
1
Introduction

1.1 OVERVIEW OF OPTICAL WIRELESS COMMUNICATION (OWC) SYSTEMS

According to the Cisco annual Internet report (2018-2023), the Internet users will increase
from 3.9 billion (51% of the world population) in 2018 to 5.3 billion (66% of the world population)
in 2023. Globally, the growth in total mobile users will increase from 5.1 billion (66% of the
world population) in 2018 to 5.7 billion (71% of the world population) by 2023. The average
broadband speeds are expected to increase from 45.9 Megabits/second (Mbps) in 2018 to 110.4
Mbps by 2023 [Cisco, 2018]. Thus, it is evident that the number of wireless communication
subscribers will increase dramatically and data usage will explode in the future years. It will
lead to data congestion over the conventional radio frequency (RF) bandwidth. Moreover, in an
emergency situation such as the COVID-19 pandemic, we have faced many technological challenges
on the telecommunication front, such as ensuring reliable, secure, and high-speed Internet access
that is crucial for hospitals, medical facilities, businesses, and education institutions. Owing to
that, the network infrastructures were stressed to their limits by the unprecedented global health
emergency. In this situation, some operators and platforms reported surges in demand up to 800%
[Vignesh, 2020]. The aforementioned issues have drawn the attention of researchers towards beyond
fifth-generation (B5G) and sixth-generation (6G) of communication systems for investigating and
designing a highly secure communication system that is capable of managing large volumes of traffic
to accommodate the expanding user base and emergency scenarios like COVID-19.

To this end, optical wireless communication (OWC) is one field that is envisioned to develop
the fastest in the near future. The research in this field has significantly attracted the attention
of academicians throughout the world. Moreover, it is a viable and promising solution for the
next generation high-speed wireless communication systems [Khalighi and Uysal, 2014]. OWC
refers to transferring data through an unguided propagation medium utilizing optical carriers in
the ultraviolet, visible, or infrared ranges of the electromagnetic spectrum. Initially, only military
and inter-satellite communication channels were utilized for OWC applications. Currently, OWC
is used in a wide range of applications, such as chip-to-chip communications [Feldman et al., 1988],
underwater [Gabriel et al., 2013] and terrestrial communications, and deep space communications
[Chan, 2003]. The advancements in semiconductor technology and the increase in the number
of companies offering OWC solutions to provide higher data rates and various link lengths have
proliferated the use of OWC systems in the aforementioned applications. OWC systems are divided
into five categories based on their transmission range: ultra-short range (of the order of mm),
short-range (of the order of cm), medium range (of the order of m), long-range (of the order of
km), and ultra-long range (>10,000 km) [Khalighi and Uysal, 2014; Ghassemlooy et al., 2012]. The
majority of the thesis is devoted to the research on long-range OWC systems, known as free-space
optical (FSO) communication systems.
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Figure 1.1 : Schematic diagram of an FSO communication system.

1.2 FSO COMMUNICATION SYSTEMS

FSO communication is a line-of-sight (LoS) communication technique that refers to the
transmission of an optical carrier in an unguided propagation medium, as shown in Fig. 1.1.
The FSO communication systems are utilized to transmit high data rates over several kilometers.
FSO communication systems offering 10 Gigabits/second (Gbps) transmission rates are currently
available in the market and compete with the speeds offered by their fiber optic counterparts
[Lightwave, 2020]. FSO systems employ extremely narrow laser beams that provide a high reuse
factor, inherent security, resilience to electromagnetic interference, and high spatial confinement.
The FSO technology operates between 780-1600 nm optical bands, which is unlicensed globally.
Therefore, FSO systems do not have license costs. Additionally, FSO systems do not require
expensive dedicated costs such as fiber optic connections to be installed or removed. FSO
communication is a viable contender for broadband wireless access that would complement existing
RF solutions to address last-mile access network issues (i.e., bridging the gap between the end user
and the already-existing fiber optic infrastructure). An FSO communication system may provide
average data rates up to Terabits/second (Tbps) since it has a relatively large optical bandwidth
[Parca et al., 2013]. Hybrid FSO/fiber bidirectional lines are suitable for fiber-to-the-home (FTTH)
applications [Ghassemlooy et al., 2012].

1.2.1 FSO Applications

1. Building to Building Connectivity: Corporate businesses, universities, and schools,
among others, experience heterogeneous network traffic (i.e., video, audio, and data). FSO
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communication links have the potential to handle this enormous volume of heterogeneous
traffic effectively. The fiber optic connections require additional costs to be established or
removed, whereas FSO systems are installed at a significantly lower price [Khalighi and Uysal,
2014; Uysal et al., 2016; Jahid et al., 2022].

2. Surveillance: Real-time surveillance is essential in commercial, public safety, law
enforcement, and military applications. However, wireless video transmissions for these
applications need a higher capacity. The traditional RF technologies are unable to meet the
desired requirements. Thus, FSO technology offers a potent alternative to enable high-quality
video transmission in video streaming [Khalighi and Uysal, 2014; Uysal et al., 2016; Jahid
et al., 2022].

