MODELING AND ANALYSIS OF THZ
COMMUNICATION SYSTEMS

M.Tech. Thesis
By
VAISHALI ROHILLA

O )

| I SR |

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY INDORE

MAY 2025



MODELING AND ANALYSIS OF THZ
COMMUNICATION SYSTEMS

A THESIS

Submitted in partial fulfillment of the
requirements for the award of the degree

of

Master of Technology
by

VAISHALI ROHILLA

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY INDORE

MAY 2025



INDIAN INSTITUTE OF TECHNOLOGY INDORE

CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the thesis entitled MODELING
AND ANALYSIS OF THZ COMMUNICATION SYSTEMS in the partial fulfillment of
the requirements for the award of the degree of MASTER OF TECHNOLOGY and
submitted in the DEPARTMENT OF ELECTRICAL ENGINEERING, Indian Institute
of Technology Indore, is an authentic record of my own work carried out during the time
period from JUNE 2023 to May 2025 under the supervision of Dr. Swaminathan
Ramabadran, Assistant Professor at Indian Institute of Technology Indore.

The matter presented in this thesis has not been submitted by me for the award of any other

degree of this or any other institute.

Signature of the student with date
(VAISHALI ROHILLA)

This is to certify that the above statement made by the candidate is correct to the best

of my/our knowledge.

ot
28/05/2025

Signature of the Supervisor of
M.Tech. thesis(with date)
(Dr. SWAMINATHAN RAMABADRAN)

VAISHALI ROHILLA has successfully given his/her M.Tech. Oral Examination held

on 07/05/2025.
W Saplashi Gosh
Signature(s) of Supervisor(s) Convener, DPGC

Date: 28/05/2025 Date: 04-06-2025



Chapter 1

Acknowledgments

First and foremost, I would like to express my deepest gratitude to my supervisor, Dr.
Swaminathan Ramabadran for his exceptional guidance and perennial support throughout
the entire duration of my research. I am grateful for Dr. Swaminathan Ramabadran’s pa-
tience and willingness to engage in thorough discussions that in turn has cleared my concepts
and helped me expand my horizons as a researcher. His dedication as well as way of do-
ing research has inspired and motivated me to pursue excellence in my future research. 1
consider myself fortunate to have had the opportunity to work under his supervision.

I am indebted to Mr. Prashant Sharma for providing me with the invaluable advises,
knowledge, skills, and opportunities necessary for my growth as a researcher throughout my
time in the lab. I would also like to thank my other colleagues at lab Mr. Manoj Khokare,
Mr. Nayim Ahmed, Mr. Kishan Tripathi, and Mr. M Sai Vamshi for the camaraderie and
positive energy that they brought to the lab everyday.

I sincerely acknowledge IIT Indore and Ministry of Education (MoE), Govt. of India,
for supporting my M.Tech. by providing lab facilities and TA scholarship, respectively.

My work would not have been possible without the encouragement of my parents, whose
tremendous support helped me stay positive and overcome the worst of hurdles. To them, I
will forever be grateful.

Last but not the least, I offer my reverence onto the lotus feet of Lord Krishna for his

divine blessings.






Abstract

In this thesis we propose multi-Relay dual-hop terahertz communication systems and multi-
IRS assisted terahertz communication systems.

With the imminent rollout of sixth-generation (6G) and beyond wireless networks, Tera-
hertz (THz) communication is emerging as a cornerstone for addressing the rapidly growing
demands of high-speed data, ultra-reliable low-latency communication (URLLC), and mas-
sive machine-type communication (mMTC). Operating in the 0.1-10 THz frequency range,
THz bands offer unprecedented spectrum availability, enabling ultra-high throughput and
secure transmissions. However, the propagation characteristics at these frequencies pose
significant challenges, including severe path loss, atmospheric absorption, molecular scat-
tering, and beam misalignment—making direct, long-distance THz communication highly
unreliable.

This thesis addresses these issues by proposing and analyzing two distinct yet comple-
mentary system models: (i) multi-relay-enhanced dual-hop THz communication sys-
tems and (ii) multi-IRS-assisted THz communication systems. Both approaches aim to
improve signal robustness, link reliability, and coverage in high-frequency environments.

In the first part of the thesis, a multi-relay dual-hop THz communication system employ-
ing Decode-and-Forward (DF) relays and an Opportunistic Relay Selection (ORS) scheme is
considered. The underlying channels are modeled using generalized o-—u fading with point-
ing errors to capture real-world impairments. Closed-form expressions for outage probabil-
ity, average symbol error rate (SER), and ergodic capacity are derived. Asymptotic analyses
are performed to evaluate diversity gains at high signal-to-noise ratios (SNR). Monte Carlo
simulations validate the analytical results, confirming that increasing the number of relays

enhances diversity and system performance.

The second part of the work investigates a multi-Intelligent Reflecting Surface (IRS)-

assisted THz system. IRSs are passive, reconfigurable metasurfaces that manipulate elec-
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tromagnetic wave propagation by inducing phase shifts, thus enabling virtual line-of-sight
(LoS) paths. Unlike relays, IRSs do not introduce additional noise or power consumption.
The proposed system leverages multiple IRSs and elements per surface to create composite
LoS paths around obstacles. End-to-end performance metrics such as outage probability,
SER, and ergodic capacity are analyzed using statistical tools including multivariate Fox’s
H-function. Asymptotic expressions reveal that increasing the number of IRSs and reflecting
elements significantly boosts diversity gain and improves overall system reliability. Simula-
tion results align closely with the theoretical expressions and validate the robustness of the
proposed model.

Comparative analysis reveals that while both multi-relay and multi-IRS schemes offer
substantial performance gains, IRSs present a more scalable and energy-efficient alternative,
especially suitable for dense, indoor, or urban environments where power and hardware
complexity are critical concerns. However, relays provide stronger gains in severely blocked
or highly dynamic environments due to their active regeneration capabilities.

Overall, this thesis contributes to the theoretical modeling and performance evaluation
of advanced THz communication systems under realistic conditions. The work highlights
critical design parameters and offers valuable insights into deploying cooperative and recon-

figurable technologies for future wireless networks.
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Chapter 2

Introduction

2.1 Background

The exponential growth of data-intensive wireless applications—such as ultra-high-definition
video streaming, augmented reality (AR), virtual reality (VR), and autonomous vehicle com-

munication—has placed unprecedented demands on wireless networks. Fifth-generation

(5G) wireless systems, although a significant leap from their predecessors, still fall short in

key performance areas required for next-generation connectivity. Operating primarily in the

sub-6 GHz and millimeter-wave (mmWave) bands, 5G systems face severe challenges such

as limited available bandwidth, high latency in ultra-dense deployments, reduced spectral ef-

ficiency under mobility, and signal degradation due to blockage and penetration losses. The

mmWave bands offer wider bandwidth compared to traditional bands, yet are heavily con-

strained by high path loss and poor diffraction properties. These shortcomings highlight the

need for a more advanced wireless communication paradigm to meet the envisioned goals of
higher data rates, ultra-low latency, enhanced spectral efficiency, and reliable connectivity

in diverse propagation environments.

