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ABSTRACT

With the proliferation of mobile devices, the demand for bandwidth has surged,
while radio frequency (RF) spectrum resources are limited leading to a bottleneck in
the traditional RF cellular networks. Additionally, existing backhaul network infras-
tructure often struggles to support the increased data traffic. Researchers have proposed
to use optical fibers as a potential solution for alleviating the backhaul load congestion.
However, as the number of cells becomes very large, networks can still suffer from the
limited optical fiber installations which are very costly and sometimes even restricted.
To support these challenges, free space optics (FSO) technology emerges as an alter-
native solution to the RF links and optical fiber, since it is more flexible, license-free,
power efficient, cost effective, and most importantly it increases the capacity of net-
works. However, its performance is affected by the atmospheric turbulence, adverse
weather, and pointing errors. To improve reliability, dual-hop RF-FSO system and hy-
brid FSO/RF system are employed. In the dual-hop RF-FSO system, relays act as inter-
mediate nodes between the source and the destination to extend coverage. In the hybrid
FSO/RF system, both links operate simultaneously to transmit the same signal. Since
if one link is degraded, ensuring continuous communication even if one link degrades.

Multiuser (MU) diversity has been widely exploited to alleviate the performance
loss due to atmospheric turbulence induced fading. However, to efficiently allocate
resources to multiple users, effective scheduling schemes are required to achieve sub-
stantial system performance. In the event, where users experience lower average signal-
to-noise ratio (SNR), accessing channel resources becomes problematic, particularly
in the presence of users enjoying comparatively higher average SNR levels. Conse-
quently, the system may allocates resources to users with weaker channels to ensure
their requirements are satisfied. However, such allocations do not contribute favorably
to achieving optimum system performance. This situation introduces a conflict between
the objectives of meeting fairness in user channel access and optimizing overall system
performance.

Further, to enhance network capacity in next-generation systems, one way is to re-
duce the cell size. This reduction in cell dimensions brings about the challenge of
co-channel interference (CCI), which can adversely affect system performance within
these smaller cells. Another challenging problem in the wireless networks is assum-
ing the perfect channel state information (CSI) of channel between the transmitter and
receiver which is not possible to get perfect CSI in real time scenario. Therefore, this
motivates the work done to address these technical challenges in this thesis.

The first part of this thesis analyzes the impact of turbulence on the performance of
FSO system over Inverse Gaussian Gamma (IGG) distribution. The analytical formu-
lations derives closed-form expressions for the outage probability (OP) and average bit
error rate (ABER). The proposed work also provides valuable insights to enhance the
system performance.

In the second part, the performance analysis of MU dual-hop RF-FSO systems is
analyzed for cumulative distribution function based scheduling (CDFS) scheme under
perfect CSI at both RF and FSO links. The performance is evaluated by deriving the
closed-form expression for OP considering independent and non-identically distributed
(i.n.i.d) CCI at relay. Moreover, expression for optimum power allocation and channel
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access ratio (CAR) are evaluated to enhance outage performance. The CDFS scheme
is used to promotes fairness and precise control over the CAR to improve the system
performance.

In the third part, performance analysis of MU dual-hop RF-FSO systems is ana-
lyzed employing CDFS scheme under imperfect CSI at both RF and FSO links. The
performance is evaluated by deriving the closed-form expression for OP. Moreover,
expression for optimum power allocation and CAR are evaluated to enhance outage
performance. We also compare the performance of the CDFS based system against
greedy scheduling (GS), and proportional fairness scheduling (PFS) schemes.

In the fourth part, performance analysis of dual-hop MU RF-hybrid FSO/RF sys-
tem is presented. Closed-form expressions for OP and ABER are derived under the
influence of CCI at the relay. Moreover, expressions for optimum power allocation and
CAR are evaluated to enhance outage performance.

In the final part of this thesis, performance of MIMO FSO and WDM FSO systems
is presented in terms of BER and Quality factor. Since the involvement of complex
function such as Meijer-G function and Fox-H function in the derivations, asymptotic
expressions at high SNR are derived using elementary functions to provide engineer-
ing insights into system performance. The frameworks proposed in this work can be
efficiently utilized in various wireless standards. It will be helpful for a communica-
tion engineer to design a wireless systems without performing extensive simulations or
tedious experiments.
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Chapter 1

Introduction

This chapter briefly explained the overview of wireless communication systems, out-
lines the key challenges, discusses various mitigation techniques followed by motiva-
tion.

1.1 RF Communication

The rapid advancement of wireless technology has increased pressure on the already
scarce RF spectrum, necessitating the exploration of alternative solutions. As per the
Cisco Annual Internet Report (2018-2023), there were 3.9 billion internet users glob-
ally (51% of the population) in 2018, which is projected to increase to 5.3 billion(66%)
by 2023 [1]. This surge in telecom network data traffic has exacerbated radio frequency
(RF) spectrum congestion. Further, RF signals are highly affected by unpredicatable
wireless channel characteristics such as pathloss, multipath fading, interference and
channel estimation error.

1.1.1 Challenges of RF communication

1. Pathloss is a large-scale propagation phenomenon that describe the reduction in
the signal power over long distances. It is a deterministic function, typically mod-
eled based on distance d with a general expression P; o d™¢, where € denotes
the path loss exponent. As distance increases, signal power reduces significantly
due to path loss.

2. RF links are susceptible to multipath fading, which occurs when transmitted sig-
nals reflect off objects like buildings, the ground, or trees and arrive at the receiver
via multiple paths. These signal may have different delays and phases, causing
constructive or destructive interference that results to rapid fluctuations in the
received signal strength. The statistical behaviour of such fading depends on
the environment. Rayleigh distribution is used in scenarios with rich scattering
and no direct line-of-sight (LoS), while Rician distribution models environment
where a dominant LoS component is present.



3. Co-channel interference (CCI) arises when multiple transmitters share the same
frequency band, leading to a reduction in the signal-to-interference-plus-noise
ratio (SINR) and a subsequent degradation in overall system performance.

4. Channel estimation error is the deviation between the true channel parameters
and their estimates derived through channel estimation techniques. It results from
factors such noise, interference, fading, and inherent limitations of estimation al-
gorithms, ultimately leading to degrading performance in wireless communica-
tion systems.

[Challenges in RF Communication]

N

[Channel Estimation]

1.2 FSO Communication System

Wireless communication has emerged as a basic life commodity for everyone and has
taken a prime spot in connecting the entire world across the borders under its own limi-
tations. With continuous technological advancements and the fast-growing demand for
high data rates, wireless communication often faces scarcity of RF spectrum and reach-
ing out its limits. Hence, the replenishment of spectrum scarcity has become a primary
research concern in the wireless communication domain. In an attempt to overcome the
spectrum crunch and provide high data throughput, free-space optics (FSO) technology
has been introduced as a possible solution for 5G and beyond cellular networks with a
cost-efficient framework. FSO technology, akin to fiber optics, transmits data via a nar-
row optical beam powered by a laser or light-emitting diode (LED) through a LoS path
between transmitter and receiver across several kilometers. Unlike RF technology, FSO
deployment does not require government licensing. Once LoS is established, the FSO
transceiver can be easily installed without the need for intermediate devices, enabling
seamless and interference-free transmission Also, FSO technology supports high data
rates similar to fiber technology but at a meager cost as digging up of fiber is not re-
quired in FSO. Operating at wavelengths between 850 nm to 1550 nm, FSO systems
offers benefits such as license-free operation, high data rates, rapid deployment, low
maintenance cost, and high security [2]. FSO applications include fiber backup, inter-
building connectivity, drone-assisted emergency links, border surveillance and disas-



ter recovery [3]. It is also deployed in satellite communications, and deep-space mis-
sions due to its compact and power-efficient transceivers [4]. For instance, the United
Kingdom-based television broadcaster BBC has deployed FSO connections between
studios established in South Africa to live telecast of FIFA football World Cup 2010. At
present, several companies worldwide including Canon (Japan), Cassidian (Germany),
fSONA (Canada), GeoDesy (Hungary), Laser ITC (Russia), LightPointe Communica-
tions (USA), MRV (USA), Northern Hi-Tec (UK), Novasol (USA), Omnitek (Turkey),
Plaintree Systems (Canada), and Wireless Excellence (UK) have developed commer-
cial FSO products.
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Figure 1.1: FSO Communication System.

As depicted in Fig. 1.1, a laser source transmits information to the optical receiver
equipped with a photo-detector, through a channel affected by atmospheric turbulence.
The photo-detector measures the instantaneous power of received laser beam using in-
tensity modulation/direct detection (IM/DD) or heterodyne detection (HD). In IM/DD,
the photo-detector directly senses the instantaneous power of the modulated optical sig-
nals, while, in HD, received signal is mixed with the local oscillator before detection,
enabling enhanced sensitivity and performance.

1.2.1 Challenges of FSO communication system

1. Atmospheric losses: Atmospheric constituents such as gases, fog, smoke, and
suspended particles significantly impair the visibility of the optical propagation
path. These elements interact with the optical beam through absorption and scat-
tering mechanism, leading to substantial attenuation and degradation of signal
strength during transmission [5], [6].



2. Atmospheric turbulence: It, also known as scintillation, arises from random fluc-
tuations in the refractive index due to variation in temperature, pressure, humid-
ity, altitude and wind. These inhomogeneities form turbulent air pockets, or
eddies, of varying sizes and refractive indices, through which an optical beam
propagates. As a result, the beam experiences random temporal and spatial in-
tensity and phase variations, leading to severe signal fading. The turbulence
medium is typically characterized by three parameters: the inner scale (small-
est eddy size), outer scale, and the refractive index structure parameter. These
lead to fluctuations in irradiance i.e., the received optical signal power across the
transmission path. To model these random irradiance variations, several statis-
tical fading distribution have been proposed including log-Normal (LN) [7], In-
verse Gaussian (IG) distribution [8], Gamma-Gamma (GG) distribution [9], [10],
o — p distribution [11], Double Weibull (DW) distribution [12], Exponentiated
Weibull (EW) distribution [13], Log-normal Rician distribution (also, known as
Beckmann) [14], Double Generalized Gamma (DGG) distribution [15], Malaga
distribution (M) distribution [16], Fischer Snedecor (&) distribution [17], In-
verted Gamma Gamma- Gamma (IGGG) distribution [18] and Inverse Gaussian
Gamma (IGG) distribution [19].

3. Pointing Error: It significantly degrade the performance of FSO system due to
misalignment between the transmitter and receiver apertures. These misalign-
ments can arise from environmental factors such as wind, thermal expansion,
and seismic activity. One approach to mitigate misalignment is by increasing the
optical beam radius but it also lowers received power, increases bit error rate,
and compromises link security. Hence, optimal beam width is crucial to bal-
ance geometric losses and system performance. Pointing errors are generally
characterized by two components: Boresight Error: A fixed offset between the
beam center and the detector center. Jitter: A random displacement in the posi-
tion of the beam at the detector plane, typically modeled as a Gaussian process.
Several statistical models have been proposed to describe pointing error effects
in FSO systems, including the Rayleigh, Rician, and Hoyt distributions. These
models consider factors such as non-zero boresight errors, beam width, detector
aperture size, and 1.i.d. Gaussian jitter in both elevation and horizontal direc-
tions [20], [21].



Challenges in FSO Commumcatlon

/b

Atmospheric Pointing

Induced-Fading
(Scintillation)

|

Lognormal Distribution
Gamma- Gamma Distribution Rayleigh Distribution
Fog, Smoke, Smog, Rain, Haze, Malaga Distribution Rician Distribution
Snowfall etc. Double Generalized Gamma Distribution Hoyt Distribution
Fischer Snedecor Distribution Beckmann Distribution
Inverse Gaussian Distribution

LOS

Attenuation Error

1.3 Channel Model

Various statistical models are used to characterize the random fluctuations in both the
RF link and FSO link, as brief discussed below.

1.3.1 Channel Models for RF link

* Rayleigh Model: This model is commonly used to characterize the signal en-
velope in the NLoS conditions, where transmitted signal reaches the receiver
through multiple scattered paths. This model is particularly suitable for dense
urban environments with significant obstructions, such as buildings, that cause
severe multipath propagation [22]. It is written as:

fla) = %e—%,x >0 (1.1)

where, (2 represents the average power (i.e. variance of x).

* Rician Model: This model applies to line-of-sight (LoS) scenarios, where a
dominant direct signal path exists along with multiple scattered paths. It is suit-
able for environments with minimal obstructions, such as open rural or suburban
areas, and accurately models situations where the direct component significantly
contributes to the received signal [23]. It is represented as:
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(1.2)
where, K is shape parameters, 1,(.) is the modified Bessel function of first kind
with zero order.

» Nakagami-m Model: It is a flexible and generalized fading model that accurately
represents both LoS and NLoS propagation scenarios. It can model various fad-



ing environments by adjusting the shape parameter m. It is provided in [24]:
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where, m > 0.5 represents the fading parameter. Special cases include the one-
sided Gaussian distribution when m = % and the Rayleigh distribution when
m = 1.

* k — pu Model: This distribution models small-scale fading in LoS conditions
where the signal consists of clusters of multipath waves, each having a dominant
component. It is well-suited for non-homogeneous propagation environments
with LoS scenarios and provides greater modeling flexibility compared to tradi-
tional fading models [25, Eq. (10)]. It is represented as:

fo = LT ()% e (T
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where, parameter x denotes the ratio of the power of the dominant component to
that of the scattered waves within each cluster, whereas p signifies the number of
multipath clusters.

1.3.2 Channel Models for FSO link

* Log-Normal (LN) Model: It is a widely used statistical model for characterizing
weak turbulence in FSO systems, where the received signal intensity exhibits a
log-normal behavior due to small fluctuations in the refractive index. It is pro-
vided in [26]:

f(]) 1 7(ln(I)+2L772)2 (1 5)
= e 20 .
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where, o2 is the log-irradiance variance of I.

* Negative Exponential(NE) Model: It is commonly used to model strong atmo-
spheric turbulence in FSO systems. It represents the irradiance fluctuations un-
der saturated turbulence conditions, where the received signal experiences deep
fading due to severe scattering effects [27]. It is represented as:

e 1 (1.6)

where, I is the mean intensity.

* Inverse Gaussian(IG) Model: It is used to model irradiance fluctuations in FSO
links, particularly under moderate turbulence conditions. It offers a flexible and
accurate fit for intensity variations caused by random refractive index fluctuations



in the atmosphere [8] and expressed as:
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where, 1 is the mean intensity and « is the fading parameter.

K distribution: It is well-suited for strong turbulence in FSO links as it ac-
curately reflects the effects of severe irradiance fading and its PDF is provided
by [28]:

fI) = ——a 19K, (2Val) (1.8)
where, K ,(.) denotes the modified Bessel function of second kind with order a.

Gamma-Gamma Turbulence Model: it is widely used to characterize moderate
to strong atmospheric turbulence for FSO links. It is expressed as [29]:

B 2(af) 2" as8_
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where, a and (3 are the turbulence parameters.

Double Generalized Gamma distribution (DGG): The DGG model character-
izes composite atmospheric turbulence by modeling the irradiance as the product
of two independent Generalized Gamma-distributed random variables (RVs). It
provides greater flexibility in fitting experimental data over a wide range of tur-
bulence regimes. Its PDF is given by [15]:
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where, G")’(.) is the MeijerG- function, 2 = L and A(j : ) = %, gl zhicl

Exponentiated Weibull (EW) Model: The EW distribution is a flexible three-
parameter model that extends the Weibull distribution to better fit irradiance fluc-
tuations caused by atmospheric turbulence. It effectively models a wide range of
fading conditions by adjusting its shape and scale parameters. This model cap-
tures both light and heavy tails of the distribution, making it suitable for various
turbulence scenarios [13]. It is written as:

=2 () oo () e ()] 0



* Double Weibull distribution: It is a statistical model developed to characterize
irradiance fluctuations caused by atmospheric turbulence in FSO systems. It is
particularly useful under moderate to strong turbulence conditions, where single-
component models like LN or Gamma-Gamma may not offer sufficient flexibility.
Its PDF is given by [12]:

kR | 0,0\ " AL 0), A(Kk; 0
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* Malaga, M Turbulence Model: It is a versatile statistical model which is suit-
able for weak to strong turbulence regimes. It encompasses several models, in-
cluding LN, GG, and K-distribution. It is characterized by a combination of LoS
and scattered components, It is provided by [30]:
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* Fisher Snedecor, 7 Turbulence Model: This model is suitable for modeling
moderate to strong turbulence and provides a good fit to measured data due to its
flexible structure. Its PDF is given by [17, Eq. (6)]:
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(1.14)

where, (., .) denotes the beta function.

* IGG distribution: This model is a composite statistical model proposed to cap-
ture the irradiance fluctuations of optical signals propagating through moderate to
strong atmospheric turbulence in FSO. It combines an IG distribution (modeling
large-scale fluctuations) with a Gamma distribution (representing small-scale ef-
fects), providing a more flexible and accurate fit to empirical data than traditional
models under certain turbulence conditions [19]. The PDF is written as:
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* IGGG Distribution: This model is introduced to characterize strong atmospheric
turbulence. It represents large-scale irradiance fluctuations using the IG distribu-
tion and small-scale fluctuations using the GG distribution, making it well-suited



for modeling highly turbulent atmospheric conditions. The IGGG distribution
provides better fitting accuracy over traditional models like GG or LN in certain
turbulent regimes. Its PDF is given as [18, Eq. (31)]:
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where, U(.;.;.) is the confluent hypergeometric function of second kind.

1.4 Mitigation Techniques

To address the challenges in RF and FSO communication systems, several mitiga-
tion techniques have been employed, including relay-assited dual-hop system, hybrid
FSO/RF system, multiuser diversity, and different diversity schemes (MIMO, combin-
ing schemes and aperture averaging).

1.4.1 Dual-hop System

FSO communication is an promising solution aimed at fulfilling the target date rate re-
quirements for future 5G and beyond wireless networks. It provides a significantly high
optical bandwidth, enabling communication with high data rates and operates within
license-free bands [31]. Despite these features of FSO communication, its widespread
adoption has been hindered by the unreliability of link, particularly in communication
over large distances due to atmospheric turbulence [2]. RF based wireless commu-
nication system are commonly utilized as the primary means of connection but face
challenges like limited spectrum, interference from frequency reuse, and significant
propagation loss in the transmission medium [32]. Therefore, the combined RF and
FSO systems indeed offer a promising solution by uniting the strength of both tech-
nologies. The combination of these two links provides a robust and reliable communi-
cation system that can operate in diverse environments. This hybrid approach leverages
the strengths of both technologies to overcome the limitations typically encountered in
wireless communication systems [33]. One outstanding feature is the enhanced speed
compared to traditional RF/RF communication systems. This speed improvement is
achieved by aggregating multiple RF data onto a single FSO link, thereby utilizing
the maximum capacity available [34]. Additionally, both links operate on entirely dif-
ferent sets of frequencies, with inherent interference avoidance [35]. Several combined
RF and FSO communication system are there such as Relay-assisted dual-hop RF-FSO,
dual-hop FSO-RF systems, and a triple-hop RF-FSO-RF system. In an uplink scenario,
an RF link in the backbone network transmits information to the relay, where the RF
signal is multiplexed, converted to optical signal, and then forwarded to the destination
via an FSO link. Conversely, in a downlink scenario, signal is transmitted via FSO
link to base station, where it is demultiplexed, converted into RF signals, and then for-
warded to the destination node. Such systems are applicable in emerging technologies



like Google’s Loon and Facebook’s Aquila projects. Different relaying protocols have
been created according to how the signal is carried from the relay such as amplify and
forward (AF) [36], [37], decode and forward (DF) [38], [39], quantize-and-forward [40]
and quantize-and-encode [41].
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Figure 1.2: Dual-hop RF-FSO system for uplink scenario.
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Figure 1.3: Dual-hop FSO-RF system for downlink scenario.

* Amplify and Forward (AF): In AF relaying, the relay amplifies and forwards
the received signal from the source to the next node. However, this process also
amplifies the noise along with the signal [42]. AF relays are classified into two
types: Fixed Gain where relay gain remains constant throughout the transmission,
regardless of channel variations [35] and Variable Gain in which relay gain adapts
dynamically based on the instantaneous channel state of the source-to-relay link.

* Decode and Forward: The noise amplification issue in AF protocol led to the
development of DF protocol. In DF protocol, the relay decodes the received
signal, re-encodes it, and forwards it to the destination. By breaking the noise
propagation chain, DF protocol provide more reliable communication. Although
this protocol introduces additional complexity, the decoding step at the relay sig-
nificantly enhances performance compared to AF protocol [39].
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* Quantize-and-Forward: Under the Quantize-and-Forward protocol, firstly re-
lay quantizes the received signal, and then forwards it over the FSO link to the
destination [40].

* Quantize-and-Encode: Under this protocol, relay processes the received signal

by first quantizing and then encoding it before transmission, which improves sys-
tem robustness and performance [41].
Further, relay-assisted communication can be realized through serial relaying,
parallel relaying, or a hybrid of both. Serial relaying is employed to extend link
distance when LoS path is unavailable. In this approach, relays are located in
series between the source and destination, enabling multi-hop transmission. In
contrast, parallel relaying involves multiple independent serial relay paths oper-
ating simultaneously between the source and destination to enhance reliability.

‘ Mitigation Schemes for RF and FSO Communication ‘
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1.4.2 Hybrid System

The hybrid system presents a compelling solution for next-generation wireless net-
works, leveraging the complementary strengths of both to provide high-capacity, ro-
bust, and resilient communication while mitigating their individual limitations. These
systems are well-suited to meet the diverse and demanding requirements of 5G and be-
yonds, delivering enhanced connectivity and improved reliability across a broad range
of applications. A major advantage of RF technology over FSO is its adaptability to
mobile communications scenarios. FSO performance deteriorates significantly when
one or both transceivers are in motion, primarily due to the challenge of maintaining
accurate beam alignment. Although this can be addressed using advanced optical com-
ponents such as gimbals, mirrors, or adaptive optics, the solution adds complexity and
cost. Additionally, RF and FSO links exhibits differently sensitivities to atmospheric
and weather conditions. FSO links are highly susceptible to fog, which can drasti-
cally impair signal quality, whereas RF links remain largely unaffected. Conversely,
RF links, especially in the higher frequency bands, experience significant attenuation
attenuation in the heavy rain, while rain has a relatively minor impact on FSO links
compared to fog and haze [43].

A review of the literature on the hybrid FSO/RF systems reveals a variety of design
strategies employed by researchers to motivate their combinations of FSO and RF.
These include hybrid FSO/RF system [44], relay-assisted hybrid RF/dual hop RF-FSO
system [45] [46], relay-assisted hybrid FSO/dual-hop RF-FSO system [47], relay-assisted
hybrid RF/dual-hop RF-FSO system [46], relay-assisted hybrid dual- hop-RF-FSO/dual-
hop FSO-RF [48] etc.

In Fig. 1.4, the FSO and RF links transmit data in parallel from source to destination.
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The same information is modulated separately onto optical and RF carriers, producing
two distinct signals that are transmitted via a light-emitting diode (LED) and an RF
antenna, respectively. At the receiver, these signals are combined using various diver-
sity techniques such as Selection Combining (SC), Maximal Ratio Combining (MRC),
Equal Gain Combining (EGC), or Adaptive Combining. These methods significantly
enhance link reliability and offer diversity gains by adapting to dynamic channel and

weather conditions.
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Figure 1.4: Hybrid FSO/RF system.
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Figure 1.5: Relay-assisted hybrid RF/dual-hop RF-FSO system.

Fig.1.5, mobile users establish communication with the base station either via di-
rect RF link or through dual-hop RF-FSO path. Conversely, Alternatively, in a hybrid
FSO/dual-hop FSO-RF configuration, a primary FSO backhaul is supported by a dual-
hop FSO-REF link for improved reliability, as shown in Fig. 1.6. Additionally, hybrid
systems can be structured with two parallel dual-hop configurations such as dual-hop
RF-FSO/dual-hop FSO-RF systems, as depicted in Fig. 1.7.
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Figure 1.7: Relay-assisted hybrid dual-hop RF-FSO/dual-hop FSO-RF system.