3. Disaster Recovery: Under extreme scenarios of natural catastrophes, emergencies, or
terrorist attacks where the local infrastructure may be faulty or damaged, adaptable and
creative solutions are needed. FSO connections may be quickly deployed in these kinds of
circumstances to create communication links within hours. For instance, FSO communication
links were swiftly deployed in numerous corporate companies during the 9/11 attacks when
conventional communication links were broken [Khalighi and Uysal, 2014; Uysal et al., 2016;
Jahid et al., 2022].

4. Broadcasting Events: FSO links are capable of delivering the high data rate required
for high-definition live telecasting of events. For instance, in South Africa, during the 2010
FIFA World Cup, BBC established high-speed FSO links between several studio locations
[Lightwave, 2010; Khalighi and Uysal, 2014; Portway, 2020].

5. Satellite Communications: FSO communication is employed for high data rate
ground-to-satellite communication. NASA laser communication relay demonstration project
showed a 1.2 Gbps data rate from the geostationary earth orbit (GEO) to the ground station
[Edwards and Israel, 2018]. Recently, the authors in [Walsh et al., 2022] demonstrated a 100
Gbps coherent FSO communications at low earth orbit (LEO) tracking rate.

6. Secure Communications: FSO communication offers a more secure communication
channel compared to RF-based systems, as it requires a direct LoS and is less susceptible
to interception [Lopez-Martinez et al., 2015]. It is often used for secure government and
military communication. Quantum key distribution protocols enable and establish a highly
secure worldwide communication network [Edington et al., 2017]. The authors in [Yin et al.,
2020] presented an entanglement-based secure FSO quantum cryptography over 1120 km.

7. Urban Wireless Networks: FSO communication systems can alleviate the congestion
in urban wireless networks by providing high-capacity point-to-point connections between
base stations. This helps enhance the overall capacity and performance of wireless networks.
Google Taara project demonstrated a 20 Gbps FSO high speed bidirectional communication
link up to 20 km in 2017 [Taara, 2013].

8. Airborne and Unmanned Area Vehicle (UAV) FSO Communications: FSO can be
applied to establish communication links between aircraft or drones and ground stations. This
can facilitate real-time data transfer, remote control, and monitoring of airborne platforms.
To measure the stratospheric weather events such as clouds, fog, and rain, Project Loon
demonstrated a 130 Mbps FSO full duplex link at 20 km altitude with a link distance of
100 km [Moision et al., 2017]. FSO-UAV-enabled solutions offer effective fronthauling and
backhauling of heterogeneous networks, propelled by the advantages of FSO systems. The
optical terminals receive updated information from both the UAV receiver and the ground
stations in a synchronized manner. They then transmit a beacon message to locate the gimbal
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Figure 1.2 : Schematic representation of some FSO link challenges.

to begin communication accurately [Michailidis et al., 2021].

9. Maritime FSO Communications: FSO can be employed for communication between ships
and offshore platforms, improving data exchange and coordination in maritime operations.
In [Rabinovich et al., 2015], the authors mentioned various projects based on maritime FSO
such as Trident Warrior 2006, Trident Warrior 2008, and Talon 2013.

1.3 FSO CHALLENGES

FSO communication system transmits the optical power into the free space channel, which
is affected by many atmospheric impairments, and system parameters before reaching the receiver
end, which is shown in Fig 1.2. The FSO manufacturers often define the system loss which mainly
depends on the design specifications [Bloom et al., 2003]. The main FSO system challenges are
mentioned in the following subsections.

1.3.1 Atmospheric loss

Fog, rain, and other climatic factors significantly affect the optical signal propagation over a
free space channel. When optical radiation passes through the atmospheric channel, some photons
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are extinguished due to interactions with the atmosphere’s molecular constituents, while some
photons get scattered. In a complicated process, light is absorbed and scattered by atmospheric
particles, where fog, haze, and rain are responsible for Mie scattering, and smaller particles, such
as air gases, liquid, and sky, result in Rayleigh scattering. It has been observed that the path loss
of the FSO communication system is assumed to be deterministic [Varotsos et al., 2017; Gappmair,
2011]. The path loss expressions are functions of link distance, wavelength, visibility of the link,
and fall rate [Ghassemlooy et al., 2012; Bloom et al., 2003; Kim et al., 2001]. The key components
of atmospheric losses are described as follows:

1. Absorption: This phenomenon occurs when molecules existing in the atmosphere interact
with photons traveling along their optical link. A molecule’s quantum state is stimulated
to a higher energy level, which causes a light photon to be absorbed. Some photons are
extinguished and have their energy transformed into heat. The kind of gas molecules and
density present in the atmosphere significantly impact the absorption coefficient. The
wavelength of light influences absorption, which makes it a selective process. As a result,
the atmosphere develops transparent regions (less lossy bands), also known as transmission
windows. Since there is no way to alter the atmosphere’s physics, the wavelengths of the
FSO system are essentially selected to match the atmospheric transmission windows [Pratt,
1969].

