PERFORMANCE ANALYSIS AND
ENHANCEMENT OF UNMANNED AERIAL
VEHICLE BASED FREE SPACE OPTICAL
COMMUNICATION SYSTEM

Thesis

Submitted in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY

by
NALLAGONDA VIJAYA RATNAM

DEPARTMENT OF ELECTRONICS & COMMUNICATION ENGINEERING
NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA
SURATHKAL, MANGALORE - 575025

May 2022






DECLARATION

I hereby declare that the Research Thesis entitled PERFORMANCE ANALY-
SIS AND ENHANCEMENT OF UNMANNED AERIAL VEHICLE BASED
FREE SPACE OPTICAL COMMUNICATIONS SYSTEM which is being
submitted to the National Institute of Technology Karnataka, Surathkal in
partial fulfillment of the requirement for the award of the Degree of Doctor of Phi-
losophy in Department of Electronics and Communication Engineering is a
bonafide report of the research work carried out by me. The material con-

tained in this Research Thesis has not been submitted to any University or Institution
for the award of any degree.

NALLAGOYDA VIJAYA RATNAM
Reg. No. 187011/187EC008
Department of Electronics and

Communication Engineering.

Place: NITK-Surathkal.
Date:30-05-2022.






CERTIFICATE

This is to certify that the Research Thesis entitled PERFORMANCE ANALY-
SIS AND ENHANCEMENT OF UNMANNED AERIAL VEHICLE BASED
FREE SPACE OPTICAL COMMUNICATIONS SYSTEM submitted by
Mr. NALLAGONDA VIJAYA RATNAM (Register Number: 187011/187EC008)
as the record of the research work carried out by him, is accepted as the Research

Thesis submission i ie : .
bmission in partial fulfillment of the requirements for the award of degree of

Doctor of Philosophy.
;;. Ppml’"'

Research Guide,
Assistant Professor,

Dept. of E&C Engg.,
NITK Surathkal - 575025.

A,

Q ~4~2eV—
Chairman-DRPC

(Signature with Date and Seal)

" UrqgE U BemmeE [ PROF & HEAD -
" & g Fwm / E & C Department
W W & %, TEFA/N 1 TK, Surethkal
e / MANGALORE - 575 028







Acknowledgements

I would like to express my sincere gratitude to my research advisor Dr.Prabu
K, for guiding me throughout the research work. The valuable suggestions

and guidance provided by him kept me on the right track. Discussions with

him helped me to understand and analyze the concepts in an intuitive way.

I am indebted to him for his support, guidance, and encouragement during

my research.

I am grateful to get the right encouragement from Prof. Muralidhar Kulka-
rni, Dr.Krishnamoorthy K. and Dr.Raghavendra B.S. They stood by me
during peak and valley times and I have got great encouragement from
them. They were supported in technical and non-technical discussions.

I express my gratitude to Prof. Lakshminidhi T, Head of the department,
Electronics and Communication Engineering during my enrollment for the
Ph.D. program and Prof. Lakshminidhi T and Prof. Ashvini Chaturvedi,
Head of the Department of E& C Engineering during my research work for
their support, help, and encouragement. I am grateful to my RPAC mem-
bers, Dr. Krishnamoorthy K., Department of Electronics and Communi-
cation Engineering, and Dr. Y Suresh, Department of E & E Engineering,
for giving vital comments and suggestions throughout the research, which
helped in improving the quality of research.

[ am thankful to my seniors, Sravan Kumar Padala, P Sudhakar Reddy
and Geriki Polaiah for their support for technical discussions and the way
they motivate me to prepare for various questions and answers for any
technical presentation.

I would like to thank the non-teaching staff of Department of E & C:
Sanjeev Pujari, Rathish Kumar Thumbay, B Vasudeva Shettigar, Sub-
rahmanya Karanth, Guruthilak Shriyan, and Amitha Amin help me to
simulate the various parameters of UAVs.

I would like to thank all the faculty members and staff of the E & C de-
partment, NITK Surathkal, for their assistance. 1 would like to express my
gratitude to all friends and colleagues at NITK for encouraging me in the
good and the bad times, making a memorable stay in NITK. Thanks to



Abhishek Kumar, Purushottama T. L., M. Ashoka Chakravarthi, L. Bhar-
gava Kumar, and Pradeep Gorre, and Dipanshu for technical discussions
and support during my research work.

I would like to take a moment to my appreciation to Dr. Prashantha
Kumar H, Prof. John DSouza, and Dr. Raghavendra Bobbi to provide
technical support, which helped me to learn many technical details.

I would like to thank my parents Kutumba rao and venkateswramma, wife
Veera Lakshmi, sisters Prashnthi, and Anna mani for their continuous
support, love, and encouragement.

I am deeply indebted to all my teachers throughout life, who have guided,
encouraged, and inspired me to grow in both technical and personal as-
pects.

Finally, I would like to thank god for giving me good health, strength, and
bliss during my research work.



Dedicated to
My Dear Parents

111



v



Abstract

Unmanned aerial vehicles (UAVs) are attractive solutions for current and
future wireless communication systems. Radio-frequency (RF)-based UAV
growth is projected to be USD 49.0 billion by 2026, and UAVs inherent
nature provides a wide range of applications. RF-based UAVs have sig-
nificant limitations, such as higher data rate, limited RF spectrum, fron-
thaul/backhaul link, interference, security and latency requirement, inter
UAV coordination. UAV-based Free-space optics (FSO) is the alterna-
tive solution for such needs. High-altitude platform (HAP)/UAVs play a
critical role in connecting terrestrial to satellite networks via FSO commu-
nication links to provide services such as 5G, 5G+ networks were hard to
reach areas. HAPs/UAVs act as a relay, base stations, and high capacity
backhaul/fronthaul links for civilian navy, military, and disaster manage-
ment applications. Due to alignment issues developing a channel model
for inter UAV based FSO communication is a difficult task. The various
alignment strategies and channel models that exist in the literature have

been studied, and they are complex.

In First work, we proposed and deduced a simple channel model using
Meijer’s G functions for inter UAV communication. The derived analytical
channel model results are verified with Monte-Carlo simulations. We used
heterodyne detection (HD) in FSO-based inter-UAV communication for
the first time. The proposed systems outage and average bit error rate
(BER) performance are evaluated, and the results are compared to existing

Intensity modulation direct detection (IM/DD) systems.

The first proposed system has the disadvantage of not being suitable for
long-range applications. Inter UAV-based FSO communication systems
distance is another performance-limiting factor as the distance increases
the systems performance worst, as shown in the literature. We proposed
polarization shift keying modulation (POLSK) modulation for long-range
inter UAV-based FSO communication systems in our second work. The
performance metrics are derived and the results are analysed under dif-
ferent weather conditions. Results indicated that significant performance

improvement under POLSK modulation when compared with the exist-
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ing On-off-keying (OOK) modulation scheme. We showed optimal values

selection under different weather conditions for inter UAVs.

The inherent nature of HAPs provides larger coverage areas with bet-
ter Line-of-sight (LOS), rapid development, and low maintenance costs.
HAP is mainly used to connect the satellite to the ground station via a
high-capacity optical backhaul link. Such a high-capacity HAP-based FSO
communication link under hovering HAP fluctuations performance analy-
sis is challenging. We addressed this challenge in the third work. Derived
the Ground-to-HAP, HAP-to-Ground channel model under hovering state
fluctuations. We improved the Ground-to-HAP-based FSO links perfor-

mance using coding techniques.

The growth of internet of things and 5G networks required convergent
systems like, RF, millimetre wave, FSO and Underwater wireless optical
communication (UWOC) etc. UWOC links are mainly focused on the ap-
plications of underwater ranging and imaging. The drawback of UWOC
systems is poor BER performance under absorption and scattering, link
misalignment, random movement of the sea surface, and complex envi-
ronment. In the Fourth work, we proposed the HAP-UWOC communi-
cation systems under hovering fluctuations for HAP backhaul to under-
water applications. We evaluated the BER performance of HAP, UWOC,
and HAP-UWOC links. Evaluated the end-to-end performance of HAP-
UWOC under the clear ocean, coastal ocean, Turbid harbor, and HAP

hovering fluctuations are considered.

Keywords: Unmanned aerial vehicle; Free-Space Optical; Intensity mod-
ulation/direct detection; Heterodyne detection; angle-of-arrival fluctua-
tions; Polarization Shift Keying; Field Of View; High altitude platforms.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation
The higher data rate, cost-effective, easy to develop fronthaul /backhaul FSO com-

munication systems gained considerable attention in 5G+ and beyond networks. Ex-
isting RF-based backhauling/fronthauling links provide service between the SSBs
to a central hub. These RF-based links have limitations of low data rate, limited
spectrum, security, privacy, and more interference. Proposed FSO based backhaul-
ing/fronthauling overcame these limitations and provided additional benefits. FSO
communication links have higher data transfer capacity with point-to-point commu-
nication and maintain the greater LOS. 5G+ networks SSBs have placed disaster
management application scenarios where LOS path doesn’t exist. In such scenarios,
UAVs/HAPs provided end-to-end cellular services to hard-to-reach areas. Due to
the availability of UAVs/HAPs recently introduced as base stations for cellular net-
works. 5G+ and beyond networks equipped with UAVs/HAPs to provide the service
with higher capacity hard-to-reach areas and end-to-end communication through FSO
backhaul/fronthaul link.

Future communication networks equipped with the swarm of UAVs/HAPs to de-
liver services to several applications. This swarm of UAVs/HAPs provides services
from ground station to satellite station to full fill the criteria of future wireless commu-
nications networks. The capacity of the FSO based backhaul/fronthaul link influences
the total end-to-end communication system performance. UAVs/HAPs equipped FSO
fronthaul /backhaul communication links more significant role in 5G4+ and beyond

networks. The primary performance limiting factors of the swarm of UAVs/HAPs
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equipped FSO links are alignment, weather effects, blockages, hovering state fluctua-
tions, and turbulence effects. Considering all these limitations, designing an effective
communication system has more advantages for 5G4+ and beyond networks. Consid-
ering fully equipped 5G+ network communication system link performance mainly
depends on the Inter UAV equipped FSO communication system.

In this introduction, we discuss the benefits and the limitations of using UAVs/HAPs
equipped FSO fronthaul /backhaul communication links for 5G+ and beyond networks

1.2 Introduction to FSO Communication Systems

Free space optical is license-free, secure,point-to-point narrow beam communica-
tions, wider bandwidth, and immune to jamming and interference, making it suitable
for wireless communication applications. Still, Free space optics(FSO) It is possi-
bly extremely sensitive to transceiver orientation and environmental conditions. The
distance increases turbulence-induced scintillation increases, and performance loss of
FSO link increases. By adopting a relay system between source and destination, path
loss decreases, and FSO link capacity improves. One of the challenging tasks in relay
communication systems is that relay transfers the data even if the relay link under
the worst channel conditions because of blockages and weather conditions Khalighi
and Uysal (2014), Ghassemlooy et al. (2019). FSO systems under different modu-
lation techniques and channel models are proposed in Pham et al. (2014), Elsayed
and Yousif (2020), Singh and Malhotra (20196), Anandkumar and Sangeetha (2021),
Rahman et al. (2020). Performance analysis of different FSO systems under different
weather conditions by considering weak to moderate turbulence channels is studied
in Jha et al. (2018), Majumdar (2014). Serial-relay FSO systems by considering
atmospheric attenuation and signal-dependent shot noise under moderate to strong
turbulence were derived in Djordjevic (2018), Kaushal et al. (2017), Bhowal and
Kshetrimayum (2021).

Performance improvement by considering the distance of data transmission and
BER for Hybrid fiber/FSO communication system is presented in Elsayed and Yousif
(2020). Orthogonal Frequency Division Multiplexing(OFDM) based FSO Link under
different link distances and weather conditions successfully presented in Singh and
Malhotra (2019b6). Demonstration of nanosatellite laser downlink and optimal beam
pointing is explained in Amphawan et al. (2020).

Multi-hop DF FSO system by considering different turbulence conditions and dif-
ferent path loss is analyzed in Singh et al. (2020), Lei et al. (2018), Djordjevic (2018).
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Performance analysis of Multiple Input Single Output(MISO) - FSO system over M-
ary Modified Pulse-Position Modulation(MPPM) and Spatial Pulse-Position Modula-
tion (SPPM) modulation schemes were studied in Bhowal and Kshetrimayum (2021),
Uysal and Nouri (2014). Multiple-Input Multiple-Output(MIMO)-FSO communica-
tion system performance over correlated fading channel under different channel effects
are considered in Kumbhani and Kshetrimayum (2017), Singh and Malhotra (2019a),
Zhang et al. (2020), Abaza et al. (2015).

1.3 Introduction to UAV equipped FSO Commu-

nication Systems

The potential applications, challenges, critical issues, growth of UAVs in wireless
networks are studied in Gupta et al. (2015). An accurate channel model is required to
get the full benefits of UAVs, and designing accurate channel models between Ground-
to-air, air-to-Ground, air-to-air is another critical task. A detailed literature review of
channel models for UAV communication under various scenarios, link loss and chan-
nel fading effects, multi-antenna aided UAV communications, and some of the open
issues and challenges regarding the analytical channel model designs are presented in
Yan et al. (2019). Studied detailed literature survey of FSO communication systems
advantages, disadvantages, applications, the role of UAV equipped FSO communica-
tion systems between Ground-to-UAV based FSO experimental and simulation results
presented in Harris et al. (2005).

Alignment and tracking is the fundamental limitation of Ground-to-UAV based
FSO link. Active alignment and tracking was improve with three-wavelength in the
presence of atmospheric fading presented in Harris et al. (2006). Another important
aspect of interest in UAV-based FSO is the UAV-to-UAV-based FSO channel model
(air-to-air). Where two UAVs are hovering, so the alignment of two UAVs are dif-
ficult; such novel alignment model proposed and analyzed in Kaadan et al. (2013).
Multirotor-based FSO systems are the best suitable option for current communica-
tion systems in terms of alignment/ stability. Two multirotor in hovering states with
open-loop alignment/ stability theoretical and optical geometrical intersection models
are simulated and compared with other ground-to-air, air-to-ground, and air-to-air
models. This model is validated with previous models performance is improved with

existing mathematical models Kaadan et al. (2014). Closed-form analytical expres-
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sions for optical transmitter array with a spherically curved optical receiver array in
different configurations to improve coverage and alignment proposed in Kaadan et al.
(2016). In this part of the literature survey, we studied the wireless UAVs and it’s ap-
plications, UAV-based FSO Communication systems and their challenges, alignment
and coverage models of different UAV-based FSO link configurations.

Alignment and Design of more tractable channel models between UAVs are Major
challenges. The performance analysis of inter UAVs-based FSO communication sys-
tems under different weather conditions is another challenge. Alignment is the major
technical challenge in inter-UAV-based FSO Communication systems, and this align-
ment is not only in inter UAVs which is present in FSO Communication systems.
UAV-based FSO communication systems for Ground-to-UAV, UAV-to-UAV link per-
formance is analyzed experimentally with alignment under clear weather conditions
investigated Leitgeb et al. (2007). UAV based FSO initially proposed high data rate
applications such as military and civil with a data rate of 2.5 Gbit/s. It highlighted
the UAV-to-UAV based FSO link for different wireless networks Chlestil et al. (2006).
Conventional relay-FSO systems replaced with UAV’s and their performance evalua-
tion in Fawaz et al. (2018).

The critical enabler for 5G+ wireless networks is the small cell concept. This
higher number of small cells requires a high data rate backhauling/front hauling link,
which increases cost and difficult to establish a link. Swarm of UAVs based FSO is
proposed for such backhauling/front hauling link Alzenad et al. (2018a). All the
above UAV-based FSO applications are enabled with tractable channel models. Such
a channel model between Ground-to-UAV, UAV-to-Ground, and UAV-to-UAV are
proposed in Dabiri et al. (2018a). The tractable and more efficient UAV-to-UAV
based FSO channel model is proposed in Dabiri et al. (2019a). The UAV based
FSO system’s performance under hovering fluctuations of the UAV by considering
blind data detection proposed in Safi et al. (2019a). Source relay(SR) and relay
to destination(RD) channel models of the UAV based FSO system where UAV as
a relay with DF is relaying proposed in Dabiri and Sadough (2019a). UAV based
FSO channel with Nonzero Boresight pointing error and Statistical channel modeling
proposed in Dabiri et al. (2020).

