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Abstract

To meet the stringent requirements of future wireless communication networks such as
eminent reliability, low latency, high data rates, high speed, and energy efficiency, etc., the
integration of free-space optical (FSO) and radio frequency (RF) technologies has gained
considerable attention. The concept of mixed FSO-RF communication systems offers the
potential to combine the advantages of both technologies while overcoming their individual
limitations. However, challenges such as atmospheric turbulence, limited coverage range,
and the need for separate power sources still persist. Simultaneous lightwave information
and power transfer (SLIPT) has emerged as a promising solution to address power
constraints, enabling the coexistence of data transmission and wireless power transfer
(WPT). This doctoral thesis presents a comprehensive performance evaluation of a
mixed FSO-RF communication system that leverages the capabilities of various promising
technologies to overcome the limitations of traditional FSO and RF systems. We first
investigate the performance of a decode-and-forward (DF) relay-based mixed FSO-RF
communication system with energy harvesting using SLIPT, where the relay node harvests
power through the optical link and uses the harvested power to transmit across the
RF hop and thus, makes the signal-to-noise ratio (SNR) of the RF hop dependent on
the FSO channel coefficients. For the considered system, the statistical distribution of
the end-to-end SNR is derived under Malaga (M)-distributed atmospheric turbulence
with non-zero boresight pointing error-based FSO link and Nakagami-m distributed
RF link. Furthermore, the analytical expressions of an end-to-end outage, average
bit-error-rate, ergodic capacity, and effective capacity are derived using non-coherent
intensity modulation with direct detection (IMDD)-based FSO receiver and the energy
harvesting relay node.

Further, the intelligent reflecting surface (IRS) is a promising hardware technology to
cope with the challenges of atmospheric turbulence and multipath fading. The IRS, also
known as reconfigurable meta-surfaces, can adaptively manipulate the signal propagation
characteristics, thus enabling improved coverage, higher data rates, and enhanced link
reliability. Thus, to improve the link performance of RF link (especially in urban areas
where signals are unavailable due to blockage by buildings, trees, etc.) and enable more
efficient utilization of the available energy at relay node, the IRS can be employed.
Therefore, we investigated the performance of a mixed FSO-RF communication system
utilizing on-off control IRS in the RF link. In particular, we derived expressions of outage

probability, average bit-error rate, and ergodic capacity for the considered IRS-assisted
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mixed FSO-RF network.

In addition to WPT and IRS, non-orthogonal multiple-access (NOMA) is another
potential breakthrough technology to cope with high quality-of-service (QoS) requirements
of future communication network applications. Thus, we aim to integrate these
concepts and investigate their interactions, which can enable the design of more efficient
communication systems. We propose a novel relay-based mixed FSO-RF communication
system utilizing NOMA to assist two users in RF link. Assuming the non-availability of
a direct FSO link, we consider the deployment of an optical IRS (OIRS). Moreover, we
deploy an IRS in the vicinity of far user to improve its performance. We also adopt SLIPT
technology to harvest energy at the relay node. For the proposed system with generalized
M-distributed FSO link with pointing error and Nakagami-m faded RF link, we evaluate
the system’s performance in terms of outage probability, throughput, and ergodic rate.

Conventionally, first-order statistics such as outage probability and bit-error rate has
been considered as a useful metric to measure link performance and it has been thoroughly
studied for a variety of system models under different fading statistics. However, it
captures the static behavior of the system under consideration. To characterize the
dynamic behavior of the system with multipath fading, the study of second-order statistics
(SOS), i.e., level crossing rate (LCR) and average outage duration (AOD) have gained
significant importance. In addition, the dynamic time-varying attributes of the various
fading channels are well explored through SOS. Therefore, we studied the SOS for the
OIRS-assisted FSO link in the presence of random fog, atmospheric turbulence and
pointing error. In particular, we obtained the closed-form expressions of LCR and AOD for
OIRS-assisted FSO network. Later on, the SOS for the IRS-assisted RF communication

network with co-channel interference (CCI) is studied.

Keywords: Free space optical; performance analysis; Intelligent reflecting surfaces;

non-orthogonal multiple access; second-order statistics;
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Chapter 1

Introduction

1.1 Background: FSO Meets Next Generation Wireless

Networks

The current fifth-generation (5G) wireless communication technology is based on mmWave
frequencies and is expected to provide speeds of up to 10 gigabits per second (Gbps),
which is 100 times faster than current fourth-generation (4G) networks [2]. As the use of
data-intensive applications such as virtual and augmented reality, autonomous vehicles,
and tele-medicine continues to grow, there will be a need for even faster and more
reliable connectivity than what 5G can offer. Therefore, the need for sixth-generation
(6G) technology is driven by the desire to improve upon the capabilities of 5G and
simultaneously satisfy the high speed requirements of ground users in various applications
and use cases [3].

The 6G networks may operate in the terahertz (THz) frequency band (300 GHz-3 THz),
which offers significantly higher data rates than the millimeter wave (mmWave) frequency
band used by 5G networks [2]. While 6G wireless networks are still in the research and
development phase, some experts are already looking for beyond 6G (B6G) and envisioning
what the future of wireless networks might look like. The potential research directions
for 6G and B6G include quantum communication, artificial intelligence, wireless optics,
intelligent reflecting surface (IRS), wireless power transfer (WPT), and hybrid/mixed
networks, etc. [4, 5]. The 6G and B6G technologies are expected to incorporate optical
wireless communication (OWC) to enable even higher data rates, lower latency, and
greater security than traditional radio-based communication. Moreover, B6G technology
is expected to integrate various wireless communication technologies, including satellite,
cellular, Wi-Fi, and OWC, into a unified and seamless network.

The OWC refers to wireless connections using the optical spectrum ranging from 1
mm-10 nano-m (nm) and categorized into infrared (700 nm and 1 mm), visible light

(400 nm and 700 nm), and ultraviolet (10 nm and 400 nm) spectrum [6]. The OWC is
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a high-speed technology utilized for short range communication since the advent of 4G
communications. However, it is envisioned to be utilized broadly to meet the stringent
requirements of B6G communication networks. Various popular OWC technologies
utilizing the optical spectrum are optical camera communication (OCC), visible light
communication (VLC), free space optical (FSO), and Light-fidelity (Lifi). The outdoor
OWC, termed as FSO communication technology has been explored over the last few
decades to utilize its several advantages in various applications in contrast to the radio
frequency (RF) technology. The opportunities of the FSO communication technology

along with the challenges are described in the next section.

1.2 Opportunities and Challenges

In comparison to the RF, FSO communication technology has the following advantages:

e High Data Rate: FSO communication can support much higher data rates than RF
or microwave communication. This makes it a good option for applications where
a large amount data is generated that needs to be transmitted quickly, such as in
satellite communication, remote sensing, and high-speed internet. Moreover, FSO
technology is highly suitable for establishing high speed access/backhaul connectivity

for next generations wireless networks [7].

e Unlicensed spectrum: Unlike RF, FSO communication uses unlicensed spectrum,
which means that there are no licensing requirements for using the FSO technology.
Therefore, using FSO technology, a cost-efficient backhaul link for commercial and
military applications can been established. Also, it is an attractive option for
communication in remote areas or developing countries where the cost of licensing

can be a barrier [8].

e Highly Secure: Since FSO communication uses light signals to transmit data, it is
much more difficult to intercept the signal and eavesdrop on the communication.
Thus, FSO technology can be used for transmitting sensitive information, such as

military communication or financial transactions.

e Low interference: Unlike RF, FSO communication is not affected by electromagnetic
interference, which can disrupt or block RF or microwave signals [9]. This makes
it a good option for communication in areas with high levels of electromagnetic

interference, such as in urban or industrial environments.
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In recent years, FSO communication continues to be used for high-speed, point-to-point
terrestrial links in urban areas, as well as for various applications. The current research
on FSO technology focuses on how the reliability and the communication peformance
can be enhanced by exploring new applications, such as inter-satellite communication
and space-to-ground links. Thus, seen as a next frontier for high-speed 6G broadband

connections.

However, despite the numerous advantages, there are various challenges that FSO

communication faces.

e Weather and atmospheric effects: The Earth’s atmosphere can distort and scatter
the light signals used in FSO communication, which can reduce the signal strength
and introduce errors in the transmission. This can be particularly problematic
in adverse weather conditions, such as fog, rain, or snow. The presence of foggy
conditions contributing to Mie scattering attenuates the signal and under dense fog
with visibility (V) less than 50 m, the attenuation is higher than 350 dB/km [10].
Further, the inconsistent temperature variations on earth due to random wind
fluctuations causes atmospheric turbulence which results in scintillation of laser beam

propagating through it.

e Line-of-sight (LoS) requirements: Further, FSO requires a direct LoS between the
transmitter and receiver, which is especially not available in scenarios, such as urban

scenario with tall buildings or in mountainous regions [11].

e Misalignment error: Since FSO communication is only possible in the presence of
LoS link, the transmitter and receiver must be precisely aligned in order to maintain
a strong signal. A slight misalignment between the beam axis and receive aperture
could lead to link failure, as a result, degrades the communication performance.
Thus, it is crucial to maintain LoS connectivity between the transmitter and receiver.
This requires sophisticated tracking mechanisms and can be difficult to maintain over

long distances.

Due to these limitations, the range of FSO communication is limited. To overcome
these limitations, relaying is the one of the possible solution which is an important concept
in FSO communication that can help overcome some of the challenges associated with

transmitting signals over long distances in the atmosphere.
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1.3 Relay-based Mixed FSO-RF Communication Networks

The dual-hop relay-based mixed FSO-RF communication system combines FSO and RF
technologies to establish a reliable and extended-range wireless link. In a dual-hop
based network, the communication link is divided into two hops. In case of mixed
FSO-RF network, the first hop employs FSO communication, which utilizes lasers or
LED lights to transmit data through the atmosphere using optical signals. The FSO
link offers high data rates and low latency over relatively short distances. However, FSO
is susceptible to atmospheric conditions such as fog, rain, and atmospheric turbulence,
which can degrade the signal quality. To overcome the limitations of FSO, the second
hop of the system utilizes RF communication. The RF signals, such as microwave or
mm-wave frequencies, are more resilient to atmospheric conditions and can propagate
through obstacles. RF provides wider coverage and is less affected by weather conditions
compared to FSO. However, RF typically has lower data rates and higher latency compared
to FSO. By combining FSO and RF using relay node, the system leverages the advantages
of both technologies while mitigating their individual limitations. It supports the high
data rates and low latency of FSO for the initial hop and utilizes the robustness and
wider coverage of RF for the extended hop with the help of relay node. This type
of system can find applications in scenarios where a direct FSO link is limited by
distance or LoS obstructions. It is commonly used in wireless backhaul for cellular
networks, point-to-point communication between distant locations, rural connectivity, and
disaster recovery networks. Such mixed FSO-RF relaying networks can be employed for
establishing satellite-aerial-terrestrial, satellite-to-satellite, terrestrial-to-terrestrial, and
vehicle-to-everything (V2X) communication links [12].

In this dissertation, we intend to investigate the mixed FSO-RF communication
system and its performance. We also integrate various promising technologies to achieve
energy-efficient and reliable network along with improved coverage and scalability. To fully
leverage the advantages of FSO in wireless communication while also considering the above
challenges, several research organizations, regulatory bodies, etc., are actively involved in
conducting various trials and experiments. Therefore, we next introduce the industrial

trends in FSO communication, for utilizing FSO in enhancing wireless connectivity.

1.4 Industrial Trends in FSO Communication

As described in the previous subsection, the opportunities in FSO communication has

shifted the focus of researchers toward the development of communication technologies
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and protocols. In addition, the industry has already begun to test FSO into the current
communication networks. For example, to address the RF spectrum scarcity issue and
deliver a Terabit-per-second (Tb/s) data rate, optical transmission technology, in May
2018, the German Aerospace Center registered a world record of achieving 13.16 Tb/s

using FSO transmissions in a GEO-equivalent turbulent channel [13].

As per a recent market analysis by Emergen Research, the global FSO technology
market is projected to reach a staggering USD 4,675.89 million by 2028, registering
a revenue compounded annual growth rate (CAGR) of 33.3% during the forecast
period [14]. Rising trends of work-from-home and online schooling amid the COVID-19
pandemic, growing trend of BYOD (bring-your-own-device) in the business sector,
technological advances in telecommunications equipment, and increasing deployment of
FSO communication systems in the aerospace & defense sector are among the major

factors propelling the global market revenue growth.

The FSO communication market is primarily driven by the rising applications in
enterprise connectivity, security, and surveillance, etc. Some of the key applications are
last mile access, military applications due to the security capability and bandwidth of
FSO, and many more. North America dominated the FSO communication market in
2021, as FSO communication technology is used by the US Military, primarily in naval
and ship-to-ship communications. Moreover, the continuous expansion and upgrade of
network facilities is also estimated to propel the FSO communication market in north
America. Furthermore, increase in applications of FSO communication technology in the

aerospace and defence sector is anticipated to propel the market in the next few years.

There are majority of key developments in the FSO communication system around
the world. For example, in November 2017, L3 Technologies announced that it had
received multiple contracts to develop FSO capabilities for the U.S. Department of Defense
and space customers. In November 2020, IIT Guwahati developed FSO technology
for information transfer [15]. In September 2021, Carillon Technologies bagged a US$
6.4 Mn contract from the Defense Advanced Research Projects Agency to prototype
next-generation satellite-to-satellite communication systems derived from cutting-edge
commercial Holographic Optical Beam Steering (HOBS) technology. The new solid-state
HOBS technology would offer a step change in weight, size, and cost for satellite
FSO communication systems. Recently, in May 2022, Mitsubishi Electric Corporation
announced that it had developed the world’s first laser communication terminal integrating

space optical communication and spatial laser acquisition in the photodetector [16]. It



6 Chapter 1. Introduction

detects the direction of received beams in the 1.5-pm band, a general-purpose band used

for terrestrial optical fiber communications and other applications.

1.5 Fundamental Key Technologies

In addition to optical wireless technology, some other important technologies that will be

the driving force for 6G and B6G includes WPT, IRS [5].

1.5.1 Wireless Power Transfer

It is said that, in the future wireless networks, the large number of connected devices
could be wirelessly charged with aid of WPT technology. Thus WPT is considered as
an inventive technology for future genration communication. The WPT technologies are
currently commercially available for a variety of applications, including charging smart
phones and implantable medical devices, and are still being developed for a variety of
applications.

The power-constraint wireless nodes can harvest energy through external ambient
sources such as solar, heat, and wind etc. However, WPT technology has different
advantages over traditional harvesting methods depending on the application. Some of
them are listed below:

Reliability: WPT can be a more reliable source of energy because it is not dependent
on the availability of sunlight. In contrast, the weather conditions would hinder the
utilization of solar energy, and the density of ambient RF radiation entirely depends on
human activity. In addition, these ambient sources are also scarce, which makes energy
harvesting (EH) unsuitable for energy-hungry applications.

Flexibility: WPT can be used in a wider range of environments and settings, whereas
solar EH requires a specific type of surface, such as a rooftop or open field, that is exposed
to direct sunlight. WPT can also be used in areas where installing solar panels is not
feasible or practical.

Efficiency: WPT can be more efficient than solar EH, especially in low-light
conditions. While solar panels can generate power only during daylight hours, WPT
can operate 24 x 7 as long as there is a power source to transmit the energy.

Scalability: WPT can be scaled up or down depending on the energy needs of a
specific application. Solar EH systems require a certain amount of surface area to generate

enough power, which may not be practical for smaller devices or in areas with limited space.
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In the literature, the EH via RF-based WPT, commonly termed as simultaneous
wireless information and power transfer (SWIPT), has been studied in [17, 18, 19, 20].
However, the use of RF-based WPT system raises various additional health issues due to
intense electromagnetic radiation. Thus, EH using RF is not suitable in sensitive areas,
such as hospitals. Moreover, as a result of the transmit power restrictions imposed by
numerous safety issues, it is not viable to rely purely on RF-based EH [21]. Furthermore,
energy conversion losses are also high because of the use of rectifiers for AC to DC
conversion. Therefore, the actual gathered energy may be significantly lower than the
beamed energy in practical settings. As a result, there always exists a trade-off with
amount of average information rate and the energy harvested, hence, it is a crucial design
element in RF-based EH system. To overcome these challenges, WPT through optical
means is a promising solution. The optical signal carries a DC signal superimposed on an
AC signal to operate the optical source in a linear region [22]. This DC signal allows the
energy to be harvested at the receiver without any rectification. The twofold utilization
of the optical signal for both communication and energy transfer can be advantageous for
the practical system design. Moreover, the optical signal from the LED or laser source
does not cause serious health hazards [21, 23].

The adoption of simultaneous lightwave information and power transfer (SLIPT) has
been recently introduced in the past few years, both in indoor and outdoor applications
through optical links [23, 22]. Further, to enhance the feasibility and efficacy of SLIPT
technology, various transmission and receive SLIPT strategies have been adopted in
literature such as Time splitting and DC bias optimization. In case of time splitting, time
frame is split in two portions where transmitter switches between energy transfer mode
and information transfer mode. In case of DC bias optimization, the DC component is
optimized to achieve an appropriate trade-off in information rate and harvested energy. In
the context of relay-aided networks, the main challenge is their limited/short operational
lifetime which is primarily caused by the limited power available [24]. As a result, an
EH facility can be added to these power-constrained relaying systems to improve energy

sustainability.

1.5.2 Intelligent Reflecting Surface

IRS is a recent hardware technology that has emerged as a new paradigm for creating a
reconfigurable wireless propagation environment[25, 26]. An IRS consists of a large number

of low-cost programmable meta-surfaces as reflecting elements having the capability of
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adjusting the reflection amplitude and reflection phase of the incident signal. Some of the

advantages of using IRS in wireless communications are:

e Improved signal strength: IRS can help improve the signal strength and quality by
reflecting and manipulating the incoming signals in a way that reduces signal fading
and interference. In case of OWC systems, an IRS can can enhance communication

link by reducing the atmospheric turbulence and misalignment.

e Energy efficiency: As IRS are nearly passive and some energy is needed to operate
the switches and receive control signals to configure them, once the metasurface
is configured properly, a dedicated power source is not required for the signal
transmission. Thus, this technology enhances the energy efficiency in upcoming

6G networks by reducing the power consumption.

e Increased capacity: IRS can increase the capacity of wireless networks by creating
multiple signal paths for the same signal. Thus, it has the capability to improve the

capacity of the system by coherently combining each signal at the receiver.

e Cost-effective: Compared to traditional wireless communication technologies, IRS
can be cost-effective. For instance, instead of installing multiple antennas and

equipment, a single IRS can be used to improve the wireless signal quality.

e Easy deployment: IRS can be easily deployed in various environments, such as indoor
and outdoor, and can be mounted on walls or ceilings without requiring complex
installation processes. Since, IRSs require very little direct current power supply
and there is no need for any complex decoding/encoding logic, it is easy to integrate

them with existing wireless infrastructures [26], [27].

IRS technology has been shown to mitigate the severe implications of the Doppler
effect that arises due to the relative mobility between transmitter and receiver and also
reduce the deep fades in the received signal [28]. Furthermore, it can also overcome
the negative consequences of the time-varying wireless channels by making the wireless
environment controllable. The IRS can be reconfigured dynamically in response to changes
in the environment, such as the position and movement of users or changes in atmospheric
conditions. This flexibility makes IRS well-suited for V2X communication, where the
communication environment changes rapidly and unpredictably, thereby mitigating the

effects caused by Doppler shift [28, 29]. Furthermore, the integration of IRS to existing
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wireless networks can support communication with mmWave and Terahertz frequencies,
which makes IRS a promising technology for real-time applications.

IRS when integrated into the FSO network creates an attractive research opportunity
to enhance the coverage and overcome the limitation of LoS communication for ubiquitous
connectivity, especially in urban areas, where the signal is usually blocked by heavy vehicles
or buildings [30]. Recent findings suggest that IRS have a lot of potential in 6G and B6G
systems because of the promising gains they can make in spectral and energy efficiency

without requiring more complicated and expensive hardware [27].

1.6 Motivation

The 6G and B6G technologies are expected to incorporate FSO to enable even higher data
rates, lower latency, and greater security than traditional radio-based communication. As
described in Section 1.2, mixed FSO-RF communication system leverages the benefits of
both the technologies while mitigating their individual weaknesses. Moreover, some key
technologies, such as WPT, IRS, and non-orthogonal multiple access (NOMA) will drive
the communication requirements of the 6G and B6G networks. Thus, to better explain the
motivation of our work, we first present some key benefits of the communication system
obtained through integrating different technologies.

Improved Reliability and Coverage: It is well known that mixed FSO-RF
systems can provide better reliability and improved data transfer even in challenging
environments. By integrating TRS and NOMA, mixed FSO-RF systems can provide
enhanced connectivity and coverage, particularly in outdoor environments. The
integration of an optical IRS (OIRS) improves the connectivity of FSO hop and minimizes
the misalignment errors, especially in situations where the LoS is blocked. Moreover, the
IRS in RF hop can improve signal strength and quality at the cell edge user. The NOMA
can enable multiple users to access the network simultaneously.

Enhanced Energy Efficiency: The integration of WPT technology (i.e., SLIPT)
over the FSO hop leads to improved energy efficiency. The deployment of an OIRS (with
sufficient size and desired orientation) can improve the amount of harvested power to
enable the reliable data transfer over the next hop. Furthermore, the deployment of
an IRS (of suitable size and optimized reflection coefficients) over RF hop ensures the
sufficient received signal power, especially in the low transmit power conditions.

Accounting these benefits, in this dissertation, we consider the mixed FSO-RF

network integrated with various technologies, such as EH using WPT, IRS, and NOMA.
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Thereafter, we study the impact of utilizing each of these technologies into a mixed
FSO-RF communication system on the communication performance (or performance
metric, discussed in next section.) Some of the practical real-time scenarios where the
NOMA-based TRS-assisted mixed FSO-RF system with EH can be realized include disaster
response, secure military operations, and remote areas with limited infrastructure, where
relay can harvest energy (through a dedicated and legitimate source) to ensure continuous
and secure operations. Moreover, this system design can be applied in wireless sensor
networks, where EH and efficient spectrum utilization are crucial. In such a scenario, the
relay can harvest energy to power the sensors and act as a communication hub, enabling
long-term and autonomous operation of the network. Similarly, it can also enhance the

urban and rural connectivity.

1.7 Key Performance Metrics

1.7.1 First-Order Statistics

The first-order Statistics refer to the statistical properties of a random signal or process
that are characterized by the average mean and variance. These statistics provide
information about the central tendency and dispersion of the signal. The mean, also
known as the expected value provides an indication of the typical value around which
the signal fluctuates, whereas, variance measures the dispersion or spread of the signal
values around the mean and quantifies the amount of random variation or noise present in
the signal. By analyzing the first-order Statistics of a wireless signal, engineers can gain
insights into its behavior and make predictions about its performance. These statistics
are often employed in system design, modulation schemes, channel modeling, and signal
processing techniques to optimize wireless communication performance and reliability.

Some of the important first-order Statistics are described as follows:

Outage Probability

Outage probability is defined as the probability that the system will fail to meet a
certain performance criterion. In particular, it refers to the probability that the received
signal power will fall below a certain threshold, known as the outage threshold. For
example, suppose we have a wireless communication system that is designed to maintain
a certain level of signal quality, measured in terms of signal-to-noise (SNR), for such a

system, if SNR falls below the outage threshold, we say that the signal is degraded to
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an unacceptable value. Through outage probability, engineers can design the system to
meet specific performance requirements and optimize its performance in the face of noise,
interference, and other sources of signal degradation. Mathematical the outage probability

is represented as

Pout = Pr{l' <~rn} = Fr(yrn), (1.1)

where I' is the received SNR, Pr{-} denotes the probability of an event, F(-) is the
cumulative distribution function (CDF), and ~yy, is the pre-defined SNR threshold.

Average Bit-Error-Rate

The average bit error rate is a measure of the error rate in a digital communication
system. It is a statistical measure that quantifies the number of bit errors that occur in a
transmission over time.

The bit-error-rate is calculated as the ratio of the number of errors to the total number
of transmitted bits. This calculation is usually performed over a specific period of time,
such as a second or a minute. The average bit-error-rate is an important parameter
in digital communication systems because it affects the overall performance. A high
bit-error-rate can result in lost data, reduced system capacity, and increased transmission
errors, while a low bit-error-rate can ensure reliable transmission of data with minimal
errors.

The average bit-error-rate for binary modulation schemes can be evaluated as

pe 00 ,yaflefb'y
P, / Fr(7)dv, 1.2
T ), i r(7)dy (1.2)

where a and b represent different binary modulations schemes. For example, for coherent
binary phase shift keying (CBPSK), a = 1/2 and b = 1. For coherent binary frequency
shift keying (CBFSK), a = 1/2 and b = 1/2. For non-coherent BFSK (NCFSK), a = 1
and b = 1/2. Finally, for differential BPSK (DBPSK), a =1 and b = 1.

Ergodic Capacity

Ergodic capacity is a measure of the maximum average data rate that can be reliably
transmitted over the wireless channel, averaged over a large number of channel realizations.
The term “ergodic” refers to the statistical properties of the channel, which are assumed
to be stationary and ergodic. In an ergodic channel, the statistics of the channel do not

change over time, and the channel realizations are statistically independent and identically
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distributed (IID) over time. The ergodic capacity depends on bandwidth of the channel,
power constraints, modulation scheme used, the coding scheme used, and the channel
characteristics (e.g., fading, interference, noise).

In general, the ergodic capacity in wireless communication is expressed as:

1

Corg = () /0 N In(1 +7) fr(v)dv, (1.3)

where fr(7) is the probability density function (PDF) of SNR I'.

Effective Capacity

The effective capacity is a measure of the maximum average data rate that can be reliably
transmitted over the wireless channel, while meeting a certain quality of service (QoS)
requirement. The effective capacity takes into account the impact of channel fading and
stochastic variations in the wireless channel, and provides a more realistic measure of
the achievable data rate than the ergodic capacity, which assumes perfect channel state
information (CSI) at the transmitter.

The effective capacity of a wireless communication system can be expressed

mathematically as:

1 1
Cot = ——1 E|l—=+ 1.4
=g, (€ ) ) _—
where Ay = Tdﬁff v with 74 denoting the asymptotic decay rate of buffer occupancy; By,

being the block length and B,, representing the bandwidth of the system.

1.7.2 Second-Order Statistics

Although, system performance in terms of first-order statistics is important, however,
it captures the static behaviour of system under consideration [31]. To characterize the
dynamic behaviour of the system with multipath fading, the study of second-order statistics
(SOS) have gained significant importance [32, 33, 34, 35, 36, 37, 38].

The SOS refer to the statistical properties of a random signal or process that are
characterized by the autocorrelation function (ACF) and the power spectral density (PSD).
The ACF measures how similar the signal values are at different time instants or spatial
locations and can be useful in analyzing the temporal or spatial characteristics of a signal,
such as multipath fading in wireless channels or the presence of interference. On the
other hand PSD provides information about the frequency content of the signal and the

power distribution across different frequency components. It is often used to analyze
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the bandwidth requirements, channel capacity, and interference characteristics of wireless
systems. These statistics are crucial for designing equalization techniques, error correction
codes, interleaver size, packet length, and other signal processing algorithms that can
mitigate the effects of fading, interference, and noise in wireless communication systems.
The two important SOS are level crossing rate (LCR) and average outage duration (AOD)

explained as follows:

Level Crossing Rate

The LCR is a measure of the rate at which the received signal falls below a given
threshold in the downward direction subject to time-varying channel conditions. It
can be used to quantify the frequency of signal fade events over time. In the case of
wireless communication system, the LCR represents the temporal rate of signal fade events
occurring when the received SNR at receiver falls below a predetermined threshold that
determines the sensitivity of the receiver.

If «y is the received SNR, the LCR can be evaluated by Rice’s formula [32] defined as

o
L(yh) = /0 A fre(rms ¥)dA, (1.5)
where fr(7,%) is the joint PDF of I' and its time derivative I.

Average Outage Duration

The AOD is defined as the average time duration over which the received signal power falls
below a certain threshold level. AOD is often used as a measure of the temporal variability
of a wireless channel. For the considered system, the AOD can be mathematically defined

as

T () = m (1.6)

1.8 Objectives

In this thesis, we focus on the performance analysis of IRS-assisted mixed FSO-RF
communication system and provide important engineering insights. The performance
analysis is an important and efficient approach, especially at the early stage of a
system design to understand the system operations and to observe the impact of system
parameters on the performance. The main objectives along with the brief descriptions are

explained as hereunder:
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e Objective 1: To investigate the performance of SLIPT-enabled drcode-and-forward

(DF)-based mixed FSO-RF communication system.

Under this objective, we consider a mixed FSO-RF communication system utilizing
DF relay. The FSO subsystem exploits SLIPT technology to harvest energy at
relay node which is utilized for information transmission over the RF hop. Under
the effect of atmospheric turbulence and non-zero boresight pointing error for
the FSO link and multipath fading for the RF link, we obtain the end-to-end
SNR statistics. In particular, analytical expressions of outage probability, average
bit-error-rate, ergodic capacity, and effective capacity are derived in terms of Meijer’s
G-function. To gain additional insights, we also derive the asymptotic expressions
of outage, average bit-error-rate, and effective capacity and estimate the diversity

order mathematically.

Objective 2: To investigate the performance of an IRS-assisted one-bit control

based mixed FSO-RF communication system.

Further to enhance the performance of mixed FSO-RF system, we integrate IRS into
the RF link. For the considered IRS-assisted mixed FSO-RF system, we employ a
one-bit controlling mechanism of IRS for passive beamforming optimization. In
particular, unified closed-form expressions for the outage, bit-error-rate, and ergodic
rate are derived for optical heterodyne detection (OHD) and intensity modulation
with direct detection (IMDD) techniques. We also derive the achievable diversity
order of the considered IRS-assisted system by obtaining the asymptotic outage and

bit-error-rate, and ergodic rate performance.

Objective 3: To investigate the performance of SLIPT-enabled IRS-assisted mixed
FSO-RF communication system using NOMA.

Under this objective, we consider multiuser scenario using NOMA technique that
provide high spectral efficiency. Thus, we propose a novel relay-based mixed FSO-RF
communication system utilizing NOMA to assist two users (i.e., near user and far
user) in RF link. Assuming the non-availability of direct FSO link, we consider
the deployment of an optical IRS (OIRS). Moreover, we deploy an conventional
RF-based IRS in the vicinity of far user to improve its performance. We adopt
SLIPT technology to harvest energy at the relay node, which is utilized to forward
the information signal over the RF hop and thus, makes the SNR of the RF hop

dependent on the FSO channel coefficients. For the proposed network, we evaluate
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the performance in terms of outage, throughput, and ergodic rate. We also derive
asymptotic analytical outage at high SNR to get more insights and obtain the

diversity order analytically.

e Objective 4: To analyze the SOS for OIRS-assisted FSO communication network.

Further, to characterize the dynamic behaviour of the a system under time-varying
channel fading, we analyze SOS for OIRS-assisted FSO communication system
utilizing multi-aperture receiver that performs selection combining (SC) to achieve
spatial diversity. The SOS analysis for the considered system is carried out in
the presence of atmospheric turbulence, foggy conditions, and misalignment error.
We specifically develop the closed-form analytical expressions of SOS, i.e., LCR
and AOD of SNR at the output of the SC receiver under non-isotropic scattering
environment. Further, by using finite-state Markov channel (FSMC) model, we
derive packet-error-rate (PER) using the derived LCR expression. In order to have
optimum packet length using FSMC model, we employ stop-and-wait automatic
repeat request (SW-ARQ) protocol. The optimized packet length, which provides
the maximum throughput under the SW-ARQ protocol, is also determined.

e Objective 5: To analyze second-order statistics for an IRS-Assisted multi-user RF

communication system with co-channel interference.

Finally, we analyze the SOS for an IRS-assisted RF-based communication system.
For this, we consider a downlink multi-user communication network empowered by
an IRS with the BS employing the orthogonal frequency division multiple access
(OFDMA) scheme. The performance of the considered system is evaluated in the
presence of multiple co-channel interferers with varying powers and speeds. In
particular, we develop the analytical expressions of LCR and AOD of the received
signal envelope at a desired user by considering a generalized fading model as k-
distribution. Moreover, we derive an expression for asymptotic LCR under high
transmit power conditions. In addition, we consider a SW-ARQ protocol for reliable
data packet transmission and derive the expressions for PER and throughput by
utilizing the FSMC model. The optimal packet length is also determined which
maximizes the throughput under SW-ARQ protocol.

1.9 Thesis Outline

The organization of this dissertation is as follows.
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Figure 1.1: Thesis organization.

e Chapter 1: Introduction - This chapter introduces how the FSO communication
meets next generation wireless communication networks, various challenges and
opportunities of FSO communication systems, and the need for mixed FSO-RF
communications systems. Further, we introduce the various breakthrough
technologies that can be integrated into the current wireless networks and then

we define some of the key performance metrics used in later chapters.

e Chapter 2: SLIPT-Enabled Mixed FSO-RF Communication System - In
this chapter, we consider a dual-hop mixed FSO-RF communication network with
DF relay that harvest power using SLIPT technology. For the considered system,
the statistical distribution of the end-to-end SNR is derived under M-distributed
atmospheric turbulence with non-zero boresight pointing error based FSO link and
Nakagami-m distributed RF link. In particular, analytical expressions of outage
probability, bit-error-rate, ergodic capacity, and effective capacity are derived in
terms of Meijer’s G-function. Thereafter, we derived the asymptotic expressions of
average bit-error-rate, outage probability, and effective capacity. Furthermore, we
also derive the diversity order mathematically. The impact of various system and
channel parameters like DC bias, turbulence, weather conditions, and visibility is

explored on the system performance.

e Chapter 3: IRS-Assisted Mixed FSO-RF Communication System - In
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this chapter, we consider a dual-hop mixed FSO-RF communication system assisted
by an IRS. Further, we employ a one-bit controlling mechanism of IRS for passive
beamforming optimization, which selects some of the reflecting elements in such
a way that the SNR at the receiver is maximized. Considering generalized
M-distribution with non-zero bore-sight pointing error for the FSO link and
Nakagami-m distribution for the RF link, we derive the closed-form expressions
for the unified end-to-end outage probability, bit-error-rate, and ergodic capacity
for an IRS-assisted mixed FSO-RF communication system by considering both
IMDD and OHD schemes. We also derive the achievable diversity order of the
considered TRS-assisted system by obtaining the asymptotic outage probability and
bit-error-rate performance, and it has been shown that the number of elements
of one-bit control IRS has an impact on the diversity order. In addition, we
derive the asymptotic ergodic capacity of the considered system. The numerical
results have been provided to show the performance of the proposed IRS-assisted
system. Moreover, the impact of the number of reflecting elements, practical
reflection amplitude, and controlling mechanism at the IRS is studied on the system

performance.

e Chapter 4: SLIPT-Enabled IRS-Assited Mixed FSO-RF Communication
System - In this chapter, we consider NOMA-based SLIPT-enabled mixed FSO-RF
communication network assisted two users (i.e., near and far user) in the RF link.
We assume the LoS communication link from source to relay is not present; therefore,
we employ single-element OIRS between source and relay. Since far user experiences
poor channel conditions, we deploy IRS consisting of multiple reflecting elements
in the vicinity of the far user to further enhance its channel quality. For the
considered system, we derive closed-form analytical expressions of outage probability,
throughput, and ergodic rate for NOMA-based SLIPT-enabled IRS-aided mixed
FSO-RF communication system. We also derive asymptotic analytical outage at
high SNR to get more insights and obtain the diversity order analytically. Numerical
results with useful observations are provided to see the impact of system and channel
parameters on the system’s performance. The integration of IRS exhibits significant

improvement in the performance of the considered system with NOMA.

e Chapter 5: SOS for OIRS-Assisted FSO Communication System - In this
chapter, we consider a downlink OIRS-assisted FSO communication network, where

a single aperture transmitter communicates with a multi-aperture receiver through
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an OIRS. Under the impact of random fog, Gamma-Gamma distributed atmospheric
turbulence and zero-boresight misalignment errors, we derive the closed-form
analytical expressions for LCR and AOD for the considered OIRS-assisted FSO
communication network under the non-isotropic scattering environment. Further,
using FSMC model, we derive an expression for the PER utilizing the derived LCR
expression. To achieve optimum packet length using the FSMC model, we employ a
SW-ARQ protocol at the link layer. The optimized packet length, which provides the
maximum throughput under the SW-ARQ protocol, is also determined. Extensive
numerical results have been provided to show the effect of various system and channel

parameters on the system’s performance.

Chapter 6: SOS for IRS-Assisted Multiuser RF Communication
System - In this chapter, we consider a OFDMA-based multi-user downlink RF
communication network assisted by an IRS. We derive the analytical expressions
for the SOS in terms of LCR and AOD for the considered IRS-assisted RF
communication system under interference-limited scenario by following the k-
fading distribution for all the desired as well interfering links. Moreover, we derive
the analytical expressions for asymptotic LCR for high transmit power. For reliable
packet transmission, we employ the SW-ARQ scheme at the link layer of the
considered ITRS-assisted RF communication system and derive the expressions for
PER and throughput using the FSMC model. Furthermore, the optimal packet
length of the data packet is determined which maximizes the throughput under
SW-ARQ protocol. Through numerical results, we have shown the impact of various

system and channel parameters on system’s performance.

Chapter 7: Conclusion and Future scope - This chapter summarizes and
provides additional perspective on the results obtained in previous chapters. We
also provide a number of topics for possible future work on the grounds of the

research presented in this dissertation.



Chapter 2

SLIPT-Enabled Mixed FSO-RF

Communication System

2.1 Introduction

The advantages of both the FSO and RF technologies are merged to achieve superior
performance in the mixed FSO-RF relaying system [39]. The two most prevalent protocols
for relaying are amplify-and-forward (AF) and DF. The primary goal of an AF-relay is
to forward the received signal after amplifying its power. The DF relay, on the other
hand, decodes the incoming signal before passing it on to the next hop. In comparison
to AF relaying, [40, 41] shows that DF relaying improves overall SNR. Further, the main
challenge with these relay-aided mixed FSO-RF networks is their limited /short operational
lifetime which is primarily caused by power constraints [24]. As a result, an EH facility can

be added to these power-constrained relaying systems to improve energy sustainability.