2. Scattering: When a light beam travels through a medium and collides with particles, it
leads to a redistribution of its energy. Rayleigh scattering is present if the colliding particle’s
size is smaller than the wavelength of the light. The Rayleigh scatter law states that the
quantity of light scatter is inversely proportional to the fourth power wavelength of light
[Bloom and Hartley, 2002]. On the other hand, when the particle’s size and the light beam’s
wavelength are comparable, then Mie scattering takes place, which is not heavily wavelength
dependant [Ghassemlooy et al., 2012]. When the size of the colliding particles is greater
than the wavelength, geometric scattering occurs. Fog, rain, snow, and sand are examples of
atmospheric impairments that scatter and absorb light beams. Among these, fog is the lossy
atmospheric impairment; the interaction of the optical beam with fog results into the Mie
scattering. Fog can induce path loss up to 130 dB/km resulting in a low visibility [Varotsos
et al., 2016; Awan et al., 2009].

1.3.2 Atmospheric turbulence (AT)

As the solar radiation reaches the surface of the Earth, the air near the Earth’s surface has
higher temperature compared to the air at relatively higher altitudes. Thus, the warmer air starts
mixing turbulently with cooler air, resulting in random temperature fluctuations. This turbulence
can behave as separate cells or eddies and act as prisms of various diameters and indices of refraction
at varying temperatures. The interaction of the information-carrying optical beam with these
prism-like structures causes random variation in amplitude, phase, and polarization. These changes
eventually cause the received signal to fade and deteriorate the system’s performance. Turbulence is
typically divided into different regimes based on the degree of inhomogeneities, index of refraction,
and link length. These regimes are categorized as weak, moderate, and strong turbulence. The
overall impact of turbulence on the received optical signal is quantified using the wavelength of the
optical beam, link length between the transmitter and receiver, and refraction structure parameter
C2

n (the measure of turbulence strength) [L. C. Andrews, 2015]. The Kolmogorov theory states that
L0 corresponds to the largest eddy size before energy injection into an area and l0 corresponds to
the lowest eddy size prior to energy dissipation into heat. The size of the eddies ranges from several
meters and a few millimeters. The value of C2

n varies depending on the time of day and the location;
in the middle of the day, it gets high while it is low during sunrise and sunset. Moreover, it depends
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upon the height of the link because the effect of heat near the Earth’s surface is increased. Typically,
the value of C2

n varies from 10−13 to 10−17 m−2/3 [Ghassemlooy et al., 2012; L. C. Andrews, 2015].

In FSO communication systems, selecting the appropriate mathematical model to
characterize the FSO channel is essential. In literature, several statistical channel models have
been used to characterize different AT regimes. For instance, the Log-normal distribution is
accurate for the weak AT conditions, but inverse Gamma is a more mathematically tractable
model than the Log-normal model for the weak AT scenario [Chatzidiamantis et al., 2010].
In [Nistazakis et al., 2009; Al-Habash et al., 2001; Majumdar, 2005], it is shown that the
Gamma-Gamma distribution accurately models all AT regimes. In [Saxena et al., 2017], the
authors have considered various pointing error (PE) conditions under weak to strong AT for the
intensity modulation/direct detection (IM/DD) scheme and analyze the average bit error rate
(BER) in the presence of amplified spontaneous emission noise at the receiver. The authors in
[Jaiswal et al., 2020] presented a multi-point to multi-point cooperative FSO system using the
signal space diversity approach and evaluated the average symbol error rate for weak to strong AT.
In [Jaiswal et al., 2017], the authors have analyzed average BER, coding gain, and diversity order
of the optical space shift keying scheme under the combined effect of Gamma-Gamma AT and
PE. Log-normal, Gamma-Gamma, and negative exponential channel models have been utilized to
calculate diversity multiplexing trade-off over multiple-input multiple-output FSO communication
systems in [Jaiswal and Bhatnagar, 2019]. In literature, the generalized Malaga AT model has
been proposed that models several well known AT models as its special cases [Jurado-Navas
et al., 2011]. For instance, the Malaga distribution includes the Log-normal, Gamma-Gamma,
Gamma, K, Rice-Nakagami, shadowed-Rician, and exponential distributions as its special cases
[Jurado-Navas et al., 2011].

1.3.3 Pointing errors (PEs)

PEs are one of the key issues in FSO communication systems. They occur due to
misalignment between the transmitter and the receiver as a consequence of thermal expansion,
dynamic wind loads, weak earthquakes, and man-made vibrations. The FSO system performance
heavily degrades due to PEs. It comprises two components, namely, jitter and boresight. The
fixed difference between the optical beam center and the detector center is known as boresight,
whereas the random offset of the beam center at the detector plane is called jitter [Farid and
Hranilovic, 2007; Varotsos et al., 2017; Boluda-Ruiz et al., 2016]. In [Boluda-Ruiz et al., 2016], the
authors considered modified Rayleigh distribution to model the PEs, which incorporates non-zero
boresight and jitter. It includes the effects of beam width, detector size, various jitters for the
elevation and the horizontal displacement, and a non-zero boresight error are taken into account.

