/movable obstacles in proxim-
ity. These underlying observations infer a need to devise a channel model for the given
geographical segments while considering randomly varying fading that is inevitable due

to random loci of receiver movements.

A wireless channel with increasing shadowing parameter value, m is interpreted as
receiver movements from a completely shadowing region to a shadow free region.
Whereas, increasing p value indicates the transition from a small number of scatter-
ing clusters to a large number of scattering clusters. Furthermore, enhancement in

value signifies a transition under which wireless link experiences a migration from a
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weak LOS component to a strong LOS component Chun et al. (2017).

4.3.1 IRS panel selection

Establishing a particular VLOS end-to-end wireless link through a specific IRS panel
depends on location of receiver. Graphical representation containing location attributes
of BS, IRS panels and different degree of fading as experienced by a receiver for the
considered scenarios are shown in Figure 4.2. For instance, if receiver is within zone A,
I RS, facilitates VLOS link between a BS and receiver situated at position-1, and thus
participates in enhancing QoS performance measures. In a moderately fading zone,
receiver as depicted in Figure 4.2b establishes VLOS with BS through /RS; or I RS,
based on VLOS that results in maximizing signal strength at receiver. Whereas, if a
receiver is in a severely fading zone, at position-3 in Figure 4.2c, in such circumstances
likelihood of LOS link is extremely poor and receiver observes NLOS compliance with
BS quite often. In such instances, receiver experiences VLOS with BS through any
arbitrary IRS panel from the set (/ RS}, I RS>, I RS3) that maximizes signal power at

the receiver.

Thus, a strategy to select an arbitrary IRS panel out of total R IRS panels is based
on hypothesis that results in signal power maximization at a receiver (yrgs,) and is

expressed as Yang et al. (2021a)

r=arg re%,?f.}?z-z} YIRS (4.15)

In this paper, outage probability and ergodic capacity estimate is performed for three
different fading zones based on the surrounding geographical characteristics of obsta-

cles namely;

* Lightly fading zone (A): A geographical area characterized with low rise build-
ings or open square area and having close proximity to BS. This coverage zone is

indicated by a regular line in Fig.4.2a, and it signifies high probability of a direct
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Position- 1

(a)
IRS, IRS,

SBS Receiver Receiver
Position- 1 Position- 2
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IRS, IRS, IRS,
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Position- 1 Position- 2 Position- 3

(c)
Figure 4.2: Schematic diagram comprising IRS locations, Receiver positions and viable

links in (a) lightly fading zone, (b) moderately fading zone and (c) severely
fading zone
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LOS link between BS and a receiver.

* Moderately fading zone (B): A geographical area segment characterized with
moderate density of buildings and other obstacles along while maintaining a size-
able separation from a BS. This coverage zone is indicated by a dotted line locus
in Fig.4.2b. Such a scenario infers moderate probability of a direct LOS link

between BS and a receiver.

* Severely fading zone (C): A geographical segment characterized with a large
number of high-rise buildings and maintains considerable distance from BS. This
geographical segment is indicated by a thin dotted line in Fig.4.2c which mani-

fests a poor likelihood of a direct LOS link between BS and a receiver.

Classification basis owes to channel spatial aspects and further to infuse time-driven
data traffic characteristics in the proposed mathematical framework, geographical seg-
ments are analysed in short epochs corresponding to distinct vehicular traffic patterns
by virtue of time-sensitive traffic characteristics namely; peak hours, off-peak hours,

and wee hours.

4.3.2 Outage probability analysis

Outage probability (P,,;) is defined as likelihood of a phenomenon in which the instan-
taneous SNR estimate at receiver falls below a predetermined outage threshold (vyr),

subsequently leads to a catastrophic state of wireless link and is expressed as

Pout = PT{’VZ S /YT} (416)

Outage probability Pr{yZ < ~r} of a multiple IRS-assisted network is estimated using
the CDF of total SNR v, as Kodide et al. (2016)

Fout = Pr{yZ < yr} = F, 5 (Z) [Fz,05(2)] (4.17)
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where Pr{.} denotes the probability, 7 is instantaneous SNR estimate and r corre-
sponds to a particular IRS panel which yields maximum SNR at a receiver situated in

an arbitrary geographical segment.

Since the instantaneous SNR estimate of a direct link (BS-receiver) is independent of
its value for the " IRS link, the CDF of the instantaneous SNR for S to D direct link

can be expressed as Fz, ,(Z) and is given by

7/%s,D
[(ogp + 1)poso !

Z
Fzs,(Z) = Fy (OéS,D; asp + 1; ——> (4.18)

Bs.p
Similarly, the CDF of instantaneous SNR for a holistic S to D link with an intermediate

IRS-assisted link segment is given as

Zor Z
Faips(2) = T(a, + 1) 1y (ar;ar + 1 _5_> 4.19)

Substituting equations (4.18) and (4.19) in equation (4.17), an approximate closed form

expression for outage probability of multiple IRS-assisted system is given as

Zes Z
Pout ~ F (aS,D; Qs D + L __)

F 1 as.p 141
Z(zs,D+ )3 Bs.p 4.20)

Z
X —————— 11 |0+ 1, ——
I'(a, +1)8or o < 5r>

4.3.3 Ergodic capacity analysis

Ergodic capacity of a system is determined by averaging the instantaneous capacity
over a large number of channel realizations. The ergodic capacity of a system can be

expressed as

C = E[log:(1 + SN R;gs)] = Elloga(1 + v Z)] 4.21)
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Considering the PDF of «Z, the ergodic capacity is expressed as

C= /OO log, (1 + 2) fy2(2) dz (4.22)
0

In terms of CDF, the ergodic capacity is expressed as

1 * 1 z
¢ In2/, z+1 [ Z(V)} 4 (429

Further, the ergodic capacity can be approximated using the identity , (1 + 2z)~¢ =

a PR a . . .
ﬁG H , where GI9 | z ' is the Meiger-G function Gradshteyn
b, ..., by
and Ryzhik (2007).
Cr— L1 — 2 d 4.24
m2 f, |7 T(@) (4-24)

Considering the equivalence between the incomplete Gamma function and Meiger-

G function ?, ie., I’ (a - ) = G%g £ , ergodic capacity can be expressed

" By B a,0
as
1 o0 0 z 1
Cr —— / Gy Gy | = dz (4.25)
M(a)m2 [, ! b2\ By a,0
Thus, approximate closed-form expression for ergodic capacity of an IRS-assisted
link is given by

(4.26)
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Table 4.1: Geographical segments and wireless channel Parameters.

Parameter value
Path loss exponent v=3
Number of IRS panel R=3
Number of EREs N=32, 64, 128
S to D distance meter
light fading zone 50
moderate fading zone 100
severe fading zone 150
BS coordinates: (x,y,h)ps (0,0,20)
IRS coordinates: (x,y, ) rs meter
IRS, (50,10,10)
IRS, (100,10,10)
IRS; (150,10,10)
shadowing parameter : Badarneh et al. (2020)Chun et al. (2017)
light fading zone m= 50
moderate fading zone m=3
severe fading zone m=1.5
K factor 20 Chun et al. (2017)
Number of multipath cluster p: Chun et al. (2017)
(1t in peak hours u=3
1 in off-peak hours pn=73
1 in wee hours p=1
Noise power spectral density -174 dBm/Hz

4.4 Numerical results

In this section, outage probability and ergodic capacity estimate for the geographical
segments equipped with multiple IRS panels is presented. For outage probability and
ergodic capacity estimate x — p shadowed fading channel is considered. All simulation

results are obtained on averaging 10° Monte Carlo runs.

