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Abstract

This thesis presents a comprehensive performance analysis of three hybrid communication
systems designed to address the limitations of conventional indoor wireless technologies.
The first system integrates a primary visible light communication (VLC) link with an intel-
ligent reflecting surface (IRS)-aided radio frequency (RF) backup link. A hard-switching
mechanism is employed, wherein data transmission persists over the VLC channel until the
signal-to-noise ratio (SNR) drops below a threshold, triggering a switch to the IRS-assisted
RF link. Analytical models are derived for key performance metrics including outage prob-
ability, outage capacity, and average bit error rate (BER), accounting for Lambertian radia-
tion in VLC and Nakagami-m fading in RF. Monte Carlo simulations validate the theoretical
expressions and demonstrate the robustness of the hybrid system over standalone VLC con-

figurations.

The second part of this thesis investigates a hybrid VLC and terahertz (THz) communi-
cation system aimed at overcoming the limitations of standalone VLC in scenarios affected
by non-line-of-sight (LoS) conditions and restricted coverage. The proposed system adopts
a hard-switching strategy, whereby the THz link acts as a backup and is activated when the
instantaneous SNR of the VLC link falls below a predefined threshold. The VLC link is
modeled using Lambertian radiation characteristics, while the THz link is characterized us-
ing a generalized - fading model, which captures small-scale multipath fading, molecular
absorption, and pointing error-induced misalignments prevalent at THz frequencies. Ana-
lytical expressions are derived for key performance metrics, including outage probability
and BER, and are further validated through Monte Carlo simulations. The results highlight
the complementary strengths of VLC and THz channels, demonstrating that the hybrid sys-
tem achieves improved reliability and spectral efficiency under diverse indoor propagation

conditions.

The third part of this thesis proposes a novel hybrid communication architecture integrat-
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ing VLC with an IRS-aided THz link. This system is designed to mitigate the severe path
loss, blockage sensitivity, and alignment issues inherent in THz communication through
IRS-based passive beamforming and dynamic reflection control. A hard-switching mecha-
nism is employed where the IRS-assisted THz link supplements the VLC link under adverse
channel conditions. The VLC channel is modeled via Lambertian emission, while the end-
to-end THz channel gain is modeled as a cascaded product of generalized o-u fading and
stochastic pointing error distributions. The resultant channel statistics are expressed using
multivariate Fox—H functions, enabling closed-form derivation of the outage probability and
average BER. Numerical simulations validate the analytical expressions and demonstrate
that the integration of IRS elements significantly enhances signal reliability and spatial cov-
erage, even under challenging propagation conditions. This hybrid framework showcases
the potential of intelligent surfaces in shaping future indoor wireless communication sys-

tems.
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Chapter 1

Introduction

1.1 Background

The continuous surge in demand for wireless data services, driven by bandwidth-intensive
applications and an increasing number of connected devices, necessitates exploring innova-
tive solutions beyond traditional radio frequency (RF) technologies. Optical wireless com-
munications, especially visible light communication (VLC), has emerged as a compelling
alternative, primarily due to its abundant spectrum, high data rates, and inherent security
advantages offered by line-of-sight (LoS) propagation [1, 2]. Despite these promising bene-
fits, VLC systems are constrained by challenges such as susceptibility to blockage, ambient
light interference, and limited non-line-of-sight (NLoS) capabilities, which restrict their re-
liability and coverage [3].

Integrating VLC with complementary technologies like RF, terahertz(THz), and intelli-
gent reflecting surfaces (IRS) is recognized as a viable strategy to mitigate these limitations
and enhance overall system performance [4, 5]. The RF band, although extensively utilized
due to its widespread infrastructure and robustness, faces spectral congestion and interfer-
ence issues in dense environments [6]. The THz band, on the other hand, offers significant
bandwidth and potential for ultra-high data rates, though it suffers from severe path at-
tenuation, antenna misalignment, and hardware imperfections [7, 8]. IRS technology has
emerged as an innovative tool that can dynamically control the propagation environment,
significantly improving signal strength, reliability, and coverage by intelligently reflecting
electromagnetic waves [9, 10].

Hybrid optical-wireless communication systems, particularly VLC combined with RF,
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IRS, and THz technologies, present a novel approach capable of leveraging each technol-
ogy’s strengths. This thesis investigates the integration and performance analysis of hybrid
VLC/IRS-aided RF, hybrid VLC/THz, and hybrid VLC/IRS-aided THz communication sys-
tems, aiming to comprehensively understand their potentials and address existing limitations

through theoretical modeling, analytical techniques, and simulation validations.

1.2 Literature Review

Hybrid optical-wireless communication systems have received considerable research atten-
tion due to the complementary strengths of VLC, RF, IRS, and THz technologies. VLC sys-
tems, which operate in the optical spectrum, offer advantages such as unlicensed bandwidth,
low electromagnetic interference, and inherent security stemming from their LoS require-
ment [1, 2]. However, their susceptibility to shadowing and obstruction severely limits their
reliability and widespread applicability [3].

To address these limitations, several studies have investigated diverse mitigation strate-
gies. For instance, the work in [11] examines jamming resilience in VLC systems using
CRC-16 codes and reports improvements in robustness against intentional interference. In
the context of outdoor VLC links, [12] explores the use of laser-based optical transmitters
with narrow divergence angles, enhancing communication range and stability. Addressing
the nonlinearity of light emitting diodes (LEDs), which adversely affects signal fidelity at
high data rates, [13] introduces a nonlinear equalization method based on the Volterra se-
ries, demonstrating its effectiveness in high-speed wavelength division multiplexing (WDM)
VLC systems.

In addition to transmitter-side improvements, receiver-side enhancements have also been
studied. In [14], the authors show that NLoS reflections can be leveraged to increase opti-
cal gain and enable mobile connectivity, especially in scenarios where LoS is intermittently
blocked. This finding challenges the conventional assumption that NLoS components de-
grade performance and instead positions them as an auxiliary propagation path in dynamic
environments. Furthermore, hybrid link strategies have been proposed to combine VLC with
RF communication. The study in [15] demonstrates a practical handover mechanism using
dual receivers, enabling seamless transition between VLC and RF links to maintain service

continuity during mobility or link degradation.
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Collectively, these contributions highlight the active research community’s efforts to
overcome the practical limitations of VLC through signal processing, hardware enhance-
ments, and system-level hybridization. However, many of these approaches are constrained
by assumptions of ideal conditions or limited scalability, suggesting a need for more adapt-
able and robust hybrid models that can maintain performance under diverse environmental

and channel conditions.

To address the limitations inherent in VLC systems, particularly their sensitivity to ob-
struction and dependence on LoS propagation, recent research has focused on the integration
of IRS with RF communication technologies as a promising enhancement strategy [9, 10].
IRS technology offers the capability to reconfigure the wireless propagation environment dy-
namically by intelligently adjusting the phase of incident signals, thereby enhancing signal
strength, improving spectral efficiency, and expanding coverage without the need for addi-
tional RF power or infrastructure [16]. For example, [16] presents a detailed performance
analysis of IRS-aided RF systems over Rayleigh fading channels and reports considerable
improvements in reliability and outage probability relative to conventional RF links. These
findings have motivated the incorporation of IRS into hybrid VLC/RF frameworks, where
IRS can compensate for the limitations of the VLC component. In such configurations, IRS
assists in maintaining robust communication under fluctuating indoor conditions, effectively

mitigating signal blockage and enhancing link resilience [6, 17].

In parallel, THz communication has been widely investigated as a viable candidate for
supporting the ultra-high data rate demands of future wireless systems, particularly beyond
5G and into the 6G era. Despite its vast spectral availability and theoretical support for
multi-gigabit transmissions, THz communication faces critical practical challenges. These
include severe molecular absorption-induced attenuation, difficulties in achieving precise
antenna alignment due to the highly directional nature of THz signals, and various hardware-
induced impairments [7, 18, 19]. To accurately characterize the propagation behavior in the
THz band, a range of channel modeling techniques have been proposed. Early efforts, such
as the path-loss-based models introduced in [20], provided a foundational understanding of
frequency-dependent attenuation in the 275-400 GHz range. More complex representations,
including multi-ray propagation models developed in [21], account for environmental reflec-
tions and scattering effects, providing a more realistic depiction of THz signal behavior in

indoor and structured environments.



A seminal contribution by Jornet and Akyildiz [22] introduced an electromagnetic chan-
nel model that incorporated the impact of molecular absorption, laying the groundwork for
subsequent studies. These models were further refined to accommodate various deployment
scenarios, including nano-scale communication systems [23, 24], intra-body communication
networks [25], and general indoor wireless settings [26, 27]. However, many of these earlier
works omitted the effect of small-scale fading, which becomes non-negligible in practical
THz deployments due to scattering from particles, objects, and surfaces. Recognizing this,
more recent studies have integrated stochastic fading models such as Rayleigh, Rician, and
Nakagami-m distributions to capture the multipath dynamics of THz channels under realistic
propagation conditions [28, 29, 30, 31]. These models provide a more accurate framework
for performance analysis and system design, especially for applications involving mobility,

indoor environments, or biological mediums where fading and misalignment are prominent.

A considerable body of research has also been devoted to addressing antenna misalign-
ment issues that arise in THz communication systems, particularly due to the use of highly
directive antennas with narrow beamwidths [29, 32]. While such antennas are essential for
minimizing path loss and achieving high directivity gains, they introduce a significant vul-
nerability to alignment errors, especially in dynamic or unstable deployment environments.
Existing literature has primarily adopted deterministic modeling approaches to character-
ize the impact of beam misalignment. For example, [29] and [32] analyze the influence of
mechanical deviations on beam alignment but do not fully capture the stochastic nature of
real-world perturbations such as thermal expansion, wind-induced sway, or micro-vibrations
in high-rise buildings. The limitations of these deterministic models have been noted in stud-
ies such as [33], which emphasize the need for statistical frameworks capable of accounting

for random alignment deviations over time.

To address these shortcomings, this thesis explores the integration of IRS into THz sys-
tems as a mechanism to dynamically compensate for misalignment and associated fading
effects. The adaptive beam steering and passive reconfiguration capabilities of IRS tech-
nology provide a promising solution to maintain effective link quality despite physical mis-
alignments or channel instability, thus enhancing the overall reliability and robustness of

THz communication systems.