Sixth-generation (6G) wireless communication has emerged as a transformative vision
to address these limitations, with Terahertz (THz) frequency bands (0.1-10 THz) considered
a key enabler. THz bands offer vast unused spectral resources, which can support data rates
on the order of terabits per second (Tbps), fulfilling the high-throughput and low-latency
requirements of future applications. However, THz waves experience severe free-space path
loss, molecular absorption, and limited diffraction, making them highly sensitive to block-

ages and predominantly suitable for short-range, line-of-sight (LoS) communications. These
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propagation challenges significantly limit the effectiveness and coverage of standalone THz
communication links, especially in indoor or dense urban environments with frequent non-

line-of-sight (NLoS) conditions.

To overcome these constraints, cooperative communication techniques such as Decode-
and-Forward (DF) relaying and Intelligent Reflecting Surfaces (IRSs) have been proposed.
In DF relaying, intermediate nodes receive the transmitted signal, decode it, and then for-
ward a re-encoded version to the destination. This method provides a reliable means of
extending communication range, enhancing link quality, and improving system robustness
in harsh THz environments. By strategically placing DF relays, especially in NLoS regions
or behind obstacles, the coverage area of THz communication can be effectively expanded,

enabling reliable connectivity beyond the LoS region.

On the other hand, IRSs are passive, reconfigurable metasurfaces composed of numerous
reflecting elements that can manipulate incident electromagnetic waves to enhance signal
propagation. In this work, we consider IRSs without explicit modeling of phase shift opti-
mization, focusing instead on their spatial signal reflection capability to construct favorable
propagation paths. IRSs can create virtual LoS links around obstacles, improving received
signal strength in challenging environments. They offer an energy-efficient alternative to ac-
tive relays, since they do not introduce additional noise or require high power consumption,
and can be seamlessly integrated into existing environments like building facades or indoor

walls.

While single-relay or single-IRS-assisted systems offer performance improvements, their
capabilities are inherently limited in dynamic or highly obstructed scenarios. This has led to
growing interest in multi-relay and multi-IRS-assisted communication systems, particularly
for THz networks. Deploying multiple DF relays enables diversity gain, providing multiple
independent paths from source to destination, which can significantly improve outage prob-
ability, bit error rate, and overall link reliability. Likewise, multi-IRS systems can enhance
the reflected signal paths through different spatial configurations, resulting in increased di-
versity gain and improved signal coverage, especially in environments with high variability

and obstacles.

vii



2.2 Literature Review

Recent advancements in THz communication have focused on addressing key propaga-
tion challenges—such as severe path loss, limited diffraction, and atmospheric absorp-
tion—>by introducing cooperative strategies like decode-and-forward (DF) relaying and re-
configurable intelligent surfaces (RISs), which are emerging as promising enablers for next-
generation wireless networks. These techniques not only extend communication range but
also enhance link robustness and diversity gain in both standalone and hybrid THz/FSO
systems.

In the context of relaying, DF-based multi-relay based systems have demonstrated sig-
nificant performance gains under fading and misalignment conditions. A dual-hop THz sys-
tem employing DF relays and opportunistic relay selection (ORS) was investigated, where
closed-form expressions for outage probability, average symbol error rate (SER), and er-
godic capacity were derived under a—ut fading and pointing errors. This work established
the diversity benefits of relay-assisted THz communication. Similar enhancements were
reported in [1], where a dual-hop THz-RF system was analyzed, and relaying was shown
to mitigate performance degradation from atmospheric turbulence and molecular absorp-
tion. Furthermore, beam misalignment, which can critically affect THz links, was explicitly
addressed in [2] by modeling stochastic pointing errors and incorporating relays to ensure
signal robustness.

Relaying techniques have also been extended to multi-hop configurations. In [3], a multi-
hop THz wireless system was studied under mixed fading and shadowing effects, showing
how intermediate DF relays can support longer distance communication by compensating
for fading and absorption losses. Works such as [4] further evaluated DF and fixed-gain
relaying under fading models like Rayleigh and o—put, highlighting that DF relays can elim-
inate noise at intermediate hops, unlike amplify-and-forward (AF) counterparts, which am-
plify noise along with the signal.

Beyond relay-only systems, a new class of solutions incorporates RISs to reconfigure the
wireless environment and passively enhance signal quality. RIS technology enables reflec-
tion of incident waves with controlled phase shifts to construct virtual LoS paths. In [5], the
use of RISs in a THz-OFDM-MIMO system was found to significantly boost SNR and mit-
igate path blockages. Further performance improvements were observed in [6], where RIS-

assisted THz systems under a-—u fading and hardware imperfections were studied, showing
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effective control over signal strength without active power consumption.

In hybrid architectures, RISs have been shown to complement relay systems effectively.
For example, in [7], a mixed THz/FSO system was enhanced by incorporating RISs at both
links, enabling performance resilience against fog, misalignment, and atmospheric turbu-
lence. This system used a DF relay to bridge the THz and FSO domains, and performance
metrics such as outage probability and average bit error rate (ABER) were derived using ad-
vanced Fox’s H-function modeling. Similarly, [8] presented a RIS-aided hybrid FSO/THz
system using MRC and SC diversity techniques, showing improved reliability under non-

LoS conditions.

RIS integration has also been extended to mobile platforms. In [9], a UAV-assisted RIS
relay for FSO/THz links was analyzed, offering mobility-aware beam reconfiguration to
overcome LoS obstructions in dynamic scenarios. In parallel, [10]explored RIS-empowered
optical links and modeled statistical turbulence and misalignment effects, providing a more

complete analysis of channel behavior in real-world deployments.

Hybrid relaying systems involving THz and RF were also explored in [11], where THz
was used as a primary link with RF as a backup via DF relays, showing reduced outage in
rain-fading scenarios. The integration of RIS in RF/FSO systems was further studied in [12],
indicating that RIS can substitute for active relays in certain conditions while maintaining

high SNR levels and extending communication range.

Advancements in relay optimization were also reported in [13] and [14], which ad-
dressed the use of multi-hop and full-duplex DF relaying over generalized fading chan-
nels, demonstrating spectral efficiency gains and robustness to channel variation. Analytical
frameworks provided in these works guided the selection of optimal relay numbers and

placement strategies to maximize diversity gain.

Unified performance analysis for relay-assisted and RIS-based systems has also gained
attention. In [15], a generalized analytical model for MIMO RF/FSO systems was devel-
oped, accounting for channel impairments and hardware limitations, while [16] proposed a
unified framework for evaluating outage probability in dual-hop DF systems under mixed

fading conditions.