Thus, in this chapter, we consider a DF relay-based mixed FSO-RF network, where the
FSO subsystem exploits simultaneous transfer of energy and information to increase the
system’s lifespan. For the proposed DF relay-assisted FSO-RF system, M-distribution
with non-zero boresight pointing/misalignment error is considered to model the FSO
channel, and Nakagami-m model is assumed for the RF channel. To investigate the
system performance, the end-to-end SNR statistics are derived using the optical energy
transfer at the DF relay. In particular, analytical expressions of outage probability, average
bit error rate, ergodic capacity, and effective capacity are derived in terms of Meijer’s
G-function. To gain additional insights, we also derive the asymptotic expressions of
outage probability, average bit-error-rate, and effective capacity and estimate the diversity
order mathematically. The impact of various system and channel parameters like DC
bias, atmospheric turbulence, weather conditions, and visibility is explored on the system
performance. Through numerical results, we show that the proposed DF relay-aided

and SLIPT-enabled mixed FSO-RF system surpasses its AF-based counterpart. The
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superiority of the proposed system over non-EH and RF-EH based mixed FSO-RF system

is also shown. The analytical formulations are validated with Monte-Carlo simulations.

2.1.1 State-of-the-Art

Over the last few years, several mixed RF-FSO as well as FSO-RF systems have been
studied [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54]. In [42], the authors have examined
the outage performance of multiple DF relay based mixed RF-FSO systems using relay
selection. The mixed RF-FSO network with asymmetric channel distribution utilizing
multiple input multiple output (MIMO) technology with DF relaying is investigated in
[43]. The authors in [43] have obtained the diversity multiplexing trade-off with different
number of antennas at each node. In [44], the outage probability, bit-error-rate, and
ergodic capacity of a hybrid RF-FSO network with both fixed and variable gain AF-relay
are investigated. The work in [44] is further extended for mixed FSO-RF network in [45].
The authors in [46] have proposed both AF and DF relaying for a mixed FSO-RF system.
In [46], the FSO link undergoes double generalized Gamma distribution whereas the RF
link is modelled by the extended generalized-K shadowed fading. In [47], the authors
have investigated the end-to-end performance of a hybrid FSO-mmWave system where
the FSO channel is modelled as the Gamma-Gamma and the mmWave channel undergoes
the fluctuating two-ray fading. Also, the outage probability, average bit-error-rate, and
ergodic and effective capacities are obtained for both the relaying protocols. Further, a
parallel FSO/RF system, where the FSO channel follows the Gamma-Gamma distribution
and RF channel follows the Rayleigh distribution, is studied in [48]. The outage probability
for an adaptive mixed FSO-RF system with DF relaying is derived in [49], where RF and
FSO links are modelled by the Rayleigh and the K-distribution, respectively. The authors
in [50] have studied the hybrid FSO/RF system, where the relay (utilizing both AF and
DF) receives the signal from the Gamma-Gamma distributed FSO link with the impact of
zero-boresight misalignment error and transmits the signal through the o — F distributed
RF link.

The performance of a fixed gain AF relay-assisted mixed RF-FSO communication
system is analyzed in [51] over Nakagami-m-Gamma-Gamma (GG) links. Further, a
multi-antenna based DF relay is considered in [52] to analyze the performance of a mixed
RF-FSO communication system. In [53], authors have considered n-u distributed RF link
and M-distributed FSO link to analyze the performance of the mixed RF-FSO system.

The secrecy performance of mixed RF-FSO is analyzed in [54].
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Table 2.1: Comparison of Existing Works with the Proposed Work
Ref. Performance metric FSO link RF link Pointing error Energy
Harvesting
[45] Outage, bl‘g—error—réte, Gamma-Gamma Nakagami-m Zero boresight X
and ergodic capacity
[46] Outage, blt'—erlror—r?\te7 Double Generalized Generalized-K Zero boresight %
and ergodic capacity Gamma
Outage, bit-error-rate, ergodic Fluctuating two .
[47] rate, and effective capacity Gamma-Gamma ray (FTR) Zero boresight x
48 Outage and bit-error-rate Gamma-Gamma Rayleigh Zero boresight X
49 Outage K-distribution Rayleigh Zero boresight X
(50] Outage, blt—error.—rate, erg.odlc Gamma-Gamma a-F fading Zero boresight X
rate, and effective capacity
[55] Outage Gamma-Gamma Rayleigh Zero boresight v
[56] Outage Gamma-Gamma Rayleigh Zero boresight v
Our Outage, bit-error-rate, ergodic TR . Non-zero v
work rate, and effective capacity M-distribution Nakagami-m boresight (SLIPT)

*For harvesting the energy, an RF based external power beacon is utilized.

The adoption of SLIPT has been recently introduced in the past few years, both in
indoor and outdoor applications through optical links [23, 22]. In [22], the SLIPT protocol
in the VLC system is analyzed. Moreover, for harvesting the energy in the dual-hop
FSO-RF network, an RF based external power beacon is utilized in [55]. In addition, [56]
considers a mixed FSO-RF system with an AF relay with EH and analyzes the outage
performance under the Gamma-Gamma-Rayleigh fading model. The short summary and
the comparison of the existing works that have considered the similar mixed FSO-RF

communication system is shown in Table 2.1.

2.1.2 Novelty and Contributions

To the author’s knowledge, SLIPT with a DF relay-aided mixed FSO-RF network has
not been explored in the literature since it makes the system’s performance analysis more
complex. Moreover, majority of the existing works have considered the Rayleigh fading
distribution for RF links when considering EH in the mixed FSO-RF system. In addition,
the complicated performance metrics, such as average bit-error-rate, ergodic capacity, and
effective capacity, have not been investigated for the aforementioned model. Motivated by
the above discussion, in this chapter, we consider a novel DF relay-aided mixed FSO-RF
system that utilizes SLIPT over M-distributed FSO link with non-zero boresight pointing
error. Apart from this, we model the RF channel using Nakagami-m fading as it is a more
generalized model.

The key contributions of this chapter are described as follows:

e We consider a DF relay-aided mixed FSO-RF communication system in which the

relay node harvests power through the optical link and uses the harvested power to



22

Chapter 2. SLIPT-Enabled Mized FSO-RF Communication System

transmit across the RF hop.

For the considered system, the statistical distribution of the end-to-end SNR
is derived under M-distributed atmospheric turbulence with non-zero boresight

pointing error based FSO link and Nakagami-m distributed RF link.

Furthermore, the analytical expressions of end-to-end outage probability, average
bit-error-rate, ergodic capacity, and effective capacity are derived using non-coherent

IMDD based FSO receiver and the EH relay node.

To gain further insights, we also provide the asymptotic analysis of outage
probability, average bit-error-rate, and effective capacity and evaluate the diversity

order mathematically.

Through numerical results, the effect of various system and channel parameters like
DC bias, atmospheric turbulence, misalignment error coefficients, attenuation, and
visibility parameter has been revealed on the performance of SLIPT-enabled DF

relay-aided mixed FSO-RF communication system.

The performance of the proposed DF relay-aided mixed FSO-RF communication
network with EH relay node has been compared with a similar SLIPT-enabled
AF-based mixed FSO-RF communication system [56]. In addition to this, the
proposed system has also been compared with the non-EH as well as RF-EH based
mixed FSO-RF communication systems. It has been shown through numerical
results that the proposed EH based mixed FSO-RF system significantly outperforms

the other systems.

2.2 System Model

We consider a mixed FSO-RF communication network as shown in Fig. 2.1. It comprises

of an optical source node (S), an RF destination node (D) and a DF relay node (R). In

this model, the node S communicates to D through R and we assume all nodes operate

in a half-duplex mode and are equipped with a single aperture/antenna. Assuming that

R can process both optical and RF signals, we use a non-coherent IMDD receiver at R

to detect the optical signal received from S over the FSO link. Usually, the avalanche

photodoide (APD) is employed as an FSO receiver for direct detection of the received

optical signal. APD offers high responsivity (approximately 1) due to the internal carrier

gain through the avalanche process. Moreover, it provides a large collection area for the
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Figure 2.1: Block diagram of SLIPT-enabled DF relay-aided mixed FSO-RF
communication system.

incoming optical signal [57]. After the incoming optical signal is converted to an electrical
signal at R, a power splitter is used to segregate the AC and DC components. Thereafter,
the unwanted DC component is fed to the EH unit to drive the RF transmitter. The AC
component of information signal is decoded, re-modulated, and then forwarded through

the RF transmitter.

2.2.1 Transmission Protocol

The communication between S and D takes place in two time slots that are orthogonal
to each other, denoted by 77 and 75. The node R simultaneously harvests energy and
decodes the information signal during entire time slot 77. The node S uses sub-carrier
intensity modulation (SIM) to convert digitally modulated information signal x,, with
electrical power ¢ to an optical signal. A DC bias B € (Bmin, Bmax) is added to x,,(t)
to ensure a non-negative optical signal, where B, and Bpax are the minimum and the
maximum DC bias values, respectively. Let Pg be the electrical power of S to transmit

the optical signal s,,, then s,, is written as

$m = \/ Ps[0xm + B, (2.1)

where 0 is defined as the electrical-to-optical conversion coefficient. The following

constraint on § must be satisfied in order to avoid clipping due to the non-linearity of
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the laser-diode. [56]

(2.2)

. (B_Bmin Bmax _B>
6 < min .

s <
The electrical signal yg obtained at the output of the APD having responsivity Rp and

detection area Ap at R is given by
yr = NRpApls,, + €R, (2.3)

where 7 is the optical-to-electrical conversion coefficient. Here I = I,I,I; denotes the
channel gain of FSO link (i.e., SR link), where I, and I, represents the gains due to
atmospheric turbulence and non-zero boresight misalignment error, respectively. The
term I; = exp (—YLggr) is the path loss factor over SR link with link distance Lgg and
the attenuation coefficient ¥. For given visibility (V) and wavelength A, the attenuation

@( A )_fK

coefficient is given by ¥ = %7 (z; , where the value of parameter fi is given by Kim’s

model depending on the distribution of size of atmospheric particles. er ~ CN (0,0’1%{)
denotes the complex zero mean additive white Gaussian noise (ZM-AWGN) at R. Let x4

denote the signal transmitted by the node R, then the received signal yp at D is given as

yr = h\/ Praq + ep, (2.4)
where h is the channel gain of RD link, Pgr is the re-transmission power available at R,
and ep ~ CN(0,03) denotes the ZM-AWGN at D;.
2.2.2 Channel Model

Atmospheric Turbulence Model

The atmospheric turbulence channel gain I, follows M-distribution given by [53, 58, 59]

f) =AY s, LT K (2 O‘gI“ ) . I, >0, (2.5)
r=1
2 /2 g8 \° (8),_ (ag)™?
herein A £ ( ) ;s S . (26
wherein gl+a/2r(a) gB+Q S (r — 1)!]297"*1 (g9 8+ Q//)Tfl (2.6)

where K, is the (-th order modified Bessel function of the second kind and I'(-) is the
gamma function defined in [60, (6.1.1)]. The parameter « is the distance-dependent fading
positive parameter associated with the effective number of large-scale cells characterizing

the scattering process, § is a real number and defines the amount of fading parameter
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Table 2.2: Various Models obtained through M-distribution.

Parameters Distribution
e=0andg=0 Lognormal distribution
Q' =0,e=0,and =1 K-distribution
Q' =0ande=0 Homodyned K-distribution
e=1,¢g=0,and Q" =1 | Gamma-Gamma distribution

and g = 2p,(1 — ) [58]. The values of py and € depend on the total scatter components,
while Q" = Q'+ 2ep, +2/2p,Qe cos (¢o — Pp) is the average optical power of the coherent
contribution, wherein €’ is the average power of LoS component, and ¢, and ¢, are
deterministic phases of LoS and scattering terms coupled to the LoS term, respectively.
Specifically, the parameter €, where 0 < ¢ < 1, represents the amount of scattering
power coupled to the LoS component. Further, (-), represents the Pochhammer symbol.
Table 2.2 describes various known FSO channel distribution models obtained from the

M-distribution [61].
Non-zero Boresight Pointing Error

The radial displacement p due to horizontal and vertical deviation of the axes of (PD)

plane can be represented by approximated Rayleigh distribution as [58]

Lp) =2 eXP< & >, p>0, with (2.7)

) 942
o 20

1/3
) (3u§0§ + 3ugoy, + 05+ aS) 2.8)

oy = 5
where the parameters fi;, p,, denote the mean values, and o, oy symbolize the standard
deviation for the horizontal and elevation displacements, respectively. The PDF of

irradiance depending on non-zero boresight can be written as

£ o
where ¢ is given by
111 2 )
o=exp|l 55— — =5 — =5 — , (2.10)
(sz 2222 2022 2038

and &, = ;%, &y = gg ‘; ,and & = gg <, where W, is the equivalent radius of beam. Moreover,

the constant term A, is the fraction of power received by PD in the absence of pointing

error|[62].
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Composite Atmospheric Turbulence and Pointing Error Distribution

The composite PDF of I = I,1,I; can be obtained by the following integral

f1(1) = / T ) f (L) dI
I/(I; Aoo)

> I I
= fr.,(1q —f ( ) dl,.
/I/(Il Ao0) Ll )fafz 1.1

Following the similar procedure discussed in [59], the composite PDF of [ is given by

(2.11)

£+1

62’ a7 r

=SS <a>G o (212)
T g bl M

L3\ gl Ao

r=1

where Gpg" (y

‘2125 ) is the Meijer’s-G function defined in [63, (07.34.02.0001.01)].

The instantaneous SNR at R, g, can now be defined from (2.3) as
TR =T l3 T, (2.13)
where 5, = (nRpApI;\/Psd)?/ok. Considering IMDD receiver at R, the PDF of 4 can
be expressed as
a+r

§2A 2 7 z
PO=0 (5) T et vy

FSO

£ +1

527 a7 r

, (2.14)

where ¥ = &af(g + ) /[(2 + 1) (98 + )] and spg0 is the electrical SNR defined as

64, (34)]
A2 (B T o . @
HAFSO = (§2+1)2 <95+Q,) 2F1 (2”371’954—(2/)7 (215)

where 9F(+;+;+) is the Gauss hypergeometric function defined in [63, (07.23.02.0001.01)].

The average value of g is given b

(a+1)[2g (g+42Q)+Q2 (B+1)] (1+£2)*xps0
afg (&2 +2)(g + ) ’

rR=E{R}= (2.16)

where £ {-} is the expectation operator. Then, the CDF of 4 can be derived by using
(63, (07.34.21.0084.01)] as

1’A> , (2.17)

2
=K>» 7T,
Z G <16%FSO B,0
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a+r

where K = 582—;4, T, = sr<%>_ Pogatr=2 A = {527“,52;2}, and B =

€ €41 a atl r r+l
2772 02 2 03 2 (¢

Further, the instantaneous SNR at D can be defined from (2.4) as
D = —h’. (2.18)

By assuming that the channel gain A follows Nakagami-m fading with & {hQ} =1, 7o
follows Gamma distribution with PDF [65]

oom™ m
o (2) = WZ exp (_%Z> , (2.19)

with parameter yp = Pg/ 0123.

2.2.3 EH at Relay Node

This subsection provides a mathematical framework to evaluate the energy harvested at
the relay node. Given the DC component supplied to the EH unit is Ipc = nRp ApI\/PsB
and the open circuit voltage of the photovoltaic (PV) cell is Vo, the power harvested at
R is given by [66]

Py =0.75VocIpc, (2.20)

where Voo = VrIn ((Ipc/I,) + 1). Here, I, and Vp represent the dark saturation current
and the thermal voltage of the PV cell, respectively. Therefore, the instantaneous value

of power harvested at R can be rewritten as

RpApl/PsB
Py =0.75nRp ApI/PsBVp ln(W—l—l). (2.21)
The harvested power can be approximated utilizing [56] as
. 2 2A2 I2P 2

I

Since Py is used by R to transmit signal over the RF hop for a duration of T5, the transmit
power which is needed at R can be achieved as Py = PyT1/T5. For a special case of equal
time duration i.e., Th = Ty, we get Py = Pyg. Moreover using (2.16), the average value of

power harvested at R can be as

0.75Vr(nRp Ap I3/ PsB)?*r

Pr=E{Pr} = i

(2.23)



28 Chapter 2. SLIPT-Enabled Mized FSO-RF Communication System

2.3 Performance Analysis

This section describes the performance of the considered system. Here, we will discuss the
end-to-end SNR characterization, then utilizing this, we derive the analytical expressions
for outage probability, average bit-error-rate, ergodic capacity, and effective capacity.
Later, to get better insights, we derive the asymptotic analysis and achievable diversity

order valid for high SNR conditions.

2.3.1 End-to-End SNR Characterization

Let vr be the instantaneous SNR over SR link and vp be the instantaneous SNR over RD
link, respectively. Then, the end-to-end instantaneous SNR I'g for DF relaying system
can be expressed as 'y = min(vg, vp). For 71 = Tb, we can rewrite yp described in (2.18),
using Py from (2.22) as

(nRp Ap/PsB)?I?h?0.75Vy o

— = 2.24
YD Iyo? TRYD> (2.24)

where 7}, = 75h? with the average value

—r 0.75VTpRDB2

= 2.25
where psr = 5—25 and prp = 5—25 represent the transmit SNR of SR and RD links,
R D

respectively. The PDF of 74, = 4hh? can be computed in a similar way as shown in
(2.19) with parameter 77,. It can be observed from (2.24) that yg and yp are dependent

random variables, as a result, the CDF of I'g can be expressed as

Fry () = Pr[min(yr, yrYp) <7 = /0 N Fr (v [ 7D = u) foy (w)du. (2.26)

Note that when 0 < 7y < 1, then I'y = r"[,, whereas, when ~f, > 1, then I'r = ~g.

Accounting this, we can transform (2.26) as

Fro) = | F (1) 1y )+ | Fnny . (2.27)

Ji(7) J2(7)

Substituting (2.17) along with the PDF of ~{, in (2.27), we get

__Km™ ot m 61( (@BY)* ry\|1,A
70~ g 21 [ e (<) ¥ (G ()

B 0> du, (2.28)
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Km™m & ©© m 61 [ (aB¥)? |1,A
d =—— N7, m= ——u | Gor | L du.
and 75 (7) F(m)%” ; /1 ! GXP ( ’Y]/) u) 3,7 <16%F507 B,0 v
(2.29)
Using e"=) o2, L7 in (2.28) and using [67, (8.2.2,14)], [63], we have

n!

LAm+n+1
m+n,B,0

K (D (m\E (89)%

) . (2.30)

Convergence error

—A—m=1,7,=20,and N=5 --A-m=2,79,=30,and N =5
—6—m=1,7,=20,and N =10 - -G - m =2, ), = 30, and N = 10
02F |—a—m=1,7,=20,and N =15 - 43 - m =2, 7}, = 30, and N = 15| -
—%—m=1,7,=20,and N =20 - =% - m =2, 7, = 30, and N = 20

m=1,%,=20,and N =30 - - - - m=2,7p =30, and N = 30
_04 L i i i i i i i i
0 20 40 60 80 100 120 140 160 180

u

Figure 2.2: Variations of convergence error for different m, N, and 7},.

Remark 2.1: For numerical purpose, the infinite series in (2.30) (obtained by using
the power series expansion of the exponential term in (2.28)) can be truncated to first N
terms such that the convergence error is minimized. The convergence error e(u), due to

the truncation, can be defined as

N
m (—1)"m"u"
e(u) = | exp <—_u> - = | (2.31)
b nz:;) n!(yp)"
where | - | denotes the absolute value. An appropriate value of N can be chosen in order

to have a negligible convergence error. For this, we have plotted the convergence error in
Fig. 2.2 for different values of m, N, and Y. It is clear from Fig. 2.2 that for small
values of N, the convergence error deviates from zero error line at low values of u, whereas
for higher values of N, the convergence error remains at zero for larger range of u. For

example with N = 30, the convergence error is zero for almost entire range of u considered
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in the figure. Thus, we consider N = 30 for all the analytical curves presented in Section

1V.
Similar to (2.30), we can obtain J>(7y) in (2.29) with the help of [63, (07.34.21.0085.01)]

as

0= () Sty (225

g) : (2.32)

where I'(-, -) denotes the upper incomplete Gamma function [68, (8.350,2)]. Using (2.30)
and (2.32) in (2.27), the CDF of end-to-end SNR can be obtained.

2.3.2 Outage Probability and Diversity Analysis

Outage probability, Poyt, is defined as the probability when the instantaneous SNR falls
below a pre-defined SNR threshold vy, i.e.,

Pout = Pr[I'e < yrn] = Frg(YTh)- (2.33)

Pyt can be obtained by substituting v = vy, in (2.27).

To get more insights into the performance, we consider a high SNR condition. For this,
we assume equal noise power at R and D such that psg = prp = p and the asymptotic
outage is derived as 750ut = pli_)rglo Pout- Intuitively, for high SNR, conditions, i.e., p — 0o, the
term corresponding to n = 0 in the exponential series of (2.30) will have major dominance
over the other terms. Thus, we obtain the asymptotic outage probability Pyt by applying
the asymptotic expansion for Meijer-G function given in [63, (7.34.06.0006.01)] as

NE by
H T (bi—be)T(be) (wnl?; )

6 2 dy,
1 T(d; — dp)T(dh) (522

, (2.34)

where ¢; € {1,A}, dj € B, a; € {1,A,m + 1}, and b; € {m,B}.

Remark 2.2: It should be noted from (2.25) that for psgp = prp, the v}, is a constant.

~ Ga
As a result, the asymptotic outage probability can be given as Poys X (%) , where Gy
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represents the analytical achievable diversity order and is given by

&
797

M\Q
T

6, =nin{m. 5.5 ;1. (2.35)

It can be noted from (2.35) that for both the systems i.e., SLIPT-enabled DF relay-aided
mized FSO-RF and similar setup without utilizing SLIPT, the diversity order is same.
Since, the diversity order of a mized FSO-RF system is a function of channel parameters
i.e., fading parameters of RF link and the atmospheric and misalignment parameters of
the FSO link, it is independent of energy harvested at the relay. Therefore, for mized
FSO-RF system with SLIPT and without SLIPT, the diversity order will be same.

2.3.3 Ergodic Capacity Analysis

The ergodic capacity of the mixed FSO-RF system under IMDD technique is given by [47]

1 o
erg — In(1 A s 2.
Cos = 1y | 0+ A0 () (2.36)
where A = 5= and fr;(v) is the PDF of I'g.

Lemma 2.1: The end-to-end ergodic capacity of the considered mirzed FSO-RF system
with SLIPT can be expressed as

m—+n OO 2
m 0,1,0,1, A, m+n+1
er, — T
Corg = F(m L: <713> Z G711<16%FSOA' m+n,B,0,0,1,0 )
= ¥2 0,1,0,1,A

r T,.Gg e — 2.37
* (m')zl 70<16%F50A Boo,l,o) (2.37)
Proof. See Appendix A.1.1 for the proof. O

2.3.4 Effective Capacity Analysis

The concept of effective capacity outlines the maximum arrival rate that a time-varying
fading channel can sustain depending upon the quality-of-service requirements of the

system[47, 69]. The effective capacity for the considered system can be defined as

1 1
car ==z (A ))

1 ©1—Fr, (y)
=——1Io 1-A / — B Cdy |,
Aq 82 ( ¢ o (1+ '7)Ad+1 7
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1 < Irg ()
= 1o A/ e gy, 2.38
TdBLB'Lu

5, with 74 denoting the asymptotic decay rate of buffer occupancy; By,

where Ay =
being the block length and B,, representing the bandwidth of the system. Substituting
the CDF of I'g in (2.38) and using [63, (07.34.21.0086.01)], the effective capacity of DF
relay-aided mixed FSO-RF with SLIPT will be given as

oo ()
where
S i ! <n/1 m+”°° 82(16\112 0;11,A,m+n+1>
D XFSO am+n,B,0
(s GQQJLOX;,%‘%) 240

Furthermore, the asymptotic effective capacity can be obtained for high SNR
conditions (i.e., psSR =prpD=p — 0) as éeff = lim Cug and can be evaluated by replacing
p—00
S =38 in (2.39) with § = li_>m S. By using [63, (7.34.06.0006.01)] in (2.40), we can get S
pP—00

as

2 2\ b/
TT TGk — b TTT(1—al +y) ({e222)

16«
g =1 i=1 Fso

= (5) o
=1 = [T I(a} = §)L(1+ )

2 o o\
JH1F< AT —cf+d;) (g2 )"

2

4
=l D - dD(L+ dy)
j=3

, (2.41)

where ¢} € {0,1,A}, d; € {A4,B}, af € {0,1,A,m + 1}, and b; € {Aq,m, B}.

2.3.5 Average and Asymptotic Bit-Error-Rate Analysis

In this subsection, we evaluate the analytical expression of the end-to-end average

bit-error-rate and it’s asymptote for the system under consideration. The average
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bit-error-rate for BPSK modulation schemes can be evaluated as [45]

1 e

Fe=siml A

CFry()dr. (2.42)

Substituting the CDF Fr, () from (2.27) in (2.42) and using [63, 07.34.21.0088.01],
the average bit-error-rate of DF relay-aided mixed FSO-RF with SLIPT is given by

0.5, 1L, Am+n+1
m+n,B,0

K > (—1)” m mtn 20 7,2 \112
v DRl e T
resim |5 () S (g
- ¥ 105,1,A
2 (i) s 5 )

D

2.43
16:¢rso B, 0 ( )

Further, we derive the expression for asymptotic bit-error-rate at high SNR conditions by
assuming psg = prp = p. The asymptotic bit-error-rate can be evaluated as 75e = pli_)r& Pe.
It is clear from (2.43) that for p — oo, only the term corresponding to n = 0 will dominate
in the infinite summation. By utilizing the expansion of Meijer’s-G function from [63,

(7.34.06.0006.01)] in (2.43), we get

2 9 by
7 T 000 [T~ ol + 0 (52
=

7= 5 /e [( >ZT 2

! T (el —b)T(1 + be)
i=3
{110, — o) £ 00t ()
o 6 J=1 J=1
( ?/) ZTTZ # 4 ’ 24
= k=1 H D(c} — dp)T'(1 + dy)

j:

where ¢ € {0.5,1,A}, d; € B, a; € {0.5,1,A,m + 1}, and b; € {m,B}. It is evident from
(2.44) that the achievable diversity order for the considered system is same as obtained in

(2.35).

2.4 Numerical Results

This section presents the analytical and simulation results for outage probability, average
bit-error-rate, ergodic capacity, and effective capacity of the SLIPT enabled mixed
FSO-RF network utilizing DF relay. Table 2.3 [56] depicts the system parameters that
were taken into account for obtaining numerical results. The threshold SNR for all the

figures in this Section is set as ypn = 0.1. Table 2.4 shows the atmospheric turbulence
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Table 2.3: System Specifications

Parameter Symbol | Value
Operating wavelength of laser A 1550 nm
Optical to electrical conversion coefficient i 0.7
Diameter of APD 2a 20 cm
Responsivity of APD Rp 0.9
FSO link distance Lsr 1 Km
Equivalent beam radius We 0.1733
Jitter deviation at APD O 0.1, 0.01
Dark saturation current 1, 10 nA
Thermal voltage Vr 25 mV
Noise variance 02-2 1

Table 2.4: Weather and Turbulence Parameters

Turbulence Conditions of FSO link

Parameters
Moderate turbulence B8 =3.78, a = 5.41
Strong turbulence B =170, a = 3.99,

Weather conditions of FSO link
Visibility 0 Attenuation 1
0.5 km 4.839 21 dB/km | 0.0079
1 km 2.0724 9 dB/km 0.1259
10 km 0.1017 | 0.43 dB/km | 0.9033
26 km 0.0392 | 0.17 dB/km | 0.9617

Light fog scenario

Clear sky scenario

and weather conditions taken to obtain the numerical results [70, 11]. Unless mentioned

specifically, we have assumed psr = prp = p-

Fig. 2.3 illustrates the effect of DC bias B on the average SNR of SR link denoted by
Ar and average harvested power denoted by Pr at the node R. The value of By, and
Bmax are taken as 0 mA and 20 mA, respectively, and DC bias B must be between B,
and Bpax. The value of pgg is kept constant at 40 dB. It is intuitive that as B is increased
from Buin t0 Bmax, Pr monotonically increases for all turbulence and misalignment error
conditions. When B is equal to By, or Bnax, 0 = 0 or i.e., amplitude of message signal is
0 and therefore the average SNR at relay becomes 0. It is clear from Fig. 2.3, that as B
approaches to 0 or 20 mA, the value of average SNR, AR at relay approaches to —oo dB.
Also, it is observed that 4g at R acquires a maximal value at B = 10 mA. As a result,
there exists a trade-off between g and Pr at R. We must sacrifice the 4g at node R to
enhance the average gathered power. Moreover, it is observed that the optimal value of
B (to achieve maximum SNR) determined numerically is consistent with the theoretical

optimum as B =

m. Depending upon the results obtained in Fig. 2.3, for all the
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Figure 2.3: Variations of g and Pgr at node R with DC bias B (¢ = 1 and Q' = 1).

remaining results, we consider B = 10 mA.

In Figs. 2.4(a)-(b), the outage probability is varied with respect to transmit SNR of the
proposed system for Gamma-Gamma distribution (i.e., ¢ = 1, g = 0, and Q' = 1) under
different turbulence conditions. In Figs. 2.4(a)-(b), we consider 10 km visibility with 0.43
dB/km attenuation which can be assumed to be clear sky. The curves in Fig. 2.4(a)
have been plotted for m = 1, £ = 0.8863 and for Fig. 2.4(b), we have assumed m = 2,
& = 8.8627. We have considered two different conditions for transmit SNRs of FSO and
RF hops (and hence, for average received SNRs at nodes R and D) as (i) psr = prp
such that 4p > AR, and (ii) psr > prp such that yp < Jr. For condition (ii), psr is
chosen as psr [dB]= prp [dB]+23 dB, in accordance with Observation 2.2. It is observed
from Fig. 2.4(a) that under both the considered transmit SNR conditions, the outage
probability performance of the proposed SLIPT enabled mixed FSO-RF system for both
turbulences varies with almost same rate. However, for negligible misalignment error
conditions as shown in Fig. 2.4(b), the outage probability of proposed system for moderate
turbulence decays rapidly as compared to that for strong turbulence under both transmit
SNR conditions (i) and (ii). From Fig. 2.4(b) it is observed that the outage performance
under strong turbulence condition and better FSO link SNR (i.e., psgr > prp) decays at a
lower rate as compared to the outage performance under moderate turbulence condition
with equal SNRs of two hops (i.e., psg = prp). Therefore, for low values of prp, the
outage probability values are lower for strong turbulence case, whereas after certain value
of prp, the outage performance for values for moderate turbulence condition become much

smaller in comparison to the strong turbulence condition.
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Figure 2.4: Comparison of outage probability performances of proposed DF relay-aided
SLIPT enabled mixed FSO-RF communication system and its AF based counterpart under
various channel and weather conditions.

Table 2.5: Theoretical and numerical values of diversity order.

Distribution « & m Diversity Order
Ga Ga
Theoretical | Numerical
K 5.41 | 8.8627 | 1 0.5 0.5041
(B=1) 5.41 | 0.8863 | 2 0.3927 0.3881
Log-normal 5.41 | 8.8627 | 1 1 1.0103
(8 =3.18) 5.41 | 0.8863 | 2 0.3927 0.3894
Gamma-Gamma | 3.99 | 8.8627 | 1 0.8500 0.8444
(8 =1.70) 3.99 | 0.8863 | 2 0.3927 0.3894
Gamma-Gamma | 5.41 | 8.8627 | 1 1 1.100
(8 =3.18) 5.41 | 0.8863 | 2 0.3927 0.3780

Further, the outage probability performance comparison for the considered
SLIPT-enabled DF relay-aided mixed FSO-RF system with its AF-counterpart is shown
in Figs. 2.4(a)-(b). It is noticed from both Figs. 2.4(a)-(b) that the proposed system
provides remarkable enhancement in the outage probability performance as compared
to the its corresponding AF-based system (both utilizing SLIPT at node R) under all
atmospheric turbulence, jitter, and transmit SNR values. Apart from this, we have also
shown the asymptotic outage probability (as derived in (2.34)) in Figs. 2.4(a)-(b). It is
clear from Figs. 2.4(a)-(b) that for high transmit SNR values, the resulting analytical
asymptotic results follow the exact outage obtained from simulations, which also validates
the accuracy of the derived asymptotic expressions.

Observation 2.1: Table 2.5 shows the theoretical and numerical diversity order of

the proposed DF' relay-aided SLIPT-enabled mized FSO-RF communication system for
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Figure 2.5: Outage probability variations for different link lengths of SR link.

different channel conditions. It can be easily verified from Table 2.5 that the analytically
derived diversity order values (utilizing asymptotic outage probability as given in (2.35))
are very close to the diversity order wvalues obtained numerically for all the channel
parameters considered.

Observation 2.2: From (2.24), (2.25) along with the system parameters given in
Table 2.3, it can be observed that yp = 187.5 ’?R%, where it is assumed that B = 10
mA, § = 1, and E{hz} = 1. With this, it is evident that if psp = prD, YD > YR, i€,
average SNR of RF hop is higher compared to that of FSO hop. However, to examine
the system performance for better SR link scenario, one can have psgp > 187.5 prp, i.e.,
psr [dB]> prp [dB]+22.73 dB such that 4g > 7p.

Fig. 2.5 shows the variations of outage probability with respect to SR link length
under various weather conditions for both proposed DF relay-aided and corresponding
AF-based mixed FSO-RF communication systems with EH relay node. It can be noticed
from Fig. 2.5 that under fog conditions, the outage probability increases significantly as
compared to the clear sky condition for AF as well DF relay-aided communication systems.
For example, to achieve a target outage probability of 0.01 under the light fog conditions,
the proposed DF relay-aided system can have a SR link length of approximately 0.41
km and 0.179 km for a visibility of 1 km and 0.5 km, respectively. However, for the same
target outage probability performance with light fog, the AF-based counterpart can deploy
a relay node R having Lsg = 0.179 km and Lgg = 0.075 km only with visibility 1 km 0.5
km, respectively. Under clear sky conditions, the outage probability for both AF and DF

relaying remains almost constant for all SR link length values studied in the figure. It can
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Figure 2.6: Average bit-error-rate variations for varying values of RF hop transmit SNR
with m =1, a =5.41, § = 3.78, and £ = 8.8627.

be also seen from Fig. 2.5 that the outage curve for a DF relaying case with V' = 0.5 km
crosses the outage curves for its AF counterpart with V' =1 km, V' = 10 km, and V = 23
km at Lgg = 0.12 km, Lgg = 0.12 km, and Lgr = 0.19 km, respectively. This refers that
for very small link lengths, the DF relaying with poor visibility can outperform the AF

relaying based system having higher visibility and clear sky conditions.

In Fig. 2.6 and Fig. 2.7, we have shown the average bit-error-rate performance of
the proposed DF relay-aided mixed FSO-RF communication systems for Gamma-Gamma
turbulence (¢ = 1, ¢ = 0, and ' = 1) under various weather conditions with m = 1,
a = 541, f = 3.78, and £ = 8.8627. For Fig. 2.6, we have considered two different
transmit SNR conditions as considered in Fig. 2.4 (i.e., psg = prp and psr > prp)- It
can be seen from Fig. 2.6 that the average bit-error-rate performance is superior under clear
sky conditions as compared to light fog for both the considered transmit SNR scenarios. It
should also be noted that improvement in the visibility range with clear sky does not really
improve the bit-error-rate performance. Moreover, the average bit-error-rate performance
is significantly enhanced for the case when psg > prp, (i.e., better SR link condition) under
all weather conditions. We have also compared the effectiveness of average bit-error-rate
of the proposed model with its AF relay based system in Fig. 2.6. It can be clearly
deduced from Fig. 2.6 that the proposed communication system completely outperforms
the AF counterpart for all channel parameters considered in the figure. The asymptotic
bit-error-rate curves, plotted in Fig. 2.6, approach to the actual bit-error-rate values at

high transmit SNR, thus validating the accuracy of the derived expressions.
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Figure 2.7: Average bit-error-rate versus Lgg performance for various weather conditions
and different DC bias values with m =1, a = 5.41, g = 3.78, and £ = 8.8627.

Fig. 2.7 depicts the impact of SR link length on the average bit-error-rate performance
of the considered system under various weather conditions and DC bias. It can be seen
from Fig. 2.7 that the bit-error-rate performance quickly deteriorates with respect to Lgr
under light fog condition contrary to very slow deterioration under clear sky scenario for
all values of DC bias considered in the figure. Further, it has been revealed from Fig. 2.7
that B = 10 mA (i.e., optimum DC bias as discussed in Fig. 2.3) provides the best
bit-error-rate performance under all the weather scenarios. It is intuitive to note that an
equal amount of positive or negative deviation in DC bias value from B = 10 mA results
in equal degradation in the bit-error-rate performance of the considered network for all

weather conditions.

Fig. 2.8, shows the average bit-error-rate versus transmit SNR performance comparison
for the proposed SLIPT-enabled mixed FSO-RF system with the conventional non-EH
based mixed FSO-RF system and an RF EH based mixed FSO-RF system (considering
Gamma-Gamma turbulence (¢ = 1, ¢ = 0, and Q' = 1) for the FSO link). For all the
curves in Fig. 2.8, the total available external power is kept constant for all cases. It can
be observed from Fig. 2.8 that the proposed system outperforms the other two systems
(considered in this figure) in terms of average bit-error-rate performance. For low jitter
deviation, i.e., o5 = 0.01, the performance of proposed SLIPT-enabled mixed FSO-RF
system improves significantly and the gain in the improvement increases with the increase
in SNR. For example, to achieve a target average bit-error-rate performance of 0.003, the

proposed SLIPT-based mixed FSO-RF system requires prp = 60 dB, whereas, the non-EH
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Figure 2.9: Ergodic capacity performance for different weather conditions with moderate

turbulence and o, = 0.01.

mixed FSO-RF system and RF EH based mixed FSO-RF require approximately prp = 74
dB and prp = 77 dB, respectively.