In addition to alignment challenges, hardware impairments present a significant barrier

to the practical deployment of THz systems. Phase noise, power amplifier non-linearities,
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and in-phase/quadrature (I/Q) imbalances are among the most impactful distortions encoun-
tered in THz transceiver design. These impairments degrade signal integrity, reduce achiev-
able throughput, and complicate receiver design. Analytical studies and experimental vali-
dations have highlighted the severity of these issues in realistic operating conditions [34, 35,
36, 37]. For instance, [34] and [35] provide empirical evidence of performance degradation

caused by phase noise and I/Q imbalance in high-frequency direct-conversion systems.

Despite their drawbacks, direct-conversion (zero-IF) transceiver architectures are often
preferred in THz system design due to their relatively low complexity, cost efficiency, and
suitability for integration into compact hardware platforms [38, 39]. As such, there is grow-
ing emphasis on developing compensation techniques and robust circuit designs that can
mitigate these impairments without significantly increasing system complexity or power
consumption. This ongoing research underscores the critical need to jointly consider hard-
ware non-idealities and channel effects in system-level analyses of THz communication

networks.

The convergence of visible light communication (VLC), radio frequency (RF), terahertz
(THz), and intelligent reflecting surface (IRS) technologies into unified hybrid communi-
cation frameworks has emerged as a promising research direction. These hybrid commu-
nication systems are designed to harness the complementary strengths of the constituent
technologies—namely, the high-capacity line-of-sight links offered by VLC, the robustness
and penetration capability of RF, the ultra-wide bandwidth of THz communications, and the
reconfigurability of IRS—to enable the development of more resilient and high-performance
wireless networks. Numerous studies on hybrid VLC/RF systems have demonstrated their
potential in significantly improving link reliability and performance metrics, particularly
outage probability and bit error rate (BER). These improvements are often achieved through
adaptive link selection mechanisms that respond dynamically to variations in channel qual-
ity, ensuring that the most suitable communication mode is utilized at any given moment

[17].

Similarly, hybrid VLC/THz architectures have gained traction for their ability to support
ultra-high data rate transmissions while maintaining reliable connectivity. These systems ex-
ploit VLC’s secure and high-throughput characteristics in short-range indoor environments,
while simultaneously utilizing the expansive bandwidth offered by the THz spectrum for

backhaul or high-density user scenarios. The inclusion of IRS in such configurations further
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enhances system adaptability by reconfiguring the propagation environment, enabling effi-
cient signal redirection and overcoming obstacles that would otherwise disrupt LoS paths.
While substantial progress has been made in characterizing the performance of individ-
ual and dual-technology hybrid systems, the integration of all four technologies—particularly
hybrid VLC/IRS-aided THz systems—remains insufficiently explored. In particular, there
is a notable lack of comprehensive analytical models that capture the interplay of VLC and
THz propagation characteristics, IRS-induced channel modifications, and system-level per-
formance under practical deployment constraints. Existing works often rely on simplified
assumptions or partial system models, limiting their applicability to real-world scenarios.
This thesis addresses these critical gaps by formulating rigorous analytical frameworks
for hybrid VLC/IRS-aided THz systems. It includes the derivation of closed-form expres-
sions for key performance metrics, supported by extensive Monte Carlo simulations to val-
idate theoretical findings under a range of channel and hardware conditions. Moreover, the
thesis explores adaptive switching and combining schemes tailored to hybrid environments,
contributing a holistic performance evaluation of these emerging systems. Through these
efforts, the research aims to advance the state-of-the-art in hybrid optical-wireless com-
munications and provide foundational insights for the development of robust, high-capacity

indoor communication networks of the future.

1.3 Motivations and Contributions

1.3.1 Chapter 2

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

* The integration of IRS with RF communication systems represents a progressive leap
in wireless technology, offering promising improvements in signal strength, band-
width efficiency, and network coverage. These systems have been the focus of exten-
sive research and development, yielding significant advancements in RF communica-
tions. However, the exploration of usage of IRS to enhance VLC systems, especially
in hybrid configurations that also incorporate RF technology, is still in its nascent

stages.

* This notable research gap is driven by the unique challenges and opportunities pre-
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sented by VLC technologies. VLC systems are known for their high bandwidth, low
latency, and the inherent security of light-based transmission, making them highly at-
tractive for indoor communication scenarios such as smart homes, offices, and indus-
trial environments. However, VLC’s reliance on LoS operations and its susceptibility
to ambient light interference and physical obstructions can significantly limit its reli-
ability and effectiveness. As mentioned before, prior works [1, 6, 40, 41, 3,4, 5, 9,
10, 16, 6, 11, 12, 14] either do not explore or only minimally address comprehensive

statistical performance.

* To the best of our knowledge, there is currently no existing literature that explores
the comprehensive performance analysis of IRS-aided hybrid RF/VLC system, over
Lambertian radiation emission and Nakagami-m fading channel, in terms of outage

probability, outage capacity, and average BER.
* This motivated us to address the existing research gap.
The contributions of the work in Chapter 2 are summarized as follows:

* We introduce an advanced IRS-aided hybrid RF/VLC system specifically designed
for indoor environments. This system innovatively integrates VLC and RF commu-
nication technologies, employing hard-switching scheme based on the instantaneous
SNR. This approach ensures optimal signal quality and reliability by leveraging the
most suitable communication medium in real-time, depending on environmental con-

ditions and system performance.

* We have developed comprehensive analytical models for the hybrid system by statisti-
cally deriving the closed-form expressions for the probability density function (PDF)
and cumulative distribution function (CDF) of instantaneous SNR of both the RF and
VLC channels. Initially, the PDF and CDF of the instantaneous SNR of the RF chan-
nel are derived under Nakagami-m fading conditions, capturing the multipath fading
characteristics specific to RF communication. Subsequently, the PDF and CDF of
the instantaneous SNR of the VLC channel are obtained considering the Lambertian

radiation emission pattern, which models the intensity distribution of the VLC source.

* Building upon these foundational PDF and CDF expressions, we have proceeded to

calculate critical performance metrics for the hybrid VLC/IRS-aided RF system. This

7



includes deriving the outage probability, which quantifies the likelihood of the system
operating below a specified SNR threshold, and the outage capacity, representing the
maximum achievable rate under outage constraints. Furthermore, we evaluated the

average BER of the hybrid system, providing insights into its error performance.

* QOur theoretical findings are rigorously validated through extensive Monte-Carlo sim-
ulations, which confirm the accuracy and reliability of our derived analytical expres-
sions. This validation process demonstrates the practical applicability of our theoret-
ical insights and ensures that our proposed system design can achieve the expected

performance improvements in real-world scenarios.

* We conduct an in-depth parameter study to assess the impact of various system vari-
ables on the performance of the hybrid communication system. This study includes
analyses of how changes in IRS configuration and other system parameters affect key
performance metrics. The outcomes of this analysis provide valuable insights for
system tuning and highlight the robustness of our proposed solution across different

configurations and conditions.

These contributions not only demonstrate the feasibility of the proposed IRS-aided hy-
brid RF/VLC system but also highlight its potential to significantly enhance the efficiency
and reliability of indoor wireless communications. The insights gained from this research

could serve as a cornerstone for future developments in hybrid communication technologies.

1.3.2 Chapter 3

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

* VLC systems, despite their high bandwidth and inherent security, suffer from key
limitations in real-world environments, especially due to their dependency on line-of-
sight (LoS) conditions and high sensitivity to obstructions. These limitations result in

reliability issues, particularly in dynamic or non-line-of-sight indoor scenarios.

* Terahertz (THz) communication has recently emerged as a compelling high-frequency
wireless alternative capable of providing ultra-high data rates due to the availability

of large bandwidth. However, THz systems also suffer from high path loss and signal
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degradation due to molecular absorption and atmospheric attenuation, especially over

longer ranges or under misalignment.

» Although existing research has addressed standalone VLC or THz systems, very lim-
ited literature exists on their joint use in hybrid communication architectures. In par-
ticular, the design and performance analysis of a hybrid VLC/THz communication
system using analytical models remains under-explored. There is a strong need to
model such hybrid systems under realistic channel assumptions like Lambertian radi-

ation for VLC and a-u fading for THz.

* There is also a lack of performance analysis study for such hybrid systems, especially
in terms of key metrics such as outage probability, BER, and outage capacity. This
gap motivates the development of rigorous mathematical frameworks for the analysis

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

* We propose a hybrid VLC/THz communication system that uses a hard-switching
mechanism to select between VLC and THz links based on the instantaneous SNR,

ensuring reliability in challenging propagation environments.

* We model the VLC channel using Lambertian emission patterns and the THz chan-
nel using the generalized o-u fading distribution, thereby capturing both small-scale

fading and environmental attenuation effects.

* We derive closed-form expressions for outage probability, average BER, and outage
capacity. These expressions provide theoretical insight into the system’s performance

under different conditions.

* The BER for the THz link is derived using Gauss—Laguerre quadrature to overcome

the complexity of the o-u fading-based CDF.

» All analytical results are validated using Monte-Carlo simulations, confirming the ac-

curacy of our models.

* We further present a detailed parametric study to examine the impact of THz link pa-
rameters such as the fading severity and path-loss factors on the overall hybrid system

performance.



This chapter establishes the potential of VLC/THz hybrid systems to serve as reliable
high-data-rate indoor wireless communication solutions, and lays a solid foundation for

next-generation wireless system design involving optical and THz technologies.

1.3.3 Chapter 4

The motivations behind the work in Chapter 4 are summarized as follows:

* While the hybrid VLC/THz system introduced in Chapter 3 shows improved perfor-
mance over standalone VLC, it still suffers from limitations due to the inherent vul-

nerability of THz links to path loss, molecular absorption, and misalignment.

* IRS offer an effective solution for overcoming these challenges in THz links by en-
abling dynamic control over the wireless environment. However, the performance of
IRS-assisted THz systems in hybrid VLC scenarios has not been extensively studied,
particularly using advanced statistical models that incorporate generalized fading and

pointing errors.

* Additionally, there is a lack of tractable models for the distribution of the IRS-aided
THz channel gain, which is crucial for accurate performance analysis. The need to
account for IRS gain, path loss, and fading in a unified manner motivates the develop-

ment of new analytical frameworks using Fox’s H-function.
The contributions of the work in Chapter 4 are summarized as follows:

* We propose a novel hybrid VLC/IRS-aided THz system, where the IRS-aided THz
link acts as a backup to the primary VLC link under a hard-switching decision rule

based on the instantaneous SNR threshold.