Collectively, these studies demonstrate that DF relaying actively regenerates signals
across long distances, mitigating signal degradation due to fading and blockages, while

RIS provides a passive, energy-efficient alternative for enhancing signal strength and re-
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routing propagation around obstacles. When combined in hybrid configurations, especially
with multi-relay and multi-RIS deployment, these techniques offer robust, high-capacity,

and low-latency solutions critical for practical deployment of THz-enabled 6G systems.

2.3 Motivations and Contributions

2.3.1 Chapter 2

The motivations behind the work in Chapter 2 are summarized as follows:

1. The THz band suffers from severe path loss, atmospheric absorption, and misalign-

ment issues.

2. Existing THz systems are constrained by short transmission ranges due to LoS depen-
dency and fading, which motivates the use of relaying techniques to enhance coverage

and system reliability.

3. While dual-hop THz relaying has been studied, there is limited work on multi-relay
configurations using DF protocols with ORS under realistic channel impairments like

o—u fading and pointing errors.
The main contributions of this work are outlined as follows:

1. A novel mathematical framework is developed for a multi-relay dual-hop THz com-
munication system utilizing DF relays and an ORS scheme that selects the best relay

based on instantaneous signal to noise ratio(SNR).

2. Closed-form statistical expressions for the probability density function (PDF) and cu-
mulative distribution function (CDF) of the end-to-end SNR are derived under the

effects of a—u fading and pointing errors.

3. Exact closed-form expressions for key performance metrics are obtained, including
outage probability, average SER, and ergodic capacity, based on the derived statistical

functions.

4. An asymptotic performance analysis is conducted at high SNRs, from which the sys-
tem’s diversity gain is analytically evaluated to provide deeper insight into the relia-

bility of the proposed setup.



5. Finally, Monte-Carlo simulations are used to verify the correctness.

2.3.2 Chapter 3

The motivations behind the work in Chapter 3 are summarized as follows:

1. High Path Loss and Short Range in THz Communication.

2. THz links are highly sensitive to blockages and misalignment, especially in indoor or
dense urban settings. Establishing and maintaining robust connectivity in non-line-of-

sight (NLoS) conditions remains a critical challenge

3. While multi-relay DF schemes can extend THz link coverage, they introduce higher
system complexity, latency, and energy consumption, as each relay requires active
processing and full-duplex capabilities—making them less scalable for dense deploy-

ment.

4. IRSs being passive and nearly power-free, provide a more scalable alternative. De-
ploying multiple IRSs enables intelligent signal reflection and routing, improving di-

versity gain without adding hardware noise or retransmission delays.

5. Most existing studies focus on single-IRS setups, while the performance potential
of multi-IRS architectures in enhancing THz communication—especially in complex

propagation environments—remains underexplored and motivates this investigation.

The contributions of the work in Chapter 3 are summarized as follows:

1. We propose a multi-IRS THz system with M IRS’s and N reflecting elements in each
IRS.

2. The closed-form expression for end-to-end CDF of the overall instantaneous SNR is
derived in terms of multivariate Fox’s H-function. With the help of CDF statistics, the
closed-form expressions for OP, ASER and ergodic capacity are obtained in terms of

multivariate Fox’s H-function using Gauss-Lauguerre approximation.

3. An asymptotic performance analysis is conducted at high SNRs for outage probabil-

ity(OP) and ASER, from which the system’s diversity gain is obtained.
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4. Monte-Carlo simulations results validate the theoretical expressions and show that
increasing the number of RIS and its elements yields higher diversity gain and signif-

icantly improves reliability and SNR performance.

2.4 Organization of the Thesis

The rest of this thesis is organized as follows: In Chapter 3, Multi-Relay-Enhanced Dual-
Hop Terahertz Communication system is analysed. In Chapter 4, Multi-IRS Assisted THz
Communication system is analysed. Finally, Chapter 5, encompasses the thesis conclusion

and outlines the future work’s scope.
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Chapter 3

Multi-Relay-Enhanced Dual-Hop
Terahertz Communication: A

Performance Analysis

3.1 Introduction

Recent years have seen remarkable progress in wireless communication technologies, with
the advent of fifth-generation (5G) cellular networks representing a significant shift over
prior generations. These networks enable a host of advanced applications, from extended re-
ality (XR)—encompassing both virtual reality (VR) and augmented reality (AR)—to telemedicine,
haptic technology, self-driving vehicles, aerial transportation, and human-machine inter-
faces. Yet, the high aspirations of 5G also introduce numerous challenges and limita-
tions. It is expected that several automated and data-heavy processes will surpass the
key performance indicators (KPIs) established for 5G [17].Certain applications, including
telemedicine, autonomous driving, and haptic interfaces, necessitate prolonged data packets,
elevated data transfer rates, and exceptionally reliable connections. These requirements are
fundamentally at odds with the ultra-reliable low-latency communications (URLLC) strat-
egy, which favors shorter packets [18]. Looking ahead, emergent technologies such as holo-
graphic teleportation will seek terabit-per-second (Tbps) data rates and microsecond-scale
latency, capabilities beyond the design scope of current 5G networks. As a result, the pro-
gression to sixth-generation (6G) networks becomes imperative. Anticipated features of 6G

include enhanced network density, supreme reliability, increased data throughput, broader
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connectivity, and greater energy efficiency. Terahertz (THz) frequency bands are increas-
ingly recognized as vital for advancing 6G cellular networks. Utilizing the THz spectrum
promises to elevate 6G functionalities by offering multi-gigabit-per-second data rates, en-
hanced wireless bandwidth, and improved transmission security. These advantages underpin
the expectation that future networks will incorporate increasingly higher frequencies, such
as those within the THz range. However, despite these advantages, the THz band faces con-
siderable developmental hurdles and environmental limitations, including severe path loss,
signal fading, and challenges such as antenna misalignment and equipment flaws [19, 20].
Particularly, the pronounced path loss at THz frequencies, notable in dense urban environ-
ments, limits their transmission reach. Consequently, specialized path-loss models have
been devised to effectively manage THz signal propagation.propagation [21,22]. For in-
stance, a ray-tracing method was applied to model short-distance THz channels [23].

A transmission model tailored for THz bands was developed to address both path loss and
molecular absorption noise impacting wave propagation over short distances, as detailed
in [24]. Additionally, Kokkoniemi et al. [25] proposed a model to explain path attenuation
in the 275-400 GHz spectrum. Subsequent analyses of THz system performance using this
model appear in [26]. It is also crucial to acknowledge the considerable impact of fading in
THz signal propagation. The behavior of multipath fading within THz channels has been
analyzed through Rician, Rayleigh, and Nakagami-m distribution models [27], and the pres-
ence of shadowing effects has been confirmed through empirical studies [28].