Another important challenge is even we designed a more tractable analytical
channel model between UAVs, ground-to-UAV, and UAV-to-ground, the Horizon-

tal/Vertical links are mainly affected by weather conditions. Literature studies stud-

4



ied on UAV-based FSO in this synopsis are related to short-distance communication
links. The performance of the UAV-based FSO system is limited by distance. Im-
proving the performance with distance under the worst weather conditions scenario
is another important challenge. The performance improvement is made with a suit-
able modulation scheme under different weather conditions presented in Nallagonda
and Krishnan (2021a). The simple mathematical model for inter UAV-based FSO
communication systems under different detection techniques and comparative study
was present for weak to strong turbulence cases. HD detection is the best suitable
detection for mitigating the turbulence effect, and random hovering fluctuations are
presented Nallagonda and Krishnan (20215b).

APD based UAV-assisted FSO communication system, and its performance anal-
ysis studied in Khankalantary et al. (2020). Ground-to-UAV, UAV-to-Ground UAV-
based FSO communication system with Amplify-and-Forward Relaying and its per-
formance analysis under hovering fluctuations studied in Dabiri et al. (2021). The
capacity and outage of Ground-to-UAV UAV-based FSO link with closed-form expres-
sion was derived and performance analysis studied in Dabiri et al. (2019¢), Dabiri
and Sadough (2019¢)

1.4 UAV equipped FSO Communication System

Limitations
It is useful to take advantage of UAV-based FSO’s benefits. It’s suitable for various
5G—+ and beyond communication networks applications. Due to the propagation of
UAV-based FSO communication systems through the atmosphere, the losses generated
by the environment are unavoidable. The losses are inevitable since these UAV-based
FSO communication links are travel from air-to-ground, ground-to-air, and air-to-air.

These limitations are briefly explained below.

e Atmospheric Weather Conditions: One of the main limiting factors that
degrade the performance of UAV-based FSO communication systems is weather
conditions. Generally, these UAV-based FSO horizontal /vertical links are placed
where the infrastructure is unavailable, hard to reach areas, disaster manage-
ment, or rural /urban areas. Depending on the application area environment, the
weather attenuation loss is increased. Many researchers have done experimen-
tal and theoretical work to evaluate the performance of the fog effect on FSO

links. Depending on the fog density, the loss increases. Rain is another limiting
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factor, and it depends on the heavy rain or weak rain condition. Depending on
the environment and areas, the loss can be described as fog, rain, cloud, haze,
dust, smock, Sandstrom, and clear sky weather. Performance analysis of differ-
ent wavelengths under different weather conditions based on research has been
done. Many researchers proposed mitigation techniques to reduce the weather
conditions effects. Different attenuation functions are proposed for different
weather effects. These attention factors are used to find the estimation of the
correct link budget for UAV-based FSO systems. In this thesis, we evaluated the
performance of Inter UAV-equipped FSO communication system under different
weather conditions. We mitigated the weather effect by increasing the receiver
FOV for Inter UAV-based FSO communication system.

Optimal Placement Of UAVs: In practical scenarios, the UAVs flying to
provide the services to different applications. Such flying UAVs have many tall
buildings obstacles which leads to the interpretation of services. The optimal
location of flying UAV is designing is a limitation. This problem was nicely
addressed in the literature survey. More research is required to address this

problem based on the application scenarios.

Alignment of Inter UAV FSO systems: The misalignment has mainly
occurred in Inter UAV communication systems. Inter UAV-based FSO com-
munication’s main limiting factor is alignment. As the distance increases, the
alignment is more severe. Different alignment models are proposed based on the
geometric intersection methods with optical arrays. The FSO communication

alignment models design was presented in the literature.

Position and Orientation fluctuations of UAVs:, Position and Orientation
deviations are present inside or outside of the UAVs. This position and orienta-
tion are present because of the propellers imbalance, motor and mechanical vari-
ations, air turbulence, and others. These position and orientation fluctuations
are random variables that are rayleigh distribution and independent of others.
The position and orientation fluctuations depend on the link type, i.e., Ground-
to-UAV, UAV-to-Ground, and UAV-to-UAV. In the case of UAV-to-UAV, the
orientation and position fluctuations are more. We analyzed the performance
effect on position and orientation fluctuation in this thesis. These fluctuations

are generally measured in mrads.



e Atmospheric turbulence: The light beam travels through the atmosphere.
Most of the signal parameters are affected by atmospheric turbulence. The
source of atmospheric turbulence are consists of gases, particles, molecules. Tem-
perature, humidity, pressure has mostly affected atmospheric turbulence in both
time and space. These parameters are random, so random variations of the re-
fractive index are known as turbulence. This turbulence is different for different
environments,i.e., air-water, saltwater, and space. Based on the severity of tur-
bulence, they are categorized as weak, moderate, and strong turbulence. For
medium to strong Gamma-Gamma distribution and for weak to moderate tur-

bulence, Lognormal is proposed in this thesis.

e Misalignment or pointing error+: Pointing error is defined as misalignment
between two nodes. In this thesis, two nodes are UAV-Ground, Ground-UAV,
and UAV-UAV. FSO link performance degradation is mainly due to pointing
errors. Horizontal and vertical displacement of the optical laser beam is defied as
pointing error. Many researchers experimentally and theoretically analyzed the
performance under pointing errors. Several mathematical models are proposed
for pointing errors. In this thesis, the pointing error is mainly due to the position
and orientation deviations of UAVs/HAPs. The severity of pointing error mainly
depends on the position and orientation of UAVs/HAPs. Pointing error has
two components: bore-sight and jitter. Bore-sight represents the displacement
between the beam and aperture lens center. On the other hand, jitter defines the

amount of offset randomness between the beam center and the receiver aperture.

e Beam spreading and path losses: Path loss is defined as the loss along with
the path distance. Light beam spreads between the transmitter and receiver,
and spreading loss severity depends on the distance; as the distance increases,
the loss is more, and it also depends on the weather conditions. In this particular

thesis, performance analysis is done concerning path loss.

e Blockages: These air-to-ground, ground-to-air, and air-to-air type communi-
cation systems have more obstacles, such as birds, planes, trees, tall buildings,
and other factors. Especially this UAV-based FSO communications have more
blockages when compared to regular FSO communications. The placing of UAV

is another critical challenge with clear blockages.
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1.5 Thesis Contributions

It is inferred from the above literature survey that RF-based UAVs are not suit-
able for high-capacity scenarios. UAVs/HAPs-based FSO Communication systems
full file high capacity requirements, license-free, high security, privacy. The design-
ing of UAV-based FSO communication systems has fundamental limitations such as
weather conditions, channel modeling, UAV alignment, and blockages. Alignment is a
significant limitation in FSO communications. This problem is more severe in the case
of inter UAV communication systems. Different approaches are proposed to deal with
this problem. Performance improvement of UAVs/HAPs-based FSO communication
systems under these limitations is another important research area.

Based on the above requirements and limitations, we framed the four objectives
to design and analyze UAVs/HAPs-based FSO communication systems. With proper
alignment multi-rotor, Inter UAV-based FSO communication system complex channel
model presented in the literature. We proposed Inter-UAV based FSO communica-
tion system channel model with simple Meijer’'s G functions. We proposed the HD
detection technique for Inter UAV-based FSO communication system. HD detection
technique is compared with existing IM/DD detection techniques. The performance of
HD detection is improved by taking pointing errors into account. From this analysis,
we identified that the current system has a limitation of distance. As the distance
increase, the performance of the system decreases.

The goal is to design the Inter UAV-based FSO communication link for the long-
range application. The current and existing proposed systems are for short-range
applications is about 500m range. We Introduced the POLSK modulation for Inter
UAV-based FSO communication systems. POLSK modulation is the best option for
long-distance Inter UAV -based FSO communication systems. POLSK modulation-
based inter UAV FSO communication system performance analysis is evaluated under
different weather conditions. The results show that the performance improvement is
improved under different weather conditions with increasing the receiver FOV. Inter
UAV-based FSO communication system performance analysis with POLSK modula-
tion under different weather conditions presents its results in chapters 2, 3, and 4.

In this thesis, we also presented a HAP-equipped FSO communication system
performance analysis under a hovering state. First, we introduced POLSK modulation
for the ground-to-HAP optical link. We improved this optical link performance by

considering coding(Repetitive and BCH) schemes. This optical link performance was
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validated under different weather conditions. The first time we proposed the HAP-
UWOC communication system for underwater applications. In this work, we proposed
a HAP-to-Ground FSO link under hovering fluctuations. Proposed link performance
is evaluated under a hovering state. End-to-end link performance evaluated with DF
relay. From the objectives, first, we derived the analytical channel model with Meijer’s
G functions. we also derived analytical expressions for the Outage probability and

Average BER. We compared the analytical results with Monte-Carlo simulations.



1.6 Thesis Organization

The rest of the thesis is organized as follows.

e In chapter 2, Presents the Designed the analytical channel Model for Inter UAV-

based FSO communication system using simple Meijer’s G functions.

e In chapter 3, Presents the Performance analysis of Inter UAV-based FSO com-
munication system with Different Detection techniques with pointing errors.
Comparison of different detection techniques with pointing error are present in

results section.

e Chapter 4 Presents the POLSK modulation based Inter UAV-based FSO com-
munication under different weather conditions. Mitigation of different weather
conditions effects by increasing Receiver FOV and its performance analysis is

presented in results section proposed in 4.

e Chapter 5 Proposed the Ground-to-HAP based FSO communication system un-
der hovering fluctuations. Performance is improved Ground-to-HAP link with
suitable coding techniques under different weather conditions. coded verses un-

coded system performance analysis was shown in results section of chapter 5.

e Chapter 6 Proposed the HAP-UWOC optical communication system. End-to-
end performance is evaluated with DF relaying. Proposed system performance

is evaluated under different channel parameters.

e Chapter 7 We concluded the thesis by identifying future directions that an in-

terested researcher could pursue.
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Chapter 2

CHANNEL MODEL

There are three basic FSO communications link scenarios with UAV platform. They
are (i) Ground-UAV, (ii) UAV-Ground, and (iii) UAV-UAV or between UAVs (UAV

swarm).

2.1 Introduction to UAV based FSO Channel Model

In this section, we discuss the system and channel models used throughout this
thesis. Mathematical modeling is crucial in the performance analysis of UAV-based
FSO communication systems. It enables the prediction of the capabilities of the sys-
tem before real employment. In particular, we first present Ground-UAV-based FSO
systems channel models over log-normal. Then, we describe general Gamma-Gamma
distribution for optical atmospheric turbulence channel. Moreover, we introduce the

general pointing error impairment model as well as its special cases.

2.1.1 Path Loss

Path loss is a crucial propagation effect as it quantifies the fluctuation in the power
of a transmitted optical signal over long propagation distances Ghassemlooy et al.
(2019). Path loss is a deterministic quantity and is typically represented as a function
of distance d. Path loss can be modeled using Beers law as is h, = exp(—/d) where
[ is the attenuation coefficient exponent, defined as a summation of absorption and

the scattering coefficients. The signal power is decaying rapidly due to path loss.
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2.1.2 Modeling of FSO Atmospheric Turbulence

The irradiance of the received optical wave h is defined as
h = hypihaihpph a0a (2.1)

where hy; is the path loss effect and it is assumed to be normalized to 1, while hgy
and h,, reflect the turbulence-induced fading and the pointing error effect, respectively
Taghi Dabiri et al. (2020). The fading due to the atmospheric turbulence conditions It
can be viewed as the modulation of large-scale (refractive) and small-scale (diffractive)
fluctuations (i.e. if the turbulence cells are larger than the beam diameter and vise

versa). Mathematically, it can be written as

hat = hahy, (2.2)

where h, and h, are statistically independent unit mean processes representing
large scale and small-scale effects, respectively. In this section, various turbulence
models are visited. In specific, the irradiance h, which is considered as a random

variable (RV) can follow different distributions according to the turbulence conditions.

2.1.2.1 Weak Turbulence Channel Model

For weak turbulence conditions, in which large-scale fluctuations dominate, hy; is
modeled as Awan et al. (2009)

ha = exp(2X), (2.3)

where X ~ N (uy, ox?) is the log-amplitude of the optical intensity such that ox? ~
2

%R Ry 0.30545/{%Cn2z%. Where ¢% is the Rytov variancel C.,? is the index of refraction

structure parameter of atmosphere and k::%” is the optical wavenumber with A being

the wavelength then the PDF of h, can be given as

fn, (h) = %\/%exp <_W) (2.4)

where p, = 2ux and 0,2 = 40x? are the mean and standard deviation of hy. To

ensure that the average power is not amplified by fading, the irradiance is normalized.
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2.1.2.2 Moderate-Strong Turbulence Channel Model

Moderate-to-strong turbulence conditions result from combined effect of the large scale
and small-scale fluctuations. Hence, the second moment of irradiance can be defined

E[hg,] = E[hZ]E[h)] (2.5)

Since h, and h, are assumed to be unit mean independent random variables, then Eq.
(2.5) can be written as
Elhg] = (1+0;,)(1 +03,) (2.6)

where o7 and a,%y are normalized variances of h, h,,respectively. Then, the scintilla-

tion index is expressed as

0hy =L +0p )L+ 0p ) = 1=0} +0} +0; 05, (2.7)
According to the novel work by [Taghi Dabiri et al. (2020)], h, and h, are generally
modeled as Gamma random variables leading to h, modeled as a Gamma-Gamma
RV with a PDF given by [Al-Habash et al. (2001), Eq. (13)]

‘E

foa () = %k s(2y/aBh), (2.9

By considering the Eq. (2.8) and from [Adamchik and Marichev (1990), Eq.(14)], we

simplify as follows

1 : z?
Ko = Sasz [ 7|2, 29)
3 7%
The PDF in Eq. (2.8) can be rewritten as
i o +B;
. 2 JR—
fri(h) = laifih) = oo ’ ;i Bih (2.10)

F(az)F(ﬂz)h 0,2 az’;ﬁz _ Bi—ai

2
where G0 [..] is the Meijers G-function as defined in [Jeffrey and Zwillinger (2007)],
Eq.(9.301)],I'(.) is the Gamma function defined in [Jeffrey and Zwillinger (2007),
Eq.(8.310)],K;(.) is the modified Bessel function oforder i, o and ( are the fading

parameters of large-scale and small-scale fluctuations.
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The nth moment of h,; can be derived by utilizing [Wolfram (2001), Eq. 07.34.21.0009.01]

- o1 Tla+n)T(8 +n)
Elhg] = (@B T@T () (2.11)

and the second moment can be written as

B[] = (1 + é) (1 + %) (2.12)

Comparing Eq. (2.6) and Eq. (2.12), the following relations are trivial

1 1
- - R__— 2.13
@ aiz’ﬁ o3’ ( )

, 1 1 1
Uaz=—+g+oé—

- 5 (2.14)

The variances of small-scale and large-scale fluctuations are expressed in terms of the
Rytov variance in [Al-Habash et al. (2001), Egs. (18) and Eq. (19)]. In the case of

plane wave as an example,the turbulence parameters o and § can

1-1

[ 0.940%
a = |exp 125 —1
U\ 11102y

i 0.5102 ]
[ty
L\ (14 0.69017°)7/6 ]

2.1.3 Pointing Error Impairments Mathematical Modeling

Assuming Gaussian beam with initial beam waist, wg, and radius of curvature, Fyp,
propagating through atmospheric turbulence of distance z, the beam waist at the
receiver of radius a in long term, w,, can be defined [Andrews and Phillips (2005), Eq.
45, p.238]. Given a radial displacement r, the fraction of collected power at distance

z can be approximated by

212

hop(r : 2) = Agexp( — —5—), (2.15)
WZeq
where W7, is bandwidth of the receiveris the equivalent beamwidth defined,

W5, = W20 Z;;‘(O—ﬂv% such that Ay = [er f(v)]? is the maximum fraction of the collected
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Figure 2.1: Zero boresight: no misalignment:

Farid and Hranilovic (2007)

power (i.e. the fraction of power at r = 0), v = \/% , is the ratio between the aperture
radius a and the beamwidth W, It is important to note that the approximation in
Eq. (2.15) is valid when W, > 6a [Andrews and Phillips (2005)]. At the receiver,
the radial displacement vector can be expressed as r = [zy]T,where x and y represent
the vertical and horizontal displacements of the beam in the detector plane.Thus, the
distribution of r = |r| = \/9527—1—312 . Depends on the distribution of x and y. Assuming
independent Gaussian displacements along the horizontal and elevation axes, then r

can be distributed according to the following distributions.