1.4.3 Multiuser Diversity

With the exponential growth in mobile users and bandwidth-hungry applications, the
existing RF spectrum has become increasingly overcrowded. Despite advancements
in cellular infrastructure, mobile network operators continue to face challenges in de-
livering seamless and high-capacity services. Instead of solely relying on acquiring
additional bandwidth, a more practical and sustainable solution is to optimize the uti-
lization of the available spectrum. Scheduling is responsible for allocating resource
among users by determining when and which user should transmit or receive, thereby
significantly influencing bandwidth utilization efficiency. Various scheduling schemes
are explored in the literature such as Round Robin Scheduling (RRS),Greedy Schedul-
ing (GS), Proportional Fainess Scheduling (PFS), and Cumulative Distribution function
based Scheduling (CDFS).

* Round Robin Scheduling (RRS): In the RRS, each user is selected in a pre-
defined cyclic order regardless of the channel conditions. The user index for
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trasnmission at the nth time slot is given as [49]

m* = (nmod M) + 1 (1.17)

* Greedy Scheduling (GS): According to the greedy scheduling, mth user is se-
lected based on the best instantaneous SNR for transmission. Hence,the mathe-
matical expression for selecting the mth best user can be given as [50]:

*

m* = argmax (I',,) (1.18)
mel,2....M

where, I',, is the instantaneous SNR of mth user.

* Proportional Fairness based Scheduling (PFS)
In the PFS scheme, mth user is chosen based on the maximum value of normal-
ized SNR for the RF link. Therefore, mth user selection is expressed mathemat-
ically as [51]:

mel,2....M Fm

r
m* = arg max (—m> (1.19)
where, T, =E(T,,).

* Cumulative Distribution function based Scheduling (CDFS): The CDF-based
scheduling system schedules the mth user based on the maximum CDF value for
the RF link with channel access ratio (CAR), denoted as v,,,. Therefore, mathe-
matical expression for selecting the mth user is as follows:

*

B
m* = arg max (FF (x)) o (1.20)
mel,2....M m

where, large value of v,,, signifies that the mth user will be scheduled more as

. M .
compared to the other users for data transmission and ), ' v,, = 1. Specifi-
cally, ensuring that v,,, = % to maintain fairness in channel access for all users.

1.4.4 Different Diversity Schemes

Receiver diversity is among the most effective methods for countering the negative im-
pact of fading in wireless communication systems. The core principle of diversity lies
in providing the receiver with multiple independently faded replicas of the transmit-
ted signal. Such schemes are hybrid FSO/RF systems, Multiple-Input Multiple-Output
(MIMO) systems and aperture averaging etc.

1. Hybrid FSO/RF systems in which same data is sent over both the FSO and RF
links. As these links are subject to independent fading characteristics owing
to their distinct propagation media and significantly improves the system’s re-
silience and reliability. To harness this diversity effectively, various combining
strategies are employed at the receiver, including SC, MRC, EGC, and Adaptive
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Combining, each offering different trade-offs in terms of complexity and perfor-
mance.

* Selection Combining: SC is basic diversity technique, where the receiver
monitor all M branches and selects the one with the maximum instanta-
neous SNR, denoted by I';, where (i € {1,2,..M}). This method requires
minimal processing complexity and performs well when at least one branch
consistently offers a strong signal.

* MRC: MRC is an optimal diversity combining technique that maximize
the output SNR. This scheme involves co-phasing the signals from all M
branches and combining them after weighting each by its corresponding
SNR. This ensures that stronger signals contribute more to the final output,
while weaker ones have a reduced impact. The total output SNR is the
sum of the individual SNRs across all branches, offering the best possible
performance among linear combining schemes.

M
Phre = Z L'; (1.22)
=1

* EGC: EGC is a diversity combining technique where all received signals
are co-phased and combined with equal weights, regardless of their indi-
vidual SNRs. Unlike MRC, EGC does not require amplitude information
of the channel, only the phase needs to be estimated. While EGC is less
complex than MRC, it still achieves performance close to MRC, making it
a practical choice for systems where reduced computational complexity is
desired. The output SNR of EGC for M branches is given by:

(S, V)
M

lege = (1.23)

* GSC: GSC combines the benefits of SC and MRC by selecting a best L
out of M available branches based on their instantaneous SNR values and
then coherently combining them using MRC. This approach provides a bal-
ance between performance and complexity. By utilizing only the strongest
branches, GSC achieves near-optimal performance with reduced hardware
and computational requirements compared to full MRC. These combining
strategies play a vital role in enhancing the reliability, especially under con-
ditions of channel fading and dynamic environmental variations.

L
Lgsc = Z L (1.24)
p
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where, I' ;) denotes the nth largest SNR among the A available diversity
branches (Z@F(l) Z F(Z) 2 Z F(M))

* Adaptive combining: In this approach, the system primarily uses the FSO
link for data transmission as long as its instantaneous SNR stays above a cer-
tain threshold. If the SNR drops below this level, the RF link is turned on to
maintain a stable connection. During this period, data is sent over both the
FSO and RF links simultaneously, with the FSO link’s data rate adjusted to
match the RF link, allowing for efficient signal combination. The receiver
uses MRC to merge the signals from both paths, improving overall relia-
bility. Once the FSO link’s SNR recovers and crosses the threshold again,
the system reverts to FSO-only transmission, turning off the RF link to save
power and spectrum.

2. MIMO Systems: MIMO systems mitigate multipath fading by ensuring that
signals reach the receiver through multiple independent paths. MIMO technique
is one strategy in which multiple transmit and receive antennas are installed to
support multiple transmissions of the same signal. But, the total cost of imple-
menting the MIMO system increases because of the requirement of additional
antennas.

3. Aperture averaging: It is an effective method for reducing the fading effect
by employing a larger receiving. The larger aperture helps smooth out the rapid
intensity variation caused by turbulence, resulting in lower scintillation compared
to small or point receiver. This method acts as a form of receiver diversity in FSO
communication systems. It becomes effective when the receiver aperture exceeds
the fading correlation length, defined as v/AL, where ) is the optical wavelength
and L is the link distance. This technique has been extensively studied in the
literature [52,53].

1.5 Research Motivation

User scheduling schemes for MU dual-hop RF-FSO systems have garnered significant
research interest in current and future wireless networks. These schemes aim to effi-
ciently allocate wireless resources to cater to the diverse needs and conditions of all
users. Their primary objec tive is to decide who should send and receive data and at
what time, which affects the efficiency of bandwidth utilities. An effective schedul-
ing scheme should leverage multiuser diversity to achieve substantial system perfor-
mance while addressing the challenge of ensuring equitable service (fairness). In the
region, where users experience lower average SNR, accessing channel resources be-
comes problematic, particularly in the presence of users enjoying comparatively higher
average SNR levels. Consequently, the system allocates resources to users with weaker
channels to ensure their requirements are satisfied. However, such allocations do not
contribute favorably to achieving optimum system performance. This situation intro-
duces a conflict be tween the objectives of meeting individual user channel access and
optimizing overall system. performance.
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1.6 Thesis Organization

This thesis is organized into eight chapters. The summary of the work presented in each
chapter is briefly outlined as follows:

* Chapter 1 Introduction: This chapter provides an overview of wireless com-
munication systems, outlines the key challenges they face, discusses various mit-
igation techniques, and presents the motivation of the research.

* Chapter 2: Literature Review — This chapter explores existing research contri-
butions related to FSO systems, dual-hop RF-FSO systems, and hybrid FSO/RF
architectures. It also identifies key research gaps that form the basis of this thesis
and outlines its primary objectives.

* Chapter 3: FSO System — This chapter investigates the performance of FSO
systems over IGG-distributed channels. Novel mathematical expressions for the
PDF and CDF of the received SNR under IM/DD detection are derived. A com-
parative analysis of IGG, 7, and IGGG distributions is conducted to assess their
fitting accuracy to empirical data. Furthermore, unified analytical expressions
for outage probability (OP) and average bit error rate (ABER) are developed for
digital modulation schemes, along with their asymptotic forms at high SNR. An
upper bound for OP is also provided.

* Chapter 4: Multiuser Dual-hop RF-FSO System with Perfect CSI — This
chapter examines a multiuser dual-hop RF-FSO system employing the CDF based
scheduling scheme in the presence of i.n.i.d. co-channel interference (CCI).
A unified OP expression is derived. System performance is further optimized
through power allocation among users and the relay under a total power con-
straint, and by determining the optimal channel access ratios (CAR) for users.

* Chapter 5: Multiuser Dual-hop RF-FSO System with Imperfect CSI — This
chapter builds upon Chapter 4 by incorporating channel estimation errors in both
RF and FSO links. OP expressions under imperfect CSI are derived, and per-
formance is enhanced through optimized power allocation and CAR under total
power constraints.

* Chapter 6: Dual-hop Multiuser RF-Hybrid FSO/RF Relaying System —
This chapter addresses the OP analysis of a dual-hop multiuser RF-hybrid FSO/RF
system with CDF based scheduling scheme under i.n.i.d. CCI. Optimal power al-
location and CAR values are determined to minimize OP while satisfying power
constraints.

* Chapter 7: Design of MIMO-FSO and WDM-FSO Systems — This chapter
focuses on the practical design and simulation of MIMO-FSO and WDM-FSO
systems using OptiSystem software, utilizing real-time weather data from Leh,
Ladakh. BER, quality factor, and eye diagrams are presented to evaluate system
performance.

17



* Chapter 8: Conclusion and Future Scope — This final chapter summarizes
the key findings of the research and outlines potential directions for future work
in the field.
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Chapter 2

Literature Survey

This chapter explored the research contributions on FSO systems, dual-hop RF-FSO
systems, and hybrid FSO/RF architectures. It also identifies key research gaps and
outlines the primary objectives.

2.1 Literature Survey on FSO communication System

Accurately modeling the atmospheric turbulence is curcial to predict and analyze the
performance of FSO system. In the literature, various statistical models have been uti-
lized to characterize the variations in optical signals, including LN distribution [7],
NE distribution [27], and IG distribution [8]. Performance metrics have been anal-
ysed using LN model assuming IM/DD with OOK in [54] and in [55] respectively.
The OP of FSO systems with multiple transmit/receive apertures has been further eval-
uated in [56]. Authors have derived analytical expressions for the ABER under IG
turbulence-induced fading. These results are applicable to IM/DD systems with Q-ary
PPM and HD systems using differential phase shift keying (DPSK), offering a simpli-
fied alternative to the LN model [8]. OP and ABER for digital sub-carrier intensity
modulated (SIM) have been evaluated for FSO system in atmospheric turbulence us-
ing NE distribution [57]. Further, OP, outage capacity, average capacity and ABER
for OOK with IM/DD have been evaluated in [27]. These distributions are called
single-family distributions. However, these distributions are not suitable for all at-
mospheric turbulence conditions. For example, LN distribution and IG distribution
describe turbulence-induced fading under only a weak turbulence regime, whereas NE
distribution is used for an extreme turbulence regime. In order to address the limitations
of single-family distributions, double-family distributions have been proposed such as
Log Normal Rician distribution [14], I-K distribution [58], Gamma-Gamma (GG) dis-
tribution [9], [10], @ — w distribution [11], Double Generalized Gamma distribution
(DGQG) [15], [59], Exponentiated Weibull (EW) distribution [13], Double Weibull dis-
tribution [12], Malaga (M) distribution [16], Fischer-Snedecor () distribution [17],
Inverted GG- Gamma (IGGGQG) distribution [18] and Inverse Gaussian Gamma (IGG)
distribution [19]. The I-K distribution, an extension of the K distribution, is suitable for
both weak and strong turbulence conditions [58], while GG distribution is more suitable
for strong turbulence conditions [10]. The o« — p distribution is a generalized distri-
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bution that includes fundamental distributions like Rayleigh, Rician, Nakagami, and K
distributions as special cases for specific values of fading parameters [11]. DGG dis-
tribution effectively models turbulence conditions across a wide range—from weak to
strong—but this accuracy is accompanied by increased computational complexity [15].
EW distribution is effective under diverse atmospheric conditions, especially where
GG and LN distributions fails to accurately model the irradiance fluctuation due to
the impact of aperture averaging [13]. The Double Weibull distribution provides su-
perior accuracy compared to the GG distribution from moderate to strong turbulence
conditions [12]. The M distribution functions as a generalized statistical model that
encompasses both LN and GG distributions as particular instances, thereby providing
greater flexibility in modeling a wide range of turbulence conditions [16]. F distri-
bution provide a more tractable model using elementary functions compared to other
models. however, it often fails to accurately fit experimental data across all turbulence
regimes [17].

Table 2.1: Literature survey on FSO communication system

Ref Author’s Name/Year System Model Key Contribution

[60] | O.S. Badarneh et al., 2023 IGGG turbulence channel under | OP, ABER, EC, Diversity Order
IM/DD detection scheme in the pres-
ence of pointing error

[61] | Y. M. Shishter et al., 2023 IGIGG and IGIGGG fading channels | Proposed IGIGG and IGIGGG
used distributions and derived PDF,

CDF, MGF

[18] | Y. M. Shishter et al., 2022 IGGG fading channel with aperture av- | Proposed IGGG distribution and
eraging derived PDF, CDF

[17] | K. P. Peppas et al., 2020 J fading channel under IM/DD and | Proposed J distribution and de-
HD detection schemes rived PDF, CDF, OP, ABER, Di-

versity Order

[62] | A. A. Ibrahim et al., 2020 M fading channel under channel esti- | OP, ABER, Diversity Order
mation error

[19] | M. Cheng et al, 2018 IGG fading channel with aperture av- | Proposed IGG distribution and
eraging derived PDF, CDF, OP

[16] | L. S. Ansari et al., 2015 M fading channel using IM/DD and | OP, ABER, EC, Diversity Order
HD detection schemes accounts for
pointing errors

[15] | M. A. Kashani et al., 2015 DGG fading channel with IM/DD de- | OP, ABER, Diversity Order
tection scheme

[13] | B. Porras et al.,2013 Exponentiated Weibull fading model | ABER, Diversity Order
under aperture averaging

[63] | N. D. Chatzidiamantis et. al, | Double Weibull fading model under | OP, ABER, Diversity Order

2010 IM/DD detection scheme

The IGGG distribution was introduced in [18] and combines the Inverse Gamma
and Gamma distributions to characterize large-scale fluctuations, while Gamma dis-
tribution is employed to characterize small-scale irradiance fluctuations. Further, two
novel fading distributions: Inverse Gamma/Inverse Gamma/Gamma (IGIGG) distribu-
tion and Inverse Gamma/Inverse Gamma/Gamma/Gamma (IGIGGG) distribution are
introduced in [61]. In the IGIGG distribution, large-scale fluctuations are represented
as the product of two inverse Gamma distributions, while small-scale irradiance fluc-
tuations are modelled by Gamma distribution. On the other hand, large-scale fluctua-
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tions are modelled as the product of two Inverse Gamma and Gamma distributions, and
small-scale irradiance fluctuation by Gamma distribution in IGIGGG distribution. OP,
and ABER have been evaluated using IGGG distribution with pointing errors in [60].
The IGG distribution, first introduced in [19], models atmospheric turbulence by repre-
senting small-scale irradiance fluctuations with a Gamma distribution and large-scale
irradiance fluctuations with an IG distribution. The PDF and cumulative distribution
function (CDF) in terms of fade threshold have been obtained. The resulting PDF was
shown to agree very well with the experimental data. However, IGG is mathematically
intractable and the CDF was obtained as an infinite series. Further, for long-distance
transmission, system performance deteriorates due to fading effects. Studies have been
conducted on aperture averaging to enhance performance of the systems [64]. Aper-
ture averaging mitigates the effects of atmospheric turbulence by using a photodetector
with a larger aperture, allowing it to collect a broader segment of the optical beam and
smooth out signal fluctuations in [65]. Various modulation schemes have been studied,
including OOK [66], [67], M-ary Phase Shift Keying (MPSK) [68], [69], Differential
Phase Shift Keying (DPSK) [70], Coherent Binary Frequency Shift Keying (CBFSK),
and Polarization Shift Keying (PolSK) [71]. A literature review of single-hop FSO
channel models and their corresponding contributions is summarized in Table 2.1.

The literature survey on single-hop FSO communication systems indicates that the
IGG model provides the best alignment with experimental data, especially under low ir-
radiance conditions as compared to 7 distribution and IGGG distribution, as evidenced
by a lower mean squared error (MSE;;5 < MSE -, MSE,555). Despite its accuracy,
IGG model suffers from mathematical intractability, with its CDF expressed as an infi-
nite series, limiting its practical analytical use. Additionally, the impact of modulation
techniques, and different detection schemes on FSO system under IGG distribution has
not been investigated. In contrast, the & distribution is less precise but offers a sim-
pler mathematical expression using elementary functions, making it more analytically
convenient. This highlights a critical trade-off between model accuracy and tractability
that remains under-explored in current literature.

2.2 Literature Survey on MU Dual-hop RF-FSO sys-
tem with Perfect CSI

The rapid proliferation of mobile devices on internet connectivity for both personal and
professional use necessitate robust communication frameworks that can handle multi-
ple users simultaneously. This demand is further amplified by the rise of applications
requiring high bandwidth, such as video conferencing, online gaming, and cloud com-
puting. Consequently, there is a pressing need for systems that can efficiently manage
multiple simultaneous connections while maintaining high data rates and low latency.
To effectively serve a large number of users, future wireless networks must deliver re-
liable and efficient communication services. The challenge intensifies as the demand
for high-speed data and uninterrupted connectivity continues to grow. In this regard,
multiuser dual-hop relaying systems offer a promising solution. Many researchers have
analysed the performance of such system employing various user scheduling schemes

21



such as absolute SNR, normalized SNR, proportional fairness scheduling (PFS) [72],
greedy scheduling (GS) [51], highest SNR based scheduling [73], [74], best chan-
nel selection [75], generalized order user scheduling [76], and opportunistic schedul-
ing [77], [78], [79], [80], and [81], [82].

The authors examined the EC for the dual-hop FSO-RF system by employing trans-
mit beamforming based on channel state information and utilizing proportional fairness
scheduling (PFS) in [72]. The relay assisted MU TWR assisted FSO system with differ-
ent scheduling schemes such as GS, PFS and selective multiuser diversity scheduling
have been studied in [51]. The selection of the user with maximum SNR has been
considered for relay assisted dual-hop RF-RF system considering i.n.i.d CCI in [73]
and for dual-hop RF-FSO system in [74], where RF link is modeled using NE distri-
bution and FSO link is characterized by GG distribution. The authors in [75] have
derived OP, ABER and EC for MU dual-hop RF-FSO AF relaying systems using best
channel condition where the RF channel is subjected to n — u fading and assumed M -
distribution for FSO link. Authors examined the performance of MU dual-hop RF-FSO
system employing opportunistic user scheduling scheme with a multiple antenna where
Nakagami-m has been assumed for RF link while FSO link undergoes GG distributed
fading in [77] and the impact of CCI was further incorporated in [83]. Additionally, sim-
ilar work was extended by considering Rayleigh/Gamma-Gamma fading channels [78].
In [80], authors analysed the performance of MU dual-hop FSO-RF system utilizing op-
portunistic user scheduling and considered M -distributed fading for the FSO link and
shadowed ~—p fading for the RF link and considered o — ;/GG fading models for the
same scheduling scheme in [82].

OP and ABER analyses for MU RF-FSO system in the presence of CCI have been

conducted based on channel statistics [81], where RF links is modeled by Nakagami-m
fading and the FSO link is characterized by o — p distribution. Using same scheduling
scheme, performance have been investigated for MU dual-hop system in [79], where RF
links experience Nakagami-m fading and FSO link is modeled using DGG distribution.
However, imperfect channel estimation hinders the selection of the best user in oppor-
tunistic scheduling scheme. To address this issue, generalized order based scheduling
scheme has been explored for MU dual-hop RF-FSO in [76] and transmit antenna se-
lection based system has been analyzed in [84]. These studies have accounted perfect
CSI at the relay in dual-hop systems as shown in Table. 2.2.
From Table 2.2, it is evident that the performance of a MU dual-hop RF-FSO sys-
tem has not been analyzed by using J distribution for the FSO channel. Moreover,
fairness-based scheduling scheme with perfect channel estimates remains unexplored
in the presence of CCI.
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Table 2.2: Literature Survey for Dual-hop System with Perfect Channel Estimation and

Scheduling Schemes

Ref Author’s Name/Year | Dual-hop System First hop Second hop Scheduling Scheme CCI Key Contribution

[82] | A. Goel et al., RF/FSO a—p Gamma-Gamma Opportunistic X OP,ABER
2020 Scheduling

[72] | H. Kong et al., FSO/RF Gamma-Gamma Rayleigh PFS X EC
2020

[79] | Tonk et al., 2020 RF/FSO Nakagami-m Double Generalized | Opportunistic v OP, ABER

Gamma Scheduling

[80] |I.  Trigui et FSO/RF M shadowed x — Opportunistic OP, ABER, Diversity

al.,2019 Scheduling Order, Power Alloca-
tion

[84] | K. O. Odeyemi et RF/FSO Nakagami-m Exponential Weibull | Generalized — order x OP, ABER
al., 2019 user scheduling

[74] | M. A. Amirabadi, RF-FSO Negative Exponen- | Gamma-Gamma Highest SNR based X OP, ABER
2019 tial Scheduling

[81] | A.Upadhyaetal., RF/FSO Nakagami-m Qa-fi Opportunistic OP, ABER
2019 Scheduling

[78] | A. H. A. El- RF/FSO Rayleigh Gamma-Gamma Opportunistic OP, Diversity Order,
Malek et al, Scheduling Power Allocation
2017

[83] | A. H. A. El- RF/FSO Nakagami-m Gamma-Gamma Opportunistic OP, Diversity Order,
Malek et al., Scheduling Power Allocation
2017

[75] | L. Yang et al, RF/FSO n—p M Best channel selec- X OP, ABER, EC, Diver-
2017 tion sity Order

[73] | A. K. Mandpura RF/RF Rayleigh Rayleigh High SNR based OP, Diversity Order
etal., 2016 Scheduling

[51] | P.Purietal., 2016 FSO/FSO M M Absolute SNR, Nor- X OP, ABER

malized SNR, Selec-
tive MU diversity

[771 | A. H. A. El- RF/FSO Nakagami-m Gamma-Gamma Opportunistic X OP, ABER, EC, Diver-
Malek et al, Scheduling sity Order, Power Allo-
2016 cation

[76] | A. M. Salhab, RF/FSO Rayleigh Gamma-Gamma Generalized order X OP, ABER, EC, Diver-
2015 user scheduling sity Order

2.3 Literature Survey on MU Dual-hop RF-FSO system
with Imperfect CSI

Imperfect Channel State Information (CSI) in wireless communication occurs when
the transmitter and receiver has outdated knowledge of the channel conditions. CSI
plays a vital role in optimizing signal transmission, ensuring efficient use of band-
width, and mitigating interference. However, in real-world scenarios, acquiring perfect
CSlI is challenging due to factors such as feedback delay, estimation errors, user mobil-
ity, and hardware limitations. As a result, most real-world systems rely on estimated
CSI obtained via feedback mechanisms. Therefore, it becomes critical to account for
the impact of channel estimation errors on system performance [85]. Some studies
have extensively explored the effects of channel estimation errors on dual-hop RF/FSO
communication systems [76,86-96] as shown in the Table 2.3. In [86], the performance
of a dual-hop FSO-hybrid FSO/RF system was analyzed within a satellite—air—ground
integrated network (SAGIN) framework, taking into account the presence of eavesdrop-
pers on both FSO and RF links, interference on the RF link, and imperfect CSI on the
FSO link. Secrecy performance of a non-orthogonal multiple access (NOMA )-based
dual-hop system was analyzed, taking into account imperfect CSI at both links in [87].
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Similarly, [88] examined the performance of dual-hop RF-FSO system in terms of OP,
ABER and EC, also accounting for imperfect CSI on both links. The authors of [90]
analyzed the secrecy OP of a single-input-multiple- output(SIMO) dual hop RF-FSO
system with imperfect CSI at both links in the presence of eavesdropper where multiple
antennas were deployed at both the relay and the eavesdropper, and MRC was used to
improve the system performance. This work was further extended to a multiple-input-
multiple- output (MIMO) scenrio in [89] by incorporating various transmit antenna se-
lection (TAS) schemes. The authors analyzed the performance of a dual-hop RF-FSO
system employing a partial relay antenna selection scheme in the presence of interfer-
ence and imperfect CSI at RF link, where Rayleigh fading was assumed for the RF and
Double-Weibull fading for the FSO link in [92], while in [91], Nakagami-m fading and
DGG fading were considered for the RF and FSO links respectively. The performance
of a dual-hop RF-FSO system with imperfect CSI at the relay was analysed in [76], con-
sidering a Rayleigh faded RF link and an FSO link by GG distribution. This work was
further extended in [93] by modeling the RF link by Nakagami-m fading and FSO link
with GG turbulence. Authors investigated the performance metrics of a MU dual-hop
RF-FSO system with generalized order scheduling, considering imperfect channel for
the RF link in [77]. The RF link was modeled by Rayleigh fading, while FSO link ex-
perienced GG fading with pointing error. The same system model was also considered
using opportunistic user-based scheduling, along with power allocation optimization to
enhance the system performance [77]. In [96], the authors investigated the performance
of a MU dual-hop RF-RF system with opportunistic user-based scheduling, considering
imperfect channel for the RF links.