During simulation study, parametric regulations particularly, the severity of fading
zones expressed in terms of shadowing parameter m and time-sensitive vehicular traffic
pattern are incorporated using number of multipath clusters ;. Nominal value of these
parameters along with service area specific parameters that influence signal propagation

2

phenomenon is given in Table 4.1. The equivalent noise power at receiver is oy =

No +10log(BW) + NF, where BW is bandwidth and NF is noise figure. Further, for
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three distinct fading zones; to analyse end-to-end wireless link outage probability and
ergodic capacity performance, parametric regulation in number of participating EREs

and time-sensitive vehicular-traffic pattern are considered and presented as case studies.

4.4.1 Outage probability and Ergodic capacity estimate with regu-
lation in ERE

An outage probability and ergodic capacity estimate for geographical segments expe-
riencing low intensity fading is shown in Figure 4.3. In this case, an IRS panel is
considered at a distance of (50, 10, 10)m from BS, and receiver is spotted at position-1

in Figure 4.2a and thus maintains distance of 50 m from BS.

Figure 4.3a illustrates the outage probability of an geographical segments with and
without IRS. Parametric variations in EREs of an IRS panel are considered for qualita-
tive analysis. Characteristics in Figure 4.3a reveal that the approximation works well for
different values of N. Further, it can be observed that the outage probability decreases

sharply with increase in SNR, and the decay rate is faster with a larger N.

Figure 4.3b depicts the ergodic capacity of geographical segments with and without
IRS. It can be observed that, the ergodic capacity is tightly bound for all configurations,
indicating the accuracy of the closed-form expression. Further, it can be inferred that

the ergodic capacity increases monotonically with number of ERE, N.

Similar set of observations is presented in Figure 4.4 for the geographical segments
exhibiting moderate fading characteristics. Here, coordinates of /RS; and I RS, are
treated as (50,10,10) and (100,10,10), respectively with BS as origin, and receiver is
considered at position-2 thus maintaining a distance of 100 m from BS as shown in
Figure 4.2b. As anticipated, it can be observed that, the ergodic capacity performance
degrades compared to light fading zone. The decline in performance can be attributed
to distinguished geographical characteristics of a segment in the service area. For er-
godic capacity estimate, inference suggests the need for larger number of EREs and is

validated for a moderately faded zone (Figure 4.4b) compared to the number of EREs
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Figure 4.3: Numerical results demonstrating the impact of EREs for light fading zone
on (a) Outage probability and (b) Ergodic capacity

required for a lightly faded zone (Figure 4.3b).

Further, outage probability and ergodic capacity estimate for a geographical seg-
ment observing relatively severe intense fading is shown Figure 4.5. In this use
case, coordinates of /RSy, IRS, and I RS5 are treated as (50,10,10), (100,10,10) and
(150,10,10), respectively, and receiver is spotted at position-3 (Figure 4.2¢) and thus
separated by a distance of approximately 150 m from BS. A comparison of various
characteristics in Figure 4.5a with that of Figure 4.3a and Figure 4.4a infers a notice-
able degradation in network performance in terms of unwarranted enhancement in out-
age probability estimate. In geographical segments experiencing severe fading, to at-

tain the outage probability of order 10~°, participation of more EREs is required and
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Figure 4.4: Numerical results demonstrating the impact of EREs for moderate fading
zone on (a) Outage probability and (b) Ergodic capacity

it is 256 EREs. Rationale for the performance compromise in terms of unusual higher
outage probability is presence of high-rise buildings and high density of surrounding
vehicles that causes frequent blind spot formation. This behaviour is quite prominent
especially for geographical segments experiencing severe fading. Here, too, analytical

result maintains close approximation with the obtained simulation results.

Analysis of outage probability and ergodic capacity estimate for a light fading zone
as depicted in Figure 4.3, clearly indicates large number of EREs are redundant, since
LOS compliance dominates. Whereas, there is a significant impact of participating
EREs on ergodic capacity performance, as receiver satisfies the NLOS compliance most

of the time in moderate and severe fading zones as depicted in Figure 4.4 and Figure
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Figure 4.5: Numerical results demonstrating the impact of EREs for severe fading zone
on (a) Outage probability and (b) Ergodic capacity

4.5. This attribute justifies the need for a large number of EREs in segments of service

area witnessing moderate to severe degree of fading.

4.4.2 Outage probability and Ergodic capacity dependency on ve-

hicular traffic

Receiver positioning at any arbitrary location in geographical segments experiences
various degree of fading during different intervals of a time in day-to-day operation,
due to presence of temporary obstacles in close proximity. To ascertain ergodic capacity

estimate (as depicted in Figure 4.6, 4.7 and 4.8) dependency on time-sensitive vehicular
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traffic only, number of participating EREs are kept constant (N=64).
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Figure 4.6: Numerical results demonstrating the impact of vehicular traffic in wireless
terrain equipped with IRS panels having 64 EREs for light fading zone on
(a) Outage probability and (b) Ergodic capacity

Outage probability and ergodic capacity characteristics shown in Figure (4.6-4.8)
establish dependency on local geographical aspects combined with time-sensitive ve-
hicular traffic. These spatio-temporal aspects are quite generic and inevitable for many
outdoor use cases. As an illustration, in wee hours, receiver surrounding is character-
ized with low density of temporary obstacles (neighbouring vehicles), it results in high
ergodic capacity compared to peak and off-peak hours as seen in Figure 4.6, 4.7 and 4.8
for light fading zone, moderate fading zone and severe fading zone, respectively. Fur-

ther, the performance characteristics depicted in Figure (4.6-4.8) validate that to counter
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Figure 4.7: Numerical results demonstrating the impact of vehicular traffic in wireless
terrain equipped with IRS panels having 64 EREs for moderate fading zone
on (a) Outage probability and (b) Ergodic capacity

spatio and temporal factors driven unwarranted fading, usage of IRS panels yield much
improved performance compared to the estimate obtained without IRS panels. For in-
stance, during the peak hours of operation in different geographical segments of service
area that experience distinct fading phenomenon, to attain the outage probability in
the order of 1075, cellular operators must maintain the transmit power approximately
—6dBm, 15dBm and 25 dBm for low intensity, moderate intensity and severe inten-

sity of fading, respectively.

Different geographical segments of a service area equipped with IRS panels expe-

rience much improved ergodic capacity compared to a scenario wherein IRS panels are
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Figure 4.8: Numerical results demonstrating the impact of vehicular traffic in wireless
terrain equipped with IRS panels having 64 EREs for severe fading zone on
(a) Outage probability and (b) Ergodic capacity

not deployed. Although, it can be observed in Figure 4.6b, 4.7b and 4.8b, that the en-
hancement in ergodic capacity estimate attains different scale. It primarily depends on
time driven vehicular traffic characteristics as well as the geometrical attributes in the
vicinity of receiver. During the wee hours and off-peak hours relative enhancement is

more prominent than the peak hours of operation.