To address atmospheric turbulence and the challenges associated with long-distance com-
munication where direct transmission paths are absent, THz systems have integrated vari-
ous relaying techniques that bolster spatial diversity and reliability. Amplify-and-forward
(AF) relaying is a predominant method discussed for enhancing THz communications, with
single dual-hop relaying configurations having been thoroughly investigated in such net-
works [29]. Despite these advancements, the exploration of multi-relay THz systems, where
multiple relays function either in tandem or independently to bridge the transmitter and re-
ceiver, remains in its infancy. Relay selection (RS) tactics prioritize relays based on optimal
channel conditions, particularly choosing those with the highest signal-to-noise ratio (SNR)
for efficient data transfer. This study delves into the outage performance of THz multi-relay
systems, factoring in channel turbulence modeled by the a-u distribution and the compli-

cations posed by nonzero boresight pointing errors and atmospheric attenuation, thereby
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crafting a comprehensive model of the channel dynamics.

3.2 System Architecture

The proposed system considers a dual-hop THz communication network consisting of a
source node (S), a destination node (D), and a set of N intermediate decode-and-forward
(DF) relays, denoted as {Ry,R,...,Ry}. The relays are deployed to assist communica-
tion between the source and the destination, which do not share a direct LoS path due to
blockages or severe propagation losses in the THz band.

Each communication session consists of two time slots:
* In the first slot, the source node transmits the signal to all relay nodes.

* In the second slot, a single relay Ry is selected using an ORS scheme, and it forwards

the decoded signal to the destination.

The selection criterion for the relay is based on the maximum instantaneous end-to-end
signal-to-noise ratio (SNR), ensuring the best available path is used for transmission.

The channel between each node pair (S—R and R—D) is modeled as an independent
o—u fading channel superimposed with pointing error effects and distance-dependent path

loss.

i3

i

B

S

SOURCE DESTINATION

Figure 3.1: Illustration of multi-relay-based THz communication system.
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3.3 Channel Model and Assumptions

We consider a multi-relay-based THz communication system as illustrated in Fig. 1. Here,
two ground stations (i.e., source (S) and destination (D)) communicate through DF relaying
nodes (Ry), where k € 1,2,...,N. Itis presumed that N aperture antennas are installed on the
source and destination node which are directed toward each of the N'" relays, thus estab-
lishing an end-to-end THz link. These relays are equipped with two antennas each directed
towards S and D.

We adopt the ORS technique [30] such that the relay-based THz link corresponding to
the highest end-to-end instantaneous SNR is selected to establish a communication between
S and D. As per ORS strategy, the best relay-based THz link shall be selected among N
available links based on the following decision rule

k= 3.1
R MO o

where ¥ is the instantaneous SNR of the k&’ end-to-end THz link between S and D, which

can be written as [30]

Y = min(Ysg,, Y&,D) (3.2)
Note that the instantaneous SNRs of S-to-Ry and Ry-to-D links are denoted by Ysg, and g, p,
respectively.
The combined channel gain of the THz link is given as

Pl o f
hjj = Ik ihi;

(3.3)
where jj € {SRy,RD}, h” denotes the non-zero boresight pointing error, 4’ denotes the
path loss and it is taken as a deterministic quantity, and 4/ denotes the multipath fading.
The channel’s stochastic behavior is modeled using a random process, and its PDF is given
by [19]
oyt 1P
|hjj|_|hjj||hjj (3.4)

The PDF of ]h{ f | can be written as [19]

&
2,00 BE 2
x)=C(CfA ——Xx"!
f (3.5)
o[ o =G pA”
a ) il‘(fx )
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where A( characterizes the pointing error loss and {; represents the ratio of the equivalent
beam radius to the standard deviation of the pointing error displacement at the receiver.
The attenuation coefficient of the a-p distribution is shown by the parameters ¢« and p.
Furthermore, the gamma function is indicated by I'(+), h 7 1s the a-root mean value of the
fading channel envelope [31, Eq. (8.350.2)], and I'(+, -) denotes the upper incomplete gamma
function [31, Eq. (8.350.2)].

The instantaneous SNR of the k' THz link ¥, is given by
= 1 | (3.6)

where 7; represents the average SNR for the k' THz link. Now by applying (3.6) and [19

Eq. (26)], the combined channel PDF in terms of instantaneous SNR v is written as

G2 T W) 5 g, g

f?’k( ) o v:o %_T
2hfF([,L) 3.7)
- <au 2 uyiag® >
o The(n e
Based on (3.7), the CDF of ¥ is given as
_ 5 2
24510t (L V-6
FYk(Y) =1- Cl ACZY (Cg )
hy oy (3.8)

as
2A 712 g
Yo 272
F?’k( )_
39
2.1 Y2 1-4 1 59
G>: |B| = e
2E(E) ]l g |
T a0 o
Gkt i
where A = INC— ,B= % , and G5;%[] is the Meijer’s G-function.
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3.4 Performance Evaluation

3.4.1 Outage Probability

An outage occurs in a multi-relay-based dual-hop THz communication system when the in-
stantaneous SNR of the selected relay (i.e., the link with maximum end-to-end instantaneous
SNR) falls below a certain threshold SNR 7;,. So, the outage probability of the proposed

system is written as
Pouw=Pr(%, < vn) = Fy: (tn), (3.10)

where FYT(-) is the CDF expression of instantaneous SNR of the chosen relay-based THz
k

link. Using the ORS criterion given in (3.1), F () is written as
k

N
i) =pe (o 0y <) = T o) G.11)

where Fy (¥in) = Pr(% < %) = Pr(min(Ysg,, Yr,p) < %n). Since the intermediate links are

independent of each other, Fy, (%) can be re-written as

Fy (Yin) = 1 =Pr(ysr, > Yin) Pr(Yrp > Yin)- (3.12)

Thus,

Fy (%in) = F}’SRk (%in) +F7RkD(%h)
—Fye, (Vi) Py (Yin) (3.13)

where F,,SRk and FYRkD are given by (3.9).

3.4.2 Average Symbol Error Rate

The ASER of the proposed system can be computed using the following expression [2]

p " = —tYapu—1p
Per= 550 | Py G3.14)

where ¢ and u define the type of M —ary phase-shift keying (MPSK) modulation technique
and its parameter values are listed in Table 4.1.

After substituting (4.6) in (4.15), we get

_ tu oo N
Py = =TT F : 1
ST | ey [Ty (3.15)
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MPSK scheme | t u
BPSK 1 2
QPSK 2 1
8-PSK 21 03

16-PSK 2 10.076

Table 3.1: Modulation parameters

The integral (4.16) takes the form [;” e *x" f(x) dx, which can be solved using the gen-
eralized Gauss-Laguerre (GL) quadrature technique [33], and is written as

_ r

Pser 2F( Zwlf xl +EN; (316)

where f(x;) = [TY_, Fy (x1/t), w; represents the associated weight, x; is the I-th root of the

Laguerre polynomial, and Ey denotes the error term.