Table 2.3: Literature Survey for Dual-hop System with Imperfect Channel Estimation
and Scheduling Schemes

Ref Author’s Name | Dual-hop First-hop Second-hop Scheduling Schemes | CCI Channel Channel | Key Contribution
Estimation | Estimation
at at Second-
First-hop hop
[86] | X.Lietal., 2025 | FSO/hybrid Gamma- Shadowed Rician | x v v v SOP, ST, SPSC
FSO-RF Gamma and Nakagami-m
[87] | Y. Zhuang et al., | FSO/RF Rayleigh Gamma-Gamma | - x v v SOP
2022
[88] | Z. Zhang et al., | RF/FSO - M - X v v PDF, CDF, OP,
2022 ABER, EC, Diver-
sity Order
[89] | H.Leietal., 2020 | RE/FSO Nakagami-m M Transmit An- X v v PDF, CDF, EST, Di-
tenna Selection versity Order
[90] | H. Lei et al. 2018 | RF/FSO Rayleigh Gamma-Gamma | - X v v OP
[91] | E. Balti et al., | RE/FSO Nakagami-m Double General- | Partial Relay Se- v v X OP, ABER, EC
2018 ized Gamma lection
[92] | E. Balti et al., | RF/FSO Rayleigh Double-Weibull Partial Relay Se- X v X OP, EC, Upper
2017 lection Bound
[93] | M. Petkovic et al, | RE/FSO Nakagami-m Gamma-Gamma | - X v X OoP
2017
[94] | A. M. Salhab et | RF/FSO Rayleigh Gamma-Gamma | Opportunistic X v X OP, ABER, Diver-
al., 2016 Scheduling sity Order, Power
Allocation
[95] | G. T. Djordjevic | RF/FSO Rayleigh Gamma-Gamma | - X v X OP, ABER, Trans-
etal., 2015 mitter Beam Waist
[76] | A. M. Salhab, | RE/FSO Rayleigh Gamma-Gamma | Generalized order X v X OP, ABER, EC, Di-
2015 User Scheduling versity Order
[96] | Y.Guetal, 2013 | RF/RF Rayleigh Rayleigh Opportunistic v v v OP, ABER, Diver-
Scheduling sity Order
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Table 2.3 highlights that the performance analysis of a MU dual-hop RF-FSO sys-
tem remains unexplored when employing J distribution to model the FSO channel.
Moreover, fairness-based scheduling scheme under the influence of imperfect channel
estimation, and CCI has not yet been addressed in the existing literature.

2.4 Literature Survey on hybrid FSO/RF Communica-
tion System

Hybrid FSO/RF technology holds significant promise as it can greatly improve the
availability and reliability of communication compared to standalone links. It offers
high data rates and improved resilience to varying weather conditions. By combining
the strengths of both FSO and RF technologies, this hybrid approach enables the links
to compensate for each other’s limitations, ensuring efficient and robust data transmis-
sion even under highly variable channel conditions. These hybrid systems are available
in single-hop system [97-104], dual-hop system [105-110]. Single-hop systems are
favored for short range communications where data transmission takes place through
two parallel FSO and RF links, either simultaneously or via a switching mechanism.
Different combining schemes are performed at the receiver such as SC, MRC, EGC and
Adaptive combining. To increase coverage areas, dual-hop systems have been deployed
and various relaying techniques, such as AF and DF are employed.

For instance, authors of [97] deduced the mathematical expression for OP, ABER
for multi-hop parallel hybrid FSO/RF system incorporating SC scheme. [103] has been
performed the outage analysis for hybrid FSO/RF system using adaptive combining
without considering pointing error. This work was later extended in [98], where point-
ing error was incorporated and the ABER was also derived. In [99], the performance
of hybrid FSO/RF system was analyzed for SC scheme, where RF link follows  —
distribution and FSO link employs the M with the consideration of pointing error. The
OP, ABER and EC of the hybrid system with GG fading for FSO and Rayleigh fading
for RF were evaluated with hard-switching scheme in [100]. In [101], performance has
been evaluated using the SC for the hybrid system. In [102], the hard-switching scheme
is incorporated to analyse the performance, where the RF link experiences Rician fad-
ing and employs 16-quadrature amplitude modulation (QAM), while the FSO link is
modeled using the GG distribution with pointing error effects. In [104], authors de-
rived closed-form expressions for the ABER and the EC of the hybrid FSO/RF system
employing hard switching. They studied the performance of the FSO link under weak
atmospheric conditions using of M-PSK modulation and considered two hybrid con-
figurations: single-threshold and dual-threshold switching schemes. In [105], a new
channel selection policy is proposed for hybrid FSO/RF space—air—ground integrated
networks. This policy dynamically enhances system performance, and an OP analy-
sis is conducted to evaluate its effectiveness. The performance of DF based dual hop
RF-hybrid RF/FSO system empoying SC was analysed in [106]. The authors in [107]
analyzed the performance of a SAGIN-based dual-hop FSO-hybrid FSO/RF system in
the presence of an eavesdropper on the FSO link, employing a hard-switching scheme.
The analysis of a dual-hop hybrid system using SC has been presented in [108], where
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the RF link is modeled by Shadowed-Rician distribution and the FSO link using the
GG distribution. An optimal power allocation expression was also derived to enhance
system performance. The performance of dual-hop RF-hybrid FSO/RF system with
AF based protocol, considering SC has been done in [110], where the FSO link using a
GG distribution and the RF link with Rayleigh fading. Furthermore, [109] investigated
the performance of similar systems with DF based protocol, modeling the FSO link
using the M distribution and the RF link by Rayleigh fading considering both SC and
MRC schemes. A concise summary of existing research on hybrid FSO/RF systems is
presented in Table 2.4.

Table 2.4: Literature survey for Hybrid FSO/RF Communication System

Ref Author’s Name, System Model RF link FSO link Diversity Key Contribution
Year First Hop Second Hop
[105] | P. S. Bithas et al., | FSO Hybrid FSO/RF Shadowing Gamma-Gamma lower signaling | OP
2024 Double- with pointing error overhead channel
scattering Ne
[106] | H. Joshi et al., | RF Hybrid FSO/RF Nakagami-m M with pointing er- | SC OP, MGF, ABER, EC
2023 ror
[97] | Y. Wuetal., 2023 Hybrid FSO/RF Nakagami-m M with pointing er- | SC OP, ABER
ror
[107] | V. Bankey et al., | FSO Hybrid FSO-RF Gamma-Gamma | Shadowed-Rician Hard-Switching SOpP
2022
[108] | R. Deka et al., | Hybrid Hybrid FSO/RF Shadowed-Rician | Gamma-Gamma SC OP, ABER, Power Allocation
2022 FSO/RF
[109] | D. R. Pattanayak | RF Hybrid FSO/RF Rayleigh M with pointing er- | SC/MRC OpP
etal., 2020 ror
[98] | M. Siddharth et Hybrid FSO/RF Nakagami-m Gamma-Gamma Adaptive  Com- | OP, ABER
al., 2020 with pointing error | bining with MRC
[110] | M. Torabi et al., | RF Hybrid FSO/RF Rayleigh Gamma-Gamma SC OP, ABER, EC
2019 with pointing error
[99] | K. O. Odeyemi et Hybrid FSO/RF n—p M with pointing er- | SC OP, ABER
al., 2019 ror
[100] | H. Khalid et al., Hybrid FSO/RF Rayleigh Gamma-Gamma Hard-Switching OP, ABER, EC
2019
[101] | W. M. R. Shakir, Hybrid FSO/RF Rayleigh Gamma-Gamma SC OP, ABER
2018
[102] | A. Touati et al., Hybrid FSO/RF Rician Gamma-Gamma Hard-Switching OP, ABER
2016 with pointing error
[103] | T. Rakia et al., Hybrid FSO/RF Nakagami-m Gamma-Gamma Adaptive  Com- | OP
2015 bining with MRC
[104] | M. Usman et al., Hybrid FSO/RF Nakagami-m Log-normal Single FSO | OP, ABER, EC
2014 threshold and
dual FSO thresh-
old

Previous studies have explored various diversity combining techniques, such as SC
and MRC, at the receiver to enhance system performance. Further improvements can
be achieved by incorporating MU transmission at the source and modeling the FSO
channel using the JF distribution. However, the performance analysis of dual-hop MU
RF-hybrid FSO/RF systems using SC at the receiver, integrated with a fairness-based
scheduling strategy under the influence of CCI, remains largely unexplored in the liter-
ature.

2.5 Research Gaps

Based on the literature review discussed in the preceding sections, the identified re-
search gaps are summarized as follows:
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1. While the IGG, #, and IGGG distributions have been introduced in the litera-
ture to model atmospheric turbulence in FSO systems, the performance analysis
of FSO systems under IGG-distributed turbulence remains unexplored. Addi-
tionally, the effect of modulation techniques, and detection schemes on system
performance under IGG distribution has not been investigated.

2. To improve the performance of dual-hop RF-FSO system, multiuser diversity has
been studied in literature. However, the performance of MU dual-hop RF-FSO
system with fairness based user scheduling scheme and perfect channel estima-
tion in the presence of CCI has not been studied.

3. The performance of MU dual-hop RF-FSO system with fairness based user schedul-
ing scheme in the presence of imperfect channel estimation, and CCI has not been
studied.

4. In literature, diversity combining (such as SC and MRC) at the receiver had been
studied to enhance the performance of hybrid FSO/RF system. The system per-
formance can be further enhanced by exploiting multiuser diversity at the source.
The performance of MU dual-hop RF-Hybrid FSO/RF systems with SC combin-
ing at the receiver using fairness based user scheduling scheme in the presence
of CCI has not been studied.

2.6 Objectives and Scope of the Work

Therefore, to address these research gaps, we have formulated the following research
objectives:

* Objective 1: To design and analyse the performance of improved free space opti-
cal communication system using different modulation and detection techniques.

* Objective 2: To design and analyse the performance of dual-hop RF-FSO relay
system for large coverage area.

* Objective 3: To design and analyse the performance of hybrid RF/FSO system
for worst weather conditions.

* Objective 4: To compare the performance of proposed system with existing sys-
tem.

This research focuses on the modeling, simulation, and analysis of FSO systems, MU
dual-hop RF-FSO systems, and dual-hop MU RF-hybrid FSO/RF systems under diverse
channel conditions. It considers various modulation and detection techniques, realistic
channel conditions, and aims to enhance system reliability, coverage, and data rate. The
study also includes performance comparison with existing systems to demonstrate the
advantages of the proposed approach.
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Chapter 3

Performance Analysis of FSO System
Over Inverse Gaussian Gamma
Turbulence Channel

In this chapter, the performance of a FSO communication system is studied. The sig-
nificant contributions of this chapter are as follows:

* FSO system over IGG distributed channel is considered and novel mathematical
expressions for PDF and CDF of the received SNR are derived to describe the
statistical behaviour of the received SNR under IM/DD detection scheme.

* A comparison of IGG distribution with F distribution and IGGG distribution is
performed to demonstrate an accurate fit to the experiment data.

New unified analytical expressions for the OP and ABER for MPSK, OOK, CBFSK,
and DPSK digital modulation schemes are derived based on its PDF and CDF.

* For gaining further insights, asymptotic expressions are obtained for OP, and
ABER in the high SNR region. Also, the upper bound on OP is obtained.

Monte Carlo simulation is carried out to verify the analytical expressions.

3.1 System Model and Statistical Characteristics

Consider a system illustrated in Fig. 3.1, where a source node (S) communicates with a
destination node (D) over an FSO channel using IM/DD detection scheme. The received
signal, y is expressed as:

y = nhiggT + n, (3.1)

where, 17 denotes photodetector responsivity, « is the transmitted signal from S and has
an average power of one Watt, n is the zero mean additive white gaussian noise (AWGN)
and is distributed as NV (0, 03y )- Further, the FSO channel fading coefficient h;gq
follows an IGG distribution which results from both large-scale effects denoted as h,
and small-scale effects denoted as hg.
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Figure 3.1: System model of the considered communication system.

The fading coefficient can be expressed as: hjgg = hphg. Further, h; is modelled
by IG distribution as defined in [8] and hg is modelled by Gamma distribution defined
in [111]. The PDFs for i, and hg are as follows:

fa, (hp) = U%eae_g(thlL), (3.2a)
L

_ g
fhs(hs) G

where, the gamma function is denoted by I'(.), and « and 3 represent the severity of
fading associated with large-scale and small-scale turbulent eddies, respectively. The
expression for a and [ is given by as [19]:

e Phs, (3.2b)

1
o= (3.3a)
e%inL — 1
1
B= (3.3b)
e"lns — 1

where, o7, ; and o7, ¢ denotes the log-irradiance variances [17]. The PDF of kg is
derived from (3.2a), and (3.2b) as follows:

B_1
2a B ge” 2Bhigg) 2 * [ 2Bhigg

higg =0 (3.4)

fica(Migs) =

where, K (.) refers to modified Bessel function of the second kind of order v.

The received instantaneous SNR, v and average SNR, 7 for the considered system em-
(77}11000)2 and ’_Y _n 2E? |hIGGG‘
/Z\WGN ox AWGN

ploying IM/DD detection scheme is expressed as v =
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The n'" moment of hgg, i, (higg) is obtained by using (3.4) and integral identity
given in [112] as:

T a o
tin(hige) = Elhiggl = (gn}r(%))e ?QK%_n(a). (3.5)

By employing variable substitution in (3.4), the PDF of IGG in terms of received in-
stantaneous SNR is calculated as:

B aﬁﬁeo‘7§*1 20 = 28 [y
() = P (1+— §> Koy |oy/1+4/5 ] 3O

To derive the CDF of IGG in terms of received instantaneous SNR, F7 (y), the series ex-
pansion of K (.) as given in [113, Eq.(03.04.06.0030.01)] is utilized in (3.6). Through
a sequence of algebraic manipulations, the expression can be reformulated as follows:

B v 2« BBex ™
F.(v) —/0 fy(y)dy = \/;”VSE*BFB (251n(7TA))

v 0! =V of1
A —4 7
AU /0 (1+0)5+ip+s de= e /0 (14 0)3+i—73 dop, B7)

( 2p—A ( )2p+

where, = = af’ 0=ZE7 A = p++1)' and A,y = ATy - Also, the
value of parameter /3 is required to satisfy A = (3+1) ¢ Z. When (8+ 1) € Z, a
very small value, § is added to 3 to satisfy the condition (8 + %) ¢ Z [114].

With the aid of integral identities as [112, Eq.(3.194.1)] and [113, Eq. (07.23.26.0004.01)],
we can obtain (3.7) in a closed-form as:

_ [2a pPe” m = (5)% " v
F(y) = \/;751“5 (2 sin(7rA)> ;{ (F(p iA+ 1)p!> r¢+1i-p+3%)

=5 —%,1—6 (5)°4 ok
) N (F(p+A+1)p!> P(§+i— —3)

L2
2,2

[1]

p=

3.2 Amount of Fading

One of the unified performance measures is AOF that quantifies the severity of fading.
The nt" order AOF is defined in [16]:

h
AOF?, — — Hnllucc) " (3.9)
an(hIGG))
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By substituting n = 2 in (3.5) and using these values in (3.9), the second- order AOFg,
called scintillation index is written as:

1 1
AOF 5= 1+—]) |1+ ]| —1. 3.10
166 ( - a) ( * B) (5-10)
Scintillation index is primarily caused by the variation in the refractive index of the
atmosphere due to turbulence. As light travels through the atmosphere, it experiences
random changes in the intensity leading to scintillation. High scintillation index values
indicate significant signal fading, where received optical power fluctuation rapidly.

3.3 Comparison with Previous Models and Experimen-
tal Data

We perform a comparison between the PDF of 1GG distribution as defined in (3.4)
and J distribution in [17] , as well as IGGG distribution in [18]. This comparison is
conducted to assess the accuracy of these models using experimental data taken from
[115] under moderate to strong turbulent atmospheric conditions.

The PDF of h 4 for 7 distribution is given as [17, Eq. (6)]

a®(b—1)" ha?

flhy) = =5 (3.11)
Ba,b)(ahs + (b= 1))
where, a = 021 b= 021 + 2.
e inS—1 e’ InL —1]
AOF —<1+1><1+ 1 )—1 (3.12)
T a b—2 ‘ ’

The PDF of h;ggg for IGGG distribution is given as [18, Eq. (31)]:

o op
hiata Ulo+; 1+o—p; - lhIGGG>7

( ou \7T(o + )T (u+ )
Flhges) = <w—1> ot
hisag =0 (3.13)

Where, o= e°l2n15_17 o = 60-50%#71, 'lp =0+ 2.
AOF —<1+1> <1+ L ><1+1) 1 (3.14)
1GGG = - v—2 i : :
1 & 2
MSE = N Z_; (f(hexp> - f(hIGG/?/IGGG>> : (3.15)

The small-scale and large-scale fading parameters for IGG, &, and IGGG distributions
are computed based on experimental data [115] and tabulated in Table. 3.1. The PDFs
for the three models are plotted along with the experimental data in Fig. 3.2 and Fig.
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3.3 for a wide range values of D, C2, [,. The mean squared error (MSE) is computed
to quantify the deviation between the experimental data and PDF of the three models,
as shown in Table 3.1. It is found that MSE,; 1s less than MSE 5 and MSE, ;5. This
suggests that IGG model closely aligns with the experimental data and offers a superior
fit, particularly when dealing with low irradiance values as compared to J distribution
and IGGG distribution.

10
10°F 3
10t F 3
=
<107 F E
“—
107} 3
" o  Experimental Data [115]
10 IGG Distribution o 3
————— F Distribution [17]
——— IGGG Distribution [18]
_5 Il Il Il Il Il Il o
10

-20 -15 -10 -5 0
h [dB]

Figure 3.2: Comparison between IGG distribution, 7 distribution, and IGGG distribu-
tion in the context of experimental data provided in [115, Figure 19].

o
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-30 -25 -20 -15 -10 -5 0 5 10 15
h [dB]

Figure 3.3: Comparison between IGG distribution,  distribution, and IGGG distribu-
tion in the context of experimental data provided in [ [115, Figure 21].
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Table 3.1: Comparison with Previous Models and Experimental Data

Experimental Data with
wavelength, \ = 532nm,

Transmission range, L. = 980m, 1GG F[17] IGGG [18]
outer scale turbulence,

Cases | L, =0.8m [115] MSE;; | MSE 4 | MSE 56
D(mm) Cc? lo(mm) @ B a b o m

Casel 1.5 5x 1071 5.69 1.36 | 1.99 | 1.99 | 3.36 | 3.15 | 1.99 | 0.0022 | 0.0095 | 0.0030
Case2 4 9x 1071 6.02 0.88 | 1.74 | 1.74 | 2.88 | 2.14 | 1.74 | 0.0037 | 0.0570 | 0.0145

3.4 Performance Metrics

We evaluate the performance metrics, including, OP, and ABER of the FSO communi-
cation system under IGG fading in this section. These expressions enable us to evaluate
the system performance under various channel conditions.

3.4.1 Exact and Asymptotic Outage Probability

The probability that instantaneous SNR () at the receiver’s input drops below a specific
SNR threshold, ,,, is called outage probability denoted by P, (-, ) and mathemati-
cally expressed as [16]:

Po(ven) = Po(v < ven) = F (%) (3.16)

From (3.8), P, () is expressed in closed form by replacing the value of the v with
.5, and expressed as:

2a fPe” m o (5"
Pou(Vin) = \/;'_ygFﬁ <2sin(7rA)> pZ{ (F(p — A+ 1)p!>

=0
B
wab2 (28 [mli—5+p—5.1-8 Ve (g
AR 0,—-# PE+1—p+d) \Tlp+A+1p!

%_§+p+%’1_5)}. (3.17)

X

B
Vi GL2 (2_ Jth
Mg+i-—p—3% “\al 7

07 _B

33



Further, (3.17) can be simplified for v which is in the denominator by using [113, Eq.
(07.34.17.0011.01)] as follows:

_ 2a e™ T [e%e) (E)B+2p A 1
Pout(%h) —\ =~ T8 (m) Zpo{ <F(§7 A+1)p! > A rE—
G12 26 Jih %+§+ —%,1 ( (%)6+2p+/\ ) 1

a 67 0 L(p+A+1)p! F(§+i—p—%)

Y
3,8 A
st+s+p+35,1
172 27
3.0 )} (3.18)

Y

L2 (28 [y

To obtain insights the system performance at high SNR i.e. 7 — oo, we expand the
Meijer-G function in (3.18) using [113, Eq. (07.34.06.0040.01)]. By doing so, an
asymptotic expression of OP is obtained as:

Foa(vin) = \/% (f: B) (2 si&ﬂ)) (6 %)B

y Z >2p A (%)2p+A (3 19)
T(p—A+1)p! F(p—l—A—l—l)p! ’ '

The asymptotic OP expression can be rewritten in terms of the diversity order, G, i.e.,
P2 oc %4, where G; = g Therefore, the diversity order relies on the severity of

out
fading, which is a small-scale turbulent eddy parameter, (.

3.4.2 Upper Bound on Outage Probability

Using the approximation K, (z) ~ 1T'(v) (£)"", [116, Eq. (1.4)] in (3.8) and using
integral identities [112, Eq.(3.194.1)] and [113, Eq. (07.23.26.0004.01)], upper bound
of the F,(7) is obtained as:

o~ g7 (2) () e (3

3.4.3 Exact and Asymptotic Average Bit Error Probability

ﬁ) . (3.20)

The ABER is another crucial parameter to evaluate the system’s reliability. The differ-

ent modulation schemes and their respective ABER are discussed below.