1.4 FSO SIGNAL DETECTION TECHNIQUES

Fig. 1.3 shows a basic coherent receiver for the on-off keying (OOK) scheme. The incoming
signal is mixed with a local oscillator (LO) laser beam using a combiner beam. For the best coherent
detection, the incoming wavefront from the incoming signal and LO laser must be exactly matched
at the photodetector surface. The received instantaneous signal-to-noise ratio (SNR) is proportional
to the received optical signal irradiance and square of the received optical signal for heterodyne
detection (HD) and IM/DD technique, respectively [Niu et al., 2013; Senior, 1985; Perlot, 2007;
Ansari et al., 2016]. Conventionally, FSO systems utilize IM/DD due to the low cost and ease of
implementation, contrary to the HD technique, which has a higher cost and is relatively difficult to
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Figure 1.3 : Schematic illustration of coherent detection technique in FSO communication systems.

implement. In HD technique, a robust oscillator field mixes with the received signal, which provides
much better spatial and frequency selectivity than IM/DD. Furthermore, HD technique can recover
the information from amplitude, phase, or polarization of the received signal, which improves the
spectral efficiency and FSO system performance. Another main advantage of HD technique is that
it can overcome thermal noise [Ansari et al., 2016; Aghajanzadeh and Uysal, 2011]. Nevertheless,
both detection techniques are used as per application and cost.

1.5 TECHNIQUES TO COMPENSATE FSO CHALLENGES

Let us now discuss some techniques that have been used in RF communication systems to
improve their performance, reliability, and coverage, in the following subsections. In this thesis,
we will utilize these techniques to overcome the limitations imposed due to the FSO challenges
discussed in the previous section.

1.5.1 Hybrid automatic repeat request (H-ARQ)

H-ARQ combines automatic repeat request (ARQ) error control protocols and high-rate
forward error correction (FEC) to improve the FSO system reliability [3GPP, 2019]. In H-ARQ,
the decoding status at the receiver is sent to the transmitter. When the received signal is successfully
decoded at the receiver side, it sends a positive acknowledgment (ACK) to the transmitter, and
the next packet will be transmitted. When the receiver fails to decode the received signal, it
sends a negative ACK (NACK) to the transmitter. Then, the transmitter sends the same packet
again with new parity bits. A similar procedure is followed until the transmitted packet is not
decoded successfully at the receiver or the maximum number of re-transmission rounds has reached
[Aghajanzadeh and Uysal, 2011, 2012]. H-ARQ re-transmission rounds mainly depend on the
FSO channel conditions. The FSO channel is quasi-static, with a correlation time nearly 0.1-10
milliseconds. Meanwhile, multiple rounds of retransmission are possible over a fading duration or
millions of bits can be transmitted [Khalighi and Uysal, 2014; Chan, 2006]. H-ARQ is utilized in the
IEEE 802.16-2005 standard for mobile broadband wireless access, often known as mobile WiMAX
HSDPA and HSUPA. The H-ARQ offers high-speed data transfer (on the downlink and uplink,
respectively) for mobile phone networks like UMTS [Frenger et al., 2001] and 5G new radio (NR)
[Ahmadi, 2019; Mutlu and Kabalcı, 2021].
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Figure 1.4 : ALO H-ARQ protocol.

ARQ and H-ARQ are distinct approaches to ensuring reliable data transmission in
communication systems. ARQ is a straightforward technique where the receiver requests the
sender to re-transmit the entire data packet if errors are detected. While simple to implement,
ARQ can be less efficient because it often results in the retransmission of entire packets, even if
only a small part is erroneous. It is imperative to acknowledge that the utilization of FEC within
H-ARQ is not intended to replace ARQ but rather serves as a supplementary approach. The
utilization of ARQ remains crucial in rectifying faults beyond the scope of FEC error correction
capabilities, hence ensuring data transmission with high reliability. The utilization of FEC and
ARQ offers an effective and dependable approach for transmitting data while minimizing latency
[Cipriano et al., 2010].

An error-correcting code known as a convolutional or turbo code is used to accomplish the
FEC technique in LTE. Before transmission, the channel code adds parity bits to the original data,
allowing the receiver to identify and correct errors. The inclusion of the parity bits expands the
amount of data that is transmitted while simultaneously enhancing its reliability.

The performance of optical satellite systems using INR H-ARQ protocols has been proposed
in [Nguyen et al., 2023], where the authors consider FEC as a rate-compatible low density parity
check (LDPC) code extension with code rates of 1, 2/3, and 1/2. In the first round, uncoded
frame was transmitted. In the second and third transmission rounds, the code rates 2/3 and 1/2
were considered, respectively. The maximum number of retransmission rounds was 2. Performance
metrics, including goodput and energy efficiency, were considered. In [Nguyen et al., 2023], the
authors showed that the INR H-ARQ system has better goodput and energy efficiency than ARQ
and Type I H-ARQ.