3.4.3 Capacity

The ergodic capacity of the multi-relay THz system is given by [33]

~ 1 oo Hlkv:IFYk(V)
_ﬁ/o (I_Tsy dy, (3.17)

where € = 1 and e/2x for heterodyne detection and direct detection schemes, respectively,
Fy,(7) is given by (3.13). Because of the mathematical complexity inherent in (4.10), we

utilize the GL quadrature approximation to compute the ergodic capacity and the final ex-

= 12 I Fy (%)
~ Vi k=1" %
C ™ g e (1 B o (3.18)

pression is given by

The integral can be solved using the GL quadrature method as [33]

oo (0]
/O FO)dy~ Y wie f(y), (3.19)
=1

where O is the order of a Laguerre polynomial Ly (y) and y; is the /-th root of Lo (y).

3.5 Asymptotic Analysis

In this section, the closed-form asymptotic expressions for average SER and outage proba-

bility are derived. This is accomplished by developing an asymptotic analysis of the CDF

XiX



for high SNRs, allowing 7 — oe.

3.5.1 Outage Probability

Assuming independent and identically distributed (i.i.d) fading scenario for the links be-

tween S-to-Ry and Ry-to-D, Fy, () given in (3.13) can be expressed as
Fy (1) =2F, ()= (e 1) =1=(1-F, (1) (3.20)

After substituting (3.20) in (4.6), the asymptotic outage probability can be expressed as

N

P =TT [1 = (1= Fy 072 (3.21)
k=1

where F;S"Rk (7) is the asymptotic CDF expression, which can be obtained by employing [34,
Eq. (07.34.06.0040.01)] on (3.9) and the final expression is given by

() () (1>C
Y

al"(lJr%‘z)

(20 )

(3.22)

! aur<1—%*§f) %

Now to obtain P, we will substitute (3.22) in (4.13). The outage probability is asymp-

totically represented as

Po o~ (Ge- 7 9, (3.23)

where G, denotes the coding gain and G, represents the diversity gain. Delving deeper into
the asymptotic outcome for the outage probability reveals that the system’s diversity gain

2
can be readily established as G; = min { NTCI, % }

It is clear that the fading parameters (&, i), pointing error parameters ({;), and number
of relays N have an impact on the diversity gain of the multi-relay dual-hop THz relaying

system.
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3.5.2 Average Symbol Error Rate

The asymptotic average SER is obtained by substituting (3.20) in (4.16) and the final ex-

pression is given by

_ 72 2 2
e iv: 2ar (25T (4) <xl>%
~ wj —_
ser 21-* CZ
() (5 al’ <1 + El) Y
3.24)
o 7C2 2 (
24B % T (S o\
I (ﬁ)

_ 72
aul (1 - %)
Similar to that of asymptotic outage analysis, the diversity gain from the asymptotic average

2
SER is obtained as G; = min { NTCI, M% }

3.6 Simulation Results

The analytical expressions derived in the previous section form the foundation for the nu-
merical results presented in this section. The obtained closed-form expressions are validated
through Monte Carlo simulations. We assume that the channel fading parameters (o, (), and
the pointing errors ({;) are identical for both the S-to-R; and Rj-to-D links for simplicity
without loss of generality (i.e., @y = 0p = &, U; = Up = U, and &, = {1, = &;). For the
simulations, we set an outage threshold SNR of 7, = 6dB. It is assumed that the relays are
positioned at equal distances from both the transmitter and the receiver (i.e., Ly = Ly, /2),
where L, represents the total transmission distance from S-to-D. The frequency of trans-
mission and antenna gains are set to f = 300GHz and G; = G, = 55dBi, respectively. We
consider standard environmental conditions with relative humidity at p = 50%, atmospheric
pressure at p, = 101325 Pa, and temperature at 7 = 296 K.

In Fig. 3.2 and 3.3, the outage probability and average SER plots are shown by varying
the number of relays (i.e., N = 1,2,3) and for a link distance of L; = 1000 m. In Fig.
??(a), N = 3 provides an SNR gain of 2 dB and 7 dB compared to N =2 and N =1,
respectively, to achieve an outage probability of 0.1326. Similarly in Fig. 3.3, an SNR gain
of 2 dB and 8 dB is achieved by N = 3 when compared to N =2 and N = 1, respectively,
to achieve an average SER of 0.074. It is evident that the asymptotic results align closely
with the analytical expressions for both the outage probability and average SER at high

SNR levels. Furthermore, it can be observed that the outage probability decreases as N
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increases. Additionally, the curves reflect consistency with the diversity order given by
Gy = min{NTC‘z, M#} It is also noticed that the outage probability value for N = 3 at
an SNR of 15 dB is 10.157 x 1073 and 0.362 x 1073 at 20 dB. By using these values, we
obtain a G; of 2.895. For N =1 at an SNR of 15 dB, the outage probability is 0.2165 and
0.0712 at 20 dB. By using these values, we obtain a G; of 1.062. Thus, by increasing the
number of relays, from N = 1 to N = 3, the diversity gain increases by 172.6%. Moreover,
the simulation results closely match the analytical curves, validating the accuracy of the
analytical expressions. The proposed asymptotic result also demonstrates excellent accuracy

and tightness at high SNR levels.

In Fig. 3.4, we have plotted the average SER for MPSK modulation schemes, by keeping
N =2 and L; = 1000 m. The parameter values for various modulation schemes are listed
in Table-4.1. It is observed that to achieve an average SER of 0.05, BPSK has an SNR gain
of 5 dB, 12 dB, and 18 dB as compared to QPSK, 8-PSK, and 16-PSK, respectively. Thus,
when modulation order increases, the average SER also increases as expected. Thus, as

anticipated, the system performance deteriorates as modulation order M increases.

In Fig. 3.5 and 3.6, we have plotted the outage probability and average SER curves
by varying the fading parameters o,  and C12 for N =3 and L; = 1000 m. In order to
demonstrate differences in outage and average SER, we first varied  while holding o and
{7 constant. Next, we varied o while maintaining ¢ and {7 constant. Third, {7 has been
adjusted while o and y remain fixed. We observe that as o, 1 and C12 increases, the slope
of the outage curve and SER increases. This suggests that mild fading and small pointing
errors can lead to greater diversity gain and improved performance, whereas strong fading

and large pointing errors result in lower diversity gain and performance degradation.

Fig. 3.7, compares the outage performance of single-relay and multi-relay scenarios
under constant fading conditions as the link distance, L;, varies. For an outage value of
0.0248 at L; = 1000 m, a multi-relay setup with N = 2 relays achieves an SNR gain of
12 dB compared to the single-relay setup (N = 1). At a shorter link distance of L; = 500
m, the same outage value of 0.0248 yields an SNR gain of 5 dB for N =2 over N = 1.
These results indicate that at shorter distances (e.g., 500 m), the system performs well with
both single and multi-relay setups, though the multi-relay configuration provides a modest
improvement. However, as L; increases to 1000 m, the performance of the N = 2 system

significantly surpasses that of the N = 1 scenario.

xXxii



Fig. 3.8 depicts the normalized ergodic capacity curve by varying the numbers of relays
and link distances. In this scenario, the fading parameters are set at ¢ =2 and u = 1. It is
evident that with an increase in N, the capacity of the systems improves. It is observed that
to achieve an ergodic capacity of 1.5 bits/s/Hz, N = 3 has an SNR gain of 2 dB and 4 dB
when compared to N =2 and N = 1, respectively. Regarding distance, it can be seen that the
ergodic capacity diminishes as the distance increases. This decline occurs because longer

propagation distances result in greater path loss, which subsequently reduces capacity.