Using these observations, we can infer that IRS panels deployment at appropriate
locations in different segments of a service area results in phenomenal improvement in

ergodic capacity.
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4.5 Summary

In this chapter, an analytical framework is presented to estimate ergodic capacity and
outage probability of an end-to-end wireless link that undergoes different fading condi-
tions owing to the localized geometry driven spatial and time-sensitive vehicular traf-
fic attributes. Proposed methodology is validated for geographical segments equipped
with multiple IRS panels. During simulation studies, a x — p shadowed fading model
is adopted. For all the considered use cases, an exact estimate of ergodic capacity and
outage probability based on Monte Carlo Simulation is bench-marked with the pro-
posed analytical model driven approximate estimate. The obtained numerical results

demonstrate the precision of accuracy in the course of approximation.

In summary, for various geographical and time-sensitive vehicular traffic character-
istics, deploying multiple IRS panels ensures an overall improvement in ergodic capac-
ity and outage probability estimate. Adopted x — ;1 shadowed fading is approximated
by Nakagami-m fading parametric model, and subsequently ergodic capacity and out-
age probability are estimated. Further, ergodic capacity and outage probability estimate
dependency is established while regulating the key system parameters such as provi-
sioning of multiple IRS panels, number of participating EREs, and transmit power.
Incorporating these regulatory features and the corresponding enhancement in perfor-

mance measures are of vital importance for the cellular service providers.
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CHAPTER 5

STOCHASTIC MODELING AND COVERAGE
ANALYSIS OF IRS-ASSISTED CELLULAR
NETWORK WITH INTERFERENCE MITIGATION

5.1 Introduction

The upcoming Sixth generation (6G) wireless technology is expected to provide seam-
less connectivity by supporting use cases including enhanced blindspots coverage,
extreme capacity, connectivity in remote areas and very high mobility. This can
be achieved by exploiting advanced techologies such as ultra massive multiple-input
multiple-output (MIMO), millimeter wave (mmWave) and TeraHertz (THz) communi-
cation, IRS and so on (Rajatheva et al., 2020). Although, massive MIMO offers high
spectrum efficiency owing to large multiplexing gain and antenna array gain, it suffers
from high signal processing complexity by virtue of large antenna arrays. Millimeter
wave communication can provide large bandwidth and support high data rate, however,
its coverage capability is a critical issue in urban environments due to presence of mul-
tiple obstacles such as tall buildings, foliage and large moving vehicles (Samimi and

Rappaport, 2014).

Recently, wireless industry and academia has witnessed a considerable interest in
IRS enabled wireless communication (Basar et al., 2019; Wu and Zhang, 2020; Wu
et al., 2021a). An IRS is composed of large number of passive, low-cost reflecting
elements, each of these elements is able to reflect the incident signal with an adjustable
phase shift (Pei et al., 2021). IRS is capable of dynamically altering wireless channels
to enhance the stipulated performance, and has enormous potential in multifacet aspects

such as improved energy and spectral efficiency, enhanced data rate, extended coverage,



mitigating deep fading, and Doppler effects (Pan et al., 2020; Zou et al., 2020; Basar,
2021).

Stochastic geometry deals with the study of spatial patterns that are random in na-
ture. Recently, inference based on stochastic geometry finds a prominent place for
the analysis of heterogeneous network (HetNet) in cellular communication (Lu et al.,
2021). It helps in furnishing some key insights for network design using analytical ap-
proaches. In these approaches, usual strategy facilitates a hypothesis in which location
of the deployed wireless nodes in a geographical terrain is governed by a point process.
Subsequently, the properties of the point process are exploited to analyze the network
performance. In this context, performance analysis of IRS-assisted cellular communi-

cation using stochastic geometry is still in infancy.

In paper (Lee et al., 2013), authors have performed a holistic comparison of the
Poisson Point Process (PPP) and the hexagonal grid models for urban areas, and it is
claimed that PPP model is more accurate for coverage probability analysis. Appro-
priate positioning of the network elements in a cellular communication system using
stochastic approach needs precise spatial details and timing information. Typically, any
geographical terrain in an urban scenario experiences various degree of fading during
different timing intervals and at specific locations. Owing to surrounding geospatial
aspects, fading zones can be classified as light fading zone, moderate fading zone and
severe fading zone. Similarly, due to heterogeneous behavior of users, data/vehicular
traffic patterns can be classified into distinguished time intervals as wee hours, off-peak
hours and peak hours, inheriting a unique characteristic; increasing order of users den-
sity in short epochs during different time of the day. Usually, users experience localized
blindspot in a wireless terrain, one such occurrences may be, during peak hours of a
day and in a geographical terrain characterized by a severe fading zone owing to sur-

rounding spatial attributes.

In some of the early investigations, cellular network configuration is considered as
homogeneous environment with Macro Base Stations (MBS) and cellular user distri-

bution is treated as uniform and approximated using PPP model. In majority of these
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findings, during analytical modeling, spatial attributes of BS and users are not given
due considerations. Whereas, in current generation of cellular network, the network
architecture comprises of small-cell base stations (SCBS) along with MBS and oper-
ates in heterogeneous environment. However, there are scenarios in which not only the
user density is high but also some of the geographical segments are characterized with
unbalanced distribution of users, thus maintaining different gradient of user density.
These geographical segments can be more precisely approximated by Poisson Cluster
Process (PCP). Owing to close proximity of BSs and users, and relatively high density
of these entities, models based on PCP hypothesis imbibe spatial features of BSs as well

as users.

To analyze the behavior of cellular users during wee hours, PPP-based modeling
is suitable as the users are randomly distributed. Whereas, during peak hours, users
density is exceptionally high and PCP-based models seem to be a good choice, as PCP
models are able to capture spatio-temporal behavior more appropriately. Thus, analyt-
ical modeling based on stochastic geometry is of particular interest, where the idea is
to endow appropriate distributions to estimate locations of different network entities,
and subsequently leveraging properties of these distributions to characterize cellular

network performance.

Most of the related work on heterogeneous cellular networks based on stochastic
geometry consider SCBS as network entity to provide additional capacity along with
MBS. During modeling framework, the location aspect of network elements (BSs and
users) is modeled using PPP quite often (Jo et al., 2012; Heath et al., 2013; Dhillon and
Andrews, 2014). However, PPP mechanism inherently has shortcomings, for example
at a busy traffic junction or any indoor/outdoor scenarios characterized with a relatively
higher density of users, for such use cases PPP may lead to poor approximation. All
these scenarios quite often experience blindspot and must be dealt with more accurate

approximate model.

Considering the realistic scenarios, modeling of networks with blindspots for BS

and users involving PCP-based models are given in (Yang et al., 2021b; Shi et al., 2019;
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Afshang and Dhillon, 2018). Key inference in these studies is that PCPs can be defined
in terms of PPPs, and PCP-based models are suitable to represent localized spatial be-
havior in a manner analogous to spatial aspects are incorporated in 3GPP simulation
models (Afshang and Dhillon, 2018; Saha et al., 2018, 2019). A mathematical treat-
ment of downlink analysis for an arbitrary user connected to a BS in HetNet using PCP
with maximum power association is given in (Saha et al., 2019). In (Mankar et al.,
2016), authors have modelled locations of BS using PPP, and users by PCP for cover-
age probability analysis. PCP can be treated as an outcome of applying homogeneous
independent clustering to PPP, which means that the realization of clusters parent points

is inferred using PPP.