* The THz channel is modeled as a cascaded channel incorporating generalized o-u
fading, stochastic pointing errors, and deterministic path loss due to molecular ab-

sorption. The complete channel gain is expressed using tractable Fox’s H-function.

* We derive closed-form analytical expressions for the outage probability and average
BER. The BER expression for the THz link is computed using the Gauss—Laguerre

quadrature method due to the analytical intractability of the exact integral.

10



* Monte-Carlo simulations validate the theoretical derivations, demonstrating their ap-

plicability in realistic scenarios.

* The performance results confirm that the IRS-aided hybrid VLC/THz system signif-
icantly outperforms both standalone VLC and traditional hybrid VLC/THz systems,
especially in low-SNR regimes. The system shows improved reliability and BER per-

formance due to the IRS elements.

* A detailed analysis is also conducted to assess the effect of the number of IRS ele-
ments and fading parameters on system performance, revealing the benefits of scalable

IRS deployment in improving THz reliability.

This chapter confirms the promise of IRS-enhanced THz communications in optical-wireless
hybrid systems and opens the path to intelligent, high-frequency indoor networking archi-

tectures suitable for 6G and beyond.

1.4 Organization of the Thesis

The remainder of this thesis is organized as follows:

* Chapter 2 introduces an IRS-aided hybrid RF/VLC communication system for in-
door wireless environments. It presents the system model, statistical channel charac-
terization using Lambertian radiation and Nakagami-m fading, and derives analytical
expressions for outage probability, average BER, and outage capacity. Monte-Carlo

simulations are performed to validate the analytical findings.

* Chapter 3 proposes a hybrid VLC/THz communication system to address the lim-
itations of standalone VLC links. The VLC and THz channels are modeled using
Lambertian emission and a-u fading, respectively. Closed-form expressions for out-
age probability, average BER, and outage capacity are derived and validated using

simulation.

* Chapter 4 presents a hybrid VLC/IRS-aided THz system, where the backup THz link
is enhanced using intelligent reflecting surfaces. The cascaded THz channel gain is

modeled using Fox—H functions to incorporate generalized fading and pointing errors.
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Analytical expressions for outage probability and BER are derived and validated with

Monte-Carlo simulations.

* Chapter 5 summarizes the key insights and contributions across all chapters. It pro-
vides a unified comparison of the proposed hybrid systems and offers perspectives
for extending this work to multi-user, multi-hop, and real-time adaptive scenarios in

future research.
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Chapter 2

Hybrid VLC/IRS-Aided RF

Communication Systems

2.1 Introduction

Hybrid VLC/IRS-Enhanced RF communication provides notable advantages such as im-
proved reliability, enhanced signal quality, and efficient spectrum utilization, especially in
indoor environments. However, standalone VLC links suffer from limitations like LoS de-
pendency, shadowing, and sensitivity to alignment and ambient light conditions. In this
chapter, we introduce a hybrid VLC/RF communication system integrated with an IRS, de-
signed to overcome these limitations and ensure robust connectivity. The proposed model
employs a VLC-based primary transmission link and an IRS-assisted RF link as a backup,
with a hard-switching mechanism based on a predefined SNR threshold. The system con-
tinues transmission via the VLC link until the SNR drops below the threshold, upon which
it seamlessly switches to the RF link. The VLC channel is modeled using the Lambertian
emission profile, while the RF channel is characterized using Nakagami-m fading. The
main objective of this work is to evaluate the system-level performance of the proposed ar-
chitecture by deriving closed-form expressions for key performance metrics such as outage
probability, outage capacity, and average BER. The analytical results are corroborated with
extensive Monte-Carlo simulations, demonstrating the performance improvement achieved

through IRS-assisted RF integration over standalone VLC systems.
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2.2 Organisation of Chapter

The remaining sections of this chapter are structured as follows: Section 2.3 introduces the
system and channel models for the hybrid VLC/IRS-enhanced RF communication system,
including the derivation of the PDF and CDF for both VLC and IRS-assisted RF links. In
Section 2.4, a detailed analytical performance evaluation is carried out, focusing on out-
age probability, outage capacity, and BER. Section 2.5 presents numerical results alongside
Monte-Carlo simulations, offering insights into the influence of various system parameters.
Finally, Section 2.6 concludes the chapter by summarizing the key findings and suggesting

directions for future work in hybrid communication systems.

2.3 System Model

This chapter introduces an innovative IRS-aided hybrid RF/VLC communication system as
shown in Fig. 2.1, meticulously crafted to enhance indoor wireless communication envi-
ronments. The core concept lies in the utilization of an IRS-aided RF system alongside a
primary VLC link. The system is designed to switch from the VLC to the RF link based on a
predefined threshold value. This switching is triggered when the SNR of the VLC link falls
below the threshold value, thereby ensuring the system can maintain reliable communication
by transitioning to the IRS-assisted RF backup link. This strategy enhances the robustness
and efficiency of the system by effectively managing transitions between different commu-

nication technologies under varying channel conditions.

2.3.1 VLC Channel Model

In the assumed indoor VLC scenario, LED transmitter mounted overhead is considered as
the primary light source and communication transmitter, ensuring a LoS communication
path to the user equipment positioned below, as depicted in Fig. 2.2.

The VLC system’s channel gain /; is given by [42]

(m+1)ApR,

h, =
k 27[1",%

cos™ (¢) T (Wi )g(Wi) cos(Wk) (2.1

where A, is the active area of the photodiode, R, denotes the photodiode’s responsivity,

T (y;) and g(y;) represent the gains from the optical filter and concentrator, respectively, m
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Figure 2.1: Hybrid VLC/IRS-aided RF system model.

is the Lambertian order of emission determined by the semi-angle at the half luminance ¢y,
(2.2)

and r; denotes the horizontal link distance from the center of the illuminated area to the k"

The optical concentrator’s gain, g(yy), is defined as
")

actuator.
gW) = ———,
sin? (Yrov)

(2.3)

_m+3
2
)

where 7 is the refractive index and Yrqgy is the actuator’s field of view.

The channel gain /; can be expressed as
he=x (i +L7)
(2.4)

) and y encapsulates the impacting parameters and is written as

_ 1
where m = — Tog3 03 (0t
x= 27

(2.5)

(m+ DL 'T (y) G(yi)RpAp
Given ry, is uniformly distributed across the illuminated area, the pdf of r; can be written

2Fmax
2

Y

frk<rk) = r
k
(2.6)

as
where 7,4, 1s the maximum cell radius shown in the Fig. 2.2.

The instantaneous SNR 7, of VLC link is given as
W= 7vh%
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Figure 2.2: VLC system model.

_ )22
where 7, = %0—3,

p is the electrical-to-optical conversion ratio, P is the transmitted optical
power, Ny is the noise spectral density, and B is the baseband modulation bandwidth. Now,
we derive the PDF of h,% by transforming the variable ry in terms of 4 by using (2.3) and
(2.5) . The PDF of h% directly leads to the PDF of the instantaneous SNR %, which is given

by

2.7

To derive the CDF of the VLC channel in terms of instantaneous SNR %,, we have
integrated the PDF of instantaneous SNR, which is given by (2.7), over its operational range.

Now, the CDF is computed as

Ymax

F}’v(%) = f%(%) d'}’w (2.8)

Ymin

where Ynin and Ymax are the lower and upper bounds of the SNR [43], respectively.

After solving (2.8), the CDF is expressed as

1

Fy(w) =2 Xy "7, (2.9)
1
2 2 2% \m+3
where 4 = r”“rlg—JrL and Y = % are constants.
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2.3.2 IRS-Assisted RF Channel Model

As depicted in Fig. 2.3, our system model involves an IRS-aided RF communication, where
a single-antenna RF access point communicates with a destination actuator, facilitated by

IRS equipped with N reflecting elements.

&
IRS

,\\\‘t
</

RF Access Point Actuator

Figure 2.3: IRS-aided RF system model.

The channel coefficients for the RF access point to IRS (/4;) and from IRS to the actuator

(g;) are expressed as [16]
hi = oe’®, g = B!V, (2.10)

where o; and f; represent the amplitude gains, while 6; and y; denote the phase shifts of the
RF signals on the respective links. The channel gains 4; and g; are modeled using Nakagami-
m fading model [44]. We have taken this fading model because this gives us flexibility to
switch to various other fading models. For instance, if we keep the Nakagami-m fading
severity parameter m, s = 1, the fading channel model resembles the Rayleigh fading model
and when m, s > 5, the fading channel model approximately resembles Rician fading model.
Hence, just by varying the fading severity parameter, we get the leverage to analyze the
performance of the system over multiple fading channel models intuitively.

Optimal phase adjustments at the IRS (¢;) are calculated to ensure constructive inter-
ference of the reflected signals at the actuator leading to the maximized end-to-end SNR,
which is given by

2
(XL, 0iB) E;  A’E,
No N

= (2.11)

where A is defined as the effective amplitude gain from all IRS elements, with E; represent-
ing the transmitted signal energy and N, denoting the noise power spectral density. Under
the assumption that A follows Nakagami-m fading, A? is modeled as a gamma-distributed

random variable, based on which the PDF and CDF of the instantaneous SNR are derived
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through the transformation of random variables and the PDF and CDF of the instantaneous

SNR are, respectively, given by

(2.12)

N——

v(a /5
—~To (2.13)

where 7, is the average SNR of RF link, a and b are the shape and scale parameters derived

FYr(’}/r) ~

from the distribution of the cascaded fading channels and these parameters are dependent on
the fading severity parameter m, s and the shape parameter Q, of individual Nakagami-m

channel, and ¥(-,-) is the lower incomplete gamma function [45].

2.4 Performance Analysis

This section presents the performance analysis of IRS-aided hybrid RF/VLC system. The
expressions for the outage probability, outage capacity and average BER are derived for the

proposed system considering hard-switching scheme.