3.7 Conclusions

The performance of a multi-relay dual-hop THz communication system was examined in
this work, employing the ORS technique to select the best relay with the highest SNR. The
combined impact of path loss, non-zero boresight pointing errors, and fading were incorpo-
rated into the THz channel modeling. Additionally, we derived the closed-form expressions
for the average SER, outage probability, and ergodic capacity and applied asymptotic calcu-
lations to the outage and SER to determine the diversity gain. The numerical results showed
that adding additional relays improves the system performance significantly by increasing
the diversity gain. Subsequently, through numerical analysis, it was demonstrated that the
system performance improves with decrease in pointing errors, fading severity, and link

distance.
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Chapter 4

Multi-IRS Assisted THz Communication

4.1 Introduction

Introduction

Chapter 3 explored the multi-relay-assisted dual-hop THz communication system. From
that analysis, it was observed that while decode-and-forward (DF) relays help extend the
communication range and improve link reliability, they introduce complexity, latency, and
active power consumption. To address these limitations and further enhance system robust-
ness in the presence of THz-specific impairments, this chapter focuses on the performance
of a multi-IRS-assisted THz communication system.

The primary objective of this chapter is to investigate how multiple reconfigurable in-
telligent surfaces (IRSs), deployed between the source and destination, can improve signal
propagation in THz environments suffering from severe path loss, molecular absorption, and
pointing errors. Unlike relays, IRSs passively reflect signals and consume minimal power,
making them highly suitable for dense, energy-efficient future wireless networks.

The proposed system in this chapter models a dual-hop THz setup where multiple IRSs
are placed along the transmission path to create virtual line-of-sight (LoS) links. The chan-
nel is characterized using a—u fading, combined with misalignment errors and frequency-
dependent path loss to emulate realistic THz propagation.

Exact expressions for the probability density function (PDF) and cumulative distribution
function (CDF) of the end-to-end signal-to-noise ratio(SNR) are derived using generalized

statistical models. Using these expressions, performance metrics such as average bit error
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rate (ABER), outage probability (OP), and ergodic capacity are analytically obtained. Fur-
thermore, asymptotic analysis is also done to obtain the diversity gain. Numerical results are
presented to evaluate the impact of key parameters including the number of IRS elements,
and placement distance.

Finally, the analytical findings are validated through extensive Monte Carlo simulations,
confirming the theoretical results and demonstrating that multi-IRS-assisted systems signif-

icantly outperform single-IRS counterparts in terms of reliability and diversity gain.

4.2 System Model

The proposed system consists of a source node (S) and a destination node (D), with no direct
LoS path between them due to environmental obstructions or severe propagation losses in
the THz frequency band. To enable reliable communication, the system employs a multi-
IRS-assisted setup, where multiple IRS are deployed strategically between the source and
destination.

Each IRS comprises a large number of passive reflecting elements capable of dynam-
ically controlling the phase of the incident THz signal. These elements are configured to
reflect the incoming signal towards the destination while enhancing the overall channel
quality. The IRSs are assumed to have a fixed phase shift configuration to simplify prac-
tical implementation, effectively functioning as passive beamformers.

The system under consideration operates over a single THz communication link, which

is divided into two sublinks as follows:
* First sublink (S — IRS): This segment connects the source node to the IRS.
* Second sublink (IRS — D): This segment connects the IRS to the destination node.

The overall THz channel is modeled as a cascaded fading channel, where the received
signal is determined by the combined effect of both sublinks. Each sublink is characterized

by the following key channel impairments:

* This statistical model captures the multipath propagation characteristics commonly

observed in THz channels.

* These are introduced by a non-zero boresight radial displacement, accounting for mis-

alignment between narrow-beam THz transceivers and the IRS elements.
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* This includes path loss, which are particularly significant in the THz frequency range.

The multi-IRS configuration allows the deployment of several such surfaces along differ-
ent spatial paths, providing multiple reflected LoS-equivalent paths to the destination. This
setup increases the system’s diversity gain and mitigates the impact of blockage or misalign-
ment on any single path.

The mathematical modeling includes the derivation of PDF, CDF, and moment generat-
ing functions (MGF) of the end-to-end SNR, expressed using advanced tools such as Fox’s
H-functions. These expressions are further used to evaluate performance metrics like ABER,
OP, and ergodic capacity providing a complete statistical characterization of the multi-IRS-

assisted THz system.

Nt no. of elements

Atmospheric
Turbulance ,——

THzlink  mamamssn
n

W\ & g

Destination

Base Station

Figure 4.1: Illustration of multi-IRS assisted THz communication system.

4.3 Channel Modeling with o-u Fading

In the IRS-assisted THz communication system, the direct LoS link between the source
and the destination is assumed to be blocked. To establish reliable connectivity, M number
of passive IRSs consisting of N7 reflecting elements is deployed between the source and
destination. Each IRS element enables cascaded reflected path: one from the source to the
IRS and the other from the IRS to the destination.

Each reflected signal path is subject to three key physical phenomena that significantly

influence THz communication performance. Firstly, the small-scale fading is modeled using
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the generalized or—u distribution. This statistical model effectively captures the non-linear
behavior and the multipath-rich propagation characteristics inherent in THz bands, where
short wavelengths lead to rapid fluctuations in received signal strength.

Secondly, pointing errors arise due to the misalignment between the highly directional
THz transceivers and the IRS surface. These errors are particularly pronounced at THz
frequencies because of the narrow beamwidths, which make the system highly sensitive to
even minor deviations in transceiver orientation or surface alignment. Such misalignments
can cause substantial power losses and degradation in link reliability.

Lastly, path loss plays a critical role in defining the overall channel attenuation. It encom-
passes two dominant mechanisms: the free-space spreading loss and molecular absorption.
At THz frequencies, the latter becomes especially significant due to frequency-selective ab-
sorption by atmospheric molecules, such as water vapor. The combined effect of these losses
results in a frequency- and distance-dependent attenuation profile that must be carefully ac-
counted for in system modeling.