Digital Binary modulations

ABER of the proposed system with digital binary modulation schemes is given as [117]:
_ gt [~

P == I=le=97F (7)d 3.21
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where, f and g are the parameters that depend on the type of modulation schemes
[118]. We substitute the expression (3.8) in (3.21), and use the identity [113, Eq.
(07.34.21.0088.01)] to integrate (3.21). Further after some mathematical manipula-
tions, the closed form expression of ABER for digital binary modulation schemes is
given by:

M) (el e A d e ()"
R, C(p+A+1)p! ) 1(E4+1p-4) Y54 ¥

— 1 _ B 1-8|. 3 Bipt+d) (Z-S+p+4) (- _
Ny = (0,3, -5, L2 R, = 1_(ﬁ+f>( 0 ) G L )7(125)’(225),

Similar to the asymptotic OP expression, the asymptotic ABER expression is obtained
by using the expressions [113, Eqgs. (07.34.17.0011.01),(07.34.06.0040.01)] in (3.22)
as follows:

b 1 [ s\ el
be 8I‘f ) sin( 7rA F(p—A+1)p! ) 1( +i_p %) !
A

+
(g)Prapth o(5—1-r-3%)
- I 3.23
(P(p+A+1)p! ril_p & 5 0y (3.23)

5
5 Hl PRy, 05 ) [, TRy, +9R5 5) (25>2 Rs,;
1] o
where, [; = ) = ;
1 2321 I, s T(1-R5 ,+R5 ;) ( 97 )

Hl 1 (m51 i)<i5 ])H (1 mG z+m5 g) 2 2 9{51‘7
22 i (%) :
j=1 1, T(1-%R5 ,+R; ;) 97 ’
R, = {1 (rgert) “*5;”),%,1}%5: 5.157.0 %];
548 +p+A) (Z+5+p+5)
|:1 f7 4 2 7 1 22 2 7571 .
MPSK modulation

The ABER of the proposed system under M-ary PSK modulation schemes is given
by [119]:

_ A [
Pye Mpsk = 5/ erfe(By7)f,(v)dv, (3.24)
0

where, A takes a value of 1 when M =2, and 2 for M > 2. B = sin(n/M) for all
values of M, where M is the modulation order. On the substitution of (3.6) into (3.24),
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and applying series expansion of the K, (.) given in [113, Eq. (03.04.06.0030.01)]
and using integral identities [112, Eqgs. (8.4.14.2), (8.4.2.5)] in (3.24), the P, \psk
becomes:

_ A [a pBe ( 1 > - Ay
P, =15 >
be,MPSK — 2F<5W§ 2sin(mA) Z T (g +iop+ %)

B

L1720
/ vz 1,2 (732
0
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[0'e] ~J
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_|_
|
|
|
|>
S———

where, Ry = [1};9%8: {O,%};iﬁgz [(%_§+p_%>};9ﬁi1o: [0};

With the aid of [113, Eq. (07.34.21.0013.01)] to (3.25) and performing some algebraic
operations, Py, \psk €xpression is obtained in the closed-form as follows:

B A o ﬂﬁeo‘ 1 o) (Q)ZP—A
Pye mpsk = ST BP \/;F(ﬁ)’_yg (sin(m\)) ];{ (P(p i A+ 1)p!>

o(§+i-rt+3) 2 ( 28 )2 (gt
) C(p+A+1)p!

P(G+i-p+3 )
Byl o, A
4,3 OéBﬁ 9{13 ) .

X

The asymptotic ABER for MPSK modulation can be obtained from (3.26) by using
[113, Egs. (07.34.17.0011.01),(07.34.06.0040.01)] for v — oo as:

— A o\ Pte e” G (2)2—A
Focwesk = g1 (5) I'(B) sin(mA) Z{ (F(p —A+ l)p!)

p=0

o(5+i-pt%) . (2)2 A o(5+3-p-%)
3 I

L(p+A+1)p! 14}’ (3.27)

B 1 A
2ti—r—3)

b

i3 ( 28 )mlw
«

BV~

2 4
5 [I_, T (P16, NR16,5) [1,_, T(A-Ry5 ;+R16,5)
= _ 3
Z 1 [I,_s T(1-MRy6,:+R16,5)
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3.5 Results and Discussion

In this section, we discuss the numerical and simulation findings for the FSO commu-
nication system over IGG distribution under different environmental turbulence condi-
tions. The system parameters are considered based on the literature [64], [120]. For
analysis, transmission range L = 3.5km, optical wavelength A = 1550nm are considered
by taking receiver aperture diameter D = 10mm, the outer scale of turbulence L;=0.8m
and inner scale of turbulence [, = 5.98mm. The fading parameters, o and 3 are cal-
culated using (3.3a), (3.3b) and with the refractive index Cﬁ and Rytov variance 0721.
where, 02 = 0.5C2ks Ls , and k = 27 /\. Specifically, 02 < 1,02 ~ 1and 62 > 1
corresponds to the weak, moderate, and strong turbulence conditions respectively. The
refraction index structure parameter, C’g = 9 x 107¥m2/3, 2 x 107 m—2/3 and
8 x 107 *m~2/3 is assumed for weak, moderate, and strong atmospheric turbulence
respectively which results 02 = 0.7241, (o, 8) = (3.1833,2.9021), 02 = 1.6092,
(a, B) = (1.9363,1.8276) and 02 = 6.4369, (c, 8) = (1.5297,1.4262) respectively.
Furthermore, Monte-Carlo simulations provide a perfect match with exact analytic re-
sults which validates the derived expression and the accuracy of the computation of the
Meijer-G function. Note that number of iterations is taken as 10° for Monte-Carlo Sim-
ulation. Moreover, the agreement between asymptotic and exact analytic expressions
offers valuable insights into the system’s performance.

Table 3.2: Truncation Accuracy of Summation Limits for OP and ABER

Expression | Truncation Weak Turbulence Chosen
limits v=0dB v¥=10dB ¥=15dB limits
p=8 0.922179 0.154843 5.081306 x 1072
Po(ven) p=10 | 0.641037 0.154349 5.077285 x 1072
p=14 0.638926 0.154348 5.077277 x 1072
p=15 0.638926 0.154348 5.077277 x 1072
p=15
p=10 0.172298 | 3.558596 x 1072 | 1.199607 x 10~2
P, p=12 | 0.163211 | 3.558478 x 102 | 1.199603 x 1072
p=14 0.163145 | 3.558478 x 1072 | 1.199603 x 102
p=15 0.163144 | 3.558478 x 1072 | 1.199603 x 102

Table 3.2 shows the truncation precision for the computed OP and ABER vaules and
lists the maximum number of series terms considered, as ashown in the sixth column.
The Table 3.2 reveals that extending the summation beyond 15 terms yields minimal
improvement in the performance metrics.
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For comparing these distributions, small-scale turbulent eddies are fixed for IGG,
and IGGG distributions, i.e. = a = u. However, large-scale turbulent eddies are
varied for these three distributions for a particular atmospheric turbulence condition, as
shown in Table 3.1. Using the fixed values of large-scale turbulent eddies for different
distributions for a particular atmospheric turbulence condition, the AOF is the same for
these considered distributions as shown in Fig. 3.4.

4

IGG Distrif)ution
F Distribution [19]

IGGG Distribution [20]

Strong, Moderate, Weak Turbulence

AOF

4 6
Small Scale Fading

10

Figure 3.4: AOF of IGG, &, and IGGG distributions under different atmospheric tur-
bulence conditions.
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Figure 3.5: OP for different atmospheric turbulence conditions with y,;, = 0 dB and D
= 10mm.

Fig. 3.5, Fig. 3.6, and Fig. 3.7 exhibit the results of exact OP, asymptotic OP, upper
bound on OP, and simulated OP for the received average SNR, ~ with IM/DD detection
scheme. Fig. 3.5 depicts the analysis of OP under different atmospheric turbulence
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conditions for «,;, = 0 dB and D = 10mm. The results suggest that OP performance is
more favourable under weak turbulence circumstances than other turbulence settings.
When 7 is set to 30dB, OP values are 6.72 X 10~4,8.09 x 1072 and 2.09 x 1072 for
weak, moderate, and strong turbulence conditions respectively. The effect of threshold
¢, on OP is depicted in Fig. 3.6 under strong turbulence conditions. The findings
show a substantial loss in performance when the +,,;, increases from -5dB to 5dB. For
instance, at v = 30dB, OP values are 9.40 x 1073 for Yo, = -3dB, 2.09 X 10~2 for Yin
=0 dB,and 4.42 x 102 for 5dB.

100i < < < ~ <
9q
q
N
N
~
N
101 F
5 7th—-5 dB, 0dB,5dB
o
102+
Exact
o Simulation
- — =Asymptotic
—»— Upper Bound
103 ‘ ‘ s s s s !
0 5 10 15 20 25 30 35 40

7, [dB]

Figure 3.6: OP for different thresholds, ,;, under strong turbulence conditions.
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Figure 3.7: OP for different aperture, D under strong turbulence conditions with v,;, =
0 dB.
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Figure 3.8: ABER for different atmospheric turbulence conditions with BPSK modu-
lation and D = 10mm.
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Figure 3.9: ABER for different aperture, D under strong turbulence conditions with
BPSK modulation.

In Fig. 3.7, OP is analysed for different aperture, D under strong atmospheric turbu-
lence conditions with ,,, = 0 dB. Considering, («, ) = (1.5262, 1.1392) for D = Imm,
(a, B) =(1.5297, 1.4262) for D = 10mm, and («, 8) = (1.5402, 2.3064) for D = 20mm.
Itis evident that at 7 = 30dB, OP values are 4.47 x 1073 for D = 20mm, 2.09 x 102 for
D = 10mm, and 3.73 x 1072 for D = lmm. The ABER performance is evaluated using
exact, asymptotic, and simulated results and is presented in Fig. 3.8 to Fig. 3.11. These
figures depict ABER performance for the received average SNR, v with IM/DD detec-
tion scheme. Several modulation schemes including BPSK, DPSK, CBFSK, OOK,
and MPSK are employed to evaluate the ABER performance. In Fig. 3.8, ABER is
for strong, moderate, and weak turbulence with the BPSK modulation scheme, and D
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= 10mm is depicted. For instance, at y = 30dB , P, is 1.81 x 10742 x 1073 and
5.42 x 1073 corresponding to the weak, moderate, and strong turbulence conditions

respectively.
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Exact 3
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Figure 3.10: ABER for various modulation schemes under strong turbulence conditions
with D = 10mm.
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Figure 3.11: ABER for MPSK modulation schemes under strong turbulence conditions

with D = 10mm.

Fig. 3.9 shows ABER for different aperture D under strong turbulence conditions
with BPSK modulation. The values of («, 5) = (1.5262, 1.1392), (1.5297, 1.4262)
and (1.5402, 2.3064) are corresponding to D = Imm, 10mm, and 20mm respectively.
When 7 is set at 30dB, P, is 1.12 x 1073 for D = 20mm, 5.42 x 1073 for D = 10mm,
and 1.02 x 1072 for D = Imm. Fig. 3.10 depicts the impact of modulation schemes
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on ABER under strong turbulence conditions with D = 10mm. The results suggest
that BPSK modulation works better than other modulation schemes. Specifically, at
7 = 30dB, P,, is 5.42 x 1072 for BPSK, 8.55 x 103 for CBFSK, 9.30 x 1073 for
DPSK, and 1.34 x 10~2 for OOK modulation. Fig. 3.11 presents ABER for MPSK
modulation schemes under strong turbulence situations with D = 10mm. It is observed
that BPSK outperforms QPSK, 8PSK, and 16PSK. For instance, at v = 30dB, Pbe,MPSK
is5.42x1073,1.70 x 1072, 3.66 x 10~2,and 8.39 x 10~2 for BPSK, QPSK, 8PSK, and
16PSK, respectively. It is noteworthy that ABER exhibits significant variation among
different M-ary binary modulation schemes.
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Chapter 4

Performance Analysis of Multiuser
Dual-hop RF-FSO Systems with
Perfect CSI

This chapter presents a performance analysis of a MU dual-hop RF-FSO relaying sys-
tem with perfect CSI for uplink transmission. The system employs a user scheduling
scheme and accounts for the impact of CCI at the relay node. The RF and FSO links
are modeled by Rayleigh fading and 7 distribution, respectively.
The key contributions of this chapter are summarized as follows:

* A unified closed-form expression for the OP is derived for the MU dual-hop
RF-FSO DF relaying system,. The analysis incorporates CDF-based schedul-
ing scheme, accounts for i.n.i.d CCI and considers the variations in power and
fading channel gain across users and the relay.

* An asymptotic OP expression is obtained in the high SINR regime to provise
insights such as diversity order.

* An optimal power allocation is formulated for the users and relay to minimize
the OP while satisfying a total power constraint.

* The optimal channel access ratios for the users are determined to further enhance
the system performance.

4.1 System and Channel Model

4.1.1 System Model

Consider a MU dual-hop RF-FSO relay based system for uplink transmission, taking
into account CCI. The system comprises M users communicating with the destination
node D via a relay node R while contending with interference from N RF interferers
at relay R as depicted in Fig. 4.1.
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Figure 4.1: System model of MU relay system with i.n.i.d CCI.

In the two hop transmission process, the mth user scheduled for data transmission sends
a unit energy symbol, z,, ,. (m = 1,2...,M) to the relay R in the RF hop. The received
signal, denoted as y,, ,. at relay R from mth user in the vicinity of CCl is expressed as:

N
ym,T =V Pshm,rxm,r + Z Plnmgln’rxln,r + n,., (41)
n=1

where, P, represents available transmit power at user, RF channel fading coeflicients
between mth user and R, denoted as h,,, ., follow a Rayleigh distribution with mean 0
and variance (2,,, ,. denoted as h,, . ~ CN(0,€,, ), T, . is the transmitted data of
mth user with E(|z,,, .|*) = 1, Py is transmit power of nth interferer, channel fading
coefficient between nth interferer and R is denoted byg; ~CN (0,92 I, T), rp 18
the transmitted data of nth interferer with E(|z; |?) =1, and n, ~ CN(0,0?).

The instantaneous signal-to-interference-noise ratio (SINR), denoted as I, for the
RF hop can be written as:

Ps‘hm 7"2
Lpp = :

m,r N ’
znzl PIn,r|gIn,'r‘|2 + 0-2

2 Xm

+1’

4.2)

N

A Pzn,r

N P
where, Xm = Vs’hm,rP’ Z = anlvln,JgInmP’ Vs = U_S’ P)/In,r = T2

In the FSO hop, DF protocol is employed at I to decodes the received signal. After de-
coding, R re-encodes the signal for subsequent transmissions, converting the electrical
signals to optical signals for transmission over FSO channel which is susceptible to at-
mospheric turbulence. Afterwards, photodetector detects optical signal at the receiver
and converts it back into an electrical form.
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The received signal, y,. 4 at D is written as:

yr,d =TV PrIr,dxr,d + Ng; (43)

P, represents transmit power of relay, I, ; represents turbulence induced light intensity
modeled by # Distribution, x,. ; is transmitted signal from R with E(|z, 4/*) = 1 and
ng ~ CN(0,0%) [121].

The instantaneous SNR, denoted as I',. ; for the FSO link is expressed as:

2
Fr,d = ’Vr’Ir,d‘ ’ (44)
a 2P,
where, v, = "5~
The average SNR for the FSO link is expressed as:

L.q =7,.(EIL 4))2 (4.5)

The equivalent end-to-end instantaneous SINR, denoted as I',,, for DF based relaying
system with user scheduling scheme is expressed as:

Tup. = min(T,,. ., I7 ) (4.6)

where, m™ is the scheduled user which is different for various user scheduling schemes.

4.1.2 Channel Model

The PDF and CDF of Rayleigh distribution fading channel for user and relay link are
expressed as follows:

1 o ——r
me (l') = v Q e’Yst,r 5 FXm (,T) 2 1— @'Yst,r
S

m,r

The PDF of Z which is sum of /N independent exponential random variable is given
by [122, Eq. (39)]:

N
1 1 - -z
= N-1 'Yln,rnln,r
fZ(Z) LN (71n TQITL r) ’ ‘

The CDF of Rayleigh distribution fading channel for the RF hop is provided in [123]

x
e’Yst,r

Fl"m,r(x) =1- N 1 ’YIn,rQIn,r :
anl( + Y2 CL‘)

s *m,r

4.7)

The PDF of J distribution fading channel for FSO hop is given as [17, Eq. (20)]

a’(b— 1>b%b/2 r5-1

med(x): Qﬁ(a,b)(aﬁ+(b—1>\/7_r)a+b’
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where, a and b are the fading parameters for small and large scales, respectively.
The CDF of J distribution fading channel for FSO hop can be calculated from (4.8)
using the identities [112, Eq. (3.194.1)] and [113, Eq. (07.23.26.0004.01)] as follows:

a/2
_ a \* 1 T 1,2 a &
Ffr,d(m)_<b—1) TCaTb (’y) GM((b—l) 9,
4.9)

The complementary CDF of the I, ; is obtained by using the identities [112, Eq.
(3.194.25)] and [113, Egs. (07.23.26.0004.01), (07.34.16.0002.01)] as follows:

b—1\" 1 0\ 02 a T
FW(w) a FaTh \ x 22\ (b-=1)\~,
The mathematical expression for selecting the mth user using greedy-based scheduling
scheme is as follows:

l—a—0,1—a
0,—a '

1,145
a+b,b

> . (4.10)

)
m* = argmax | —-]. 4.11)
mE%,Q....M (Z +1

The mathematical expression for selecting the mth user using PFS-based scheduling

scheme is as follows:
T
m* = arg max (_m’r> . 4.12)

mel,2....M Fmr

where, I';,, = E(T,, ).
The mathematical expression for selecting the mth user using CDF-based scheduling
scheme is as follows:

B
m* = arg max (FF (;c)) o (4.13)
mel,2....M T

4.2 Performance Metrics

4.2.1 Outage Probability

It is the probability that instantaneous end-to-end SINR, I'_,, is less than an acceptable
threshold, ~y,;, and it is defined as:

B n) = Pl < ) = Pr(miniT . T0) <)
=F°  (w) +Fr () = FE . (un)Fr, (). (4.14)

,T

where, 7,;, = 22 —1, p denotes the target rate, S € (GS, PFS, CDFS) refers to Greedy
Scheduling, Proportional Fairness Scheduling and Cumulative Distribution Function
based Scheduling respectively and Fy . denotes the CDF of first hop for scheduling
schemes. 7
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Further, (4.14) can be simplified as:
PR () = qum*m(’YtﬁFrC;’d(’Yth) + Fr,,(vin)- (4.15)

OP of Greedy Scheduling
The CDF of the RF link with CCI using greedy scheduling (4.11) is given as:

F‘I‘I'I'H< I

mel,2....M

(fyth) - PI'( max (Fm,r) < 7th> ’

M
= 1L F ). (4.16)
1

m=

By using (4.7), (4.9), (4.10) and (4.16) into (4.15), the unified closed-form expression
for OP with GS can be obtained as:

-
S =11 [1- o () s (2 -
Ceoe Tth _mfl HN <1+ ’yfn,rﬂ[n,r’nh> a T'ald Yeh
- n=1

’Yst,r
(oo

1,1+b +<a)a 1 ﬁ(1/2
a+0b,0 b—1/ Tal'b \ v,

1,2 a ﬂl—a—b,l—a
X G272 ((b—l) ), 0.—a ) . (4.17)

OP of Proportional Fairness Scheduling Scheme

Pmr
FS (7,0) = Pr(merana.).(..M (f : ) N T < %h). (4.18)

After some mathematical manipulations, (4.18) is obtained in (4.19) as follows:

S () = —Z( ) 4.19)

The closed-form expression for OP using PFS based system is calculated as:

M
—Yth

M Q b
PFS B 6’Ys m,r b — ]_ ]_
PF ’7th Z 1 'Vlnmﬂlnmlyth ( a ) I'aTb
[Ty (1 g
b/2 a a/2
w [ Jr Gl B T + (L) ! T
Yon 22\ (b—1)\/ ~,.|a+b,b b—1/ TI'al'b \ 7,

1,2 a Tn|l—a—b1—a
x Gy ((b— 0\ 5, 0.—a ) . (4.20)
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OP of CDF Scheduling

The CDF of the user-relay RF link with i.n.i.d interferers for CDF based scheduling can
be expressed using (4.13) as follows:

L mel,2....

_1
FEor () = Pr( max (Fp, (@) (T, < %h). (“21)

The final expression for CDF of the RF link with CDF based scheduling is obtained in
(4.22) as follows:

1
—Yth Um,
M Q
CDFS e’Ys m,r
) =Y vm | 1 — : (4.22)
— H 1+ In v %In r 'th
m=1 n=1 ’VSQWL,T‘

The derivation of (4.22) is given in Appendix I. Subsituting (4.7), (4.9), (4.10) and
(4.22) into (4.15), the closed-form expression for exact OP with CDF based scheduling
is obtained as:

“Yth Um

'Yst,'r b —_ 1 b ]_
PCDFS (Va,) } : v |1 € ( )
eZe s n ,,.Q n T’Y
Hn 1 (1 _|_ %ﬂl) a Fa Fb

~ b/2 a 7
x | —— G2) ( Jth
(m) 22\ -=1)V v,
1,2 a Tth

X <<b—1> ~

OP is expressed as a function of v, to assess the system’s performance with variation
in the total available power P, within the network. Here, we denote the total power P,
= P, + P, where v, = 74. Additionally, we assume v, = 37,7, = (1 = B)v, vy, =
/¢ 1, » Where represents the fraction of total power given to user and relay, and
C 7 denotes the fraction of total power allocated to interferers.

m,r

1’1_‘_1) +<a)a 1 ha/Q
a+b,b b—1/ Talb \ 7,

l—a—0b,1—a
0. —a ) . (4.23)

4.2.2 Asymptotic Outage Performance

The closed form expressions for OP with different scheduling techniques provide lim-
ited insights. Hence, for a deeper insight into the influence of different parameters on
system performance, OP expression provided in (4.15) at high SNR, i.e., -y, approaches
infinity, can be written as follows:

00,S 0o o
Pr,,. (Yen) = FFm*,T(%h) + Frr,d(%h)- (4.24)

At high value of SNR, terms involving 1/, become negligible and can be ignored ie.