1.5.2 Classification of H-ARQ protocols

H-ARQ protocols are divided into three categories: Type I, Type II, and Type III as
explained below:

Type I: The sender incorporates redundancy in the data packet it transmits to the receiver,
often in the form of error-correcting codes. When the receiver successfully decodes the packet
without errors, it promptly sends an ACK back to the sender to confirm successful reception.
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However, if the receiver detects errors within the received packet, it sends a NACK to the sender,
signifying that the packet arrived with errors. In response, the sender initiates a retransmission of
the same packet with the same redundancy. The receiver then combines this re-transmitted packet
with the originally received one, attempting to decode the data again. This iterative process of
retransmission and packet combination continues until either successful data decoding occurs, or
a predefined limit of retransmission attempts is reached. ALO and CC protocols are examples of
Type I H-ARQ protocols.

• At Least Once (ALO) H-ARQ Protocol: In this protocol, if the received packet is
successfully decoded at the receiver, an ACK is sent back to the transmitter. However, a
NACK is sent to the transmitter if an error packet is detected. Further, the transmitter
sends an identical packet in the subsequent round. This procedure continues until successful
decoding takes place or the maximum number of re-transmissions is achieved [Makki et al.,
2017; Aghajanzadeh and Uysal, 2011], as shown in Fig. 1.4.

• Chase Combining (CC) H-ARQ Protocol: In Fig. 1.5, we can see that when a NACK is
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received at the transmitter, the same information is sent in each round of re-transmission till
the correct packet is not received or the maximum number of re-transmissions has reached.
Each round of re-transmission buffers the received packet to taking the advantage of variation
in channel gain by applying the maximum ratio combining (MRC) on the received packet
signal-to-noise ratio SNR [Makki et al., 2017; Aghajanzadeh and Uysal, 2011].

Type II: In Type II H-ARQ protocols, each retransmission does not need to be a replica
of the original transmission. In contrast, in Type I H-ARQ protocols, the channel coding gradually
increases during the retransmission sequences. The recipient integrates the resend with prior
instances of transmitting the same packet. This protocol is commonly referred to as INR protocol
[Aghajanzadeh and Uysal, 2011].

Type III: One of the primary limitations of the Type II H-ARQ protocol is that, in most
cases, the supplementary incremental coded bits lack the ability to be decoded independently when
packet loss or significant damage is possible. The decoder must depend on both the originally sent
packet and the additional incremental coded bits to perform the decoding process. It is advantageous
to use a system that incorporates self-decodable incremental coded bits [Nguyen et al., 2023].

• INR H-ARQ protocol: In this H-ARQ protocol, every re-transmission includes information
that differs from the previous one. In most cases, the re-transmission employs a different
set of coded bits than the first transmission, with various redundancy versions produced by
puncturing at the encoder output. Thus, the receiver acquires more information with each
re-transmission [Makki et al., 2017; Aghajanzadeh and Uysal, 2011], as shown in Fig. 1.6.

1.5.3 Intelligent Reflecting Surface (IRS)

The IRS or reconfigurable intelligent surface (RIS) is a two-dimensional electromagnetic
material surface made up of many passive scattering components with a unique physical structure
as shown in Fig. 1.7. It can alter the electromagnetic characteristics, such as the amplitude,
phase shift, and polarization of the reflected beam of incident RF signals upon the IRS elements.
Each IRS element is controlled by a microcontroller that is software-defined [Gong et al., 2020;
Ibrahim, 2022]. IRS can perform several complex tasks in wireless channel reconfiguration, such as
establishing a virtual LoS link to avoid obstacles between transceivers through smart reflection by
adding different signal paths in the desired direction to improve the channel condition. Additionally,
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it can modify the channel statistics or distribution by switching from fast to slow varying channel
for high reliability and negating the co-channel or inter-cell interference [Wu et al., 2021]. Due to
its planar shape, the IRS is easy to install on buildings, walls, ceilings, and underground tunnels as
long as there is an unobstructed LoS to the base station. Furthermore, the absence of RF chains
results in minimal power consumption for IRS operations [Hu et al., 2018; Okogbaa et al., 2022].
Additionally, IRS can operate in half-duplex/full-duplex mode and it does not require any antenna
noise amplification and self-interference. Lastly, IRS is an auxiliary device that can be seamlessly
incorporated into wireless networks, offering significant compatibility with current wireless systems
such as cellular and WiFi networks. Recently, the IRS has also been used in FSO communication
systems to counter the requirement of LoS [Najafi and Schober, 2019; Najafi et al., 2021; Jamali
et al., 2021a]. The authors demonstrate the improvement in the FSO system performance with IRS
compared to the single mirror FSO system.

1.5.4 Cooperative Communications

A basic relay channel has three nodes: a transmitter, a receiver, and a relay. Relays
are responsible for receiving signals from sources and transmitting them to destinations, such
as repeaters. The two most popular relaying techniques are amplify-and-forward (AF) and
decode-and-forward (DF). An AF relay amplifies and retransmits the signal without decoding,
unlike a DF relay that decodes, re-modulates, and re-transmits the received signal. A DF relay
is more complicated than an AF one because it requires more signal processing. The relaying
techniques have been used to increase wireless communication systems’ capacity and ensure an
energy-efficient coverage. The effectiveness of the relay system under various fading situations has
recently been investigated in [Datta et al., 2010; Hasna and Alouini, 2004]. Additionally, the study
of asymmetric relay networks based on asymmetric dual-hop FSO-RF relay systems is presented
in [Zedini et al., 2014; Zedini et al., 2015; Yang et al., 2020; Gupta et al., 2017].