2.4.1 Outage Probability

Outage probability is a critical performance metric in communication systems, indicating
the likelihood that the system’s SNR falls below a specified threshold, thereby compromis-
ing the link’s reliability. In the hybrid model we have presented, the system employs a
predefined SNR threshold for switching between communication links. The primary VLC
link, operating under LoS conditions with Lambertian emission serves as the default trans-
mission path. If the instantaneous SNR of the VLC system drops below the threshold SNR,
%n, the system dynamically switches to the IRS-assisted RF backup link. This ensures con-
tinuous communication by leveraging the RF link when VLC performance degrades. The
outage probability for the hybrid system is thus determined by the probability that both the
VLC and the IRS-assisted RF link SNRs fall below 4, indicating a system outage. Thus,

the outage probability is expressed as is expressed as

Pout = F%,('}’;h)Fy,('}’th), (2.14)
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where Fy, (.) and Fy,(.) are the CDFs of the instantaneous SNR of the VLC and RF systems,
which are given by (2.9) and (2.13), respectively. These functions are evaluated at the outage
threshold 7. Hence, the final analytical expression for the outage probability of the hybrid

system is written as

Pou = (B~ X(y) 77 M (2.15)

I'(a)

2.4.2 QOutage Capacity

Outage capacity measures the probability that the normalized capacity of the communication
system falls below a predefined threshold, denoted as Cy,. The normalized capacity for a

given instantaneous SNR 7 is expressed as [46]
Chorm = log, (1+7) (2.16)
Now, the outage capacity of the hybrid system is given by
Cou = Pr(logy (1+ %) < CnNlogy (1 + %) < Cun)
—Pr (< 2% — 10y < 2 1)
= F,, (2“0 — 1)F, (2 — 1) (2.17)

From (2.17), and using (2.9) and (2.13), the final analytical expression for the outage

capacity of the hybrid system is given by

Cout= (@—r(zcth_n—m%s) y<a’ v 22?771) (2.18)

[(a)

2.4.3 Average BER

We assume sub-carrier intensity-modulation-based M —ary phase-shift keying (MPSK) tech-
nique for VLC and MPSK scheme for RF communication. The generalized governing sym-
bol error rate (SER) expression for MPSK modulation scheme for a given instantaneous
SNR 7 has been utilized to calculate the average SER using the CDF-based approach and is
given by

tVu [ F(y) _w
Py = e 2dy, 2.19
ser 2\/% 0 \/7 7 ( )
where Fy(y) indicates the CDF of either VLC or RF link, ¢ and « indicate modulation specific

parameters as shown in Table II. These parameters can be varied to obtain the average SER

of the required MPSK signalling scheme.
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Table 2.1: Values of r and u for Different Modulation Schemes

t u Modulation Scheme

1 2 BPSK

2| 1 |QPSK
2| 03 |8PSK
21 0.076 | 16-PSK

VLC System

By using (3.14), we have computed the average BER of VLC system considering BPSK

modulation scheme for simplicity without loss of generality and the average BER expression

18 given by
BER, = —1 " F }’ —V/z d./ 2.20
v 2\/— N )/V( v) Pv Vs ( . )

By substituting (2.9) into (2.20), the integral can be simplified using the definition of the
incomplete gamma function I'(a,x), as given in [45, Eq. (8.350.2)]. The final simplified

expression is given by

pe, = 51 0 (3) (1) <13

1 (055 o) —r(%,ymin))] 2.21)

IRS-Aided RF System

A similar CDF-based approach was adopted to compute the average BER of IRS-aided RF

system considering BPSK scheme and the expression can be written as

1 OOFYV('}/V)
2vmho VT

By substituting (2.13) in (2.22), the above integral is simplified using integral by substitu-

BER, = e "2 ay, (2.22)

tion technique followed by adopting Gauss Chebyshev quadrature technique from [45, Eq.
(25.4.38)], to get the closed-form expression for average BER of the IRS-aided RF sys-

tem, which is given by (2.23) on the top of next page, where Z is a Chebyshev parameter
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and ¢; = cos <%) Finally, the average BER of the hybrid system, assuming a hard-
switching scheme, is computed by considering the average BER of the VLC system under
non-outage conditions (i.e., by setting the limits of integration for the average BER of the

VLC system from 7, to Ymax) and average BER of IRS-assisted RF system, which is given

by
1 1— ¢}
BERr_ﬂ[ Z\/ 4[In(2) —In(1+ ¢;)]
| 2[111(2) ~In( 1+¢1)]
x r<a, - -~ )] (2.23)

Now the final average BER of the proposed hybrid system is given by

BERhybrid =BER, + Fy, (’}’th) BER,
(2.24)

08t =57 |0(3) (M) T (5.7))
(g ) T )

_ 1
%_Y,}/thmJﬁ]

1
—l-m
T Z 1_¢i2
X [\/ﬁ— ZT(a) z; \/4(1n(2) —In(1+¢;))

1 [2(In(2) —In(1+ ¢;))
X r<a, E\/ - )] (2.25)
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2.5 Results and Discussion

Table 2.2: VLC Simulation Parameters [4, 6, 47, 48]

(
G(y) | Optical concentrator gain

Notation | Description Value
012 LED semi-angle 40°
Weov PD field of view 45°
n Refractive index 1.5
Lambertian order parameter 2.60
L Cell height 1.8 m
Fmax Maximum cell radius 2m
Ap Area of photodetector 0.10 cm?
R, Photodetector responsivity 0.74 A/W
T(y) | Optical filter gain 14.22 (Linear)

4.5 (Linear)

Table 2.3: IRS-Aided RF Simulation Parameters [9, 47]

Notation | Description Value
Myt Nakagami-m fading severity 2
Q¢ Nakagami-m shape parameter 1
N Number of IRS elements 2

This section outlines the empirical evaluation and analytical results of the proposed hy-
brid RF/VLC system. All the analytical results are verified using the Monte-Carlo simu-
lations and the flow diagrams of the simulation process are shown in Fig. 5.1 and 5.2 in
Appendix. The analysis focuses into how different system configurations, reflected in the
variability of key parameters, influence the primary performance metrics such as outage
probability, average BER, and outage capacity. The hybrid system design integrates a pri-
mary VLC link with an IRS-aided RF backup link to augment communication reliability
under varying indoor conditions. The VLC system, characterized by parameters mentioned
in Table 2.2, operates under a Lambertian radiation pattern. Similarly, the IRS-aided RF

system incorporates parameters including the number of IRS elements (N), Nakagami-m
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fading severity parameter (m,), and the scaling parameter (£2,¢), as outlined in Table 2.3.
The threshold SNR for hard switching is considered to be 6 dB, as well as threshold capacity
is taken as 5 dB. In addition, the hybrid system is evaluated under the assumption that the
IRS is strategically positioned to optimally bridge the source and destination, thereby ensur-
ing maximum efficacy in signal reflection and path optimization. By systematically altering
these parameters, the simulations are designed to showcase the robustness of the system in
maintaining communication quality across a spectrum of indoor environmental challenges.
Firstly, the optimum value of switching threshold SNR is computed using the numerical
optimization method. To obtain the optimum value of threshold SNR, the average BER of
hybrid system is plotted against the threshold SNR values in Fig. 2.4. We have considered
three different values of the average SNR, i.e. 0 dB, 5 dB, and 10 dB. From Fig. 2.4, it
is observed that at the threshold SNR values of 0 dB, 3 dB, and 6 dB corresponding to
average SNR values of 0 dB, 5 dB, and 10 dB, respectively, the average SER of the hybrid
system reaches its minimum for all three cases. Hence, these threshold values at which the
average SER is minimized, are considered as the optimal threshold values. Note that, for
the remainder of the manuscript, we have plotted the analytical results using the optimum

threshold values obtained through the aforementioned numerical optimization technique.

Average BER

—e—7=0dB
—8—75=5dB

—9—7=10dB
% Optimum threshold
10-3 1 L L L
-10 -5 0 5 10 15

Threshold SNR 1, (dB)

Figure 2.4: Average BER versus switching threshold ;..

Fig. 2.5 mainly compares the outage performance at an average SNR of 10 dB. The
standalone VLC systems with maximum cell radii rn,x = 3 m and rpax = 2 m exhibit outage

probabilities of approximately 0.882443 and 0.579632, respectively, highlighting the influ-
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Figure 2.5: Outage probability of VLC and hybrid system varying 7,,,, and N.
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Figure 2.6: Outage probability of VLC and hybrid system varying R, and N.

ence of cell radius on communication reliability. The hybrid configurations significantly
improve outage performance even further. The system with N = 3, m; = 2, and rpax =2m
achieves a lower outage probability of 0.000364 at the same SNR level. Additionally, the
more advanced hybrid system with N =4, ms = 2, and rpyax = 2 m further reduces the outage
probability to 0.000028, showing a significant enhancement over the N = 3 configuration.
Fig. 2.6 illustrates the outage probability versus average SNR for our hybrid RF/VLC
system, evaluated under the parameters detailed in Tables 2.2 and 2.3. We present two VLC

outage probability curves for photodiode responsivities R, = 0.74 A/W and R, = 0.84 A/W.
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The latter configuration shows superior performance compared to the former. We also ex-
plore the hybrid system configurations with N = 2, m,s = 2 and N = 4, m;s = 3, both using
R, =0.84 A/W. At 20 dB, the standalone VLC system with R, = 0.84 A/W demonstrates an
outage probability of 0.056859. Comparatively, the hybrid system with N = 2 and m; = 2
achieves a similar outage probability at a reduced SNR of 7.5 dB, indicating an SNR gain of
12.5 dB over the standalone VLC system. The configuration with N = 4 and m,+ = 3 attains
this outage probability at an even lower SNR of 4.5 dB, representing a total SNR gain of
15.5 dB compared to the standalone system, and an additional 3 dB over the N = 2 configu-
ration. These results suggest that enhancing the number of IRS elements and increasing the
Nakagami-m fading severity parameter, along with the photodetector responsivity, signifi-

cantly improves the overall performance of the hybrid system for demanding applications.

Fig. 2.7 illustrates the outage probability as a function of average SNR for both stan-
dalone VLC systems and hybrid VLC/IRS-aided RF systems under different values of pho-
todiode areas. At an SNR of 20 dB, the standalone VLC systems exhibit significant dif-
ferences in outage probability with photodiode areas: the system with A, = 0.1 cm? has an
outage probability of approximately 0.64813, while the system with A, = 0.20 cm? shows a
reduced outage probability of 0.4488. In contrast, the hybrid system configurations demon-
strate markedly enhanced performance. Specifically, the configuration with N = 2 and
my = 2 achieves an outage probability of 1.46 x 1076 at an SNR of 20 dB. Remarkably,
the more advanced setup with N =4 and m,; = 3 attains a similar low outage probability
but at a significantly lower SNR of 8 dB, indicating a substantial SNR gain of 12 dB com-
pared to N = 2 configuration. As evident in Figs. 2.5-2.7, combining an IRS-assisted RF
subsystem with VLC substantially reduces outage probability by offering multi-layer di-
versity and mitigating severe fading. Optimizing key parameters (e.g., the number of IRS
elements, Nakagami-m, photodiode responsivity, and cell radius) enhances effective signal
gain and alleviates path loss, thereby yielding markedly improved reliability and reducing

outage probabilities across diverse channel conditions.