In Figs. 2.9 and 2.10, we have presented the capacity behaviour of the proposed
SLIPT enabled DF relay-aided mixed FSO-RF communication system for Gamma-Gamma
turbulence (¢ = 1, ¢ = 0, and Q' = 1) and have compared the same with a similar
system employing AF at the relay node. Fig. 2.9 shows the variations of ergodic capacity

for varying RF hop transmit SNR under different visibility conditions with moderate
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Figure 2.10: Capacity with respect to transmit SNR performance comparison of the
proposed DF relay-aided mixed FSO-RF communication system and its AF counterpart
with m = 1.

turbulence and negligible misalignment error (i.e., o5 = 0.01). It can be observed from
Fig. 2.9 that under clear sky scenario with both V' = 10 km and V = 26 km, the proposed
DF relay-aided communication system achieves a desired capacity performance at around
17.5 dB lesser SNR as compared to that obtained under light fog conditions with V' = 1 km.
Furthermore, on comparing the ergodic capacity of the proposed system with AF-based
SLIPT-enabled mixed FSO-RF system, we have noticed that the proposed system not only
provides high capacity but also offers a rapid rise in the capacity values with transmit SNR
PRD-

Observation 2.3: For ergodic capacity performance, the performance gap of
approximately 17.5 dB between clear sky and light fog conditions remains unaltered under
both transmit SNR conditions, i.e., psrg = prp and psr > prp.- However, the absolute
capacity values for psp > prp are sufficiently higher (approzimately by 7 b/s/Hz) in
comparison to the same for psg = prD-

Next, we have shown the variation of effective capacity of the proposed DF relay-aided
mixed FSO-RF system using SLIPT with respect to transmit SNR (psr = prp = p) for
strong and moderate turbulence conditions in Fig. 2.10(a) and Fig. 2.10(b), respectively.
For both these figures, we have considered different values of A; and os. We have set
path loss coefficient I; = 0.933 with clear sky condition having V = 10 km. It can be
observed from Figs. 2.10(a) and (b) that for low jitter deviation (i.e., o5 = 0.01), the
effective capacity increases more rapidly for moderate turbulence as compared to strong
turbulence. However, the effective capacity performance for high jitter deviation (i.e.,

os = 0.1) is nearly same for both turbulence conditions. Furthermore, it is clear from
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Figs. 2.10(a) and (b) that increasing A, results in decreasing the effective capacity by a
significant margin for all atmospheric and misalignment error conditions with the largest
reduction under strong turbulence with o5 = 0.01. Figs. 2.10(a) and (b) clearly shows
that the asymptotic effective capacity curves are sufficiently tight and approaches to exact
values at high transmit SNRs. All the analytical results shown in Fig. 2.10 almost overlap

to Monte Carlo simulations, indicating the accuracy of the derived expressions.

2.5 Summary

This chapter investigated a DF relay-aided mixed FSO-RF communication network that
uses EH at relay node through SLIPT technology. To determine the system’s efficiency,
analytical expressions have been derived for outage probability, average bit-error-rate,
ergodic capacity, and effective capacity. Furthermore, we analyzed the network’s high
SNR behavior and derived the diversity order analytically. We compared the performance
of our system to that of an AF-based SLIPT-enabled mixed FSO-RF communication
system to demonstrate the efficiency of the proposed system. It has been shown that
the proposed system by using SLIPT gives better performance its AF-based counterpart,
conventional mixed FSO-RF system without EH, and RF EH based mixed FSO-RF
network. The analytical formulations of the performance metric has also been validated
with simulation runs and the numerical results illustrates that the integrating SLIPT with
a DF relay-aided mixed FSO-RF communication system is a feasible approach to enhance
the energy sustainability.

This chapter employs SLIPT technogly to harvest power at relay node which is further
utilized to transmit information over the RF link. However, in some cases the power
harvested at relay may not be sufficient due to the poor channel conditions of RF link
or unavailability of direct RF link. In such cases, power requirements of RF link can be
managed by integration of IRS. The IRS plays a crucial role in enhancing the system
performance by enabling more efficient utilization of the available energy. As described in
Chapter 1, the deployment of an IRS of suitable size and optimized reflection coefficients
over RF hop ensures the sufficient received signal power, especially in the low transmit
power conditions. Thus, in the next chapter, we proposed mixed FSO-RF communication
system where RF link is assisted by IRS to enhance the link performance. Moreover, we
utilized practical on-off control mechanism at IRS that simplifies the problem of designing

the IRS passive beamformers.



Chapter 3

IRS-Assisted Mixed FSO-RF

Communication System

3.1 Introduction

With the potential of reconfiguring the wireless environment, an IRS has been proven
to be a viable solution for the next generation 6G wireless communication networks. In
this chapter, we investigate the performance of the novel one-bit control TRS-assisted
mixed FSO-RF communication system, where an IRS is utilized over the RF hop to
empower the end-to-end system performance. The FSO link is assumed to be affected
by path loss, non-zero boresight pointing error, and atmospheric turbulence, which is
modeled by generalized M-distribution with non-zero bore-sight pointing error, whereas
the multipath fading in RF link is modeled by Nakagami-m distribution. In particular,
unified closed-form expressions for the outage probability, bit-error-rate, and ergodic
capacity are derived for OHD and IMDD techniques. We also derive the achievable
diversity order of the considered IRS-assisted system by obtaining the asymptotic outage
and bit-error-rate performance, and it has been shown that the number of elements of
one-bit control IRS has an impact on the diversity order. In addition, we derive the
asymptotic ergodic capacity of the considered system. The numerical results show that the
proposed IRS-assisted system significantly outperforms the conventional mixed FSO-RF
system without IRS. Moreover, the impact of the number of reflecting elements, practical
reflection amplitude, and controlling mechanism at the IRS is studied on the system

performance.

3.1.1 State-of-the-Art

Many researchers have investigated IRS-assisted communication systems over the last
few years to enhance spectral efficiency and coverage of wireless communications. The

authors in [27] have discussed a few important open research problems of IRS-assisted
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communications, while index modulation for IRS is proposed in [71] to improve the
spectral efficiency at the receiver. The authors in [72] have considered a multi-user
multiple-input single-output (MISO) communication system with IRS to propose a
beamforming algorithm, while a resource allocation strategy has been discussed in [73]
for IRS-assisted MISO wireless communication systems. The authors in [74] considered
an IRS-assisted dowlink multi-user communication system based on the practical phase
shift model for the IRS and justified its accuracy through extensive experimentation.
Furthermore, IRS has been studied along with the MIMO/MISO system to optimize
beamforming and maximize the achievable ergodic rate in [75, 76]. In [77, 78], the
authors analyzed the performance of an IRS-assisted system with CCI in terms of
first-order statistics such as outage and average bit-error-rate. Further, the authors
in [79, 80] analyzed the end-to-end SINR statistics of an IRS-assisted multiuser vehicular

communication network in the presence of multiple co-channel interferers.

The appealing advantage of IRS to intelligently improve the wireless link can be
utilized in various communication networks. The assistance of IRS technology into the
mixed FSO-RF communication networks in [81, 82, 83, 84] has enhanced the system’s
performance to certain extent. A mixed FSO-RF (or RF-FSO) communication system
with IRS under Gamma-Gamma atmospheric turbulence and zero-boresight pointing error
in the FSO link is analyzed in terms of outage probability and bit-error rate and the impact
of using an IRS (along the RF hop) on the system performance is shown [81]. Further, the
performance of the IRS-assisted mixed FSO-RF communication system with CCI under
Gamma-Gamma atmospheric turbulence and zero-boresight pointing error in the FSO link
is analyzed in [82]. In [83], the performance of the IRS-assisted mixed FSO-RF system
considering phase error was analyzed in terms of outage and PER under Gamma-Gamma
atmospheric turbulence and Rayleigh fading. Recently a mixed RF-FSO network where
the IRS link is integrated into the RF link is invested in [84] and the authors derived
symbol-error rate (SER) considering Gamma-Gamma distributed FSO link Nakagami-m

distributed RF link.

3.1.2 Novelty and Contributions

To the best of our knowledge, there are few works that have utilized IRS with the mixed
FSO-RF communication system. Moreover, the analytical expressions obtained by the
authors in [81, 83, 84, 82| are approximate and are valid only for a large number of

reflecting elements as the channel statistics for the IRS-assisted RF link is based on the
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Table 3.1: Comparison of Existing Works IRS-assisted FSO-RF network with the

Proposed Work. Here ZB represents the zero boresight.

Ref. Perfqrmance FSO link RF link Pointing Chapgel Phase | IRS Cor}trol
metric error statistics | Error Mechanism

Outage, . Approx.

[81] bit-error-rate Gamma-Gamma Rayleigh 7B (CLT) No No
Outage, . Approx.

[82] bit-errorrate Gamma-Gamma Rayleigh 7B (CLT) No No
Outage, . Approx.

[83] PER Gamma-Gamma Rayleigh 7B (CLT) Yes No

[84] SER Gamma-Gamma | Nakagami-m 7B Approx. No No

Our Outage,

work bit-error-rate, Malaga (M) Nakagami-m | Non-ZB Exact Yes Yes

ergodic capacity

*The CLT-based channel statistics is valid for large number of IRS elements and cannot be used to analyze the
diversity order.

central-limit theorem (CLT). For an IRS with a limited number of elements, the CLT,

however, does not deliver correct results and cannot effectively estimate the diversity

order. Furthermore, the existing works [81, 84, 82] do not consider phase noise in their

analysis. Motivated by the above mentioned facts, we investigate the performance of an

IRS-assisted mixed FSO-RF communication system with phase noise to achieve improved

system performance and coverage.

The main differences between [81, 83, 82, 84] and our work are listed below:

We derive the closed-form expressions for unified end-to-end outage probability,
bit-error-rate, and ergodic capacity for an IRS-assisted mixed FSO-RF
communication system by considering both IMDD and OHD schemes, whereas the
analytical expressions in [81, 83, 84, 82] are obtained for IMDD scheme only. Apart
from this, we consider generalized M-distribution with non-zero bore-sight pointing
error for the FSO link whereas the works in [81, 83, 84, 82] consider system channel

models with zero bore-sight pointing errors.

Contrary to the works in [81, 83, 84, 82], we consider a one-bit controlling mechanism
of IRS for passive beamforming optimization which selects some of the reflecting

elements in such a way that the SNR at the receiver is maximized.

The analytical framework considered in [81, 83, 82, 84] is based on some
approximations (such as the central limit theorem based or moment generating
function based), whereas we derive the exact statistical distributions for the SNR of

the IRS-assisted RF hop with phase error.

To gain additional understanding, we derive asymptotic analysis of outage, average

bit-error-rate and ergodic capcity at high SNR. In addition to this, we obtain the
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FSO link
RF link =—

Figure 3.1: System Model for the IRS-assisted mixed FSO-RF communication system.

diversity order analytically using asymptotic expressions of outage and bit-error-rate.
It shall be noted that CLT-based channel statistics for composite channel can not

be utilized to obtain diversity order.

e [t is shown through numerical results that for very few reflecting elements at IRS,
the outage performance of the proposed IRS-assisted mixed FSO-RF communication
system with one-bit control is superior than the analytical outage performance given

in [81], which utilized CLT approximations.

Note: Through the remaining part of the chapter, the IRS-assisted mixed FSO-RF system
of [81] will be referred as ezxisting FSO-RF system with IRS.

3.2 System Model

Let us consider a dual-hop mixed FSO-RF communication system consisting of an optical
source node (S), an RF and FSO compatible relay node (R), and a single IRS assisting the
destination node (D) as depicted in Fig. 3.1. It is assumed that the node S and node R
are equipped with a single transmit and a single receive apertures, respectively. Further,
node R also has one transmit antenna and communicates with the single antenna based
RF node D through an IRS equipped with IV reflecting elements. Due to large distance
and possible blockage, it is assumed that the direct path between R and D is unavailable.

This type of framework is practically possible in many scenarios. For example, a
residential society or a commercial zone with many high-rise buildings and towers. Let the
optical laser source is mounted on the roof top of a tower. Due to the various other towers

available in the society/zone, the direct connection between the laser source and the end
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user is not possible. Therefore, an intermediate relay node (with FSO-RF compatibility)
may be installed at the roof top of another tower (near to the source) so that a direct LoS
path is available. Due to large distance between the relay node and the end user, it is
difficult for the relay node to have a reliable communication with the end user. Thus, an
IRS can be installed on the wall of a tower to assist the communication. Such a system
exploits the high data rate advantages of FSO link along with the long distance reliability
of the IRS-assisted RF link.

3.2.1 Transmission Scheme

We assume that all the active nodes work in half duplex mode. Therefore, the transmission

of data from the node S to the node D takes place in two orthogonal time slots.

First Time Slot (FSO Transmission)

In the first time slot, the optical source node S utilizes SIM scheme [85] to transmit the
optical data z,, over the FSO link. The received electrical signal at node R can be written
as

YR = 77RpApI(5$m + URPAPB + €R, (3.1)

where 71 denotes the optical-to-electrical conversion coefficient; Ps is the transmit power at
optical source S; I = I,I}, represents the optical channel coefficient with I,, I}, representing
the components due to atmospheric turbulence induced fading and misalignment error,
respectively; and eg ~ CN(0, aﬁ) denotes the thermal and shot noise at R modelled as

complex ZM-AWGN.

Second Time Slot (RF Transmission Through IRS)

In the second time slot, node R first utilizes either OHD or IMDD technique to detect the
optical data (s,,) and then re-modulates the detected symbol (Z,,) over an RF carrier.
This modulated RF data (z4) is then transmitted to the IRS which digitally controls the
phase of the impinging signal and reflects the same towards node D. It is assumed that
the perfect CSI are available at IRS. Thus, the received signal at node D can be written

as

YD = / PRh2H®h18 + ep, (32)

where hy represents the N x 1 channel vector between node IRS and D, h; is the 1 x N
channel vector between R and node IRS; ep ~ CN(0,0%) denotes the ZM-AWGN at D;
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Pr is the transmit power at node R, and the matrix ® is an N x N diagonal matrix

containing the reflected amplitude and phase shift values at the IRS defined as ®@ =

Diag [wg ), wg ). ,wgv) , where reflection coefficient of n-th reflecting element is given

(n

by wR) = ‘wg) € [0,1] and ng) € [0,2x]. The phase-dependent

(n) .
e IR with ‘w(;)

practical reflection amplitude is given by [74, (5)]

. (n) 5 T
£ -0 1
= (1 - wmin) (Sln( WRQ ) i ) + Wmin» (33)

o

Wmin > 0 is the minimum amplitude of reflection, # > 0 is the horizontal distance between
—m/2 and Wyin, and § > 0 controls the steepness of the function curve. The ideal reflection
conditions are represented by i, = 1 (or § = 0). It is assumed that the phase shift of
each reflection coefficient takes a discrete value from a set S = {0, A0, - ,(Q — 1)A6},

where Af = 27/Q, where @ is the number of quantization levels.

3.2.2 Channel Model

The statistical models of all the channel coefficients under consideration are given as

hereunder.

Optical Channel Modelling

Considering M-distribution for atmospheric turbulence induced fading I, with non-zero

bore-sight misalignment error model for I,,, the composite PDF of I = I,I,, is given by

&1

527 a’ r

0= SAS () e o
T &7\ 13\ 94,0
r=1

, >0, (3.4)

where Gz’s ( ‘) is the Meijer’s-G function [63]. Depending upon the type of detection

technique employed at node R, the instantaneous received SNR of FSO hop can be written

as
A q
o = ol el gy (3.5)
oR

where ¢ = 1,2 correspond to the OHD and IMDD techniques, respectively. Following the

discussion in [44, 86], the unified PDF of 71({1) can be written as

—1¢2 g4 —atr i| c2
Vg §°A a\ 2 v\ &E+1
Lwt="7 §:3R<> Gy \P( @ ) : (3.6)

2
r=1 9 %FSO 5 , QLT

[R=
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where U = &2aB(g + Q) /[(£2 + 1) (98 + )]; o, g, B, and s, are defined under (2.5) and

discussion thereafter. The parameter %éqs)o denotes the average electrical SNR which can

be defined for OHD and IMDD as

1 _(1
do= 488 =T (3.7)

d
" (2) IMDD _1(12)142 0*¢tg? apB 2 2 94

respectively, where '7&1) = Wﬁ#‘”q,

q = 1,2, is the corresponding average SNR for the
OHD and IMDD techniques, respectively; o F1(+; +; -) is the Gauss hyper-geometric function

defined in [63, (07.23.02.0001.01)].

RF Channel Modelling

Let the RF channel coefficients between R to the n-th IRS element and between n-th IRS
element to D are denoted as hgn) = |h§n)]634hgn) € h; and hgn) = ]hg")\ejlh(?n) € hil. The
coefficients |h§n)| and |h§n)] are assumed to be independent and identically distributed
(IID) following Nakagami-m distributed with parameters (mag, Q2/ms2) and (mq, Q1 /mq),
respectively. Following (3.2), the transmit SNR of RD link can be defined as prp = %‘.
Assuming the unity signal power, the instantaneously received SNR at node D will be
given by

2

b = pro[hS Oy |[* = prp |07 Ghy |, (3.9)

where the second line is written by using some vector algebra as @9 is 1 x N vector
containing main diagonal elements of matrix ® and G is an N x N diagonal matrix with

diagonal elements obtained from hl.

3.3 SNR Characterization

In this Section, we present the end-to-end outage analysis of the considered IRS-assisted
FSO-RF communication system. However, it should be noted that the performance of an
IRS-assisted system depends on the choice and control of the IRS reflection matrix ©.
Depending upon the complexity of the design, there are different controlling mechanisms

that are available in the literature for IRS [27]{87] as discussed below.
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3.3.1 Design and Control of IRS

The ideal design for an IRS needs the infinite resolution reflecting elements which refers
to the hardware support for an arbitrary choice of the reflection coefficients. A typical
example for an ideal design may utilize Zero Forcing (ZF) mechanism at IRS [87]. But, it
is not practically feasible due to the limitations of the circuitry involved. Then, one has
to go for a finite resolution based design. A typical finite resolution design is proposed
in [88] by utilizing lens antenna arrays for millimeter wave communication system, where a
discrete Fourier transform (DFT) based design is used to maximize the SNR. The discrete
values of phase shifts can be realized by finite-resolution phase shifters.

Alternatively, a cost effective solution to design the finite resolution based reflecting
surface is proposed in [87], known as one-bit control or on-off control. The one-bit control
is a near-optimal and scalable solution (especially for large number of reflecting element)
for configuring and controlling of an IRS. In this scheme, it is considered that each element
of vector @ can will either be 0 (OFF) or can take a non-zero finite value (ON).

Let the total number of reflecting elements at IRS is factored as N = M D, such that
M and D are positive integers. Here, D is the number of active elements and M signifies
the number of disjoint combinations with D active elements, then we define an M x N

matrix, F as

u 0 0 0
0 us 0 0
F=1|o0 0 wuz - 0 (3.10)
0o 0 0 uy |
(n) n
where uy = {'lee_ﬂw% )} is 1 x D vector that contains practical reflection
e
n=(¢—1)D+1
D¢ (n)
coefficients of D active elements with g = > |y | and 0 is the 1 x D vector

n=((—1)D+1
containing all zeros. It should be noted that F contains orthonormal row vectors. Let fy,

¢ =1,2,...,M, denotes the ¢-th row vector of F, then we choose 8" = f,, in a way that
maximizes the SNR in (3.9). Therefore, the optimum SNR of the RF hop will be given as

P & max [yp(f1), o (f2), . ..,y (Ear)],  where, (3.11)

¥o(fe) = prolf,Ghl*. (3.12)
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It is intuitive to note that random variables (RVs) ~p(fi),yp(f2),...,yp(far) are

independent to each other. The structure of ¢-th row vector of F can be defined as

fr = [01(e-1)p> We; 01 (ar—0) D] (3.13)

where 01,7 represents an all zero row vector of size M, we can write yp(fy)

2

¢D

o (fr) = prD ! oM HM ™| 3.14
R

n=({—1)D+1

g

D Terms

where H(™ = }hgn) }hén) and (™ = thn) —|—4h§n) —ng) is the random phase error. In
(n)

order to maximize the received SNR, IRS set the phase Zwp " to cancel phase introduced

by channel coefficients hgn) and hé”) (i.e., P = 0). However, practically the residual
phase error exist at IRS (i.e., (™ #£ 0).

3.3.2 End-to-End SNR Statistics

The end-to-end SNR of the considered mixed FSO-RF system with IRS under decode and

forward relaying is given by I'y = min (’y}(f),’ygpt>. As a result, the CDF is given by

Fry(y) =Pr {min (vﬁq)mﬁm) < 7} 7 (3.15)

where Fx (-) denotes the cumulative distribution function (CDF) of RV X; Pr{-} represents
the probability of an event. Using the simple RV transformation [89], the CDF of
end-to-end SNR in (3.15) can be further simplified as,

Fre(7) = F @ () + Foon (v) = F 0 (N)Fom (), (3.16)

Following (3.11), the CDF of 73" can be evaluated as

M
Foon (1) = [T oy (00)- (3.17)
/=1

Lemma 3.1: For any given 8 = f,, the CDF of SNR for IRS-assisted RF hop (defined
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in (3.12)) in the presence of phase error can be evaluated as

mi—1  mi—1 D-1 2(9176"017”2 )% Dimim
1822PRD 14 17762

Eomm=3 - 3 [laifi-— 25 (\/4’Y> . (3.18)
up=0 up-1=0 j=0 (v=1) hfdaprp

D—1
where v = D(my +my 1) = > uj aand Z; = "2ttt

= (m1—l—u;)lu,!

Proof: See Appendix A.2.1 for the proof.

It can be noticed from the discussion in Appendix that £ {|ngh|2} = 21Q5. Hence,
we have & {yp(fy)} = Q1 Qaprp for all /. With this observation, we can obtain the CDF
of SNR of IRS-assisted RF hop by substituting (3.18) in (3.17) as

v M
mi—1  mi—1 D—1 2<9D51m2 )2 Do
o 71— 120 SR, 172 . (3.19
p= 2 2 11 i 2\ 0 6apms (3.19)
0 up—1=037=0

Further, the unified CDF of 71({]) can be obtained by using (3.6) in ]:7@ (v) = fg f»y(‘” (2)dz
R R
followed by the use of [63, (07.34.21.0084.01)] as

a+r

52./4 = AN +r—2~3q,1 g
F. (q)( )= o No—1 Sr | — TG 3_13 +1 Y
4@m)tm g TN g4,

1,A,
3.20
IB%q,O> o (320

where A, = A(q, £2+1), B, = A(q,€%), A(g, @), A(g,7) and A(a, b) = b/a,. .., (b+a—1)/a.

3.4 Performance Evaluation

This Section presents the performance evaluation of considered IRS-assisted one-bit
control mixed FSO-RF network. Utilizing end-to-end SNR statistics, we derive analytical
expressions of outage probability, bit-error-rate, and ergodic capacity. In addition, we

perform high SNR analysis of the considered system.

3.4.1 End-to-End Outage Analysis

The end-to-end outage event of the considered mixed FSO-RF system with IRS will occur
iff the minimum! of instantaneous SNRs over two hops falls below a certain threshold

(equivalently, the required QoS or the targeted data rate). Hence, the end-to-end outage

'Due to the assumption of decode-and-forward strategy at the relay node
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probability of an IRS-assisted mixed FSO-RF communication system is written as,

Pout = Pr{I'e < y1n} = Fry (YTh), (3.21)

where vy, = 2R — 1 is the threshold SNR with R being the targeted data rate. The
end-to-end outage probability for the considered IRS-assisted mixed FSO-RF system
employing one-bit control at IRS can thus be evaluated by using v = vy in (3.16).

Remark 3.1: Through numerical results, it s shown that the one-bit control at
IRS with M = N achieves the best end-to-end outage performance under given system
parameters. Also, it is intuitive from (3.32) as the minimum possible value of exponent
M (i.e., M = 1) will achieve the mazximum possible outage probability over RF hop. It
18 interesting to visualize the physical significance of the above fact in the context of IRS

control.

e For M = N and D = 1, one-bit control at IRS maximizes the REF hop SNR by

considering single reflecting element at a time.

e However, for M =1 and D = N, one-bit controlling provides the worst end-to-end
performance of mized FSO-RF communication system allowing the reflection from

all IRS elements.

3.4.2 Diversity Order Analysis

In order to get an insight of the end-to-end outage performance, we present the asymptotic
analysis for high average SNR conditions. This asymptotic analysis also helps in developing
the diversity order of the considered IRS-assisted mixed FSO-RF communication system.
Lemma 3.2: For high average SNR of IRS-assisted RF hop, i.e., prp — 00, and
a known reflection vector 8% = f,, the CDF given in (3.18) can be approximated as

lim  F ) (1) = Fope (7), where

PRD—>0O
m1—1 m1—1 D-1
S T a2 (22 -
f n| — , Forv=1,
j- ) uo=0 up—1=0 5=0 QIQQPRD = 3.99
WD(fe)(’Y)_ mi—1 mi—1 D—1 (3.22)

> 2 14

up=0 up—1=0 j=0

Dm1m2 ( >
Forv > 1.
T Q9prp \v —1

Proof: See Appendix A.2.2 for the proof.

Corollary 3.1: By applying the L’Hopital’s rule in (3.22), we can show that for all values
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of D with prp — o0,

Fop(t)(7) o< —. (3.23)

Following Lemma 3.2, we can write the asymptotic outage probability of IRS-assisted RF
hop by applying high SNR conditions in (3.17) as

M
pRlll)rgoo ‘F’YD(PYTh) F. D(7Th) = H‘F’YD(fe)(fYTh)v (3'24)
where ]: o(8)(YTR) is obtained by substituting v = vy, in (3.22).
Remark 3.2: With the help of the result in Corollary 3.1, it can be deduced from (3.24)
that for high SNR conditions, the outage probability of IRS-assisted RF hop utilizing one-bit

control achieves a diversity order of M, i.e.,
- 1

ffyD('}/Th) 0.8 M (325)
PR

Now, utilizing the asymptotic expression of Meijer's-G function from [63,
(07.34.06.0006.01)] in (3.20), we can find the unified asymptotic outage probability of

FSO hop for high average SNR conditions (i.e., "yg) — 00 or equivalently %h(“qs)o — 00) as

_a+tr

52 - 2 a+r—2
F N0 (yrn) = 12mn)iT Z q
bg,m ( q,m) H 3:1 F(bq,n_bq,m)
x TIh ) ntm , 3.26
Z<< ) FSO L1+ bgm) [TE55 T (ag.n—bgm) (3.:26)

where ay, denotes the n-th element of A} = {1,A,} and by, denotes the m-th element

of By,.

Remark 3.3: It can be easily noticed from (3.26) that for high SNR conditions, the

outage probability of FSO hop achieves a diversity order of min{B}, i.e.,
) 1 min{By}
F @(rn) < | == : (3.27)
Tr (@)
TR

If we assume high SNR conditions over both the FSO and the RF hop, i.e., 'yéf) — 00
and prp — 00, then the asymptotic end-to-end outage probability of the considered

IRS-assisted mixed FSO-RF communication system can be evaluated from (3.16) as

Pout = f%(;n (yTn) + }"ngt (yTh) — fﬁ{q) (WTh)]'}ch (yTh), (3.28)
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where ]:"7@ (yTh) and f:y]o)pt (yTn) are obtained from (3.24) and (3.26), respectively.
R

Remark 3.4: Using (3.25) and (3.27) in (3.28), it can be revealed that for
"yg) = prp = 7(say), the end-to-end outage probability of considered IRS-assisted mized
FSO-RF communication system behaves as Pout X Y4 with Gg = min{M,B,} is
the achievable diversity order. For OHD scheme (¢ = 1) employed at node R, the
diversity order is Gy = min{M, &% a,r}, whereas for ¢ = 2, i.e., IMDD scheme, we get
Gg = min{M, £2/2,a/2,7/2}. This is why, for large number of reflecting elements at IRS,

the performance is mainly determined by the FSO link parameters.

3.4.3 Bit-Error-Rate Analysis

The bit-error-rate for the proposed IRS-assisted mixed FSO-RF system can be obtained
as [84]
Pe = Prso + Prr — 2PrsoPrr (3.29)

where Prso and Prr are the bit-error-rates of FSO and RF links, respectively. The average

bit-error-rate P; of i-th hop, i € {FSO,RF} considering BPSK modulation is given by

[ eXp(—v)]_-

P = NG Ve i (7). (3.30)

The closed-form analytical expression of bit-error-rate of the FSO link Ppgo can be

obtained by substituting .7-"7(@ (y) from (3.20) in (3.30) and utilizing [63, (07.34.21.0088.01)]
R

a+r
A . a7 airo3 Ue (05,1, A,
Prso=——F——7 > S| — TG 123 1 . (3.31)
2'1+2(7T)q 1/2 — g 4 7 q2q%1(?qS)O Bqao

Further, bit-error-rate of IRS-assisted RF hop Prr can be obtained by substituting
F ot (7) from (3.19) in (3.30) as
D

1 [exp(—)
PRF_Qﬁo/ NG {u

[SIN

mi1—1 mi1—1 Dmimg )

D- 2
S 3 -

M
DmlmQ

2K d. 3.32

a < \/ QIQQPRD )]} 7 (3:32)

To the author’s knowledge the above integral cannot be solved analytically in a closed

form. Hence, we derive the asymptotic expression of bit-error-rate at high SNR conditions

(79

— o0 and prp — o0) as lim Pe = P.. The approximate expressions are more
Y—00

tractable and computationally efficient.
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Lemma 3.3: Assuming high SNR conditions over both the FSO and the RF hop, i.e.,

”yg}) — 00 and prp — 00, then the asymptotic high average SNR analysis of bit-error-rate

given in (3.29) can be approrimated as

756 = 751:’5'0 + 751{}:‘ — 2751:'5'075]{]: (3.33)
where Ppso = lim Ppso and Prr= lUm Pgrr are given as
PSR—00 PRD—>O0
00 _atr
g . 52-/4 « 2 + )
= 1 e — r _ aT+T
Prso WR"goo Prso 2012 (rya 172 2 s p q
Z((‘I’) ! )m D) T s T(byn—bgm)
X — (3.34)
2 21 )
SN 4, T+ by )Hq+ T (af,—bg,m)

where ay,,, denotes the n-th element of Aj = {0.5, A} and

M

mi—1 mi1—1 D-1 —2

\/>
S Y HZ 22L(4M—1) Forv =1,
~ up=0 up—1=0 57=0

Prr= M (3.35)
mi1—1 mi1—1 D-1 Dm1m2 1 \[
> 1 % (V 1) 2M(2L D!, Forv>1.

00
ug=0 up—1=0 7=0 1352PRD

where x!! is the double factorial function.?

Proof: See Appendix A.2.3 for the proof.

Remark 3.5: From (3.34) and (3.35), it can be noted that Prso o< 7 21 and Prp o

5~L. Therefore bit-error-rate of considered IRS-assisted mized FSO-RF communication

system at high SNR defined in (3.33) behaves as P. o< 5~ Ya with G, = min{M,B,} is
the achievable diversity order. It can also be noted that the system under consideration

achieves the same diversity order as that obtained from (3.28).

3.4.4 Ergodic Capacity Analysis

The ergodic capacity of the IRS-assisted mixed FSO-RF system is given by [86]

Cong = [ oz (1+ M) ()1 (3.36)

2Some useful results of double factorial function for computing the coefficients: (22 — 1)!! = 1-3 -
5...02z-1), 2e)'=2-4-6...(2z), 0! =1, and (—1)!! =1 [68].
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where A = 1 for OHD and A = 5~ for IMDD technique. Using the integration by parts

and some manipulations (3.36) can be simplified as

Corg = 21n(2) /0 1+ Ay v (3.37)

(9)

Since yy” and 7F" are independent, (3.37) can be written as

oo F () oo F () (V) Fopt (7)
oo A / gy / w (3.38)
Q1 (o)}

where F' () is the complementary CDF (CCDF). Therefore, the CCDF of ’yl%q) can be
TR
obtained by fvoo fv(q) (v)d~y along with use of [63, (07.34.21.0085.01)] as
R

Ag, 1
. 3.39
wq) (339

2 00 _oa+tr

/ A o 2 =2 ~3¢H,0 ‘1’7

‘ng])w)_h@w)fﬁl 187‘(9) q G 3¢n1 (q)
r=

Substituting (3.17) along with ' () in (3.38), we get 1 and Qa as
TR

a+r
§2A > (6% ) a+7,_2/oo 1 3q+1.,0 pa A,l
[ A _ G g1, - q d
A 12m)i TZIST P q T4 Ay Catldet qu%gIS)OV 0,B, Vs
(3.40)
and
_atr
Q2:§27A S S (a) ’ gt 2 /Oo 1 GatL0 Yy (Al
4(2m)a-1 o "\g o 1+Ay atb3atl QQQ%}(?qS)O 0,B,

v M
mi—1  ma—1 D-1 Q(QDngmz )2 D
x Zi|1— & 5K |2, =12 dvy.  (3.41
22 1l o0 EA s | (4 B4
0 up—1=075=0

Utilizing [63, (07.34.21.0086.01) ] in (3.40), we get

1 ©o© —otr _
Q1=7§2AA : 87«<a> St 203(55231“(\11% :
-1 q

4<2ﬂ—>q r=1 9 ¢) q%I(:‘qS)O

0, Ag, 1
. 3.42
0, O,Bq> (3.42)

The integral Qs cannot be solved analytically. Therefore, we derive the asymptotic

( (9)

ergodic capacity at high SNR conditions — 00 and prp — 00) as limy_o C'8 = cers,

Lemma 3.4: Assuming high SNR conditions over both the FSO and the RF hop, i.e.,
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%(g) — 00 and prp — 00, then the asymptotic ergodic capacity is given by

A
21n (2)

cer7 = (91-9). (3.43)

where Ql and QQ are given by

2 1 o0 —atr q=(a)
3ty SAAT a2 o agr21 (YR |0,Ag1
Q1 =In(7;") + 1emt 225 q Gl g 0 |0.08, ) (3.44)
r=1 P*Ixpgo) P
and
M
_atr mi—1 mi1—1 D-1 2
EA & (a> 2 adr—2 Dmyms
Y slo) a > 1%
1 T
4(27r)q r=1 9 up=0 up-1=0 j=0 QlQZ
(a) da,m
Pldgm) 11 (dgrdg,m) | k500
3q+2 n=1
x 3 nm e , Forv=1,
Q m=1 I'(1+dg,m) UQF(Cq,nﬁquﬂ)
2 = - M
e o
— D S|~ q
4(277)11 17«:1 r q = w0 1/ 1 QlQQ,ORD
3q+2 2q,(a) M dq m
5042 D(df, ) cii[l F(d;,n_d;m)(‘w)
X > ngm , Forv>1,
= F(1+dq m) H F( Cq,n qm)
(3.45)

where cqn € {—=2L,Ag, 1}, dgm € {—2L,0,B,}, ¢,
{-L,0,B,}.
Proof: See Appendix A.2.4 for the proof.

€ {-L,A;1}, and d,, €

3.5 Numerical Results

The results for exact (simulated) and analytical end-to-end outage probability of the
considered IRS-assisted mixed FSO-RF communication system are presented in this
Section. Unless mentioned explicitly, it is assumed that average SNR of FSO hop (under
both OHD and IMDD schemes) is equal to transmit SNR of RF hop;, i.e., '_yg ) = ﬁg ) = PRD-
The turbulence conditions for FSO channel are considered as strong (o = 4.2, = 1.4),
moderate (o = 4.0, 5 = 1.9), and weak (o = 11.6,8 = 10.4) [52]. The other parameters
related to M-distribution given by ¢, p,, 04, 0p, and Q are taken as 0.9, 0.597, 7/2,
0, and 1.32, respectively. The equivalent detector beam width W, is taken as 0.1 m.

For exact non-zero boresight pointing error model, we have assumed (uy,uy,0z,0y)



Chapter 3. IRS-Assisted Mized FSO-RF Communication System 59

107 sy —
>
£
3 107!
<
.g L
& e FSO-RF without IRS
& -8--FSO-RF with IRS, N =2
£ 102 |-@-FSO-RF withIRS, N =6
3 FSO only
% Simulations
- - = Asymptotic
10-3 Exact Pointing Error, N=6
-5 0 5 10 15 20
10°
107t
>
=1
;5 9
2 102
2 :
R FSO-RF without IRS
& 107 |..g.-FSO-RF with IRS, N =2
= -©-FSO-RF with IRS, N =6
o ——FSO only
1074 . .
x Simulations
- - = Asymptotic
10-5 Exact Pointing Error, N =6
-5 0 5

Average SNR [dB]

Figure 3.2: End-to-end outage performance of an IRS-assisted mixed FSO-RF system with
a =116, =10.4,§ = 1.5, mg = m; = 2 under OHD and IMDD techniques (a) ¢ = 0.7,
(b) e = 1.

as (0.01,0.01,0.06,0.06) and (0.001,0.001,0.01,0.01) under high and low pointing error
conditions, respectively. Also the corresponding values of ¢ for high and low pointing
error are obtained as 1.5 and 8.8627, respectively. For all numerical results given in this
Section, the threshold SNR is taken as unity, i.e., ypp = 0 dB (corresponding to a targeted
data rate of R = 1 BPCU) and M = N (except in Fig. 3.7). Monte carlo simulation are

performed to verify that accuracy of the analytical results.

3.5.1 Comparison with Equal SNRs of FSO and RF Hops

Fig. 3.2 shows the end-to-end outage probability versus average SNR performance of the
considered IRS-assisted mixed FSO-RF communication system with (a) ¢ = 0.7 (b) e = 1.
Here, ¢ is the factor that defines the amount of power coupled to LoS component of
the optical wave propagating through the turbulent atmosphere and the value of ¢ lies
between 0 and 1, where ¢ = 0 signifies absence of LoS component and € = 1 means
absence of scattered components. Fig. 3.2 considers both OHD and IMDD schemes under

weak turbulence conditions with misalignment error coefficient £ = 1.5 and the results
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Table 3.2: Comparison of theoretical and numerical diversity order under different
system parameters

Distribution q|alq| /g | M Diversity Order
Ga Ga
Theoretical | Numerical

K [86] 1116 | 225 | 2 1 0.9944
(B=1) 21 52 | 1125 | 2 0.5 0.49
1116 225 | 4 1 0.98

21 52 |1125 | 4 0.5 0.459
Gamma-Gamma | 1 | 11.6 | 2.25 2 2 1.95

(8 =3.78) 21 52 | 1125 | 2 1.125 1.114
1116 | 225 | 4 2.25 2.23

2152|1125 4 1.125 1.114

are compared with the conventional mixed FSO-RF communication system without IRS,
where the node R directly communicates with node D. It can be observed from Fig. 3.2
that use of an IRS enhances the outage performance of the mixed FSO-RF system in
comparison to the system with no IRS under both type of detection schemes. It can
be observed that as € increases, end-to-end outage probability decreases because of the
availability of strong LoS component. However, the impact of ¢ is more pronounced for
OHD compared to IMDD technique. For example, at average SNR=10 dB and N = 4,
with increase in € = 0.7 to 1, the outage probability reduces from 2.06 x 1072 to 5.08 x 107>
for OHD, whereas outage probability for IMDD decreases from 0.19 to 0.0554. Further,
it can be seen from Fig. 3.2 that the asymptotic outage derived in (3.28) at high SNR
(using asymptotic expansion of Meijer-G function and Bessel function) converges to the
derived analytical results at high SNR values for both IMDD and OHD schemes. This
also validates the diversity order analysis given in Section 4-B and confirms the tightness
between the theoretically and numerically obtained diversity order. We have also simulated
outage performance of the proposed system considering exact non-zero bore-sight pointing
error model with N = 6 for IMDD as well as OHD scheme. It can be seen from Fig. 3.2
that the derived outage performance (by approximating the non-zero boresight pointing
error coefficients with an equivalent zero boresight pointing error values) is very close to

that with exact pointing error model for low to moderate values of average SNR.