1.6 RELATED WORK

Physical layer security is a complimenting solution to securing the communication in the
presence of eavesdroppers [Lopez-Martinez et al., 2015; Lei et al., 2018]. In this regard, physical layer
security is widely considered as a promising technique to enhance secrecy in next-generation (5G and
beyond) communication systems [Mathur et al., 2020]. In [Ai et al., 2019], average secrecy capacity
(ASC) and secrecy outage probability (SOP) analysis has been performed for hybrid satellite-FSO
cooperative systems. In [Saber and Sadough, 2017], ASC and SOP have been computed under
Malaga AT, but the effect of boresight PEs have been ignored. In [Saber et al., 2019], analytical
expressions of ASC and SOP are derived for a single-input multiple-output simultaneous wireless
information and power transfer-based mixed RF/FSO communication system, where the RF link
is characterized by Nakagami-m fading and the FSO link follows Malaga distribution. Similarly, in
[Pattanayak et al., 2020], the authors evaluated the physical layer security performance for a two-way
relay based mixed RF/FSO network assuming similar channel models as in [Saber et al., 2019], but
ignored the effects of nonzero boresight. Thereafter, the physical layer security performance for a
mixed RF/FSO system under Gamma-Gamma AT model with PE (only jitter) has been analyzed
in [Ai et al., 2020a].

In the last few decades, the H-ARQ protocol was exhaustively exploited for the RF wireless
communication systems. In [Mathur et al., 2020], H-ARQ protocols have been studied in power
line communication with independent non-identical channel gains. In [Beh et al., 2007], H-ARQ
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protocols with orthogonal frequency division multiple access have been proposed in the 3GPP
LTE specification for the downlink communication. The authors in [Zhang et al., 2019] optimized
the overall energy by optimizing the code rates in different transmission rounds subject to an
overall packet error rate constraint for the H-ARQ scheme with INR protocol. Recently, H-ARQ
has attracted significant attention in the field of FSO communications as well. The H-ARQ
cooperative inter-user retransmission protocol for the broadcasting systems over FSO channels has
been evaluated by considering INR and CC schemes in [Hosseini et al., 2020]. In [Makki et al.,
2017], the authors considered Gamma-Gamma distribution and calculated approximate outage for
the H-ARQ based FSO system; however, PEs were not taken into account, contrary to our research
work. In [Ashrafzadeh et al., 2020], multi-hop FSO systems over double generalized Gamma AT
with PEs have been considered and outage probability for AF relaying scheme is obtained. However,
the use of H-ARQ protocols is not considered in this work. In [Touati et al., 2018], the authors
calculated the upper bound on outage probability using INR protocol under the combined effects of
Gamma-Gamma AT and PE for the IM/DD technique. The outage probability of H-ARQ protocol
for HD technique with independent and identically distributed (IID) Gamma-Gamma AT was
investigated in [Aghajanzadeh and Uysal, 2012, 2011]. However, the effects of PEs were ignored. In
[Zedini et al., 2014], the authors evaluated the BER, ergodic capacity, and outage probability of the
considered FSO system utilizing H-ARQ with CC and INR protocols. However, the Gamma-Gamma
AT random variable was approximated to a Gamma random variable to simplify the analysis.

In [Yang et al., 2020], the authors reported outage probability and BER performance for
an IRS-aided dual-hop FSO-RF communication system. An IRS-assisted dual-hop mixed FSO-RF
communication system was recently proposed in [Sikri et al., 2021], where the outage probability
and BER performance under the influence of co-channel interference were evaluated. The authors
in [Ai et al., 2020c] performed outage probability analysis for an RF communication system using
the H-ARQ with CC protocol over an IRS assisted with perfect phase estimation. However, the
effect of phase errors in IRS was not considered in the aforementioned works. It is evident from
the aforementioned works that the mixed dual-hop FSO-RF communication system with H-ARQ
protocols on both hops and IRS on the RF hop has not been proposed in literature.

In [Ke et al., 2012], the authors experimentally demonstrated a comparative analysis of
optical power attenuation in dusty environment for terahertz (THz) wave and 1550 nm infrared
(IR) light and also reported that the FSO link shows a greater attenuation compared to THz wave.
Similarly, a 2.5 Gbps FSO experimental setup has been demonstrated in [Su et al., 2012] and a
comparative analysis of THz wave and IR light under the effect of fog has been performed. Further,
the authors showed that the effect of fog was higher on IR light compared to the THz wave.
However, THz waves deteriorate more in the rainy weather compared to the IR light [Khalighi
and Uysal, 2014; Hirata et al., 2009; Ghassemlooy et al., 2012]. To mitigate these issues, the
authors in [Khalighi and Uysal, 2014; Bloom and Hartley, 2002; Stotts et al., 2009] proposed a
parallel FSO/RF communication system which shows an improved performance in all the weather
conditions. Hybrid FSO/RF communication system characterization and performance has been
analyzed with low density parity check codes in [Tapse and Borah, 2009]. In [Rajbhandari et al.,
2011], the authors experimentally characterize the effect of fog on the FSO link for 5 Mb/s at 830
nm. However, the BER calculation was not performed [Ijaz et al., 2010]. In [Nor et al., 2017,
2019], the authors demonstrated a 10 Gbps triple-hop relay-assisted FSO experimental setup at
1550 nm under the effect of turbulence. Further, they demonstrated BER performance with and
without AT conditions. Additionally, the authors in [Nor et al., 2019] consider various levels of
AT on the different hops. In [Priyadarshani et al., 2019], the authors demonstrated the FSO link
characteristics and BER performance of an FSO multiple-input single-output system with repetition
coding through practical and theoretical analysis. The experiment was conducted in the presence
of AT over a correlated channel, utilizing an erbium-doped fiber amplifier at the receiver. The
authors in [Aldaihan et al., 2020] experimentally demonstrated a multiple input multiple output
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Table 1.1 : Comparison table of related work