2.1.3.1 Beckmann Distribution

The Beckmann distribution is a versatile model that includes many distributions as
special cases. It is a four-parameter distribution modeling the envelope of two inde-
pendent Gaussian RVs. In our case, if both displacements are nonzero mean Gaussian
RVs with different jitters, i.e. = ~ N(pz,0.) and y ~ N(u,,0,) then r = |r| =
V22 4 y? follows the Beckmann distribution [Simon and Alouini (2005), Eq. 2.37),
[Ghassemlooy et al. (2019), Eq. (31)], with PDF given by

folr) = o /027r e:cp( _ (reosh — )" _ (rsind _”y)2>d0 (2.16)

o 2
2mo,0y, 202 20

With the PDF of r, we can calculate the nth moment of h,, defined in Eq. (2.15) as

n n 2r
E[hpp] = AyM,2 < ~ ), (2.17)

Zeq
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where M,2(.) is the moment-generating function of the random variable r? and given
by [Ghassemlooy et al. (2019), Eq. (2.38)]

1 12 pis )
M,2(s) = ex z Y , 2.18
(5) \/(l—axs)(l—o'ys) p<1—20§8 1—20‘58 ( )

Therefore, the nth moment of h,, becomes in this case

" AQT.T, 2n 0 I
E[hy] = 0y exp( ~ [1 T +y£ : (2.19)
\/(n +72)(n+1712) Zeq 2 2
where 2 = % and “12/ = v;/gzq’ are the ratio between the equivalent beam width and

the jitter variance for each direction.

2.1.3.2 Rayleigh Distribution

When both displacements have zero mean and common variance, i.e.j, = , = 0 and
o, = o,~ o as illustrated in Fig.2.2, r is a Rayleigh distributed RV whose PDF is
given by

£ (r) = Seap( = 5). (2:20)

The PDF of h,, reduces in this case to [Farid and Hranilovic (2007)].
7—2 |
Srp(hpp) = ==l ™ (2.21)

T2 ''pp
Ao

where 7 = % The nth moment can be deduced from Eq. (2.19) as

An 2
Efpn] = 07

N

(2.22)

2.1.4 Link Interruption due to AOA Fluctuations

We are able to assume that h,, takes two discrete values 1 and 0 to determine if the
incident optical signal is located on the receivers FOV or not and hence, it can be

formulated as

1 for 6,<46
haos = rov (2.23)
0 for Qa Z QFOV
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Figure 2.2: Bi-Directional misalignment: zero bore sight and identical jitters

Farid and Hranilovic (2007)

where 6, is The incidence angle relative to the receiver axis is called the AoA of the
signal and it is obtained as 0, = \/ (O + 0,5)% + (01 + 0,,)? which has a Rayleigh

distribution a

0 62
= - > 0. 2.24
0 = e = gz g ) 0020 220

When an incident beam with small value of 6, is passed through a lens, the outside
angle of beam will be approximately unaltered [Gagliardi and Karp (1976)]. Moreover,
the fraction of power in the side lobes of Airy pattern (beam footprint at the PD has
an Airy Pattern) is much smaller than that in the main lobe. Hence, ignoring the effect
of power from the side lobes of Airy pattern can be a reasonable assumption [Gagliardi
and Karp (1976)]. The width of the main lobe of the Airy pattern is approximately
equal to 2.4\ and it is much smaller than the conventional sizes of the PD radius that
is commonly in order of mm [Gagliardi and Karp (1976)]. This highly permits us to
ignore the effects at boundary condition From Eq. (2.23) and Eq. (2.24), the PDF of
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hypq is obtained as

—6
thoA = exp<2(afo i—OZ2 ))5(hAOA)

(2.25)
_l’_

1— ea:p(Lov)ﬂ d(haoa —1).

2(07, + 07,

2.2 Modeling of Composite Channels

In this section, the combined effect of pathloss,turbulence and pointing errors is
presented. the turbulence is modeled by GG and the pointing error is modeled by
the Rayleigh distribution. In specific, the joint distribution of h/:hplhalhpp Here,
hp stands for path loss. It depends on the distance, which is a deterministic term,
hy, pointing error due to UAV’s position and orientation deviations due to hovering
state and h,; represents the turbulence-induced fading which is a random variable.
The combined effect of weak turbulence i Can be represented as [Safi et al. (2019b),
Alzenad et al. (2018b)] with respect to UAV-UAV-FSO was derived in [Adamchik and
Marichev (1990)]. k" is defined and it’s PDF is

/

p 1 h
fu(h) = /%fhm, (%)fhal((hal)dhala (2.26)

Using [Farid and Hranilovic (2007)] and [Dabiri et al. (2018b), Eqs. (11)], hy, is

given as
2wy tor+Z040) 2+ (yrtyr+204y)?

hyp = Age wieq : (2.27)

From Eq. (2.27), the PDF of h,, is obtained as

T

Ty (Ppp) = Fh;p* (2.28)
0

Where Ag = [erf(v)]? is received optical power. v is defined by v = /5%, a is

receiver radius and w, is the beam width at the distance L, effective beam width at the
1

= 2
link end. w,eq = [%} 2 Here,r = Wj’%ﬁaé).is due to position,orientations
fluctuations of UAV. Erfc(.) is the complementary error function.Here, p = 20%(1 +
27), Here, h' denotes the channel attenuation due to path loss, atmospheric turbulence,

and misalignment fading for weak turbulence case.
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For moderate to strong turbulence conditions, the channel can be expressed and
derived in Farid and Hranilovic (2007), concerning the Inter UAV-based FSO link was
derived in [Dabiri et al. (20190)].

’

' h
fh/(h ) ~ / hplhal fhm) (hplhal)fhal(( al)dhal (229)

from Dabiri and Sadough (2019b) it is defined as

rT—1 00
/ , haz#”*lka,g@ afBhg)dhg (2.30)
h

hpi 4o

/ 27’(0(6)a+6
he ) = A he F@)T ()

By considering the Eq. (2.30) and from [Adamchik and Marichev (1990),Eq.(14)] we

simplify as follows

1 Ty T
K(0) =565 |7 (2.31)
207 2
£0(h) 2r(ap)" S H Bttt 1oz 7 |aBhe | dha (2.32)
! = T1T , a 590, a al .
h Ao hpll"(a)l—‘(ﬁ) hp};iAo ! 9702 aT_ﬂ,—ﬁ_Ta

From [Wolfram (2001), eq.(07.34.21.0085.01)] and after simplifications

, Taf afh Ea 3.0 I1+7— % afh
( ) G (2.33)
T

Tw(h) = Agh T (a)T(B) \ Aghy

This can be further simplified by considering [Wolfram (2001), eq.(07.34.16.0001.01)]
along with some mathematical simplications the PDF of A’ for weak to moderate
turbulence case the PDF of h' derived as

T ln(—h/ + ,u)
N~ =1 Aohp 202 7(1+7)
’ / h ~ —h - = R . 234
h ( ) 2( 1thl),r erfc< \/g (& ( )

In this thesis, the channel model & is taken as product of hy, g hyp, and haoa so

19



we have b and hao4 both are independent and it’s PDF approximated as.

£ %[ o (/) (B (2.35)

2.3 Inter UAV-based FSO Communiation System

Channel Model
2.3.1 Inter UAV-based FSO link with Log-normal channel

To derive the complete channel model with weak to moderate turbulence (Log-normal
distribution) case by substituting Eq. (2.25) and Eq. (2.34) in Eq. (2.35), thus we get
After solving the Eq. (2.35), the closed-form channel model between the Inter UAV-

based FSO link under log-normal fading channel function of 6oy can be expressed

below.
frn(h) = alo(h) + fn(h > 0), (2.36)
where
a1 = exp —_Q%OV
' 2(op, +02,) )’
falh > 0) = |1 —emp<ﬂ> D1
" 2(op, +02,)
rT—1 ln(%hl + u)
h erfc| ———— |,
\/gUR
where
D1l = 620%7’(1—1—7’);’
2(Aohy)"

2.3.2 Inter UAV-based FSO link with Gamma-Gamma tur-

bulence channel

By considering Eq. (2.32), we derived closed-form expression using Meijer’s G func-
tions. By considering the reference [Taghi Dabiri et al. (2020)],[Sandalidis et al.
(2009a)-Farid and Hranilovic (2007)], the result in Eq. (2.33) and the Eq. (2.34)
by substituting in Eq. (2.35), we get below.
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a and 8 are the fading parameters. After simplifying the above Eq. (2.35), we get
result is

where

_ _ —Okov
M 0 402 )

_ 92 T ok
h>0)= 11— ——LOV__ D2 x Gy
fulh > 0) [ em(%ﬁAW%Q]* T\ La—1p - 1| Aol
where 3
afT
D2 — )
thplF<Oé)F(ﬂ)

2.4 Ground-to-HAP Channel Model

The channel state consider to be the product of four factors and briefly explained

as

h = hihahyhy. (2.38)

where h/:hlhahp Here, h; stands for loss of direction, which is a deterministic term.
h, pointing error, which is a random quantity and is distributed by Rayleigh. In
particular, we presume that the pointing error is due to the random HAP movement.
The random attenuation between Ground-to-HAP due to atmospheric turbulence is
he. The hy is the Rayleigh distributed random variable which depends on the receiver
FOV.

2.4.1 Atmospheric Loss

The atmospheric loss follows the exponential Beers-Lambert law as path loss, de-

scribed as below, with a Length of L

hy = exp(—LF) (2.39)

Where the path-loss is h;. F is the coefficient of attenuation, which depends on

the visibility range in meters.
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2.4.1.1 Fog Attenuation

Several experimental and theoretical results showed that Fog is the main limiting fac-
tor in FSO communication systems. Evaluating the performance of Ground -HAP
based FSO communication system under different weather conditions is an important
research direction. Under dense Fog condition, the loss around 350dB/km, and we
evaluated under moderate to light fog conditions. The availability of this link is mainly
dependent on Fog and rain. In this chapter, we evaluated the system performance by
considering mitigation techniques under moderate to light fog conditions. The perfor-
mance of the system improved under Moderate to light Fog condition by considering
optimal values of Reciever FOV. The new results are shown in this chapter for vertical
Ground-to-HAP link under varying weather conditions. Different analytical models
are proposed to evaluate the performance of the system under Fog’s condition. In
this chapter, we consider the Mie scattering attenuation coefficient, which depends on
visibility, as shown below Kaushal and Kaddoum (2016), Ghassemlooy et al. (2019)

3.91 —q
F =434 {7 (%) }5, (2.40)

Where visibility is V', A means wavelength. S represents the distance along which
the scattering phenomena occurs in km. S= A Sy,,/sin ¢ ¢ is the scattering distribu-
tion coefficient of size that can be found by the model of Kim, which gives the values
below. Eq. (2.41) is the same as one obtained in [Alzenad et al. (2018b), Eq. (1)],

1.6, for V' > 50km
hy =4 1.3, for 6km <V < 50km (2.41)
0.585V1/3, for V < 6km
2.4.1.2 Rain Attenuation
Rain is another important limiting factor for optical links, and it depended on the
rainfall rate M [mm/h]. The Eq. (2.41) is the same as one obtained in [Alzenad et al.
(2018b), Rain Attenuation section]. Rain attenuation in dB is follows as

Brain = 1.076 % M*7b, 45, (2.42)

where brgin = A % brgin/sin(@), A x by, is the rain layer thickness and ¢ is the
elevation angle. In the Ground-to-HAP-based FSO link, its loss ranges from 2dB /
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Table 2.1: Attenuation Coefficients at 1550 nm between Ground-to-HAP FSO Link

Weather condition | Attenuation f (dB/km) | Visibility(m)
Dense fog 271.66 50
Thick fog 59.57 200

Moderate fog 20.99 200
Light fog 12.65 770
Very Light fog 4.22 1900

km to 10dB / km. By considering the adequate receiver FOV under rain conditions, we
improved the Ground-to-HAP-based FSO link’s performance. The rain attenuation
parameters based on adapted analytical methods proposed for FSO communication
by the International Telecommunication Union-Radio communication Sector (ITU-R)
have been evaluated. We have modified the same Ground-to-HAP-based FSO link
parameter, as shown below. This chapter adopted the parameter values for light rain
and strong rain conditions, shown in Table 2.1. Here Weather constituents (mm/h)

are for strong rain 25 and light rain 2.5 based on reference Ghassemlooy et al. (2019).

2.4.1.3 Cloud Attenuation

Cloud is another affecting factor for HAP optical link. Cloud visibility can be ob-
tained as V = 1.002/(LWC % N)%64 where height, number density (N), liquid
water contents(LWC), water droplet size and horizontal distribution extent. Based on
cloud visibility, we can estimate the cloud attenuation with the help of Eq. (2.39) for
different layers. In this chapter, we adapted the reference Awan et al. (2009).

2.4.2 Atmospheric Turbulence Channel

This chapter analysis Ground-to-HAP channel modeled as GG turbulence-induced
fading for moderate to strong turbulence conditions, and its PDF is defined as
2(aB)"F
« atp
ho) = ———h, 2 kos5(20/aBh,), 2.43
fGG( ) F(oz)F(B) 2 5( Oéﬂ ) ( )
where «, § are small scale and large scale fluctuations.I'(.) well know gamma random

variable and K,(.) modified Bessel function of order two. o and 5 defined as below
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-1
B 0.4902, 1
TP\ 056022578 ) T

-1
B 0.5102, X
p= e (1+0.6902,/5)5/6 )

where o2, is Rytov variance. In this Ground-to-HAP model, transmitter and receiver

are not at the same heights, and it’s Rytov variance defined as

7
o\ 6
o2, = 2.25(;) (H - h0> sec(g)%1
(2.44)

H02k k—ho \ ¢ [k — hy %dk
1— .
ho n<)( H—h()) (H—hO)

2.4.3 Misalignment Fading

2[4

Consider the Gaussian beam is propagated through the channel with an optical
beamwidth of W,. Optical beam received at the receiver with a circular detector
aperture of radius r, and collecting area with an angle ;. In this Ground-HAP link,
we considered both beam wandering effects and it’s instantaneous position, Orienta-
tion fluctuations taken into account. Based on the reference the PDF of pointing error
loss h,, conditions on 6, can be given below Dabiri et al. (2018b), Yang et al. (2014),
Jung et al. (2020).

2

v
Jhy /04 (hp) = {2(;;2)2} 72h;2_1 cos(0s) (2.45)

where,y = Ve W, is the beam radius, o,,= 0y + op, HAP beam wandering and

2070

2
2
instantaneous position fluctuations. W, = wy {1 + e(%) ] , where wq is beam
0

Wl a =0, wyg = %, 1s transmitter aperture diameter. € = (1 + 2w, ,
idth at Z =0 7 Dist itt ture diamet 1+ 2w2/p?
—3/5

H s
oh = 2 (055C2(R) (%K)
The combined channel model PDF of h/:hlhahp conditioned on #, can be repre-

dk is the coherence length.
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sented as

fh’/es (h/) :/fh'/es,h' (h’/)fha<ha)dha (2.46)

1 /
= / %fh'/&s (h /hlha)fha (ha)dha'

By substituting Eq. (2.43) and Eq. (2.45) in Eq. (2.46) and after some mathemat-
ical manipulations, the analytical expression for GG atmospheric turbulence model is
derived by using Meijer’s G functions. The closed-form expression for f,s (h') is

given by

fh’/es(h,) =

2.4.4 Angle Of Arrival Fluctuations

The received optical beam is collected by a circular photodetector(PD). by the inherent
nature of the aerial node, the angle of arrival of the optical beam deviated from
their mean position due to random orientation deviations of the aerial node. These
orientation deviations of an aerial node are approximated as Rayleigh distributed and
detail derivation is derived in Kaadan et al. (2014). Total optical power received if
the Optical beam within the receiver FOV, i.e., 8, < FOV. By neglecting the effect
of side lobes the approximated h; can be defined as follows. Dabiri et al. (2018b),
Dabiri et al. (20190)
1, if6, < FOV.

hy = (2.48)
0, ifg, > FOV.

_ —0tov
By = e 5 s
(2.49)
—0tov
1= eap(5,2)

+ d(hf —1),

where 4(.) is the Dirac delta function, 0,4 is the variance of the orientation deviations
of the UAV, Orov is the receiver Field-of-view (FOV) respectively.

25



2.4.5 Combined Channel Model

The combined analytical channel model was obtained by substituting Eq. (2.47) and
Eq. (2.49) into Eq. (2.50) and assuming cos(fs) ~ 1. By simplifying the above
equation, the closed-form channel model between ground-to-HAP link can be derived

with Meijer’s G functions as follows

]. ! ! /

Fu) = [ b (B 10 (2.50)

Ju(h) = d26(h) + fu(h > 0), (2.51)

where
—0%ov
dg = Exrp ng s
—03 ? h
fu(h>0) = 1—ea:p< 2F2OV> * by * G‘fg ) 7 % ,
Ord v —1,a—1,8—1]

2.5 HAP-to-Ground Link Channel Model

In this section, we explored the end-to-end channel models used for HAP and
UWOC links, respectively. The HAP-to-Ground channel model under hovering fluc-

tuations by considering four factors into account is defined as

hew = hpthathpphaon (2.52)

Here h':hplhalhpp, Where hy stands for slant path link path loss coefficient. It
mainly depends on the different weather conditions, which is not a random quantity.
hypp is the pointing error due to HAP fluctuations at the hovering state. h,; represents

the turbulence-induced fading which is a random variable GG distributed S-R node
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link.