Fig. 2.8 illustrates the average BER performance across various configurations at in-
creasing levels of average SNR. The standalone VLC systems with rpax = 2.2m and rpax =
1.8 m show notable differences in BER, with the smaller cell radius offering better perfor-
mance. Specifically, at 20 dB, the BER for ry,x = 1.8 m is significantly lower at 0.0002226

compared to 0.002226 for rmax = 2.2m. In the hybrid system configurations, we see a sub-
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Figure 2.7: Outage probability of VLC and hybrid system varying A, N and m.
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Figure 2.8: BER for VLC and hybrid system varying my, N and ;.-

stantial enhancement in BER performance. For N = 2, ms = 2, and rp,x = 1.8 m, the BER at
15 dB is approximately similar to that of the VLC performance at 20 dB indicating an SNR
gain of 5 dB. This is further improved in the N = 3, mys = 3, and rmpax = 1.8 m configuration,
where the BER drops to an extremely low 3 x 107° at just 4 dB, highlighting the SNR gain
of 16 dB compared to the VLC system.

Fig. 2.9 presents the BER performance analysis of the proposed hybrid VLC/IRS-aided
RF system compared with standalone VLC systems under variations in photodiode respon-

sivity R, and IRS element configurations. For the standalone VLC systems, the BER is
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Figure 2.10: BER for VLC and hybrid system varying A, and N.

plotted for two different responsivities, R, = 0.64 A/W and R, = 0.84 A/W, showing en-
hanced BER performance as responsivity increases. At an SNR of 20 dB, the BER for

R, = 0.64 A/W registers approximately 0.000547663, improving significantly to 0.0003226
for R, = 0.84 A/W.

In the hybrid system configurations, the performance with m; =3, N =2, and R, =
0.84 A/W further augments BER effectiveness. The hybrid setup achieves an average BER
near that of the standalone VLC system with R, = 0.84 A/W at 12 dB, showcasing an SNR
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Figure 2.11: Outage capacity comparison of VLC and hybrid system.

gain of approximately 8 dB. Additionally, increasing IRS elements to N = 4 under the same
conditions yields an even lower BER at just 4 dB, indicating a remarkable total SNR gain of
16 dB compared to the standalone VLC system with R, = 0.84 A/W.

Fig. 2.10 showcases the BER performance of the proposed hybrid VLC/IRS-aided RF
system in comparison with standalone VLC systems under varying photodiode area (A))
and IRS element configurations. For standalone VLC systems, the BER is plotted for two
photodiode areas, A, = 0. 10cm? and A »=0.20 cm?, exhibiting better BER performance as
the area increases. At 20 dB, the BER for A, = 0.10 cm? is approximately 0.001709, while
for A, =0.20 cm?, it significantly improves to 0.0001709.

The hybrid system configurations assuming, m;s = 2 with N =2 and N =4 IRS ele-
ments both using A, = 0.20 cm?, demonstrate further enhanced BER performance. At 12
dB, the system with N = 2 IRS elements achieves a BER close to that of the standalone
VLC system with A, = 0.20cm?, showing an SNR gain of 8 dB. More impressively, the
configuration with N = 4 IRS elements achieves a comparable BER at just 4 dB, reflecting
an additional SNR gain of 8§ dB over N = 2 configuration, and totaling 16 dB compared to
the standalone VLC system. This indicates that increasing the number of IRS elements sig-
nificantly improves the system’s performance by leveraging enhanced signal focusing and
reflection capabilities provided by the IRS technology.

These findings, presented in Fig. 9, affirm the potential of integrating IRS technology
to substantially boost the BER performance of hybrid RF/VLC systems. The ability of the

28



hybrid system to achieve comparable or superior BER metrics at lower SNRs showcases
the IRS’s effectiveness in enhancing signal quality, particularly under challenging commu-
nication conditions. This demonstrates that intelligent system configurations, combining
increased photodetector areas with strategic IRS usage, can significantly transcend the per-
formance boundaries of traditional VLC systems. As depicted in Figs. 2.8-2.10, incorpo-
rating an IRS-assisted RF link into a VLC system markedly reduces the BER by exploiting
enhanced channel gains. By strategically optimizing key parameters—such as the number
of IRS elements, photodiode responsivity/area, and cell radius—the hybrid configuration
mitigates the channel distortions more effectively than standalone VLC. Consequently, the
system achieves significantly lower BER at reduced SNR values, affirming the substantial

advantages of intelligently combining IRS technology with VLC.

Fig. 2.11 presents a comparative analysis of the outage capacity between the standalone
VLC system and the hybrid system against average SNR values. For the standalone VLC
system at an SNR of 6 dB, when the photodiode responsivity and area are set to R, = 0.64
A/W and A, =0.10 cm?, respectively, the outage capacity is approximately 0.21. Increasing
the responsivity and area to R, = 0.84 A/W and A, = 0.20 cm? improves the performance,
reducing the outage capacity to 0.14. In contrast, the hybrid VLC/IRS-aided RF system
demonstrates a significant reduction in outage capacity due to the improved diversity gain
and optimized signal reflections enabled by the IRS. With ms =2, N =2 IRS elements, and
analytically computed values, the outage capacity at 6 dB SNR drops to 0.00109. Further
enhancing the RF link by increasing mys to 5 results in a dramatic improvement, bringing
the outage capacity down to 2.08 x 10~7. These results highlight that the hybrid system
significantly outperforms the standalone VLC system, particularly in low SNR scenarios,
demonstrating the advantage of IRS-assisted RF links in mitigating fading effects and im-

proving overall system reliability.

2.6 Conclusion and Future Work

In this paper, we proposed an IRS-aided hybrid RF/VLC system to enhance indoor commu-
nication performance, addressing traditional VLC limitations such as non-LoS conditions
and physical obstructions. The system integrates a primary VLC link with an IRS-aided

RF backup link, employing a hard-switching mechanism to activate the RF link when the
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instantaneous SNR of VLC link falls below a predefined threshold. Analytical models were
developed to derive the closed-form expressions for key performance metrics, including out-
age probability, BER, and outage capacity, considering Lambertian radiation for VLC and
Nakagami-m fading for RF channels. Monte-Carlo simulations were conducted to validate
the theoretical results. From the numerical results, it was observed that the proposed hybrid
VLC/IRS-assisted RF system demonstrated significant improvements over standalone VLC
system in terms of outage probability, average BER, and outage capacity under different
system and channel parameters. Future work will focus on enhancing adaptability through
machine learning algorithms, exploring scalability in complex indoor environments, and op-
timizing IRS configurations for improved wave propagation control. These advancements

aim to meet the evolving demands of modern indoor communication systems.
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Chapter 3

Hybrid VLC/THz Communication

Systems

3.1 Introduction

The exponential growth in data traffic and the increasing demand for high-speed, low-latency
indoor communication have prompted researchers to explore hybrid communication archi-
tectures that transcend the limitations of individual wireless technologies. VLC leveraging
the unlicensed optical spectrum, provides high data rates and security, making it suitable
for indoor environments with dense user deployments [1, 2]. However, its performance is
significantly constrained by the need for LoS propagation and susceptibility to shadowing
and ambient light interference [3, 14].

THz communication, on the other hand, offers unprecedented bandwidth availability and
is poised as a key technology for beyond-5G and 6G systems [49, 7]. Despite this potential,
the THz band suffers from severe propagation losses, high molecular absorption, and an-
tenna misalignment issues, which challenge its practical deployment [18, 19, 29]. Further-
more, the performance degradation caused by hardware impairments in THz transceivers
cannot be ignored [34, 35].

To address the shortcomings of VLC and THz systems, a hybrid VLC/THz architecture
is proposed. This hybrid framework aims to exploit the high capacity and coverage of THz
links while retaining the advantages of VLC in scenarios where LoS conditions prevail.
Such a system dynamically switches or aggregates communication links based on channel

state information, thereby improving reliability, coverage, and throughput in complex indoor
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environments [4, 5, 50].

This chapter presents the modeling and performance analysis of a hybrid VLC/THz com-
munication system. Theoretical models for both VLC and THz channels are developed, and
their joint performance is analyzed under realistic fading, alignment, and noise conditions.
The results validate the effectiveness of the hybrid strategy in achieving enhanced quality of

service (QoS) compared to standalone VLC or THz systems.

3.2 Organisation of Chapter

The remainder of this chapter is structured as follows: Section 3.3 details the overall system
model, including the architecture of the hybrid system and communication flow between the
VLC and THz components. Section 3.3.1 elaborates on the THz channel model with em-
phasis on path loss, molecular absorption, and antenna misalignment effects. Section 3.3.2
extends the model to incorporate practical hardware impairments and stochastic fading con-
ditions observed in real-world THz systems.

Section 3.4 presents the analytical performance analysis of the hybrid system, focusing
on outage probability, outage capacity, and average BER under various channel scenarios.
Section 3.5 discusses the simulation results and compares them with the theoretical expres-
sions to validate the model. Finally, Section 3.6 concludes the chapter by summarizing key

findings and proposing future directions for optimizing hybrid VLC/THz systems.

3.3 System Model

a—p
THz Link

Lambertian

Tx

Figure 3.1: Hybrid VLC/THz system model
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In the THz system, the channel coefficient / is modeled as a composite product of three
independent channel effects, which include path gain /;, pointing error £, and small-scale

fading hy [51], and it can be written as

h=hhyh. 3.1)

Pointing Error Model

The PDF of pointing errors, which is useful in modelling the beam misalignment, is given

by [52, eq. (22)]
i (hy it
Tn, (hp) = Ao <A_0> : (3.2)

e js the pointing error coefficient, Weq 18 the equivalent beam waist, o; is the

where {} = 5]
1

jitter deviation, and Ay is the fraction of collected power at the receiver.

Path Gain Model

The path gain A; is modeled as [52, eq. (6)]

fulh) = Y exp (< 5ha)a). (3

where G; and G, are the transmitter and receiver antenna gains, f is the operating frequency,
d is the link distance, c is the speed of light, and k,( f) is the molecular absorption coefficient.
Fading Model (Generalized o-u Distribution)

The multipath fading /2 follows a generalized a-u distribution, whose PDF is given by [52,
eq. (24)]

fu (R )—a—““ha“_lex Ay (3.4)
he\"tf _fzjf“l"(u) f p il}x ) .

where « is the fading parameter, p is the normalized variance of the fading envelope, h 718

the a-root mean value, and I'(+) is the gamma function.