In (Zhu et al., 2020), performance analysis of IRS-assisted mmWave networks, us-
ing stochastic geometry is investigated to achieve significant enhancement in capacity
and energy efficiency. Here, authors presumed that BSs and IRSs are distributed using
homogeneous PPP, and channel modeling carried out for direct and IRS-assisted chan-
nel. Authors in (Zhang et al., 2022), have investigated downlink coverage performance
of multi-cell non-orthogonal multiple access (NOMA) system assisted by IRS, where
BSs and users are modeled by homogeneous PPP, and the closed-form coverage prob-
ability expressions is obtained for paired NOMA users in a wireless terrain equipped

with a single IRS panel.

Recently, performance analysis of a cellular user with and without IRS assistance
is given in (Shafique et al., 2022). In this, authors proposed approximate expression
for performance analysis in terms of measures namely; coverage probability, ergodic
capacity, and energy efficiency. In analytical modeling, BSs location is considered as
PPP and IRS panels are assumed to be distributed in a finite region as a Binomial Point
Process (BPP). Limitation of the proposed framework is a strategy in which network
elements are modeled by PPP and BPP, whereas in many practical scenarios, owing to
vehicular traffic pattern and the spatial aspects driven degree of fading, PCP along with

PPP may yield a better approximation.

So far based on inference drawn from stochastic geometry aspects, this is one of the
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early attempt to use IRSs as network element and subsequently, addressing distribution
as well as location modeling of IRSs and users by unified approach of PPP/PCP, while
exploiting the spatio-temporal behavior of a wireless terrain. In this context, network
coverage is significantly improved for a wireless terrain equipped with multiple IRS

panels.

5.2 System model

A cellular network scenario consisting of multiple BSs, IRSs and users is shown in Fig-
ure 5.1. For an arbitrary user, coverage probability estimate for a downlink is presented.

The following assumptions are made while formulating mathematical framework.

IRS panels &

8 ) 1) users 1)

Figure 5.1: A schematic of IRS-assisted cellular network

Assumption 1 (PPP : BS): Base stations locations are modeled using PPP, ®, with

density )\, and assumed to have a constant transmit power Py.

Assumption 2 (PPP/PCP : IRS): IRS panels location is approximated by PPP or PCP.
Let R p and R denote the indexes of the IRSs which are modeled as per the hypothesis
of PPP and PCP, respectively. The basis for modeling IRSs as PPP and PCP depends
on the geographical aspects that lead to different degree of fading. The IRS panels dis-
tributed using PPP approach is more appropriate for the users in lightly fading zones.

Whereas, at certain locations within a wireless terrain experiencing severe fading, clus-
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Notions BS: A IRS panels : O users: *

Figure 5.2: Schematics of cellular networks formed by combining PPP and PCP ap-
proach for IRS panels and users (a) IRS-PPP, user-PPP (b) IRS-PPP, user-
PCP (c) IRS-PCP, user-PPP and (d) IRS-PCP, user-PCP

tered IRS panels modeled using PCP seems more appropriate and may lead to enhanc-
ing the QoS experienced by the users. We denote the Poisson processes (point process
or cluster process) of the IRSs as ®,, where @, is labelled as ®%, when modelled by
PPP which is a function of density Az ,. Otherwise, it is labelled as ®% ., while modeled

using PCP.

Assumption 3 (PPP/PCP : user): As a common practice, users are modeled as the
point process (®,,) irrespective of BS locations and is considered to be stationary. In
this work, depending upon the localized spatio-temporal behavior as experienced by
different segments of wireless terrain, location of users is approximated by PCP as well
as PPP. In realistic scenarios, users can be uniformly distributed or clustered, depending
on spatio-temporal state of a wireless terrain. Usually, in wee hours active users spread
is governed by uniform distribution, therefore during the short epochs in wee hours
users location aspect can be best approximated by PPP. Whereas, during the peak hours
of a day or for clustered users appearance in public events (musical concert, political

gathering etc.), users presence can be more appropriately approximated by PCP.

In this work, coverage performance analysis of a cellular network is considered for an
arbitrary user, which corresponds to a randomly selected point from ®,,. Without loss

of generality, user is assumed to be located at the origin, since ®,, is stationary.
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For the given wireless terrain; from the network topology perspective, based on posi-
tioning of IRS panels, location of active users with spatio-temporal behavior generated
inference about varying degree of fading and exploiting different underlying stochastic

models, four different case studies are presented and depicted in Figure 5.2.

1. Case study-1 (IRS-PPP and users-PPP): In this, IRS panels and users are modeled
by PPP. This is the most familiar approach of modelling in cellular networks and
is treated as a baseline reference model for comparison with other case studies.
This network topology includes independent distribution of uncorrelated IRSs
and uniformly distributed users. This model is suitable to approximate a geo-

graphical terrain observing light fading during the wee hours.

2. Case study-2 (IRS-PPP and users-PCP): In this, location aspect of IRS panels and
users is approximated by PPP and PCP, respectively. This model is suitable for
characterizing scenarios having uncorrelated IRS and clustered users. Here, we
model the clustered user and IRS locations jointly by considering users whose dis-
tribution is governed by PCP and in surrounding terrain IRS panels are deployed
based on PPP hypothesis. This configuration mimics network topology having
a single IRS panel that serves to many users located in an arbitrary cluster, and
thereby leads to relatively fair possibility of blindspot creation in that segment of
wireless terrain. This model is suitable for a geographical terrain experiencing

light fading during peak/off-peak hours.

3. Case study-3 (IRS-PCP and users-PPP): During this case study location aspect
of IRS panels and active users is governed by PCP and PPP, respectively. This
scenario may surface when users are spatially apart and no cluster formation takes
place with subset of users, however such users are served by IRS panels that
belong to a cluster having finite IRS panels as its elements. This model is suitable

for a geographical terrain observing severe fading during off-peak hours.

4. Case study-4 (IRS-PCP and users-PCP): In this case study, IRS panels and active

users are modeled by PCP. This situation can be envisioned for a wireless terrain
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in which closely spaced users are members of clusters and segments in wireless
terrain experience moderate to severe fading. To mitigate fading dense deploy-
ment of IRS panels is exercised as per the PCP hypothesis. Here, to address
modeling aspect of IRS panel and user locations, two PCPs with the same parent
PPP but independent and identically distributed (i.i.d.) offspring point processes
is considered. This model is more appropriate for a scenario observing moderate

to severe fading during short epochs in peak hours of vehicular traffic.