Reference Confi-
guration

Channel model Detection
Technique Performance

Metrics
AT Jitter Bore-

sight HD IM/DD

[Ansari et al., 2016] SISO Malaga Yes No Yes Yes EC OP
[Saber and Sadough, 2017] SISO Malaga Yes No No Yes ASC SOPLB

This thesis (Chapter 2) SISO Malaga Yes Yes Yes Yes ASC SOP

[Aghajanzadeh and Uysal, 2012] SISO
H-ARQ

Gamma-
Gamma# No No No Yes OP Throughput

[Zedini et al., 2014] SISO
H-ARQ Gamma Yes No No Yes OP Throughput

This thesis (Chapter 3) SISO
H-ARQ

Gamma-
Gamma Yes Yes⋆ Yes Yes OP Throughput

[Zedini et al., 2015] Dual hop
FSO-RF Gamma Yes No Yes Yes EC OP

[Yang et al., 2020]
Dual hop
FSO-RF
with IRS

Gamma-
Gamma &
Gaussian

Yes No No Yes OP BER

This thesis (Chapter 4)

Dual hop
FSO-RF
with IRS

(phase error)
and H-ARQ
on both hops

Gamma-
Gamma &

Nakagami-m
Yes Yes⋆ Yes Yes OP PER

Ergodic capacity (EC), outage probability (OP), secrecy outage probability lower bound (SOPLB), single-input
single-output (SISO)
# Approximated distribution
⋆ included in outage probability

Table 1.2 : Comparison table of FSO experimental setup related work

Reference Config-
uration

Channel
Impairment

Operating
Wavelength

Error
Detection

Data
rate

Performance
Metrics

[Rajbhandari et al., 2011] SISO Turbulence
Fog 830 nm No 5 Mbps Q factor

[Ke et al., 2012] SISO Dust
Clouds

THz
& 1550 nm No 2.5 Gbps Attenuation

BER

[Nor et al., 2017] All optical
three hop FSO Turbulence 1550 nm No 10 Gbps BER

[Nor et al., 2019] All optical
dual hop Turbulence 1550 nm No 10 Gbps BER

This thesis (Chapter 5) SISO Heat, fog
& turbulence 1550 nm Yes 10 Gbps Power profile &

BER

system employing two transmitters at 780 nm and 850 nm and two receivers. FSO system BER
performance was measured using the Q-factor for OOK modulation scheme with weak turbulence
in an AT chamber. The authors in [Mohan et al., 2022] investigated the robustness of polar codes
in an FSO link under the weak AT regime, assuming that channel state information is not known
at the receiver end. However, the above-mentioned works do not include the use of error detection
bits to improve the FSO system performance.

A summary of related works is shown in Table 1.1 and Table 1.2.
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1.7 MOTIVATION

• Inherently FSO communication is more secure than RF communication because the optical
beams are more directional compared to the RF beams. Thus, it is less subject to
eavesdropping or intercepting. However, optical beams can be still intercepted. The laser
beam usually experiences divergence due to optical diffraction. Therefore, eavesdropping is
possible in FSO systems when the location of the eavesdropper lies in the divergence region
of the laser beam [Lopez-Martinez et al., 2015; Kim et al., 1998]. In literature, the impact
of boresight was not included in the FSO secrecy performance analysis [Saber and Sadough,
2017; Lopez-Martinez et al., 2015; Ai et al., 2019]. In order to address this research gap in
literature, we have incorporated the combined effects of AT and PEs (jitter boresight) on the
secrecy performance of FSO communication systems in this thesis.

• In Release 16 of the third-generation project partnership (3GPP), it has been suggested that
H-ARQ protocols can be used to ensure robust communications to mitigate the transmission
errors caused by AT and PEs in FSO systems and provide a more reliable communication
link [3GPP, 2019]. Here, in this thesis, we have incorporated various H-ARQ protocols such
as ALO, CC, and INR with generalized detection techniques for the considered FSO system.

• In order to extend the coverage of a stand-alone FSO communication system, we consider a
dual-hop FSO-RF communication system. Since there may be no direct links between the
source and destination due to some obstacles such as high-rise building construction and trees.
An IRS can be used to redirect the RF signals sent from the relay to the destination. The
phase error estimation of the reflected signal from the IRS elements can not be perfectly
estimated in practical scenarios. Therefore, we included the impact of phase error estimation
of IRS in our analysis. Further, H-ARQ protocols are used to provide more robust and reliable
communication links over both hops.