2.5.1 Path Loss

The path loss for slant path by exponential Beers-Lambert law as

hy = exp(—L1F) (2.53)

Where L, distance S-R node link length, F is the attenuation coefficient.

2.5.2 Atmospheric Turbulence Channel

A more tractable and analytical channel model between Ground-to-HAP by using the
GG turbulence channel model was proposed in [Safi et al. (2020)]. Here we adapted
the same analysis and proposed HAP-to-Ground channel model as GG turbulence-
induced fading, and its PDF is defined as

181
2(1p1) 2 oSy

faa(ha) = Mo (5

a1—p1 (2 O‘lﬁlha)y (254)

where «ay, i are turbulence fluctuations. I'(.) gamma random variable, and K,(.)

Bessel function of order two. a and  defined as below

—1
B 0.4902, 1
TP\ e 2oy )

-1
B, = |ex 0.5102, .
PP\ 0.6902,1275y576

where 02, is Rytov variance. In this HAP-to-Ground model, S and R are not at the

same heights, and its Rytov variance defined as

o\ ¢ ; y [H k—ho\*
2 _995( 22 H— 6/ 2 o). 2.55
o 5( 3 ) ( ho) sec(s) . C: (k) (H . (2.55)
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2.5.3 Misalignment Fading

The pointing error mainly depends on HAP instantaneous position, Orientation fluc-
tuations, and beam wandering effect. In the HAP-to-Ground channel, we considered
Gaussian beam with an optical beamwidth of W,. An optical beam is propagated
through S to R. This optical beam is received at R and a detector aperture of radius
r, with an angle ;. Based on results in [Safi et al. (2020)], [Dabiri et al. (2019b)],
[Dabiri and Sadough (20190)], pointing loss h, condition on 6 its PDF of HAP-to-

Ground can be written as

2

ra \2] T 5,20
g0, (o) = [2(W2> } Y h)i ™ cos(0;) (2.56)

%, W, is the beam radius, 0,,= 0,,+0,+Loy,, HAP beam wandering,

where,y1 = 5

instantaneous position and orientation fluctuations variance of the HAP. W, = wq |1+
1

2
6(7:\TL§) } , where wy is beam width at Z = 0, wy = %, D is transmitter aperture

diameter. € = (1+2w3/p?) , p2 = fhloi (0.55C2(k)(%)%k) “3/3dk is the coherence length.
The HAP-to-Ground channel PDF of h/:hlhahp conditioned on 6, can be written

as

T o, (hl) :/fh’/es,h’ (h‘/)fha(ha)dha (2.57)

1 /
= / %fh'/es(h hiha) o, (ha)dha.

By substituting Eq. (2.54), Eq. (2.56) in Eq. (2.57) and by simplifying above
Eq. (2.57) the analytical expression for HAP-to-Ground channel model GG atmo-
spheric turbulence is derived by using Meijer’s G functions. The results expression for

Tw e, (h') is follows as

_7%

2
2| 7% 2 cos (s /
|: (WZ> :| a1ﬁ171 COS( )Gg,o 712 Otlﬁlh
1,3

I (01)L(51) "\l —1,8-1] M

fh'/Gs (h,) =
(2.58)
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2.5.4 Angle Of Arrival Fluctuations

The HAP is hovering above the earth; the optical beam is received at the R node by a
circular PD. The received beam is highly affected by the orientation deviation of the
S node. Due to this orientation deviation, the AOA of the optical beam deviated from
the there mean position of the detector at the R node. Due to the high stability of the
S node, orientation deviations are assumed to be the order of mrad. This orientation
deviation of the S node to R node is modeled as Rayleigh distributed, and its brief
explanation is given in [Dabiri et al. (2020)], [Dabiri and Sadough (20190)], [Kaymak
et al. (2018)]. The optical power received at the R node within the R node FOV,
ie., 0, < FOV then the total power captured by the R node. If R node received
optical beam is outside the R node FOV, i.e., 8, > FOV and the fading at R node
approximated hy as
1, iff, < FOV.

hy = (2.59)
0, iff, > FOV.

—6?2 —62
fhf:exp< 2§%V>5(hf)+ 1—emp< 2§%V>]5(hf—1), (2.60)

where §(.) is the Dirac delta function, HAP node orientation deviations variance 0,4,
Oroy is the R node Field-of-view (FOV) respectively.

2.5.5 Combined Channel Model

The composite analytical channel model was obtained by substituting Eq. (2.58) and
Eq. (2.60) into Eq. (6.3) and assuming cos(fs) ~ 1. For Ground-to-HAP link Outage
probability analytical expression is derived in [Safi et al. (2020)]. After some mathe-
matical manipulations, the closed-form PDF between S node to R node-link can be

derived with Meijer's G functions as

W) [ o (/0 1 0 (2.61)

fua(h) = dy0(h) + fr(h > 0), (2.62)
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where

do = _Q%OV
2 = €xp 20_2 )
rd

fh(h > 0) = []_ — dg] *b2 *G?:g <’}/12’)/% — 17041 — 1,ﬁ1 — 1

[2 (%) 2] . 16¥151’Y%
th(oq)F(ﬁl)

By using [[Adamchik and Marichev (1990)], Eq.26] and [[Jeffrey and Zwillinger
(2007)], section.9.31] After simplifying The cumulative distribution function (CDF)
of Eq. (6.4) is expressed as

9

05161 hs,r
hy

b2:

Fu(h) ~ ds + fu(h > 0), (2.63)

da = _G%OV
3 = €xp 252 )
rd

alﬁlhth FY% + 17 1
hy

)]
Da)l(B)

This analysis is true for lower values of ’h,” and the same analysis for Ground-to-HAP

Fu(h > 0) = [1 . dg] x by % G
/y%? Qq, /817 0

b3:

was derived with finite integral equations [Safi et al. (2020)]. Here we approached

with Meijer G-functions.

2.6 UWOC Link Channel Model

In this section, the UWOC channel model considering the effects of link attenua-
tion, geometric misalignment, and turbulence.

Compared with the HAP-to-Ground Communication channel model, the perfor-
mance of the UWOC channel is more attenuated by absorption, scattering, and tur-

bulence. This absorption and scattering two parameters limit link distance, optical
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light beam spread, and multi-path dispersion. A simple model under different effects
in UWOC channel link with log-normal(LN) distribution was derived in[Zeng et al.
(2016)],[Liu et al. (2015)]. In this chapter, we considered GG distributed channel
model between R node to D node. The received optical signal at the R node is trans-
mitted through the UWOC channel to the destination. The received optical beam at

the D node is modeled as

hrd = hpuhauhi (2.64)

where hy,, is the attenuation effect of absorption and scattering for underwater
optical links. hy, is the underwater optical GG turbulence distribution. h,, is the
intensity of the transmitted signal.
absorption and scattering are two main factors that affect the UWOC link, which
is modeled as
c¢(A) = a(A) +b(N) (2.65)

Where ¢() is extinction coefficient, a(\) is absorption coefficient, b(\) is scattering
coefficient. A is the transmitted optical beam wavelength, this parameters values
different for different water and source wavelengths. for UWOC links, the attenuation
coefficient is modeled by using Beer-Lambert’s law with link distance L and wavelength

A as

By = € ML (2.66)

Here ¢()), is the four water types such as Pure seawater, Clear ocean, Coastal
ocean, and Turbid harbor water. More details regarding the absorption and scattering
coefficients under different water types were highlighted in [Kaymak et al. (2018)], [Liu
et al. (2015)], [Johnson et al. (2014)]. In this chapter, the Path loss and extinction
coefficient calculated for the UWOC link L, of 10m performance is evaluated.

The UWOC channel model from R node to D node by considering combined effect
into account GG distributed Link PDF is defined as

2273 s0 [ Q2B |2
h) = G,
fhz( ) thpur<a2>r(62> 1,3 thpu fy22 — ]_, g — 17 52 —1

(2.67)

Ay = [er f(v)]? received optical power at destination at D node, v = g—r\/@) The
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Table 2.2: Path loss of 10m UWOC link [Kumar and Krishnan (2020)], [Kaymak et al.
(2018)].

Water type | c¢()) P,

Clear ocean 0.151 | 0.7063
Coastal ocean | 0.399 | 0.3990
Turbid harbor | 2.195 | 0.0064

parameter v, indicates pointing errors caused by the misalignment between the R
node and D node. By utilizing [Adamchik and Marichev (1990), Eq.26] and [[Jeffrey
and Zwillinger (2007), section.9.31] After some mathematical manipulations The CDF
of Eq. (6.6) is expressed as

9 2
T2 s1 [ @2Bohun |2 + 1,1
h2( ) F(O{Q)P(ﬁQ) 2,4 40hpu 722, g, /827 O ( )
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Chapter 3

INTER UAV-BASED FSO
COMMUNICATION SYSTEM
PERFORMANCE ANALYSIS
WITH DETECTION
TECHNIQUES

3.1 Introduction

Alignment and Design of more tractable channel models between UAVs are Ma-
jor challenges. The performance analysis of inter UAVs-based FSO communication
systems under different weather conditions is another challenge. Alignment is the
major technical challenge in inter-UAV-based FSO Communication systems, and this
alignment is not only in inter UAVs which is present in FSO Communication systems.
UAV-based FSO communication systems for Ground-to-UAV, UAV-to-UAV link per-
formance is analyzed experimentally with alignment under clear weather conditions
investigated Leitgeb et al. (2007). UAV based FSO initially proposed high data rate
applications such as military and civil with a data rate of 2.5 Gbit/s. It highlighted
the UAV-to-UAV based FSO link for different wireless networks Chlestil et al. (2006).

Conventional relay-FSO systems replaced with UAV’s and their performance eval-
uation in Fawaz et al. (2018). The critical enabler for 56G+ wireless networks is the

small cell concept. This higher number of small cells requires a high data rate back-
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hauling/front hauling link, which increases cost and difficult to establish a link. swarm
of UAVs based FSO is proposed for such backhauling/front hauling link Alzenad et al.
(2018a). All the above UAV-based FSO applications are enabled with tractable chan-
nel models. Such a channel model between Ground-to-UAV, UAV-to-Ground, and
UAV-to-UAV are proposed in Dabiri et al. (2018a). The tractable and more efficient
UAV-to-UAV based FSO channel model is proposed in Dabiri et al. (2019a).

The UAV based FSO system’s performance under hovering fluctuations of the UAV
by considering blind data detection proposed in Safi et al. (2019a). Source relay(SR)
and relay to destination(RD) channel models of the UAV based FSO system where
UAV as a relay with DF is relaying proposed in Dabiri and Sadough (2019a). UAV
based FSO channel with Nonzero Boresight pointing error and Statistical channel
modeling proposed in Dabiri et al. (2020). First, we derived the analytical expres-
sions for the inter UAV-based FSO communication system using Meijer’s G functions.
We derived the closed-form expression under hovering fluctuations. Derived analyti-
cal expressions results are compared with Monte-Carlo simulations. The performance
analysis was done with two different detection techniques; we introduced heterodyne
detection (HD) in FSO based inter UAV communication. The outage and average bit
error rate (BER) performance of the proposed system is analyzed, and the results are
compared with the existing Intensity modulation direct detection (IM/DD). We stud-
ied the impact of turbulence and pointing errors on BER and the outage performance
of the proposed system. The results are plotted for different system parameters such as
Rytov Variance, field-Of-view, Transmitter UAV orientation, receive UAV orientation,

link range, and Beamwidth.

3.2 Major contributions

The major contributions in the Chapter 3 are as follows,

e First time we introduced heterodyne detection (HD) in FSO based inter UAV
communication. The outage and average bit error rate (BER) performance of
the proposed system is analyzed and the results are compared with the existing
Intensity modulation direct detection (IM/DD).

e We studied the impact of turbulence and pointing errors on BER and outage
performance of the proposed system. The results are plotted for different system
parameters such as Rytov Variance, field-Of-view, Transmitter UAV orientation

; receive UAV orientation, link range, and Beam width.
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Figure 3.1: Ground-UAV-UAV-Ground Links.

e The analytical results are validated with the monte-carlo simulations.

The rest of the chapter is structured as follows: In Section 3.3, the framework sub-
tleties have been discussed, and Section 3.4 depicts the UAV-UAV FSO Link channel
model. The outage probability of the UAV-UAV FSO link has been inferred in Sec-
tion 3.5 closed-form numerical expressions. The average BER of Inter UAV-based FSO
link has been discussed in Section 3.6. In Section 3.7, numerical outcomes are intro-
duced with pointing error for different turbulence Conditions, Oroy, 0,0, 01,distance.

Toward the end of Section 3.8, the conclusion of this work has been summed up.

3.3 System and received signal model

To model the UAV-UAV FSO link, we assume the following assumptions. Both
UAV’s are hovering in one place with clear weather conditions. Due to the random
movement of UAV’s in hovering state position, and orientation deviation exist. By, =
[000}, Bpr, = [002], in the Cartesian coordinate system [xyz] e RUX3) BTy =

2y, 2 |, are instantaneous position deviations of transmite UAV.B'Rx = |:$ryrzri|7
are instantaneous position deviations of receiver UAV. Transmit and receiver orienta-
tion deviation respectively are 0y, 04, 0,, and 6,,. On the z-axis orientation deviation
of transmitter and receiver are presented.for ground-UAV and UAV-ground the ori-
entation deviation minimal values which are negligible. The derived equation also
applicable for Ground-UAV and UAV-Ground link.
A typical UAV-UAV FSO Connection is shown in Fig.3.1, where one UAV goes
around as a transmitter and another acts as a UAV receiver. Both UAVs communicate
with the FSO link and effectively align, with no position and orientation deviations

present, i.e., they are within the 0rpoy. The alignment coefficient A range between
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0 < A<L1if A=0 misalignment if it is A = 1 perfectly alignment. Both UAV’s are
hovering with a separation of L [Rahman et al. (2020)]. Fig.3.2, shows a single UAV-
UAV FSO link with a Misalignment state with a misalignment angle of oy, 0,,. Two
UAV’s are hovering; due to the hovering state, the position and orientation of UAVs
deviated from their mean positions; these deviations are random and modeled as gaus-
sian distribution. The position and orientation deviations of transmitter and receiver
variance are equal to 0y,,04,,0,, and o,, respectively and the detailed explanation is
given in [Schulz et al. (2016)-Dabiri et al. (2020)].

We consider detection technique with binary modulation used for optical trans-
mission in UAV-FSO systems. The transmitted beam propagated through the UAV-
UAV-FSO link and received at the surface of the photo detector(PD). The PD convert
the optical signal to electrical signal. The received signal mathematically modeled as
[Dabiri et al. (2019b)]

r=RhX +¢ (3.1)

h is the combined UAV-UAV FSO channel model which is demonstrated as Eq. (3.3)
R is Photo detector responsivity and X is transmitted optcial beam ¢ is the Guassian
noise with Variance JZ = 2eB.RP, e is electron charge B, is the photo detector
band width P, back ground power which is defined as P,=A,B,Ny(A\)Qrov, where
Ny(A) is the spectral radiance of the background radiations at wavelength A\, B, is the

bandwidth of the optical filter at the Rx and A, is the lens area. Moreover, Qroy

2
denotes the Rx FOV that can be represented as.Qroy = Weio". hereﬁpovz% denote

the FOV angle,where d; and r, are the focal length radius of circular PD, respectively.

The probability of outage for UAV-UAV FSO link under weak, moderate, and
strong turbulence conditions can work out utilizing f,(h). The probability of an
outage is evaluated at hy, by the CDF of h. Outage probability is defined as the
probability that the instant SNR drops under a given threshold. The threshold is the
protective value of the above-mentioned SNR, where the quality of the UAV-UAV FSO
relation is acceptable. The Outage probability can be specified by the context under
consideration mathematically represented as follows [Sandalidis et al. (2009a)-Farid
and Hranilovic (2007)].

hin

pout<hth) = pr(h < hth) = fh(h)d(h); (3'2)

0
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Tx Beam

Figure 3.2: UAV-UAV FSO link two UAV’s are in hovering state with out and with
Misalignment.

Receiver plan Airy pattern

Main lobe

Received c:p't.-ical beam u

Figure 3.3: UAV-UAV FSO link two UAV’s are in hovering state with out and with
Misalignment.
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where, hyy, is threshold SNR

3.4 Channel Model
The combined channel model between UAV-UAV-FSO link involving many random

variables and it’s brief explanation is given below. Channel model can be defined as

follows,
h = hpihahpphaoa. (3.3)

where h/:hplhalhpp Here h, stands for path loss. It depends on the distance, which
is a deterministic term, h,, pointing error due to UAV’s position and orientation
deviations due to hovering state and h, represents the turbulence-induced fading
which is a random variable.For a UAV-UAV FSO link with distance Z, the path loss
represented by the Beers-Lambert law as h, = exp(—Z() where ¢ is the path-loss
coefficient which depends on the visibility.here we consider the path loss is clear sky

weather condition.