Joint Distribution of |7,| = |h||h,|

The combined PDF of fading and pointing error is obtained using the random variable trans-

formation as

2, MU oy [ap =G pxAG”
=(rA ~ 17T = .
f|hfp‘ (x) Cl 0 h;‘cﬂ#r(u)x o ’ /’l? ) (3.5)
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where I'(-,-) is the upper incomplete gamma function.

Instantaneous SNR of the THz Link

Now the instantaneous SNR ¥, at the receiver is given by
% = hilhyp P, (3.6)
where % is the average SNR.
By transformation of variables, the PDF of ¥ is derived as

2
e ) ﬁ,1 5 g _a
iy n iy’ ap -G py A
Fulp) = 10 1;12 r u 51, f 0

a a7
. s h
2h%T (1), rh

; (3.7

CDF of the THz Instantaneous SNR

By integrating the obtained PDF, the the corresponding CDF of instantaneous SNR is given
by
2A*€12 ghfclzu 1 agz (:2 %A o
Y . ok—Ci UY Ay
Ry =1- =R Iy o LA

! T r s
hag i K R A

(3.8)

This model comprehensively accounts for all key degrading effects present in the THz
link path loss, beam misalignment, and multipath fading thus forming the analytical foun-
dation for evaluating THz system performance in hybrid optical-wireless communication

scenarios.

3.4 Performance Analysis

This section presents the performance analysis of hybrid VLC/THz system. The expressions
for the outage probability, outage capacity and average BER are derived for the proposed

system considering hard-switching scheme.

3.4.1 Outage Probability

Outage probability is a key performance indicator in communication systems, quantifying

the likelihood that the instantaneous SNR falls below a predefined threshold, ¥, leading to
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a communication failure. When the instantaneous SNR of the VLC link falls below Yy, the
system switches to the backup THz link using a hard-switching strategy.

Therefore, the outage probability of the hybrid system is defined as the probability that
both the VLC and THz links simultaneously fail to maintain the SNR above ;. Mathemat-

ically, the outage probability can be expressed as

Pouwt = F%('Yth>F% (Yth)v (3-9)

where Fy, (.) and Fy,(.) are the CDFs of the instantaneous SNRs of the VLC and THz links,
respectively. These functions are evaluated at the outage threshold 7¥,. The CDF of the VLC
link is given by (2.9).

Substituting the expressions of the CDFs, the final closed-form expression for the outage

probability of the hybrid VLC/THz system is written as:

1 2A7C12 %lzh’CIZ u—=1 a2 2 %Afoc
po—(@B_1y ") |- 20 Yin u CIF ak—Ci UYpAg
out Y 5 ’ !

o 53 = K o How2 po
hJOfOC’}_/t2 - f% 1

(3.10)

3.4.2 QOutage Capacity

Outage capacity measures the probability that the normalized capacity of the communication
system falls below a predefined threshold, denoted as Cy,. The normalized capacity for a

given instantaneous SNR 7 is expressed as [46]

Chorm = 10g, (1 +7) (3.11)

Now, the outage capacity of the hybrid system is given by

Cout = Pr(10g2(1 + YV) S Cth ﬂlogz(l + 'Yt) S Cﬂl)
:Pr(yv§2cth—lﬂ'yt gzcth—l)

= Fy, (2“0 — 1)F, (20 — 1) (3.12)

From (3.12), and using the expressions for the CDFs of the VLC and THz links, the final
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analytical expression for the outage capacity of the hybrid VLC/THz system is given by
Cout = (% _T(zqh - 1)7#&)

_e2 2 a
245 (260 — 1) Fpy o e S T

oy

5 = k! (07 ]2?6?—,[7 h

(3.13)

3.4.3 Average BER

We assume sub-carrier intensity-modulation-based MPSK for VLC and THz communica-
tion. The generalized governing SER expression for MPSK modulation scheme for a given
instantaneous SNR 7y has been utilized to calculate the average SER using the CDF-based

approach and is given by
o tu [ Fy(y)
ser —
2v2rJo Y

where Fy(y) indicates the CDF of either VLC or RF link, ¢ and « indicate modulation specific

e~ 7dy, (3.14)

parameters as shown in Table 2.1. These parameters can be varied to obtain the average SER

of the required MPSK signalling scheme.

VLC System

We have already derived the final closed-form expression for the average BER of VLC

system in (2.21).

THz System

A similar CDF-based approach was adopted to compute the average BER of THz system

considering BPSK scheme and the expression can be written as

1 = Fy (%)
2Vmlo V¥

By substituting (3.8) in (3.15), the above integral is complex in nature and hence, we

BER, = e 124y, (3.15)

solve the same using the Gauss-Laguerre quadrature technique [53], to get the closed-form

expression for average BER of the THz system, which is given by

1 J
BER, ~ —— E 1
' 4F(0‘5>;Wlf(xl)+ 7 (3.16)
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where w; are the associated weights and x; is the /™ root of the Laguerre polynomial. Now,

the final average BER of the proposed hybrid system is given by (3.18)

BERhybrid =BER, + F%('}/th) BER; (3 17)

e ) ()

(g ) T ()|

1

1 J
+ <%_Y/ythm+3) [ml_zlwlf(xl) +E; (3.18)

3.5 Results and Discussion

This section presents the simulation setup, empirical evaluation, and analytical verification
of the proposed hybrid VLC/THz communication system. The system’s performance is
evaluated using both closed-form analytical expressions and Monte Carlo simulations to
validate theoretical claims. Unless otherwise stated, the parameters for the VLC system are
adopted from Chapter 2, specifically Table 2.2, which defines the photodetector area, semi-
angle at half power, and other optical channel parameters under the Lambertian radiation
pattern.

For the THz link, the generalized or—u fading model is used to capture the channel be-
havior, with fading parameters set to o = {2,4} and u = {1,2} in accordance with prior
literature. These values allow us to study the impact of varying channel severity and path
loss on system reliability. The threshold SNR for hard-switching between VLC and THz
links is taken as 6 dB, while the threshold for outage capacity is set to 5 dB. Fig. 3.2 il-
lustrates the outage probability versus average SNR performance for the VLC and hybrid
VLC/THz systems. The standalone VLC system, operating with parameters ry,x = 2m and
R, =0.64 A/W, exhibits significantly higher outage probability across the SNR range. At 20
dB, the standalone VLC system yields an outage probability of approximately 0.597537. In
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Figure 3.2: Outage probability of VLC and hybrid VLC-THz System

contrast, the hybrid VLC/THz system achieves notably lower outage probabilities, depend-
ing on the o and u fading parameters of the THz link. For example, under the configuration
U =1, a =2, the hybrid system achieves an outage probability of approximately 0.0199448
at 20 dB. This represents a dramatic improvement over the standalone VLC system, amount-
ing to an SNR gain of over 15 dB for the same outage level. Further enhancement is ob-
served for the case u = 2, oo = 4, where the hybrid system achieves an outage probability
as low as 0.017014 at 16 dB, showcasing improved robustness due to stronger fading con-
ditions. These results highlight the performance advantage of integrating a THz link as a
backup, especially under severe channel conditions, and demonstrate how tuning the o and
U parameters can significantly improve the system’s outage behavior.

Fig. 3.3 presents the BER versus average SNR for the standalone VLC system and the
proposed hybrid VLC/THz systems under varying & and y parameters of the THz link. The
standalone VLC system, configured with a photodetector area of A, = 0.10cm?, achieves
an average BER of approximately 0.034595 at 20 dB SNR. The first hybrid configuration,
with ¢ = 1 and o = 2, attains this same BER at a reduced SNR of approximately 12 dB,
yielding an SNR gain of 8 dB over the standalone VLC system. A further enhancement is
observed with the second hybrid configuration, where y =2 and o = 4. This setup achieves
the same BER of 0.034595 at an even lower SNR of 6 dB, resulting in a total SNR gain
of 14 dB over the VLC-only system, and an additional 6 dB improvement compared to the

u =1, oo = 2 configuration. These results validate the performance benefits of integrating
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Figure 3.3: Average BER of VLC and hybrid VLC-THz System

a THz backup link with the VLC system and emphasize the importance of optimizing the
o-u fading parameters for achieving superior error performance in hybrid communication

scenarios.

Outage Capacity
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Figure 3.4: Outage Capacity of VLC and hybrid VLC-THz System

Fig. 3.4 depicts the outage capacity versus average SNR for both the standalone VLC
system and the hybrid VLC/THz system under identical photodetector and channel param-
eters. The VLC system, operating with A, = 0.10cm?, R, = 0.64A/W, and ryax = 2m,

achieves an outage capacity of approximately 0.317239 at 14 dB. In comparison, the hybrid
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VLC/THz configuration employing the same VLC parameters but augmented with a THz
backup link characterized by 4 = 2 and @ = 4 achieves nearly the same outage capacity
value of 0.283264 at a significantly lower SNR of —2 dB. This result translates to an SNR
gain of 16 dB, underscoring the hybrid system’s efficiency in maintaining capacity perfor-
mance even under highly degraded SNR conditions. These findings strongly validate the
advantage of incorporating a THz link as a backup to the VLC system, particularly in sce-
narios demanding capacity assurance under fading or blockage-prone environments. The
observed improvement is attributed to the robustness of the a-u faded THz channel, which

compensates effectively for the limitations of the VLC channel.

3.6 Conclusion and Future Work

In this chapter, we proposed a hybrid VLC/THz communication system to address the per-
formance limitations of standalone VLC links in environments affected by non-LoS con-
ditions, dynamic channel variations, and restricted coverage. The system employs a hard-
switching mechanism, where a backup THz link is activated when the instantaneous SNR
of the VLC link falls below a predefined threshold. The VLC link was modeled using Lam-
bertian radiation characteristics, while the THz channel followed an a-pt fading model to
capture the small-scale signal fluctuations typical of high-frequency bands. Closed-form an-
alytical expressions were derived for key performance metrics including outage probability,
average BER, and outage capacity. Gauss—Laguerre quadrature was employed to efficiently
compute the BER under complex fading conditions. Monte-Carlo simulations were used to
verify the accuracy of the analytical results. Numerical evaluations showed that the proposed
hybrid VLC/THz system significantly outperforms the standalone VLC system, especially
in challenging scenarios. Notably, the system exhibited substantial SNR gains in both BER
and outage performance, demonstrating its effectiveness in enhancing link reliability and
capacity in next-generation wireless networks.