Discussion 1: Although the performance gain is more under the OHD scheme as
compared to the IMDD scheme (for the system parameters considered in Fig. 3.2), the
end-to-end outage probability under both the detection techniques approaches to the best
possible outage performance (i.e., the performance under the FSO hop only) with only four
reflecting elements at IRS, i.e., N = 4. Due to the deployment of an IRS over RF hop,
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Figure 3.3: Bit-error-rate performance of an IRS-assisted mixed FSO-RF system with
a=11.6,8=104,N =4, p, = 0.5, m; = mg = 2 under OHD and IMDD techniques.

the instantaneous SNR of FSO hop is primarily responsible for the system performance,
especially at high average SNRs. It can be noticed from Fig. 3.2 that the exact (simulated)
values of end-to-end outage probability perfectly matches with the analytically obtained
outage probability values, which validates the accuracy of the presented analysis.

Observation 3.1: It can be observed from Fig. 3.2 that for IMDD scheme, the rate of
decay of end-to-end outage probability curves is similar for N = 2 and N = 4. This is due
to the fact that for « = 11.6,8 = 10.4,£ = 1.5, the diversity order under IMDD scheme
is Gg = min{N,£2/2,a/2,3/2} = 1.125 for both N = 2 and N = 4. However, for OHD
scheme, the diversity order for N = 2 and N = 4 are different as Gg = min{N, £2, o, B} = 2
for N =2 and G4 = min{N, &2 o, 3} = 2.25 for N = 6. This also justifies that increasing
N beyond a certain limit will not enhance the system performance. The theoretical and
numerically obtained values of Gq for different curves in Fig. 3.2 are given in Table 3.2.
It is clear from Table 3.2 that numerically obtained diversity order is very close to it’s

theoretical value and hence confirms the correctness of asymptotic analysis.

Fig. 3.3 shows the average bit-error-rate performance versus average SNR performance
of the considered IRS-assisted mixed FSO-RF communication system under both OHD

and IMDD schemes. Under weak turbulence conditions Fig. 3.3 shows the impact of &,

W,

where { = 5= is the coefficient of error due to misalignment between optical source and

s

optical receiver. The value of £ lies between 0 and co. When & — 0, the source and
receiver are highly mismatched and pointing error is high, whereas, £ — oo means that

source and receiver are properly aligned and pointing error is negligible. Therefore, we
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consider two values of misalignment error coefficient as £ = 1.5 (severe pointing error) and
& = 8.8627 (low pointing error). The bit-error-rate performance improves with an increase
in € from 1.5 to 8.8627 because of a decrease in misalignment error.

We have also plotted the simulated bit-error-rate 3 versus average SNR performance
of a mixed FSO-RF system Sans pointing error under both detection schemes in Fig. 3.3.
It can be noticed from Fig. 3.3 that bit-error-rate performance of the proposed system
with small pointing error values approaches to the exact bit-error-rate values of a system
without pointing error. Moreover, for significant pointing error conditions, we have plotted
the simulated bit-error-rate performance of the proposed system with exact non-zero
boresight pointing error model in Fig. 3.3. It can be observed from Fig. 3.3 that the
derived analytical bit-error-rate performance (with approximate pointing error model) is
very close to the exact non-zero boresight pointing error model bases simulated values for
IMDD as well as OHD schemes.

It can be noted that the gain in bit-error-rate performance with the integration of IRS
to the mixed FSO-RF system is significant for the OHD detection scheme. Further, It can
be observed from Fig. 3.3 that the use of an IRS enhances the bit-error-rate performance
of the mixed FSO-RF system in comparison to the system sans IRS under both types
of detection schemes. Further, we can see from Fig. 3.3 that the high SNR asymptotic
bit-error-rate derived in (40) using asymptotic expansion of Meijer-G function and Bessel
function converges to the analytically obtained bit-error-rate values at high SNR values

for both IMDD and OHD schemes and all values of £ considered in the figure.

Observation 3.2: It can be observed that bit-error-rate improvement with integration
of IRS is significant under OHD scheme for low pointing error. For example, under OHD
scheme at 10 dB, the bit-error-rate reduces from 0.035 to 0.0137 for & = 1.5, whereas
bit-error-rate reduces from 2.5 x 1073 to 5.54 x 107° for ¢ = 8.8627. Further, it can
be noted that at low pointing error conditions, average SNR required for the IRS-assisted
mized FSO-RF system to achieve bit-error-rate of 1072 is approximately 3 dB less than
that required for mired FSO-RF system without IRS. However, to achieve the same
bit-error-rate performance at high pointing error conditions average SNR required for the
IRS-assisted mized FSO-RF system is approzimately 7 dB less compared to mized FSO-RF
system without IRS.

Fig. 3.4 demonstrates ergodic rate 4 versus average SNR performance of the considered

3Here, the analytical values of Prr have been obtained by numerically integrating (3.32).
“Here, the analytical values of Q term in the expression of Cers (defined in (3.38)) have been obtained
by numerically integrating (3.41).
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Figure 3.4: Ergodic capacity of an IRS-assisted mixed FSO-RF system with a = 4,5 =
1.9N =4, p, =05, Q=1,e =1, m3 = mg =2 under OHD and IMDD techniques a)
os=0.1, b) o5 = 0.01.

IRS-assisted mixed FSO-RF system with IMDD and OHD detection scheme under (a)
high misalignment error ({ = 0.8863) (b) low misalignment error ({ = 8.8627). It can
be seen from Figs. 3.4(a) and 3.4(b) that ergodic capacity performance is better under
the OHD scheme compared to IMDD under all for high as well as low pointing error
conditions. For instance at average SNR of 18 dB and & = 0.8863 (strong pointing error),
OHD scheme results in approximately 73% improvement compared to IMDD scheme.
Furthermore, it can be seen that as the pointing error becomes severe, the ergodic capacity
decreases. The ergodic capacity performance of the considered system is also compared
with the existing FSO-RF system sans IRS. The ergodic capacity performance of the
proposed IRS-assisted FSO-RF system is better compared to the existing FSO-RF system
without IRS. Moreover, the gain in performance with integration of IRS is significant at
low pointing error conditions for IMDD as well as OHD schemes. For example, under
OHD and at average SNR of 10 dB, the performance gain is approximately 0.774 under
high pointing error, whereas performance gain is approximately 3.058 under low pointing

error. Further, the performance gain is negligible as N increases from 4 to 6. This implies
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that the system has the best achievable capacity with few reflecting elements.
Additionally, in Fig. 3.4, the simulation of ergodic capacity is provided for proposed
system considering exact non-zero bore-sight pointing error model with N = 6 under
IMDD and OHD schemes. It can be clearly observed that the derived ergodic capacity
performance using the approximation of the non-zero boresight pointing error coefficients
with an equivalent zero boresight pointing error values is very close to that with exact
pointing error model for low as well as high pointing error conditions.
Observation 3.3: It can be observed from Fig.53.4 that low pointing error, gain in ergodic
capcity by implementing OHD is significant for IRS-assisted mized FSO-RF whereas it
is negligible for mized FSO-RF system without IRS. For instance , at average SNR of
10 dB, the performance gain of IRS-assisted system (N = 6) in implementing OHD is

approzimately 74%, whereas performance gain is only 16% for system without IRS.

3.5.2 Comparison with Fixed FSO-Hop SNR

In Fig. 3.5, the outage performance of the considered IRS-assisted mixed FSO-RF system
is compared with that of the conventional FSO-RF system (without IRS) and the existing
IRS-assisted mixed FSO-RF system of [81] for varying transmit SNR of RF hop (while
keeping the average SNR of FSO hop fixed) under (a) IMDD scheme and (b) OHD
scheme. It can be seen from Fig. 3.5 that the proposed system with one-bit control
at IRS outperforms the conventional mixed FSO-RF system with N = 2 (for IMDD)
and N = 4 (for OHD) only, for all the SNR values considered in the figure. Further,
the outage probability reduces with increase in the number of reflecting elements at IRS.
However, the analytical outage results of IRS-assisted mixed FSO-RF system of [81] with
N = 2 and 4 outperforms the conventional FSO-RF system only up to 14 dB and 31
dB, respectively, under IMDD scheme. A similar behavior of analytical outage of existing
IRS-assisted FSO-RF system of [81] is observed under OHD scheme®, where the analysis
of [81] with N =4 and N = 6 outperforms the conventional system up to 31 dB and 46
dB, respectively. Moreover, From Fig. 3.5(a) under the IMDD technique, it is observed
that the outage performance under the proposed mixed FSO-RF system for N = 2 and
N = 4 decays at a higher rate as compared to the analytical outage performance under
existing IRS-assisted mixed FSO-RF system for low to moderate values of average SNR.
Similarly, in Fig. 3.5(b), under the OHD case, it is observed that the outage performance
under the proposed IRS-assisted mixed FSO-RF system for N =4, N =6 (i.e., p1 > p2)

® Although, the authors in [81] have not considered OHD scheme at FSO receiver, we have simulated
the existing IRS-assisted FSO-RF model with OHD scheme for the purpose of comparison.
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Figure 3.5: Comparison of outage probability versus RF transmit SNR performance for the
proposed system with conventional and existing systems under a = 4.2, = 1.4,£ = 1.9,
mg = my = 1 for (a) IMDD scheme having 771(%2 ) = 50 dB and (b) OHD scheme having

3 = 40 dB.

decays at a higher rate as compared to the outage performance under existing IRS-assisted

mixed FSO-RF system for low to moderate values of average SNR.

Discussion 2: The results presented in this subsection implies that the analysis of
[81] requires large number of reflecting elements at IRS to achieve the desired performance
under both IMDD and OHD schemes at high SNR of RF hop. In addition, it can be
noticed from Fig. 3.5 that the outage performance of proposed system is better than the
analytical outage performance of [81] for prp > 10 dB (for N =2) and prp > 7 dB (for
N =4, 6) under both type of optical detection schemes. However, for transmit SNR values
below this, the existing system of [81] behaves well due to the use of CLT approzimation.
Further, It can also be observed from Fig. 3.5 that after a particular value of RF hop SNR,
the outage probability of a conventional system without IRS is better than the analytical
outage probability of [81]. This is because the analysis presented in [81] is based on CLT
approzimations, due to which analytical outage probability curves deviates from the exact

outage probability values for low values of N and high values of RF hop SNR.
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Figure 3.6: Outage performance comparison among the conventional (non-IRS), existing
(with IRS), and the proposed (IRS-assisted) mixed FSO-RF communication systems with
respect to average SNR of FSO hop with a = 4.0, 8 = 1.9, = 1.5, m; = mo = 1,
prp = 30 dB.

3.5.3 Comparison with Fixed Transmit SNR of RF Hop

An outage performance comparison among the conventional (without IRS), the existing
(IRS based), and the proposed (IRS-assisted) mixed FSO-RF communication systems
is performed in Fig. 3.6 with respect to the average SNR of FSO hop. The RF hop
transmit SNR is fixed at 30 dB. It can be observed from Fig. 3.6 that the end-to-end
outage probability of the conventional FSO-RF communication system saturates to 0.001
at prp = 30 dB under both OHD and IMDD schemes. It can be clearly noted from
Fig. 3.6 that analytical outage performance of [81] performs poor for low values of N in
the high SNR regime. Thus, the proposed IRS-assisted mixed FSO-RF system with one-bit
control requires very few reflecting elements as compared to that needed in analysis of [81]
to achieve a specific desired performance under high SNR conditions of FSO hop. For
example, under IMDD scheme, the proposed system requires only 6 reflecting elements in
comparison to the 14 needed by the analysis of [81]. Similarly, 4 reflecting elements are
sufficient with the proposed system under OHD scheme contrary to the requirement of 12

in the analysis of existing FSO-RF system of [81].

3.5.4 Impact of M on the System Performance

Fig. 3.7 shows the impact of parameter M on the end-to-end outage probability of the

considered IRS-assisted mixed FSO-RF communication system under weak turbulence
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Figure 3.7: Impact of M on the end-to-end outage performance of the proposed

IRS-assisted mixed FSO-RF system under weak turbulence condition and ms = my = 1
with (a) IMDD scheme, £ = 1.9 and (b) OHD scheme, £ = 8.86.

condition with (a) IMDD, ¢ = 1.9, N = 4 and (b) OHD, { = 8.86, N = 8. It can be
observed from Fig. 3.7 that for all the SNR values considered in the figure, the end-to-end
outage performance enhances with M and the best performance is obtained at M = N (as
explained in the Remark 3.1). It can be seen from Fig. 3.7 (a) that for IMDD scheme and
weak turbulence condition with & = 1.9, the achievable diversity order remains same for
M =2 and M =4 as Gg = min{M, £2/2,a/2,3/2} = £?/2 = 1.805 for M > 1. However,
for OHD scheme with & = 8.86 and N = 8, it can be noticed from Fig. 3.7 (b) that the
diversity order increases with M as Gg = min{M, 2, o, B} = M.

Fig. 3.8 shows the average bit-error-rate performance versus M for the considered
IRS-assisted mixed FSO-RF communication system under both OHD and IMDD schemes.
The average SNR of each hop is taken as 71({1 ) = 71%2 ) = ﬁgpt = 15 dB. It can be observed
from Fig. 3.8 that there is significant improvement in bit-error-rate performance with an
increase in M under OHD and IMDD detection techniques. As M increases, bit-error-rate
performance approaches the best possible bit-error-rate performance (i.e., the performance
under the FSO hop only) with only a few reflecting elements at IRS (i.e., M = 4 for IMDD
and M = 7 for the OHD scheme). It can also be noted from Fig. 3.8, that the bit-error-rate
performance of the considered IRS-assisted FSO-RF system improves with an increase in
Wmin from 0.7 to 0.9. Further, if the average SNR of IRS-assisted RF hop is increased to

10 times the average SNR of FSO hop, bit-error-rate performance saturates with very few



68 Chapter 3. IRS-Assisted Mized FSO-RF Communication System

1072 T
-©--FSO-RF with IRS, @y, = 0.7
—8—FSO-RF with IRS, @i, = 0.9
o\ ~-#-~FSO-RF with IRS, @,;,=0.9, Jp=7}y +10 dB
10 ‘s, FSO only
%\ X Simulations

Q
2 04
e 10
=
o
—
~
o (U
=
as)

106

10°7

1 2 3 4 ) 6 7 8
M

Figure 3.8: Bit-error-rate performance versus number of reflecting elements (M) of an
IRS-assisted mixed FSO-RF system with o« = 11.6, 5 = 10.4, v = 15 dB, p, = 0.5,
m1 = mo = 2, under OHD and IMDD techniques.

reflecting elements. Since the overall bit-error-rate performance depends on the minimum
of the two SNRs (i.e., SNR of FSO and RF hop), increasing the average SNR of RF
hop beyond a specific value (average SNR of FSO hop) do not affect the bit-error-rate

performance.

Observation 3.4: [t can be observed that the improvement in bit-error-rate
performance with increase in value of Wy s significant for OHD scheme compared to
IMDD. For example, at M = 3, the bit-error-rate decreases from 1.25x107% t0 0.828 x10~4
with increase in @y, from 0.7 to 0.9 for IMDD, whereas bit-error-rate decreases from

5.266 x 107° to 1.023 x 107°.

3.5.5 Impact of Practical Reflection Coefficient

Fig. 3.9 illustrates the impact of practical phase shift model (as given in [74]) on the
performance of IRS-assisted mixed FSO-RF communication system. For wpyy, = 1 or
=0, we get \wgl )] = 1, which corresponds to the ideal reflection scenario. For all the
plots in Fig. 3.9, we have set § = 1.6, § = 0.437, M = N = 4, and £ = 1.9. In Fig. 3.9(a),
the outage probability versus average RF hop SNR performance of the considered system
is shown under moderate turbulence conditions with both IMDD and OHD schemes. We
also assume that average SNR of FSO hop is 10 times the average SNR of RF hop. It can
be observed from Fig. 3.9(a) that the performance loss due to practical reflection model

is relatively higher for OHD scheme as compared to IMDD scheme. Moreover, we have
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shown the variations of end-to-end outage probability with respect to |w,| in Fig. 3.9(b)
for varying average SNR conditions. It can be noticed from the figure that under strong
as well as weak turbulence, outage probability increases more rapidly for OHD scheme
rather than for IMDD scheme with a small deviation in reflection amplitude from the

ideal conditions.

3.6 Summary

In this chapter, we have analyzed a mixed FSO-RF communication system utilizing an IRS
over the RF hop. The use of the IRS enhances the end-to-end outage performance and thus
widens the coverage. The closed-form expressions for the outage probability, bit-error-rate,
and ergodic capacity are derived for both OHD and IMDD techniques. Further, we
analyzed the system’s high SNR behavior and the diversity order of the considered system
is obtained analytically. It is shown that the one-bit control at IRS in mixed FSO-RF

communication system significantly outperforms the conventional and existing mixed
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FSO-RF systems. It has been further revealed that for very few reflecting elements at
IRS, the outage performance of the proposed IRS-assisted mixed FSO-RF communication
system with one-bit control is superior than the analytical outage performance based on
CLT approximation. In the end, the impact of practical reflection amplitude and phase
shift of IRS elements has been observed on the system performance. It has been found
that the performance loss due to practical reflection model is small for IMDD as compared

to OHD scheme.



Chapter 4

SLIPT-Enabled IRS-Assited Mixed
FSO-RF Communication System

4.1 Introduction

IRSs are also a promising technology for improving quality of FSO-based communication
networks [90]. An OIRS is a planar array of passive elements, such as mirrors or lenses,
that can be electronically controlled to manipulate the phase and the direction of the
incident light signal. By adjusting the angle and phase shift of the reflected light, an
OIRS can enhance the signal strength and reduce interference from other sources. The
integration of OIRS into FSO communication networks have significant advantages. First,
the introduction of OIRS to the FSO communication network creates an attractive research
opportunity to enhance the coverage and overcome the limitation of LoS communication
for ubiquitous connectivity, especially in urban areas, where the signal is usually blocked
by heavy vehicles or buildings [91]. Second, in FSO-based communication network, OIRSs
can be used to improve the SNR and reduce the effects of atmospheric turbulence and
fading caused by obstacles. Overall, the use of OIRSs for FSO-based system has the

potential to improve the performance and reliability of FSO communication systems.

In addition to WPT and IRS, NOMA is the another potential breakthrough technology
to cope with high QoS requirements of 6G applications. Considering the huge connection
density of users in 6G networks, it is viable to utilize channel access schemes that provide
high spectral efficiency such as NOMA [92]. The system performance of SLIPT-enabled
mixed FSO-RF network and IRS-assisted mixed FSO-RF have been individually well
investigated in the previous chapters. Thus this chapter aims to provide a comprehensive
framework that integrates these concepts and their interactions, which can enable the
design of more efficient communication systems. Integrating different technologies, such
as IRS and NOMA into mixed FSO-RF communication can provide enhanced connectivity

and coverage, particularly in outdoor environments. The integration of an OIRS improves
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the connectivity of FSO hop and minimizes the misalignment errors, especially in situations
where the LoS is blocked. The integration of SLIPT over OIRS-assisted FSO hop can
lead to improved energy efficiency and the use of RIRS can improve signal strength and
quality at the cell edge user, particularly under the low transmit power conditions at the
relay. Motivated by this, we consider a novel NOMA-based IRS-assisted mixed FSO-RF
communication system with SLIPT which can be realized in disaster response, secure
military operations, and remote areas with limited infrastructure, where relay can harvest
energy to enable long-term and autonomous operation of the network. This setup can be
also be applied to enhance the urban and rural connectivity.

In this chapter, we propose a novel relay-based mixed FSO-RF communication system
utilizing NOMA to assist two users over RF-hop. Assuming non-availability of direct
FSO-link, we consider the deployment of an OIRS. Moreover, we deploy an RIRS in the
vicinity of far user to improve its performance. We adopt SLIPT technology to harvest
energy at relay node, which is utilized to forward the information signal over RF-hop
and thus, makes the SNR of RF-hop dependent on the FSO-channel coefficients. For the
proposed system with M-distributed FSO-link with pointing error and Nakagami-m faded
RF-link, we evaluate the system’s performance in terms of outage probability, throughput,
and ergodic capacity. We also derive asymptotic outage at high SNR and obtain diversity
order analytically. Moreover, we propose an efficient algorithm for designing of reflection
coefficients of RIRS elements to maximize the downlink SNR of far user. Numerical results
are provided to see impact of system and channel parameters on system’s performance.
The Integration of OIRS and RIRS exhibits significant improvement in the performance
of the NOMA-based considered system.

4.2 State-of-the Art

The FSO communication system integrating IRS is still in its infancy and is gaining
significant attention in recent years. Till now, only a handful of research is available for
the free-space environment. For instance, the authors in [90] have considered transmission
in IRS-aided FSO system. This work presents the system and channel models for IRS-aided
FSO system and analyzed pointing displacement while focusing on both the 2D and 3D
representations. Moreover, they show the conditional geometric and misalighment errors
by varying the IRS sizes. Further, [91] extended the work presented in [90], where they
put insights on deriving the PDF for the geometric and misalignment errors for the same

considered system setup. Moreover, they provide the expressions to compute the PDF
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of pointing misalignment along with the IRS phase-shift matrix. The PDF of pointing
misalignment is combined for log-normal and Gamma-Gamma (i.e., for turbulence models)
to provide the outage analysis. In [93] the authors considered a IRS-aided FSO system
for unmanned aerial vehicles applications, whereas in [94], based on the Huygens-Fresnel
principle, the authors developed an analytical end-to-end channel model. Further, the
authors in [30] considered single element OIRS-assisted terrestrial FSO communication
network and derived the closed-form expressions of outage, ergodic rate, and bit-error-rate
under Gamma-Gamma atmospheric turbulence and misalignment error at OIRS as well as
the receiver. In [95], the authors integrated OIRS to the FSO communication setup with
the goal of expanding the communication coverage and enhancing the system performance.
Under the assumption of Gamma-Gamma atmospheric turbulence with pointing error, the
authors in [95] obtained the statistical channel model for multiple element IRS using the

CLT.

The IRS-assisted NOMA network has been well-invested in [87, 96, 97, 98]. The
authors in [87] proposed the IRS-assisted NOMA and it is shown that system can
serve more number of user in the orthogonal spatial direction in comparison to spatial
division multiple access scheme. In [96], the performance of an IRS-assisted multi-input
single-output system employing NOMA was investigated in which the authors minimized
the transmission power by optimizing the beamforming vectors and the phase shift matrix
of IRS elements. Further, the authors in [98] maximized the throughput of the IRS-assisted
NOMA system by optimizing decoding order, power allocation, channel assignment, and

IRS reflection coefficients using alternating optimization technique.

NOMA has been integrated over cooperative networks to improve system performance
in terms of coverage and reliability [99, 100, 101, 102]. The NOMA-based downlink mixed
FSO-RF system under AF relaying was first time considered in [99] and the authors derived
closed-form expressions of outage probability and ergodic rate. In [100], the authors
investigated the performance of NOMA-based uplink AF relaying mixed RF-FSO system
in the presence of interference resulting from multiple users. In particular, the authors
in [100] obtained closed-form expressions of the outage and ergodic rate, and findings
demonstrate that FSO backhauling is preferable to RF backhauling for high-throughput
and high-reliability NOMA systems. The authors in [101] considered the NOMA-based
mixed RF-FSO network and optimized the power allocation factors and duration of
RF-based EH at the relay. Recently, the secrecy performance analysis of NOMA-based
mixed FSO-RF was presented in [102].
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Table 4.1: Comparison of Existing mixed FSO-RF communication network with the
Proposed Work. ZB here stands for zero boresight.

Ref. Performance FSO link RF link Pointing | onra | RS Energy
Metric error Harvesting

[99] Outage, ergodic rate | M-distribution Nakagami-m 7B v X X

100 Outage, ergodic rate | Gamma-Gamma Rayleigh 7B v X X

101 Outage, throughput | Gamma-Gamma Rayleigh X v X T

[102] Secrecy outage Gamma-Gamma Rayleigh 7B v X X

V\O/:rrk Outajgo g}ilsor‘;%zput’ M-distribution | Nakagami-m | Non-ZB v v (SL/IPT)

TEnergy is harvested from the signal received through RF link using SWIPT.

4.3 Motivation and Contribution

As discussed in the previous section, there are many works that utilized NOMA to assist
multiple users in a mixed FSO-RF network. Also, there are works which considered IRS
in the RF link to improve the wireless channel. But, majority of works with IRS-assisted
RF link utilized CLT for composite channel statistics, which cannot effectively provide
the diversity order, especially for small number of IRS elements. Moreover, there are
very few studies that utilized SLIPT to mixed FSO-RF network. Table 3.1 provides
a comprehensive study and comparison of several existing works on mixed FSO-RF
communication network and highlights the importance of the proposed work. It is clear
from Table 3.1 that no work has been reported so far which integrates NOMA with
IRS-assisted mixed FSO-RF communication system. Integrating different technologies,
such as TRS and NOMA into mixed FSO-RF communication can provide enhanced
connectivity and coverage, particularly in outdoor environments. The integration of an
OIRS improves the connectivity of FSO hop and minimizes the misalignment errors,
especially in situations where the LoS is blocked. The integration of SLIPT over
OIRS-assisted FSO hop can lead to improved energy efficiency and the use of RIRS
can improve signal strength and quality at the cell edge user, particularly under the
low transmit power conditions at the relay. Motivated by this, we consider a novel
NOMA-based TRS-assisted mixed FSO-RF communication system with SLIPT which
can be realized in disaster response, secure military operations, and remote areas with
limited infrastructure, where relay can harvest energy to enable long-term and autonomous
operation of the network. This setup can be also be applied to enhance the urban and
rural connectivity. However, to perfectly utilize the benefits of both the technologies, we
need to integrate NOMA and IRS into the mixed FSO-RF network to develop a network,
where multiple users can be served with better channel conditions. Table 4.1 gives the

comparison of the existing works on mixed FSO-RF communication network with the
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proposed work.

The main contributions of our work are as follows:

e We propose a novel OIRS and RIRS based mixed FSO-RF network with SLIPT
which enables (i) the improvement in coverage and reliability of FSO link in the
presence of atmospheric turbulence and pointing error, (ii) the enhancement in the
end-user performance under NOMA technique, and (iii) the harvesting of energy at

relay through optical signal.

e For the proposed network, we consider the instantaneously harvested power at the
relay node to be used for RF hop transmission, thus, making the SNR of the RF hop
dependent on the FSO channel coefficients. With this considerations, we derive the
analytical expressions for outage, throughput, and ergodic rate of both the users in
the form of bi-variate Fox-H function under generalized M-distributed turbulence

with non-zero boresight pointing error in FSO link, and Nakagami-m faded RF links.

e To gain more insights into the system’s performance, we derive asymptotic outage

performance of the users and obtain the achievable diversity order analytically.

e Through numerical results, the effect of various system and channel parameters like
DC bias, atmospheric turbulence, misalignment error coefficients, attenuation, and
visibility parameters of FSO link has been revealed on the performance of considered
SLIPT-enabled NOMA based mixed FSO-RF communication system. Moreover, we
have shown the impact of imperfect channel state information (CSI) of RIRS-aided
RF channel on the outage performance of far user. Also, the impact of NOMA
power allocation factors over both the FSO and RF hops have been discussed and

highlighted numerically.

e To clearly highlight the advantages of deploying RIRS and NOMA, we have
compared the ergodic sum rate performance of the proposed system with that of

benchmark schemes such as orthogonal multiple access (OMA) based system (with

and without RIRS) and NOMA sans RIRS.

e Finally, we propose a framework to optimize the reflection coefficients of RIRS
elements to maximize the downlink SNR of the far user and propose an iterative

algorithm utilizing the alternating optimization (AO) approach.
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4.4 System Model and Transmission Protocol

We consider an OIRS-RIRS-assisted mixed FSO-RF communication network with SLIPT
as shown in Fig. 4.1, where an optical source node S first communicates with a DF relay
node R through an OIRS. The R then utilizes the harvested power to forward the decoded
data of the two users ! denoted by U; and Us, using power domain NOMA. We assume
U; is near to R compared to Us. We assume LoS communication link from S to R is not
present, therefore, we employ single-element OIRS between S and R. We assume all nodes
operate in a half-duplex mode and are equipped with a single aperture/antenna. Assuming
that R can process both optical and RF signals, we use a non-coherent IMDD receiver at
R to detect the optical signal received from S over the optical link. Usually, the APD is
employed as an optical receiver for direct detection of the received optical signal. After
the incoming optical signal is converted to an electrical signal at R, a power splitter is used
to segregate the AC and DC components. Thereafter, the undesirable DC component is
received by the EH unit to drive the RF transmitter. The AC component of information
signal is decoded, re-modulated, and then forwarded through the RF transmitter to both
the users U; and Us. Since Us is located far compared to U; and experiences poor channel
conditions, we deploy RIRS in the vicinity of the weak user (Us) to further enhance its
channel quality. We assume that the RIRS consists of N elements and the RIRS is

connected to a micro-controller that can adjust the phase and amplitude of each element.

The communication between S and Uj, j € {1,2} takes place in two time slots that

are orthogonal to each other, denoted by T7 and T5.

4.4.1 First Time Slot (FSO Transmission)

The node S forms a NOMA signal by superimposing the two independent symbols in
power-domain as x,, = /w121 +./w2x2, where x; represents the information symbol of U;
and w; is power allocation coefficient for z;. The S uses SIM to convert the superimposed
data symbol to optical information signal. A DC bias B € (Bmin, Bmax) is added to z,,
to ensure a non-negative optical signal, where B,y and Bpax are the minimum and the
maximum DC bias values, respectively. Let Ps be the electrical power of S to transmit the

optical symbol, then s, is written as s,, = v/ Ps[0x,, + B], where § is peak amplitude of

'Since the CCI is strong in NOMA system as multiple users share the same spectrum and
implementation complexity is increased with increase in number of user, we consider only two users in
our system model.
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Figure 4.1: Block diagram of SLIPT-enabled IRS-assisted mixed FSO-RF communication
system.

modulating signal. In order to avoid clipping due to the non-linearity of the laser-diode,
0 must satisfy ¢ < min (B — Bpin, Bmax — B) [56]. The electrical signal yr obtained at the

output of the PD having responsivity Rp and detection area Ap at R is given by

yr = NRpApIsrSm + er = nRpApIsp\/ Psdxy, +nRp ApIsgy/ PsB +er, (4.1)

Iac Inc

where 7 is the optical-to-electrical conversion coefficient, Isg = l1wols, with I; and
I> being the channel coefficients of S-OIRS and OIRS-R links, respectively. The term
wo = |wo|e?“@O is reflection coefficient of OIRS; e is the ZM-AWGN noise at R with
noise power o*%{. Considering DF relay, the node R employ SIC to decode the data of two
users. Assuming ws > w1, R first decodes x5 considering x1 as interference. Considering
the perfect SIC conditions at R, the signal corresponding to x2 is removed from the received
signal and 7 is decoded. Therefore, signal-to-interference plus noise ratio (SINR) for

decoding x2 and SNR for decoding x; at R is given by

w2'_)’0112 122 A W2TR

TR, = S , 4.2
T w B+ 1 wing + 1 42
and
'R = W1R (4.3)
2
where 7, = (FpAp VP50 lwol” g YR = FoI213.

o1
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4.4.2 Second Time Slot (RF Transmission)

After decoding the information symbols z; and x2, R remodulates them and transmit over
the next hop by utilizing NOMA. Let 24 = /121 + V222 denotes the superimposed
signal transmitted by the node R, where #; is the decoded data of U; and w; is the
corresponding power allocation coefficient over RF hop. Considering the channel gain of

R-U; link as hry,, the signal received by U; can be written as

Yyu, = V PRhRled + eu,, (4.4)

where Py is the re-transmission power available at R and ey, is zero mean AWGN at U
with average power 0%1. Let h; € C*N and hy € C**¥ denote the channel vectors of

R-RIRS and IRS-Us links, respectively, then signal received by U, can be expressed as

Yu, = V PRhg@hll'd + eu,, (4.5)

where ey, is the ZM-AWGN at Uy with average power 0%2. The matrix © is an

N x N diagonal matrix containing the reflection coefficients of RIRS, defined as ® =

diag wg ),wlg ), e ,wl({N)], where reflection coefficient of n-th reflecting element is given
by wgl) = ‘wgl) e 2% with ‘wg)‘ € [0,1] and Awl(;) € [0,27]. The value of wg)‘

related to a practical phase shift is given in [74, Eq.5]. It is assumed that the phase shift
of each reflection coefficient takes a discrete value from a set L = {0, Af,---,(Q — 1)A6},
where A0 = 27/Q. Let the n-th element of vector h?, j = 1,2, is defined as

)
hg-n) = ‘hg-n) e?“"i"" | then we can rewrite (4.5) as

yu, = V PrARU, T4 + €Uy, (4.6)
where hry, = Zﬁle ‘wg ) ‘h(ln) ‘h(Qn) 7™ is the overall cascaded channel gain between

R and Uy with ¢ = Ahg") + Ahgn) — éwg ) representing the net phase error. Assuming
weo > wip, U; employs SIC to detect Zo by considering #; as interference and after
considering perfect SIC, U; detects its own symbols. Therefore SINR and SNR at Uy

to detect Z9 and 1, respectively, is given by

=20 g (4.7)

'UAJI’YUl +1

I'uy 2,

I'uy e =Wy, (4.8)
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where vy, = Au, |hru, |* with ju, = f?R. Similarly, the SINR at Uy to detect its own
1

symbols &5 can be writtem as
W2YU,

. ’ 4.9
wW1YU, 1 ( )

Lu,e, =

_ 2 . _ P
where vy, = Ju, |hru,|” with Ju, = ﬁ.
2

4.5 Channel Model and Statistical Characterization of
SINRs

In this section, we present the considered FSO and RF channel models and derive the

statistical distributions of SINRs at R, U; and Us.

4.5.1 Optical Channel Model: S-R

The optical link is generally affected by attenuation, atmospheric turbulence and the
misalignment error caused by the building sway due to thermal expansion or minor
earthquake vibrations. Therefore channel coefficient of the FSO link is given by I; =
IHer? ) i € {1,2}, where I}, I¢, and I” denotes the path loss, atmospheric turbulence,
and misalignment error, respectively. The path loss of optical signal in the ** link
is quantified by Beer Lambert’s law as Iil = eVl [70], where ¥; is the attenuation
coefficient and L; is the link distance. Let us consider M-distributed atmospheric
turbulence as I ~ M(w, Bi, ¥, gi), where «;, 3;,€Q%, and g; are the fading parameters
of M-distribution [86]. Assuming approximated non-zero boresight misalignment error

with parameters (&;, 05, Ao, 0i) [86], the composite PDF? of I; can be given by [86, Eq.

(12)]

a;+r;
2 4. & N a.l E+1
f]i(I):£’4 IZZSW () G T ) , 1>0 (4.10)
- gi 9il; Aoi0i ﬁi,Oéiﬂ“i
i i . )T/ 2
wherein  A; £ 2 aia " ( o >B Sy, = (51)”_1 (Oézgz)T /
(2 j 9 Ty T L 10
g; P (ag) \9i Bi + & [(ri = D g7~ (9i B + Q)"
(4.11)
where A,; = [erf(v;)]? is the fraction of power received with erf(-) being the error

function [68]. Further, v; = d;\/m/W,,; with d; and W, ; being the radius and the beam

waist, respectively, of the receiver aperture; §; = 5= is the ratio of equivalent beam radius
EX3

(We,i) and jitter deviation (os;). The parameter ; is pointing error factor, where & — 0

corresponds to very high pointing error and £ — oo corresponds to very low pointing

2Tt can be noted that (4.10) contains infinite summation. For analytical tractability, it can be truncated
to 10 terms with a convergence error of approximately 107
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w Considering the
rie i

link distances of S-OIRS and OIRS-R links, beam divergences, and incident angle of beam,

error. The equivalent beam radius is defined by W, ; =

we define beam waist at OIRS and R as follows.

e Beam waist at the OIRS: Considering elliptical beam footprint at OIRS, the

beam waist is expressed as [30]

Way— Llﬁs\/ cos(fs/2) (4.12)

2 |/ cos(¢otrs + 0s/2)

where g is the beam divergence angle at S and ¢oirs is the incident angle of beam

at OIRS.

e Beam waist at the R: The optical beam is perceived by R as if it was transmitted
by OIRS with divergence angle Ooirs = 6s (1 + L1/L2). Considering elliptical beam

footprint at R , the beam waist at R is given as [30]

e 2 N cos(or + 0s/2)

Wy L>001Rs \/COS(C(ZZiGi/Zi/z) a (L1 +2L2)03\/ cos(fs/2) (4.13)

where ¢r is the angle of incidence beam at R.

It is important to note that modelling of irradiance fluctuations through a turbulent
medium by the M distribution is applicable for all range of turbulence conditions and it is
found to provide an excellent fit to the experimental data. Moreover, it unifies most of the
statistical models for the irradiance fluctuations available in the literature as described in
[86, Table II].