3.4.1 UAV-UAV-FSO link with Log-normal channel

Channel model for inter UAV-based FSO link under log-normal channel fading was
derived below [Chapter 2, Eq. (2.36)]

fu(R) = ald(h) + fu(h > 0), (3.4)
where
' 2(02,+02) )
0oy
fh(h > 0) = |1-— &Tp(m) D1
In(52— + 1)
h 167’fC _Aohm 77 ,
V8ap
where
D1 = 620%7(1—%7);
2(thpl)T’
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3.4.2 TUAV-UAV-FSO link with Gamma-Gamma turbulence

channel

We derived closed-form expression using Meijer’s G functions. The derived Inter
UAV-based FSO GG turbulence fading channel model as below.

fu(h) =~ ald(h) + fu(h > 0), (3.5)

where

—opn| OOV
M 0t 102 )

_ 92 . T aﬁh'
h>0)=|1- ____rov.__ D2 Gd’o )
fa(h > 0) [ exp(z(a?ﬁa?o))] T a1, 1| Ak
where 3
afBT
D2 - )
Aohp I (a)T(B)

3.5 Outage Probability for Inter UAV-based FSO

Communication System
In this section, Derived the analytical expressions for Inter UAV-based FSO link
with IM/DD and HD techniques. We considered Lon-normal distribution for weak-
to-moderate turbulence and Gamma-Gamma distribution for moderate-to-strong tur-

bulence.

3.5.1 Outage Probability of a Inter UA-based FSO link with

Log-normal channel

Outage probability derived in this section by considering the IM / DD with pointing

error in the case of weak to moderate turbulence modeled as Log-normal distribu-
n*Ep{h}

No
by considering the pointing error into account in UAV-UAV-FSO link with IM/DD

tion. The average SNR in case of IM/DD Can be composed as fiyn/pp =

21212 2
n=Aghs, T . 272 .
HIM/DD = (HO?”;V The instantaneous SNR v = %, the received beam h = —”nNo =
0
AthlT Y N 14+7\2 HIM/DD 2 ﬁ . . . . . . .
= (=L . finding its simpl rivati ing simpl
)\ o R = (&%) WA h ding its simple derivative using simple

Power transformation of the random variable A the result UAV-UAV-FSO link with
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weak to moderate turbulence with IM/DD, the resulting PDF can be composed as
[21-22]

£i(y) = fh<h<v>>]%

T
AO h/TlTT

p

f2(y) = ald(h) + (1 — al) D1 (1+7)"2u1m/0D

(3.6)

™Y
( ; )Tzerfc (5 Jimss 1)
KUiv/DD \/gaR ’

After simplifying the Eq. (3.6) with [45, Eq.(06.27.21.0011.01)], closed-form expression
under the link with weak to moderate turbulence channel outage probability can be

represented by

(1 —al)
¢

4ot — )
6ch<\/_8—O-R>] .

7'1/)—20%72 €T’fC<

Pout.1M/DD = a1 + )+

(0
V8og

where

¥ =+ In(gEles),

Presently considering the UAV-UAV-FSO link under weak to moderate turbulence

_ a(Ba{h})
No )

by considering the pointing error into account in UAV-UAV-FSO link with HD ugp =

Fﬁ);‘)’}ifz The instantaneous SNR v = %7\%, the received beam h = % = ({4 fﬁf;:]D SNR

= (1%) XOLth h. By finding its basic derivate utilizing simple Power transformation of
P

the random varible A the result UAV-UAV-FSO link with weak to moderate turbulence
with HD, the resulting PDF can be composed as

condition with HD detection, the average SNR can be composed as pugp

£i(y) = fh<h<v>>]%
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f+(y) =aldé(h) + (1 —al)D1 {M]
(1 + T)T/LHDT

I (3.8)
77_16rfc< n(um\g/(i:;: + M)))

Similarly, using [Wolfram (2001), Eq.(06.27.21.0011.01)], under weak to moderate
turbulence, the UAV-UAV-FSO channel with HD Detection outage probability can

be derived as below.

(1 —al)
2

401227' —
erfc(—\/gaR )] .

3.5.2 Outage Probability of a UAV-UAV-FSO link with Gamma-

Gamma turbulence channel

Y
\/gUR

e )+

Pouwt. HD = al +

(3.9)

For considering the moderate to strong turbulence between UAV-UAV-FSO link with
IM/DD detection using simple random variable transformation, the resultant PDF

can be composed as

)= o
Similarly, by utilizing [Wolfram (2001), Eq.(07.34.21.0084.01)], and after simplifi-
cation, The outage probability of Eq. (3.5) can be composed as

afT2o0th=3 h X1 afST)%h
Pout.iv/pp = al + (1 —al) g th [ (0B7)"han (}3)10)

oL
AT (@)D(B) (1 +7)\| wrarpp "\ xeol LEA(L + 7)) 2110

where X1 =1/2,7/2,7+1/2X2=7-1/2,7/2,a — 1/2,0/2,-1/2,5 — 1/2,5/2.
For considering the moderate to strong turbulence between UAV-UAV-FSO link
with HD detection using simple random variable transformation, the resultant PDF

can be composed as

£ = fh<h<w>>\%



afT? 30 T afTy

B0 = o O = D ) m s ™ \ ; — 10— 1,5 1| T+ s

By utilizing [Adamchik and Marichev (1990), eq.26], The outage probability of Eq.
(3.11), Can be composed as.

T

INCYINE)

L7+ 1] aBthy

Go —
’ T,a, 3,0 (1+T)MHD

Pout. HD = al + ((1 — al) (312)

3.6 Average Bit-error rate

The average BER for the considered UAV-based FSO communication link with
BPSK modulation closed-form expression was derived. In this Inter UAV communi-

cation link, performance is analyzed over the moderate to strong turbulence condition
under HD detection with Meijer’s G is derived as [Sandalidis et al. (2009b)]

P [ erte( 5 )50 (313)

Eq. (3.13) can modified With the help of er fc(y/x),which is given below and is as

1 1
erfe(vr) = —=GT3 @
@ 0, 0.5
1 (1—al) [~ 1 | R%y? 2
Pe:%+(2 “)/ Gl —4Z Gy ! 0‘5314)
VT Jo 0, 0.5| 4% 2 _la—-1,8-1| M

— apr?
where, D3 = s r s
using [Wolfram (2001), Eq.(07.34.21.0013.01)], and after some mathematical manipu-
lations, the expression for BER between UAV-UAV communication link performance

is derived as
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Figure 3.4: Outage probability of UAV-UAV-FSO LINK versus average SNR over
Gamma-Gamma turbulence model for oy = 0,0 = 3mrad, W, = 2m, Z = 250m with
both detection techniques under different turbulence conditions.

bl anet o (X1aR g,
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(3.15)

Where, X1 =1,(1-7)/2,2—7)/2,(1—=0)/2,(2—0)/2,(1 —)/2,(2 — «)/2
X2= 0, 0.5, —7/2,(1—7)/2

3.7 Results and Discussions
This section examines the performance of the UAV-UAV-FSO Link with detection

techniques under the constraints of weak , moderate, and strong turbulence derived
from in this work Eq. (3.7), Eq. (3.9), Eq. (3.10), and Eq. (3.12). As follows, we
consider the parameters of the analytical result, the distance we have taken between
two UAVs as L=250m; we assumed that the UAV aperture of the receiver is having
the radius r,=5bcm, responsivity R=0.8, for weak to moderate turbulence(log-normal)

or=0.1, for moderate turbulence (Gamma-Gamma turbulence) o = 0.5 to 1.5 and
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Figure 3.5: Outage probability of UAV-UAV-FSO LINK versus average SNR over
Gamma-Gamma turbulence model for o, = 0., = 3mrad, W, = 2m, Z = 250m, differ-
ent values of ppy with both detection techniques under moderate to strong turbulence
condition.

for strong turbulence(Gamma-Gamma turbulence) 2 to 10. The position standard
deviations of transmitting and receive UAV given as oy,,0,, are equal to 30cm. Orien-
tation standard deviations of transmitting and receive UAV given as oy, 0,, are equal
to 3mrad, W, is beam width varying from 1-30m, h, =1 is for very clear weather
condition, receiver FOV is from 1-50mrad, and the threshold SNR is 11.8 dB in case
of binary detection. The parameter is the same in the case of both the detection

techniques.

Detection is one of the important parameters to improve the performance of the
UAV-UAV-FSO. The improvement is shown concerning pointing error for both the de-
tection techniques. The P,,; is presented in Fig.3.4, For both the detection techniques
across the average SNR at 0. From Fig.3.4, as or decreases, performance increases,
which was shown for both the detection techniques. Another important observation is
that at point 1072 with oz = 0.5, the average SNR for HD is 25dB at the same point
the Average SNR for IM/DD is 40dB from this HD has higher performance when
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Figure 3.6: Outage probability of UAV-UAV LINK-FSO versus average SNR over
Gamma-Gamma turbulence model for oy, = 0, = 30ecm, W, = 2m, Z = 250m,different
values of oy, 0., wWith both detection techniques under moderate to strong turbulence
condition.

compared to the IM/DD Technique, by 15dB, with increasing the system complexity.

Both analytical and simulation results are verified.

Similarly, Fig.3.5 represents Outage Probability for varying the effect of 6 roy under
IM/DD and HD detection techniques. From the above Fig.3.5, it is observed that for
lower values of 0oy, the performance is worst for large values of 8oy the performance
increase which was shown in Fig.3.5, for both detection techniques. Large FOV leading
to background noise will increase. Similarly Fig.3.6, represents Outage Probability for
varying the effect of 0y,, 0., under IM/DD and HD detection techniques.observed that
for lower values of oy, 0., the performance increases. Small deviations in orientation
lead to significant performance deviations shown for both detection techniques. From
the above Fig.3.5, Fig.3.6, it is observed that both detection techniques performance
depends on the Opov,04, 0.0 it is the actual results which shown in this section.
Fig. 3.7. We considered the UAV-UAV-FSO link performance under IM/DD and

HD detection techniques with weak to moderate turbulence conditions.the outage
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Figure 3.7: Outage probability of UAV-UAV-FSO LINK versus average SNR over
Log-normal turbulence model for oy, = 0., = 2mrad,W, = 2m,Z = 250m, op =
0.1 different values of 8oy with both detection techniques under weak to moderate
turbulence condition.

probability were analyzed by varying the Oroy. As 6poy increases, the performance
of the link improves in the case of both the detection techniques. The difference
between Fig. 3.7, Fig. 3.8 is only the link length.

The link length is one of the important parameters in UAV-UAV-FSO systems.
Suppose link length increases outage probability increase, Z = 250m, and Z = 500m
because of the UAVs’ orientation deviations. Finding the optimal beam width UAV-
UAV-FSO link is an important parameter, shown in this Fig.3.9. In Fig.3.9, we
plotted the outage probability of the UAV based FSO link as a function of average
SNR. We observed the optimal value of SNR as a function of beam width (wyz). For
different values of (wy) outage probability improvement was shown for IM/DD and
HD detection. Optimal values under worst channel conditions also analyzed in Fig.3.9,
Fig.3.10, by taking suitable beamwidth (wy). In this chapter we derived the analytical
expression for Average BER and plotted in Fig.3.11. We plotted the graph between
Average BER verses Average SNR by varying the og. The o value ranging from 0 to
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Figure 3.8: Outage probability of UAV-UAV-FSO LINK versus average SNR over
Log-normal turbulence model for oy = 040 = 2mrad,W, = 2m,Z = 500m, ogp =
0.1 different values of 8roy with both detection techniques under weak to moderate
turbulence condition.

10. For lower values og takes weak turbulence, mid-range value moderate turbulence,
and for higher range values it takes strong turbulence. Here we considered 0.6 for weak
turbulence, 4.0 for moderate turbulence, and 10 for strong turbulence. From the Fig
3.11 strong to weak turbulence significant performance improvement was observed. In
Fig.3.12 we plotted the graph between Average BER verses Average SNR by varying
the receiver 0roy ranging from 1-50mrad. From the Fig.3.12 as the 0poy increases

the BER curve improvement was observed.
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Figure 3.9: Outage probability of UAV-UAV-FSO LINK versus average SNR over
Log-normal turbulence model for oy, = 0., = 2mrad, FOV = 11lmrad,Z = 250m,
or = 0.1 different values of W, with both detection techniques under weak to moderate

turbulence condition.

Table 3.1: Optimal values of 0ppy to achieve minimum outage probability over GG
Turbulence Model for SNR = 40dB,0,=0,,=30cm, and different values of Z

Z(m) Orov(mrad) Powtytipp  Pout/uD
250 13 6x1072 1x1072
250 15 6.5x1072 3x1073
250 17 5x1072 2.5x1073
500 13 1x107t 5x1071
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Figure 3.10: Outage probability of UAV-UAV-FSO LINK versus average SNR, over
Log-normal turbulence model for o, = 0., = 2mrad, FOV = 1lmrad, Z = 500m,

or = 0.1 different values of W, with both detection techniques under weak to moderate
turbulence condition.
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Figure 3.11: Average BER of UAV-UAV-FSO LINK versus average SNR over mod-

erate to strong turbulence model for oy, = 0, = 3mrad, FOV = 20mrad, Z = 250m,
different values of o with Heterodyne Detection technique.
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Figure 3.12: Average BER of UAV-UAV-FSO LINK versus average SNR over mod-
erate to strong turbulence channel model for oy, = 0., = 3mrad, Z = 250m, og = 10
different values of FOV with Heterodyne Detection technique.

Table 3.2: Optimal values of o4, = 04, to achieve minimum outage probability over

GG Turbulence Model for SNR = 35dB,04,=30cm,0 poy=13mrad and different values
of Z

Z(m) Oto = O-ro<mrad) Pout/IMDD Pout/HD

250 4 2x1071 5x1072
250 3 1.5x1071  2x1072
250 2 1x107¢ 1x1073
500 4 1 1x1072
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3.8 Summary

In this Chapter, we derived the UAV-based FSO System’s analytical expressions
for both IM / DD and HD Detection with a pointing error. The derived analytical
Results are for weak to strong turbulence channel cases. Performance analysis metrics
such as outage and BER analyzed for various channel parameters such as W, Average
SNR, Orov, 04,0, and other channel parameters. The above results show that HD
compensates UAV’s orientation deviations and overcome the turbulence effect com-
pared to IM/DD detection. The proposed system is highly useful in 5G beyond, IoT,

and disaster management applications.
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Chapter 4

POLSK MODULATION INTER
UAV-BASED FSO
COMMUNICATION UNDER
DIFFERENT WEATHER
CONDITIONS.

4.1 Introduction

FSO communication systems performance is limited by weather conditions. The
performance of a UAV-based FSO communication system horizontal /vertical path link
mainly depends on weather conditions and distance. By considering these two effects
consideration, we derived the analytical expressions by using Meijer’s G functions.
Comprared the analytical expression with simulation results. We examine the effect of
different weather conditions such as rain, fog on the bit error rate (BER) performance
of the proposed system. Novel closed-form expressions for inter UAV-based FSO
propagation channels are derived, and BER performance is investigated under different
weather conditions.

Fog and rain are the main limiting factors mitigated by suitable mitigation tech-
niques by increasing receiver FOV. We improved the performance of inter UAV-based
FSO communication link by considering POLSK modulation. Polarization Shift Key-
ing (PolSK) is an alternative technique to improve the Inter UAV based FSO commu-
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nication systems. It is used for long distance outdoor FSO communication systems.
Compared to other modulation schemes, PolSK provides immunity to atmospheric
scintillation, higher data rates and lower BER. It has high immunity to laser phase
noise and the light intensity is more uniform when propagating through atmospheric
turbulences. In PolSK, the States of Polarizations (SOPs) of an optical signal are used
as information carrying parameters. The information is encoded with different SOPs
using an external modulator. PolSK uses intensity modulation, where two orthogonal
polarization directions are used for the transmission of 0 and 1 data bits. The Trans-
mitting Laser (TL) beam is linearly polarized and has a /4 polarization with respect
to the principle axe of the external Phase Modulator (PM). We also improved the
link range by considering this modulation scheme. Results are verified with existing
link ranges, and the proposed system is suitable for long-range air-to-air links.We im-
proved the receiver FOV to considerably mitigate the rain and cloud effect, which are
presented in the results section. The main limiting factor is fog. Even we increase the

receiver FOV, the performance UAV based FSO remains the same.
4.2 Main Contributions

The major contributions in the Chapter 4 are as follows,

e Fog and rain are the main limiting factors mitigated by suitable mitigation

techniques by increasing receiver FOV.

e We improved the performance of inter UAV-based FSO communication link by

considering POLSK modulation.

e We also improved the link range by considering this modulation scheme.