The overall channel gain through the k-th IRS element is expressed as
hie = hig - ho,

where hy; and hy; denote the channel gains from the source to the IRS and from the IRS
to the destination, respectively. Each of these segments is modeled as an independent a—u
fading process, potentially with distinct parameters to reflect the asymmetry in geometrical
layout and propagation conditions between the two sub-links.
In addition to fading, each sub-link incorporates a deterministic path loss component,
given by
hrj=ha-hy =exp (_%Ka(fT)dj) . %7

where &,(fr) is the molecular absorption coefficient at the transmission frequency fr, d;

:1527

denotes the transmission distance for the j-th sub-link (either source-to-IRS or IRS-to-
destination), G and Gy are the antenna gains at the transmitter and receiver, respectively,
and ¢, represents the speed of light. This model captures the combined effects of frequency-
dependent molecular attenuation and geometric spreading, which are critical to accurate
performance evaluation of THz communication systems.

The pointing error is modeled using a bounded radial displacement distribution, with the
coefficient depending on the beam waist, receiver aperture radius, and standard deviation of

jitter.
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The total channel gain of single IRS across Nr elements is the summation of cascaded

channel gain of the individual elements, which is given as:
Nt Nr
H=Y =Y hy hy
k=1 k=1
The cascaded fading Ay - hoy results in a non-trivial distribution that lacks a simple
closed-form under standard functions. Therefore, advanced mathematical tools such as the

Fox’s H-function are used to represent the statistical behavior of the system.

The PDF of the end-to-end SNR 7 can be expressed as:

-, .
%1.e
» erlBl’e () (5)
1 atde 004 L] . _:<v3k’y3k) s=1:2
fr(x :; HHAde Hy'\34; 34 : ) N
a 1;...51: <V4k774k)s:1.4
xHBNiN’e '
4.1
and the corresponding CDF is given by:
roo2 1 T
xHBﬁt;’e
Oie e=1 . (v(S) j,(S))
A %de 004 LA : T\ 3k BBk )10
HH d.B Hy'134. 34 5 () o)
§ 0;...;1: <v4k’y4k>s=1-4
XHBNZ,”” |
- (4.2)

where,

(s) () _ §T1k 1 5T2k 1
(v3k’y3k>s=1:2_ Kl ary’ OCle) (1 arar’ Orok

<V(S) ?’(S)> :Ké%lk 1 ) (OCleIJlk—l 1 ) (5%% 1 ) (OCTzkIJZk—l 1 )}
K =14 or1k OT1k or1k orik o7k T2k 72k o2k

These generalized functions are essential for deriving performance metrics such as OP

and ABER, and they provide an accurate and tractable way to analyze the IRS-assisted THz

system under complex fading and alignment conditions.

By applying a transformation of random variables, the CDF and PDF of ¥ in terms of

the distribution of Y can be derived as follows:

Y
Fy(y) = F - 4.3)
Y( ) ! %)’51
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Y 1
W) 2l

where, Fy(-) and fy(-) are the CDF and PDF of the random variable Y, respectively, as
defined in equations (4.2) and (4.1) respectively.

4.4 Performance Metrics

4.4.1 Outage Probability

An outage occurs in a multi-IRS assisted dual-hop THz communication system when the in-
stantaneous SNR of the selected IRS (i.e., the link with maximum end-to-end instantaneous
SNR) falls below a certain threshold SNR ¥;,. So, the OP of the proposed system is written
as
Ply =Pr(y| <) = Eyi (%), (4.5)
where F, W (+) is the CDF expression of instantaneous SNR of the chosen IRS-assisted THz
link.
M
i) =pe (o 0y <) = T ) @6)

ke{1,2,...N}

4.4.2 Average Symbol Error Rate

The ABER of the proposed system can be computed using the following expression [2]

5 [T g,
Per= st |, 7 Fy ) @7

where ¢ and u define the type of M —ary phase-shift keying (MPSK) modulation technique

and its parameter values are listed in Table 4.1.

MPSK scheme | t u
BPSK 1 2
QPSK 2 1
8-PSK 21 03

16-PSK 2 10.076

Table 4.1: Modulation parameters

XXX1V



After substituting (4.6) in (4.7), we get

_ r

oo M
o —tY u—1
Pser——zr<u> /O e Yyt kI:Ilek(y)d}/. (4.8)

The integral (4.8) takes the form [ e *x" f(x) dx, which can be solved using the gener-

alized Gauss-Laguerre (GL) quadrature technique [33], and is written as

M
) Y wif(x1)+Ew, (4.9)
=1

where f(x;) = [T{L, Fy (x;/t), w; represents the associated weight, x; is the I-th root of the

Laguerre polynomial, and Ey denotes the error term.

4.4.3 Capacity

The ergodic capacity of the multi-IRS THz system is given by [33]

L Fy ()
ln2/ ( 1+ey )d% (4.10)

where € = 1 and e¢/27 for heterodyne detection and direct detection schemes, respectively,
Fy(7) is given by (4.3). Because of the mathematical complexity inherent in (4.10), we

utilize the GL quadrature approximation to compute the ergodic capacity

= 1 & [T Fr(n)
~ Vi k=1" %
Cris §: e (1——1 o A.11)

4.4.4 Asymptotic Analysis

The final expressions for OP and ABER depend on the CDF of the THz channels, denoted
as Fy, (y). These CDFs are expressed in terms of multivariate Fox’s H-function.

By assuming the high SNR approximation, i.e., % — oo, the CDF expressions given in
equation (4.3) can be simplified. Using this high-SNR assumption, the asymptotic forms for
both the OP and ABER expressions can be derived.

4.4.5 Outage Probability

By assuming % — oo in (4.3), the dominant poles for the CDF F,(y) are determined as

) 2
Or, = min { &7y, Mix0r1k, Sops MokOrak }, Wwhere k=1,2,... Nr.
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The corresponding asymptotic expression is written as:

,}/ %Zi\zl 5Ts
F(y) = (E) Cr, (4.12)

where Cy, 1s given by

1 iV_T[ 1 1 \%
CT — <E10;(T1k EZO;cTZk )
S (1R 8 ) ke

M, (o) = a0 ) 2 T (1- 0 + 8774

vif) 71y

r(87)
" oo T (03— 8, 05)

After substituting (4.14) in (4.13), the asymptotic outage probability can be expressed as

M
Poe=T1Fr (4.13)
k=1
Now to obtain Py, we will substitute (4.13) in (4.15). The outage probability is asymp-
totically represented as

P~ (Ge -7 %), (4.14)

where G, denotes the coding gain and G, represents the diversity gain. Delving deeper into
the asymptotic outcome for the outage probability reveals that the system’s diversity gain
can be readily established as G; = %’ Z?[:Tl Or,.

It is clear that the fading parameters (&, ), pointing error parameters ({;), number of
IRS elements N and number of IRS M have an impact on the diversity gain of the multi-IRS

assisted THz system.

4.4.6 Average Symbol Error Rate

The average SER of the proposed system can be computed using the following expression

2]
_ B tu [} _t/)/ 1 -
Per= 3500 | et @y, (4.15)

where ¢ and u define the type of M —ary phase-shift keying (MPSK) modulation technique
and its parameter values are listed in Table 4.1.