Following (4.10), PDF of I? can be expressed as

a;+r;

EAi < @\ 2 30 Z| &+1
frlz)== Sr| — Gyl Wiy [ — , 4.14
12(2) == ;:1 m 13 o (4.14)
2 2 Az 08! . :
where U; = &20;8;(gi + ) /[(62 + 1) (9:8; + Q)] and 3 = T the electrical SNR
obtained as [86, Eq. 34]. The average value of I? can be given by
i+ 1) [29: (90 +2Q) + Q2 (Bi+1)] (1 + &)?5
gy (ot D) [20: (0 +2%) & OF (B4 D] (L4 €)% (4.15)

i Bi€2 (62 + 2)(gi + Q)

Therefore, the expected value of vy is given by

& =E{m} = {1} E{13}. (4.16)
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Now, we can obtain the CDF of g by utilizing the product of two RVs [89] along with
the use of PDF of I? from (4.14) followed by the use of [63, 07.34.21.0084.01)], as

= = 12,1 v LP
b eq ’

7)) =Keq ¥ Y TGy —y : (4.17)

ri=1rqo=1 €q Q7 0

a;+7ry

h K _ 5%5§A1A2 T _ 2 a; T2 2az‘+mfl i} _
where eq = 6anZ r = ‘Hl Sr; r , eq =

U, 241 842 £41 £2+2 -
w2 P = 512 , 512 , 522 , 522 . Heq = Vo122, and Q =

61 §1+1 o1 aq+1 r1 ri+1 fg 52"!‘1 oz a4+l rg 1o+l
20 2 2200 2 920 2 020 2 120 2 129 2

4.5.2 RF channel Model: R-U; and R-U,

All the RF links available in the network are assumed to follow Nakagami-m distribution
and are independent of each other. If we define |hry,| ~Nakagami(mg,$y), where
mg and Qo = &€ {|hRU1|2} denote the channel parameters of hry,, then we can write

Q . .
Yu, ~Gamma (mo, L;“) and its PDF can be written as

mg"° e m
fro, (2) = F(—OmonoZ “~Lexp <_ - Z> - (4.18)

mo)y Ju, o
2
~Nakagami(m;, ), j € {1,2}, withm; and Q; = & {’h;n }
being the fading parameters, the PDF of SNR ~y, (defined in Subsection 4.4.2) can be be

Similarly, if we define ’hgn)

obtained from [103, (4)] by considering uniform phase error (i.e., (™ ~ U(0,27)) as

v+1
mi—1 mi—1 N 2

Fun@= 30 Y Tl s ’(nmlmz 2 Ko 2\/ T

2
=0  un—=0n= i T Fu, 2182 ‘wl({”"yu?ﬂl%
(4.19)

(m2)mq —1(1=m2)u,
(mi—1—un)lup!

N

where v=N(mi+mo—1)— > u, and Z, =
n=1

4.5.3 EH at Relay Node

This subsection provides a mathematical framework to evaluate the energy harvested at
the relay node. The DC component supplied to the EH unit can be written as Ipg =
nRpAplsgr/PsB from (2.3). If the open circuit voltage of the photovoltaic (PV) cell
is Voc, the power harvested at R can be given by Pg = 0.75VpocIpc, where Voo =
VrIn[(Ipc/I,) + 1] [56] with I, and Vi representing the dark saturation current and
the thermal voltage of the PV cell, respectively. Utilizing the above discussion followed

by the use of logarithmic approximation [56], the instantaneous harvested power can be
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approximated as

_0.75Ven?RE AR |Isg|” Ps1B?

P
H A

(4.20)

Moreover, using (4.16) and some algebraic manipulations, the average value of power

harvested at R can be calculated as

0.75Vr (nRp Apv/PsB)2|wo|*yr
190 '

Py=E{Py} = (4.21)

Since Py is utilized by R to transmit signal over the RF hop for a duration of 75, the
transmit power needed at R will be Pg = PyT1/T>. Now, we can rewrite SNR ~y,

(described in (4.7) and (4.8)) by substituting the expression for Py as

(nRpApV/PsB)? |Isg|* |hru, |* 0.75Ve Ty LN

U = ) RVU;» (4'21)
IOO'Ung
/ = 2 7 _ 0-75VTPRU B2T1 . _ PS _ PS
where Yo, = Y, |hru, |” and T, = 46210p5R1T2 — with psr = =) and pru, = —U%l

denoting the transmit SNR at R and Uy, respectively. Similarly, we can rewrite the SNR
~u, (described in (4.9)) with the substitution of Py as

_ (nReAp/PsB)? |Isr|* |hru,|* 0.75VA Tt 4 et

e 4.22
Us 100%2 T2 RfYUQ’ ( )

_ 0.75V- BTy . . .
where i, = 1, |PRrU, ]2 = —DOTPRUZ T with PRU, = % representing transmit

~/
and Tu, = 2 Topsr1a ,
SNR at Uz. It can be noted that the PDF of RVs 7y;, and 7y, can be written in a similar

fashion as given in (4.18) and (4.19), respectively, by simply changing the parameters.
4.6 Performance Analysis

In this section, the performance of both users under the considered OIRS-RIRS-assisted
mixed FSO-RF network is analyzed in terms of useful first-order statistics. In particular,
we derive the closed-form analytical expressions for outage probability along with the
high SNR asymptotic outage analysis. Next, the throughput and the ergodic capacity

expressions of each user is derived.

4.6.1 Outage Probability Analysis

Outage probability is defined as a probability that end-to-end SNR or SINR falls below
certain threshold. According to NOMA protocol, the signal received by Uj; is in outage
when R cannot decode z; correctly or U; cannot decode Z; correctly. Let Zp., =

{Taz > 71n, }, (where A € {R,U1,Us}, 2z € {z,4&}) denotes an event such that SNR
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or SINR for successful decoding of symbol z; at node A is greater than SINR threshold

YTh,, where yrn, = 2Ri — 1 and 7_3]- be the target rate of U;.

Outage Probability of U,

The U; will said to be in outage if either R or U; is unable to successfully decode
the data of any of the two users. This can be mathematically defined as Pous,1 =
1 — PrERaz NERaz NEUy 4 NEUy 4, Substituting I'r gz, TRz, TUps,., and T'y, s,
from (4.2), (4.3), and (4.9), respectively, followed by few mathematical rearrangements,

we can write Poyt1 as

Co
Pout,1 =1 —Pr [’YR > Cl,nyy{h > Cg] =Pr [7}{ < max (Cl, 7,) , (4.23)
U
YTh YTh YTh YTh
where Cj=max <WT1,§T}12, w11> and Cy=max (m, @11).
Theorem 4.1: The outage probability of the near user under the proposed

OIRS-RIRS-aided NOMA based mired FSO-RF communication system with EH at the
relay node is given by

Pout,1 = D1+ Do, (4.24)

where Dy is obtained in terms of Bi-variate Fox-H function [104], as

Komy™ Co\™°
Dl = —_Img egnTO (2>
Y0, 0 T (mo) \C1
mg  C 12
— — v g0 L1012 Y, Q0 C1 (1-mop,1,1)|— {(1—a;, )}2,,(1,1) 4.95
x D 2 CrHnonss .| (425)
ri=1rqo=1 \}p{eqc% (_m0)171) (071) (Oa 1)?{(1 - bk’al)}kzl
eq

with a; € Q, by € P and

Ko = moCa 121(‘1/(3 1IP>
Dy = 4 Y, T my, ———— |G:7a | —2C1 | 0 ). 4.26
=y S (e Jei (e fgh) o
Proof. See Appendix A.3.1 for proof. O

Outage Probability of U,

The U, will said to be in outage if either R or Us cannot successfully decode the data of

Uy, i.e., far user. This can be mathematically defined as Pout2= 1 — Pr [ER,QC2 N EUy,s |-
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Substituting I'r z, and I'y, z, from (4.2) and (4.9) respectively, we can write Poyut,2 as

Cy
Poutz=1—Pr [y > Cs,vmy, = Ca] =Pr [’YR < max (037 ’Y') ; (4.27)
Uz
YTh YTh
where 03 = WYQYTIQ and 04 = m
Theorem 4.2: The outage probability of the far user under the proposed

OIRS-RIRS-aided NOMA based mized FSO-RF communication system with EH at the
relay node can be given by

Pout,2 = Hl + H% (4.28)

where H1 is given as

m11m11N

Hi = QKGQZ

ri=1re=1 u1=0 uN—On—

coC4 12
 gOL2.0:1,12 o |(0,1,1) |- {T—a,1)}2,,(1,1) (4.29)
1,1;0,2;13,5 .
S| (<1, 1,1) [ (r=1,1),(0,1) (0,1){(1=bi, D,
eqL3

with a; € Q, by, € P, Co = 12— and
‘ Yy, 12

o= 5,3 S e (L HF
mi—1 mi—1 N C, & %KW C, &
X 1—§1:---§1: I1 2. 1—( %) F(:)( ) . (4.30)

Proof. See Appendix A.3.2 for proof. O

4.6.2 Asymptotic Outage Analysis

The closed-form analytical expressions of outage probability of U; and Us defined in (4.24)
and (4.28) are in the form of bi-variate Fox-H function and are quite complex. These
analytical results reveal the limited physical insights of the system and channel parameters.
Therefore, we derive asymptotic analytical expressions at high SNR. conditions which are

tractable.

Lemma 4.1: Assuming equal noise power at R and Uy under high SNR conditions

over both the S-R and R-U; link, i.e., psg — o0 and pry, — 00, the asymptotic outage
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probability of Uy is given by P; = Dy + Dy where

I'(mo — @) 11_2[ L(—a+a) _,

. K 1 Qosey\
D=9 ZZTT Lo Tu 0%ea)  gnd (431)
F(mo 4 mo\IleqCQ
ri=1reo=1 dl H F(bk- _ dl)
k=1

K mo 12 Hp?é} I'(ap — a)T'(ar) o —a
Dy — “_r : T, P < eq > :
2 F(mo) ( o 7/ Q() Cl> 1;17»221 Z Hk; 1 k — al)F(l + al) \I’eqcl
(4.32)
with a; € Q and a; = min{Q}.

Proof. See Appendix A.3.3 for proof. O

For a special case of ( = 1,q = 0,9’ =1 (i.e., Gamma-Gamma distribution) for FSO
link and mg = 1 (i.e., Rayleigh fading) for RF link, we can write the asymptotic outage
of U; as 75011“ = jl + jl, where

KL D1 —a) 12, L(—ai+ay) (4], Q —a
- U, 40 Heq
J= — b < /@1’ c > , and (4.33)
sz=1 (k—al) eq 2
12
} 1 % 12 Hp;% F(a;a - a;)I‘(al) " —a
Jo =K' e 007 P < “ ) : (4.34)
“ ; [Tie; T(bx — a))T(1 + a)) \FeqCt
_ 1 EZratbrtarthy _ 1 88uprap .
where Kiq = 1 o, STt @t fea = 2 @@y @ € @ @ = min{Q'}, and

Ql 51 §1+1 a1 ai+l B1 P+l 52 52"1‘1 az ags+l B2 B2+l
27 2 220 2 2200 2 220 2 2290 2 1229 2

Lemma 4.2: Assuming equal noise power at R and Uy under high SNR conditions
over both the S-R and R-Us links, i.e., psp — 00 and pry, — 00, the asymptotic outage

probability of Us is given by 750,“53 = 7:[1 + 7:[2 where

12

my—1 mi1—1 N F(V_ &Z)F(dl) l—1H7é F(—(IZ+C~LZ) o —ay

T DI DI S H T < C ) ,
ri=1ro=1 ur=0 uy=0n=1 ap Hk:lr(bk’_al) CoWeyCsy

(4.35)

and
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12 N

Il r(a,,—!a,)r(al)(%%g)

1% 12 p—ill “

x (T;" Z ZTZ i , (4.36)
0) ri=lra=1 I=1 1 T(bx — a))T(1 + ;)

k=1

with a; € Q and a; = min{Q}.
Proof. See Appendix A.3.4 for proof. O

Similar to (4.33) and (4.34), the simplified expression of 750ut,2 for a special case of
Gamma-Gamma distribution for FSO link and Rayleigh distribution for RF link is given
by 750ut72 = Hy + Hi, where

P(V-a)0@) 1] T(-dj+a)

1 =1 &’;ﬁal /"Le a
Hi=2K! l 4 > , and (4.37)
4 F(N) CLZ k 1 (bk ) C(/, eqC4

N
1 Cy CIC4 e _a;
(Coc3> K- 1( Cs )iinp 1l (@ a;)ﬂ“;)(;@fqug)
(v [Tici Db —apT (1 +ap)

ri=1l=1

Hy = 2K, (4.38)

1
where C) = .
o ‘ 1({71) — QQIQQ

Remark 4.1: For equal transmit SNR conditions, i.e., psr = pru, = PRU, = P (Say),
the end-to-end asymptotic outage probability of Uy and U, under the proposed NOMA
based OIRS-RIRS-assisted mized FSO-RF communication system with SLIPT behaves as

730ut7j o p~94, j € {1,2}, where Gy is the achievable diversity order given by
Ga—min {91,082 2], (139

Further, for a special case of Gamma-Gamma distribution for FSO link and Rayleigh
distribution for RF link, the achievable diversity order can be obtained from (4.33), (4.34),

(4.37), and (4.38) as
gd_min{ﬁlalﬂlfzaﬂ@}_ (4.40)

4.6.3 Throughput Analysis

Under delay limited transmission, the throughput of j** user (i.e., U;) can be obtained
from the analytical expressions of their corresponding outage probabilities as U; =

(1 — Pout,j) R; with R, be the target rate of Uj.
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4.6.4 Ergodic Capacity Analysis

As the considered mixed FSO-RF system model employs a DF relaying approach, the
achievable rate is constrained by the weakest link. As a result, taking both S-R and R-U;

links into account, the attainable (Shannon) rate of U, is given as [86]

1
Rj = 5 logy (1+Amin {Trg;,Tu,.a, }), (4.41)

where A = 1 corresponds to coherent detection and A = 5= corresponds to the direct
detection scheme. The ergodic capacity of U; can be obtained by evaluating the statistical

average of R; over the end-to-end instantaneous SINR as

1 o0
Cergj = E{Rj} =5 /0 logy (14 Av) fry, (v)d, (4.42)

where I'g,=min {FR@],,FU].%.} and prj(y) is the PDF of I'g;.

Lemma 4.3: The unified (for coherent and direct detection schemes) anlytical
expressions for the end-to-end achievable ergodic rate of the near and far users (i.e., Ui
and Uy, respectively) under the proposed NOMA based OIRS-RIRS-assisted mized FSO-RF
system with SLIPT can be written as Cergj = Lj1 + Ljo, where j € {1,2}, Li1, L2, Lo

and Log are given as

Kegmy™
‘CH = wlf’mogmor mO Z Z T

ri=1rqo=1
w1mo
o OLi1,051,13 [ P17, %0 (2-mo,1,1)|—  {2-a,)}2,(21) (4.43)
1,1;0,1;13,5 ) .
wl\ﬁfieq/\ (1 —myp,1,1)[(0,1) (1,1),{(2—bk,1)}k:1
eq

wimg 14,1 v, |-L0,P-1
Lo E E T, — |G 4.44
wlr mo <w1m07 P 7/ QO) 6,14 w1 e A‘ 11 ) ( )
ri=1rgo=1 q Q 5

mi1—1 mi—1 N

ZnCo [ In(1+ Ay)w
DD IE D DD I | £ / S
ri=I1reo=1 u1=0 un=0n= 1 —w 7)
w2(y) r
0,1;2,0:0,12 | Cw1(7) (1,1,1) | — {Q—a;,1)},2,
H110212,4 ; (4.45)

e 1 [(0,1,1) | (v —1,1),(0,1) [{(1=bg,1) Y,
‘lleqw1(~/)
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Algorithm 1 Alternating Optimization to solve P1
Input: wa{”,Vn e{l,---,N}.

1: Repeat

2: forn=1: N do

3: Find Awé) by fixing others Zwy
4: Obtain Awl({b),Vn and wl({") = ’wR
5

: until objective function in P1 converges.

(™) 1y # n and solve P1 using the SCA approach.
efLéwl({ Y .

and

111 1+A7w2 12,0 g Y P-1
Lo =K ZT/—G41 Yoy
g (ws = w1y) eg W2~ W1V |Q - 1

[ mil milﬁz ( (Cow?}lm)gff (2 Co W))] dy. (4.46)

wo—w w—w
im0  uN=0n—1 2—wW1Y 2— W17y

Proof. See Appendix A.3.5 for proof. O

Remark 4.2: To the best of author’s knowledge, (4.45) and (4.46) cannot be solved
further analytically. However, numerical tools can be used to quickly evaluate Lo1 and
Los. Furthermore, we can obtain an upper bound (UB) on the achievable rate of Uy by
considering high transmit SNR conditions. For psgp — oo and pry, — 00, it follows from
(4.2) and (4.9) that Tra, ~ 2 and Uy, 3, = 1% Thus, using (4.41), we can obtain an

upper bound on Ra as

1 .
RIB ~ 5 log, <1 + min{wz, U?}) . (4.47)

It can also be noted that CUB, = RYP.

erg,2 —

4.6.5 Design of Reflection Coefficients of RIRS

In this section, we design the reflection coefficients of RIRS elements in order to maximize
the SNR at Us. More specifically, we optimize the reflection phase of n-th RIRS element
(i.e., éwgl)) such that the net phase error of the n-th composite RF link (i.e., (™ =
éhgn) —I—Zhén) — éwg )) approaches to zero. Furthermore, iterative algorithms are proposed
to obtain the sub-optimal solutions to this problem by utilizing the low-complexity AO

approach. The problem to design the reflection coefficients is given as follows.
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Table 4.2: Weather and Turbulence Parameters

Parameter A n Ap Rp Lsr o Vi Io YThl = YTh2
Value 1550 nm | 0.8 | 314 cm? 0.9 1000 m | 0.1, 0.01 25 mV 10-8 A 0.2

Table 4.3: System Specifications

Weather conditions of FSO link

Scenario | Visibility 9 Attenuation hé Scenario | Visibility 9 Attenuation hfb-
Foggy 0.5 km 4.839 21 dB/km 0.0079 Clear sky 10 km 0.102 | 0.43 dB/km | 0.903
1 km 2.072 9 dB/km 0.1259 26 km 0.039 | 0.17 dB/km | 0.962
Turbulence Conditions
MT: 8 = 3.78, a = 5.41 [ ST: B =1.70, « = 3.99

P1: max Yy, st. S1: 4w1(>?) € {0,A0,---,(Q —1)A6}.

Lo
where Af = 27 /L and 7y, is defined in (4.22). Since (4.22) includes the terms associated
with éwgl ), the problem P1 becomes a non-convex optimization problem.

To solve this problem, we consider an iterative approach based on successive convex
approximation (SCA) and AO (as given in Algorithm 1), where the objective function
is maximized over individual sub-problems successively, and the algorithm iterates until
a feasible solution is obtained. In other words, the phase shift of one reflecting element
is optimized in each iteration by keeping the others fixed, resulting in the suboptimal
solution.

Since the proposed algorithm depends on SCA and AO approaches, the convergence
of proposed algorithm can be verified with the convergence of these approaches. As shown
in [105], the AO algorithm converges when each iteration involves a convex optimization
problem. Moreover, SCA, being based on the first-order Taylor series approximation,

converges to a convex problem [106]. Thus, Algorithm 1 guarantees convergence.

4.7 Numerical Results

In this section, we present the analytical and simulation results for the outage probability,
throughput, and ergodic capacity at each user under the considered NOMA-based
IRS-assisted mixed FSO-RF system utilizing SLIPT. The important system parameters
considered for numerical results are given in Table 4.2, and the parameters corresponding
to atmospheric and weather conditions used in this section are mentioned in Table 4.3.
For numerical results, it is assumed that the channel conditions of S-OIRS and OIRS-R
links are identical to each other. Since U; is closer to R as compared to Us, we have
taken average channel gain of R-U; link to be higher than that for R-RIRS and RIRS-U,

links, i.e., Qg > Q1,Qs. Unless otherwise mentioned, the channel fading parameters for
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Figure 4.2: Impact of DC bias on the received average SNR and harvested power at R.

R-Uj, R-IRS, and IRS-Usy links are taken as (mq, Qo) = (2,1), (m1,Q1) = (1,0.01) and
(ma, Q) = (2,0.01), respectively. Further, the value of beam divergence at S, angle of
incident at OIRS, and angle of beam incidence at R are chosen as g = 0.175 mili-radian
(mrad), ¢g = 0°, and ¢r = 68.45° respectively. The minimum reflection amplitude
(Wmin) for the RIRS is set as 0.8, unless defined otherwise. The noise variance at R, Uy,
and Uj is assumed as unity such that the transmit SNRs psr = pru, = pru, = p. Unless
mentioned specifically, we have considered clear sky conditions with a visibility (V') of 10
km (i.e., 0.43 dB/km).

Fig. 4.2 illustrates the impact of DC bias B on the average SNR of OIRS-assisted FSO
link denoted by 4r = £ {yr} and the average harvested power at the node R, denoted by
Py = £ {Py}. In this figure, the DC bias B is varied between B, = 0 mA and Byax = 20
mA. We have fixed the transmit SNR p at 30 dB and have observed the variations in
Ar and Py for varying turbulence and pointing error conditions. Intuitively, increasing B
increases the Py monotonically under all turbulence and pointing displacement conditions.
However, the information-bearing signal vanishes as B is approaches to By or Bunax, i.€.,
0 = 0 and thus, the average SNR at R approaches 0. We have also shown the harvested
energy and received average SNR at R without the OIRS in Fig. 2.3. It can be seen from
the figure that harvested power through the FSO link without the use of OIRS is less in
comparison to that of OIRS-assisted FSO link. This is because of the reduced effective
misalignment by the OIRS due to its large beam waist. Moreover, it can be observed from
Fig. 4.2 that the 4g is maximized at B = 10 mA, which is consistent with the theoretical

Bmax+8min
2

optimum of DC bias at B = . As a result, there exists a trade-off between Ay



Chapter 4. SLIPT-Enabled IRS-Assited Mized FSO-RF Communication System 91

a
100 (‘)
R -
=T o S S
)
<
o)
-
[
&
210 ]
05 out,2r IV =4 ]
""" 73out,Zv N =10 X
Pout.» (Sans RIRS) MT ~ \’:
10-3 x Simulation ‘ ‘ ‘ ‘
-10 0 10 20 30 40 50
p [dB]
10° ®)

..........
e e T * S

ST TSR LT LT
L o s

______

Outage Probability

107? =
-= 'Pout,Zv N=4 b
1074 == Pout,2» N =10
Pouto (Sans RIRS) . A
105 x  Simulation | | ‘ | ~x.. X
-10 0 10 20 30 40 50

Figure 4.3: Variation of outage probability w.r.t transmit SNR with we = wy = 0.7 under
a) O0s,1 =052 = 0.1 and (b) 05,1 = 05,2 = 0.01.

and Py at node R. To improve the average harvested power, one might need to sacrifice
the average SNR at node R. Considering the information SNR on priority, we have taken
optimum DC bias (that maximizes the average SNR) of 10 mA for all the subsequent
results, in this section.

Fig. 4.3 shows the outage performance of the proposed IRS-assisted mixed FSO-RF
network utilizing downlink NOMA with SLIPT under different jitter deviation conditions
asa) g1 = 0g2 =0.1,and b) 051 = 052 = 0.01. It is clear from the figure that the outage
performance of both the users under the considered system deteriorates significantly for
strong turbulence (ST) and high jitter conditions over the FSO links. For example, at
p = 40 dB, the values of Poys,1 for MT are 1.45 x 10~* and 9.01 x 102 under a jitter
deviation of 0.01 and 0.1, respectively, whereas for same p with ST, the Poyt,1 increases to
7.7 x 1073 and 4.1 x 1072 for a jitter deviation of 0.01 and 0.1, respectively. The outage
performance of U, is affected by the size of the IRS.

Observation 4.1: It can be noticed from Fig. 4.3 that for achieving the desired outage
performance of Us, we need significantly less transmit SNR for large size IRS. For example,

to attain the outage performance of 1073 at low jitter deviation and MT, the considered
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system requires a transmit SNR of 24 dB and 32 dB for N = 10 and N = 4, respectively.
Stmilarly, for high jitter conditions with MT, the transmit SNR requirements to achieve an
outage probability of 0.01 are 10 dB and 19 dB for N = 10 and N = 4, respectively. As a
benchmark, the outage performance of Us is also compared with a system sans IRS, where
the R directly communicates with Us. It can be seen from Fig. 4.3 that the system without
RIRS requires very high transmit power to obtain a sufficiently small outage probability

under all the turbulence and jitter conditions considered in the figure.

Since the considered IRS-aided mixed FSO-RF system employs a power-domain
NOMA strategy in both the hops, it is critical to investigate the impact of the user’s
power allocation on the system’s performance. Fig. 4.4 shows the variations of outage
probability of both users w.r.t power allocation factors of both hops. In Figs. 4.4(a) and
(b), we have demonstrated the outage behavior U; and Ug, respectively, with varying
power allocation factor wp of FSO link. It can be observed from Fig. 4.4(a) that Pout 1
is minimized for wy = 0.5 for different settings of wo considered in the figure, whereas
Fig. 4.4(b) depicts that Pyt 2 decreases monotonically with an increase in wy for all values

of w9. The intuitive reasoning for P,yt,1 minimizing at nearly equal power allocation to
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both the users is the dependence of Pyyt,1 on the successful decoding of the data of both
the users and the single destination node R to receive the data over cascaded FSO link.
We have also plotted the Poyt,2 versus wy performance for the benchmark system (sans
RIRS) for comparison in Fig. 4.4(b). It can be observed from Fig. 4.4(b) that for a given
wWa, the outage probability of Uy (in the absence of RIRS) saturates for small values of ws.
However, using an RIRS with N = 20 provides a significant gain in the outage performance

of Ug.

In Figs. 4.4(c) and (d), we have shown the variations of Poyut,1 and Poyt,2, respectively,
for varying w9 (power allocation factor over RF link) and fixed wy. It can be seen from
Fig. 4 (c) that Poyut,1 is minimized at w9y = 0.5 especially for wo = 0.5 under poor channel
condition of R-Uj link (i.e., 29 = 0.01). However, if the channel conditions of R-U; link
are improved (i.e., Qg = 0.1), Poyt,1 is hardly affected by the power allocation factor ws.
This is because for the DF relay assisted dual hop mixed FSO-RF network, the overall
outage performance depends on the minimum of the SINRs/SNRs of FSO and RF hop.
Since for given value of ws, the average SNR of FSO hop is constant, increasing the
average SNR of RF hop beyond a specific value does not affect the outage performance.
Similarly, It can be seen from Figs. 4.4(d) that for N = 10, the outage probability of Us
decreases exponentially with ws. However, if the channel conditions are improved by an
increase in number of RIRS elements, outage performances of Uy is almost unchanged for
a large range of w9 for all the values of ws considered in the figures. Moreover, it can be
noticed from Fig. 4.4(d) that Pyt 2 is minimized for large values of wy, whereas Fig. 4.4(c)
shows that Poyt,1 is minimized at wg = 0.5. All the analytical results are verified through
simulations. With the help of these results, one can select the appropriate power allocation
factors for both the hops under given system parameter conditions to develop a reliable

communication system.

Fig. 4.5 depicts the impact of the length of the cascaded FSO link (i.e., S-OIRS-R)
on the outage performance of the far and IRS-assisted user Uy under various weather
conditions and DC bias settings. It can be noted from Fig. 4.5 that for all the values of
DC bias considered in this figure, the outage performance of Uy degrades rapidly with Lgr
under light fog conditions contrary to the very slow degradation under clear sky scenario.
For example, at Lsgr = 1 km with light fog and B = 10 mA, the Pyyt2 values increase
drastically from 0.0096 to 0.25 for a decrease in the visibility from 1 km and 0.5 km.
Whereas, under clear sky conditions, even if the visibility changes from 26 km to 10 km,

the outage probability of Us increase slightly from 4.5x 1074 to 5.2x 10™%. Furthermore, it
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Figure 4.5: Variations of outage probability of far user Uy with FSO link distance at MT
and low jitter deviation with wy = we = 0.7, p = 30 dB, and N = 10.

has again been verified from Fig. 4.5 that B = 10 mA (i.e., optimum DC bias as discussed
in Fig. 4.2) provides the best outage performance under all the weather scenarios. It can
also be noted that the outage performances for DC bias values of B =5 mA and B = 15
mA are similar for all weather conditions due to the equal deviation from the optimum

DC bias value of 10 mA and corresponding equal deviation in the average SNR at R.
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Figure 4.6: Impact of channel estimation error on the outage performance of Uy with
W9 = 'lf)Q =0.7.

In practical scenarios, the imperfect feedback may cause errors in acquiring the CSI at

the communication nodes, especially in the IRS-assisted networks. Therefore, in Fig. 4.6,
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we have investigated the impact of channel estimation error (CEE) for the cascaded link
between R and Uj (i.e., R-RIRS-Us) on the outage performance of Uy under MT and low
misalignment deviation conditions. The CEE for the cascaded R-RIRS-Us link can be
calculated as CEE = & UhRU2 - ;LRUQ ’

} , Where fLRU2 is the estimated channel coefficient
corresponding to the exact channel coefficient hry,. We have plotted the Pyyui,2 versus p
curves for varying CEE (0%, 10%, 20%, and 30%) values and N = 4,10 in Fig. 4.6. The
0% CEE refers to the perfect CSI case.

Observation 4.2: It can be observed from Fig. 4.6 that the outage performance
deteriorates with increasing CEE and the degradation is significant for small values of
N. For instance, with N =10 and N = 4, an additional transmit SNR of about 4 dB and
8 dB, respectively, is needed to achieve an outage probability of 1072 with 20% CEE as
compared to the perfect CSI case.
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Figure 4.7: Variations of outage probability of Uy with FSO link distance at MT and low
jitter deviation with wy = w9 = 0.7, p = 30 dB, and N = 10. b). Impact of channel
estimation error on the outage probability of Us with we = w9y = 0.7.

Fig. 4.7 shows the outage performance of Uy (assisted by RIRS) for different discrete
phase shifts realized by AO algorithm 1. It is worth noting that if the net phase shift
Y™ due to imperfect CSI at RIRS is uniformly distributed between [0,2n] (indicating
the maximum randomness), the outage achieved can be considered as a upper bound. It
can be clearly seen from Fig. 4.7 that by optimizing the reflection phase of each RIRS
elements, the outage probability of U, is significantly reduced as compared to the upper
bound. Further, as quantization levels @) increases from 2 to 8, the outage performance

of Uy improves and the outage performance at () = 8 is very close to the ideal reflection
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case (i.e., zero phase error).

Fig. 4.8 shows the throughput performance of U; and Uy (denoted as U; and Us,
respectively) for considered NOMA-based IRS-assisted mixed FSO-RF system w.r.t the
transmit SNR under different turbulence and pointing error conditions. It can be seen from
Fig. 4.8 that for significant pointing error conditions (i.e., 051 = 052 = 0.1) at both the
OIRS and R, the throughput performances of both the users are severely degraded (under
all atmospheric turbulence conditions) in comparison with the same for negligible pointing
error conditions (i.e., 051 = 052 = 0.01). For example, at p = 15 dB under MT, the U,
gets almost doubled (from 0.475 to 0.922) with a reduction in jitter deviation from 0.1 to
0.01. It can also be revealed from Fig. 4.8 that the throughput performance of both the
users deteriorates under ST conditions, however, the impact of pointing error variations
is significant as compared to the same for turbulence conditions. For the RIRS-assisted
user Us, we have compared the throughput performance of Uy with a benchmark system
without IRS and it is clear from Fig. 4.8 that use of an IRS provides notable gains in the
throughput of Uy and hence improves the power efficiency of the system. For example, to
achieve the throughput of 0.6 for Uy at 051 = 052 = 0.1 and MT, the system sans RIRS

requires approximately 14 dB extra power compared to system with IRS.

Figs. 4.9(a) and 4.9(b) depict the variations of the outage probability and the system
throughput, respectively, (for both the users) w.r.t to the target rates under the considered

NOMA-based IRS-assisted mixed FSO-RF network. For Figs. 4.9(a) and 4.9(b), we have
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(R1 = R2) under the considered network for N = 10 and different values of p and w;.

kept same simulation setup and we have assumed that the target rates of U; and U,
are equal. We have also assumed two different values of p and w; as p = 10,20 dB and
wp = 0.1,0.3. It can be noticed from Fig. 4.9(b) that for increasing target rate, the
throughput first increases to a certain value of target rate and beyond that it quickly
approaches to 0 for all values of p and w;. However, the value of target rate at which
throughput is 0 is independent of p. Since outage probability is dependent on the target
rate as well, we have plotted the outage probability curves for both the users with different
values of p and w; in Fig. 4.9(a). Observing the variations of outage probability w.r.t
target rate, it can be deduced that the outage probability initially increases slowly w.r.t
target rate, however, beyond certain value, it suddenly rises up to unity. This is why,
the throughput of the system suddenly fall to 0. The values of the target rate at which
throughput becomes 0 (or outage probability becomes unity) is 3.33 and 1.75 for w; = 0.1
and w; = 0.3, respectively. It can also be observed from Fig. 4.9(b) that the rate of
increase in the throughput w.r.t target rate is slightly higher for larger value of p for all
the values of w; and for both the users. Moreover, it can be noted from Figs. 4.9(a) and
(b) that as the target rate increases, the outage as well as throughput performances of
both the users are superior for w; = 0.1.

Fig. 4.10 shows the ergodic capacity performance of the considered NOMA-based
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IRS-assisted mixed FSO-RF system utilizing SLIPT technology under different turbulence
and pointing error conditions. In Figs. 4.10(a) and (b), we have shown the variations
of ergodic capacity w.r.t average transmit SNR for U; and Us, respectively. It can be
noticed from Fig. 4.10(a) that the ergodic performance of U; severely degrades for larger
misalignment error conditions in comparison to the degradation for strong atmospheric
turbulence. Moreover, the impact of turbulence condition is dominant at low pointing
error values. It is intuitive to observe from Fig. 4.10(a) that larger power allocation to
U; achieves better ergodic capacity. Fig. 4.10(b) also depicts that the ergodic capacity
performance® of Uy is superior for low pointing error conditions for all the values of w;
considered in the figure. However, as the transmit SNR increases, the gap between the
capacity values for low and high pointing error conditions reduces. This is because of the
saturation in ergodic capacity of Usg is reached at a lower value of transmit SNR under
low jitter conditions. We have also plotted the upper bound on Ceg 2 (given in (4.47)) in
Fig. 4.10(b) which overlaps with the numerically obtained capacity values for high transmit
SNR conditions. It shall be noted from Figs. 4.10(a) and (b) that the ergodic rate of Uy is
significantly higher as compared to that for Us, for all values of average SNR. Moreover,
due the SIC, the ergodic capacity of Uy gets a floor in the performance.

Observation 4.3: It can be seen from Fig. 4.10(b) that the ergodic rate of Uy can be
slightly improved by using a large size RIRS. For example, at an average SNR of 20 dB,
w1 = 0.1, strong turbulence, and high pointing error conditions, the ergodic rate increases

from 1.21 to 1.332 with an increase in N from 8 to 12.

3Here. the analytical values of Cerg,2 have been obtained by numerically integrating (4.45) and (4.46).
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Figure 4.11: Impact of power allocation factors on the ergodic capacity OF U; and Us at
MT with p =20 dB, and 0,1 = 0,2 = 0.01.

In Fig. 4.11, we have shown the impact of power allocation factor on the ergodic
capacity of both the users under moderate turbulence and low jitter deviation conditions.
Specifically, we have plotted Cerg1 and Cerg2 Ww.r.t wy under two conditions (i) similar
power allocation in both FSO and RF hops (i.e., wa = w2), and (ii) fixed power allocation
in FSO hop (i.e., wa = 0.5). It can be seen from Fig. 4.11 that under the condition
(i), Cerg,1 (or Cerg2) decreases (or increases) for increasing ws, whereas under condition
(ii), Cerg,2 saturates at a small value after wy = 0.5 and Cerg,1 is almost constant up to
sufficiently high value of wy under the condition of psg = pru,. Thus, it can be deduced
from Fig. 4.11 that varying the power allocation over both the hops equally can result
in enhanced capacity for Uy by keeping the sum rate constant. Further, if we increase
the transmit SNR of FSO hop, i.e., psr = pru, + 20 dB, the ergodic rate of U; behaves
exactly same under both the conditions of wy = w9 and we = 0.5. We have also plotted
the UB on the ergodic capacity of Us under both the power allocation conditions and it
is clear from the figure that it follows well. The impact of N on the capacity performance
of Us can also be observed from Fig. 4.11 as larger values of N can provide significantly

high capacity gains for the far user.

Fig. 4.12 compares the ergodic sum rate performance of U; and Uy for the proposed
NOMA-based IRS-assisted mixed FSO-RF system utilizing SLIPT with an OMA-based
IRS-assisted mixed FSO-RF system as well as a mixed FSO-RF system sans IRS. The
results clearly demonstrate that the ergodic sum rate is significantly higher for the

proposed NOMA-based system compared than that for the OMA-based system across
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Figure 4.12: Comparison of ergodic sum rate performance for NOMA-based IRS-assisted
mixed FSO-RF system utilizing SLIPT with OMA-based IRS-assisted mixed FSO-RF
system as well as mixed FSO-RF system sans IRS

all ranges of SNRs. Furthermore, the integration of RIRS in both the NOMA and
OMA systems leads to an additional improvement in the ergodic sum rate. Thus, it is
evident that the proposed NOMA-based IRS-assisted mixed FSO-RF system with SLIPT
outperforms the conventional OMA-based system and the mixed FSO-RF system without
IRS. The higher ergodic sum rate achieved by NOMA, coupled with the benefits of RIRS
integration, highlights the potential of this approach for future wireless communication
systems.

Observation 4.4: NOMA consistently outperforms OMA in terms of the transmit SNR
requirements. This can be attributed to the higher spectrum efficiency of NOMA, enabling
it to achieve better performance with lower SNR. For instance, to achieve a sum rate of
10 bps at N = 10, NOMA requires an SNR of approximately 30 dB, while OMA requires
an SNR of approximately 38 dB. This highlights the superiority of NOMA in terms of

achieving higher data rates with lower power levels.

4.8 Summary

In this chapter, we have investigated the performance of OIRS-RIRS-aided DF relay-based
mixed FSO-RF system utilizing a NOMA technique to assist two users in the RF link.
The energy constraint problem of the wireless relay node is addressed by employing EH
at the relay through SLIPT. Considering the instantaneously harvested power to be used

by the relay for transmission over RF hop, we derived the analytical expressions of outage
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probability, throughput and ergodic rate for both users over M-distributed FSO link with
pointing error and Nakagami-m fading in the RF link. We also analyzed the system
performance for asymptotically high transmit SNR conditions and obtained the diversity
order of the system. Numerical results with useful observations were provided to see the
impact of system and channel parameters on the system’s performance. The integration
of RIRS exhibits significant improvement in the performance of the weak user. Moreover,
we also investigated the system performance for different power allocation settings over
both the FSO and the RF links.