In the Inter UAV-based FSO system, Section 4.3 demonstrates the design and
receives a signal model, while Section 4.4 details the channel model between UAV-
UAV. Section 4.5, mainly novel Closed-Form expression, was derived under various
weather conditions. Section 4.6 presents the results and discussion of the UAV-UAV
FSO link under multiple weather conditions and the POLSK modulation study be-
tween UAV-UAV. Section 4.6 conclusion of UAV-UAV FSO link performance analysis
described.

4.3 System model
The laser beam propagated through the UAV-UAV-based FSO system at a distance
of Z meters along the horizontal direction. The UAV-UAV FSO link with the digital
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i Position and orientation deviation Tx and Ry ‘

Figure 4.1: Two UAV’s are in hovering state with misalignment and different weather
conditions

POLSK modulation is used for transmission taken into account. Recently, POLSK
has developed considerable interest in optical communication research for long-range
applications. Where both UAVs communicate at a distance of Z meters with each
other under hovering state with misalignment and it’s weather effect link shown in
Fig.4.1. Here, different weather conditions are presumed, and the resulting channel
model is provided by Taghi Dabiri et al. (2020), Dabiri and Sadough (2019b)

r=Rhs+n (4.1)

h is the over all atmospheric loss coefficient and it is the combined effects of all
the loss between UAV-UAV and the R is Responsivity. Here s is the number of
symbols transmitted between UAV-UAV FSO link with transmitted power P;. n is
photo noise and which is signal independent zero mean Gaussian noise with variance
0721 = 2eB.RP, e is electron charge B, is the photo detector band width P, back ground
power which is defined as P,=A,B,Ny(A\)Qroy,where Ny(\) is the spectral radiance
of the background radiations at wavelength A, B, is the bandwidth of the optical filter
at the Rx and A, is the lens area. Moreover, (roy denotes the Rx FOV that can be
represented as Qpoy = 0} oV | here,@Fov:Zpr denote the FOV angle,where d; and 7,

4
are the focal length radius and radius of circular photo detector.
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4.4 Channel Model

The channel state consider to be the product of four factors and it can be expressed
as Taghi Dabiri et al. (2020), Dabiri and Sadough (20195),

h = hihghyhy. (4.2)

where h/:hlhahp Here, h; stands for loss of direction, which is a deterministic term.
h, pointing error, which is a random quantity and is distributed by Rayleigh. In
particular, we presume that the pointing error is due to the random UAV movement.
The random attenuation between UAV-UAVs due to atmospheric turbulence is hq. hy
is the Angle of arrival (AOA) fluctuations, which are explained briefly in section 3.4.

4.4.1 Atmospheric Loss

The exponential law of Beers-Lambert as a path loss, as described below, with a length
Z Tsiftsis (2008), Farid and Hranilovic (2007)

hi = exp(—Z() (4.3)

Where the path-loss is h;. ( is the coefficient of attenuation, which depends on the

visibility in terms of meters.
4.4.1.1 Fog

The main performance-limiting factor is fog. The loss may be above 350dB/km during
a dense fog, and this link may not be available. In this chapter, analyzed for moderate
to very light fog conditions under the mitigation technique to reduce the fog effect
by considering a large field of view. Consider for dense fog to medium fog condition
performance improvement negligible even if it increases the field of view. The miti-
gation technique we adapted here is receiver FOV. Based on reference Kaushal and
Kaddoum (2016), as the receiver FOV increases, we can considerably mitigate the fog
effect. Here we considered the Mie scattering attenuation coefficient for fog condition
Ghassemlooy et al. (2019).

=) @

Where visibility is V', A means wavelength. Where ¢ is the scattering distribution

coefficient of size that can be found by the model of Kim, which gives the values below
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Ghassemlooy et al. (2019)

(1.6, for V' > 50km
1.3, for 6km <V < 50km
hy=<0.16V 4+ 0.34, for 1km <V < 6km (4.5)
V —0.5, for 0.5km <V < 1km
\O, for V< 0.5km

4.4.1.2 Rain

In the UAV-UAV FSO link, rain is another limiting factor and its loss ranges from 2dB
/ km to 10dB / km. By considering the adequate receiver FOV under rain conditions,
we improved the performance of the UAV-UAV FSO link. The rain attenuation pa-
rameters based on adapted analytical methods proposed for FSO communication by
the International Telecommunication Union- Radio communication Sector (ITU-R)
have been evaluated here. We have modified the same UAV-UAV FSO link parameter
as shown below Alzenad et al. (2018b), Grabner and Kvicera (2010).

ﬁrain = 81 % K2 (46)

Here K is the rain rate in mm/km, s; and s, are parameters and it’s value’s are depend
on the rain drop size and temperature. In this chapter, adapted the parameter values
for light and strong rain conditions which are shown in Table 4.1 and performance
of UAV-UAV-FSO under different weather conditions. Brief explanation is given in
results and discussions section. Here weather constituents (mm/h) are for strong rain
25 and for light rain 2.5 based on reference Alzenad et al. (2018b), Ghassemlooy et al.
(2019).

4.4.2 Combined Channel Model

Based on previous derived PDFs such as turbulence-induced fading, pointing error,
and AOA fluctuations, the combined PDF is derived below. Here we consider gamma-
gamma turbulence channel for moderate to strong turbulence case Nallagonda and
Krishnan (2021b). Considering PDF’s Eqs. 2.25 and 2.33 in 2.35 and after some

mathematical manipulations, the resultant channel model is
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Table 4.1: Attenuation coefficients at 1550 nm between UAV-UAV FSO Link

Weather condition | Attenuation ¢ (dB/km)

Moderate fog 33.9618
Light fog 16.0041
Very light fog 10.4251
Strong rain 6.8567
Light rain 2.0692
Haze 0.7360

Very clear air 0.0647

fn(h) = doo(h) + fr(h > 0), (4.7)

where
dy = eap —Orov
’ 207, +02,) )’
fo(h>0)=|1- ea:p( _29FOV2 ) 9
Q(Uto + 0-7’0)
afSh
G13 (7272_ 1,0é 17/8 1 Afh[) ’
where )
py— P
thlf(a)F(ﬂ)’

4.5 Performance Analysis
4.5.1 Average Bit Error Rate

The average BER of POLSK modulation can be expressed by considering the UAV-
UAV FSO link as Tsiftsis (2008),

1 [ R h
P, = /0 erfc( 25% ) fu(h)dh (4.8)
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Above Eq. (4.8) can be simplified with the help of [Weisstein et al. (2004),

Eq.(07.34.03.0619.01)],and resultant as follows

o afBh
.9
) - 17 6 —1 (thl) )

al  (1—al)b2 [ 59 I | R&poh 3.0
p = L-al)pe : ,
5 + N /0 G * G

Similarly, by utilizing [Weisstein et al. (2004), Eq.(07.34.21.0013.01)], and after sim-
plification, The BER of Eq. (4.9) can be composed as

1 1—al 2 1a1_ 271_ ,1—Oé oAh
a (1 —al)y 2,3 g 5 REroAohy (4.10)

P=—4+——
2 Qﬁf(a)F(ﬁ) 43 0, 0‘5,_,}/2 20'12%015

4.6 Results and Discussions
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Figure 4.4: Average BER versus average SNR under very clear weather conditions for
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The table 4.2 and 4.3 for Analytical and Simulation results of Fig.4.6 and Fig.4.7.

Table 4.2: Optimal values of 0oy to achieve Average BER over GG Turbulence Model
for SNR = 50dB,01,=0,,=30cm, and different fog conditions.

Weather condition 6@roy(mrad) Average BER
Moderate fog 20 0.2
Light fog 20 2.8x1072
very Light fog 20 4.7x1073

Table 4.3: Optimal values of 0oy to achieve Average BER over GG Turbulence Model
for SNR = 40dB,0t,=0t,=30cm and different rain conditions.

Weather condition 6roy(mrad) Average BER
Strong rain 13 7x1073
11 3.5x1073
9 3x1073
Light rain 13 5x1073
11 1.5x1073
9 1.2x1073

In this section, compared the derived analytical expressions with computer simu-
lations between UAV-UAV FSO link under different weather conditions. Considered
fixed computer simulations parameter’s as follows lens radius r,= 5cm, photo detec-
tor responsivity R = 0.5, distance between UAV-UAV Z = 1km, optical bandwidth
B, =10nm, Rytov variance g = 0.5 to 10 for moderate to strong turbulence fading
channel, field of view(0poy) = 20mrad, and o4,=0,,= 3mrad orientation fluctuations
of UAV,and oy,=0,,=30mrad position fluctuations of UAV.

By consider a UAV-UAV FSO link in Fig.4.2; the average BER versus average
SNR for different values of turbulence-induced fading oz, here showed the results
for moderate to strong turbulence fading channel for POLSK modulation. Whereas
in Fig.4.3, the average BER showed for different values of 0roy against the average
SNR, if sufficient 8rpy available the performance of POLSK improvement was shown

in Fig.4.5. It is revealed in Fig.4.4, the optimal value for the beam width section for
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minimizes required SNR under moderate and strong turbulence fading between the
UAV-UAV FSO link shown. In Fig.4.5, by comparing the POLSK modulation perfor-
mance by varying the distance for long-range air-to-air applications, and it concluded
that based on Fig.4.5, results showed significant performance improvement between
UAV-UAV FSO link under strong turbulence conditions and this POLSK modulation

best suitable modulation for air-to-air, ground-to-air, and air-to-ground links.

In Fig.4.6, plotted the average SNR versus average BER under different fog condi-
tions, where we considered moderate, light, and very light fog conditions into account.
By varying different oy,,0,, from Fig.4.6 as o, and o,, increases the performance be-
come worst between UAV-UAV FSO links which was shown for different fog conditions.
From Fig.4.6 find the optimal values under different fog conditions and identified that
for lower values of 04,,0,, performance improves. UAV-UAV FSO link with sufficient
Orov and lower value of 4,,0,, with POLSK modulation greater link improvement
and mitigate by selecting optimal values as shown in this chapter. Similarly, Fig.4.7,
shows the important results to mitigate the fog by improving the receiver 8oy, which

was shown in this chapter and cited in reference [3].

Selecting the optimal values based on results shown in this chapter Fig.4.7. Here,
considered for lower values of Oroy and oy,,0,, performance is evaluated. For higher
values 0poy the performance remains constant due to increased background noise
power. In Fig.4.8, and Fig.4.9, showed the performance of the UAV-UAV FSO link
under rain conditions. Here, considered performance analysis of UAV-UAV FSO link
under light to strong rain for different values of 6oy, 04, and o, results showed that
considerable performance deviation by increasing the 0roy to mitigate the rain effect

by considering optimal values.

The performance of UAV-based FSO system mainly depends on Different fog con-
ditions, which are shown in Table 4.2 and Table 4.3 and different values of Orov, 0,0,
0t respectively. We notice from Table 4.3 that a fixed value of 0ppy the minimum
average BER is achieved under very light fog conditions and which shows low link
attenuation. On the other hand, froy increases average BER decreases, which is
shown in Fig.4.7, and the performance mainly depends on the optimal values of Oroy .
From Table 4.3, we observe that as the 6ppy increases, minimum average BER is
achieved under strong rain conditions. Compared to strong rain conditions, light rain
conditions minimum BER is achieved for optimal values of Orov, 040,04, and very low

link interpretation is possible under light rain conditions.
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4.7 Summary

POLSK modulation was suggested as an alternative for UAV-based FSO com-
munication systems to other modulation techniques. This chapter analysed the BER
performance of UAV-based FSO communication systems under various weather effects
that are taken into account and described in this chapter as a closed-form expression
for BER performance analysis. Optimal values are also provided for the FOV to
achieve the minimum BER for different SNR values. In terms of long-distance appli-
cations such as air-to-air, ground-to-air, and air-to - ground links, POLSK modulation
is the best solution for next-generation wireless communication, and the correspond-
ing results are shown in this chapter. Distance evaluation proposed through POLSK
modulation for the UAV-based FSO link, and the performance results shown in this
chapter. Finally, fog and rain mitigation with an increasing receiver field of view and

corresponding results are seen.
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Chapter 5

CODED GROUND-TO-HAP
BASED FSO COMMUNICATION
SYSTEM USING POLSK
MODULATION

5.1 Introduction

Free-Space Optical (FSO) communication, a future emerging technology for next-
generation communication systems, was aided by High Altitude Platforms (HAPs).
HAP aided FSO communication systems, making a significant contribution to data
hunger applications. There are some constraints to establishing an efficient link, such
as weather conditions, Angle of Arrival (AoA) fluctuations, and pointing error loss due
to the HAP’s hovering state. In this chapter, we proposed Ground-to-HAP FSO com-
munication system using Polarization Shift Keying (POLSK) modulation technique.
We derived the closed-form expression for the proposed system’s Average Bit Error
Rate (BER) and plotted the results for various link parameters such as transmitted
power, field-of-view, and receiver UAV orientation deviation under different weather
conditions rain (light and strong) and fog (light and moderate). Coding techniques
(repetition and BCH) are used to improve the ABER performance of the proposed
system. The obtained results are compared to both Un-coded and Coded cases. The
coding gain achieved is 28.5 dB.
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5.2 Main Contributions

The major contributions in the Chapter 5 are as follows,

e Proposed Ground-to-HAP FSO communication system using Polarization Shift
Keying (POLSK) modulation technique.

e We improved the performance of Ground-to-HAP link under different weather

conditions.

e Coding techniques (repetition and BCH) are used to improve the ABER perfor-

mance of the proposed system.

The rest of the chapter is organized as follows: Section 5.3 describes the systems
and received signal model under consideration. Section 2.4 the channel state mod-
eled under path loss under different weather conditions, atmospheric turbulence fad-
ing, pointing loss, AOA fluctuations, and beam wandering effect, is also described.
New probability density function (PDF) incorporated the combined effect between
the ground-to-HAP link obtained in closed form. Coded Ground-to-HAP FSO Link
was introduced in Section 5.5. A derived analytical expression is presented in Section
5.6. POLSK modulation under different weather conditions Results and discussion
are presented in Section 5.7. Finally some conclusions, and its remarks are presented

in Section 5.8.

5.3 System Model
This chapter focuses on the HAP-based FSO system, as presented in Fig.5.1,

that offer fronthaul/backhaul for next-generation wireless communications systems
and other applications(remote sensing, broadcasting or telecommunication, naviga-
tion, and localization systems, surveillance missions, etc.). Typical distance from the
Ground-to-HAP as 17km to 25km for HAP applications above the clouds. In Fig.5.2,
we assume the Ground station is fixed. Optical signal transmission is transmitted
through the receiver’s optical channel; the received signal is a composite effect of
path loss, atmospheric turbulence fading, pointing error, AOA fluctuations, and beam
wandering effect. The distance between ground to HAP is L. The mean position of
the receiver are R, = (0,0,0). Due to random deviations the instantaneous position
fluctuation of HAP is R, = (ry,r,,7,). Here 1,7, and r, are independent random
variables and fluctuation of HAP.The position fluctuation of z-axis are negligible. Ori-

entation deviation of HAP are denoted by 6,, and 0,, along x-z, y-z axis. The position
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Figure 5.1: Graphical illustration of Ground-to-HAP optical communication link.

and orientation deviations of HAP with a Gaussian distribution, it’s variance are 012),
o2, respectively. Another parameter that affects the HAP link is the beam wandering
effect, mostly caused by large scale turbulence. It is defined as the angular deviation

of the beam from the line-of-sight path at the receiver and its variance is defined as

68



i

o, = 2.07 /H C2(k)(L — k)*W, ° (5.1)
ho

Where C? is the turbulence strength as a function of altitude k, hq is the height of
the transmitter above the ground, H is the height of the HAP, W}, is the beam width,
L is the distance from the ground to HAP is given by (H — ho) sec(s), where ¢ is the
HAP zenith angle. C? value calculated using Hufnagel-Valley (H-V) model. C?(k) is

function of k, which can be calculated as

C2(k) = 0.00594(V},, /27)2(10~5F)10e—k/1000 4

5.2
2.7 % 1016 =k/1500 Ste’k/loo (5.2)

where, V,,, is the root-mean-square (rms) wind speed in meter per second (m/s) and