5.2.1 Signal propagation model

An IRS is a planar array having NN reflecting elements and each reflecting element is
capable to introduce desired phase regulation. The direct channel between a BS and a
user is denoted by hpy € C', the channel between a BS and an active IRS panel (any
one arbitrary IRS panel out of deployed IRS panels) is denoted as hgr € CV*! and the

channel between the active IRS and a user is denoted by hz;; € CV*!,

Let s be the signal transmitted by a BS and passively reflected to an intended user by
an arbitrary r*" IRS, which optimizes the phase reflection coefficient to maximize the
SNR estimate at user’s location, thereby improves end-to-end quality of a wireless link.

The received signal is expressed as

s' = /Pr (hy©,hpp + hpy) s+ w (5.1

where Pr denotes transmit power level at BS and w represents additive white Gaussian
noise (AWGN) with zero mean and variance N, during the course of signal propagation
in a channel, ©,. is a phase-shift matrix defined as ©,. = diag(e’%", /%, ..., 7). Here,

0,, is the phase-shift introduced by the n'" reflecting element of the r*" IRS panel.

We consider two types of downlink for coverage analysis.

* Mode-1 (Direct link): User is connected to BS with one-hop direct link, analo-

gous to conventional cellular communication as shown in Figure 5.3a.
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Figure 5.3: Illustration of distance characterization and channel models with reference
to a user (a) Mode-1 (Direct link) and (b) Mode-2 (IRS-assisted link)

e Mode-2 (IRS-assisted link): User is connected to BS via IRS-assisted reflected

link experiencing two hop count as shown in Figure 5.3b.

Direct link: In this mode, a user is served by a nearest BS. Received signal strength at

the user’s location is given by (Shafique et al., 2022)
Sa, = Prf3*|hg|*x=° (5.2)

here Pr is transmission power of the BS, (3 is channel power gain of free-space path loss
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model, |h,| is magnitude gain of small scale fading channel, « is path-loss exponent and

x is Euclidean distance between a user and the nearest serving BS.

Here, the interference experienced by an arbitrary user is estimated by considering the
aggregate interference from BSs excluding interference caused by the nearest serving
BS and all IRS panels. The aggregate interference due to BSs is given by (Shafique
et al., 2022)

L= Y Prfhy, Py (5.3)

jEP\z
here h,, and y; is gain of small-scale fading channel and distance between a user to
interfering BSs, respectively. In this mode, signal strength associated with reflected
links from IRS panels are assumed to be so minimal that the reflected links are treated

as weak links, and hence their contribution in signal transmission is marginalized.

Considering the aggregate interference due to all IRS panels, it can be estimated as

(Shafique et al., 2022)

=3 S Prfhy, O,

]E(bb leq)r

2y (5.4)

here hpy, and hpp, are fading channel gain between interfering IRS-user link and be-
tween BS-interfering IRS link, respectively. ©; is a phase-shift matrix of the interfering

IRS and is given by ©; = diag(e?%t, e/%2 ... ei%),

The SINR experienced at user’s location served by BS located at distance x in direct

transmission mode is given by

Sa, (5.5)

No + I + I,

IRS-assisted link: In this mode, a user is served by the nearest IRS having close prox-
imity with a local BS. The received signal power as perceived by user from a serving

BS through IRS is given by
Sr, = Prf*hgy, ©.hpp, [*27 (5.6)
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here hgy, is Rayleigh fading channel gain of nearest serving IRS- user link and hpg,,
is channel gain of serving BS-IRS link, and z is Euclidean distance between user and
the nearest IRS. ©,, is a phase-shift matrix of the nearest serving IRS panel and is given

; 0,1 5022 02 N
by ©, = diag(e??"' %= .. el%N).

Interference at user’s location is estimated by considering the aggregate interference
due to BSs (excluding the IRS paired with serving BS and all other IRSs) and is given
by

L= > Py (5.7)

yedy\z1
here h, and y are small-scale fading channel gain and the distance between user
and non-serving BSs. Here, distance between user and serving BS is considered as
x1, and distance between serving BS and associated IRS is x5. Further, the geo-
metrical distance between user and BS paired with serving IRS is given by : z; =

Va2 + 22 — 2zx4 cos(0).

Considering the aggregate interference due to all IRS panels, excluding the interference
from the serving IRS panel (as signal reflected from the serving IRS is the desired

information signal), aggregrate interference due to IRS panels is given by

I = Z Z Py, ©.hpg,

JEDy i€, \x

y;© (5.8)

The SINR experienced by an arbitrary user served by an IRS panel located at distance

x in IRS-assisted mode is given by

S, (5.9)

Coverage analysis for an arbitrary selected user that corresponds to mapping a point
at random from ®;;, served by nearest BS or IRS is performed. In this work, user’s

location is considered at the origin without loss of generality.

By defining the SINR threshold () for reliable connectivity, coverage probability is
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defined as:
P, = P |{SINR4/:(z) > 7}|. (5.10)

5.3 Point process functionals

In this section, a point process VW is described with two important functions of W,
namely; sum-product functional (SPFL) and probability generating functional (PGFL)
and extend it to original and reduced Palm distributions. The considered ¥ can be either

a PPP, PCP or its associated offspring process.

Definition 1: Poisson Cluster Process: A PCP ®,(Ap, f,m) is defined as (Saha et al.,
2019)
o, =) z+8, (5.11)

z€d,
where ®p indicates the parent PPP with density Ap, B* represents the offspring point
process which corresponds to center of a cluster at = € ®p. The offspring PP is defined
as i.i.d sequence of random vectors {s € B*}, where s follows a probability density

function f(s). The number of points in 37 is indicated by m, where m ~ Poisson(m).

Definition 2: Sum-Product Functional: SPFL of a PP, V is defined as (Saha et al., 2018):

E|Y g(z) I wv(z,y)| where g(z) : R? — [0,1] and v(x,y) : RZXR? ~ [0, 1]
zeV yeW\{z}

are measurable.

Definition 3: Probability Generating Functional: PGFL of a PP, ¥ evaluated at v(z, y)

is defined as:

G(v(z,y)) = E

H v(:n,y)], (5.12)

yev
Further, PGFL of W for cases under the condition of excluding a point of ¥ at = or

under its reduced palm distribution is defined as

Gv(w,y)) = E,

[T v )

yew

=E| [] o] (5.13)

ye¥\{z}
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where [E! (-) represent the conditional expectation over a point process.

The general definition comprising of SPFL and PGFL of a PP, ¥ discussed in this

section 18 extended for PPP and PCP model.

Sum-Product functional: The SPFL of W when it is modeled by a PPP having density
A is given by (Stoyan et al., 2013)

B (o) I] vw)| =2 [ o@)Clote s (5.14)

el yeW\{z} R2
here G(v(z,y)) is PGFL of ¥ with respect to its reduced palm distribution and approx-
imated as G(v(z,y)) ~ G(v(z,y)), by Slivnyak’s theorem (Stoyan et al., 2013).
SPFL of ¥ when it is modeled by a PCP can be expressed as (Saha et al., 2018):

B> o) [] vwn)| = [[o@Gupa@nd), 619

zeWw yeW\{z} R2 xR2

here G(v(z,y)|2) = G(v(x,y))G.(v(z, y)|2), denotes PGFL of ¥ when a point z € W
with cluster center at z is excluded from W. Here, A(-) denotes density measurement of

U, and G denotes PGFL of W under its reduced palm distribution.