It has been shown through simulations that deployment of an OIRS with sufficient size
and desired orientation improves the amount of harvested power to enable the reliable data
transfer over the next hop. Furthermore, the deployment of an RIRS of suitable size and
optimized reflection coefficients over RF hop ensures the sufficient received signal power,
especially in the low transmit power conditions. Moreover, the simulations results show
that the performance of proposed system with the practical discrete phase shifts realized
using AO algorithm approaches to that of ideal phase shifts as the number of quantization

levels increases.
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Chapter 5

SOS for OIRS-Assisted FSO

Communication System

5.1 Introduction

The efficiency of a wireless communication system degrades significantly in mobile channels
with simultaneous time-variant multi-path fading and shadowing due to signal envelope
variability [79]. Moreover, the temporal fluctuations in the received signal, resulting from
the relative mobility of transmitter-and-receiver leads to the Doppler effect [29]. The
effect of Doppler spread is more prominent at relatively lower wavelengths, e.g., as we
go into mmWave communication and higher. Moreover, future 6G applications requires
ultra-reliable low-latency communications, which necessitates a time-based performance
evaluation. Thus, it becomes vital to characterize the dynamic temporal behaviour of

fluctuations in the received envelope [107].

Conventionally, the first-order-statistics such as outage probability and bit-error-rate
has been considered as a useful metric to measure link performance and it has been
thoroughly studied for a variety of system models under different fading statistics.
However, it captures the static behaviour of system under consideration [31]. To
characterize the dynamic behaviour of the a system with multipath fading, the study of
SOS, i.e., LCR and AOD have gained significant importance [32, 33, 34, 35, 36, 37, 38]. For
example, for error control coding schemes, the statistical properties of outage time frames
help the system designer to assess and implement adaptive communication systems. More
importantly, it is crucial to study these performance metrics for choosing practical system
design parameters, such as transmission symbol rate, interleaver depth, packet length, and
time slot duration [33].

This chapter considers an FSO communication network utilizing a multi-aperture
detector that performs SC to achieve spatial diversity. Assuming the inaccessibility of

a direct FSO link, we consider the deployment of an OIRS to assist the communication.
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The efficacy of the system under consideration is investigated by using the useful SOS. The
SOS analysis is carried out in the presence of atmospheric turbulence, foggy conditions,
and misalignment error. Specifically, the closed-form analytical expressions of LCR and
AOD of SNR at the output of the SC receiver under non-isotropic scattering environment
are eveloped. The effect of various system and channel parameters on LCR and AOD
performances has been demonstrated, including the number of OIRS elements, the number
of receiving apertures, Doppler shift, misalignment error and fog parameters, mean AOA,
and degree of non-isotropic scattering. Further, by using FSMC model, we derive PER
using the derived LCR expression. In order to have optimum packet length using FSMC
model, we employ SW-ARQ protocol. The optimized packet length, which provides the
maximum throughput under the SW-ARQ protocol, is also determined. Additionally, it

is shown how different system settings affect PER and throughput performances.

5.1.1 State-of-the-Art

The study of SOS in terms of LCR and AOD has been extensively done in the existing
literature. The LCR and AOD was investigated for the first time by Rice in his
pioneering research [32]. Later on, many researchers have investigated SOS under
different channel and system model [33, 34, 36, 37, 38]. The authors in [33] studied
the SOS of multipath fading channels considering the non-isotropic scattering scenario
under Rayleigh, Nakagami, and Rician channel distribution. In addition, the dynamic
time-varying attributes of the various fading channel are well explored through SOS.
In [34], the authors derived exact closed-form expressions for the LCR and AOD of
the signal envelope in F composite fading channels for device-to-device communications.
Furthermore, in [34] the response of LCR and AOD is analyzed under multipath fading
as well as shadowing conditions. The study of SOS for relaying system was investigated
in [36, 37, 38]. Further, the study of SOS for the diversity combing techniques was well
explored in [108, 109, 110, 111, 112]. The authors in [108] obtained exact closed form
expressions of LCR and AOD for output signal envelope of Selection combiner corrupted
by AWGN under Rayleigh, Nakagami, and Rician fading. The authors in [109] obtained
exact closed-form expressions of LCR and AOD for output signal envelope of SC, maximal
ratio combining (MRC), and equal gain combining (EGC) receiver corrupted by AWGN
under Nakagami fading and the impact of diversity and the number of receiving branches
were analyzed. Further, in [110, 111, 112], the authors derived closed-form expressions of

LCR and AOD for the interference-limited systems utilizing MRC receiver. The derived
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LCR expression in [110, 111, 112] was used to obtain the PER and optimal packet length
for throughput maximization by deploying the SW-ARQ transmission scheme via FSMC
model. However, the authors in both [111] and [112] considered Rayleigh distribution for
the desired as well as interference links. The major limitation of these diversity receiver
system is that they require multiple receiving antennas leading to complexity and increased
cost.

In the context of the FSO communication network, the performance analysis in terms of
first-order statistics has been extensively done over past years. However, the performance
analysis in terms of SOS is limited [35, 113, 114, 115]. In particular, [35] developed
integral and Gauss Laguerre equations for the SOS (such as LCR and AOD) considering
the multi-hop FSO links taking into account the weak atmospheric turbulence (modeled
as log-normal distribution) and misalignment error. In [113], the closed-form analytical
expressions of LCR and AOD are derived for a hybrid RF-FSO-RF vehicular network
where RF link is modeled as Nakagami fading distribution whereas the FSO link is modeled
by Gamma-Gamma fading. In [114], authors considered an AF-based multihop FSO
communication system and investigated LCR and AOD under atmospheric turbulence
modeled by Gamma-Gamma fading. Recently, the LCR and AOD were derived for the
satellite to unmanned aerial vehicles (UAVs) FSO communication network under weak

atmospheric turbulence and pointing error[115].

5.1.2 Novelity and Contributions

To the best of the authors’ knowledge, there is no existing literature that examined the
SOS for an IRS-assisted FSO communication network. Therefore, we present a novel
framework that study SOS for OIRS-assisted FSO communication network. In order to
combat fog, turbulence, and misalignment error, we employ spatial diversity technique
based on SC technique where the signal with maximum received power is used for
detection. Furthermore, we utilize Gamma-Gamma fading distribution for the atmospheric
turbulence with fog and misalignment errors at the OIRS and PD receiver. This study is
extremely beneficial for delay-sensitive applications, especially in vehicular communication
scenarios.

The chapter’s technical contribution is outlined as follows:

e We consider an OIRS-assisted FSO-based communication network consisting of a
single-aperture transmitter and a multi-aperture receiver and derive the statistical

distribution of the received SNR at a particular receiving aperture by assuming
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independent and non-identically distributed (INID) optical links.

e Under the impact of random fog, Gamma-Gamma distributed atmospheric
turbulence, and zero-boresight misalignment errors, we derive the closed-form
analytical expressions for LCR and AOD for the considered FSO-based

communication network under the non-isotropic scattering environment.

e Further, using FSMC model, we derive an expression for the PER utilizing the
derived LCR expression. To achieve optimum packet length using the FSMC model,
we employ a SW-ARQ protocol at the link layer. The optimized packet length, which

provides the maximum throughput under the SW-ARQ protocol, is also determined.

e Extensive numerical results have been provided to show the effect of various system
and channel parameters such as the number of OIRS elements, the number of
receiving apertures, Doppler shift, misalignment error and fog parameters, mean

AoA, and degree of non-isotropic scattering on the system’s performance.

5.2 System Model

We consider a down-link FSO-based communication network, where the information signal
is transmitted via a single aperture transmit source (S) and received by mobile user
destination (D) consisting of J = {1,2,---,J} receive apertures where the j-th receive
aperture is denoted by D;. We employ SIM technique at S, where the optical carrier or
laser beam is intensity modulated using the digitally modulated RF sub-carrier. Further,
non-coherent IMDD technique is employed at PD of D; to detect the received signal. In our
scenario, the direct link from S to D; is blocked due to obstacles such as buildings, trees,
and heavy vehicles. Therefore, communication between S and D; for j € J is facilitated
by an OIRS that comprises N elements capable of reflecting signals. Such situations are
common in urban environments, where severe shadowing can cause connectivity issues

with direct link for the signal received at the receiver.

5.2.1 Transmission Scheme

The node S uses SIM to transmit electrical message signal z,,(t) at time ¢ over the FSO
link. Assume Pg be the transmission power available at S for transmitting the optical

signal s, (t), then s,,,(t) is written as

$m(t) = /Ps [6xm(t) + B], (5.1)
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Figure 5.1: System model of OIRS-assisted multi-aperture based communication network.

where § is the electrical to optical conversion coefficient and B is the DC bias that has to be
added to zp,(t) to ensure non-negative signal. The incoming optical signal at D; is passed
through an optical band pass filter (OBPF) that restricts the background radiations [116].
The output of the OBPF is then fed to the PD of D;. Let the vectors Iig (¢) € CY*V and
Ing (t) € CY*N represent the channel gain vectors for S to OIRS (SR) and the OIRS to

D; (RDj) links, respectively. Then, received signal at D; can be given by
D, (t) =nRpAp+/Ps I:SFR(t) (")IRD]- (t)sm(t) + €D, (1), (5.2)

where Ps be the total transmit power available at S, n is the optical to electrical conversion
coefficient, Rp and Ap are the responsivity and detection area of the PD; ep, ~ N (O, O']%j)

is the ZM-AWGN introduced at D;. The matrix © is an N x IV diagonal matrix containing

the reflection coefficients of OIRS, defined as ® = diag {wg ), ‘e ,w(ON)} , where reflection

(n) .
eI’7o ep; ~ /\/(O,cr%j) is the

coefficient of n-th OIRS unit is given by wgl ) = ‘wgl )

AWGN introduced at D; that accounts for background and thermal noise. If n-th elements

of IZ; () and Ing (t) are represented as IS(;{) (t) and I}(g))j (t), respectively, we can rewrite

(5.2) as

15, ) eﬁ”"“”]éx(t)

/

N
ri,(t) = nRp Apy/Ps LZ\I@?Q@)\ =8
=1

Tac

N
+77RPAP\/P_S[Z‘I§¥{)@)HW§)”) Btep,(t), (5.3)
=1

J/

n (n),
f of s

Ipc
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where A®™)(t) = Zlgg (t) —G—ZII(QSD)], (t)— éwg). It may be noted that the value of reflection
phase at n-th OIRS unit (i.e., éwgb )) can be chosen through optimization-based resource
allocation by maximizing a key performance metrics. Furthermore, it is reasonable to
assume that for optimized phase shift values at OIRS unit, the phase difference A®™ (t)
is sufficiently small and can be neglected for the purpose of performance analysis. It
can also be noted that the DC component present in received signal in (5.3) is unwanted
and can be discarded using the power splitter. The AC component is used for further

processing.

5.2.2 Channel Model

We consider that an FSO link suffers from the random fog, atmospheric turbulence and
pointing error due to the misalignment. Therefore, amplitude of channel coefficient of the

n-th FSO link is given by ‘I}”)‘ ‘I(") ,i € {SR,RD;,}, where ‘I}’? 7

a,i

) )

a,t ‘pz

and ‘II()?) denote the amplitudes corresponding to random fog, atmospheric turbulence,

and misalignment error, respectively.

Random Fog

The channel coefficient ‘I j(fnl) ’ exhibits path loss in foggy environment that causes extinction
of the optical signal by the process of absorption and scattering. The path loss in foggy

environment is random following the PDF given by [117]

(n)\ " (n)
Uz’ 1 Ti -1 v(m—l
f[ ﬁln — x¥i , O0<ax <, (5.4)
T ey e
where the value of parameter ’U(n) = L(A‘ﬁ???n) , Lgn) is the position-dependent link distance,

7™ S 0is shape parameter, (Z-" > 0 is the scale parameter in the range of 0 < 191(”)

where ﬁgn)

< 00,

is attenuation coefficient modelled by Gamma distribution.

Atmospheric turbulence

The atmospheric turbulence coefficient ‘I(Y;)‘ is modelled using Gamma-Gamma

)

distribution and its PDF is given by

(n) p(n)y o2 (n) (n)
20 7 B B -
(g B, 7)" > T 1K NORPCY <2 oz( )B( )m>, (5.5)
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where the fading parameters agn) and ﬂl(n) depend on position dependent link distance
and is associated to the effective number of large-scale cells defining the scattering process.

Further, K,(-) is the Bessel function of second kind and v-th order defined [68]

Pointing Error

The channel coefficient I]g?? accounts for pointing loss at OIRS/D; following the PDF

given by

<§i(n)>2 ()2
(x):—x(@' ) Lo<r <Al (5.6)

F Gy

p,i

2
where i € {SR,RDj;}, Agfi) = [erf(rgn))] is the fraction of power received at OIRS/D;

: : (n) _ 4(n) (n) . (n) (n)

where erf(-) is the error function [68]. Further, r;"” = d;" ﬁ/WZZ with d;" and WZZ
(n)

being the radius of the receiver aperture and the beam waist, respectively; §z-(n) = We(’,f) is

S,%

the ratio of equivalent beam radius (We(?)) and jitter deviation at OIRS/D; (US;-)). The

parameter §i(n) is pointing error factor, where 51-(71) — 0 corresponds to very high pointing
error and {i(n) — 00 corresponds to very low pointing error. The equivalent beam radius
is defined by
() (n)
n) (sz ) Vmerf(r;)
wi — )

L gy

(5.7)

It can noted from the above discussion that the misalignment parameter fi(n) is the function
of beam waist at the receiver of i-th link. Therefore, considering the link distances of SR
and RD; links, beam divergences, and incident angle of beam, we define the beam waist

at the receiver of i-th link as follows.
e Beam waist at the OIRS

Considering elliptical beam footprint at n-th OIRS element, the beam waist is expressed

as [30]

w L6y cos(65" /2)
z,SR T n n ’
2\ cos(dips + 057 /2)

(5.8)

where Hé”) is the beam divergence angle at S and qbg})RS is the incident angle of beam at

OIRS.

e Beam waist at the D;

The optical beam is perceived by D; as if it was transmitted by n-th OIRS element with

divergence angle GSLI)RS = fg (1 + L(S%) / Lg%j). Considering elliptical beam footprint at D
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, the beam waist at D; is given as [30]

- L eg)I)RS cos(6” /2)
z,D; = n n
’ 2 cos(¢r () +¢9( )/2)
™ ) )
4,( R+ Lnp, )93 cos(65" /2) 59)
2 cos(d)l(glj) + Gén)/2) 7

where qbg; ) is the angle of incidence beam at D;.

Further, the composite PDF of atmospheric turbulence and misalignment error, i.e.,

7™,

ap.i , can be obtained as
b

w=;

a,i

utilizing [63, (07.34.03.0605.01)] and [63, (07.34.21.0085.01)], we get

pZ

fiaeo (g) It (@) (5.10)

Substituting the PDF of from (5.5) and (5.6), respectively, and

and ’I("

o™ g™ (if"))z
(y):Ao,ZT (ozl(.n)>I‘ (ﬁg”)) G1,3 714((;;) {bgz)}i%:l ) (5.11)

where a <§ (n) ) and b {({ (n))»l o, 1}

(n
i

f

I(”)

ap,i

(n)

Lemma 5.1: The PDF of channel coefficient |I apz

which accounts

_‘I

random fog, atmospheric turbulence and misalignment error is given as

(n)

N\ () 3+ 0 (n) a@(n)’{vl(n)}l
<” ) Vi G gy, | G2 m® w | (5.12)
AR
P ) p=1 1
o™ g (m 2
b (5' ) (n) _ o™
wherew A(")F( DT and C;7 = AT
Proof. See Appendix A.4.1 for the proof. O

5.3 Statistical Distribution of SNR

Under this section, we obtained statistical analysis of SNR at D for the considered
OIRS-assisted FSO network by obtaining the statistical distributions of the received SNR.

Following (5.3), the maximum SNR of the j-th receive aperture D; assuming AD™M (1) =0
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can be expressed as

2

N
PRRARPs | 3 \fggj (t)‘ 2
I'p,(t)= = £5 |Isp, (1)]", (5.13)
oD,
where ‘Ié%)j (t)’ = ’Iéﬁ) (t)‘ ’wgl) RD)]» |, v= %, and ‘ISDJ. (t)| is the amplitude

channel coefficient of n-th received signal at D;. For a fixed ¢, the PDF of Ié%)j can be

evaluated as [89]

<1 U
f‘[(m‘) /O ’ f‘ﬂn) f)1<n>‘2 : (5.14)

=5

Substituting the PDF of |r"
(07.34.21.0011.01)], we get PDF of \zggj

from (5.12) in (5.14) and utilizing [63,

obtained as

Y (my \ R, UER
f)lm)) = (USR> (URD) W
1%
n) (1 (n) [, () SR o™ (n) TRD

6+78R +7ip, 0 CéR)Cl(H%ju aSR’{USR 1}1 ' ORD; 7{ RDI}
2740 ) 4r) el o 1 o N )
SR TTRD; SR TTRD; (2} {b(Sl:g,p} 1,{11&];{)—1}1 ,{b%]%j’p}p:f{vl(a]%j—l}l J
(5.15)

Remark 5.1: As per the definition of Meijer-G function Gpg" <

b .’ap ) defined in [63],
the parameters m,n,p, and ¢ must be a natural number, i.e., m,n,p,q € N. However, it
can be observed from (5.15) that the parameters of Meijer-G function in (5.15) involve
T-(n), i € {SR,RD;}, which is the shape parameter of the random fog over n-th FSO link

i
of i-th channel, and can take any positive real value. Therefore, it can be deduced that the
PDF expression obtained in (5.15) are valid for positive integer values of parameter 7'( n)
for all values of i and n.

Theorem 5.1: Considering channel coefficient Isp; to be the sum of N i.n.i.d. RVs as
Isp; = % ‘Ig/lj)j
and n—tZ:}RS element to Dj links, then the PDF and CDF of Isp; are given interms of

, where ‘Ié%)j‘ is the composite channel gain of S to n-th OIRS element
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multi-variate For-H function (defined in [104]) as

N VSRYRD, ) o (i

T .
fISDj (u) = H ‘ (n) ( SR)TSR (vRDj) fib;
n=1 Wo
(1) ~(1)
UCSRCRDJ-
=5
0,0:6-+74) +7)  Livs6+7iy +7iy) 1 — P {1, )Y
rerlienty ooy o 0 | | )0
(N) ~(N)
uCSR CRDj
=5"]
L 0
(5.16)
and
N w(n)w(n) (n
SRYRD; 2 &
Frap, (w) = u [ ] 2 (05700 (vl )0
n=1 ’wo
(1) ~(1)
CSRORDj
o
=
00564778 i 0.1 ' — P {(1, 1)}
0,1:3+r§}§+r§%j ,6+T§;>+ngj;-~;3+T§§)+T§JZ,; 76+T§g)+7}%§. _ (-1;1,---,1): Q
(N) ~(N)
UCSR CRDj
(V)
L |0 ‘
(5.17)
where
N
(n) (n) SR (n) (n) TRD
P_{GSR’ {“SR - 1} »@RD;> {URDJ - 1}1 ! } ’
n=1
3 T(n) 3 T(n) N
—fp) } { (n) _ }SR{ (n) } { (n) _ }RDj _ _
Q {{ SRpf,_ VSR lp "\ PrD;p (1 \VRD; 1y (5.18)
n=1
Proof. See Appendix A.4.2 for proof. O

The PDF and CDF of SNR, I'p; (described in (5.13)) can be derived from (5.16)

and (5.17), respectively, as

1
fD‘ :71fSD» (
r J(’Y) N Isp, (

Y

7)”2>,

(5.19)
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Fro, () = Frgp, ((;)1/2> . (5.20)

Further, the mean and variance of I'p; can be obtained from its moments.

and

Lemma 5.2: The k-th moment of SNR received at the j-th receive aperture D; for the

considered OIRS-assisted FSO communication network is given by

N ) (n)
1 Ysp¥rp, (n) i
E O\ _ (W (n)
S{FDJ}*zeHl i !wgw > (vgr)TS (vpp,)

n—

A w

0.L6+7{H +rhp L6478y iy 1 (=K, %, 3P
1,1:3+T§}§+T§§g BHTSR+p s3 T ) BT 4l ' 0;1,---,1):Q
. Y 9y ) .
(N) ~(N)
/T Csr'Crp,
€y N
=6
(5.21)
Proof. See Appendix A.4.3 for the proof. O

Since we employ SC receiver at D that selects the maximum of diversity branches,
the end-to-end instantaneous SNR considering I'p; as received SNR of the j-th received

aperture can be obtained as
I'p = max (I'p,,I'p,, -+ ,I'p,) - (5.22)

Following Remark 5.1, it can also be noted that expressions for the PDFs and the CDF's of

composite channel gain Isp; (given in (5.16) and (5.17)) and hence the SNR I'p, (defined

(n)

n (5.19) and (5.20)), respectively, are applicable only for integer values of 7;, for all

possible settings of i and n. Furthermore, the k-th order moment of SNR (expressed in
(5.21)) will have the same limitation. Since the derivation of the LCR and AOD (given in
the subsequent section) utilizes the PDF and the CDF of the SNR I'p,, the restrictions of
(n)

integer valued 7; will hold true for the derived expressions.
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5.4 Performance Evaluation

In this section, we examine how the OIRS-assisted FSO-based communication network
behaves in terms of SOS performance measure like LCR and AOD. Additionally, with
SW-ARQ protocol-based data transmission, we use the FSMC model to determine the
PER and ideal packet length of the system.

5.4.1 Derivation of LCR and AOD

The LCR is a measure of the rate at which the received signal falls below a given threshold
in the downward direction subject to time-varying channel conditions. It can be used to
quantify the frequency of signal fade events over time. In the case of OIRS-assisted
FSO-based communication network, the LCR represents the temporal rate of signal
fade events occurring when the received SNR at receiver D falls below a predetermined
threshold that determines the sensitivity of the receiver.

If Tp is the received SNR, the LCR at D can be evaluated by Rice’s formula [32]
defined as

Lp(yn) :/o Y frppp (YR 7)Y, (5.23)

where Yy, is the SNR threshold, ferD (7,%) is the joint PDF of I'p and its time derivative
I'p.
The time derivative of PDF of instantaneous SNR through j-th receive branch, ij is

Gaussian distributed with zero mean and variance V {ij }

Lemma 5.3: Under non-uniform Von-Mises distribution of AOA ¢p, of the signal
received at D;j due to non-isotropic scattering after signal reflection from the OIRS, the

variance of the ij s given by

c 23 To(x) e

9 — 92—
v {ij} _on?fl s {FQDj} !X[IO(X) + I2(x)] cos® pp; + 211 (x) sin” @p,
(5.24)

where € specifies the amount of directional reception, ¢p, represents the mean AOA at Dy,
fp represents the highest value of Doppler shift due to time-varying channel, x denotes
the degree of non-isotropic scattering, and I,(-) represents the Modified Bessel function of

first kind with the p-th order [68].

Proof. See Appendix A.4.4 for the proof. O
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Table 5.1: Several approximation scattering models derived from Von-Mises
distribution [1]

Parameter Distribution
x=0 Uniform distribution (Isotropic scattering)
X = 00 Impulse distribution (Highly non-isotropic scattering)
x — 0 Cardioid distribution
X — 00 Normal distribution

Table 5.1 lists the different approximation scattering models that can be derived
from the Von-Mises distribution. Since each OIRS element accounts for non-isotropic
scattering, a large value of y is appropriate for the considered OIRS-assisted FSO-based

communication network as seen from Table 5.1.

Corollary 5.1: Assuming high level of non-isotropic scattering x, i.e., x — oo, the

Bessel’s function can be estimated as I,(x) =~ \/ZXTX, for all v. Therefore, for x — oo, the

variance in (5.24) can be approzimated as
% {ij} ~ 2n? f3€ {F%j} [£cos?gp, + (1 —£)] . (5.25)

It should be noticed that the aforementioned expression does not depend on x.

Further, the derivative of instantaneous SNR at the output of selection combiner, I'p
is given by

f‘D = f‘Dj, if FD]. — max ({FDr};{:1> . (526)

The joint PDF of I'p and I'b can be obtained from jont CDF fFDfD (v,%) as

Frotp(1:9) = Pr [Tp < 9, Tp < 4]

J
-3 P [FD], < 7,Tp, <4,Tp, = max ({FDT};’ZIH . (5.27)
j=1
Since I'p; and f‘Dj are independent for all j =1,---,J, (5.27) can be written as
J
Frofn (7,%) ZPr {FD < ’y] Pr {FD <7,I'p, = max ({FD }T 1)}
7j=1
J
ZfrD / fro, ( H Frp, (2 (5.28)
j=1 r=1,k#j

Taking the derivative of (5.28) with respect to (w.r.t.) I'p and I'p, we get joint PDF,
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prf‘D ('Ya ’3/) as

J
fFDFD s 7 ZfrD fFD ) H FFDT <7) (5'29)

r=1k#j

D (YTh) ZfrD YTh) = H fFDT YTh)- (5.30)

Using (5.19), (5.20), and (5.24) in (5.30), we can obtain the closed form expression of
LCR.

Further, we define the AOD as the average time duration over which the received
signal power falls below a certain threshold level. AOD is often used as a measure of the
temporal variability of a wireless channel. For the considered OIRS-assisted FSO-based
communication network with multi-aperture receiver employing SC, the AOD can be

mathematically defined as

Frp, (YTh)
Tr = 2. 5.31
D(YTh) o () (5.31)
where Fr () is the CDF of I'p defined as
]:FD(V) = Pr(FD1 < %FDQ < Yyt 7FDJ < ’Y)
J
j=1

Substituting (5.20) in (5.32), we can obtain CDF of I'p. Further, utilizing the LCR and
CDF expressions obtained in (5.30) and (5.32), respectively, the closed-form expression of
AOD can be obtained.

5.4.2 PER Computation under SW-ARQ Protocol

To provide reliable communication between the two nodes, error control strategies are
used, out of which SW-ARQ is the one which is more appropriate and widely used for
packet transmission. In SW-ARQ), after transmitting the data packet, the source node first
waits for the receiver acknowledgement and then sends the next data packet. However,
if no acknowledgement is received, the data packet is re-transmitted. In our work, we
use the SW-ARQ scheme in the data-link layer for packet transmission and thereafter,
we derive the expression of PER for uncoded transmission while considering the FSMC

model. In general, PER describes the performance of the based communication network



Chapter 5. SOS for OIRS-Assisted FSO Communication System 117

and is considered as a crucial QoS measure while designing the data link layer protocol.
In contrast to the general definition of the PER, where the packet is referred to as error
packet when atleast one bit error occurs. Under FSMC model, the PER is determined
using the user’s LCR, which takes into account the time variations as well as channel
correlations [112]. Then, the PER at D; with SNR threshold ~ry, is given as [112]

Pp.o(vrh) = Frp (Y1n) exp <—TPDW>, (5.33)

where Ff ()= 1—]—"ij (+) is the CCDF of I'p,, Tp, = mr1Tygy, is the total packet duration,
mr represents symbols in a packet, and T, denotes the length of each symbol present

in the transmitted packet. Substituting (5.17) and (5.30) in (5.33), we can obtain the

analytical expression of PER.

Apart from PER, throughput can be considered as an another performance metric for
the FSMC model when employing the SW-ARQ protocol. The system throughput for a

given packet and using the SW-ARQ protocol can be given as

mTRD
U =———(1-7Pf , 5.34
p(mr) (mt + mo) ( Pb(yrh)) ( )
where Rp = —— denotes the data rate of D with mov being the number of overhead

Tsp

symbols. Later, in Section V (Refer Fig. 5.8(c)), it has been shown that throughput as a
function of mr follows a concave downward trend when N and Rp are varied. Thus, by
computing the first derivative of (5.34), we find the maximum value of throughput and

optimized my. Using (5.33) in (5.34), and then differentiating w.r.t. my, we get

oUp (mr) 5 mrRp 7, )
omr = | ~ Lol + RoFF, (ym) = — R
m TS ED(\/H)
exp <_TD]-">
) < | (5.35)

mT + mov

Further, my from (5.35) is obtained as

AFE, (yn)
* mov I'p
mit = OV (g 4 —1), 5.36
T2 (\/ mov Lo (1) Tsy, (5.36)

where m/, represents the optimized symbols per packet that maximizes the throughput.
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Table 5.2: System Specifications

Parameter Value
Wavelength () 1550
Optical-to-electrical conversion coefficient (n) 0.9
Diameter of PD 20 cm
Responsivity of PD (Rp) 0.9
Equivalent beam radius at n-th OIRS element (Weq) 0.1733
Equivalent beam radius at PD of D; (Weq) 0.2287
Jitter deviation under weak pointing error (o) 0.01, 0.013
Jitter deviation under weak pointing error (o) 0.08, 0.15
Noise power (03) 1

Table 5.3: Weather and atmospheric conditions

Weather conditions of FSO link
Scenario Visibility (V') | 7 ¢
Thick Fog 0.2 km 6 23
Moderate Fog 0.5 km 5 12
Light Fog 0.77 km 2 13
Clear Sky 10 km 2 | 0.745x1073
Atmospheric Turbulence Conditions
ST a=3.98, =170
MT a =542, =379
WT a=11.3, =10

5.5 Numerical Evaluation

In this section, we provide some useful insights of SOS for the considered OIRS-assisted
FSO-based communication network. The simulation values are taken as follows. Table 5.2
describes the system parameters and Table 5.3 describes the parameters related to
atmospheric turbulence, and foggy conditions, respectively. The transmit power (Fg)
is set to 5 dB, Doppler shift (fp) is set to 50 Hz, number of reflecting elements (V) is set
to 50, and number of receive apertures (J) is set to 3, unless otherwise defined.

In Figs. 5.2(a) and 5.2(b), we examine the variations of LCR and AOD, respectively,
w.r.t. the fade threshold ~py, for the considered OIRS-assisted FSO-based communication
network under different turbulence and pointing error conditions (i.e., low pointing error
(0ssr = 0.01 and o rp; = 0.013) and high pointing error (0ssr = 0.08 and osrp; =
0.15)). As seen from Fig. 5.2(a), there is a threshold at which the received signal variations
are at their highest level. For small and large values of the threshold, the variations
approach zero. Further, it can also be observed that LCR increases as the atmospheric
turbulence increases and that the range of fade threshold for which LCR occurs increases

as the severity of atmospheric turbulence increases. This implies that the channel becomes
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Figure 5.2: (a) LCR and (b) AOD versus SNR fade threshold for different atmospheric

turbulence and misalignment parameters with J = 3.

highly variable, that can lead to frequent signal fading and can reduce the signal quality.
Further, we can observe the LCR degradation with the decrease in the pointing error

Moreover, for low pointing error, the LCR curves shifts to the right and the threshold

for which maximum LCR occurs increases under all condition of atmospheric turbulence.
Moreover, we can observe from Fig. 5.2(b), that there is an exponential increase in AOD
w.r.t. fade threshold, which implies that the duration for which the network stays in fade
becomes longer with an increase in fade threshold. Moreover, AOD increases with an

increase in atmospheric turbulence and pointing error.

Observation 5.1: Fig. 5.2 clearly depicts that the LCR and AOD are significantly affected

by pointing error and atmospheric turbulence and the impact of misalignment error on the

parameters is severe compared to atmospheric turbulence. For example, to obtain the LCR
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Figure 5.3: (a) LCR and (b) AOD versus fade threshold for different values of J with

N = 50 under moderate turbulence and low jitter deviation.

of 1073 sec™! at high pointing error, the SNR threshold increases from 13 dB to 19 dB
with the decrease in the severity of atmospheric turbulence and threshold increase from 13

dB to 21 dB with the decrease in the severity of pointing error.

Figs. 5.3(a) and 5.3(b) represent the variation of LCR and AOD, respectively w.r.t SNR
threshold for different values of J (i.e., number of receiver apertures) for the considered
OIRS-assisted FSO-based communication network with multi-aperture receiver employing
SC. It can be clearly observed from Fig. 5.3(a) that the number of receiving apertures has
significant impact on the LCR. The SC technique selects the best copy of the transmitted
signal based on the received signal strength and reduce the impact of fading on the received
signal. Therefore, LCR becomes low and curves become narrower with an increase in
J, i.e., the fades occur rarely with increase in J. For example, at vy, = 24 dB, the

LCR reduces from 2 x 1072 sec™! to 1.03 x 1074 sec™! with an increase in J from 2 to
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Figure 5.4: (a) LCR and (b) AOD versus fade threshold for different values of y with 6p

with V =50 and J = 3 under moderate turbulence, and low jitter deviation.

3. Moreover, as the number of receive aperture increases, the rate (by which the LCR
decreases) reduces. This implies the maximum performance gain can be obtained with a
few number of receive apertures. On the other hand, it can be observed from Fig. 5.3(b)
that the AOD reduces as the number of receive apertures increases. For example, at
yrh = 24 dB, the AOD reduces from 7.23 x 10™* sec to 2.6 x 10~ sec with increase in J
from 1 to 3. Moreover, it can be observed from Fig. 5.3 that the worst performance in terms
of LCR and AOD is obtained at J = 1. Further, it is necessary to study the impact of
parameters related to non-isotropic scattering x (defines degree of non-isotropic scattering)
and ¢p, (mean AOA of scattered components at D;) for the considered OIRS-assisted
FSO-based communication network. Therefore, in Figs. 5.4(a) and 5.4(b), we present the
variation of LCR and AOD, respectively, w.r.t SNR threshold for different values of x and
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Figure 5.5: (a) LCR and (b) AOD versus fade threshold for different values of Fog
parameters and Doppler frequency with N = 50 and J = 3 under weak turbulence and
low jitter deviation.

@p,- It can be seen from Fig. 5.4(a) that LCR decreases as x increases. This is because
of the fact that as y increases, the spread of the beam after reflection through OIRS
reduces. Further, LCR is minimum when the x = 10 and ¢p; = 0 i.e., beam becomes
highly collimated and the maximum power is collected by the PD. Moreover, the maximum
SNR threshold is unaffected due to the variation of x and ¢p,;. On the other hand, it
can be observed from Fig. 5.4(b) that the average duration for which system remain in
fade decreases with an increase in x and ¢p,. However, the impact of @p, is negligible
at higher values of x. Figs. 5.5(a) and 5.5(b) represent the variation of LCR and AOD,
respectively, w.r.t SNR threshold for different Doppler shifts. The system performance is

also observed under different foggy environments, i.e., light fog (7 = 2, ( = 13), moderate
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fog (1 =5, ¢ = 12), and thick fog (7 = 6, ( = 23). Since foggy conditions occur under
weak atmospheric turbulence, we analyze the impact of fog on the system’s performance
under weak atmosphere turbulence conditions (o = 11.3 and § = 10). It can be seen
from Fig. 5.5(a) that the peak SNR threshold or the receiver sensitivity reduces as the
density of fog increases. This is due to the greater signal power loss caused by the severe
fog conditions. The results show that during conditions of heavy fog, the performance is
low and the maximum LCR is obtained. In contrast, Fig. 5.5(b) shows that the average
duration for which system is in fade/outage increases as the fog density increases i.e.
AOD increases. Further, it can be observed from Figs. 5.5(a) and 5.5(b) that the increase
in Doppler shift fp results in increasing the LCR without affecting the maximum SNR
threshold, however, the fades vanish more quickly. This is because of the fact that the
increase in users’s speed results in more rapid signal fluctuations. Moreover, the impact

of Doppler shift at high SNR threshold is unnoticeable.

Observation 5.2: The presence of fog in the wireless channel can cause severe
attenuation and scattering of the signal, resulting in a decrease in the signal power level.
This reduction in signal power level can cause an increase in the LCR, as the signal is
more likely to cross the threshold level. For example, at SNR threshold v, = 20 dB and
fp = 30 Hz, the LCR values under thick, moderate, and light fog are obtained as 18 sec™!,
1.7 sec™', and 6.8 x 1074, respectively, and the corresponding AOD values as 1.8 x 1073
sec, 6.7 x 1074 sec, and 3.8 x 10™% sec, respectively.

In Figs. 5.6(a) and 5.6(b), we examine the performance of LCR and AOD w.r.t.
transmit power Pg for different values of N (i.e., number of OIRS elements) and ~yry. It
can be seen from Fig. 5.6(a) that LCR reduces exponentially with the transmit power and
becomes constant with higher values of transmit power since the signal is less likely to cross
the threshold level. Moreover, LCR curves shift towards left with an increase in the number
of OIRS elements. Also, LCR increases with an increase in 7y for a given transmitter
power. It can also be observed from Fig. 5.6(b) that AOD reduces exponentially with an
increase in the transmit power. This is because the signal is generally above the threshold
level, and it takes a longer time for it to fall below the threshold level. Therefore, a
high signal power can result in a shorter AOD. Further, it can noted from Figs. 5.6(a)
and 5.6(b) that for high transmit power, both LCR and AOD are independent of the fade

threshold and depends on the number of IRS elements.

Observation 5.3: From Fig. 5.6, we notice a significant performance improvement

with the number of reflecting elements. For example, at Ps = 5 dB and vyr, = 15 dB,
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Figure 5.6: (a) LCR (b) AOD versus transmit power (Pg) for different values of fade
threshold and number of reflecting elements with J = 2 under weak turbulence and low
jitter deviation.

with increase in N from 50 to 70, the LCR drops from 5.7 x 1075 sec™! to 8.25 x 10~
sec™! and the corresponding AOD values reduces from 1.3 millisec to 0.7 millisec. Using a

large-sized OIRS enables the system to perform for a larger range of fade threshold while

maintaining low LCR and very low AOD wvalues.