- —1 I I, »7th
Yth 9] _n,rIngr 9]
eV mr = 1, (1 + %M) ~ 6( Y ) when ’an; an o << 1,
s fm,r

s " m,r
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the CDF expression of RF link given in (4.7) becomes

Yth

N
Fl—?o (f}/th) =~ (1 - ei(wsﬂmv'f) Zn:l ’yIn,TQIn,r> )

N
- Ytn
~ (%Q )Z%n’ﬁ%. (4.25)

The CDF for FSO link is derived at high SNR by utilizing the expressions [113, Eqgs.
(07.34.16.0001.01), (07.34.06.0006.01)] in (4.9) as follows:

I'(a+b) a« )
FOO — . 4.26
() = T D ((b —D\ 7, (*:29)
Furthermore, the diversity order can be evaluated using Pr° = = (G_.v,)"% where, G,

and G represent the coding gain and diversity order respectlvely Substituting (4. 25)
and (4.26) in (4.24) and utilizing (4.16) for greedy scheduling, the asymptotic OP can
be calculated as follows:

reu = 11 [(vfl)z” o } e (T )

(4.27)
The diversity order for greedy scheduling, G; = min{0,a/2} = 0 is obtained. By
substituting (4.25) and (4.26) into (4.24) using (4.19) for PFS based scheme, we obtain
the unified asymptotic outage probability expression as follows:

1 Y o
0o,
PFS:FS(%&}L) = _M§ {( . )E 1, QI ]

m=1 ,)/s m,r
['(a+0) a Yih *
Tt )b ((b —1)\ 7,,,) - (4.28)

Diversity order reflected from (4.28) is G; = min{0, a/2} = 0. Substituting (4.25) and
(4.26) in (4.24) and using (4.22) for cumulative distribution function based scheduling,
the asymptotic OP is obtained as follows:

Um

PP (y,) = > v, {( Jn )Z% o ]

e2e = ’)/S mr
['(a + b) a Yth *
Tt )b ((b —1)\ 7,,,) - (4.29)

Therefore, the diversity order for CDFS is G; = min|0, a/2] = 0 due to the relationship
between I, = %/Clwn and v, = B,.
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4.3 Optimum Performance Analysis

4.3.1 Optimal Power Allocation

To optimize power allocation for the user and relay while minimizing OP in the con-
text of CDF-based scheduling (4.29), the objective function can be represented by the
following expression:

(Pg,P7) = argmin P70 (yy,),
(PP
subject to P, = 8P,, P. = (1 — B)P, (4.30)
To give equal fairness to all the users, we assume v = v; = v,...... = vy, with

27]\::1 v,, = 1 and substituting P, = SP,, P, = (1 — B) P, in (4.29). We obtain:

1
N > 1/v
c0,CDFS g 1 1 1 !
P]_—‘QQE (f)/th) =v ( ;h nyIn,rQIn,T> ( + T 5 ) (B)

t n=1
2

a a/
r b 1
Maxh) (e ) (L) s
Fla+1)I'b \(b—1)\ P, (1—-7)
To determine the optimal value of /3, we set the first derivative of the above expression
with respect to (3 to zero, which gives the optimal 3 expression as follows:

e2e

9p

00,CDFS 1
0P (en) ~ (vth ZN v, Q )“ Loy 1 1 ( 1 )i“
- =1 /I 1 T ERREREEE I B
Pt ’I‘L—l n,r n,r QU Qéu, 911\14’7‘ ﬁ

T'(a+b) a i “ 1 PR _
+Ltatt) <(b_1) ”P—h) 1) 2. (4.32)

Solving for 3%, we get:

_1
<’7t_h ZN r)/ Q ) 1+v ay o1 T
- In el In [l — 1 1 1
6*E P, n=1 , 7aL(1_6*>%+1 + .

|:1"(a+b) < a M) :| v+ 1 0 ,

2TCalb \ (b—1)\/ P, ’

Finding a closed-form equation for the optimal power allocation coefficient might be
challenging. Standard iterative root-finding procedures, such as Bisection’s or New-

ton’s, can be used to find a numerical solution. In a special case where v = %, the
optimal power allocation coefficient is obtained as follows:
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12

B (4.33)

v
v+1
Clatb) [ a TR
2Talb \ (6-1)\/ Py
1+

1 v+1
Jth N o 1 1 1
< Py Znil ’Yln,'r‘QIn,r> l+ 1 -

U U
Ql,r Q2,'r

4.3.2 Optimal CAR Allocation

To optimize the CAR so as to minimize the OP for CDF based scheduling (4.29), the
objective function can be formulated as follows:

<U17U27"7UM) = arg min P (%&h)a
(U15U2a U M)
M
subjectto Y v, =1. (4.34)
m=1

To solve the above objective function, we employ the method of Lagrange multipliers
to derive the optimal user CAR as follows:

Um

M
00,CDFS i
FFezeDF <U17U27"7UM=)‘) = Z U [( th ) ZIYI QI ]
m=1

’)/S m,r

+F1;c56f1—+1§)1)“b ((bil)\/ﬂ) +A(ZU —1) (4.35)

Differentiating (4.35) with respect to with respect to v,,,, setting the derivative to zero,
and simplifying yields:

N
ln (’ys’glt:b r Z'I’Lil ’YIn T‘QI’I'L 7‘)
o — 7 Y . (4.36)

m
N I Vth N Q
o (A << Y oy, )T >) )

The above expression involves the Lambert W function, denoted as W (.) [124].

The derivation of (4.36) is presented in Appendix II. By substituting the power series
expansion of W(z), as given in [113, Eq. (01.31.06.0002.01)], into (4.36). This yields
the following closed-form expression for v}, as:

N
Yih
% ln (’Yst,r Z'I’Lzl VIH,TQITL,T>
Uy = ( s ) .
N n( —Yth N Q
k Yih YsQm,r n=1"VIpn ¢y *In r
L, S (e S, )

(4.37)

51



Now, to calculate the value of A, all the individual CAR are summed and equated to
unity, resulting in the following expression:

Yth

o0 (_k)k71 k Yth N 1"(7391 - Eg:l WI?L,T'QI'IL,T'>
1+ Zk:1 A 7., anl ’YIMTQI”’T ’

N
Vih
ln (FYSQ2,7‘ anl /yln,rQIn,r)

+ s
o (_k')k71 k Yth N ln(’Ys’yég r Ziiv:l’yITL,T'QITL,T')
1 + Zk:l k! )\ ’YSQQ,’I‘ Zn:l ’yIn,rQIn,r Y
N
Yih
ln (FYSQM,T anl F}/I’VLJ‘QITL,T>
n - 1=0,

Vth N )

0 (—k)F1 Yin N l"(stM D DS S
1 + Zk:l k! )\ 'VSQMJ- anl fyIn,T'QIn,T' 7

(4.38)

Finding a closed-form solution for A is difficult. The value of A\ can be obtained using
numerical methods.

4.4 Simulation Results

This section presents the accuracy of analytical and asymptotic expressions for consid-
ered system assuming three users at the source, a single relay and one destination. For
RF link, we suppose that three users are at (0, 0), (0.2, 0.5), (0.5, 0.1), while the relay
is at (1, 0) and the three interferers are at (0, 2.1), (1.1, 2) and (2.2, -1). The channel
variance {2, = ud, ;, and d; ; = (Ei_” /dy)~¢, where, d; ; is the normalized distance
between node ¢ and node j, where di’ j is the actual euclidean distance between them,
dy is the reference distance, p is the propagation constant and € is the path loss expo-
nent [125]. Further, Q(_) is calculated by considering d; = 1, ¢ = 1 and € = 3. For
the FSO link, fading parameters (a, b) = (4.5916,7.0941), (a,b) = (2.3378,4.5323),
and (a,b) = (1.4321, 3.4948) are taken for weak, moderate, and strong turbulent en-
vironments respectively [64].

Fig. 4.2, Fig. 4.3 and Fig. 4.4 depict the OP with GS, PFS and CDFS based systems
for different interferers power, under strong turbulence condition with 5 = 0.5. It can
be noted that the outage performance degrades with an increase in interferers power.
The analytic expression for OP derived for GS (4.17), PFES (4.20) and CDEFS (4.23) are
closely match with the simulation results. Further at high values of v,, OP saturates
implying that the diversity gain, denoted as G; = is 0.
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Figure 4.2: OP versus ~, over i.n.i.d CCI and data rates considering GS based system
under strong turbulence condition fixed 8 = 0.5.
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Figure 4.3: OP versus +, over i.n.i.d CCI considering PFS based system under strong
turbulence condition for p =2, 3 = 0.5.

Fig. 4.5 shows the OP of considered systems versus -y, for various turbulence con-
ditions at fixed interferers power with p = 1, § = 0.5 and v,,, = [0.6,0.3,0.1]. The
result shows that system performance deteriorates as the turbulence increases. Also,
there are error floors at the high SNRs which implies OP cannot improve further with
increase in ,. Fig. 4.6 indicates the effect of power allocation at both the user and
relay nodes on the OP, as evaluated using (4.33), under moderate turbulence condi-
tions. The results are shown for different data rates and interferer power levels, as-
suming v,, = [1/3,1/3,1/3]. The optimal power allocation coefficient, as derived
in (4.33) minimizes the OP across a broad range of interference power and data rates.
Fig. 4.7 presents the OP performance of system comparing equal and optimized power
allocation with v,, = [1/3,1/3,1/3] in moderate turbulence conditions. The power
allocation coefficient are calculated from (4.33) which is (3, 5*) = (0.5, 0.8562) for p =
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2, P,/P; =[30,25,20]dB, (3, 5") =(0.5,0.7133) for p=2, P,/ P, _=1[25,25,25]

dB, and (ﬁ B) =(0.5,0.7507) for p = 1, P,/ P; =120, 20, 20] dB. It is evident that
optimizing the power allocation to both the user “and the relay significantly enhances
the OP performance.
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Figure 4.4: OP versus -y, over i.n.i.d CCI considering CDFS based system under strong
turbulence condition fixed at p = 1, § = 0.5 and v,,, = [0.6,0.3,0.1].
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Figure 4.5: OP versus v, under different turbulence conditions considering CDFS based
system fixed at P,/ P; =120, 25, 30] (dB), p=1, 8 = 0.5 and v,,, = [0.6,0.3,0.1].
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under moderate turbulence condition fixed at v,, = [1/3,1/3,1/3].
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Figure 4.7: OP versus 7, over equal power and optimized power allocation, con-
sidering CDFS based system under moderate turbulence condition fixed at v,, =
[1/3,1/3,1/3].

Fig. 4.8 reveals the OP of considered system versus -, for greedy scheduling (4.17)
and with equal and optimized CARs to the users for CDF based scheduling using (4.37)
withv,, = [1/3,1/3,1/3] and 8 = 0.5 under moderate turbulence conditions. The fig-
ure demonstrates that optimizing the CAR significantly enhances the OP performance,
closely approaching the results obtained through greedy scheduling. Fig. 4.9 depicts
the comparison of CAR among three users under following user scheduling schemes;
GS, CDFS with equal CAR and CDFS with unequal CAR. In the GS scheme, user
3 receives a significantly higher CAR (approximately 0.75), indicating that this user
dominates the channel access. This is because GS prioritizes the user with the best in-
stantaneous channel conditions and user 3 is located closer to the relay at position (0.5,
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0.1). In contrast, CDFS with equal fairness assigns equal CAR values (around 0.33)
to all users, ensuring a uniform and fair distribution of channel access regardless of in-
stantaneous channel conditions. GS scheme provides better outage performance at the
cost of fairness. When fairness is strictly enforced, as in equal CAR in CDFS scheme,
outage performance deteriorates because users with weaker channels receive the same
access as those with stronger ones. To address this trade-off, the CDFS scheme with
optimized CAR offers a practical balance by assigning a higher CAR to user 1, who is
farther from the relay and thus more vulnerable to poor channel conditions, improving
the overall system performance.
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Figure 4.8: OP versus -, over equal channel access ratio and optimized channel access
ratios for both GS and CDFS based systems under moderate turbulence condition fixed
at = 0.5.
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Figure 4.9: Comparison of channel access ratio, v,,, for different scheduling schemes.
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Chapter 5

Performance Analysis of Multiuser
Dual-hop RF-FSO Systems with
Imperfect CSI

This chapter presents a performance analysis of a MU dual-hop RF-FSO relaying sys-
tem for uplink transmission under imperfect CSI. The system employs a user schedul-
ing scheme and considers the impact of co-channel interference (CCI) at the relay node.
The RF and FSO links are modeled using Rayleigh fading and Fisher Snedecor, 7 dis-
tribution, respectively.

The key contributions of this chapter are as follows:

* A MU dual-hop RF/FSO relaying system affected by CCI at the relay is in-
vestigated. The user-relay (RF) link undergoes Rayleigh fading, and the relay-
destination (FSO) link experiences turbulence, modeled by the F distribution.
A CDF-based scheduling scheme is employed at the relay, and a closed-form
expression for the OP is derived considering imperfect CSI on both links.

* An asymptotic expression for the OP is derived in the high SNR regime, enabling
the analysis of the impact of channel estimation errors on system performance.

* Power allocation under total power constraint is performed to enhance the overall
system performance.

* The optimal CAR is performed, and the resulting improvements in system per-
formance are demonstrated.

5.1 System and Channel Model

Consider MU dual-hop RF-FSO system as depicted in Fig. 5.1, where M mobile users
(denoted as mq, ms, ..., m,,) transmit data from S to destination D through R operating
in the presence of NV co-channel interference, and noise. The relay employs cumula-
tive distribution function scheduling scheme to select the user for transmission [126].
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We assume that both users and interferers experience the flat Rayleigh fading chan-
nels where h,, . and g; denote the channel gain for the mth user and nth interferer
respectively. ’

Interferer 1 Interferer N

o ((((c :))))) ‘ FSO Channel

UserM )
\_

Source, S Relay, R Destination, D

Figure 5.1: System model of a MU dual-hop RF-FSO system in the presence of inter-
ferers under channel imperfection.

The received signal at the relay, y,,, . can be expressed as:

N
Ymr = V Pshm,r'xm,r + Z PIn,rgIn,T:UIn,r + s (51)
n=1

where, P, and P; are the available transmit power of the user and nth interferer re-

spectively, @, is the transmitted symbols of the mth user with E(|z,,,|*) = 1 and
z; is the symbol transmitting by nth interferer with E(|z; T|2) = land n, ~
CN(0,02). The channel gain for source-relay (S-R) link is distributed as Py ~
CN(0,$2,,), while the channel gain for the interferer-relay (I-R) link is distributed
asgr ~CN(0,9Q; ).

The imperfect channel gain for the S-R link, denoted as ﬁm’r, is provided in [85]:

hm,r = CSRBm,r +V1— CS2R€SR7 (5.2)

where, ¢, is a complex Gaussian RV, o2 denoted as e, ~ CN(0,07 ), (g is the
correlation coefficient of the channel gain, with values ranging from 0 < (, < 1. A
higher (g, value indicates a lower estimation error for the CSI and when (, — 1, it
implies an error-free estimation.
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The instantaneous SINR for an imperfect RF channel in the presence of CCI is given
by:
PSCSZR|hm,T'|2
m,r N )
2enr Pr, lo1, P A P(1=(5)02 + 02

L X

)
I

=
~ o ~ N -~ P, P n,r =
where, X, = 75|hm7r 2. 7 = Zn:ﬂ[m|gjw|2, Vs = -2 1, = ;2’ s Vs =
’73CS2R oy — FyIan
Caez, 71 A, = Feer
The PDF of |hm’,ﬁ|2 for mth user and relay link is expressed as follows:
fi ()= ——— 1 e‘[(\hi,m. (5.4)
(A

The PDF and CDF of X 1, for the mth user and relay link are expressed as:

1 — —x
fv () =& ——exp (A = ) Fy () = 1 — exp (A = ) . (5.5)
" ’Vsﬂm,r ’yst,r " VSQm,r

where, Qm,r = [E(|71m’r|2).
The PDF of Z which is sum of N independent exponential RV is given by [122, Eq.
(39)]:

N
1 1 N—-1_ 31 ZQI
~ — n,r n,r 5_6
Bo= iy (o) 0

The PDF of egR is written as:

1 -
e 2% . (5.7)

fe (€)=

SR

2mo,

The CDF of fm,r under imperfect RF channel in the presence of CCI is provided by

[123]:
o ()
Fr (2)=1— AL .
Tor 1—[N (1 + ’YIn,TQInJ )
n=1 fysﬁ X

m,r

At (, — 1, the CDF of SINR for a perfect RF channel in presence of CCI, denoted as
L', - becomes:

(5.8)
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—x
. 1 eXp (’?sﬁmr>
m’T(x) a N 1 ’YInr Inr '
H + G

m,Tr

(5.9)

|2
m,T

P,|h
where, I’ = —— .
> m,T anl Plny'y‘lgln,’]‘|2+o'2

In the DF protocol, R decodes and re-encodes the signal, converts it to optical signal
for FSO transmission, and at destination D, a photo-detector converts back to electrical
form, yielding received signal, y,. , as follows as:

Yra =PI g2, 4+ ng, (5.10)

where, P, represents transmit power of R, I a 1s the imperfect FSO channel which is
modeled by J distribution, accounting for turbulence effects, z,. ; is transmitted signal
from R with E(|z, 4|*) = 1 and ny ~ CN(0,0?).

The instantaneous SNR, fr’d for the imperfect FSO channel can be expressed as:

2 = ~
aPr,d :’yrl}:‘[r,d|27 (511)

I‘r,d = T |Ir,d

where, 7, = %, lar’d represents the average SNR of the FSO link.
The PDF of fr’d under imperfect 7 turbulence channel is provided by [127]:

gatb-3 (W) 5 23 (k)
é Erp &p) T1 9 € > O
Jp, (@) = § YA 0 (a0, 0-ca) (5.12)
32 (_aeae |55 50 K] )
where, ¢ (k) = Gy5 | zaase oz k20 130 |- and X(k) = im0, T
0 2027 2
I'(%41), a and b are the fading parameters, €, ~ CN (0, 0 ) is the Gaussian RV over

the FSO channel, and (,, denotes the correlation coefficient.
The CDF of I, ; under imperfect 7 turbulence channel is given by [127]:

k

2a+b 3 Z 1’1 T
Ff (:C) e 71—\/711 k= 0 k' 1’2 QOERD<17<ED)’YT
r,d
1—x(k), x=0

At Gy, — 1, the CDF of T, ; for the perfect FSO channel is given by [17]:

a/2
B a \* 1 x 1,2 a T
Frr’d(x) a (b— 1> I'al'b (7,,) Ga3 ((b— DV,

where, T',. ; = 7,|I,. d|2 and I ; is the perfect J turbulence channel.

l—a—0b,1—a
0,—a '
(5.14)
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The equivalent end-to-end instantaneous SNR for imperfect channel at both hops, de-
noted as I' 5, with user scheduling schemes by employing DF based relaying is ex-
pressed as:

~ ~

ere = min(rm*,rv 1—‘r,d>7 (515)
where, m* is the scheduled user which is selected by user scheduling schemes.

The mathematical expression for selecting the mth best user according to GS scheme

can be given as:
X
m* = argmax [ =—" |. (5.16)
mel2..M \ Z+1

The mathematical expression for selecting the mth user according to CDF based scheme
is as follows:

m* = arg max (Ff (a:))m (5.17)
mel,2....M e

5.2 Outage Probability

It is the probability that the instantaneous end-to-end SNR, fe2e is less than an accept-
able threshold, ~,;,, and it is defined as:

Pf:g (Vth) = Pr<Fe2e < ’Yth)7
= Pr (min(fm*,m f‘r,d> < 7th> )
S S
= Fi () +Fp (va) —=F& (v)Fp, (en)- (5.18)

msk,r ms,r

where, 7,;, = 2%/ — 1, p denotes the target rate, S € (GS, CDFS) refers to greedy
based scheduling, and cumulative distribution function based scheduling respectively
and Fi denotes the CDF of the RF hop for different scheduling schemes.

Furthertl (’ST .18) can be simplified as:
S C
Pfqe (Yen) = Fr (vn)Fr (ven) + Fp (3n)- (5.19)

2¢ msk,r

where, Fg , Tepresents the complementary CDF of the FSO link.

The complementary CDF under imperfect F turbulence channel is obtained by using
the identities [112, Eq. (3.381.3%)] and [128, Eq. (8.4.16.2)] as follows:

20403 2 9kg (k) z
C _ 2,0
Fr, () T/l (a)T(b) ; Rt 202 (1—G&)r

Further, complementary CDF under perfect 7 turbulence channel is obtained by using
the identities [112, Eq. (3.194.2%)] and [113, Egs. (07.23.26.0004.01), (07.34.16.0002.01)]
as follows:

1
0 ,m). (5.20)
)2
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(5.21)

b—1\" 1 /b2 a T
C _ Ir 2,1 ( 4« gL
Frd@)_( a ) Fan(x) G“((b—l)\/%

OP for Greedy Scheduling

1,1+0
a+b,b

The CDF of the RF hop in the presence of CCI using GS scheme in (5.16) is written
as:

M
F2o (v = T Fr (- (5.22)

mek,r
m=1

By substituting (5.8) using (5.22), (5.13), and (5.20) into (5.19), we can derive the uni-
fied analytical expression of OP with GS under imperfect CSI at both hops as follows:

“Vth
M e;Ystr 2a+b*3

GS — 1 _ _
P e ) =1 X<’“>+T£[1 ! [, (1+ ey, ) 7VAT@T0)

= 280(k) 00 Vi 1 20tb=3 X 28 (k)
X Gy
; K782\ 202 (1—C2,)7, |0, 52 7T\/_F( )L(b) = k!
1
x Gl Tth . (5.23)
12 (202 0, |52,0
OP for CDF Scheduling

The CDF of RF hop using CDF based scheduling scheme in (5.17) in the presence of
CCl is written as:

1
Fro™ () = Pr( max (Ffm(x)) T\ < m) . (5.24)

mT mel,2....M

The final expression of CDF for RF hop with CDF based scheduling is obtained in
(5.25) as follows:

1
M St o
F () = Y v, [ 1 — . (5.25)
ms,r Inr Inr
] I (14 e, )

The derivation of (5.25) is given in Appendix III.
By substituting (5.25), (5.13), and (5.20) into (5.19), the closed-form expression of OP
with CDF based scheduling under imperfect CSI at both hops is obtained as follows:
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“Yth Um

M e "Ysﬁm,r

PSS () =1=x(k) + D vy [ 1= —5 o
e2e, NoCSI m=1 Hn:1 <1+ ;;JQ n,r,yth>

y 2a+b73 0 Qk(b(k) 2.0 Yih 1 N 2a+b73
r/A(@r(b) &= kL 2\ 202 (1- )y, [0 582 ) T m /Al (@)r(b)

" = 2%(@(?1’1 ( Vih

k=0 k! 2 20’2@(1 - ClgD)’Y’r’

1
ki1 0)' (5.26)
2

OP is expressed as a function of v, to assess the system’s performance with variation
in the total available power P, within the network. Here, we denote the total power P,
=P _+ P, where v, = %. Additionally, we assume v, = 5v,, 7, = (1 — 8)v, V1, =
/¢ 1, » Where 0 represents the fraction of total power allocated to the user and relay,
while ¢; is the fraction of total power given to interferers.

Asymptotic Outage Performance

The closed form expressions for OP with different scheduling schemes provide limited
insights. Hence, to get a deeper insight at high SNR, i.e., 7, approaches infinity, the OP
expression provided in (5.18) becomes as:

S () = () + B () = B ()EE (). (5:2)
At high value of SNR, terms involving 1/+, become negligible and can be ignored

, N
—Tth ren (- CGody -1 X1 Vi Py

-~ 9 )
ie extmr = GOmr and Hivzl (1 + %%h) ~e G&me " Pur-
ther, apply series expansion of exponential function as given in [112, Eq. (1.211.1)],

the asymptotic CDF expression for RF hop under imperfect RF channel given in (5.8)
becomes:

N

0o (]‘ - CS2R)O-SSR Z’I’l:]. ’Y—[n,rQIn,”r‘
Ff\ <7th) = 20 + 2 O Tth
mr SRQm,r Vs SRQm,r

N 2
o LQh <1 - CEQR)O-ESR + Z’I’L=1 Fy[’rj\,rQIn,r . (5.28)
2 SQRQm,l‘ ’YSCSQRQIH,I'

At (, — 1, the asymptotic expression of the CDF for the RF hop is obtained by using

(5.9) as follows:
N

o Y
FR2 () ~ —— D>, S, - (5.29)

sSfmr =1
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The asymptotic of the CDF expression for FSO hop under imperfect 7 turbulence chan-
nel is found by utilizing the expressions [113, Eq. (07.34.06.0006.01)] in (5.13) as
follows:

Qa+b—2 00 2k¢(k§) ~ 2

F&e ~1—x(k)+ th :
£ o) = X @) £ (v DY \ 202, (- G,

(5.30)

At (,, — 1, the asymptotic expression of the CDF for FSO hop is found by utilizing the

expressions [113, Egs. (07.34.16.0001.01), (07.34.06.0006.01)] in (5.14) as follows:

- _ TI'la+d) a Vin ¢
Flﬂhd(’)/th) - F(CL+ ].)Fb ((b— 1) 5, ) . (531)

Using (5.25), (5.28), and (5.30) in (5.27) under imperfect CSI at both links and per-
formed some algebraic manipulations to obtain the asymptotic expression for CDF
based scheduling as follows:

Casel: Imperfect RF and Imperfect FSO links (0 < (g, Gop) < 1)

k+1
®,CDFS ~1 Qatb-2 oo 2kg(k) v I M
PfCMOCSI (Ve )1 X<k>+—7rﬁl"(a)l"(b) k=0 (k+1)! <2agm(1tf<§om> 2

2. L
N N Um
XU (17<52‘E)O-ESR +Zn:171n{QI7L,r ,.Y _ﬁ (174-525)0’25[{ _|_Zn:1’yIn,J'QIn,'r‘
m 3, Y4 CE s th 2 30, Y43 s

k+1
ga+b—2 00 2k¢(k) 4 2
% (X(k)_wﬁf(a)r(b) k=0 (h+1)! (2agw(v1fgg,3)%> ) : (5.32)

Furthermore, diversity order can be evaluated using PIZO’S = (G v;)"Ca. Therefore,
e2e
diversity order for CDFS is G; = 0.