SPFL of ¥ when ¥ = z 4 B?, i.e., the offspring PP of a PCP centered at z can be
expressed as (Stoyan et al., 2013):

B|Sot IT vtean| = [atrew (-m [ (1= oteaniwi)

zeW¥ yeU\{z} R2

X (m/R2 v(:v,y)f(y|z)dy+1) f(z|2)d. (5.16)

Probability Generating Functional: PGFL of W when it is modeled by a PPP with
density A is given by (Haenggi, 2012)

Glo(x,y)) = exp (-A/wu - U(J:,g))dg) | (5.17)

89



PGFL of ¥ when it is approximated by a PCP, given by (Haenggi, 2012)

Glotea) = e (= [ (1o (=mx 1= [etenivina ) )az)

(5.18)

PGFL of ¥ when ¥V = 2+ 3% conditioned on the removal of a point at x is approximated
as

Ge(v(z,y)|2) = G(v(z,y)|2), (5.19)

where G.(v(z,y)) is PGFL of z 4+ B* which is given by

Gulo(ay)|2) = exp | —m [1- /v<x,y>f<y|z>dy . (5.20)

R2

5.3.1 Coverage probability analysis

In this section, coverage probability is estimated for a scenario in which clustered net-
work elements (users and/or IRS panels) are modeled as Neyman-Scott cluster process,
and subsequently for a particular usecase clustered users and/or IRS panels are dis-
tributed as per the Thomas Cluster Process (TCP). According to Neyman-Scott Cluster
Process hypothesis, it is presumed that a user connects to a specific BS/IRS that maxi-

mize SINR, and coverage probability can be expressed as (Saha et al., 2018):

P. = chr = ZE|: Z H Gj(vnj(x?y)) X H Ur,r(xvy):| (5.2D)

reR reR z€d, jER\{r} ye®@,\{z}

with
1

By (a2l
1+%é<m0

here P, denotes per-tier coverage probability, and specifically represents the joint prob-

vi (2, y) = (5.22)

ability of an event that the serving IRS belongs to ®,.. Here +; is the SINR threshold de-
fined for successful connection, P; and P; is transmit power of BS and IRS, respectively,

and ||z|| and ||y|| are the norm distances of nearest serving and interfering BS/IRS re-
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spectively.

PGFL of & for case study-1 and 3 is Go(v,o(z,y)) = 1. For case study-2 and 4, the

expression of PGFL for @ is given by

1
Go(vro(z,y)) = dy, 5.23
o(vro(z,y)) /RQ T P%ZT||$H°‘||?JH_O‘JCO@) y (5.23)
Go(vr0( ) = / G (v, 9 ) ol )2 (5.24)
RQ

For a scenario, in which IRS panels are distributed as per PCP hypothesis, » € R¢,

per-tier coverage can be expressed as

Por = [[ Gulvn )G onsle)l) % [T Golons(ou)Arlded2), 7€ Re

R2xR2 JER\{r}

(5.25)

whereas, situations in which IRS panels location is approximated by PPP, » € Rp,

per-tier coverage is expressed as

P, = A [ [[ Gilvrj(a,y))dz, 1€ Rp, (5.26)

R2 JER

On obtaining estimate of per-tier coverage F,,, evaluation of nearest tier coverage P,
is initiated for different use cases as follows:

For the case studies-1 and 3, with user distribution complying PPP, P, = 0, for ®,=()

For the case study-2, when ®¢={z}

Foy = /}R2 H G (vo,j(20,9)) fo(20)dzo (5.27)

JER\{0}
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Finally, for the case study-4, when <I>0=B§0

Pey = /Rz /]R2 exp (— mo /R2 (1 - U0,0(957y)> fo(y|20)dy> <m0 /}R2 vo.0(2,y) fo(yl20)dy + 1)

< [ Gitvoy(x.v))folxlz0)folz) dz dzg (5.28)

JER\{0}

5.3.2 Thomas Cluster Process (TCP)

A comprehensive analysis of coverage probability when all IRS panels’ location is ap-

proximated by TCP framework is given next.

Definition(TCP): A PCP W is called a TCP if distribution of the offspring points in 3*

is Gaussian around a cluster center at origin,

2 1
fr(s) = fr(s,05) = % exp <—2802> — (5.29)

where s > 0and 0 < 0, < 27

The conditional PDF of x can be written as (Afshang et al., 2016)

m x z? + 22 xz
fr(z,0,]2)d0, = 5 XD <— ) Iy <§) (5.30)

2
2ar r

0

where z > 0,z > 0 and I,(-) is the modified Bessel function of the first kind with zero

mean.

PGFL of TCP, ®; evaluated at v, j(x, y) is given by:

G (ons (o) = exp (=2, [ (1= exp(t = m, [ (1= vn o) )t )
0 0
(5.31)
PGFL of offspring point process of TCP, evaluated at v, ;(z, y) is given by:
Ge,(vrj(z,y)]2) = eXp(—mj/(l — vrj(2,9))8;(y, 2)dy) (5.32)

0
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PGFL of @, is computed for case study-1 and 3, which attains zero value, i.e.,

Go(vro(z,y)) =0.

i 1 y y?
Go(vro(z,y)) = . a2 exp 552 dy. (5.33)
14 B (2) 700 0
r 20 22
G0<UT‘,O<$7 y)) = GCO (UT,O(x7 y) |ZO)_2 eXp | — b) dZ()' (534)
o 20§
0

Equations (5.33) and (5.34) yields PGFL estimate of ® for case study-2 and 4, by sub-
stituting equation (5.29) with parametric setting r = 0 in equation (5.23) and equation

(5.24), respectively.

Per-tier coverage probability for » € R, when all IRS panels are modeled as TCPs can

be expressed as:

QWApkmk//HG Uy (2, 9)Gr(vrr (2, y)) X Ge, (Ur (2, y] 2)) (2, 2)dz2d 2.

JER
(5.35)

Using equation (5.35), per-tier coverage probability for nearest serving IRS P, is com-
puted for all the case studies, assuming all IRS panels are modeled as TCPs. P., =0,
for the case study-1 and 3, wherein users are uniformly distributed. For case study-2

and 4, P, can be expressed as:

— [ 11 Glonsco )iz (5.36)

0 JER\{O}
Po= [ [ TL Gilonstosh)explorme [[(01= ool 200
0 0 JER\{0} 0 (5.37)

00 2
X (mo/ vo.o(x,y)Q0(y, 20)dy + 1) Qo(x, z0)dz X Z—g exp (—2—02) dzo
0 o 20%
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Pseudocode to estimate SINR for Mode-1 (Direct link) and for Mode-2 (IRS-assisted

link) is presented in Algorithm-2 and Algorithm-3, respectively.