S, is the nominal value of C2(0) at the ground in m~2/3

Fig.5.1. shows the optical link between ground-to-HAP using the POLSK modula-
tion at the transmitter. The laser beam propagated through the slant path through a
Gamma-Gamma (GG) turbulence channel with additive white gaussian noise (AWGN)
with the effect of pointing error, AOA fluctuations, the resultant received beam col-
lected at the photodetector (PD) is mathematically modeled as

r = Rhs+n (5.3)

h is the normalized channel fading coefficient between Ground to HAP vertical link
, which is constant over the period and overall channel loss. R is Responsivity. Here s is
the number of symbols transmitted between Ground-HAP FSO link with transmitted
power P;. n is photo noise and which is signal independent zero mean Gaussian noise
with variance JZ = 2eB.RP, e is electron charge B, is the photo detector bandwidth
P, back ground power which is defined as P,=A,B,Ny(\)Q2roy, where Ny(A) is the
spectral radiance of the background radiations at wavelength A, B, is the bandwidth
of the optical filter at the Rx and A, is the lens area. Moreover, Qroy denotes the
Rx FOV that can be represented as Qpoy = 70%,, /4, here,0poy=2r,/d; denote the
FOV angle,where d; and 7, are the focal length radius and radius of circular photo

detector
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Orientation deviations

Aperture plane

I

Figure 5.2: The schematic of Ground-to-HAP optical communication link with length
L with HAP hovering state parameter values are given in table II [Safi et al. (2020),

Fig.(2)]

5.4 Channel Model

We derived the Ground-to-HAP channel model with Meijer’s G Functions by con-
sidering HAP node hovering fluctuations,pointing error,turbulence fading, pathless

and AOA fluctuations. Detailed channel model was derived in chapter 2.4

fu(h) = d2d(h) + fu(h > 0), (5.4)

where




5.5 Coded Ground-to-HAP FSO Link

In Ground-to-HAP links, the performance is mainly degraded by its hovering fluc-
tuations of HAP and atmospheric turbulence effect. In this chapter, we evaluated the
BER performance of the Ground-to-HAP link with BCH Code and Repetition Code
to mitigate the effects mentioned above. To improve the performance of Ground-to-
HAP Link, we introduced two Coding techniques in this chapter. The performance
of Coded Link is compared with Un-Coded Ground-to-HAP link over G-G turbulence
channel. BCH Codes are effectively correct the multiple random error patterns. BCH
Codes parameters t, and (n,k) are described with block length n = 2™ — 1, Here m
is positive integer(m>3). The number of check bits n-k < mt and minimum distance
min > 2t+1. t is the number of error-correcting BCH Code. Generator polynomial
generated from Galois Field GF(2*) of its roots. g(x) has a,a?,....a%t and its conju-
gates as its roots. The g(x) from X™ + 1 polynomial by taking X"*. The generator
polynomial obtained as follows Gupta et al. (2019), Hanna and El Rouayheb (2018),
Al-Barrak et al. (2017)

(@) =1+ 22+ 2 + 25+ 27+ 2° + 20 + 2% + 217 4 218 4 22 (5.5)

This generator polynomial is used to find the Generator matrix.we adapted this Eq.
(5.5) from [Ramavath et al. (2020), Eq.(3)] The Encoded data is generated with input
optical signal and Generator matrix. This encoded BCH Coded data is modulated
with POLSK modulation and propagated through the G-G turbulence channel. This
optical signal is received at the receiver with PD. Due to hovering fluctuations, the
received optical signal is received with errors. This received optical signal is detected

and corrected with the Berlekamp-Massey decoding algorithm.

More frequently used error-correcting Code in FSO systems is Repetition Code.
Here we repeat the optical input information several times to retrieve the original op-
tical signal corrupted by the optical channel. For an (n, k) repetition codes generator
polynomial is given as follows Gupta et al. (2019), Hanna and El Rouayheb (2018),
Al-Barrak et al. (2017)

g(z) =14z +2? (5.6)

Here n = 3, k=1, and its generator matrix is G =[ 1 1 1]. Code rate is k/n. Majority
decoding is used for decoding the received Ground-to-HAP optical link at PD
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5.6 Average BER

The average BER for the considered ground-to-HAP-based FSO communication
link with POLSK modulation closed-form expression was derived. In this Ground-
to-HAP communication link, performance is analyzed over the moderate to strong
turbulence condition with Meijer’s G is derived as Tsiftsis (2008), Prabu and Kumar
(2015), Prabu et al. (2018),

P = l/oo erfc( R&"h)fh(h)dh (5.7)
0

2 2012%

Eq. (5.7) can simplified With the help of [Weisstein et al. (2004), Eq.(07.34.03.0619.01)],
and substituting er fe(y/z) into Eq. (5.7) the simplified form is as

1 1
erfe(vz) = —=GT3 x
m 0, 0.5
al  (1—al)b2 [ 1 |R&h v afh
p= g U Mo Sy Whals)
2 2vm Jo 0, 0.5| 20% 2 la—1,8-1| M

Similarly, by utilizing [Weisstein et al. (2004), Eq.(07.34.21.0013.01)], and after some
mathematical manipulations, the expression for BER between Ground-to-HAP com-

munication link performance is derived as

_~2

2 Y
Ta _ 2
p - a_1+ |:2<WZ2> :| (1 al)’y G2’3 171_7271_671_04 RSLohl (59)
c 2 Qﬁf(a)f‘(ﬁ) 4,3 0’ 05, _72 20'}2%&5

5.6.1 BCH Code

BCH Codes are multiple-error-correcting capable binary cyclic Codes. This Codes
are add the redundant information to the input optical signal. Here k information
bits are converted into n bit Code word with n-k bit’s as redundant bit’s. Here n/k

represents Code rate(R). Detailed description of BCH Coded encoding and decoding
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for FSO channels was discussed in Tsiftsis (2008), Prabu and Kumar (2015), Prabu
et al. (2018). BCH Coded Ground-to-HAP link BER formulation is given below as

n

1 . . .
Pepcn = - > i("ci) P - Py (5.10)

i=t+1

where t is error patterns, n is block length and P. is the average BER for Coded
Ground-to-HAP optical Link under hovering fluctuations.

5.6.2 Repetition Code

Repetition Code is one of the simplest Coding techniques in Coding theory. Its encod-
ing involves repeating the optical information bits N times resulting in (N, 1) block
Code, and decoding is done by majority rule is employed. Repetition Code encoding
and decoding with FSO channel was analyzed in Tsiftsis (2008), Prabu and Kumar
(2015), Prabu et al. (2018). Here 1/N is the Code rate. The BER for Ground-to-HAP

links under hovering fluctuations for repetition Code is given as follows

N

P.r~ Y ("Cj)PI(1—P)" (5.11)

j=N/2

where P, is the POLSK modulated BER

5.7 Results and Discussions

In this section, we considered the Ground-to-HAP communication optical link with
POLSK under different weather conditions. We have mitigated the turbulence effect
and weather effect by improving the receiver FOV with POLSK. Derived the analytical
results and showed them in previous sections. Derived analytical results are compared
with simulation results. We evaluated optical link performance in terms of average
BER. Study the impacts of different parameters such as receiver FOV, Orientation
deviations, the transmitted beam spot size. Understanding of Ground-to-HAP optical
link analyzed with GG model for moderate to strong turbulence conditions. This
chapter analysis showed the optimal value selection under different weather conditions
for Ground-to-HAP optical link.

In Fig. Fig.5.3, average BER versus transmitted power by varying the different val-
ues of Receiver FOV with POLSK modulation was shown. As receiver FOV increases,

the optical link’s performance with POLSK modulation improves the Ground-to-HAP
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Table 5.1: Analytical and Simulation Parameters

Parameters Used for The Numerical Results

Parameter Value

Wavelength A 1550 nm

Responsivity n 0.5

Optical bandwidth B, 10 nm

Receiver electrical band- | 1GHz

width B,

Spectral radiance N,(\) 1073W/em?—
m — srad

HAP zenith angle ¢ 45°

Link length L 20km

wind speed V;, 21 m/s

Refractive index structure || 1.7 x 10713

at the ground C?(0) m=%/3

link for the order of mrad’s. In Fig. 5.4, plotted the average BER versus FOV for
different values of 0,4 as orientation deviation fluctuations increase the performance
of POLSK optical link considerable performance deviation shown in Fig. 54. In
Fig. 5.5, different values 0,4 with transmitted power results are shown and Fig. 5.6,

optimal selection of W, was evaluated.

Fog is the main attenuation factor between ground-to-HAP optical links. This
chapter evaluated the optimal values for Ground-to-HAP optical link under different
fog conditions. Selecting the receiver FOV fog effect is mitigated, which shown in
Fig. 5.7. results plotted in Fig. 5.7, between medium to light fog condition. For
light fog conditions, considerable performance improvement is observed with increas-
ing receiver FOV. In Fig. 5.8, fog affected link performance was shown for different
values of orientation deviation (o,4). Selecting the optimal values of HAP orienta-
tion deviations and receiver FOV, we can improve the Ground-to-HAP optical link
performance. Rain is another critical factor that affects the optical link. This chap-
ter evaluated the performance under rain strong and light rain conditions. Improved
the link performance under POLSK modulation by selecting the results of the opti-

mal values are shown in Fig. 5.9, and Fig. 5.10. In this chapter, we evaluated the
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Figure 5.3: Average BER versus transmitted power P;(dBm) over very clear sky
condition for W,=2, o,, = 0.4, 0,4 =16mrad, different values of 0ppy with POLSK
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Figure 5.4: Analytical Average BER versus receiver FOV (0poy) over very clear sky
condition for W,=2, ., = 0.4, different values of o,y with POLSK modulation

BER performance of Coded Ground-to-HAP link in Fig. 5.11, by considering high

values of orientation deviation of HAP with optimal FOV. Here the coding gain for
Ground-to-HAP channel evaluated as
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Figure 5.5: Average BER versus transmitted power P,(dBm) over very clear sky

condition for W,=2, 0., = 0.4, Opoy =75mrad, different values of 0,4 with POLSK
modulation.

Coding gain (dB) = 101log;, (Pt(uncoded system))

P;(coded system) (5.12)
The coding gain for Un-Coded to the Coded system between Ground-to-HAP link
was 28.5 dB was achieved, which is shown in Fig. 5.11. The coding gain increases
remarkably with POLSK modulation as the code size increases with the fixed code
rate under the Ground-to-HAP link. The coding gain for the BCH-Coded system
over the Repetition Code is 8.5 dB. BCH Code provides a higher coding gain when
compared to repetition Code. In Fig. 5.11, We considered two coded techniques
performance with un-Coded Ground-to-HAP link. We have reached the theoretical
results with analytical results plotted in Fig. 5.11. We concluded that the BCH
Coded system provided much better performance compared to the Repetition Code

and overall performance improvement possible with BCH Code.
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Figure 5.6: Average BER versus transmitted power P;(dBm) over very clear sky con-

dition for o,4=13mrad, 0., = 0.4, 0oy =7b5mrad, different values of W, with POLSK
modulation.

Analytical results
O Simulation results

Average BER
et
=]

Light Fog Moderate Fog ‘
D
o _.=7mrad,6mrad,5mrad
rd
107 : : : :
-10 0 10 20 30 40

P, (dBm)

Figure 5.7: Average BER versus Average SNR under different Fog conditions for
W,=2, 0., = 0.4, Opoy =1bmrad, different values of 0,4 with POLSK modulation.
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Figure 5.11: Analytical and simulation results for coded Ground-to-HAP Optical Link
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5.8 Summary

We evaluated the performance of the Ground-to-HAP optical link under the dif-
ferent weather conditions with POLSK modulation. Optimal values demonstrated
in the results section mitigated the weather effect by increasing the Receiver FOV.
Closed-form expression is derived between Ground-to-HAP optical link with POLSK
by utilizing Meijer’s G Functions. Performance improvement under the Fog, rain,
and cloud was evaluated under random HAP fluctuations. Finally the performance of

Ground-to-HAP Link is evaluated with coding techniques.
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Chapter 6

CONVERGENT FSO BASED
HAP COMMUNICATION
SYSTEM WITH UWOQOC
COMMUNICATION SYSTEM

6.1 Introduction

We analyze the performance of High altitude platforms-underwater wireless op-
tical communication (HAP-UWOC) Communication systems under the Decode-and-
forward (DF) relaying protocol. The HAP and UWOC links experience generalized
Gamma-Gamma distributed fading, respectively. The transmitter node (S) is placed
above the earth at 20Km, where the relay is placed at the ocean. The HAP-to-Ground
hovering state channel model, the clear ocean, coastal ocean, Turbid harbor, effect of
HAP hovering fluctuations are considered. We derive the closed-form expressions for
outage probability and average bit error rate (BER) with the DF relay technique.
Derived the End-to-End closed-form expression with Meijer’s G functions and derived
mathematical expression compared with simulation results. Explores how the clear
ocean, coastal water, Turbid harbor, and HAP hovering state fluctuation such as
orientation deviation, receiver field-of-view(FOV), performance analysis of dual-hop

HAP-UWOC system are evaluated.

Here source S is located 20km above the ocean under a hovering state commu-

nicating with the underwater link with the help of decode-and-forward (DF) relay.
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Dual-hop HAP-UWOC system link is evaluated by considering HAP and UWOC as
GG distributions channel models under hovering state. The closed-form expression for
outage and BER is derived. Derived end-to-end analytical expression with Meijer’s G
functions. Derived analytical expressions compared with system simulations. results
show that End-to-End performance is mainly dominated by the UWOC link. HAP-to-
Ground link GG distributed with weak turbulence fading under hovering fluctuation,
so the performance mainly deviated by UWOC link wherein shown in the results
section. We showed the performance analysis of the HAP-to-Ground channel model

under hovering fluctuations and compared it with the UWOC link.
6.2 Main Contributions

The major contributions in the Chapter 6 are as follows,

e For the first time proposed the High altitude platforms-underwater wireless op-

tical communication (HAP-UWOC) Communication system.
e End-to-End performance is evaluated with DF relaying.

e In this study performance is evaluated by considering HAP-to-Ground hovering
state channel model, the clear ocean, coastal ocean, Turbid harbor, and effect

of HAP hovering fluctuations.

The rest of the chapter is structured as follows: In Section 6.3, the framework subtleties
have been discussed, and Section 2.5, 2.6, depicts the HAP-UWOC Link channel
model. In Section 6.5, the performance of the HAP-UWOC link has been inferred
in the closed-form numerical expressions. In Section 6.6, numerical outcomes are
introduced with pointing error for Different turbulence Conditions, Orov, 010, Gto,
Oup, Opp, distance. Toward the end of Section 6.7, the conclusion of this work has been

summed up.

6.3 System Model
Fig.6.1, This shows that a typical HAP-UWOC communication system is consid-

ered. Here the optical information such as a collection of sensor data or act as a data
relay was transmitted by the source (S) node to the destination node (D) through DF
relay (R). Source node (S) HAP in hovering state. Here S node-R node HAP is GG
distributed optical turbulence medium. This HAP is placed 20Km above the ocean.

This channel is typically limited by clouds, rain, and different weather conditions.
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R-D node UWOC link is a strong turbulence medium highly affected by path loss.
UWOC link performance is typically limited by distance and type of oceanic water.
Here we assumed the R node in a fixed position and UWOC link is GG distributed.

The optical signal transmitted at the HAP with hovering state fluctuations received

at the Relay can be modeled as .
Tspr = Rs,rhs,T’X + Ns,r (61)

hs, is the GG distributed channel gain of the S node to R node link, S transmitted

optical input signal beam is represented as X, R;, is Photo detector responsivity of

Relay, and 7, is the Gaussian noise with Variance of S-R link. ¢2 = 2eB.RP, e is

electron charge B, is the photo detector band width P, back ground power which is
defined as P,=A,B,Ny(A\)Qpov,where Ny () is the spectral radiance of the background
radiations at wavelength A\, B, is the bandwidth of the optical filter at the R and A,

is the lens area. Moreover, 2roy denotes the R FOV that can be obtained as.

62
Qrov = ZOV -

Here, QFOV:ZL; denote the FOV angle,where d; and r, are the focal length radius of

circular PD, respectively.

The optical signal received at the D through relay can be modeled as

Trd = Rr,dhr,dX + Nr.d (62)

Where R, ; is the D responsivity, h,4 is the UWOC strong turbulence induced
fading between R to D. X is estimated signal at the R and Mrqa is the AWGN noise

with variance o, 4.

6.4 Channel Model

In this section, we derived the analytical channel models for HAP-to-Ground, and
UWOC systems. Detailed derivation is done in [Chapter. 2, Section 2.5]

6.4.1 HAP-to-Ground Channel Model

The PDF between HAP-to-Ground link can be derived with Meijer’s G functions as
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Figure 6.1: schematic diagram of Dual-hop HAP-UWOC System that consist of source
(S) in hovering state, relay (R), and a destination (D).