Further, Fig. 5.7 shows the PER performance of the considered OIRS-assisted
FSO-based communication network with multi-aperture receiver employing SW-ARQ
protocol under FSMC model. We have shown the PER performance w.r.t. Pg for different
values of fade threshold ~ypy, and number of reflecting elements (N). It can be observe
from Fig. 5.7 that PER decreases with increase in Pg and the saturates to certain value
at high transmit power. However, the PER saturation value varies for different values

of N. It is clear from the figure that system’s performance degrades significantly with
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Figure 5.7: PER performance versus transmit power (Ps) for different values of fade
threshold (yrn) and number of reflecting elements (V) with J = 3 under moderate
turbulence and low jitter deviation.

increase in fade threshold for low to moderate values of transmit power. However, for high
transmit power, the PER performance for different ~1y, becomes almost equal. Further,
as the N increases, the PER performance become superior. For example, Ps = 10 dB and
vrh = 10 dB, PER achieved for N equal to 60, 80, and 100 is 6.9 x 1077, 8.04 x 107, and
1.09 x 10719, respectively.

Remark 5.2: It can be observed from Fig. 5.6 and Fig. 5.7, that at high transmit
power, the system’s performance interms of LCR, AOD, and PER depends on numbers of
reflecting elements of OIRS (N ) and is independent of the fade threshold (yrp).

Figure 5.8 illustrates the impact of varying packet length (mr), data rates (Rp), and
the number of OIRS elements (V) on the normalized throughput (Up = Up(mT)/Rp).
The overhead symbols under the ARQ transmission policy were set to moy = 100 symbols
for all curves in the figure. The results show that with increase in the data rate, Up also
increases. The normalized throughput is a decreasing exponential function of the inverse
data rate, which is equivalent to an increasing exponential function of the data rate, as
evident from the (5.34). Moreover, the figure reveals that there is an optimal ms. at which
Up is maximum. Specifically, with N = 50 and data rates Rp = {1,5,10}K symbols
per sec (sps), mp is calculated using (5.36) and were found to be 618, 1441, and 2057
symbols, respectively. On a similar note, with N = 60 and Rp = {1,5,10}K sps, the
value of mp were found to be 618, 1441, and 2057 symbols, respectively. These results
closely match the simulation results. Moreover, an increase in the number of reflecting

elements leads to a significant improvement in the normalized throughput at all data rates.
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Notably, the optimal packet length increases with an increase in both the data rate and
the number of OIRS reflecting elements. As a result, to improve the performance of the
system, the system designer must always choose an optimal packet length and a more

number of reflecting elements.

5.6 Summary

This chapter has studied the SOS of a noise-limited OIRS-assisted FSO-based
communication network with SC diversity technique. The SOS has characterized how
long and how often the system has experienced fading. Specifically, in this chapter,
we have derived the closed-form expressions of the LCR and AOD for the considered
system under the atmospheric turbulence modeled using Gamma-Gamma distribution
along with random fog and pointing error. Under the FSMC model, we have also
evaluated the PER and optimal packet length with SW-ARQ protocol-based information
transfer. Furthermore, we have investigated the effect of various system and channel
parameters, including the number of OIRS elements and receiving apertures, Doppler shift,
misalignment error, fog parameters, mean AOA, and degree of non-isotropic scattering,
etc., on the system’s performance. Finally, we have shown that the introduction of OIRS

into the FSO communication network can improve the system performance in terms of

SOS.



Chapter 6

SOS for IRS-Assisted Multiuser RF

Communication Network

6.1 Introduction

In addition to multipath fading, interference is another critical factor that affects the
performance of the communication system. RF wireless communication usually suffers
from CCI resulting from unlicensed devices operating in the same sub-band or due to
the frequency reuse of available spectrum to serve multiple users simultaneously [79, 80,
118].  As the density of users increases, the vigorous reuse of frequency channels for
high spectrum resources results in severe CCI and degrades the quality of the desired
performance [79]. Furthermore, the unplanned allocation of resources has the potential
to degrade overall system performance by increasing interference [119]. Therefore, it is

important to consider the impact of interference in RF communication networks.

In this chapter, we consider a downlink multi-user communication network empowered
by an IRS with base station (BS) employing the OFDMA scheme. The performance of
the considered system is evaluated in terms of SOS in the presence of multiple co-channel
interferers. In particular, we develop the analytical expressions of LCR and AOD of the
received signal envelope at a desired user by considering a generalized fading model as
k- distribution. The impact of various system and channel parameters such as number
of reflecting elements, amplitude of reflection coefficients, number of interferers, Doppler
frequencies of desired and interfering users, and different channel fading environments has
been shown on the LCR and AOD performances. Moreover, we derive an expression
for asymptotic LCR under high transmit power conditions. It has been shown that
the asymptotic LCR is independent of the threshold and transmit power. In addition,
we consider a SW-ARQ protocol for reliable data packet transmission and derive the
expressions for PER and throughput by utilizing the FSMC model. The optimal packet
length is also determined which maximizes the throughput under SW-ARQ protocol.
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The impact of various system parameters is also shown on the PER and throughput

performances.

6.1.1 State-of-the-Art

The study of SOS in terms of LCR and AOD has been extensively done in the existing
literature for the RF-based communication system. The LCR and AFD was investigated
for the first time by Rice in his pioneering research [32]. Later on, many researchers
have investigated SOS under different channel and system model [33, 34, 36, 37, 38]. The
authors in [33] studied the SOS of multipath fading channels considering the non-isotropic
scattering scenario under Rayleigh, Nakagami, and Rician channel distribution. In
addition, the dynamic time-varying attributes of the various fading channel are well
explored through SOS. In [34], the authors derived exact closed-form expressions for the
LCR and AOD of the signal envelope in F composite fading channels for device-to-device
communications. Furthermore, in [34] the response of LCR and AOD is analyzed under
multipath fading as well as shadowing conditions. The study of SOS for relaying system
was investigated in [36, 37, 38]. The authors in [108] obtained exact closed form expressions
of LCR and AOD for output signal envelope of Selection combiner corrupted by AWGN
under Rayleigh, Nakagami, and Rician fading.

To combat fading and the effect of CCI, multiple diversity combining receivers, such
as SC, MRC, and EGC have been widely studied, especially in an interference-limited
systems [109, 110, 111, 112]. The authors in [109] obtained exact closed-form expressions
of LCR and AOD for output signal envelope of SC, MRC, and EGC receiver corrupted by
AWGN under Nakagami fading and the impact of diversity and the number of receiving
branches were analyzed. Further, in [110, 111, 112], the authors derived closed-form
expressions of LCR and AOD for the interference-limited systems utilizing MRC receiver.
The derived LCR expression in [111, 112] was used to obtain the PER and optimal packet
length for throughput maximization by deploying the SW-ARQ transmission scheme
via FSMC model. However, the authors in both [111] and [112] considered Rayleigh
distribution for the desired as well as interference links. The major limitation of these
diversity receiver system is that they require multiple receiving antennas leading to

complexity and increased cost.
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6.1.2 Novelity and Contributions

From the above works [28, 29, 74, 75, 76, 77, 82, 78, 79, 80] that considered IRS, only few
works have taken CCI for system analysis. However, in a real-world scenario, most wireless
communication systems are interference-limited. For example, the wireless communication
system is interference-limited due to the large traffic in the urban areas. None of the
previous studies that considered IRS have analyzed SOS. To the best of the authors’
knowledge, SOS in terms of LCR and AOD for IRS-assisted network without CCI was first
explored in [120] for the noise-limited IRS-assisted network under Nakagami and Rician
fading. There is no reported work that studied the SOS for IRS-assisted network in the
presence of CCI. This chapter presents a novel framework that considers the IRS-assisted
multiuser communication system with multiple co-channel interferers. Furthermore, we
utilize a more generalized x-u fading distribution for the desired and interferers links that
has not been considered previously for the IRS-assisted system. The scope of the study is
highly useful for Delay-Sensitive Applications in dynamic RF systems.

The main contributions of this work are as follows:

e We consider a downlink TRS-assisted multi-user communication network, employing
OFDMA scheme at the source to analyze the SOS at a user. The effect of CCI is
considered by assuming multiple interferers moving with unequal velocities under

the practical assumption of INID channels.

e We derive the analytical expressions for the SOS in terms of LCR and AOD for
the considered IRS-assisted RF communication system under interference-limited
scenario by following the x-p fading distribution for all the desired as well interfering
links. Moreover, we derive the analytical expressions for asymptotic LCR for high

transmit power conditions.

e For reliable packet transmission, we employ the SW-ARQ scheme at the link layer
of the considered IRS-assisted RF system and derive the expressions for PER and
throughput using the FSMC model. Furthermore, the optimal packet length of the
data packet is determined which maximizes the throughput under SW-ARQ protocol.

e Through numerical results, we have shown the impact of various system and channel
parameters such as the number of reflecting elements of IRS, minimum reflection
amplitude, number of interferers, Doppler shifts due to the movement of desired as

well as interfering users, and the severity of channel fading on system’s performance.
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6.2 System Model

In this Section, we describe the system setup for the considered multi-user RF
communication network assisted by IRS and introduce the channel model for the desired

and the interference links.

6.2.1 System Setup

As shown in Fig. 6.1, we consider a multi-user downlink RF communication network
in urban environment consisting of a single BS and J desired user equipment (DUE)
represented by set J = {1,---,J} and each DUE is equipped with single antenna. The
communication between BS and the DUE;, j € J, takes place through an IRS consisting
of N reflecting meta-surfaces in the form of a planar array that operates in the far-field
region '. We consider that there is no direct link between BS and DUE because of
blockage due to buildings, trees and heavy vehicles, as considered [118, 119] . This type of
scenario exists in the urban environment where the received signal at a user experiences
connectivity problem through the direct link due to deep shadowing. We also consider
that the communication between BS and DUE; is affected by CCI which is caused by L
interfering user equipment (IUE) denoted by a set L = {1,--- ,L}. It may be noted that
the L TUE produce CCI because of the transmission of their data over the same sub-band
(utilized by the DUE;) due to the frequency reuse. To facilitate multi-user communication,
we employ OFDMA scheme (i.e., allocating a portion of the entire bandwidth/transmit
power to each user) to simultaneously support multi-users due to its flexibility in resource
allocation design and the ability to leverage multi-user diversity. The total available
bandwidth (B) is divided into K (> J) mutually orthogonal spectrum bands/sub-carriers
represented by a set K = {1,--- , K} with a sub-band spacing of Af = %. It is assumed
that the BS serves a single DUE in one sub-band. Let DUE; is served in k-th sub-band,
k € K, for notational convenience, we denote the k-th sub-band as the j-th sub-band in
the sequel of this chapter.

The location of BS and DUE; in 3-D Cartesian coordinate system is given as Ap =
(rB,yB, 2B) and Xp, £ (xDj,yDj,O), respectively. We assume that the IRS is mounted
on the facet of a high-rise building such that it lies in the 3-D Cartesian coordinate
system with center at Ag = (zR, ¥R, 2r). Without loss of generality, we consider that the

distance of BS (or DUE;) from each reflecting element of IRS is equal to the distance

We consider that the distance between BS/DUE and each element of the IRS to be greater than 5,
where ) is the operating wavelength, therefore BS/DUE are in the far-field region of the IRS [121].
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Figure 6.1: Block diagram of IRS-assisted RF network in urban environment.

calculated from the center of IRS. Therefore, we can write the distances of BS-IRS and

IRS-DUE; links as dgr = ||As — Ar| = /(2B —2r)? + (yB — yr)? + (2B — 2r)? and

drp; = ||Ar — Ap,| = \/(wR —p,;)?+ (yr — Yp,)? + 2%, respectively. The location of
IUEy, £ € L, in the X-Y plane is given by A7, £ (x1,,1,,0) and the distance between IUE,
and DUE; can be obtained as di,p, = | A1, —AD, || = \/(acle —p,)%+ (y1, —yp,)%

In general, the IRS is assumed to be linked to a smart controller that is in charge of
adjusting the reflection amplitudes and/or phase shifts of each element using a feedback
connection to exchange information with the BS. The phase shift of the reflection
coefficient at each reflecting element is assumed to take a discrete set of values from
0 to 2m. Let the reflection coefficients of IRS are represented by a diagonal matrix
O = diag [wg ),w(P? ), e ,ng)], where w(P? ) = |w§{" )|e_]4w1(°»n) is the reflection coefficient
of n-th reflecting element with \wgl )] € [0,1] being the amplitude of reflection and
ng ) ¢ [0,27] is the phase shift. The value of |wg )| corresponding to practical phase
shift is given by [74, (5)].

6.2.2 Transmission Scheme

Let Pg is the total power available at the BS to serve all the DUE. The total power is

distributed to J sub-bands such that PD]. < Pg, where PD]. is the transmit power

Jjed
used over the j-th sub-band. Let the vectors hfy € CY*V and thj € C™N denote the



132 Chapter 6. SOS for IRS-Assisted Multiuser REF Communication Network

channel vectors of the BS-IRS and the IRS-DUE; links, respectively, the signal received

by DUE; can be given by
rp, = y/Pp, hir®hgp, sp, + g;‘FDj s1 + ep,, (6.1)

where sp, is the unit-norm symbol transmitted in the j-th sub-band; vector s; =
[S1,, SIp, - ,SIL]T contains the unit-energy interference data received from all the active
IVE; and ep; ~ N(O,U%j) is the AWGN noise at DUE;. The vector g;‘%j € CxL
denotes the interference channel vector at DUE; containing the channel coefficients of all
the interfering links to j-th DUE with ¢-th element defined as \/PTZ p1,D,91,D;, Where Py, is
the transmit power of IUEy, p1,p; = , /podl_z %j and gr,p, represent the path loss component
and complex channel coefficient of IUE,-DUE; link, respectively, with pg being the path
loss at a reference distance of 1 m and e denoting the path loss exponent which determines

the slope of path loss characteristics. Further, if we define the n-th elements of th and

h?{Dj as pBRhgg and pRrp; hg%j, respectively, where pgr = |/podgg and prp; = | /pod;de)j

represent the path loss components of BS-IRS and IRS-DUE; links, respectively, we can
rewrite (6.1) as

L
rp; =1/ D, PBRPRD;, (Zh 0 (n)h i ) SD, +Z vV Pi,p1,0; 91,0, 81, +€D;
=1

s ZX(" sp, + ZYIZD st,+en,. (6.2)
(=1

6.2.3 Channel Model

We consider k-p distribution to model multipath fading for the desired as well as
interference links. This model was discovered to efficiently capture the small-scale
fluctuations of a fading signal in non-homogeneous environment [122, 123]. Moreover,
k-p distribution model fits experimental data better than several commonly used fading
distributions [123]. Physically, x-u fading model addresses signal consisting of clusters of
multipath scattered waves with random phases that are propagating in a non-homogeneous
environment. FEach cluster has a dominant component with arbitrary strength. The
parameter x denotes the ratio of power of dominant components and total scattered
waves, and p is the total number of clusters. For a complex channel coefficient hap,

the amplitude |hap| follows k-u distribution with parameters (kap, uap, 2aB) with the
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PDF given by [123]
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kaB
where Aap = 16223, Qap = & {\hABIQ} corresponds to mean power of |hap| and I,(-)

is the modified Bessel function of the first kind and order v. The [-th moment of hap

following x-p distribution is given by

D(uas + 1/2) (Qup)"?
pag) [(1+ rap)uas]’? exp(rapuas

l
157 #AB + 53 HABI KABLAB |
(6.4)
where T'(+) is the gamma function defined in [68, (8.31)] and 1 Fj(+;-;-) is the Kummer

5{|hAB\l} = r(

confluent hypergeometric function defined in [63, (07.20.02.0001.01)]. Furthermore, the

parameters kap and puap are related to each other as

Q3 1+2kaB
HAB = ) PR
VA{lhasl?} (1 4+ kaB)

(6.5)

Substituting (6.5) in (6.4) and further solving for [ = 6, kap can be obtained through

AB™= _
V282 {1 |}~ 0% pE {hanl'} —Qané {han|6}

9, (6.6)

The k-p distribution is a generic fading distribution that incorporates the Rayleigh (u =1
and k£ — 0), Nakagami (¢ > 1 and k — 0), and Rician (u = 1 and x > 0) distributions,

which are some of the well-known and widely used fading distributions.

6.3 Statistical Distribution of SINR

In this section, we derive the CDF of the SINR at DUE; for the considered IRS-assisted
multi-user RF network by obtaining the statistical distributions of the combined desired

and the interfering signals. Following (6.2), the SINR at DUE; can be expressed as

2

(n)
‘Zgil b, s X, ’

i —l—o%j - ‘Y1Dj|2 +U]%j’

I'p, =

= (6.7)
‘ZZ:I YIsz

where Xp, = ZnN:1 Xg;_) is the combined envelope of received desired signal and Yip, =

ZZL:1 Y1,p, is the combined envelope of received interference signal. If we assume that
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total interference power at a DUE dominates the noise power, i.e., interference-limited

2
Xp,
scenario, the CDF of the received SINR I'p; ~ “D]‘Q at DUE; can be evaluated as
Yip,

Frp, (7) = /OOO f‘XD‘ z(vv)f‘

1

Yio, ’2 (v)dv, (6.8)

where Fx(-) represents the CDF of RV X. In the subsequent part of this section, we

derive the statistical distributions of the combined desired and the interfering signals.

6.3.1 Modelling and Statistical Characterization of Combined Desired
Signal Xp,

If the perfect CSI of all the links is available, the reflection phase shift at each
reflecting element can be configured to cancel out the phase difference of BS-IRS
and IRS-DUE; links for achieving the maximum received signal power. With this

(n)

assumption, the n-th combined desired signal component can be written as XDJ_ =

\/PDjPBRPRDj|W1({L)| ‘h](gnf){
INID RVs, the Xp, will represent a sum of N INID RVs and for large N, according

‘h(qul%j" Since the channel amplitudes ‘h](gn];){ and ‘hg%j‘ are

to Lyapunov central limit theorem [124], Xp, will converge in a Normal distributed RV

provided the Lyapunov condition is satisfied for any é > 0 as

e e}
Us = lim "= - = 0. (6.9)

Thus, Xp,; is approximated as Gaussian distribution with mean & {XDj} and variance

)% {XDJ. }, which can be obtained as

pe{lne,

N
E{Xp, } =4/Pp,PBRPRD, Z |w1(an)\5 {‘hl(gn% }, (6.10)
n=1
and

V{XD],}:i:I [5{‘)(](;? 2}52{‘)(](3:5) }]

2 5 ()2 (n)|? (n) |2 (n)
s, (=) ol s} - i
n=1

pe{lnes,

1|

(6.11)
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where moments of ‘hgg) and ’hg%j can be obtained from (6.4). Now, since Xp, follows
Gaussian distribution, the ’XD]. ’2 will follow non-central chi-square distribution with one

degree of freedom (DoF') and the CDF of ’XDJ. ‘2 can be given by [82]

£{Xp,} Vu
Foopw)=1-Q: , (6.12)
| SV, )V {xn,)

where Qp(a,b) is the Marcum @Q-function [125].

6.3.2 Modelling and Statistical Characterization of Combined

Interference Signal Yip,

Since the channel coefficient of the link between IUE, and DUE,, i.e., gi,p, follows r-u
distribution with parameters (K,IEDJ. s H1,D; 5 QIng)7 the RV Yi,p, £ / P1,p1,0,91,D; will also
follow k-p distribution with parameters (HIng7MI¢Dj7PIZP%DjQIng)- Furthermore, the
RV YIDJ. £ Zngl YIng can also be approximated by another x — u distributed RV with
parameters (HID]., ,uIDj,QIDj) [122, 126], where QID =& { D, } and the parameters KID,

and pip; can be calculated by using (6.5) and (6.6).

The [-th moment of the sum RV can be obtained as

i) = 3 5 () () e e oo (o)

L1=01=0 I;_1=0 \l1/ \l2 lp—1

(6.13)

The PDF of ‘YID]. ‘2 can now be expressed as

#D; —1 HID; 1

v >, (Amp;) °
v)=|—— exp(— Aip.v)I ,<2 A/ KD, A )
f\ij\Q( ) </€ID]> exp (KIp, D, ) P (=D, Ap,0) Iy, 1 ( 201D, /K10, A,

(6.14)

Substituting (6.12) and (6.14) into (6.8) and using the power series expansions
2

o a k1 2
Qplab) = 1 — 6‘“2/22161:0,%1;(7) Wt VD (195, (212)] and L(z) =

[e') 2\ v+2k
Zk2:0 m (5) 2 [67, (8.445)], we get

T, (v) =exp <—/<amjumj & X, )Z S = 1 (52{XDJ'})klij(kz)HDj(’fl,kzw).

2{p,} P 0k1 2V {Xp, } L (ki +3)
MMID +2ko k (6'15)
where ID; R1D, A i ; k2 1
o) = BT, ) () 010

and
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& _ 1 0%,
Hp. (k1, kasy) = HiD; tha =1 —AIp. D, k4= — ) dv. (617
D, (K1, k25 ) /0 v eXP( IDJMIDJU)’V 1+ 5 QV{XD].} v (6.17)
The integral in (6.17) can be evaluated by utilizing [67, (6.455.2)] and the closed-form

expression of Hp, (k1, k;y) is given by

k1+3
. A 1
<2V{XDJ}> F(MIDj+k1+k2+2)
MIDj+k1+k2+%
(k1 + %)(w{:(}-H\IDj MID])

Dj

Hp,; (k1 k2;y) =

_x
3 2V{XDJ}

5%
(w{;(D]} +Ap; MID]->

where 9 F) (+;+;-) is the Gauss Hypergeometric function defined in [63, (07.23.02.0001.01)].

1
X ol 1,M1Dj+k1+/€2+§;k‘1+ (6.18)

Therefore, the analytical expression of ]:FDJ- () for the considered interference-limited

IRS-assisted RF network can be obtained by using (6.18) in (6.15).

6.4 Performance Evaluation

In this Section, we analyze the system performance in terms of SOS like LCR and AOD for
the considered interference-limited RF communication network assisted by IRS. Moreover,
we derive the PER and optimal packet length of the considered IRS-assisted network with
SW-ARQ protocol based data transmission by utilizing the FSMC model.

6.4.1 Calculation of LCR and AOD

The LCR is defined as the mean rate at which the received signal (in the time-varying
channel conditions) crosses a particular threshold in downward direction. More specifically,
the LCR gives the temporal rate of outage events. For the considered interference-limited
network, the LCR may be described as the temporal rate of outage events when the

envelope of received SINR falls below a predefined threshold (determining the receiver

Xp,
sensitivity). If Zp, = /I'p, = YI];]. is the the envelope of received SINR, the derivative
J
Zp,; can be obtained as

. 1
Zp,

=V (%o, = Zn,YiD, ) (6.19)

where XDj is the time derivative of Xp, following the Gaussian distribution with zero

mean and variance V {XDj}.
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Lemma 6.1: Considering the non-isotropic scattering for the signal received at DUE;
through the reflection from the IRS, and assuming the non-uniform distribution for angle

of arrival (AoA) p, at DUE}, the variance of the XDj s given by

x[o(x) + I2(x)] cos® op, , + 211 (x) sin® ¢p, ,

2x1o(x) - (620

v{Xp,} =2m?rh e {x3 }

where pp, , is the mean AoA at DUE}, fp, denotes the mazimum Doppler frequency shift
due to the movement of DUE;, x defines the degree of non-isotropic scattering, and I,(-)
represents the x-th order Bessel function of first kind [68].

Proof. See Appendix A.5.1 for the proof. O

It may noted from Table 5.1 that a large value of y is suitable for the considered
IRS-assisted system model.

Corollary 6.1 Since for large x, i.e., x — 00, the Bessel’s function can be approximated

eX

as II(X) ~ M}

as

for all z. Thus, for x — oo, the variance in (6.20) can be approximated

V{XDJ} A 27r2f%j€{X%j}cos2 ©D;,- (6.21)

It may be noted that the above expression is independent of x.
Similarly, YID]. is the time derivative of Yip, following the Gaussian distribution with

zero mean and variance

v {¥in, } ZXL: v {¥ip, } = 2r ZL: (12 +13,) HePp, e . (622)
/=1

pt p1,0; (1 + K1,D,)

with fi, being the maximum Doppler frequency shift due to IUE, [127, 6]. Therefore, the
LCR at DUE; can be evaluated by putting z = /77y in the Rice’s formula [32] defined as

Lp,(2) = /0 g, (222D (6.23)
which can further be simplified by using the joint PDF properties [128] as
£0,) = [ ([ 5 v, 120900 ) i, Gl i, ()l
& [T, (290, i, 1) i, () (6.24)

where fup,c(|;+) and fqp(-|-) represent the conditional PDFs. It is clear from (6.19)

and the discussion thereafter that if Zp, and Yip,; are known, ZDj follows the Gaussian
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distribution with zero mean and variance V {ZDj ]ZD]. =z, YDJ. = y} defined as

V{2, 00,22, Yo, =y} = 259 (K, b+ v i, | (6.25

Since for a zero mean Gaussian RV (X) having variance 0%, we have [z fx(z)dz =

\/%Ux. Hence, the term Zp,(z,y) in (6.24) can be given as

y\}ﬂ \/V{XDj} +22v{¥ip, }. (6.26)

Substituting (6.26) in (6.24) along with the use of f7 v, (z]y) = nyDj (zy), we have
J J

ID]' (Za y) =

Lp,(z)= \/12? \/ V{XDj} +22V{YID]} /0 ?XD], (2) Py, (0)dy. (6.27)

Since Xp; ~ N (5 {XDj } ,V {XDj }) and Yip, follows k-p distribution with parameters
(K1, 1D, D, ), We utilize the Gaussian PDF [129, (2.1.4)] and x-u PDF (from (6.3))

in (6.27) along with the use of power series expansion of I,(-) to get

&2 {XD]. })\J V {XDj}—i—ZQV{YIDJ} iij (k3)ng (ks;z), (6.28)

[,D]. (z):exp <_’€ID]'/JJID]'_2V {XD} w2y {XD}
j J

k3=0
where

2’2

2 pup, +ks)—1 E{Xp,}
Op, (k3;2) :/0 y (“IDJ 3) exp(— W+AIDjMIDj y2+7;}zy dy. (6.29)

The integral in (6.29) can be solved by utilizing [67, (3.462,1)] to produce (6.30) by

[ (2up; + 2k3) (%%

Op, (ksiz) = (o, +ha) P
22
e (e
_ S{XDJ } p
x D e . (6.30)

_2<,LLIDj+k3) ) . N
72V{XD]~} +AID; HID;

where D, (+) is the Parabolic cylinder function defined in [68]. Using (6.30) in (6.28) along
with the substitution of z = /9Ty, the expression for the LCR for a given threshold SINR
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(i-e. Lp,(y/Tn)) can be obtained. To get further insights about the second order statistical
behavior of the considered IRS-assisted RF network, we derive asymptotic expression of

LCR at DUE; by utilizing high transmit power conditions, which may be defined as

- ViVip
Lp. ()2 lim Lp,.(z). It shall be noted that the ratio { IDJ} — 0 for Pp, — oo,
i Pp. oo v{xp, } g
J J

Vi Xp, -
whereas the ratio v}XDJ { is a constant. Therefore, Lp,(z) can be obtained from (6.28) as
Dj

v{xn,}

TV {XDj}

CDj (2) = exp <—/€ID]~MIDj -

Zij(kg)QDj(kg;z), (6.31)

k3=0

£ {XD]-}>

2V {XD;'}

where GDj (ks;z) = - hgloo Op, (ks;z). Utilizing high transmit power conditions (i.e., Pp, —
Dj

00) in (6.30) followed by the use of D,(0) = % [63, (07.41.03.0001.01)], we get
2

B I (2up, + 2k3) /7
ng(kg;Z): 1 - (WD +k3)
T (pup, +ks+3) (401, pup, ) ™

(6.32)

Remark 6.1: It can be noticed from (6.31) that asymptotically LCR expression for the
considered IRS-assisted system with CCI is independent of outage threshold and transmit
power. The asymptotic LCR is function of channel parameters of k-p distribution of the
desired as well as interference links. Moreover, the asymptotic LCR depends on the number
of IRS elements and amplitude of reflection at each reflecting elements.

Furthermore, we define the AOD as the average time duration for which the received
signal remains below a particular threshold. In other words, AOD gives the time span
over which the a node remains in outage. For the considered interference-limited RF

communication network, the AOD can be mathematically defined as

Frp, (yTh)

AW (6.33)

lﬁjj (IVTh) =

Using the CDF and LCR expressions given in (6.15) and (6.28), respectively, the analytical

expression of AOD can be obtained for the considered IRS-assisted RF network.

6.4.2 Calculation of PER under SW-ARQ Protocol

One of the most basic error control strategies for providing reliable communication between
two wireless nodes is ARQ. SW-ARQ is one of the widely used data packet transmission
protocol where the source node waits for the receiver’s response about the transmitted

data packet. If the source gets the acknowledgment from the receiver, then only the next
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data packet is transmitted, otherwise the current data packet is re-transmitted. Due
to the popularity of this scheme in the practical communication systems, we employ
SW-ARQ scheme in the link layer of the considered IRS-assisted system with CCI for
reliable transmission of packets and derive the expression for PER by considering FSMC
model. The PER is an important QoS measure for link layer designs which describes the
performance of a RF communication system. In general, a packet will be termed as error
packet iff there exists at least one bit error in the packet. For FSMC based model, the
PER at a user can be evaluated using the LCR of that user which considers the time
variations and correlations of the channel [112]. Thus, for the considered network, the

PER at DUE; having an SINR threshold of vty can be evaluated as [112]

£, (v7mm) ) (6.34)

Py, (vrn) = 1 = FTo, (rrn) exp <_TPDj *FIQD]- (YTn)

where ]:IEDj ()=1 —prj (-) is the complementary CDF of I'p Tij = mTTSDj is the total
duration of the packet with mr representing the number of symbols per data packet and
TSD]. being the finite duration of each symbol in the packet transmitted over j-th sub-band.
Substituting (6.18) and (6.30) in (6.34), the analytical expression of PER can be obtained.
Another important performance metric for FSMC based model using SW-ARQ protocol
is the throughput. For a given data packet length (i.e., mr), the throughput of the system
with SW-ARQ protocol can be obtained as

mTRD j

Up,(mt) = ( ] (1 —Pp.p,(yTn)) 5 (6.35)

mT + mo

where RD]. = Tsl is the data rate of DUE; and moy is the number of overhead symbols.
Dj

It is shown in the numerical results section (Refer Fig. 6.7(c)) that the throughput is a

concave downward function of mt for different values of N and Rp,. Thus, we analytically
find the optimum value of mry that maximizes the throughput by equating the first

derivative of (6.35) to zero. Using (6.34) in (6.35), followed by differentiation w.r.t. mr,

we get
mTTSD],EDj(\/’YTTh)
< eXp | — C
oUp, (mT) mTRDijD,(’YTh) Fep
— " =tLp, Rp. F& ) J j
Dy p; (/yTh)mT+RD, }"FDj (7YTn) pe———— ——
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Further, equating (6.36) to 0 and solving for mr, we get

4FF (yTn)
mov I'p;
mit = OV 1 4 ; 1], 6.37
T 2 mOVLDj (\/ ’YTh)TSDj ( )

where m7y is the optimum number of symbols per data packet.

6.5 Numerical Results

In this section, we obtain the the numerical results of LCR, AOD, PER and the throughput
for the considered IRS-assisted RF communication network in the presence of CCI. The
locations of the BS and the IRS are assumed to be A= (—15,2,25) and AR = (20,0, 20),
respectively, and the location of j-th DUE at a particular time instant is taken as Ap, =
(35,5,0). The values of path loss exponent e and average received power pg due to path
loss at a reference distance of 1 m are assumed to be 2 and —10 dB, respectively, and all
the distances are measured in meters (m). Except for Fig. 6.5, we have considered two
interferers (i.e., L = 2) with distances d,p; = 60 m and d,p, = 66 m. The values of
¢p;, and x are taken as 7 /4 and 10, respectively, in all figures. Unless stated, the values
of the transmit power (FPp;), maximum Doppler frequency due to DUE; (fp,), number of
reflecting elements (), and minimum reflection amplitude (i) are taken as 5 dB, 60
Hz 50, and 0.8 respectively.

In Figs. 6.2(a) and 6.2(b), we present the variations of the LCR and the AOD,
respectively, w.r.t. the outage threshold ~py, for different fading parameters of the BS-IRS
and IRS-DUE links under the considered RF communication network with 2 TUE. It
can be noticed from Fig. 6.2(a) that the received signal fluctuations are maximum at a
particular threshold SINR (say I'%, ), which increases with increase in fading parameters
of BS-IRS and IRS-DUE links. The fluctuations approach to zero for very small and
very large values of yy. It shall be noted that for any 1, < '}y, the larger values
of fading parameters provide lower LCR, whereas the reverse holds true for vy, > I'ty,.
For example, at v, = 15 dB and kpgr = KRD; = 1, Increasing upRr, RD, from 0.5 to 1
results in an LCR decrease from 100 sec™! to 45 sec™!, whereas for ~1rh = 25 dB, the same
change in fading parameters increases the LCR from 35 sec™! to 60 sec™!. Further, it can
be observed from Fig. 6.2(b) that the AOD increases exponentially with outage threshold,
which depicts that the system spends a longer time in fade for larger ~ry,.

Observation 6.1: It can be deduced from Fig. 6.2 that increasing v, may result in lower

LCR values but the amount of time taken in each fade will be quiet high. For example, with



142 Chapter 6. SOS for IRS-Assisted Multiuser REF Communication Network
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Figure 6.2: (a) LCR and (b) AOD versus SINR outage threshold for different fading
parameters of BS-IRS and IRS-DUE; links with Qpr = Qgrp; = 10 and L = 2 having
fIle = 60 Hz, f12Dj = 50 Hz. The fading parameters for interference links are
(’ﬂngaMIngvQIng) = (1, 1, 10) and PIsz =5dB for ¢/ = 1, 2.

KBR = KRrp; = 5 and upr = prp; = 2, the LCR of 50 per sec is achieved at yrn, = 16.7
and 26.6 dB, but the AOD for the corresponding LCR wvalues are 0.00108 sec and 0.0207
sec. Moreover, it can also be noted from Fig. 6.2(b) that although increasing the fading
parameters result in reduction in the AOD, the impact of parameter u dominates over that
of parameter k.

In Figs. 6.3(a) and 6.3(b), we have investigated the impact of number of reflecting
elements of IRS for different values of minimum reflection amplitude on the LCR and
AOD, respectively. It can be observed from Fig. 6.3(a) that the LCR curves shifts to the
right for increasing N for all values of w;,;, considered in the figure. This implies that a

given amount of level crossings will occur at a higher values of vy, for larger N. For the
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Figure 6.3: (a) LCR and (b) AOD performance for varying N, w,, and L = 2 with
KBR =KRD; =K1,D; =0, uBR = p1,D; = 1, RD; = H1,D; = 2, QBr=rD, ={,p; =1. The
power distribution at IUE are Pj,p, = —10 dB, P,p;, = —5 dB with Doppler frequencies
f[le =60 Hz, fIng =50 Hz.

case of ideal reflection (i.e., @, = 1), the maximum LCR values for N = 40,70, and 100
are obtained at a threshold SINR of 21 dB, 26 dB, and 29 dB, respectively. It can also
be observed that the peak LCR value is almost same for all N and w,;,. Moreover, it
may be noted from Fig. 6.3 that for a given threshold (> I'}, ), the LCR increases but the
corresponding AOD reduces significantly. For example, at v, = 35 dB and @, = 0.8,
the LCR values are 0.34, 6.5, and 17 sec™! for N = 40,70, and N = 100, respectively,
whereas the AOD values are 10 sec, 0.2486 sec, and 0.036 sec, respectively. It can be
intuitively inferred from Figs. 6.3(a) and 6.3(b) that the N has significant impact on LCR
and AOD performances. Using a large-sized IRS allows the system to operate over a wider

range of outage threshold with low LCR and very low AOD values.
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Figure 6.4: LCR and (b) AOD versus SINR outage threshold for different values of fp,

and fi,p; (kBr = krD; = kLD, — 0, uBr = 1, prp; = 2, pyp, = 1, pLp;, = 2,
Qpr = QRD]- = QIeDj =0 dB, Plle = 2 dB, PIng =-5 dB)

In Fig. 6.4, we have shown the impact of Doppler frequencies fp, and fi,p, resulting
from different speeds of j-th DUE and ¢-th IVE, respectively. It can be seen from Fig. 6.4
that the LCR increases with an increase in fp; for all the values of outage threshold and
J1,0,, whereas the corresponding AOD value decreases by increasing the fp,. This refers
that the received SINR, experiences more fluctuations for a fast moving user however, the
fluctuations lasts for a smaller amount of time as compared to the slowly moving DUE.
Furthermore, the impact of varying Doppler frequencies of IUE is shown in Fig. 6.4 for a
constant ij with 2 IUE having transmit powers Pyp;, =2 dB, Py,p;, = =5 dB. It can be
seen from Fig. 6.4 that LCR increases significantly with an increase in Doppler frequency

of IUE; (f1,p,), however, the effect of change in Doppler frequency of IUE; (f,p;) on LCR
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performance is almost negligible. The intuitive reason for this behavior is the transmit
power distribution among the IUE. The movement of an IUE with higher transmit power
will dominate the variations in the LCR performance for all values of outage threshold.
On the other hand, the impact of Doppler frequencies on AOD is shown in Fig. 6.4(b). It
can be noticed from Fig. 6.4(b) that for a given value of fp,, the AOD reduces significantly
by increasing the Doppler frequency of an IUE with more transmit power, whereas very
small reduction in AOD values is observed if the Doppler frequency of an TUE with small
transmit power is increased by the same amount. Finally, it can be deduced from Fig. 6.4
that the impact of variations in Doppler frequencies of IUE is significant on both LCR as
well as AOD, for medium to high range of thresholds, whereas the impact of variations in
/b, is noteworthy only in the LCR performance. These findings can be utilized to choose
the proper system margin for a practical mobile system. It’s worth mentioning that the
Doppler shift has a significant impact on the outage rate as compared to the duration of

the outage.

Figs. 6.5(a) and 6.5(b) illustrate the impact of L, i.e., the number of co-channel
interferers on LCR and AOD, respectively. It can be seen from Fig. 6.5(a) that the LCR
curve gets narrower with higher peak for increasing L for all values of Pp; considered in the
figure. This implies that for more IUE present in the network, the received signal envelope
is affected by large amount of fluctuations per second over low threshold regime. With
an increase in L, not only the threshold (I'};) at which the LCR attains maximum shifts
towards left, but also the maximum value of LCR increases significantly. For example,
at Pp;, = 3 dB, the values of I'fy for L = 1,2, and L = 3 are 23 dB, 17 dB, and
14 dB, respectively, and the corresponding LCR values are 55 sec™!, 77 sec™!, and 115
sec™!, respectively. Further, it may also be noted from 6.5(a) that for higher transmit
power values, a desired LCR is obtained at a higher threshold SINR, for all values of
L considered here. From Fig. 6.5(b), we can observe that AOD performance degrades
significantly by putting more IUE in the network for all values of Pp;.