Algorithm 2: Algorithm for computing SINR for Mode-1 users (Direct link)
Input: Direct channel coefficient h 7, with BS-user distance, transmit power
and path loss exponent
Initialize: BS ®,, IRS ®, and user &,,.
. Choose an arbitrary user reference location at origin
. Identify nearest serving BS for user with distance estimate = and other BSs
with distance estimate y;
3. Compute the signal power received at user’s location from the serving BS using
equation (5.2)
4. Compute the aggregate interference from all BSs, excluding from nearest
serving BS using equation (5.3)
. Compute the aggregate interference from all IRSs using equation (5.4)
6. Compute the SINR experienced by user via direct link using equation (5.5)
Output: SINR,(x)

N =

W

Algorithm 3: Algorithm for computing SINR for Mode-2 users (IRS-assisted
link)
Input: Channel coefficients hppr, hry, IRS-user distance, transmit power and
path loss exponent
Initialize: BS ®;, IRS ®, and user ®,,.
. Choose an arbitrary user reference location at origin
. Identify nearest serving IRS for user with distance estimate x and other IRSs
with distance estimate y;
3. Compute the signal power received at user’s location from the serving IRS
using equation (5.6)
4. Compute the aggregate interference from all BSs, excluding the BS in close
proximity with serving IRS using equation (5.7)
5. Compute the aggregate interference from all IRS panels, excluding the nearest
serving IRS using equation (5.8)
6. Compute the SINR experienced by user via IRS-assisted link using equation
(5.9
Output: SINR,(x)

N =

5.4 Results and discussion

Coverage probability estimate for four use cases based on the stochastic modeling

framework in which location of IRS panels and users is approximated by mixture of
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PPP and PCP is performed and analysed. Advantage of IRS panels deployment is vali-
dated by comparing coverage probability outcome of direct link with IRS-assisted link.
The proposed analytical framework is validated using Monte Carlo simulations with
10* iterations. For all these scenarios, numerical results demonstrate the precision of

approximation accuracy attained.

The height of BSs, IRSs, and users is considered as 30 m, 10 m, and 1.5 m, respectively.
BSs, IRSs and users point processes are generated for a circular shaped disc of coverage
area 1 km?. A wireless terrain considered has phenomenal fading due to substantial
number of obstacles, and it contributes to large PLE (« = 4), a typical value for outdoor
scenario (Lee et al., 2013). PLE of the IRS-aided links can be considered closer to free-
space path loss, by deploying IRSs at appropriate close by locations. In this work, we
consider PLEs of the BS-IRS link and the IRS-user link as 2 and 3, respectively (Yang
et al., 2021b).

Coverage radius
of tier-1

Coverage radius
of tier-2

: Coverage radius
’ f tier-3
. N 1 e °
@ . user ~ ! -

Figure 5.4: A pictorial representation of varying cluster size (o) with respect to a serv-
ing IRS panel

For an arbitrary user served by a BS in a VLOS mode via IRS panel, notion of cluster

size (o) 1s depicted in Figure 5.4. Here, o represents the standard deviation of Euclidean
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distance between a user located at arbitrary location and a serving IRS. Depending upon
the location of a user, as an illustration, segment of the wireless terrain is shown with
concentric circles in Figure 5.4 having three different tier of coverage radius, while
keeping serving IRS at a centre stage. A User may be situated in any one of these cov-
erage zones at an arbitrary time. In the result section, three different coverage radii are
considered maintaining o as 10 m, 20 m and 30m. These coverage radii are interpreted

as cluster size.

As the cluster size increases corresponding to position of the user, it leads to higher
Euclidean distance between a serving IRS and a user and as a result likelihood of the
user association with that particular serving IRS diminishes. As a consequence of this,

received signal strength as perceived by an arbitrary user is compromised.

5.4.1 Impact of varying cluster size on Coverage probability

We consider different case studies based on the stochastic modeling framework, in
which IRS panels and users location is governed by PPP and PCP, and coverage prob-
ability analysis is performed. Here, case study-1 considers modeling IRSs as well as
users using PPP and is treated as the baseline approach to compare coverage probability
outcomes with that obtained for other case studies. As urban and semi-urban wireless
terrains are characterized with different user density and distribution statistics, in the re-
ported case studies, coverage probability estimate as a performance measure is analyzed

with varying cluster size.

In Figure 5.5a, coverage probability is sketched for case study-2 (IRSs-PPP, users-PCP),
with different cluster sizes of ®, and is compared with baseline case. It is observed
that irrespective of cluster size, coverage probability characteristics obtained in case
study-2 is inferior to that secured in baseline case. However, on decreasing the cluster
size coverage probability estimate approximates a trend obtained in baseline case. Ra-
tionale behind the compromised performance is a significant proportion of users who
belong to PCP hypothesis driven geographical positions experience poor coverage from

a topological arrangement in which BSs and IRS panels are distributed as per the PPP.
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Analogy of case study-2 can be established with a scenario in which a few localized
geographical pockets that usually observe mild fading may experience relatively high
degree of network congestion owing to high density of users especially during short

epochs in peak hours.

Coverage probability characteristics for case study-3 (IRSs-PCP, users-PPP) with para-
metric variation in cluster size are shown in Figure 5.5b. These characteristics manifest
a contrasting trend as compared to coverage probability obtained in case study-2. It
can be observed that coverage probability estimate converges with characteristics that
obtained in baseline case with increase in cluster size. These observations lead to in-
ference that in a terrain that characterize with randomly distributed users, degree of
reliable coverage can be enhanced when IRS panels deployment follows distribution
as per the PCP hypothesis. Further, another interesting reasoning in the support of ob-
served pattern is an underlying mechanism in which formation of clusters by virtue of
closely spaced IRS panels enforces better coverage for an arbitrary user. In any wireless
terrain this resembles with a scenario in which dense deployment of IRS panels facili-
tates relatively better coverage in certain geographical locations that experience severe

fading owing to surrounding spatial attributes during the off-peak/wee hours.

For a scenario described in case study-4 (IRSs-PCP, users-PCP), coverage probability
characteristics are shown in Figure 5.5c. An interesting observation manifest that there
is a remarkable improvement in coverage probability for a broad span (entire dynamic
range) of SINR threshold. Even for the demanding value of SINR threshold (5 to 15
dB) and larger cluster size (0=30), coverage probability attained in this case maintains
a substantiate margin of 0.2, 0.15 and 0.2 with respect to, case study-2 having 0=30,
case study-3 for 0=30 and the case study-1 (baseline), respectively. The genesis for an
enhanced coverage probability is proximity of dense IRS panels clusters to geographi-
cal segments of a wireless terrain characterized with relatively high density of closely

spaced users.

Case study-4 seems approximate the following scenarios: (i) a busy traffic junction in

urban environment during peak hours, and (ii) any short duration events that observe
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high density of user especially during a concert and sport activities etc.

In summary, these observations infer that depending upon different spatial and temporal
dynamics of a wireless terrain, for a better coverage perspective, IRS panels deployment
can be exercise based on appropriate process, namely PPP and PCP. The considered ap-
proach of modeling users as PPP and PCP appears quite normal as these models resem-
ble the different users centric scenarios with reasonable good degree of approximation.
Further, looking into the diversified spatio-temporal characteristics of a particular wire-
less terrain, no single stochastic approach suffices and usage of a specific model i.e.,
PPP or PCP should be exercised in context of users and wireless terrain specific spatial

attributes.