Future work will explore the integration of adaptive link selection mechanisms using
machine learning to further optimize switching decisions between VLC and THz links. Ad-
ditional focus will be placed on joint beam alignment, mobility modeling, and real-time CSI
acquisition for the THz channel. Expanding the system to support multi-user and multi-hop

hybrid VLC/THz topologies will also be investigated to ensure scalability and robustness in
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complex deployment scenarios, including smart factories and indoor vehicular communica-

tions.
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Chapter 4

Hybrid VLC/IRS-Aided THz

Communication Systems

4.1 Introduction

The increasing demand for ultra-reliable, high-capacity indoor wireless communication has
led to the exploration of hybrid communication systems that combine multiple complemen-
tary technologies. VLC offers high data rates and immunity to electromagnetic interference
by utilizing the optical spectrum, making it well-suited for indoor applications [1, 2]. How-
ever, VLC systems are inherently limited by LoS constraints and are highly sensitive to
obstacles and ambient lighting [3, 14].

The THz band, with its immense spectrum availability, promises extremely high data
rates and is a prime candidate for BSG and 6G applications [7, 49]. Despite this, THz
systems suffer from severe propagation losses, beam misalignment due to the use of highly
directive antennas, and performance degradation due to hardware imperfections [18, 29,
35]. These challenges hinder the standalone deployment of THz systems in complex indoor
settings.

RIS or IRS have emerged as a transformative technology capable of overcoming chan-
nel impairments by dynamically controlling the propagation environment. IRS can reflect
incident signals toward desired directions by adjusting the phase shifts of passive elements,
thus improving link reliability and spectral efficiency [9, 16]. While IRS has been widely
studied in the context of RF and VLC systems [10, 17], its application in the THz domain is

still underexplored.

42



This chapter introduces a hybrid VLC/IRS-aided THz communication system, designed
to harness the advantages of VLC for LoS-dominant short-range links, while leveraging
the wide bandwidth of the THz band, enhanced by IRS for improved reliability and cov-
erage. The system employs a hard-switching mechanism based on signal quality, where
the IRS-aided THz link serves as a robust backup to the VLC link in obstructed scenarios.
This hybrid integration promises significant improvements in performance metrics such as
outage probability and average BER, while addressing the fundamental limitations of each

individual technology.

4.2 Organisation of Chapter

The rest of this chapter is organized as follows: Section 4.1 introduces the motivation and
relevance of combining VLC with IRS-aided THz communication. Section 4.3 outlines the
hybrid system model, detailing the interaction between the VLC link and the IRS-assisted
THz link. Section 4.3.1 presents the THz channel model, emphasizing propagation loss,
molecular absorption, and antenna misalignment. Section 4.3.2 further incorporates IRS
behavior and its impact on the THz channel, including phase shift design and reflection
geometry.

Section 4.4 provides a comprehensive performance analysis, including closed-form deriva-
tions of outage probability and average BER under composite VLC and IRS-aided THz
channel conditions. Section 4.5 presents the simulation results that validate the theoretical
models and compare hybrid configurations against standalone systems. Lastly, Section 4.6
concludes the chapter with key insights and outlines future research directions, particularly
focusing on adaptive control of IRS parameters and joint VLC-THz resource allocation for

next-generation indoor networks.

4.3 System Model

4.3.1 IRS-aided THz Channel Model

The cascaded channel for the THz link with respect to the kth reflecting element of the IRS
is modeled as h; = hyihyr, where hy; and hy; are the fading coefficients from the source

to the IRS and from the IRS to the destination, respectively. The total fading coefficient is
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Figure 4.1: Hybrid VLC/IRS-aided THz system model
decomposed as
hjk = hshe hyp 4.1
where j = 1,2, hy, is the small-scale fading component, /), accounts for pointing errors,

and hy, = hqhy represents the path gain. The term /1 is obtained using the Friis transmission
(4.2)

- Cs\/ GT\/ GR

equation, which is given by
he—
'™ anfrdr

where Gr and Gg are the antenna gains, f7 is the operating THz frequency, ¢ is the speed
(4.3)

of light, and dr is the link distance. The molecular absorption coefficient 4, is modeled as
1
h, = exp —EK'a(fT)dT

where &, (fr) is the frequency-dependent absorption coefficient that quantifies molecular

attenuation. The small-scale fading iy, follows an a—u distribution and is given by
a,ory Mig—1 ar,
f (h ) aTjk“;LkahS JKTT ujkhs T]k (4 4)
s, (Ns) = 11 exp | ——=—4- :
kS hTaT]kﬂjkr( I»ijk) hTOCTJk
The pointing error component /,,, is uniformly distributed over [0,So], where Sy is the
collected-power fraction. Now the PDF of pointing error component is given by
Cr, G-
fhp " (hp) = ; hp ! > 0< hp < SO (4-5)
J SgTjk
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where (:Tjk =V, /(207) is the pointing error coefficient, with o7 denoting the jitter standard

deviation, and V., the equivalent beam waist, given by

) vfl\/ﬁerf(uT)

4.6
“I" 2urexp(—u?) (46)
PDF of the Elementary Sub-Link Gain

Using the Mellin—transform approach and substituting the PDFs above, the PDF of the com-

posite sub-link envelope /1 can be expressed in closed form as a Fox’s H-function'

& -
1+ Tk 1
_ D ji 20 | /%7 o1y 7 O
fhjk(h) - ( %ﬂfl)/z H1,2 Ejk h CTk k/,ljk 1 1 ’ (4'7)
oy E Yo,
with
& ng]k/aTjk H
ik
Djk: ik J 4‘2 and E]k:—Si;LJ ar,
P f’T(u‘ )S Tjk (Sohr) ™
T Jk/20

End-to-End Cascaded Channel

Because h; = hjihyi, the end-to-end PDF can be obtained by Mellin convolution and is

again expressible in Fox’s H-function form [51]

() v (s)
4,0 l/a 1/a (Ulk B Y )s=1:2

fn(v) = D3y s | Eyy leEZk > (8) y(s)
(vzk aTzk )s:1:4

where the constants D3y, vl.(k') , and YE,'() follow directly from the parameter sets of the two
sub-links.

Now, for calculating the PDF of complete IRS-assisted THz channel with Ny reflecting
elements, i.e. H = sz\zl hy, the MGF-based approach can be used. Firstly, the MGF of Ay is
obtained by evaluating the Laplace integral of its PDF and simplifying using properties of

Fox’s H-function provided in [54]. This results in

1 () y(s)
o (1,1),(1) 7T ) =1:2
My (5) = D3kH§:i Ellek K, s (s) (sik o
(D4k 7Y4k )s:l:4

I'The Fox’s H-function form is obtained via [54, Eq. 07.34.26.0008.01].

(4.8)
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The derived MGF can be utilized to deduce the PDF and CDF statistics for the complete
THz channel. Applying Mellin’s transformation and inverse Laplace transform, we obtain

the final PDF and CDF, respectively as
1 1

Ty 1 %
hE| " E,, Nr

= {0, (0 1)1} s

Nr
— 0,0:0,1
Ju (h> =h" H D3dH4,7l:...7:3.4

: : s T
= T T < {1 ) {(U4k’Y‘("‘))S ]4}k 1
IN 2N
hE]NT ! EZNT !
(4.9)
1
ar or.
hEy " Ey” D) (ol ) Nr
D Hooo1 : - {( )s (V3 3k)s=1:2}k ;
H 3di4 1. : ) (S) T
Ty Ty <O {1 ) {(v4k T )s= 14}k=1
hElNT ! E2NT !
(4.10)
Overall Instantaneous SNR Distribution
The overall instantaneous SNR for the RIS-assisted THz link is expressed as
yr = HT'r, (4.11)

where I'7 denotes the average SNR of the THz link and H = Zﬁ:’il hy represents the equiv-
alent channel gain incorporating the effects of generalized o —u fading, deterministic path
loss, and pointing errors. By applying a power transformation on the random variable H,

the PDF and CDF of yr are, respectively, given by

Jr(¥) = (2\/%) fu (\/F:YT) (4.12)
Fy (Y) = Fu <\/FT;> (4.13)

Substituting the expression of Fy(-) based on the Fox’s H-function representation of the

underlying distribution, the final closed-form expression for the CDF of the RIS-assisted
THz SNR with N7 IRS elements is given by

lEWEaTZI N
0,0:0,1 i 1% ! _;{(1 1) <U§?,Y§2> l'Z}ki ;
HD3dH4l....: 34 : $) ~e(5) TN ANr
e at | (ot){ (o)
E TINTE “Tong s=1:4J k=1
- ENy Eong
4.14)
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4.4 Performance Analysis

This section presents the outage and error performance analysis of the proposed hybrid
VLC/IRS-aided THz system. Closed-form expressions are derived by exploiting the CDF
of VLC channel in (2.9) and the CDF of IRS-aided THz channel in (4.14).

4.4.1 Outage Probability

Let v, be the SNR threshold that triggers link switching. An outage occurs only when both

links experience SNR lower than J,; hence

Pout = Fy,(Yn) Frr (%) (4.15)

where Fy, (-) is given in (2.9) and Fy, (-) is given in (4.14). Substituting both CDFs yields the

final outage-probability expression, which is given by

_ 1\ M
Pout = (%’—Yj/th’””)HDMHM 34( (%n (@) (4.16)
d=1

1/o /o
where Z () = v/ ¥/ [Ey E//%n E, l/aT” B NTTINT EZNTTzNT ]T and O collects the pole/parameter
sets defined in (4.14). This compact Fox’s H-function representation is directly amenable to

numerical evaluation via standard Mellin—Barnes quadrature techniques [52].

4.4.2 Average BER

As discussed before, we adopt binary PSK for both VLC and THz links. Now, by utilizing
the generic expression for SER, which is given by (3.14), the average BER can be expressed

through the Gauss—Laguerre quadrature rule and is given by

5 ANB

P, = N3 Z(opr D), 4.17)
where
¢, T'(p+0.5) —1/2 p( ) (—x)’
w, = — , =) . (4.18)
T 1L, (6) =

The nodes ¢), are the roots of L, fl / 2(x) and 1) is the chosen Laguerre order.
Note that the average BER for VLC link is already derived in the Chapter 2. By sub-
stituting (4.14) in (4.19), the average BER of IRS-assisted THz system can be expressed

as
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AP L
BER, = ﬁ;wpm(, [0p/T7). (4.19)

Now the final expression for average BER of hybrid VLC/IRS-assisted THz system is
given by
BERpyprid = BER, + Fy, (%n) BER;, (4.20)

where Fy, (%) is given by (2.9). All the derived analytical expressions have been verified

via Monte-Carlo simulations in the next section.