After substituting (4.13) in (4.17), we get

_ r

oo M
Pyer = Yl F; dy. 4.1
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The integral (4.16) takes the form f;" e *x" f(x) dx, which can be solved using the gen-

eralized Gauss-Laguerre (GL) quadrature technique [33], and is written as

_ tH M

Pser ~ 2F(u) lzzlwlf(xl) +EN; (4-17)

where f(x;) = [TiL, Fy(x;/t), w; represents the associated weight, x; is the I-th root of the

Laguerre polynomial, and Ey denotes the error term.

4.5 Simulation Results

The analytical expressions derived in the previous section form the foundation for the nu-
merical results presented in this section. The obtained closed-form expressions are validated
through Monte-Carlo simulations. We assume that the channel fading parameters (o, W),
and the pointing errors ({;) are identical for both the S-to-IRS; and IRS)-to-D links for sim-
plicity without loss of generality (i.e., 0 = @b = &, U; = Up =, and &;, = {1, = &). For
the simulations, we set an outage threshold SNR of ¥, = 6dB. It is assumed that the IRS’s
are positioned at equal distances from both the transmitter and the receiver (i.e., D = D/2),
where D represents the total transmission distance from S-to-D. The frequency of transmis-
sion and antenna gains are set to f = 300GHz and G; = G, = 55dBi, respectively. We
consider standard environmental conditions with relative humidity at p = 50%, atmospheric
pressure at p, = 101325 Pa, and temperature at 7 = 296 K.

In Fig. 4.2 and 4.3, the outage probability and average SER plots are shown by varying
the number of relays (i.e., N = 1,2,3) and for a link distance of D = 1000 m. In Fig. 4.2,
M = 3 provides an SNR gain of 2 dB and 6 dB compared to M =2 and M = 1, respectively,
to achieve an outage probability of 0.00553. Similarly in Fig. 4.3, to achieve an average
SER of 1 x 1073, 20 dB average SNR is needed.As the number of IRSs increases, the sys-
tem’s computational complexity grows significantly. This makes it challenging to evaluate
the average SER through both analytical derivations and simulations. It is evident that the
asymptotic results align closely with the analytical expressions for both the OP and ABER at
high SNR levels. Furthermore, it can be observed that the OP decreases as M increases. Ad-
ditionally, the curves reflect consistency with the diversity order given by G; = %’ ):iV:TI Or,.
It is also noticed that the OP value for M = 3 at an SNR of 15 dB is 3.3085 x 10~/ and
1.0461 x 10~* at 20 dB. By using these values, we obtain a G, of 15. For M = 1 at an SNR
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of 15 dB, the outage probability is 0.2165 and 0.0712 at 20 dB. By using these values, we
obtain a G, of 4.995. Thus, by increasing the number of IRSs, from M =1 to M = 3, the
diversity gain increases by 200%. Moreover, the simulation results closely match the analyt-
ical curves, validating the accuracy of the analytical expressions. The proposed asymptotic
result also demonstrates excellent accuracy and tightness at high SNR levels.

Fig. 4.4 depicts the normalized ergodic capacity curve by varying the numbers of relays
and link distances. In this scenario, the fading parameters are setat ¢ =2 and u = 1. It
is evident that with an increase in M, the capacity of the systems improves. To achieve an
ergodic capacity of 6 bits/sec/Hz i.e., for an eMBB scenario for D=1000m, M =1 achieves
at SNR of 15 dB for M=2 it is achieved at 10 dB. Regarding distance, it can be seen that the
ergodic capacity diminishes as the distance increases. This decline occurs because longer

propagation distances result in greater path loss, which subsequently reduces capacity.

4.6 Conclusion

The performance of a multi-IRS assisted THz communication system was examined in this
work. The combined impact of path loss, non-zero boresight pointing errors, and fading
were incorporated into the THz channel modeling. Additionally, we derived the closed-
form expressions for the average SER, outage probability, and ergodic capacity and applied
asymptotic calculations to the outage and SER to determine the diversity gain. The nu-
merical results showed that adding IRS’s improves the system performance significantly by

increasing the diversity gain.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This thesis explored two promising techniques to enhance the performance and robustness
of THz communication systems for future 6G networks: multi-relay-assisted dual-hop
systems and multi-IRS-assisted systems.

Part I: Multi-Relay Dual-Hop THz Systems

We proposed a multi-relay THz communication framework employing DF relays with
ORS. Closed-form expressions were derived for OP, ABER, and ergodic capacity under

o—u fading, distance-dependent path loss, and pointing errors. Key findings include:

* Increasing the number of DF relays significantly improves the diversity gain and re-

duces outage probability.

* Analytical results closely matched Monte Carlo simulations, validating the proposed

models.

* Asymptotic analysis confirmed that better fading conditions and fewer pointing errors

yield higher diversity gains.

Part II: Multi-IRS-Assisted THz Systems

To overcome the complexity and power consumption of relays, the second part inves-
tigated multi-IRS-assisted THz systems. These passive surfaces reconfigure the propaga-
tion environment without active power consumption. Analytical modeling using Fox’s H-

function provided expressions for key performance metrics. Key observations include:
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* Deployment of multiple IRSs significantly improves link reliability and ergodic ca-

pacity.

* Diversity gain increases with the number of IRSs and IRS elements, enhancing per-

formance under severe propagation impairments.

* Numerical and asymptotic results revealed tight accuracy at both moderate and high

SNRs.
Overall Contributions:

* Proposed and analyzed dual-hop multi-relay and multi-IRS-assisted THz systems with

realistic impairments.

* Derived closed-form and asymptotic expressions for key performance metrics us-
ing advanced mathematical tools like Meijer’s G-function and multivariate Fox’s H-

function.

* Validated theoretical findings with comprehensive Monte Carlo simulations.

Limitations of the Work

Although the proposed systems demonstrate promising results, the analysis assumes:
* Perfect channel state information (CSI) at the transmitter, relays, and IRSs.
* Ideal IRS phase alignment and unit reflection coefficients.
* Static channel conditions and perfect synchronization.

These assumptions may not hold in practical implementations where real-time feedback,

mobility, and hardware imperfections exist.

5.2 Future Works

The scope for the future work can be summarized as follows:

 All the models discussed in the thesis assumed perfect CSI conditions both at the IRS

as well as at the receiver. Imperfect CSI can be explored as a part of the future work.
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* For the IRS, perfect phase cancellation was assumed to maximize the SNR. As a part
of future work, non-ideal conditions such as non-unity IRS reflection coefficients and

imperfect phase cancellation can be considered.

* Investigation of multi-hop THz communication scenarios to overcome high path losses

and extend communication range.

» Performance analysis of dual-hop transmission systems for multi-relay scenarios em-

ploying AF relaying schemes.

Conference Publications

1. Vaishali Rohilla and Swaminathan R, “Multi Relay Enhanced Dual Hop Terahertz
Communication: A Performance Analysis”, in Proceedings of the 2024 National Con-
ference on Communication (NCC), IIT Delhi.

Status: Accepted
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