Observation 6.2: [t can be clearly seen from Fig. 6.5(b) that the rate of rise of AOD
curve w.r.t. threshold is quite large for L = 2,3 as compared to L = 1. This implies that a
small increase in SINR threshold (or the transmit power of DUE; ), the AOD will increase
significantly over moderate to high threshold regime. For example, at Pp, = 5 dB and
vy, = 30 dB, the AOD wvalues for L = 1,2, and L = 3 are .0336 sec, 0.46 sec, and 4.68

sec, respectively.

Fig. 6.6(a) shows the variations of LCR w.r.t. transmit power for different values of
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Figure 6.5: (a) LCR and (b) AOD versus SINR outage threshold by varying L with
(kBR, #BR> 2BR) = (0,1,0), (kRD;, #rRD;> 2RD;) = (0,1,0). The fading parameters for the
interference links are (/ﬁeDj,ngj, QIng) =(0,1,0), Pyp;, = —5dB, and fi,p, =50 Hz for
0=1,2,3.).

SINR outage threshold. As outage threshold increases, LCR decreases for low values of
transmit power and reverse holds true for high values of transmit power. In Fig. 6.6(a),
we have also shown the asymptotic LCR for very high transmit power conditions. It can
be observed that asymptotic LCR approaches the analytical value at high transmit power.
Moreover, the asymptotic LCR is independent of transmit power and SINR threshold
which is well explained in Remark 6.1. Indeed, the high transmit power performance
depends on channel fading distribution parameters and number of IRS elements. Further,
Fig. 6.6(b) shows AOD variations w.r.t. the transmit power and it can be noticed that
AOD decreases with an increase in transmit power and saturates at high transmit power.

Moreover, AOD increases with an increase in outage threshold which is evident from
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Figure 6.6: (a) LCR and (b) AOD versus transmit power by varying ~rp with
(kBR, UBR;2BR) = (2,2,10), (kRrD;,#rD;,RD;) = (2,2,10), and L = 2 having
fIle = 60 Hz, fIsz = 50 Hz. The fading parameters for the interference links are
(FJI@DJ‘,MIZDJ'»QI[DJ') = (1, 1, 10) and PIng =20dB for ¢ = 1, 2.

Figs. 6.2-6.4. Further, we have shown the PER and throughput performance of the
considered TRS-assisted RF communication system employing SW-ARQ protocol under
FSMC model with multiple co-channel IUE in Fig. 6.7. We have shown the PER versus
transmit power performance of a DUE in Fig. 6.7(a) for different values of outage threshold
and Doppler frequencies of DUE and IUE (i.e., fp, and fi,p,, respectively). The total
duration of the packet is set as 7T Py, = 0.5 sec. It can be observed from Fig. 6.7(a) that
for all the values of outage threshold and Doppler frequencies considered in the figure, the
PER curves saturates to certain value, however, the saturation value of PER is slightly
higher for larger fp,. Furthermore, the PER performance for a slowly moving DUE (i.e.,

lower fp,) is superior than that of a fast moving DUE (i.e., higher fp;) under all the



148 Chapter 6. SOS for IRS-Assisted Multiuser REF Communication Network

00 100
i \ _fDJ:ZOHZ" vaDJ:{GO’ 60}He 0 — Wpin = 0.8 = = =wwpin = 1|
S (— fD/=80Hz7 fI,.D,:{607 60}Hz
1072 3 |- - - fp,=140Hz, f1, p ={60,60}Hz 102 /T __________________
\ 0 fp=20Hz fi p={100,100}Hz | F---""" e
= 10-4 o fp,=80Hz, f, p ={100,100}Hz | Lg¢
é + f,=140Hz, fi p, ={100,100}Hz g S
. N-. -
a a . U ]
s 10°° W e G
& [aY b= -
1078 \ 10—8 N = 80
------- ~
10710 . 1070 e e === Llaisila u _______
0 10 20 30 40 50 0.2 0.4 0.6 0.8 1
Pp [dB] TPD [sec]

(a) PER performance with transmit power for (b) PER performance with packet duration for
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Figure 6.7: PER performance of considered system employing SW-ARQ protocol under
FSMC model having 2 IUE with transmit powers Plle = 20 dB and PIle = 10
dB. The channel parameters for all the links involved are considered to be same, i.e.,
(kBR, #BR, 2BR) = (KRD;, URD,, 2RD,) = (k1,D,, 1,D,, ,D;) = (1,1,15) for £ =1,2.

threshold and transmit power conditions.

Observation 6.3: It can also be seen from Fig. 6.7(a) that the PER performance degrades
with an increase in ypy, for all the values of fp; and f1,p, considered here. For example, at
Pp, =20 dB and yr, = 0 dB, a PER 0of 3.5x 1077, 1.32x107%, and 2.3 x 107® is obtained
for fp; = 20, 80, and 140 Hz, respectively, whereas for the same values of fp, and Pp,,
the PER values are 7.8 x 1077, 2.99 x 107°, and 5.23 x 1075, respectively for vy, = 10
dB. It is interesting to note that PER curves do not change with any sort of variations in
J1,p;, ¢ =1,2, for all the values of yrn and Pp, considered in the figure, which refers that
movement of IUE does not really affect the PER of the desired user under the considered

parameter settings.

Fig. 6.7(b) depicts the impact of total packet duration (i.e., Tij) on the PER for
different values of N and w,;,. It can be noticed from Fig. 6.7(a) that the PER increases
very slowly with TpD]_ for all the values of N and w,;, considered in the figure. This refers
that the probability of at least one-bit error increases slightly for a longer packet duration
due to the increased channel fluctuations during the packet length. Furthermore, it is clear
from Fig. 6.7(b) that the PER value reduces dramatically for larger N for all values of T’ Pp, -
For example, with @pn = 0.8 and Tp, = 0.6, a PER of 5.479 x 1073, and 1.52 x 10710
is obtained for N = 40, 60, and 80, respectively. Moreover, the deviation in minimum
reflection amplitude (w,) from the ideal conditions (i.e., @i, = 1) deteriorates the

PER performance of the system over all values of Tij and N.
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Figure 6.8: Normalized throughput versus data packet length for different values of N
and Rp, with Pp; = 20 dB, vy, = 15 dB, fi,p; =60 Hz, and fi,p, =50 Hz. The channel
parameters for all the links involved are considered to be same, i.e., (kBR, 4BR,2BR) =
(’QRDj,,U/RDj, QRDj) = (HIZDJWNI@DJ‘?QI@DJ‘) = (1, 1, 15) for £ = 1, 2.

Fig. 6.8 shows the variation of normalized throughput (Up,(mr)/Rp,) by varying
packet length (mr) for different data rates (Rp,) and number of reflecting elements (V).
The overhead symbols under the ARQ transmission policy are set as mgoy = 100 symbols
for all the curves shown in the figure. It can be observed from Fig. 6.8 that the normalized
throughput increases with an increase in data rate. It is also clear from (6.35) that the
normalized throughput is a decaying exponential function of inverse data rate, which is
equivalent to a rising exponential function of the data rate. Further, increase in N results
in significant improvement in normalized throughput at all date rates. It is also worth
noting that optimal value of packet length increases with an increase in data rate as
well number of IRS reflecting elements. Thus choosing optimal packet length, high data
rate and more number of reflecting elements is optimum choice to improve the system’s
performance.

Observation 6.4: It can be observed from Fig. 6.8 that there exists some optimum packet
length (m*,) at which normalized throughput is mazimum. In particular, for N = 50, the
values of m¥, obtained using the analytical expression in (6.37) at data rate 1000 symbols
per sec (sps), 5000 sps, and 10000 sps are as 618, 1441, and 2057 symbols, respectively.
Similarly, for N = 60 the value of m”, at data rates 1000 sps, 5000 sps, and 10000 sps are
obtained as 618, 1441, and 2057 symbols, respectively. The figure clearly shows that these

values match the simulation results extremely well.
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6.6 Summary

In general, the importance of first-order statistics, such as outage, is of great interest in RF
communication networks, however, the duration and rate for which the system remains
in outage contribute to choosing system design parameters. Therefore, in this chapter,
we have studied the SOS of IRS-assisted RF communication system in the presence of
multiple interferers. We have derived the analytical expressions of LCR and AOD for the
considered system utilizing non-identical x-p distribution for the desired and interference
links. We have also obtained asymptotic expressions of LCR under high transmit power
conditions. Moreover, the PER and optimal packet length of the considered IRS-assisted
network have been derived with SW-ARQ protocol-based data transmission under the
FSMC model. Moreover, the impact of various system and channel parameters, such
as number of reflecting elements of IRS, minimum amplitude of reflection, number of
co-channel interferers, and Doppler shift due to desired and interfering users has been

investigated on the system’s performance.
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Conclusion and Future Scope

In this chapter, we conclude the thesis by summarizing the accomplished work and

suggesting some potential further research topics.

7.1 Conclusion

In this dissertation, we presented a comprehensive evaluation of a mixed FSO-RF
communication system that combines the advantages of both technologies while addressing
their individual limitations. The thesis investigates the performance of a DF relay-based
mixed FSO-RF system with SLIPT to overcome power constraints. We derived statistical
distribution of SNR and analytical expressions for various performance metrics such as
outage probability, bit-error rate, ergodic capacity, and effective capacity. Furthermore,
the thesis explores the potential of IRS to enhance the performance of the RF link,
especially in urban areas with blockage issues. We investigated performance of on-off
control IRS-assisted mixed FSO-RF system interms outage probability, average bit-error
rate, and ergodic capacity. Moreover, we integreted integrates the concept of NOMA
to the relay-based FSO-RF communication to assist multiple users. We considerd the
deployment of an OIRS in the FSO link as well as RF IRS in vicinity of user with poor
channel conditions and adopts SLIPT technology for energy harvesting at relay. The
system’s performance is evaluated in terms of outage probability, throughput, and ergodic
rate.

The thesis also highlights the importance of studying SOS to capture the dynamic
behavior of the system under multipath fading. In particular we have investigated the LCR
and AOD for the OIRS-assisted FSO network in the presence of random fog, atmospheric
turbulence, and pointing error. We also investigated the SOS for the IRS-assisted RF
communication network with CCI.

Overall, this research contributes to the understanding and advancement of mixed
FSO-RF communication systems by addressing power constraints, atmospheric turbulence,

limited coverage range, and the use of IRS and NOMA.
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7.2 Future Scope

The work presented in this dissertation can be extended by integrating the mixed FSO-RF
communication system into the space-airborne-terrestrial (SAT) networks. The evolution
of space and aerial platforms is confirming the advent of SAT wireless frameworks through
its integration into terrestrial networks. It can be a promising solution for building a fully
globally connected architecture for next-generation communication networks. Moreover,
space and aerial platforms are primarily based on the scarce RF bands with limited
capacity. To address the RF spectrum scarcity issue and deliver a Terabit-per-second
(Th/s) data rate, we can applied FSO technology as prescribed in this dissertation. For
example, in May 2018, the German Aerospace Center registered a world record of achieving
13.16 Tb/s using FSO transmissions in a GEO-equivalent turbulent channel. As a result,
FSO link is more desired for space-air communication because of low absorption and
scattering loss in the space environment. Due to the numerous advantages of FSO, these
SAT networks can be designed for satisfying the QoS requirements of terrestrial users for
different applications.

Also, the evolving real-time services require an intelligent global network that can
adapt according to the service requirements. Moreover, the inherent characteristics of
space and aerial platforms, when deployed, can fulfill this time varying demand of the
terrestrial users by dynamic utilization of resources and scheduling according to the user’s
needs, especially in the disaster-affected areas, emergency scenarios, smart cities, etc.
Furthermore, by utilizing IRS into the SAT communication network, the high path losses
over long propagation distances can be compensated.

The aid of IRS-assisted SAT network promises to bring a revolutionary changes

including;:
e Reduced deployment cost against conventional satellite networks,
e 360-degree coverage to cover a number of applications,

e Boost the communication performance of SATCN with limited resources by selecting

an appropriate system model.
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Appendix

A.1 Detailed Proofs of Chapter 2

A.1.1 Proof of Lemma 2.1

The PDF of I'y can be derived by differentiating Fr(y) with the help of [63,
07.34.20.0017.02] as

K7_1 00 (=)™ (m m+n a/B\Il) 0,,Am+n+1
- — T,
I = T [Z o \%h XZ o omso | movn3.01
m e (046‘11) 0,1,A
+T <m,%> ;TT‘G < B,0,1> :

16%}750
Substituting (A.1.1) in (2.36), expressing In (1 + =) = G%’g (%7‘}%) from [63,

)

07.34.03.0456.01], and using [63, 07.34.20.0017.02], we get (2.37).

(A.1.1)

A.2 Detailed Proofs of Chapter 3

A.2.1 Proof of Lemma 3.1

Considering the reflection amplitudes of each reflecting elements to be identical, i.e

]w \ = |wr|, Vn, we can write (3.14) as
o (f2) = pr [We|?, (A.2.1)
where
1 (n) 1 = (((=1)D+1+4)
W= —— Z HM ™ =~ N7 (=) Dlg) o DPFED (A.2.2)
\/ﬁz ¢—1)D+1 \/E 7=0
D Terms DTerms
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where j = n — (1 — £)D — 1. Further, considering phase error as Generalized uniform
distributed, obtaing the PDF of W, becomes difficult. Therefore, we obtain a lower bound
of the performance of an IRS-assisted by considering phase error to be distributed as
U ~ (—m,m) . Under, this assumption the PDF of W, can be obtained from [103] with

some RV transformation as

mp—1 mi—1 D—1 (Déngfu) 2 X Do
1322 v— / 17762
f|Wé‘2 E E H Z )' v 2 Kyfl (2 MU) 5 (A23)

up=0 up_1=035=0

where v = D(m1 +mg —1) — Zf:_ol uj and Zj = (m2)ma 1 (1m2)u, . Moreover, the CDF

(ma1—1—uj)u;!

of |[Wy|?* can be derived by [ fiw,2(2) dz along with the use of [68, Eq. 6.561.8] as

mi1—1 mi1—1 D-1 2 <Dén19m2>% Dimam
1322 v / 112
..F‘leQ E E H Z ]. V 1) —_—12 KV (2 M’l}) 5 (A24)

ug=0 up—1=0 j=0

From the definition of W, in (A.2.2) and the assumption of g; and h; following
Nakagami-m distribution with parameters (mi,1/m1) and (ma, Q2/ms), respectively,
it is straightforward to write that £ {\WZ\Q} = 01Q9. Now we can write the CDF of

vp(fe) given in (3.12) as

Fon ) () =Pr{pr|We|*> < v},

— Fi,p2 (;) . (A.2.5)

Using (A.2.4) in (A.2.5), we get (3.18).

A.2.2 Proof of Lemma 3.2

As prp — o0, the argument of the modified Bessel’s function in (3.18) tends to zero.
Following [68], we utilize two different approximations of K, (x) for x — 0 as Ki(z) ~
271 4 0.521n(0.52) and K, (z) ~ 0.5 {(22~1)"T'(v) — (227 1) ?I'(v — 1)} with v =1 and

v > 1, respectively. Using these asymptotic values in (3.18), we get (3.22).

A.2.3 Proof of Lemma 3.3

Utilizing the ﬁg) — oo in (3.31) along with the asymptotic expression of Meijer’s-G

function from [63, (07.34.06.0006.01)], we get (3.34). Further, asymptotic bit-error-rate

Prr for the IRS-assisted RF hop can be obtained using asymptotic expression of Bessel
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function and then using [68, (3.371)] in (3.32), we get (3.35)

A.2.4 Proof of Lemma 3.4

From (1.3) Q; can be written as

0 =¢ {m (1 + A»y@)] =£ {m (1 + A:yguq)} , (A.2.6)

Since, In(1+4+2) ~ In(z) when z — oo, the asymptotic expression of Q; in (A.2.6)

considering high SNR conditions i.e., ’yg) — 00 can be accurately lower-bounded as follows

;.
]-'Iq

lim Q) = Q) =

'y—>oo

(A.2.7)

where F7, (i) is the CCDF of I, which can be obtained using (3.39) by linear transformation
as Fluli) = Fly (fyl(g)i). Further, utilizing [63, (07.34.21.0086.01)] in (A.2.7), we
get (3.44). Further, Qs = limy_, Q2, can be obtained from (3.41) by utilizing high SNR
asymptotic expansion of Bessel function expression and then using [63, (07.34.21.0086.01)],
we get (3.45).

A.3 Detailed Proofs of Chapter 4

A.3.1 Proof of Theorem 4.1

From (4.23), Pout,1 can be evaluated based on different range of values for 'y{h as

C2
e} C o0
P = [ 7 (L) g, @ [ F(Coty (A8
o

Dy

Do

Substituting (4.17) along with the PDF of 4y;, in (A.3.1), we get

e mh oy mo lI’e 02 1 P
D, — q 0 T, / mo—Ll oy —— U G < 4 ) du
1 7/m0 Qmor le:l T; b ’y{h QO 5 13 Heq U Qa
(A.3.2)
and
Dy — eqmo Z Z T, / um L exp [ — mo u | 12l ( o) 1, IP’) du.
*/mOQmC']__‘ Tl P ’7/61(20 5713 Q O

(A.3.3)
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Substituting e™® = G} (z];) [63, (07.34.03.0228.01)] along with use of property of
Meijer’s-G function from [63, (07.34.17.0012.01)], and then using the primary definition
of the Meijer’s G function from [63, (07.34.02.0001.01)], (A.3.2) can be evaluated as

12
(—s2) [T T'(a; + s2)

D — Keqmg™ Z Z / / I=1 Cy\morerte
1= _/monOF mO 27‘(’] o Jos Cl

=1 Hrbk—i-SQ) (1—82)

s1 59
mo Heq [(mo+s1+s2)
X dso ds1, A34

(’y{JlQo> (\Peq02> F(m0+81+82+1) 52451 ( )

where a; € Q and by, € P. Using the definition of the bivariate Fox-H function [104, 2.55]
n (A.3.4), we get (4.25). Similarly, using [68, 3.381.3] in (A.3.3), we get (4.26).

A.3.2 Proof of Theorem 4.2

From (4.27), Pout,2 can be evaluated for different range of ’y{h as

Cy
C3 Cy o0
Pout,2 :/0 Frn <u> fV{Jz (u)alu—F/g4 .7-"W(C’3)f%J2 (u)du . (A.3.5)
3

Ha

Ha

Substituting (4.17) along with the PDF of ~y;, in (A.3.5), we get

mi—1 mi—1 N C o v 04 1 P

T 3D 3L S > L ez (B0 | LP)
ri=lro=1  w1=0 uy=0n=1 Heq U )
(A.3.6)

and

(12 E;) 7 T Ky (2v/Cou) du

mi—1 mi—1 N
M=K 331, Y Y HZ ( Yoo,

ri=1ro=1 u1=0 uny=0n=1

& (A.3.7)

m1m2

9192
Ko p(2y7) = fTagg(x\a-b) [63, (07.34.03.0605.01)] along with use of property of
Meijer’s-G function given in [63, (07.34.17.0012.01)], followed by the use of the primary

where C . Expressing Bessel function in terms of meijer’s-G function as

definition of Meijer-G function [63, (07.34.02.0001.01)], we can evaluate (A.3.6) as

mi1—1 mi1—1

TRV 3D 3 ot Db | £ty |

4
ri=lre=1 w1=0 wuny=0n=1 O3 0y H F(bk+54)F(1—54)
k=1

F(V— 1—83)F(—33)F(—84) l11_2[1 F(al + 84)




APPENDIX A. Appendix 157

S s3+84+1
5= ,ueq 4 C4 3 F(Sg + s4 + 1)
C3 | ——— — ————~dssd A.3.8
XO(ﬁw@> Qg) T(ss+sq4+2) 1% (A.3.8)

where q; € Q and by, € P. Using the definition of the bivariate Fox-H function [104, 2.55]
n (A.3.8), we get (4.29). Similarly, solving the integral Ho defined in (A.3.7) using [68,
6.561.8], we get (4.30).

A.3.3 Proof of Lemma 4.1

The high SNR asymptotic expansion of the bivariate Fox H-function can be obtained from
the Mellin-Barnes integral expansion of the Fox H-function. The asymptotic values can
be calculated by evaluating the residue of the respective integrands that are close to the
contour, particularly, the maximum pole on the left for small Fox’s H-function argument
and the minimum pole on the right for large ones [130]. To evaluate the asymptotic

expression of Dj, we can rewrite Dy (from (A.3.4)) in form of Mellin-Barnes integrals as

D, = _ Keqmg® ZT’“ 27” /11(51)/ To(s2) Is(s1, 82) dsadsy, (A.3.9)

—/m() mo
Q F mo ri=1ry=1 £
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wherein Il(sl) = F(—Sl) ?2 R 12(52) = 4( 2) =1 ( l 2) <\IIM qC )

C2>m0+81+82 F(m0+31+32)
1 (mo+s1+s2+1)

and Zs(s1,s2) = < (A.3.10)

For high transmit SNR conditions, i.e., p — 00, and hence peq — 00, the bivariate Fox’s
H-function can be evaluated at the highest poles on the left of contour ¢s (i.e., residue at

S9o = —81 — mo) as

/12(52)13(51,52)d52 ~ 2mjRes [Z2(s2)Z3(s1, $2), —mo— 51]
lo

=27y lim  (s1+s24+mo)Z2(s2)Z3(s1, S2)

S2—>—MmMp—S1

= 2my L(s1 +mo)[Tp2, T (a—mo —s1) ( Heq >m081
Hk: 1 (bk—mo—sl)l“(l—i—mo—i—sl) ‘ljeqCZ

2 T,(s1). (A.3.11)

Using (A.3.11) in (A.3.9), we can write D; for high SNR conditions as

nd m
Dim it 3 3 3 [ mta i) (A512)

ri=1rqo=1
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Similarly, we can apply residue approach in (A.3.12) by computing the residue at the

dominant pole on the right of contour ¢; (i.e., at s; = @, — mg, where @; = min{Q}) as

/ Il (81)14(81)(181 =~ 27‘(’] Res[zl(Sj) 14(81), (~ll — mo]
12

= 27Tj lim (dl — mg — 81>Il(81)I4<31). (A313)

S1—a;—mo

Substituting Z; (s1) and Zy(s1) from (A.3.10) and (A.3.11), respectively, in (A.3.13), and
using the final result in (A.3.12), we get (4.31). Furthermore, by applying the asymptotic
expansion of Meijer’s-G function [63, (07.34.06.0006.01)] in (4.26), we get (4.32).

A.3.4 Proof of Lemma 4.2

To evaluate the asymptotic expression of Hi, we consider H; in form of Mellin—Barnes

integrals (from (A.3.8)) as

Hi1 = 2K,

//Cz 54)K3(s3,54)ds453,

ri=1ry=1 u1=0 un=0n= 1 i

(A.3.14)

T (—s4) [1;2, T(ar + s4) ( fleq )54
[Ti_ Db + s)T(1 — 54) \PeqCs)
Cy sstsatl (s34 s4+1)
Cg,) F(Sg + 54 + 2)'

where  Ki(s3) =T(v—1—s3)I'(—s3)C5%, Ka(sa) =

and  [Cs(ss3,s4) = ( (A.3.15)

For high transmit SNR conditions, i.e., p — oo, and hence pq — 00, the bivariate Fox’s
H-function can be evaluated at the highest poles on the left of contour ¢4 (i.e., residue at

sS4 = —s3—1) as

K2(84),C3(83, S4)d$4 %27['] ReS[ICQ(S4)]C3(83, 84), —1—53]
Ly

=2my lim (83+S4+1),C2(S4)]C3(83,84)

Sg——1—

_ g, LLF N [12, D=1+ a = s3) < Heq >1
Hk 1 ( 1+ b, — 83)F(2 + 83) \I}eqC4
£ Ky(s3). (A.3.16)

Using (A.3.16) in (A.3.14), we have

mi1—1 mi—1 N

7‘[1—2K

/ lCl 83 K4(83)d83 (A.3.17)
27r]

ri=1rz=1 u1=0 un=0n= 1
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Similarly, we can apply residue approach in (A.3.17) by computing the residue at the

dominan pole on the right of contour /3, (i.e., at s3 =a; — 1) as

]Cl(Sg) ]C4(53)d83 ~ 271'] ReS[’Cg(Sg) ]C4(83), C~Ll — 1]
121

= 271'] lim (Ell —-1- 83)’C1(83)K4(83). (A.3.18)

s3—a;—1

Substituting /01 (s3) and K4(sz) from (A.3.15) and (A.3.16), respectively, in (A.3.18), we
get (4.35). Similarly, by applying asymptotic Meijer’s-G function expansion in (4.30), we
get (4.36).

A.3.5 Proof of Lemma 4.3

The CDF of end-to-end instantaneous SNR of S-R-U; link, i.e., I'g, is given by
Fry, (v) = Pr [min (w1, ©17r70,) < 7] = Pr [min (YR, RYG,) < Jl] ,  (A3.19)

where v}, = %"y{h ]hRU1|2. Note that when 0 < ~{j, < 1, then T'g, = yr7{},, whereas,

when ~{j, > 1, then I'g, = yr. Accounting this, we can transform (A.3.19) as

1 00
fFEl(’Y)—/O Frin <w?u>f761 (u)du—i—/l Frn (&)f,yﬁl (u)du. (A.3.20)

Taking the derivative of (A.3.20) to obtain fry (7) and substituting it in (4.42), we get

0o 1 5
Cerg,lz/o ln(l-l—A’Y)/O @fyR (wlu>f,yﬁl(u)dud’y

L1

o0 o0 1
+/0 ln(1+A’y)/1 —fm (lzl)f%}l(u)dud'y, (A.3.21)

wq

Elr2
where PDF of yr can be obtained using [63, (07.34.20.0011.02] and [63, (07.34.03.0001.01)]

in (4.17) as
P-1

Q-1

Substituting (A.3.22) along with the PDF of {j, (from (4.18)) in (A.3.21), followed by the

o0 o0 \Ij
12,0
Fin () =FKeqg > Y 1G5 Meqv

ri=1ro=1 cq

(A.3.22)

1,1
use of In (1 + Ay) = G375 [ Ay 63, (07.34.03.0456.01)] and [63, (07.34.21.0011.01)],
1,0
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we can write £11 as

1
L= Reqmg” r/umo 2 exp wimoy GM | o ‘ e du
~ .
wl’yl?l‘OleOF(mo o lrz 1 ww Qo U)1Mqu Q-1,—1,—1

(A.3.23)
To solve the above integral, we first use e % = G(l):(l) (z|,) [63, (07.34.03.0228.01)] and
then utilize the primary definition of the Meijer’s-G function [63, (07.34.02.0001.01)].
After that, we evaluate the integral for u and apply the definition of the bivariate Fox-H
function [104, 2.55] to get (4.43). To solve the term L2 in (A.3.21), we substitute the

L

1,0
integrals (w.r.t v and u) by using [63, (07.34.21.0011.01)] and [68, 3.381,3] to get (4.44).

PDFs of yr and 7{;, with the use of In(1+Ay) = Gé:g A~y and solve the two

The CDF of end-to-end instantaneous SNR of S-R-Uj link, ie., Fpy (7) can be

expressed as

~ /
. w W2YR
fmmzpr[mm( o )g

= Pr [’YR < max (wl (,Y)’WQI(’Y) 7

wiyr + 17 W1y, + 1 U,
(A3.24)
where wi(y) = W;{UW, and wa(y) = W The CDF Fry, (v) can further be evaluated

for different range of ~y;, as

wa(v)
w1 () o
Frefv)= / Fon <°‘121(7>>f7 u)du+ / Fan(wi() fry, (w)u. (A.3.25)
0 w2 ()
w1 ()

Taking the derivative of (A.3.25) to obtain fry, (7) and substituting it in (4.42), we get

wa ()
(S w1 ()
In (14+A~v)w 1 w
Cerg,2 :/ A( N ) 22 / f’yR< 2(7)>f76 (u)dud'y
(w2 —_ w1'7) u u 2
0 0
In(1+A
+ / n 7)“’22 Fon(w / fop (w)dudy (A.3.26)
(wg — w17y)
wa (v)
w1 ()
Eer

Substituting (A.3.22) along with the PDF of vy, (from (4.19)) in (A.3.26), followed by
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a+b

the use of Ko_p(2y/7) = x_TGOg< ‘ ) [63, (07.34.03.0605.01)], we can write Lo; as

[’ <Je'S) m1—1 — 0 (1+A’yw
2
Mﬁ%Zanmz o
ri=lro=1 u1=0 un=0n= V 0 ’UJ wlry
wa (v)
W1(v)1
29 (¢ ) g0 (Tea2(0) dud-y. A.3.27
x / " 0,2<ouy_170> 4,12 ,uequ Ql uay ( )
0

The above integral can be solved by utilizing the primary definition of the Meijer’s-G
function [63, (07.34.02.0001.01)] and then evaluating the integral for u and applying the
definition of the bivariate Fox-H function [43, 2.55] to get (4.45). To solve the term Loy
n (A.3.26), we substitute the PDFs of yg and ~y;, with the use of [68, (3.381.3)] and
get (4.46).

A.4 Detailed Proofs of Chapter 5

A.4.1 Proof of Lemma 5.1

The PDF of channel coefficient IZ-( ) I](c Z)I éz)z which accounts random fog, atmospheric

turbulence and misalignment error can be obtained as [89]

1 z
n)\Z) = - n - n d . A4.1
frm (2) /0 yfjjgﬂ) (y) fl§p3i(y) y (A.4.1)
Substituting the PDF of I(n) and Ic(lp)l from (5.4) and (5.11), respectively, along with the

use definition of Meijer-G function from [63, Eq. 07.34.02.0001.01], we get

(! )) e T b —
i Ui w1 £y T IRE S
frm(z)=~rt Lt — [ (™) / u=" dude,
1} (2) F(T(")) 2y < )
v L l 0
(A4.2)

(n) (n) g(n)

where 3 = y/—1 is the imaginary number, 1/12@) = L and C’i(”) =% b

Ao (o )T (B{")
Substituting In (%) = y and using [67, (3.351.3)], we can solve the inner integral as
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(n)

3 N
(s =) [o(u® —1-0)]" (™
1/p:1 ( p )[ (v )} _ (T ) (CZ(”))KZZ*UEn)+1dg' (A.4'3)
C

(o) o)

Applying the definition of Meijer-G function from [63, Eq. 07.34.02.0001.01], we get (5.12).

A.4.2 Proof of Theorem 5.1

N
The PDF of Igp, = 1 (n)_ can be obtained by determining the inverse lapace transform
J SD;
n=1

of moment generating function (MGF) as

flsn = [H <n) ] (A.4.4)

where M () (s) is the MGF of RV IéD) given by
SDj

o

MI(n) (s) = /e_sufjm) (u)du. (A.4.5)
SD; SD;

0

Utilizing the PDF of IéD) given in (5.15) in the above equation and utilizing the definition
of meijer-G function followed by the use of [67, ( 3.381.4)], we get M () (s) given by
SDj;

3 (n)

) d’srﬁb II F(b(s’gp — £n> [F (vé}? 1 gn):|TSR

M[é%) (s)= 271” (vgﬁ))é? (UéDJ’) ESl / = ™

g T(al =) [D(o - )] ™

() [, 1)) (s

ER

Ly
) L(l, +1)s~ 5 de,,.

(A.4.6)

Substituting (A.4.6) in (A.4.4), we get

N TSR n TRD w(n)w
LT ™ (o) S

n=1 ‘w

fISD

(n) (n)

ﬁ ! (o1 ) F (-, 1)) P

Loor(-n) (@ - (e - ) (e, - )]
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Cé”)C(”) - 1 Y

x [ SR EDs /s n=1  e%ds|dl,. (A.4.7)
|| 279

L

Solving the inner integral given in (A.4.7) using [67, ( 8.315.1)] and using the definition of
multi-variate-Fox H function from [104, (A.1)], we get (5.16). Further, the CDF of hgp,

can be derived using

N Mo (s)
Frso, (2) = L7 | [ —2 (A4.8)

n=1
Utilizing (A.4.6) in the above equation followed by the use of [67, (8.315.1)] and the

definition of multi-variate-Fox H function from [104, A.1], we get (5.21).

A.4.3 Proof of Lemma 5.2

The k-th moment of SNR at D; can be obtained as€ {F%j} = | o prJ_ (v)dy
Substituting (5.19) along with the use of [104, A.1], we get

1 N glg gl% )\, (n) (n) 1\Y
k _ i ¢, (M)\Ten n) \TRD, [ _*
E {FD]'} - 2\/,?}_[1 ’w(n)’ (USR) SR (URDj) j <27r])
(n)

11006, 6) [P(o-1-0)] ™ 1000, - ) [P, 1 0)] ™

b e ) (R -] (e, ) [k, - )]
(n) ~(n) \ ™ - Lo
m /0 Vk'yé";%d’V dln. (A.4.9)

The inner integral in (A.4.9) can be solved using final value theorem le Jo f@)dt =

lin% F(s) = F(e) where e is nearly zero (~ 107°). Therefore
5

N 1 N N
o k4l S, 1 k4145 Z_: Sn 1
/ Nk d“Y:(E) = k+1+§an ' (A.4.10)
0 n=1

Substituting (A.4.10) in (A.4.9) and utilizing the definition of multivariate Fox-H function
from [104, A.1], we get (5.21).

A.4.4 Proof of Lemma 5.3
The variance of the derivative of I'p; is obtained using [1] as

1 dzZFDj (7_—)

v {Tn,} = i (A411)
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where ZFD]- (7) defines the ACF of I'p; at time lag 7. Assuming I'p, to be a bandpass and
wide-sense stationary Gaussian RP (due to the CLT), the ACF of I'p; can be given by
following [131, 2.22] as

ETE
2rp, (7) = {2DJ}5 {exp (y2m7fp, cos¢p,) } . (A.4.12)

Since the reflected signal through the ORIS forms a highly collimated beam, we consider
a non-isotropic scattering environment at D; with the AoA ¢p; following the Von-Mises
distribution. The Von-Mises distribution is an appropriate model to characterize the
non-isotropic scattering environment because of its versatility of addressing wide range of
scenarios [1, 131]. The unified PDF of ¢p, considering non-isotropic/isotropic scattering

model is given by

exp [x cos (¢p, — @b, )]
271']()()()

Jen, (¢p,) =€ +01- 5)%7 ¢p; € [~m, ). (A.4.13)

where & specifies the amount of directional reception. For £ = 1, (A.4.13) reduces to
non-isotropic scattering model, whereas, for £ = 0, (A.4.13) simplifies to is isotropic
scattering model. Utilizing f@DJ_ (¢p,) from (A.4.13), (A.4.12) can be re-written by solving

the expectation over ¢p; as

E{F%j } [C:IO (\/X2 _47T27_-2f]2D +947XT fp COS(@DJ' )) + (1 —&)Jo (2mfpT) |-

Z T )=
FDj(T> 2 IO(X)

(A.4.14)
where Jy(-) is the zeroth order Bessel function [67]. Further, substituting
(A4.14) in (A411) and utilizing =& — L1, () +L41(2) and 22 —
2 (I—1(2) — Ju41(2)) [63], we get (5.24).

A.5 Detailed Proofs of Chapter 6
A.5.1 Proof of Lemma 6.1
The variance of the derivative of Xp, can be calculated by following [1] as
. 1 dZZXDj (7)
V{XDJ} P | (A5.1)




APPENDIX A. Appendix 165

where j = v/—1, ZXDj (7) defines the ACF of Xp; at time lag 7. Assuming Xp; to be a
bandpass and wide-sense stationary Gaussian random process (due to the CLT), the ACF
of Xp, can be given by following [131, 2.22] as

X3

&
ZXDj (7) = {23}5 {exp (j2n7fp, cos¢p, ) } - (A.5.2)

Since, the reflected signal through the IRS forms a highly collimated beam, we consider
a non-isotropic scattering environment at DVE; with the AoA ¢p; following the von
Mises distribution. The von Mises distribution is suitable for modelling the non-isotropic
scattering because of its versatility of addressing many scenarios [1, 131]. The PDF of ¥D;

is given by
exp(x cos(¢p; — ¥D,,)]
2mlo(x) ’

Using the PDF from (A.5.3), we can rewrite (A.5.2) by evaluating the expectation over

fgoDj (¢p,) = ¢p, € [-m, 7). (A.5.3)

¥D; as

S{X%j } Iy <\/X247T27_-2f]%j +j4mXT fp, cos(«ijyp)>
2 Io(x)

Further, substituting (A.5.4) in (A.5.1) and utilizing dlgiz) =1 (L-1(2) + L4 (2)) [63],

(A.5.4)

ZXDj (7_—):

we get (6.20).
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Journal

e A. Girdher, A. Bansal, and A. Dubey, “Second-Order Statistics for IRS-Assisted
Multiuser Vehicular Network With Co-Channel Interference,” IEEE Trans. Intell.
Vehicles,vol. 8, no. 2, pp. 1800 - 1812, Feb 2023.

e A. Girdher, A. Bansal, and A. Dubey, “On the performance of SLIPT-enabled DF
relay-aided hybrid OW/RF network,” IEEE Sys. J., vol. 16, no. 4, pp. 5973-5984,
Dec. 2022.

e A. Girdher, A. Bansal, M. R. Bhatnagar, and A. Dubey, “Performance Evaluation
of TRS-Assisted One-Bit Control Based Mixed FSO-RF Communication System,”
IEEE J. Optical Commun. Netw. (Under Review)

e A. Girdher, A. Bansal, and A. Dubey, “Generalized Analytical Framework for
SLIPT-Enabled OIRS-RIRS-Aided Mixed FSO-RF Communication System Using
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Optical Wireless communication system with Selection Combining” IEEE Trans.
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Conference Proceeding

e A. Girdher, A. Bansal, and A. Dubey, “Analyzing SLIPT for DF Based Mixed
FSO-RF Communication System,” in Proc. IEEE Int. Conf. Telecommunications
(ICT), London, UK, Jun., 2021.

e A. Girdher, A. Bansal, and A. Dubey, “Level Crossing Rate and Average Fade
Duration of RIS-Assisted RF Communication System,” in Proc. IEEE India Council
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FSO-RF Communication System with On-Off Controlling,” in Proc. IEEE Int.
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