4.5 Results and Discussion

This section presents the simulation setup, empirical evaluation, and analytical verification
of the proposed hybrid VLC/IRS-aided THz communication system. The system’s perfor-
mance is evaluated using both closed-form analytical expressions and Monte Carlo simula-
tions to validate theoretical claims.The Fox’s H-function in outage probability and average
BER expressions are implemented using a Python code available in [55]. Unless otherwise
stated, the parameters for the VLC system are adopted from Chapter 2, specifically Table
2.2, which defines the photodetector area, semi-angle at half power, and other optical chan-
nel parameters under the Lambertian radiation pattern. For the THz link, the generalized
o—u fading model is used to capture the channel behavior, with fading parameters set to
o = {2,4} and p = {1,2} in accordance with prior literature. These values allow us to
study the impact of varying channel severity and path loss on system reliability. The thresh-
old SNR for hard-switching between VLC and THz links is taken as 6 dB. The number of
IRS elements are considered to be N = 2.

Fig. 4.2 illustrates the outage probability versus average SNR for the proposed hybrid
VLC/IRS-aided THz system. The performance of three configurations is compared: stan-
dalone VLC link, hybrid VLC/THz system, and the proposed VLC/IRS-aided THz system.
The standalone VLC system is configured with a photodetector area A, = 0. 10cm?, respon-
sivity R, = 0.64 A/W, and cell radius rmax = 2m. This setup results in a relatively high
outage probability, remaining above 0.59 even at 20 dB SNR, highlighting its susceptibility
to performance degradation under challenging conditions. The hybrid VLC/THz system is
then evaluated with fading parameters 4 = 1 and o = 2, showing significant performance

gains. At 10 dB, the outage probability reduces to approximately 0.021, indicating a notable
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Figure 4.2: Outage probability of VLC and hybrid VLC/ IRS aided THz System

SNR gain of 10 dB compared to the VLC-only system at similar outage levels. Further
performance improvement is observed in the proposed VLC/IRS-aided THz configuration,
where the IRS is composed of N = 2 reflecting elements and uses the same fading param-
eters (U = 1, oo = 2). This configuration achieves an outage probability of 0.020 at 20 dB,
showcasing enhanced link robustness due to IRS-induced beamforming gains. Compared to
the non-IRS hybrid system, the IRS-aided version achieves the same outage at a lower SNR,
implying additional link margin and SNR savings. These results confirm the effectiveness of
integrating IRS into the hybrid VLC/THz architecture, which considerably improves outage
performance in low-to-moderate SNR regimes.

Fig. 4.3 compares the average BER performance for four configurations: standalone
VLC, hybrid VLC/THz with two different fading profiles, and hybrid VLC/IRS-aided THz.The
VLC system is configured with A, = 0. 10cm?, and it yields a BER of approximately 0.0346
at 20 dB. In contrast, the hybrid VLC/THz system with 4 = 1, & = 2 achieves a better BER
performance of approximately 0.01429 at 12 dB, indicating a substantial SNR gain of about
8 dB over the standalone VLC link. Further performance enhancement is observed with
the hybrid VLC/THz system configured with stronger fading parameters (U =2, o = 4),
which achieves a BER of 0.0106 at 20 dB, thus outperforming the previous configuration.
Notably, the hybrid VLC/IRS-aided THz system with parameters t =2, ¢ =4, and N =2
IRS elements achieves a BER of approximately 0.0282 at only 0 dB, which is equivalent
to the BER of the VLC-only system at 20 dB. This translates to an approximate SNR gain
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Figure 4.3: Average BER of VLC and hybrid VLC/ IRS aided THz System

of 20 dB, clearly highlighting the effectiveness of IRS integration in improving link quality

and BER performance under harsh channel conditions.

4.6 Conclusion and Future Work

In this chapter, we proposed a hybrid VLC/IRS-aided THz communication system to over-
come the limitations of standalone VLC and conventional THz systems in complex envi-
ronments subject to blockages, severe path loss, and high sensitivity to pointing errors. The
system implements a hard-switching mechanism in which the IRS-aided THz link serves as
a backup whenever the instantaneous SNR of the VLC link drops below a predefined thresh-
old. The VLC link follows Lambertian emission, while the THz channel gain is modeled
by a cascaded product of generalized -u fading and pointing error distributions. Further-
more, the IRS-aided THz channel gain distribution was expressed using a tractable Fox’s
H-function framework to capture its statistical characteristics. Closed-form analytical ex-
pressions were derived for outage probability and average BER. The BER for the THz com-
ponent was computed using Gauss—Laguerre quadrature due to the complexity of the fading
model. All results were validated against Monte-Carlo simulations. Numerical analysis
demonstrated significant SNR gains for the hybrid VLC/IRS-aided THz system over both
standalone VLC and traditional hybrid VLC/THz systems. In particular, the integration

of IRS elements showed measurable improvement in link reliability and BER performance
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even under low SNR conditions, confirming the benefits of intelligent reflection in THz
systems.

Future research will consider the use of dynamic IRS phase adjustment to optimize end-
to-end THz gain in real time. Machine learning techniques will be explored to enhance
link switching and IRS element control based on real-time channel estimates. Extensions of
this work include multi-IRS and multi-user configurations, as well as the incorporation of
joint VLC/IRS beam alignment strategies. Additional investigation will focus on adaptive
modulation, energy-efficient designs, and seamless integration with existing RF/VLC in-
frastructures to support emerging 6G applications in smart indoor and aerial communication

networks.
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Chapter 5

Conclusions and Future Works

This thesis investigated and analyzed three advanced hybrid optical-wireless communica-
tion architectures that leverage IRS, THz, and VLC technologies to overcome the limitations
of standalone VLC systems in complex environments. The key objective was to develop ro-
bust hybrid models capable of maintaining link reliability, reducing outage probability, and

improving BER performance under challenging propagation conditions.

Overall Conclusion

In the first phase of the thesis, an IRS-aided hybrid RF/VLC communication system was
proposed to improve indoor communication performance, especially under non-LoS and
obstruction scenarios. Closed-form expressions for outage probability, average BER, and
outage capacity were derived, accounting for Lambertian VLC modeling and Nakagami-m
fading for the RF channel. Numerical simulations validated the theoretical derivations and
demonstrated that integrating IRS with VLC/RF significantly enhances reliability and signal
quality.

Next, a hybrid VLC/THz system was introduced to address the bandwidth limitations
and short-range constraints of VLC in dynamic environments. Here, the THz link was mod-
eled using an o-u fading distribution, and analytical expressions for outage probability,
average BER, and outage capacity were derived. Gauss—Laguerre quadrature was used to
compute BER under complex channel fading conditions. Simulation results revealed notable
SNR improvements of the hybrid VLC/THz system over standalone VLC links, especially

in scenarios affected by path loss and blockage.
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Finally, the thesis proposed a more advanced hybrid VLC/IRS-aided THz communica-
tion system. In this model, the THz link benefits from IRS-based beam steering and power
focusing. The end-to-end IRS-assisted THz channel was modeled using generalized a-u
fading, pointing error distribution, and Fox—H function representations. Closed-form ex-
pressions were derived for outage probability and BER. This system outperformed both
standalone and conventional hybrid configurations, with simulations confirming significant
SNR gains and BER improvements at low SNR regimes, attributed to intelligent control of

the reflected THz waves.

Future Research Directions

Building upon the insights from this work, the following future research directions are pro-

posed:

* Machine Learning for Intelligent Link Switching: Adaptive switching between
VLC, RF, and THz links based on real-time SNR and environmental context can be

optimized using reinforcement learning or deep learning algorithms.

* Dynamic IRS Configuration: Further exploration of real-time IRS phase shift opti-
mization and beamforming, specifically tailored for THz bands, can enhance end-to-

end gain and support mobility scenarios.

* Joint VLC/THz/IRS System Design: Future studies can focus on the design of fully
integrated tri-band hybrid systems that combine VLC, THz, and RF with coordinated

IRS control for seamless transitions and multi-user support.

* Mobility and CSI Acquisition: Practical challenges such as user mobility, Doppler
effects, and channel estimation for high-frequency links must be addressed through

novel mobility modeling and channel state information (CSI) feedback mechanisms.

* Multi-hop and Multi-IRS Topologies: Expansion to multi-hop relay-assisted sys-
tems and networks with multiple IRS panels can provide extended coverage and higher

reliability in large indoor or smart factory environments.

* Resource Allocation and Energy Efficiency: Future systems should incorporate

joint power allocation, modulation adaptation, and energy-efficient protocol design
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to align with the low-latency, high-throughput requirements of 6G networks.

Overall, the outcomes of this thesis demonstrate the viability and benefits of hybrid
VLC/IRS-aided RF/THz communication architectures and provide a strong foundation for

future research in the domain of intelligent optical-wireless communications.
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Figure 5.1: Flowchart for computing outage probability using Monte-Carlo simulations.

The detailed Monte-Carlo simulation flowchart for calculation of the outage probabil-
ity of the proposed hybrid system is shown in Fig. 5.1. This is achieved by transmit-
ting M = 10° bits over the hybrid VLC and IRS-assisted RF channels and calculating
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the outage based on the instantaneous SNR values of both systems when they fall

below the threshold.
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Figure 5.2: Flowchart for computing average BER using Monte-Carlo simulations.

Similarly in Fig. 5.2, the detailed Monte-Carlo simulation flowchart is presented for
calculation of average BER of the proposed hybrid system. Here the channel coeffi-
cients are generated and the generated input symbols are transmitted over the VLC or
IRS-assisted RF channel depending upon the instantaneous SNR values. The received

signals over the VLC and RF channels are, respectively, given by
y = hyXpm + Nawgn and y = hyxp, + Nawgn, (5.1)

57



where h, is the channel gain coefficient for the VLC link, 4, is the channel gain co-
efficient for the IRS-assisted RF link, x,, represents the transmitted BPSK symbol,
and 74y, denotes the additive white Gaussian noise (AWGN) with zero mean and
variance 6. After equalization, the detected BPSK symbols are compared with the

transmitted symbols to calculate the average BER.
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