) [ o 1) 10 (63
fni(h) = d2d(h) + fu(h > 0), (6.4)

d o _H%OV
2 = €xp 20_2 )
rd

fu(h>0) = [1 —dy] % by + G} (vfﬁ —Lag—1,6 — 1‘

where

Oélﬁlhfs,r)
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[2<v7{;3>2} o Bii
I (0r)T(B1)

After simplifying The cumulative distribution function (CDF) of Eq. (6.4) is ex-

bgz

pressed as

Fhi(h) = d3 + fu(h > 0), (6.5)

d o _Q%OV
3 = €xp 252 )
rd

aq S, 712 +1, 1
Iy

Fa(h > 0) = [1 - dg] by % G} 2
Y1, Oa, 617 0

6.4.2 UWOC Channel Model

Here we derived the UWOC link channel model for HAP-UWOC link under hovering

fluctuations.detailed derivation is derived in [Chapter 2, Section2.6]

042/32722 G:{,:g as B2k 722 (6.6)

B thpur(%)r(ﬁz)

h
fh2( ) Athu 722_17 042—1, 62_]-

The CDF of Eq. (6.6) is expressed as

(6.7)

Fy,(h) = B o aoBohan |73 + 1, 1
: Pa2)l(B2) ="\ Aohwu |42 ay, By, 0

6.5 Performance Analysis

Here, we analyzed the performance of HAP-UWOC link under hovering state. The
performance evaluated by considering Outage probability and Average BER.
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6.5.1 Outage Performance Analysis

The outage probability for end-to-end communication systems under different ocean
water conditions and HAP fluctuations can be found by utilizing f,(h). Cumulative
distribution function (CDF) of HAP-UWOC communication system is evaluated at
hi. The quality of the HAP-UWOC communication link depends on the instanta-
neous signal-to-noise ratio (SNR) that falls below specified threshold values [Sandalidis
et al. (2009b)], [Farid and Hranilovic (2007)].

hin

pout(hth) = pT‘(h < hth) = ; fh(h)d(h) (6-8)

The PDF of the HAP-UWOC system can be expressed in terms of the equivalent
Threshold SNR, hy, as [Farid and Hranilovic (2007)]

Iulhin) = fro, (Ren) + fo, o (hen)

(6.9)
— fhor (hir) Fhoy g (Pin) — Fh,, (Pen) fr, o (Pen)
The end-to-end CDF of Eq. (6.9) is
Fy, o(hin) = Fh,  (han) + Fn, o (han) — Fh,, (hin) B,y (hen) (6.10)

after substituting Eq. (6.5) and Eq. (6.7) in Eq. (6.10), the CDF of the end-to-end

system can be expressed as

; hoy W2+ 1, 1
B, o(hun) = d3 + fu(h > 0) + T 12 a3t aaBalun |72

2 —ds+ fo(h >0
(ao)T'(B2) 24 Aohyy V2, g, Ba, O ’ 2 )

7—22G3,1 afohy, |13 + 1, 1
F(OZQ)F(/BQ) 24 th

2
pu Vo, G2, 627 0

(6.11)

6.5.2 Average BER

In this section, a HAP-UWOC communication system based on DF relay for the BER
of IM/DD modulation analytical expressions is derived. The End-to-End Average

BER can be expressed as
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Pe = Pe,hap(1 - Pe,UWOC) + Pe,UWOC’(1 - Pe,hap) (612)

6.5.3 HAP-to-Ground BER

The average BER for the considered HAP-to-Ground-based FSO communication link
with OOK modulation closed-form expression was derived. In this HAP-to-Ground
communication link, performance is analyzed over the moderate to strong turbulence

condition with Meijers G is derived as

“  (RPh
Proy — % /0 er fc( > Fur (B)dh (6.13)

Eq. (6.13) can modified With the help of er fe(y/z),which is given below and is as

L 20 1

eTfC(\/E) = ﬁGIQ 0. 05

Xz

P, = al + (1-al)D3 /Oo 2,0 1| R*P2h] £ 30 " a1 Sk,
e = 1,2 1,3
2 AVE 0, 0.5| 20% V¥l —1,6—1 M

2 -t
a1f17i |2 (#‘12)

where, D3 = [(oa)T(B1)
Using [Adamchik and Marichev (1990), Eq.(07.34.21.0013.01)], and after simplifying,

the expression for BER between HAP-to-Ground communication link performance is

14)

derived as

2]t
2() ] 2(1 — al)20ath=2
p_dl, 2()] st -a N VANCD
T2 AT3/2T (01 )L(By) "\ xo|ok(aaBr)?

Where,Xl = 1? (1 - 7%)/27 (2 - 7%)/2’ (1 - Bl)/Q’ (2 - Bl)/27 (1 - CVl)/2v (2 - (1/1)/2
X2= 0, 0.5,—12/2,(1 —~2)/2
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Figure 6.2: Outage Probability of HAP LINK versus Reveiver FOV over Gamma-
Gamma, turbulence model for different values of 0,4

6.5.4 UWOC BER
The average BER for the considered UWOC based FSO communication link with

OOK modulation closed-form expression was derived as

22a2+5272 X11 8R2P2A2h2
Pe,uwoc = 3:}/22 G%i 2 N 21 (616)
4T3 (ao)T(B2) " \ x91| oR(aafs)

Where, X11 = 1,(1 = 43)/2,(2 = 73)/2, (1 = £2)/2,(2 = 2) /2, (1 — @2)/2, (2 — @2) /2
X21 = 0, 0.5,—2/2, (1 —~2)/2.

6.6 Results and Discussions

This chapter, First evaluates the performance analysis of the HAP-to-Ground chan-
nel model under hovering fluctuations with different parameter variations are shown
in Figs. 6.1, 6.2, 6.3 and derived the analytical expressions in Eq. (6.5), Eq. (6.7), and
Eq. (6.15), respectively. In Fig.?? HAP-to-Ground channel under different receiver
FOV values plotted by varying the 0,4. In Fig.6.3 we varied different o,.; values by
considering transmitted power versus outage probability. These results are verified
with already evaluated Ground-to-HAP channel model results Safi et al. (2020), Kha-
lighi and Uysal (2014), Kanatas and Panagopoulos (2017). HAP-to-Ground channel

model results are true for lower values of 'h,” Simulation parameter in this chapter is
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Figure 6.3: Outage Probability of HAP LINK versus Transmitted power over Gamma-
Gamma turbulence model for o,4 = 11, 10, 9 mrad.
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Figure 6.4: Outage Probability of HAP-UWOC LINK versus Transmitted power over
Coastal ocean under hovering fluctuations

rqe=>5cm, L[;=20K, W,=2 and analytical parameter are given in Table. 15;
Outage Performance analysis of HAP, UWOC, and HAP-UWOC was shown in Fig
.6.4 by considering HAP link distance 20Km, UWOC link distance 10m. End-to-End
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Figure 6.5: Average BER of HAP-UWOC LINK versus Transmitted power over
Coastal ocean under hovering fluctuations.

performance is evaluated with DF relay plotted in Fig. 6.4 by considering coastal
ocean scenery under hovering fluctuations. Its detailed derivations for End-to-End
with DF relay derived in Eqs. 74, 78, 85.

Average BER performance is evaluated in Fig. 6.5 for HAP, UWOC, and HAP-
UWOC. In Fig. 6.5 we plotted the Average BER verse P, for coastal ocean conditions
and lower values of orientation deviation fluctuations. we derived the analytical ex-
pression for Average BER of HAP, UWOC, HAP-UWOC with DF relay communica-
tion link was shown in Eqs. 86, 84, and 82 respectively.

Compared to HAP, the UWOC link has more path loss, so the UWOC link mainly
degrades the End-to-End performance. In this chapter we varied the parameter related
to UWOC link with DF relay and HAP parameter such receiver FOV, 0,4, 010, 0r0, 0p,
and o,, are negligible. Considering Table 6.1 and 6.2, we evaluated the End-to-End
performance for different values of turbulence conditions which are given in Table 6.1
and different pointing error(~,= 1, 2, 6 ) values of UWOC link.

In Figs. 6.6, 6.7, 6.8, End-to-End Average BER performance is evaluated. Fig.
6.6. we considered Coastal ocean by varying ST, MT, and WT conditions and its
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Figure 6.6: Average BER of HAP-UWOC LINK versus Transmitted power over
Coastal ocean for strong-to-weak turbulence conditions under hovering fluctuations.
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Figure 6.7: Average BER of HAP-UWOC LINK versus Transmitted power over Clear
ocean for strong-to-weak turbulence conditions under hovering fluctuations.

End-to-End performance deviations are shown in Fig. 6.6. Fig. 6.7 and Fig. 6.8
are clear ocean, turbid harbor was shown respectively. Fig. 6.9 we plotted between

Average BER verse P,(dBm).The pointing error deviation was varying from 1, 2, 6.
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Figure 6.8: Average BER of HAP-UWOC LINK versus Transmitted power over Turbid
harbor ocean for strong-to-weak turbulence conditions under hovering fluctuations.

For strong pointing error 1, moderate 2, and for weak pointing error 6 considered in
this chapter. The performance of end-to-end relay link mainly depends on the pointing
error. This is due to HAP position and orientation fluctuations. For higher values of
pointing error, the performance is worst which is shown in the Fig. 6.9. we varied the
pointing error from lower values to higher values and resultant performance deviation
was shown in the Fig. 6.9. when compared to the fixed position links HAP link has

more pointing error loss due its position an orientation deviation.
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Figure 6.9: Average BER of HAP-UWOC LINK versus Transmitted power over Turbid
harbor ocean for strong-to-weak pointing(ye = 1,2, 6) error under hovering fluctuations.

6.7 Summary

In this chapter, the outage probability and Average BER of the HAP-UWOC
system over turbulence channel using IM /DD at the receiver with the DF relay studied.
The results of the HAP-UWOC system with DF relay demonstrated. We Compared
the HAP, UWOC, and HAP-UWOC link performance. End-to-End performance is
evaluated with different oceanic and pointing error conditions. We evaluated the HAP-
to-Ground channel performance under OOK modulation with different parameters

such as Orov, 04, O, ando,,. Derived analytical results are compared with Monte-

Carlo simulation results which are shown in the results section.
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Table 6.1: Turbulence conditions for UWOC link [Zeng et al. (2016)].

Turbulence conditions Parameters
Weak Turbulence(WT) a2=10, By =5
Moderate Turbulence(MT) | ag = 4.1, By = 2
Strong Turbulence(ST) ap =25 =1

Table 6.2: Parameters for HAP and UWOC link.

Parameters Used for The Numerical Results

Parameter Value
Wavelength A\ for HAP 1550 nm
Wavelength Ay for UWOC 530 nm
Link distance(L;) for HAP 20Km
Link distance(Ls) for UWOC 10m
Responsivity n 0.9
Optical bandwidth B, 10 nm
Receiver electrical bandwidth B, 1GHz
Spectral radiance Ny(\) 1073W/em? — m — srad
HAP zenith angle ¢ 40°
Link length L 20km
wind speed V;, 21 m/s
Refractive index structure at the ground C?(0) 1.7 %1071 m=2/3
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Chapter 7

CONCLUSIONS AND FUTURE
DIRECTIONS

7.1 Conclusions

This research mainly focuses on the performance analysis of inter-UAV-based
FSO communication systems. We considered the main limitations and challenges
of equipped FSO communication systems. We derived the simple analytical chan-
nels models under hovering fluctuations of UAV-based FSO communication systems
and HAP-UWOC equipped with FSO communication systems. Derived analytical
channel models results are verified with simulation results. Both the FSO based com-
munication system’s performance was evaluated under different weather conditions.
We mitigated the weather condition’s effects by increasing receiver FOV. Plotted re-
sults are evidence for mitigating rain, snow, Drizzle, clouds. Fog is the main limiting
factor as we are expanding the receiver FOV, the performance remains the same. We
verified the results with optimal values of receiver FOV and position, orientation devi-
ation of UAV. The derived analytical results are for weak to strong turbulence channel
cases. Performance analysis metrics such as outage and BER were analyzed for vari-
ous channel parameters such as Wy, Average SNR, Orov, 04,0, and other channel
parameters. For Inter UAV-based FSO communication systems, we first compared
the HD with IM/DD detection. HD detection performance is better by compensating

the turbulence and UAVs position, orientation fluctuations.

We introduced POLSK modulation in UAV-based FSO communication systems,

which is used to reduce the turbulence effect and improve the link distance. This
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POLSK modulation is used for long-range air-to-air applications. In literature, we
studied UAV-based FSO system link range is about 0.5k beyond this the performance
is worst. By using this POLSK modulation, we improve up to 3km. Optimal values are
also provided for the FOV to achieve the minimum BER for different SNR values. In
terms of long-distance applications such as air-to-air, ground-to-air, and air-to-ground
links, POISK modulation is the best solution for next-generation fronthaul/backhaul
wireless communications applications, and the corresponding results are shown. Dis-
tance evaluation was proposed through POISK modulation for the UAV-based FSO
link and the performance results shown in this thesis.

Channel model and evaluating the performance of Ground-to-HAP communica-
tion systems under hovering fluctuation is another research area. We derived the
analytical expressions for Ground-to-HAP communication systems. We evaluated the
performance of the Ground-to-HAP link with POLSK under different weather condi-
tions. Optimal values demonstrated in the results section mitigated the weather effect
by increasing the Receiver FOV. Performance improvement under the rain and the
cloud was evaluated for the Ground-to-HAP channel. Finally, the performance of the
Ground-to-HAP Link is evaluated with coding techniques. The outage probability
and Average BER of the HAP-UWOC system over turbulence channel using IM /DD
at the receiver with the DF relay studied. The results of the HAP-UWOC system
with DF relay demonstrated. We Compared the HAP, UWOC, and HAP-UWOC link
performance. End-to-End performance is evaluated with different oceanic and point-
ing error conditions. We evaluated the HAP-to-Ground channel performance under
OOK modulation with different parameters such as Oroy, 0,4, 010, ando,,. Derived
analytical results are compared with Monte-Carlo simulation results which are shown

in the results section.
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7.2 Future Directions
This thesis mainly highlighted the horizontal link of FSO communication under

different weather conditions. Considering Vertical link performance under different
weather conditions for UAV-based FSO communication is an essential research direc-
tion. When compared to the horizontal link, the vertical link is highly attenuated
by different weather conditions. Theoretical and experimental performance analysis
under different weather conditions is required. Based on weather conditions, alter-
native communication systems are proposed for specific weather conditions such as
millimeter-wave FSO and Hybrid FSO/RF communication systems.

Detailed study of UAV’s assisted FSO communication by considering UAV as the
relay is not highlighted complete for optical communications. Another important re-
search direction is the placement of the UAVs for higher capacity and link availability.
The proper placement of UAVs is not studied thoroughly for future wireless/optical
communications. Even we designed the efficient link, the performance mainly depends

on the correct placement of UAV’s is another growing research of interest.
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Appendix 1

DERIVATION OF INTER
UAV-BASED FSO
COMMUNICATION SYSTEMS

A-1 Derivation Of UAV-UAV-FSO Over Gamma-
Gamma Channel

From (3) &' is defined and it’s PDF is

/ h
fh/(h> ~ /hplhalfhpp(hplhal>fh (( al)dhal <A1>

from [12] it is defined as

rT—1

27(ap) " h
Aol D(a)T(5)

fh'(h/)
> atb_; g
, hal 2 ]{Za 5(2 Oéﬁhal)dhal <A2>

hplAO

By considering the Eq.(22) and from [18,Eq.(14)] we simplify as follows




Ju (h Th' T
wih) = Ayhy, ()F(ﬁ)
) o 1 T
ha 2 Tl & G20 aBha | dhar (A4)
i 2% a=B _ B-a
hpi Ao 27 ?

From [24, eq.(07.34.21.0085.01)] and after simplifications

+5

" Taf afh o
fu(h) = AohuT(a)T(B) (thl)

L+7 -2 1 ash
ath _ﬁ Beet| Aoy

3,0
G

(A.5)

T —

This can be further simplified by considering [24, eq.(07.34.16.0001.01)] along with
some mathematical simplifications the PDF of A" derived in Eq.(6)
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Appendix II

DERIVATION OF HD
DETECTION

A-2 Derivation Of HD Detection Over Log-normal
Channel
UAV-UAV-FSO link outage probability can be expressed as
e,
Pout(hn) = fu(h)d(h)

0

outage probability for Log-normal channel under HD can be expressed in integral form

as
AT
—ald(h)+ (1 —al)*dls —2 T
(1 + T)T,UHDT (A 6)
[ T 0 |
N xerfe
0 V8or
. o o o 1 . T) . .
by assuming a=7, a= sqrté)0R7 b= sri®on TR the integral turm in above
equation can be written as.
hn,
= / v txerfel a+ bin(cy) |dy (A.7)
0

In the simplified expression, let a + bln(cy):yﬁ:% e%,dv:é e’7 dy, and intergral
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region y the above equation can be rewritten as.

1

Cver a+bln(cy) o
=i e b / ev xerfe(y)dy (A.8)
c o

Then, by utilizing [24, Eq.(06.27.21.0011.01)],after simplifications we can obtain the

closed-form expression of above equation is derived in Eq.(16) .
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