Case2: Perfect RF and Imperfect FSO links (¢, — 1;0 < (p, < 1)
At (, — 1, the asymptotic OP expression is obtained under imperfect CSI at FSO
channel for CDF based scheduling by substituting (5.29) using (5.25) and (5.30) in
(5.27) as follows:

+1

P?O,CDFS < )2 1— (k)"- 2a+b_2 io: 2k¢(k) Vin i +
L eae, Perfect R th X Wﬁr(a)r(b) k=0 (k + 1)' 20-3,“,(1 - C§D>7r

k+1

path2 2 okg(p) % 2
x(k) — 7/7L(a)T(b) ; (k+1)! (QUERD(l —hC;gD)%«

1

M NQ,yfy Um
x va< ;“) . (5.33)

m=1 = e
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Case3: Imperfect RF and Perfect FSO links (0 < (g, < 1; (py — 1)
At ¢, — 1, the asymptotic OP expression is obtained under imperfect CSI at RF
channel for CDF based scheduling by substituting (5.28) using (5.25) and (5.31) in
(5.27) as follows:

M 2\ 2 N 0
(e (]‘ - C )Ue anl fyln,r‘ In,r
PP (Ven) = § Um{( + Vtn

FeZe, Perfect FSO fown CQ Qm . ’75 CZ Qm .
2 2\ -2 ZN 9) 2 o a
Vi [ =)ot 4 Zn=t 1,501, , "L I'(a+b) ( a M)
>\ ea 2.0, Tla+ Db \(b—1)\ 7, )
(5.34)

5.3 Optimum Performance Analysis

5.3.1 Optimal Power Allocation

To optimize power allocation for both the user and relay while minimizing OP in the
context of CDF-based scheduling given in (5.32), the objective function can be repre-
sented by the following expression:

(P:,P¥) = argmin P25 (),

(Ps 7P7") e2e,NoCSI
subjectto P, = 8P,, P. = (1 — B)P, (5.35)
To give equal fairness to all the users, we assume v; = v,...... = v, with an\le U,y =

1 and substituting P, = P, P, = (1 — )P, in (5.32), we obtain:

+1

%,CDFS N a+b—2 oo 2kg(k ; 2
PZ ()~ L)+ e Lo ot () +

1—‘eZe,NoCSI
M (1-¢2)o?, | Xolivr, N2 ((1=¢2)o2 Xy 9 2\ o
SR €SR n= n,r n,r ___Ith SR €SR. n= n,r n,r
Zm:lvm SQRQm,r + Bptgszkﬁm,r IYth 2 < SQRQm.r + Bptgszkﬁm,r >
20tb2 oo 2Fg(k) v
8 (XU‘“’)—W o et (st ) ) - 536
O2p e ien) o o .
Here —=5s38—— > Ofor 5 € (0, 1), indicating that the objective function is strictly

convex. To determine the optimal value of 3, we equate the first derivative of the above
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expression with respect to /3 to zero, which is expressed as follows:

1
HpoosCDFS ( k+ ket

Pepenocst tP ) 20+b-3 oo 2kg(k) Vth i ( . ) ’ +
a8 7r\FF( JT(b) £~k=0 k! 202 (1-CZ,) P, 1-pB*

11 N Q N Q 2
ZM Arm _M 4+ Lt Vi + m
m=1 4T 82P3%,, T BT\ RGO, th 20,

SR

k+1
Yt Vi (k)— 22 5~ 20l Y4 >
32P,C2 0, “Yin X\ )™ 27T (@)t (®) 2ek=0 T+ 1)! \ 202, (T—C2) T—F) P,
B ki3

M Tm 9a+b-3 o0 2k¢(k:) h 2 1 2
DRSS SCL T e (mitem) ~ (25) ©=0.637

N 2
1—2)o? S Vi V2 (=)ol 2y Yy

here. A _ ( sk egp n=1 "Tnr""Tnr _ Jth &) T s n=1 ‘nr ‘nr .
where, A, 20, T = P20 Tth T T2 20 t BPLE

Obtaining the closed-form equation for the optimal power allocation coefficient, 5* is
challenging and standard iterative root-finding methods, include Bisection’s or New-
ton’s can be used to find a numerical solution. The time complexity of the bisection
algorithm in a given interval (u, v) and precision of € is O(log w), where w = [ *=* .

5.3.2 Optimal CAR Allocation

To optimize the CAR so as to minimize the OP for CDF based scheduling (5.34), the
objective function can be formulated as follows:

o, CDFS

(U?Eg U;, cey ’U}kw) = arg mln Pf, (’Yth)7
(Uq,Vg,.. vpy) 20 Perfect FSO
M
subject to Z v,, = L. (5.38)
m=1

To solve the above objective function, the Lagrangian multipliers method is used to
determine the optimal CAR for the users as follows:

M L T(a+b) a / ¢
«,CDFS _ T Tth
Fere Perfect FSO (Ul’ UQ’ ’ UM’ o Z Um Am,r) +F(a/ + 1)Fb <(b - 1) 77” )
M

+ /\( 3 o, - 1). (5.39)
m=1

92 p2o oS Yin) M
By uti%izir.lg the co.ndit'ion . FeZeg;;f:;SO > 0for ) . v, =1, itindicates that
the objective function is strictly convex.
To determine the optimized value of v}, the first derivative of (5.39) with respect to
v,, 1s taken, set to zero, and algebraic manipulations are performed, leading to the

following expression:
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In (A
vt = " (Amr) . (5.40)

1+ W()\ (mm)m) )

The above expression involves the Lambert W function, denoted as W (.) [124]. The
proof of (5 40) is provided in Appendix IV. Further, utilizing the power series, W (z) =

Z e 2k, 113, Eq. (01.31.06.0002.01)] in (5.40), the closed-form expression
for v is obtamed as:

vt = In (A’” ) . (5.41)

m —k

1+ 350 CRE kA )

Now, to calculate the value of A\, summing of all the individual CAR and equating to
unity. We obtain the following:

In (Al T) N In (A2 T) N
— ——— e

)\kz <A )m(Al,r) 1+ Zk 1 )\kz <A )m(AQ,T)
In (A
+ nk( IM’"> — —1=0. (5.42)

L+ 20,5

Finding a closed-form solution for A is difficult. The value of A\ can be obtained by
using bisection method.

5.4 Simulation Results

This section presents the accuracy of derived expressions for the considered system as-
suming three users, a single relay and one destination. For RF hop, we assume that the
three users are at (0, 0), (0.2, 0.5), (0.5, 0.1), while the relay is at (1, 0) and the three
interferers are at (0, 2.1), (1.1, 2) and (2.2, -1). The channel variance Q< = ud, j»and

d; ;= (d, 4/ dy)~¢, where, d; ; 1s the normalized distance between node 7 and node j,

where d; ; 1s the actual Euchdean distance between them, d,, is the reference distance,
W is the propagatlon constant and & is the path loss exponent [129]. Further, Q( )1

calculated by considering d, = 1, # = 1 and £ = 3. Assume 02 = 02 = 0?2 For
the FSO hop, fading parameters (a,b) = (4.5916, 7.0941), (a,b) = (2 3378, 4. 5323)
and (a,b) = (1.4321, 3.4948) are taken for weak, moderate, and strong turbulent envi-
ronments respectively [64]. In the analytical expressions, the infinite summation terms
can be truncated to those listed in the Table 5.1 to maintain the truncation precision.
From Table 5.1, k = 185 terms have been used to obtain the results over a wide range

of different parameters and increasing the values beyond k = 185 does not have sig-
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nificant influence on performance metrics. Furthermore, the Monte-Carlo simulations
align perfectly with the exact analytic results, thereby validating the derived expres-
sions. It is important to note that the number of iterations for Monte-Carlo Simulation

is set to 106,

Table 5.1: Truncation accuracy of summation limit

Parameter Truncation Weak Moderate Strong
limits Turbulence Turbulence Turbulence
(sr = 0.98, (gp = 0.8 Csr = 0.98, (gp = 0.75 | (sr = 0.98, (gp = 0.7
k=5 0.368117320691043 | 0.395919867076866 | 0.416711052916665 | 0.390702966957236 0.372602152102296
k=15 0.165434189035159 | 0.230716197787088 | 0.278433232071588 | 0.270743541164186 0.269518967101799
k=35 0.107637442481876 | 0.164999463531357 | 0.214200531048431 | 0.220356471052884 0.229998875053582
k=55 0.097854261832061 | 0.147913016042985 | 0.194180379986248 | 0.205655030604734 0.219113864752622
Outage Probability, k=85 0.094108131703812 | 0.138708634493340 | 0.181725520696739 | 0.196853613241084 0.212805652926906
7, = 60 dB k=105 0.093265573914793 | 0.135935469135757 | 0.174700720688415 | 0.193942306837203 0.210764852685186
k=125 0.092831364619627 | 0.134232420288688 | 0.174700720688415 | 0.192046470274892 0.209451370304017
k=155 0.092501507445056 | 0.132685657474007 | 0.171966277897934 | 0.190215652474322 0.208196685073172
k=185 0.092407225722412 | 0.132170450313579 | 0.170996529214856 | 0.189573019982106 0.207759980792310

Fig. 5.2 and Fig. 5.3 illustrate the OP of the CDFS based system for various (gr and
Crp under strong turbulence condition. From these figures, it is evident that imperfect
CSI significantly impacts OP performance. Higher values of (g and (i, contribute to
improved OP performance, as a larger correlation coefficient indicates a more accurate
estimation. Notable, the influence of (i, on the OP performance is more pronounced
than that of (gz. Further, analytic expression for OP of CDES based system in (5.26)
accurately matches with the simulation results. Moreover, at high values of ,, OP sat-
urates at approximately 1-y (k) indicating a diversity order of G; = 0. This saturation
occurs because it is independent of v, which implies OP cannot improve further with
increase of 7,.

>

Outage Probabilit

1 g% .
09F (g =094
0.8F ——(q=0%6
0.7F _CSR =0.98
06F (r 1
*  Simulation
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04r * ]
%
"
0.3F * N 1
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Figure 5.2: OP versus +, over different values of (g considering CDFS based system
fixed at P,/ PIn = [20, 25, 30] (dB) under strong turbulence condition fixed at p = 1,

(ap = 0.8, 0% = 0.5, 3= 0.5, and v,,, = [0.6,0.3,0.1].
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Figure 5.3: OP versus -, over different values of (i, considering CDFS based system
fixed at P,/ P, o= [20, 25, 30] (dB) under strong turbulence condition fixed at p = 1,

n,

Cre = 0.98, 02 = 0.5, 3= 0.5, and v,,, = [0.6,0.3,0.1].
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Figure 5.4: OP versus v, under different turbulence conditions considering CDFS based
system fixed at P,/P; =20, 25, 30] (dB), p = 1, 02 =0.5,8=05and v, =
[0.6,0.3,0.1].

In Fig. 5.4, impact of turbulence can be observed on the OP of the considered sys-
tem. In the figure we have considered three scenarios: Imperfect RF link only ((rp —
1), Imperfect FSO link only (( g — 1), and Imperfect RF & FSO link. From the figure it
can be observed that the asymptotic outage performance with imperfect RF & FSO link
and imperfect FSO link only, is almost similar over a wide range of turbulence condi-
tions. Further, the asymptotic expression of the outage performance in (5.32) and (5.33)
differ by a constant factor term. Thus imperfection in the channel estimation of FSO
link severely affects the outage performance. It implies that the system performance is
limited by the imperfect FSO link. Further, comparing the performance of imperfect
RF only, it is observed that the RF link dominates the system performance when FSO
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link is perfect. In Fig. 5.5, the impact of power allocation at user and relay on the OP
can be observed under moderate turbulence conditions for varying values of data rates
and interferers power. The optimal power allocation coefficient, 5* is obtained using
(5.37), that minimizes the outage probability over a wide range of interference power
and data rates. In the figure we have considered three scenarios: Imperfect RF link only
(Crp — 1), Imperfect FSO link only ((gr — 1), and Imperfect both links. As shown
in figure, the outage performance decreases and then increases as the power allocation
coefficient, 8 varies in the range (0,1), indicating that there is an optimum value of
power allocation coefficient, which is obtained by solving (5.37). The optimal power
allocation coefficient, 5* obtained using (5.37) minimizes the outage probability across
a broad range of interference power and data rates.

10' T T T T
p=1P/P =[20,2530]dB

.
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T

p=2PJP =[252525 dB
nr

¥
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Figure 5.5: OP versus power allocation coefficient considering CDFS based system
under moderate turbulence condition fixed at 02 = 0.5 and v,, = [1/3,1/3,1/3].

Fig. 5.6 illustrates the OP for both equal and optimized power allocation under
moderate turbulence conditions for the following three scenarios: Imperfect RF link
only ((rp — 1), Imperfect FSO link only ((gr — 1), and imperfect RF & FSO link.
The power allocation coefficient are calculated using (5.37) which is (3, 5*) = (0.5,
0.8513)forp=1, P,/P; =[20,25,30]dB, (8, 3%) =(0.5,09179) forp=1, P,/ P;
= [20, 20, 20] dB, (S, 6*’) = (0.5, 0.9446) for p = 2, Pt/PIn =125, 25, 25] dB, and
(8, 5*) =(0.5,0.9615) for p =2, P,/P; =[30,25,20]dB. This optimization results
in a significant enhancement in the OP })’érformance with improvement 0.6843 dB for
(8, 5%) = (0.5, 0.8513), 1.9714 dB for (B, *) = (0.5, 0.9179), 0.6787 dB for (3, 5*)
= (0.5, 0.9446), and 1.2310 dB for (3, 5*) = (0.5, 0.9615). From the figure it can be
observed that there is improvement in the outage performance with power allocation
with imperfect RF link only.

In Fig. 5.7, the CDF based scheduling with equal CAR and optimized CAR derived
using (5.41) under moderate turbulence conditions are considered for the following
three scenarios: Imperfect RF link only ((zrp — 1), Imperfect FSO link only ((gp —
1), and perfect RF & FSO link. The outage performance with optimum CAR values is
compared with the performance obtained using greedy scheduling. It can be seen that
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optimizing the CAR substantially enhances OP performance, closely approaching that
of greedy scheduling.
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Figure 5.6: OP versus y, over equal power and optimized power allocation, considering
CDFS based system under moderate turbulence condition fixed at 02 = 0.5 and v,,, =
[1/3,1/3,1/3].
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Figure 5.7: OP versus v, with equal and optimized channel access ratio for both GS
and CDFS based systems under moderate turbulence condition fixed at 02 = 0.5 and
B =0.5.
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Chapter 6

Performance Analysis of Dual-hop
Multiuser RF-hybrid FSO/RF System

This chapter presents a comprehensive performance analysis of a MU dual-hop RF-

hybrid FSO/RF communication system, where the first hop utilizes an RF link employ-

ing CDF-based user scheduling scheme. In the second hop, hybrid parallel FSO and RF

links are employed, with SC implemented at the destination to enhance link reliability.
The key contributions of this chapter are summarized as follows:

* Closed-form expressions for OP and ABER are derived for the proposed system.
The RF links are modeled using Nakagami-m fading, while the FSO links are
characterized by the F distribution with the inclusion of pointing errors. The
analysis also incorporates the effects of 1.n.i.d CCI and employs CDF-based user
selection.

* An asymptotic expression for OP in the high SNR regime is derived to determine
the diversity order of the system, offering deeper insights into its performance
under ideal conditions.

* Optimal power allocation strategies for both users and relays are formulated un-
der a total power constraint, based on the asymptotic OP expression, to enhance
system performance.

* The optimal values of the CAR for users are derived to further improve overall
performance, particularly in scenarios with resource-sharing constraints.

6.1 System and Channel Model

In Fig. 6.1, a source node (S) with M users transmits data to a destination node (D)
via a relay node (R), while contending with interference from N RF interferers at relay.
The first-hop consists of an RF system between source and relay, and the second-hop
employs a hybrid FSO/RF system from relay to destination.
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Figure 6.1: Dual-hop MU RF and hybrid FSO/RF system with i.n.i.d CCL.

RF system (First-hop)

In the first-hop, mth user at the source transmits the RF signal, z,,, .(m = 1,2..., M)
to the relay through S-R link. The received signal at the relay, denoted by y,, ,. in the
presence of CCI is written as:

N
yfrsgf,r =V Pshm,rxm,r + Z V P)Iglnmxln’r + n§R7 (61)
n=1

where, P, and F; are the transmit power of the RF signal at the source and interferer
respectively, z,, , and z; are the transmitted information of the mth user and nth in-
terferer with unit energy rré'srpectively. The channel gain for S-R link and interferer-relay
(I-R) link are modeled by Nakagami-m distributions with parameters (1, ., €2,, .) for
S-Rlink and (m; ,€Q; ) for I-R link and nj® ~ CN(0,0%).

The instantaneous signal-to-interference-noise ratio denoted as I‘rsnlfr for the S-R link can
be written as:

m,r?

2
p _ Pl |
anl PI|.§71,%,,’2 + o?
N, 6
= Zar 6.2)

N P
Where’ Xm = 75|hm,7“|2’ Z = Zn:].’)/I’gIn,TJQ’ ’ys é U_S’ ’)/I

q
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Hybrid FSO/RF system (Second-hop)

The relay employs both FSO and RF transmitters to forward the decoded signal to des-
tination. After demodulation and decoding, the signal is transmitted simultaneously
over parallel FSO and RF links. The received signals at destination through R-D FSO
and R-D REF links respectively can be expressed as:

ysgo = \/ nP'rI’:SOIr,dxr,d + nlc:lSO’ yll',{(f =V PEFhr,dmr,d + n5F7 (63)

PFS9 and PRF are the transmit power of FSO signal and RF signal at relay, T4 18 the
transmitted symbol at relay with unit energy. The channel gain, [, 4 = I,I,, where I,
is the atmospheric turbulence modeled by 7 distribution and I, is the pointing error.
h, 4 follows Nakagami-m distribution for R-D RF link with parameters (m,4, €, 4), and
assuming n°° = nRF ~ CN(0,0?).
The instantaneous SNR, Fggo for the R-D FSO link and FE}; for R-D RF link can be
written as:

TFS0 = AP0y, TRE = ARF |, (6.4)

FSO Ao nPf° Rp a PXF
where, v,>% = Y =

Based on the SC scheme, the instantaneous SNR of the hybrid system at the destination

is defined as:

FE}%rid = max(I'[3°,IR) (6.5)

Further, equivalent end-to-end instantaneous SNR, denoted as I, for DF based relay-
ing system with user scheduling scheme is expressed as:

FeZe = min(FSR FE}]/l)arid) (66)

NERY)

where, m* is the scheduled user.

6.1.1 Channel Model
RF system (First-hop)

The PDF and CDF of the Nakagami-m distribution for integer values of m,, . for the
S-R link are given in [130]:

f < > mg?ra}mm,rfl . p( mm’r >
xXr) = X — X |.
Xom r (mm,r) (’Yst,r> Mhme Vs Qm,r
F(p’nm o %x)
F =1— St 6.7
X (%) D) ©7

According to [131], the approximate PDF of Z can be expressed using the PDF of a
single Gamma distributed RV:
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I < oy ) 6.8
f2(2) F(ml)WIQI)mIeXP iy (©5)

Ji o J2 JN-2

where, Q; = > ,191 s My = E(;zz—)lz_m’ Z Z Z Z 1 : ;Z f)

. L ‘ J1=0J2=053=0 jn 1=0
X EHgIl’T|2(J—Jl)]E'[|gIQm|2(J1—32)]T”E[|g1N’r‘2(]N71)],

2
o Timg, +35) (9 \?
Bl 11 =" ()

m
In,'r

The CDF of I';X. under i.n.i.d CCI with fixed power can be calculated by substituting

(6.7) and (6.8) into f Fy (y(z+1))f(2)dz after using [112, Eq. (8.352.2)], and
performing the integration using [112, Eq. (3.351.3)], the CDF can be obtained as:

my —1 k l
: INT(kE+my) (%Y My — Ly
F SR (y) = 1 — ( ) ( > y e Vs m,r
o ; kX_; k Z'F(ml) my ’YSSZm,r
1

X o R (6.9)
(1 + mI'&'SQm,ry>

Hybrid FSO/RF system (Second-hop)

The PDF and CDF of 5 distribution and incorporating the effect of pointing error for
the R-D FSO link are provided in [64]:
wz! 91 aw? 1—0b,1+w?
F = —————GY ’
Froeul® = artarm @2 \ oD @550 awr )

_ 2
1—b,1,1+w ) 6.10)

CLUJ2

— G2 ( -
L(a)T(b) 2\ (b—1)(1 +w?) fyfg'o

Friso(z) = 00?0

( (b—1)A, )” W2L(a+n)L'(b—n)
a (w2+n)C(a)l'(b) °
w=w, /20, where A, represents the fraction of collected optical power, W, de-
notes the equivalent beam radius at the receiver, o is the standard deviation of pointing
error displacement at the receiver. The parameters a and b correspond to the fading
coeflicients associated with small-scale and larg-scale turbulent eddies respectively.

When w — oo, effect of pointing error becomes negligible.

where, 3750 = yFSOE2| I, 4|, nth moment denoted by E[| I, 4|"] =
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The PDF of the Nakagami-m distribution for the R-D RF link is given in [130]:

) = o)
Re(T) = - - €Xp ——2x|.
Frd I (mr,d) (’YEFQr,d) mr ’YEFQr,d
I‘<7fn'r,d7 l?:—r(;x>
Fre (1) = 1-—= (nzrd>f-" . (6.11)

The CDF of hybrid FSO/RF system, denoted as Fyxo () for SC scheme can be written

hybrid
as:
Frs)grid (.I) = FFEEO (I)FF:}E(IE) (612)
The mathematical expression for selecting the mth best user for GS-based scheme can
be given as:
* = arg ma ( X ) (6.13)
m = X —— . .
melg,Q....M Z+1
The mathematical expression for selecting the mth user for CDFS-based scheme is as

follows: .

m* = arg max (FF%R (m)) o (6.14)
mel,2...M *

6.2 Performance Metrics

This section presents the analytical derivations of OP, and ABER for the considered
system employing a CDF-based scheduling scheme.

6.2.1 Outage Probability

A communication system experiences an outage when the instantaneous SNR, I'
falls below the acceptable threshold, 7y,. It is defined as:

Pr,, () =Pr(Tes, <) = Pr(min(TSR TR ) <, ).
= Frse, () + Freo () = Frse, () Free ()

T hybrid [ hybrid

(6.15)

where, 7,;, = 2%/ — 1, p denotes the target rate. Fse () denotes the CDF of the
first-hop and Fyro (7, represents the CDF of the second-hop.
ybri

For the CDF-based scheduling scheme, the CDF of first-hop can be expressed using
(6.14) as:

1

< <FP§1Rr(m))mv kel, 2. M (TSR <, |.

N

FERS () = Pr ( (Frgs (@)

(6.16)
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The closed-form expression of OP employing CDF-based scheduling scheme is ob-

tained as:
k I
zl: Lk +my) (& My ’y
1T (my) my Vs . th
1

M mmyr—l
CDFS
P Vth § : Um (

628

m=1 =0 k=0
__Mmr 1 Um w?
>< [ ’Yst,r,yth ) {1 _——
(1 + mr’YIQI 'Y h) k+m1 F<a)r(b)
myy Q.

x G2 aw? Yen [1—0,1,1 4 w? 1— I'(m Mg, RFQ ) N
3,3 (b _ 1)(1 + w2) ,YFSO a, w27 0 F( r’d)

w2 1_F( rd> RFQdSC) 22 aw> b 11 4o
['(a)T'(b) I'(myq) PO -D(1+w?)\[35°] a0’ 0 '

(6.17)

The proof of (6.17) is presented in Appendix V.