• In [Ke et al., 2012], the authors experimentally investigated the BER performance of the FSO
communication system under the effect of fog. The authors in [Nor et al., 2017] experimentally
analyzed the BER performance of the FSO communication system with and without AT
condition. However, the performance improvement using CRC bits is not discussed in the
aforementioned works. Motivated by this observation, we develop the experimental setup of
a 10 Gbps FSO communication system in a laboratory-controlled environment and emulate
the effect of turbulence, fog, and temperature. Additionally, observing the effect of fog and
heat on the received optical power with time is also essential. Moreover, to compensate the
effect of AT on BER, CRC bits can be utilized along the data bits.

1.8 KEY CONTRIBUTIONS

The key contributions of this thesis are summarised as follows:

• We have derived the exact closed-form expression of ASC and SOP under the combined effect
of AT and PEs (jitter and boresight). We considered the Malaga distribution to model the AT.
The modified Rayleigh distribution has been utilized to model the PE. The derived expressions
of ASC and SOP are generalized and applicable to both IM/DD and HD techniques. Some
useful insights into the FSO secrecy performance are obtained through the asymptotic SOP
analysis.

• We have analyzed the performance of different H-ARQ protocols over the Gamma-Gamma AT
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model under the influence of PEs, which is applicable to both HD and IM/DD techniques. We
evaluate outage probability and throughput performances for different H-ARQ protocols such
as ALO, CC, and INR. Further, we have shown that the FSO system performance improves
with the increasing number of transmission rounds.

• We have investigated an IRS-assisted mixed dual-hop FSO-RF communication system, where
CC H-ARQ protocol has been deployed on both hops. The closed-form expressions of outage
probability and packet error rate (PER) are computed for the considered system. The derived
expressions are generalized for HD and IM/DD techniques. Further, we observe the impact of
various system parameters such as the number of IRS reflecting plates, number of transmission
rounds, Von Mises distribution concentration parameter, and packet length on the outage
probability and PER performance.

• We develop a 10 Gbps experimental FSO setup in a laboratory-controlled environment, where
the BER performance, effect of fog on the FSO link and how to compensate the effects of
AT by including the CRC bits with data bits are exemplified. We also illustrate the effect of
temperature on the received optical power at the FSO receiver.

1.9 ORGANIZATION OF THESIS

The thesis is organized into five chapters. Each chapter framework is presented as follows:

Chapter 1: In this chapter, we provide the introduction of OWC and FSO communication
systems, their merits, challenges, drawbacks, shortcomings, and applications. Further, we discuss
some existing FSO channel models. A brief discussion on physical layer security, H-ARQ protocols,
cooperative communication, and IRS is also included.

Chapter 2: This chapter investigates the physical layer security performance of FSO
communication systems in the presence of an external eavesdropper in detail. We derive various
secrecy performance metrics, such as ASC and SOP under the combined effect of AT and PEs with
nonzero boresight. Furthermore, we have derived the asymptotic expression of SOP to obtain useful
insights into the FSO secrecy performance.

Chapter 3: In this chapter, we employ H-ARQ protocols over FSO communication systems
for robust and reliable communication. We derive the series based expressions for outage probability
and throughput of the considered FSO system under the combined effect of AT and PEs. The
derived expressions are generalized for the HD and IM/DD techniques. The asymptotic expressions
are derived to obtain useful insight into the considered communication systems. It has been shown
that the H-ARQ FSO system outperforms the existing traditional FSO systems.

Chapter 4: This chapter describes the performance of a mixed dual-hop FSO-RF
communication system that serves the end user via a DF relay employing H-ARQ protocols
on both hops. We derive closed-form expression of the probability density function (PDF)
and cumulative distribution function (CDF) of the accumulated SNR of the considered system.
Utilizing these PDF and CDF, we compute the outage probability and PER of the proposed
system by considering generalized detection techniques on the source to relay link with H-ARQ
protocol and IRS having phase error. We observe the effect of various system parameters, such
as the number of IRS reflecting plates, number of transmission rounds, phase estimation accuracy
of the IRS system, and packet length on the outage probability and PER performance which
provide significant design insights into the considered system. It is seen that the proposed system
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outperforms the traditional mixed FSO-RF communication systems without IRS and the mixed
FSO-RF communication systems with IRS but without H-ARQ in terms of outage probability.

Chapter 5: In this chapter, we develop an experimental setup of a 10 Gbps FSO
communication system in a laboratory-controlled environment. We experimentally evaluate the
BER and the received power profile fluctuations under various conditions, such as with and without
turbulence. Further, we observed the effect of fog and heat on the received power profile and
function of time. Additionally, we exemplify the role of CRC to mitigate the deteriorating effects
of atmospheric conditions on the FSO link.

Chapter 6: This chapter brings out some conclusions of our research work. It also proposes
the areas for further research and describes the possible extensions to this work.
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