5.4.2 Impact of IRS-assistance on Coverage probability

To understand the impact of multiple IRS panels presence on overall signal propaga-
tion process in a given wireless terrain and subsequent leavarage in terms of mitigating
fading, estimate of coverage probability is presented in Figure 5.6. Broadly, character-
istics shown in Figure 5.6 correspond to LOS mode (direct-link) and the VLOS mode
(IRS-assisted link). Presence of multiple IRS panels demonstrates a marginal improve-
ment or a significant enhancement in coverage probability depending upon distribution
statistics of users and deployment strategy of IRS panels based on either PCP or PPP
model. Although coverage probability characteristics shown in Figure 5.6a and Figure
5.6b validate that PCP driven deployment of IRS panels is always advantageous irre-
spective of spatio-temporal behavior of wireless terrain and distribution of users within
it.

In quite a large number of scenarios users are uniformly distributed across the wireless
terrain, in such circumstances users location can be approximated by PPP. For this par-
ticular kind of users positioning, coverage probability performance is shown in Figure
5.6a. Characteristics shown in Figure 5.6a reveal a significant enhancement in cover-
age probability on using IRS panels placement strategy based on PCP model. In Figure

5.6a and Figure 5.6b, all the coverage probability characteristics are obtained for a fixed
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value of cluster size, here it is treated as o =10.

In contrary to scenarios in which users are sparsely located, quite often network service
providers are supposed to ensure reliable connectivity and coverage as these terrain are
characterized with small or moderate size geographical segments having high density
of users during short sporadic time intervals. In Figure 5.6b, coverage probability is
presented for the following three use cases (i) a wireless terrain without IRS panels, (ii)
a wireless terrain having IRS panels distribution as per PPP and (iii) a wireless terrain

equipped with IRS panels based on inference drawn from PCP. In all these use cases,
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owing to demographic attributes of users distribution, users location is modeled as per
the PCP hypothesis. Here, compared to a wireless terrain without IRS panel, terrain
which have provision for IRS panels and their location is inferred from either PPP or
PCP model, yield a quite significant improvement in coverage probability. Thus, IRS-
assisted links outperform line of sight (direct link) mode. Furthermore, the characteris-
tics shown in Figure 5.6b can be bisected into the following two regions: (i) Region-1:
lower value of SINR threshold ranging —10dB < v < 10dB and (ii) Region-2: higher
value of SINR threshold ranging 10dB < v < 25dB. During Region-1; the per-
formance of a wireless terrain equipped with multiple IRS panels is phenomenal as
compared to a terrain without IRS panels. Whereas, in Region-2 the performance is

slightly compromised owing to higher SINR threshold.

5.5 Summary

In this chapter, coverage probability performance of a direct link (in the absence of
IRSs) and a VLOS (for a terrain equipped with IRSs) link is estimated and analysed
for an urban wireless terrain. Looking into diversified spatial characteristics in different
geographical segments of a wireless terrain during distinct temporal attributes, a sin-
gle stochastic model is not able to capture the distribution of users and inference about
the IRS panels deployment with reasonable approximation. To accommodate terrain
geometry driven spatial characteristics and the user’s distribution as well as temporal
aspects-based users’ density for an urban terrain in a holistic manner, stochastic models
based on PPP and PCP are proposed to approximate the users spatial distribution and
IRS panels deployment in realistic scenarios. Euclidean distance of a serving IRS with
a user located at an arbitrary location varies randomly, a statistical measure in terms
of standard deviation of the Euclidean distance (o) is considered as cluster size. Cov-
erage probability is estimated for four different case studies, in which users and IRS
panels are distributed as per the PPP and PCP hypothesis and cluster size is treated as
a parameter to observe the performance regulation. Broadly, obtained results indicate

that the urban terrain equipped with IRS panels yields a significant enhancement in

101



coverage probability in all these case studies. Further, an important inference can be
drawn that for segments of a wireless terrain which are characterized with high density
driven cluster topology of users, provisioning of IRS panels as per the PCP hypothesis
always yields quite a significant improvement in coverage probability over a broad span

of SINR threshold.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In last few years, wireless industry and academia has witnessed a significant interest
in the form of several research studies exploring performance enhancement for IRS as-
sisted wireless communication. Comprehensively, the overall work confined to IRS as-
sistance can be fragmented at different levels of implementation. The first set of works
can be confined to channel modeling aspect of IRS-assisted system which is different
from conventional wireless network. Furthermore, the indepth investigation emphasizes
performance evaluation of IRS-assisted networks in terms of various performance met-
rics. However, validating the impact of IRSs on communication performance is still an
open problem. In this thesis, an attempt is made to model the channel behaviour of IRS-
assisted wireless terrain, considering the inevitable mobility aspect of receiver. Majority
of the reported channel modeling work is limited to stationary receiver. Subsequently,
in this thesis, performance measures of IRS-assisted wireless terrain are estimated and
the enhanced performance is validated in terms of key measures such as Achievable

rate, Outage probability, Ergodic capacity and Coverage probability analysis.

6.1 Conclusion

In this thesis, channel modeling for IRS-assisted UMi wireless terrain is carried out,
while prioritizing the time-varying (TV) channel between IRS and user due to mobility
of receiver. Further, a time-invariant (TI) channel model between a BS and IRS panels is
characterized and the impact of single as well as multiple IRS panels are considered for
Achievable rate analysis of wireless terrain that satisfy for LOS and NLOS norms. Dur-
ing simulation, two distinct wireless terrain namely UMi-open square and UMi-street
canyon are considered. Subsequently, Achievable rate analysis is extended with para-

metric variations in transmitted power, number of EREs, separation distance between



EREs, and receiver speed. Further, outage probability analysis for an arbitrary user at
three different fading zones, namely; lightly fading zone, moderately fading zone and
severely fading zone is performed. In addition to it, spatio and temporal characteristics
driven different vehicular traffic patterns, namely; peak hours, off-peak hours and wee
hours are considered. Furthermore, coverage probability analysis of IRS-assisted sys-
tem modeled using stochastic approach is considered. Here, in order to accommodate
diversified spatial and temporal characteristics of terrain, usage of Poisson Point Process
(PPP) and Poisson Cluster Process (PCP) is proposed to model the users’ distribution
and IRS panels deployment. Coverage probability is estimated to validate the proposed
stochastic models, while regulating the cluster size. In addition to these aspects, the ef-
ficacy of IRSs equipped wireless terrain is demonstrated in terms of enhanced coverage

probability for the broad ranging SINR threshold.

6.2 Future work

Research work carried out in this thesis explore leverage of deploying single/multiple
IRS panel(s) in outdoor wireless terrain observing presence of single user. Based on
inferences drawn from use cases involving single user, work can be extended to con-
sider multiple users in wireless terrain and subsequently estimating different perfor-
mance metrics for multi-user scenarios. Modeling aspect of multi-user scenarios in-
volves complex mathematical framework for beamforming optimization and the precise
channel estimate. As users of multiple IRS panels lead to an enhanced state of perfor-
mance measures, it triggers the deployment of IRS panels at appropriate locations can
be addressed as resource allocation framework. Further, more comprehensive channel
models suitable for vehicle-to-everything (V2X) scenarios in wireless terrain equipped
with IRS panels may lead to important observations for the service provider. For a wide
variety of practical applications supported by V2X scenarios, the performance measures

namely, latency and connection reliability are of primary consideration.
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