OP is employed to assess the system’s performance and expressed as a function of v,
where v, = %. Total power P, = P, + P, assuming v, = (37;, 7:°0 = AR = 4 =
(1 — B)~,. Let 3 denotes the fraction of total power allocated to the user and relay.

6.2.2 Asymptotic Outage Probability

The closed-form OP expression employing CDF-based scheduling scheme offers re-
stricted insight into parameter influence on performance. Therefore, to gain a deeper
understanding of how different parameters affect system performance, the OP expres-
sion provided in (6.15) at high SNR, i.e., v, approaches infinity, can be simplified as
follows:

Pre, () = Foe () + Frio () (6.18)

bld

where, Fr}jy?md (Vin) = FF%O (’Yth)FF% (Vin)-
RF system (First-hop)

mmr

™Mm,r

. F(mmmﬁ Q LE) ﬁ’\/tﬂm’rx .
At hlgh value of SNR, Y — OO, # ~ 1— T T(m, 1) m (67) and

substitute into fooo Fy (y(2+1))fz(2)dz. With the utilization of [112, Eq. (3.351.3)],
the asymptotic CDF expression for the first-hop becomes:

m My k
1 My L " Y m ,YIQI
Fre o~ : E MO (K — .
FmJ(x) le 1—‘(Tnm,r + 1) (ﬁ’YtQm,r> ( k > ( * ml) ( my

k=0

Mmr
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Hybrid FSO/RF system (Second-hop)

By utilizing the expression [113, Eq (07.34.06.0006.01)] in (6.10), the asymptotic CDF
expression for the second-hop FSO link can be written as:

2
2 H TRy — Ry [T, T(A =Ry, + Ry))
Fio(z) ~ %

Frd (@) Z{ [(9Ry5 — %Zj)F(l —Ry3 + Ssz)

]=1

Ry,
aw? T
X ((b — 1)(1 4+ w?) %Fgo> }, (6.20)

where, Ry = [R;1, Ry, Ryg] = [1 = b, 1,1+ w?[; Ry = [Ryy, Moy, Ry = [a,w?,0].

r,d
mMrd
. . . . F(mrm;ﬂi;’;ﬁr;dnfx) ((lﬁ)vtﬂr,d x
With the aid of identity, T )‘ o~ ] — INCWESY

r.d r,d

totic CDF expression for the second-hop RF link can be calculated as follows:

g () ~ Ded i 6.21)
T Tl + D\ — A3 |

To calculate the asymptotic OP expression for CDF-based scheduling scheme, substi-
tute (6.19), (6.20) and (6.21) into (6.18), the asymptotic expression can be expressed
as:

M m, My
1 Mo Yen N m
Foo CDFS m,r /'t m,r T(k

m=1 B8 s =0

k —vl 2 myy
&Y m w 1 My g
) ( ) } " ( ’ %h)
my L(a)L(b) T(myg + 1) \ (1 = B8)7, Qg

2 2
o (I TRy =Ry [[,_, (1 =Ry, +NRy)) 9 Ry
XZ it aw Tth
s [R5 — Ry )T(1 — Ry + NRy)) (b—1)(1+w?) ’Yngo

(6.22)

in (6.11), the asymp-

The diversity order, G ; is defined as — lim w which represents the slope of
YO0 t

the curve. From (6.22), it is evident that this system model attains a

G, = min(mln(m” Mae Mhir) min(, <) + mr’d) for P, = 0 dB.

s . )
v Vo Vs 27 2

When m,,, , = m,q = mgv; = vy.. = vy = v, diversity order simplifies to
G4 =min| m M, min(§, “% ) +m ), even for varying interferer power levels. This

assumption does not alter the system asymptotic behavior.
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When €, _QIQ =9, =Qandm; . =My, ... =my, = m,mbecomes
equal to N m, {y = NQ. From (6.22), the asymptotlc OP expressmn for CDF based
scheduling becomes:

m

JooCDFS i 1 M Tth mmrsz M. I'(k+Nm)
e2e th )F(mm,r‘i‘l) B/YtQm,r k— k

m= 0

Mg

2 om w? 1 Mg
. <F> } +F<Q)F(b> F<mr,d+1) ((1_/6)7th,d7th

2 2
o (I TRy =R [T, T(1-Ry;+Ry)) : Ra;j
N g y aw Ve
- L(9R53—Ry;) L (1-Re3+Ry;) (b—1)(14w?) ngo

(6.23)

6.2.3 Average Bit Error Rate

The ABER of the system with digital binary modulation schemes is given as [117]:

_ gt [ gt [
Py, = () / vffle*mFr%,,(v)Jr—) / Y/ te 9 Frro ()
0 ’ 0

217 217
P Pov
g [ Ao nRy, 0 Fgp() by
o0(f) ), e Y
Pov
T / e F <7>Fsto(v>F< o ;) &y (624)
2I(f) mr rd I'(m,q)

P bey
where, f and g are the parameters that depend on chosen modulation scheme.

Using multinomial expansion, (V.2) becomes:

1

M m,r— 1 vm
Frse, (7) va (1+ Z ZCmZkAmlk ))
m=1 =0 k=0

Y (o) Tmet
:va Z 1 H it kAm k(7))
m=1 ZO+7n7nX:7~—1 Z Zlk— 7/0' 1;[ 1;[ =0 k=0
(6.25)
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|~y 1
_ S0
where, A, ; (7) = 7'e e (1 mm.erL’Y) o

mIYs Qm,r

k
_(l> Dlktmy) [ m&y Mg
k Z'F(ml) mI 'Ys Qm,r

By substituting (6.25) into (6.24) and with the aid of identity [132, Eq. (2.3.6.9)], the
term Py, is obtained as:

m,lk —

gf M (L)' My, »—1
_ o
oo, =515 D Um Z p— > D
(f) 2= S—— z' | H ¢ Sy E0 k=0
1o+ ZZ:O Z 1= 0° P lk*
mmrilk
o T(fiy) | . (g5
x Ol o\ i U Sl fHlig 1= (ktmy)iy; ——a—
< mlnj;s (IZm,Ir ) s Qm,r

(6.26)

where, W denotes the Tricomi confluent hypergeometric function.
Further, substitute (V.3) in (6.24) and with the utilization of identities [112, Eq. (8.352.2)]
and [113, Eq. (07.34.21.0088.01)], the term P, is obtained as:

2a+b—2w2

Foes = LT (DT (@I ®)

x G5 a’u
"o\ o= P+ w2

7@ lta w? 1tw? (2) 1
2 2020 2 2
2a+b729fw2 Mor,a—1 1 m, g z m, —(f+2)
_ g )
e X ) (e
4.5 GZW4 1— (f+z)>1%7274)7%71’ 1+2w27 2+2w2
XG7:6 - a 14a w? 14+w? 0 1
(g+ RFQ )(b—l) (1—|—w2) ")/rgo 9y 9 1 9 9 Uy
(6.27)

By substituting (6.25) and (V.3) into the integral expression for Pbeg and applying the
identity as given by [128, Eq. (8.4.2.5)], followed by the expansion of the MeijerG-
function as given in [113, Eq. 07.34.02.0001.01], the integral is evaluated using [112,
Eq. (3.381.4)]. Finally, by expressing the equation in terms of bivariate Fox H-function
as defined in [133, Eq. (1.1)], the closed-form expression for term Pbeg is derived as
follows:
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M 1 m,, .—1
P = S 2 2 )
b
@2l (a)l(b) =4 ™ £ l 'mm’r 1 £
i+ S S in=-L 10 H H Zlk'
=0 k=0 =0 k=0
l ik My
Z Comtk FO-LL12,2 mwsﬂmgslm ” p1 : Do D3
f+lz +1 . 1,0:1,1;3,3 aw . X
k=0 5 " [(k + ml) Zlk] (b—1)(14w?) \/,yFso§1m i P4 Ps

(6.28)

where, p; = {(—f —li;,); 1, 3
P3_{( —b,1),(1,1),(1+w
(9+ 7 Q i)

Similar to Pbe , the term Pbe is derived by substituting (6.25) and (V.3) into (6.24) and

apply the 1dent1tles [128, Ecl (8.4.2.5)], [112, Eq.(3.381.4)] and [133, Eq. (1.1)], the
closed-form expression for P, is obtained as:

}ope = {(1— (k+my)ig, 1)},
+w?)},py = (0,1),p5 = {(a, 1), (w? 1), 0,1} &, =

_ gfw - 1 mrd z
bea T T (f)T ()T (b) Zf’m Z 2! (vfmr,d)

72
Cm,l,k:

frztlip+1 .
T R T = =it 3 S L {(k4my)iyy,]
iot Y Y ip=stt0 IT i
= k=0 =0 k=0
mm,r’YIQI
0,1:1,1;2,2 MY €2, . |PeiP2iP3
x HO L1122 o . (6.29)

(b—1)(14w?) \/’YFSO";EM - ~PaiPs

Where, Pe = {(—f — 2 — lzlk), 1, %}, €2m r (g + RFQ y + 'VTS,;ZW)
By subsituting (6.26), (6.27), (6.28), and (6 29) into (6. 24) the closed-form expression
for ABER is obtained.

6.3 Optimum Performance Analysis

This section presents an optimal performance analysis by determining the best CAR
values and efficiently allocating transmit power between the source and relay.
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6.3.1 Optimal CAR Assignments

To minimize the OP of the considered system by optimizing the CAR value, the objec-
tive function can be formulated as follows:

(U>{7 U; tey U*M> = arg min POZZSDFS (’yth)
(V15V9,0V 1)
M
subjectto Y v, = 1. (6.30)
m=1

To solve the above objective function, the Lagrangian multipliers method is employed
to determine the optimal CAR for the users as follows:

M
FOSQSDFS(Ul,UQ,..,UM, ZU +Zrd+)\<zvm_1)' (6.31)
m=1
k
m,r m,r m,r Q
Where, Zm,r = T T mmr+1 (th 7;%:) Z”:O (mk )F(k + m[) (’V’I{rbll) , and

2

_ w 1
Z1d = T@)T(0) Ty 1) << A m)

H-L 1 (sz m2j)n (1 S)%11—"_9[{23) 9{2j
ZQ i#] aw? th
Jj=1 P(Ry3—Ry;) I(1-Ry3+R,;) (b—-1)(1+w?) WFgO )

- . 00,CDFS Lo
The Hessian Matrix for F. " (U1, g, .., Uy) is given by

o 0 0
! 1
(InZ, ,)22,2
V2F (v, Uy, .y Uyy) = 0 —rt 0 (6.32)
. : . N
0 0 L v
I T

All the diagonal entries of the Hessian matrix are positive and the function
FOO CDFS(Ul, Vg, .., Uyy) is strictly convex. To get the optimized value of v}, the first
derlvatlve of (6. 31) is taken with respect to each v,,, and A and resulting expressions are
equated to zero. After performing some algebraic manipulations and solving the result-
ing equations, a closed-form solution for the optimal CAR at the mth user is presented
below:

In(Z
vi, = n (Zm) (6.33)

L+ W ()\(Zm,r)'"@iw)>

where, T/ (.) denotes the Lambert W function [124]. The proof of (6.33) is given in
Appendix VI.
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Further, by applying the power series expansion of W(z), as given in
[113, Eq. (01.31.06.0002.01)], a closed-form expression for v, is derived from (6.33):

vt = ln(Z“”) . (6.34)

To calculate the value of A\, we sum all the 1nd1v1dual CAR values and set the result
equal to unity, leading to the following equation:

*

In (Zl T) N In (Z2 r) N
" —
1+ Zk 1 /\k< )m(Zl,r) 1+ Zk 1 )\k( )ln(ZQ’T)
In (Z
ot n< Mf) _1=0. (635
L+ T, S ) T

Finding a closed-form solution for A is difficult. The value of A\ can be obtained by
using numerical methods.

6.3.2 Optimum Power Allocation

When m,, . = 1,m 4 = 1,m = 1, Nakagami-m distribution converts into Rayleigh
distribution for i.i.d interferers and (6.23) is written as:

Foo CDFS f: Yth n MmN "1”+ Yin w?
U,
Pes U By | By (1— B)7, Qg T(@)T (D)

2
H (TR —Ro) [T, T =Ry, + Ry)) N Ry
XZ #J aw Vth
LRz — Ry )I'(1 — Ry3 + Ryy) (b —1)(1+w?)\[ 553°

(6.36)

To optimize the power allocation between source and relay while minimizing the OP of
the considered system, we can mathematically express the objective function as follows:

(P:,P7) = argmin P70 (),
(P P) 626
subjectto P, = fP,, P. = (1 — B)P,. (6.37)
To give equal fairness to all the users, we assume v = v; = vy...... = vy, with

ZM | Um = land substltutlng P, = 3P, PI0 = (1 — B)P, and PR = (1 — )P,
in (6.36) assuming o2 = 1.
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After some mathematical manipulations, we can obtained as follows:

1
1 1 1 1 1 1/v
PI?O,CDFS(’Y,J;}L) ~ <%(1 + PYINQ)> ( T + T eeeee 1 ) <_> +
Q ﬁ

e2e
t

( Yen ){( 2w21“(a+b)la (1 1B>3+1+P(a—w;)r(b+w2)lw

PO, —a)l(1+a)l(b) \1— ['(a)T(b
1 «i1
X (— } (6.38)
1 _
where, I = m 713—?.

To determine the optimal value of 3, the first derivative of the above expression with
respect to [ is taken and set to zero, which yields:

CDFS
OPE>

T.o. (Ven) N 1 2 t2 1 R
08 __€‘<E> +€2<1—ﬁ*> +€3<1—ﬁ*> -

where, €, = (713—?(1 +71NQ)); (QL% R L )

o + w2 (a+b)I® a o + I'(a—w?)T(b+w?)I¥ w?
€y = (Pzéld) e (5 +1).and Gy = (Pzéi,d) are (5 1)
Solving for g%, we get:

1

SR (1- B, w?/2>a)2

* ¢ ’

B* o~ ( 2>1 W2 (6.40)
()T =37, w?/2<a)2

Obtaining a closed-form equation for the optimal power allocation coefficient might be

challenging. Therefore, standard iterative root-finding methods such as Bisection or

Newton-Raphson algorithm can be used to find a numerical solution.

6.4 Simulation Results

This section evaluates the derived expressions for the system and validates them using
Monte Carlo simulations. We consider three users at the source, three interferers at the
relay, a single relay with two transmitter and one destination with two receiver. For the
RF links, we assume the locations of all nodes as follows: three users are positioned
at (0, 0), (0.2, 0.5), (0.5, 0.1); three interferers are located at (0, 2.1), (1.1, 2) and (2.2,
-1); relay is at (1, 0); and destination is at (4.5, 0). The channel variance Q(.) is defined

as pd, ;, where d; ; = (Ji, ;/do) ¢ [129]. For our calculations, €2, is calculated with
dy = 1 for the RF link and d, = 4.5 for the FSO link, with ¢ = 1 and € = 3. For the
FSO link, A, = 0.8, (a,b) are set to (4.5916 , 7.0941), (2.3378 , 4.5323), and (1.4321
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, 3.4948) for weak, moderate, and strong turbulent environments respectively as given

by [64]. In the first-hop, fading parameters for three users are {mm’r}::n:l ={2,3,3},
3
for three interferers {mln T} = {1.5,2,2.5}, and {m, 4} = {2} for the second-

hop. Monte Carlo simulations were carried out with 10° iterations.

Fig. 6.2 depicts the OP versus v, under varying threshold SNR in strong turbulence
conditions. The figure show that as v, increases, the outage probability decreases. Ad-
ditionally, with the increase of v,;, OP performance decreases. Moreover, the Monte
Carlo simulation results showed an excellent agreement with the analytical expressions,
thereby validating the accuracy of the derived formulations.
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Figure 6.2: OP versus -, over i.n.1.d CCI considering CDFS based system under strong
turbulence condition fixed at P; =5 dB, = 0.5, w = 1.33 and v,,, = [0.6,0.3,0.1].
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Figure 6.3: OP versus -y, over i.n.i.d CCI considering CDFS based system under strong
turbulence conditions fixed at ,;, =0dB, 8 = 0.5, w = 1.33 and v,,, = [0.6,0.3,0.1].

85



10'3 T T T
Weak Turbulence
Moderate Turbulence
Strong Turbulence

Outage Probability
S
S

10° ‘ ‘ ‘ ‘

05 1 15 2 25 3 35 4
Pointing error, w
Figure 6.4: OP versus w over i.n.i.d CCI considering CDFS based system under dif-
ferent turbulence conditions fixed at v, = 0dB, P, =5dB, 8 = 0.5, and v,,, =

0.6,0.3,0.1].
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Figure 6.5: OP versus v, under strong turbulence conditions fixed at 7y,;, = 0 dB, P; =
5dB, f = 0.5, w = 1.33 and v,,, = [0.6,0.3,0.1]. We have set, m; , = 2,m,, =
3,mg,. = 3,my = 2,m; = 6.23027,9; = 0.4664 for i.n.i.d Nakagami-m fading,
my,. =2,my, =3,mz, =3,my=2,m=2.5,Q = 0.2624 for i.i.d Nakagami-m
fading and m, ., = my,. = mg3, = my = m = 1,00 = 0.2624 for i.i.d Rayleigh
fading

Fig. 6.3 depicts the OP versus +, for Vérying interferer power, F. It is evident that
increased the interferer power leads to degraded system performance. Fig. 6.4 shows
the influence of pointing error on the outage probability. An increase in w, reduces
the effect of pointing error, thereby improving system performance. It also confirms
that stronger turbulence conditions degrade performance more significantly. The OP
performance for different fading parameters is depicted in Fig. 6.5. As the values of m
increases, the OP decreases because the effect of fading on the wireless signal is less
with higher value of m.
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Figure 6.6: ABER versus -, for different modulations under strong turbulence condi-
tions fixed at 5 = 0.5, w = 1.33 and v,,, = [0.6,0.3,0.1].
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Figure 6.7: OP versus power allocation coefficient considering CDFS based system
under different turbulence conditions and pointing errors at 7y,;, = 0 dB, P; = 10 dB,
and v,, = [1/3,1/3,1/3].

Fig. 6.6 illustrates the ABER performance of BPSK and DPSK modulations under
varying interference power. It is evident that BPSK outperforms DPSK demonstrating
lower bit error rates across all interference conditions. The variation of the outage
performance with respect to the power allocation coefficient, 3 is shown in Fig. 6.7.
The optimum value of 3 is obtained using (6.40). The aim is to obtain the value of 3
that minimizes the outage probability in the presence of fading, co-channel interference,
turbulence, and pointing errors. The optimal power allocation coefficients obtained are
5% = 0.4148 for w = 1.33 under weak turbulence conditions, and 5* = 0.6923, 5* =
0.4589 and B* = 0.3627 for w = 6.7 under weak, moderate and strong turbulence
conditions respectively. From the figure, it can be inferred that the optimum value of 3
obtained using (6.40) coincides with the simulation value.
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Figure 6.8: OP versus vy, over equal power and optimized power allocation considering
CDEFS based system under different turbulence conditions and pointing errors at y,;, =
0dB, P, =10dB,and v,, = [1/3,1/3,1/3].
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Figure 6.9: OP versus -, over equal channel access ratio and optimized channel access
ratios for CDFS based systems under strong turbulence condition fixed at 5 = 0.5, w
= 1.33. We have set, m; ,, = 2,my, = 3,m3,. = 3,m,y = 5,m; = 6.23027,Q; =
0.4664 for i.n.i.d Nakagami-m fading.

In Fig. 6.8, we demonstrate that utilizing the optimized value 3*, results to a signif-
icant enhancement in OP performance. We plot the OP versus -, for the CDFS-based
system under turbulence conditions and pointing error, considering both equal and op-
timized power allocation for ~y,;, = 0 dB, P, = 10 dB, and v,, = [1/3,1/3,1/3]. We
observe an improvement of 0.6 dB for 5* = 0.4148 under weak turbulence, 1 dB for 3*
=0.6923, 0.2 dB for * = 0.4589 and 1 dB for * = 0.3627 under weak, moderate and
strong turbulence conditions respectively.

Fig. 6.9 illustrates the OP of considered system versus -y, for a CDFS-based scheme
with both equal and optimized CAR. For the case of equal CAR, v,,, = [1/3,1/3,1/3]

88



and S = 0.5 under strong turbulence conditions. The figure demonstrates that optimiz-
ing the CAR results in a substantial improvement in OP performance. The improve-
ment is 1.5 dB for v,, = [0.2216,0.3332,0.4452] fixed at ~,;, = 0 dB, P; = 0 dB,
1.5 dB for v,, = [0.2194,0.3298,0.4509] fixed at 7,, = 2 dB, P; =0 dB, 2.7 dB for
v,, = [0.2148,0.3198,0.4655] fixed at v, = 0 dB, P, = 10 dB at OP = 10°.
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Chapter 7

MIMO-FSO and WDM-FSO
Communication Systems

To mitigate the detrimental effects of atmospheric turbulence in free-space optical (FSO)
communication, advanced techniques such as Multiple-Input Multiple-Output (MIMO)
FSO and Wavelength Division Multiplexing (WDM) FSO systems have been proposed.
The MIMO technique enhances system reliability by reducing signal attenuation and
improving bit error rate (BER) performance under turbulent conditions.

However, when multiple wavelength signals are transmitted through a single FSO
channel, issues such as beam dispersion, beam wandering, and wavefront distortion
arise. To address these challenges, WDM-FSO systems employing multiple beams are
utilized, which help maintain signal integrity and improve overall system performance.
The key contributions of this chapter are summarized as follows:

* The performance of both MIMO-FSO and WDM-FSO systems is evaluated us-
ing real-time meteorological data from Leh, Ladakh (India) as shown in Table
7.1. This region, known for its harsh weather and high susceptibility to natural
disasters, demands robust communication solutions. FSO technology serves as
a reliable medium to ensure continuous connectivity in such environments.

7.1 System Model

MIMO-FSO and wavelength division multiplexing (WDM)-FSO communication sys-
tems are presented in and Fig. 7.1 and Fig. 7.2 . The transmitter consists of user-defined
bit sequences (UDBS) with non -return to zero (NRZ) line coding, CW laser source of
power 10 mW at wavelength 1550 nm, Mach-Zehnder modulator (MZM), and optical
amplifier like Erbium-doped Fiber Amplifier (EDFA). User-defined NRZ bit sequence
of length 1024 bits having to vary data rate from 1 Gbps to 5 Gbps is modulated by a
laser source with the help of MZM. Further, the modulated optical signal is amplified
with the help of EDFA and separated by the same signal by using an optical splitter.
Then it is transmitted through the multiple beams of FSO channels. All the transmitted
signals are united by using an optical combiner and received by Avalanche photodiode
(APD).
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Then, it is filtered by a low-pass Bessel filter and analyzed by a BER analyzer as shown
in Fig. 7.1.

WDM-FSO system has two optical signals having wavelengths 1550 nm and 1550.8
nm with an adjacent channel spacing of 0.8 nm and multiplexed by the multiplexer.
After separate both signals, they are transmitted through the multiple beams of FSO
channels. Then the receivers receive all the transmitted signals and combine these sig-
nals by using the combining technique. Further, it is routed to a demultiplexer that is
tuned to a particular wavelength as shown in Fig. 7.2. Simulated parameters are used
for both the proposed systems as shown in Table. 7.2.
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Figure 7.1: Proposed MIMO-FSO communication system.
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Table 7.1: Real-Time data for Leh, Ladakh for the year 2020 [134]

Month Visibility (km) Precipitation (mm/h) Dry Snow (mm/h) Avg. Wind Speed (m/s)

Jan 8.3 0.17 0.16 3.53
Feb 9.0 0.41 0.36 3.36
Mar 8.3 0.33 0.31 2.97
Apr 8.9 0.49 0.45 261
May 8.8 0.38 0.32 2.33
Jun 74 0.31 0.19 1.94
Jul 74 0.22 0.10 1.61
Aug 8.2 0.25 0.10 1.64
Sep 9.1 0.28 0.16 2.17
Oct 9.5 0.29 0.27 2.83
Nov 8.5 0.23 0.22 3.31
Dec 8.6 0.14 0.12 3.47

Most FSO communication systems are developed so far all over the world in which data
transmitted wirelessly using a laser source can be corrupted when it propagates through
atmospheric turbulence. Atmospheric turbulence depends on weather conditions and
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Table 7.2: Parameters Values for Proposed Systems

Parameters Values
Operating wavelength 1550 nm
Data rate 1 Gbps — 5 Gbps
Sequence length 1024 bits
Samples per bit 64

Laser power 10 mW
Channel length, R 1 km -5 km
EDFA gain 20 dB
Attenuation (due to rain, fog, and smog) 5.86 dB/km
Transmitter aperture diameter, D, 25 mm
Receiver aperture diameter, D, 80 mm
Transmitter and Receiver loss 1dB

Beam divergence, ¢ 2 mrad
Transmitter and Receiver loss 1dB

geographical location. Here we have analyzed the MIMO FSO system and WDM FSO
system in Leh, Ladakh location in which rain, fog, dry snow, scintillation loss, geomet-
ric loss, and Rytov variance are considered over Gamma-Gamma distribution. These
are the major atmospheric elements that attenuate the laser power. Most FSO commu-
nication systems are developed so far all over the world in which data transmitted wire-
lessly using a laser source can be corrupted when it propagates through atmospheric
turbulence. Atmospheric turbulence depends on weather conditions and geographi-
cal location. Here we have analyzed the MIMO FSO system and WDM FSO system in
Leh, Ladakh location in which rain, fog, dry snow, scintillation loss, geometric loss, and
Rytov variance are considered over Gamma—Gamma distribution. These are the major
atmospheric elements that attenuate the laser power. Then total attenuation oy, and
geometric 10ss L, 1455 (dB) are calculated by using (7.1) and (7.2) respectively. For
rain attenuation, «;,, fog attenuation, ayg,, and dry snowfall, ag,y ¢y, are evaluated by
using (7.3), (7.4), and (7.5) respectively, where P (mm/h) is the precipitation in (7.3).
Further, to calculate the fog attenuation as in (7.4), the most widely used Kim model is
implemented in our simulation to get the value of p, dynamic visibility, V' (km), and
wavelength A (nm). Additionally, S, snow rate (mm/h), a = 5.42 x 10~° + 5.4958776
and b = 1.38 in (7.5).

& Total (dB/km) = Qlpaip + afog + Oédry SNOw (71)
Lgeo_loss (dB) =—20 lOg D +T¢R (7.2)
t
Oy (dB/km) = 1.076 P67 (7.3)
3.91 A P
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(dB/km) = a S® (7.5)

adry SNOwW

The PDF of Gamma-Gamma distribution which is used to characterize the amplitude
fluctuations in the atmospheric conditions [135] as given as:

2(&5>(a+5)/2

PO =TT

JOHBRK - (2¢/aBT) (7.6)

0.49 o2 0.5102
where, o = exP(W) - L5 = exp(m) — 1, are small and

large scale eddies, K () is the modified Bessel function of the second kind, I'(-) the
Gamma function, and Rytov variance 02 = 1.23 C2 k7/6 R'1/6 for a plane wave, with
k = 27 /), channel length R (m), and C? is

C? = 0.00594 (v/27)% (107°h)10 e=h/1000 12 751016 /1500 1 1 75 10~ 14 ¢=h/100,

(7.7)
where average wind speed v (m/s) of Leh Ladakh at altitude h = 3524,m according to
the Hufnagel-Valley Model [136].

21 x 109
A

Then rainfall attenuation, fog attenuation, dry snow attenuation, total attenuation, Re-
fractive index structure parameters, C’,QL are calculated by using from (7.1) to (7.7) as
shown in Table 7.3. The values of L o2 and scintillation loss are given in Table
7.4.

7/6
Scintillation Loss = \/92.68 ( ) C2R11/6 (7.8)

geo loss>

Table 7.3: Measured rainfall attenuation, fog attenuation, dry snow attenuation, total
attenuation, and refractive index structure parameter, C,% for Leh, Ladakh during the
year 2020

Average Average
Month Qpain | Cog | Vdry snow | VTorar | Attenuation o2
(dB/km) "
January 1.44 | 0.53 1.88 3.85
February | 2.56 | 0.49 5.77 8.82
March 222 | 0.53 4.67 7.42
April 291 | 0.50 8.03 11.44
May 2451050 | 4.97 7.93
June 2.15|0.60 | 247 5.22 5.86 2.58 x 10717
July 1.72 { 0.60 | 0.98 3.29
August 1.82 [ 0.54 | 0.97 3.34
September | 1.99 | 0.49 1.94 4.42
October 202 | 046 | 3.88 6.37
November | 1.74 | 0.52 2.88 5.14
December | 1.23 | 0.51 1.34 3.09
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Table 7.4: Measured parameters such as geometric loss (L ), Rytov variance (c2),

and scintillation loss with varying channel length R

geo loss

Channel Length, | L, (dB) o? (Rytov Variance) | Scintillation Loss
R (km)
1 -28.066701 0.0005136662 0.1966
2 -34.033518 0.0018304983 0.3712
3 -37.537341 0.0038494911 0.5383
4 -40.027101 0.0065231545 0.7007
5 -41.959888 0.0098203287 0.8598

7.2 Results and Discussion

We have analyzed the performance of our proposed MIMO FSO and WDM FSO system
under the atmospheric turbulence of the outdoor environment to get information about
the reliability of the system. Due to turbulence, signal power received by the APD re-
ceiver is decreased due to the atmospheric turbulence channel parameters like rain, fog,
smog, and scintillation effect. We have carried out our simulation on Optisystem 18.

Case 1. Proposed MIMO FSO system

Firstly, in our proposed MIMO-FSO system, we have considered 4 number of FSO
channels between transmitter and receiver. In this, only one user transmitted the same
information through multiple FSO channels by varying the channel length from 3 km
to 4 km for a constant data rate of 5 Gbps as in Fig. 7.3 and also change the data rates
from 1 Gbps to 5 Gbps at constant channel length of 4 km as in Fig. 7.4. We have seen
that BER decreases as we increase the number of FSO channels, and the corresponding
Quality Factor also improved with the same as shown in Fig. 7.5. Error-free transmis-
sion is possible for a 4 MIMO-FSO communication system up to a channel length of
3.5 km compared to others as given in Fig. 7.3. It concludes that increase the data rate
from 1 Gbps to SGbps, system performance degraded as presented in Fig. 7.4. Ac-
cording to ITU-U (G-series, supplement 39), the design of an optical communication
system is considered to accept a maximum value of BER i.e., 10~'2, and Q-factor to
be greater than and equal to 7. Hence, our proposed system cannot transmit any data
after 5 km. So, our 4 MIMO-FSO system is used to transmit the data with a data rate
of 3Gb/s up to a channel length of Skm.
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Figure 7.3: Bit error rate versus channel length.
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Figure 7.4: Bit error rate versus data rate.
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Case 2. Proposed hybrid WDM FSO system

In WDM-FSO System, two different users are transmitted their data over multiple FSO
channels instead of one user in the case of the MIMO-FSO system. Here we have con-
sidered a maximum of 3 numbers of FSO channels in it. We know, BER will increase
as the channel length and data rate are increased. But we can enhance the system perfor-

mance by increasing the number of beams between transmitters and receivers as shown
in Fig. 7.6.
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Figure 7.6: Bit error rate versus channel length at a data rate of SGb/s.
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Figure 7.7: Bit error rate versus data rate at channel length of 4km.

Fig. 7.7 reveals that the WDM-FSO system with 2 beams is much vulnerable to
atmospheric conditions as compared to the 3 beams WDM-FSO system. BER has been
recorded 9.48 x 10734 and 2.20 x 10~5% for 2 beams and 3 beams at channel length of
4 km for 3 Gbps respectively and also has a higher quality factor in case for 3 beams
as compared to two beams as shown in Fig. 7.8. The performance of MIMO-FSO
and WDM-FSO systems is associated in terms of BER vs transmitted power by taking
channel length of 3 km at a data rate of 5 Gbps as shown in Fig. 7.9. It shows that
double the number of beams in MIMO-FSO, BER is decreased from 1.64 x 10~%! to
7.69x 10792 by assuming a channel length of 4 km at a data rate of 3 Gbps. Thus, higher
the multiple beams in MIMO-FSO gives more improvement in the system. Similarly, if
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one more beam is added to the WDM-FSO system, BER decreased from 9.48 x 1034
to 2.20 x 10724
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Figure 7.8: Quality factor versus data rate at channel length of 4km.
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Figure 7.9: BER versus transmitted power at channel length of 3km

Comparison between MIMO FSO and WDM FSO system

Performance of MIMO FSO and WDM FSO systems is associated in terms of BER vs
transmitted power by taking channel length of 3 km at a data rate of 5 Gbps as shown
in Fig. 7.9. Comparison between both systems is presented in Table. 7.5. It shows that
double the number of beams in MIMO FSO, BER is decreased from 1.64 x 10~%! to
7.69x 10792 by assuming a channel length of 4 km at a data rate of 3 Gbps. Thus, higher
the multiple beams in MIMO FSO gives more improvement in the system. Similarly, if
one more beam is added to the WDM FSO system, BER decreased from 9.48 x 10734
t0 2.20 x 10754,

Table 7.5: BER of MIMO FSO and WDM FSO communication systems

Systems | 2x2 MIMO FSO | 3x3 MIMO FSO | 4x4 MIMO Fso | 2*2 WDPM FS0 | 2x2 WDM FSO
(2 beams) (3 beams)
BER 1.64 x 10741 1.01 x 10764 7.69 x 10792 9.48 x 10734 2.20 x 107
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Chapter 8

Conclusion, Future Scope and Social
Impact

8.1 Conclusion

This chapter presented the performance of FSO system under atmospheric turbulence
modeled by the IGG distribution for IM/DD scheme. New analytical expressions for
OP and ABER were obtained under various atmospheric conditions. The accuracy of
these expressions was verified with Monte-Carlo simulations. It was observed that se-
vere atmospheric turbulence significantly impairs OP and ABER performance. BPSK
modulation consistently yielded better ABER results compared to other binary mod-
ulation formats. Further, asymptotic results for the OP and ABER were derived and
some useful insights were obtained. The analysis demonstrated that the diversity order
was directly affected by (5/2. This implies that a higher value of § contributes to a
higher diversity order which in turn, enhances the system performance. This improve-
ment can be particularly advantageous in addressing the detrimental impact of fading,
making the FSO system more robust and effective, especially in challenging commu-
nication environments.

We have also analysed the performance of MU dual-hop RF-FSO system employing
GS, PFS, and CDFS based schemes, considering i.n.i.d CCI under perfect channel es-
timation at both RF and FSO links. Analytical and asymptotic expressions for the OP
were formulated assuming Rayleigh/7 fading models. Further, power allocation was
formulated to improve system performance. Moreover, optimizing channel access ra-
tios for users was conducted to enhance outage performance.

The performance of the MU dual-hop RF-FSO relaying system was analytically evalu-
ated under imperfect channel estimation in both transmission links. The RF links was
modeled with Rayleigh fading, while FSO link was characterized by the 7 distribution.
CDEFS scheme was used to control channel access ratios and ensure fairness. Further,
an analytical and asymptotic closed-form expression for OP was derived considering
i.n.i.d CCI to the relay with non-identical power and non-identical RF channel gain
among users and relay. Optimal power allocation and channel access ratios expressions
were derived to minimize the system OP. In our study, the lowest outage performance
was observed with an imperfect RF link, while the outage performance for the imper-

98



fect RF-imperfect FSO links and only imperfect FSO link cases was nearly similar.
Moreover, it is concluded that optimal power allocation can greatly improve system
performance across a wide range of interference power levels and data rates under only
imperfect RF link. A substantial performance improvement with CDFS-based system
and with power allocation was demonstrated as compared to a GS scheme.

Next, the performance of a dual-hop MU RF and hybrid FSO/RF system was ana-
lyzed by taking into account i.n.i.d CCI and pointing errors. The RF links exhibited
Nakagami-m fading, while FSO links was subjected to Fisher Snedecor, 7 distribution
under the effect of pointing error. The relay selects the users according to the CDF
based scheduling scheme and then forwards the data via hybrid FSO/RF links. To en-
hance system performance, we formulated expressions for optimal power allocation to
user and relay, as well as optimized CAR.

Finally, the performance of MIMO FSO and hybrid WDM FSO systems have been pro-
posed for Leh, Ladakh under worst weather conditions by considering the rain, fog, dry
snow, scintillation loss, geometric losses, and Rytov variance over Gamma-Gamma
distribution. All-weather data is collected for the year 2020 for analysis. The result
shows that 4 x4 MIMO FSO system perform better as compared to other FSO system.
It can transmit the information successfully up to 5 km at data rate of 3Gbps for 4 x4
MIMO FSO during worst atmospheric conditions for Leh Ladakh. On the other hand,
the multiple beams WDM FSO system also enhances the system link availability up to
5 km at a data rate of 1 Gbps for 3 beams WDM FSO.

8.2 Future Scope

Several challenging problems outlined in Chapter 1 have been addressed in this thesis.
However, there remain noteworthy research issues that warrant further investigation.
Some potential directions for future work include the following:

* The current multiuser dual-hop RF-FSO communication system presented in this
thesis employs a single antenna at both the source and relay. This work can be
extended by incorporating multiple antennas at the source and relay to exploit of
spatial diversity, thereby enhancing system capacity and reliability. The perfor-
mance analysis of a MIMO-based MU dual-hop RF-FSO system can be explored
for future study.

* Given that perfect CSl s rarely achievable in practical scenarios, future work may
extend the performance analysis of MIMO multiuser dual-hop RF-FSO systems
by accounting for channel estimation errors.

* Considering correlated fading channels in the performance analysis of MIMO
multiuser dual-hop RF-FSO systems can provide meaningful insights into system
degradation and constitutes a promising area for future investigation.

* Furthermore, a multi-user multi-relay communication system can be employed to
take the benefits of multi-user diversity and improve overall system performance.
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Therefore, incorporating MIMO with practical considerations like channel es-
timation errors and correlated fading into the current system provides a more
realistic performance assessment and serves as a stepping stone toward the de-
velopment of advanced hybrid communication architectures for future 6G and
IoT networks.

8.3 Social Impact

This thesis work has significant social relevance and practical implications, particu-
larly in scenarios where conventional communication infrastructures are unavailable,
damaged, or difficult to deploy.

* Rapid Communication Restoration in Disaster-Hit Areas: During natural
disasters such as earthquakes, floods, or cyclones, terrestrial and optical fiber
networks often fail, leading to major communication breakdowns. The solutions
proposed in this work can be quickly deployed to establish emergency commu-
nication links without physical cables. Their flexibility and cost-effectiveness
enable rapid setup of temporary networks for coordinating rescue operations, re-
source distribution, and timely information dissemination.

» Last-Mile Connectivity in Remote and Hilly Regions: In mountainous or re-
mote areas, extending fiber or wired networks is technically challenging and eco-
nomically infeasible. This thesis provides approaches that can be easily imple-
mented to bridge last-mile connectivity gaps. These methods ensure reliable,
high-capacity communication, enabling access to education, telemedicine, e-
governance, and internet services in underserved regions.

e Urban Communication and Network Scalability: In dense urban environ-
ments, multiple user devices require high-capacity links to relay aggregated traf-
fic to central nodes. The techniques developed in this thesis support scalable,
resilient, and high-throughput connectivity, ensuring reliable performance even
where conventional infrastructure is limited.

Overall, this thesis work contributes to building a resilient, inclusive, and high-

capacity communication ecosystem, ensuring connectivity even in the most difficult
terrains and during critical situations.
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Appendices

Appendix-I
CDF of the RF link for CDF-based Scheduling Scheme
with Perfect CSI

In this appendix, we explain the derivation of (4.22). The expression (4.21) is further
evaluated by assuming U,,, = Fr ( ) which follows a uniform distribution in the
range [0,1], leading to the followmg computatlon

FIQDFS Z Pr (Ukz“’“ <U, T ,V Kel, 3 Mﬂl“mr < %h) 1.1
— k+m

where, Fm,r = §+1
Since, the range of U,, under the condltlon (L < ) 18 Upy€[0, Fro - (7,)] that
leads to the following expression for the CDF of the RF link: ’

Yk

FFmT’Yth
Fo™ (y) Z / [ Fo(wi)fy (up)du,.  12)

k=1,2..M
k#+m

By considering U}, is an independent and uniformly distributed which is defined as
Fy (z) = zin (1.2), then it becomes :

CDES M FFm’T(’Yth) 19
Frow (vn) = Y / wn duy,. (13)
0

m=1

Solving the integral and substituting (4.7) into (I.3) yields the closed-form expression
of the RF link presented in (4.22).

Appendix-11
Optimum Value of CAR with Perfect CSI

The derivation of (4.36) is detailed in this appendix. Taking the first derivative of (4.35)
and equate to zero. Further, simplify it into the form BA* + x + ¢ = 0, it becomes:

1

A Yth Z Ym* 1
Yth N (,.)/ fYI QI N .

In (’VaQ - anl /YIn’TQ[n’T) a m T e "

m,

1
+ =0. (IL1)

N
Vth
ln <'—Ya(§ Zﬂ:l ’yIn,TQIn,r)

m,r
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Further, using identity ¢™®) = z and multiply
1

N e o : N
<’7;£:L N >t Wn,TQIn,J n<759’””" Fn=1 7, I"”> on both sides, (IL.1) is written as:

_ 1
v N
)\ ,Yth Q ln("/aé:;,r 2"21 ’YIVL,TQI’VL,T>
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1 1
N
Um* ln (%}i—h anl fYIn,rQ]n,r>

m,r

1 1
Vo Yth
Vth N " 1"(TZ =1V T )
X (eln<'\/aﬂmvr Zn_lﬂyﬂv.,'rQIn,T)) o : o : (II'Z)

Multiply both side by term, In ( %?;h Zf: Y I'n,rQ I,W> , (IL.2) is written as:

m,r

1

TVt 1"(%79%,7" nta ”nwmnm)
E 1, QI =

7(1 m,r pn=

1 . ]]\-] ) In ( afYth Z/Y] Q] )
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m,r
1 1
YUm* TYth N
In Tth ZN s Q ln(’yaﬂmrz"bzlﬂqn,’rﬂ]ﬂﬂ“
X e ’Yan,r n=1 In,'r In,r ’ . (II 3)

n,r

Take the Lambert W on both side in (I1.3) and utilize W (xe®) = x provided by [124],
it becomes:

1
o Jth Q
i Z o )
w I, QI
Ya mrn

1 1
_ _ — ) (a%h Z% 0 ) (IL.4)

U *
" ln (’Yan,r Zn:]- ’yInaT‘QI T =

Therefore, (I11.4) is solved for v}, which results the required expression shown in (4.36).
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Appendix-I11
CDF of the RF hop for CDF based Scheduling with Im-
perfect CSI

In this appendix, we elaborate a detailed explanation of the steps involved in deriving
(5.25). We evaluate the expression (5.24) by assuming U,, = Fz  (x) where it follows

a uniform distribution in the range [0,1]. This leads to the followfng computation:

CDljS Z Pr( % < U#]” v k;elkf Mﬂ Iy < %h> (IIL.1)

~

where, ' . = g—rl as defined in (5.3). Since, the range of ﬁm under the condition

(fm’r <) is U, €0, Fr (7)), the CDF for the RF hop is expressed as:
CDFS M Fro o (ven) v
Feo =Y / 11 Fy (ui™) o (u,)duy,. (111.2)
m=1 k=1,2..M
k#+m

By considering U . 1s an independent and uniformly distributed which is defined as
Fy (x) = x in (IIL.2), it becomes :

CDES M Ff‘mm(’)/th) ﬁ_l
FRo (yan) = ) wyr du,,. (IIL.3)
0

*1
m=1

Solving the above integral and substituting (5.8) into the expression yields the closed-
form results given in (5.25) for the CDF based scheduling system.

Appendix-1V
Optimum Value of CAR with Imperfect CSI

The derivation of (5.40) is detailed in this appendix. Taking the first derivative of (5.39)
and equate to zero. After simplify it into the form BA* + x + ¢ = 0, we yield:

A R 1
In(A,,,) (Am.r) Ve * In (A =0 -1

m,r

m,r)

Using Lambert W function, represented as W (xe®) = z [124] in the above expression,
it can be expressed as:

A 1 1 1
In(A,,,) B (’Um* " In (Am,r)> (M) " av-2)
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-1

Further, using identity ¢™® = x and multiply (A,, ) "*=") on both sides, we get:

1 1

Umx (A )
#(A )7111(/\,1,%,.) _ 1 . 1 eln(Amm) )
Ty o " in(A)

Iv.3)

Multiplying both sides by In (Amﬂn) , we can written (IV.3) as:

)\(A )_ln(A:n r) o 1 i 1 1 (A ) ]n(Am T) ﬁ_ln@\:nﬂ”)
mr N TR In(A,,,) A '

(IV.4)

Now taking the Lambert W on both sides in (IV.4), we obtain:

S 1 1
ln(Am’T) — _
W (A ()0 ) ( (A >)“’<Am*)' ()

m m,r

Further, solve (IV.5) for v;, which is the obtained expression as given in (5.40).

Appendix-V
Proof of Equation (6.17)

In this appendix, we elaborate a detailed explanation of the steps involved in deriving the
equation as presented in (6.17). The expression for CDF-based scheduling is calculated
by assuming Fpse (x) follows a uniform distribution in the range [0,1] as given by [137]:

M 1

CDFS o

Ff}j . (Ven) E Um (FFSR ’Yth)) : V.)
m=1

On the substitution of (6.9) in (V.1), the CDF of first-hop becomes:

M M1 g :

(k+my) (%8 Mo, r

FFSR '7 h v (1 B ( ) < , Y
m*,r t Tnz:]_ m Z; kz:() Z'F m] mI P)/SQm,I'

_ ’mén,r y ]_ m

X e Ysiém,r k?+m1 (Vz)
mr’YIQI
(1 + 7711’75Q y)

To calculate the CDF of second-hop for hybrid FSO/RF system, substitute CDFs of
(6.10) and (6.11) into (6.12), it is calculated as:
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On substituting equations (V.2) and (V.3) into (6.15) and performing the required sim-
plifications, we derive the final expression given in (6.17).

Appendix-VI
Optimum Value of CAR for Dual-hop MU-Hybrid FSO/RF
System

The detailed steps leading to (6.33) are presented in this appendix. Taking the first
derivative of (6.31) and equate to zero. After simplifying into the form XY*+k+1 = 0,
we can obtained as follows:
by 1 1 1
— (Z Ymt — =0. VI.1
n(Z,) ) o Tz, VLD

m,r

m

By emplying the Lambert W function, defined as W (ze”) = x in [124], the above
expression can be expressed as:

A 1 1 .
n(Z,,) (v In (Zm)) (Zn) 7 (V1.2)

m,r m

-1
Further, using identity e™*) = z and multiply (Z,,,) " on both sides, we get:

1 1

A o (L Y ()T i)
In(Z,,) ™ Ve In(Z,) . |

m,r m,r

Multiplying both sides by In (Z,, ), we can written (VI.3) as:

1

S 1 1 (Zo) Ut (Zm)
In(Zmr — o n m.r
AMZn) (U n(Z >> In(Zy,)| e . (VL4)

m,r

Now taking the Lambert W on both sides in (VI.4), we obtain:

7% . 1 B 1
W(A(Zm) ( ,))_< iz ))m(zm). (VL5)

Um* m,r

Therefore, (V1.5) is solved for v}, which is the desired expression given in (6.33).
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