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Abstract

Due to the rapid increase in the demand of high speed access to voice calls, video
calls, and internet, there has been a tremendous growth in wireless communication.
The demand for wireless communication has led to the congestion on the network and
spectrum scarcity, thereby leading to the need to look for alternative communication
technologies. One possible alternate is optical wireless communication (OWC). An
OWC system uses a beam of light to transmit data in an unguided medium such
as atmosphere, water, and vacuum. Line-of-sight (LOS) is a necessity for efficient
communication in OWC. The optical carriers generally lie in the infra-red, ultra-violet,
and visible range of the electromagnetic spectrum.

When the unguided medium is atmosphere, OWC systems are called as free space
optical (FSO) communication systems. A typical FSO system deals with different kinds
of noises such as shot noise, thermal noise, and background noise at the receiver (RX)
side, which degrade the RX sensitivity. To overcome this issue, an optical pre-amplifier
(OPA) is employed which suppresses the effect of thermal noise and background noise
at the RX. However, OPA produces amplified spontaneous emission (ASE) noise, which
in turn produces beat noises in the electrical domain of the RX. Generally in literature,
either the effect of ASE noise is not considered at all or is approximated by Gaussian
approximation which is not accurate. The received signal conditioned on a given irra-
diance in the presence of ASE noise is more accurately modeled using the Chi-square
statistics. This dissertation provides an exact mathematical framework of a FSO sys-
tem under the effect of ASE noise, atmospheric turbulence (AT), and pointing error
(PE). Closed-form expressions of bit error rate (BER) for different AT models with

and without PE and ASE noise are derived in this dissertation. To provide further
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insights into the system design, asymptotic BER expressions for high signal-to-noise
ratio (SNR) values under AT and PEs are provided and diversity analysis is performed.

Owing to the high data rate and high speed of communication, FSO communication
systems can be used as backhaul in fifth generation (5G) communication systems. Since
5G communication systems deal with very large number of users which are connected
to each other, a backhaul system should be able to manage this data traffic and to
connect all users to the core network. Non-orthogonal multiple access (NOMA) is a
technique which allows multiple users to transmit in the same time and frequency band.
Using FSO with NOMA makes a competatnt backhaul technique. This dissertation
provides a new beamforming based uplink NOMA technique for a 2x1 multiple-input-
single-output (MISO) FSO communication system for negative exponential (NE) AT
with error-free feedback under the influence of successive interference cancellation (SIC)
error. Closed-form average BER (ABER) expressions are derived for this system. An
upper bound on the asymptotic ABER expression is also derived. The performance
of this technique is further compared with 4-ary pulse amplitude modulation (PAM)
single-input-single-output (SISO) system and an FSO NOMA system without feedback.
A comparison of the proposed scheme for 2x1, 3x1, and 4x1 systems is also provided
in this dissertation.

After studying the performance of OWC systems in atmosphere, this dissertation
further studies the performance of OWC systems in underwater scenario. Due to the
harsh and turbulent nature of underwater channel, underwater optical wireless com-
munication (UWOC) can work efficiently only in the blue-green region window. Even
in this region, optical beam suffers with a huge amount of scattering and absorp-
tion. Moreover, the transmitter (TX) and RX in turbulent water are always in a state
of motion which further leads to misalignment loss. Beam spread function (BSF) is
an equation which models both the effect of attenuation and misalignment loss in a
single equation. The existing form of BSF function in literature includes multiple in-
tegrals which makes it difficult to use for mathematical analysis. In this disseraton,
BSF equation is solved in the form of a simple series based expression. Further, sev-

eral closed-form approximations of the derived BSF expression are evaluated. Many
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insights regarding the nature of BSF equation are also provided on the basis of these
approximations. Moreover, to further demonstrate the performance of UWOC systems,
closed-form expressions of ABER, capacity, and outage probability are also obtained

using BSF equation under the effect of oceanic turbulence.



I
ar gy &idl, difgar & fow o a1fd ugr 1 AT F dot & gig & HROT P, Selelc

3R TR HUR & SeReEd Jig g5 81 dRRed FuR &1 #ANT & RO dcdeh W
Mg g 1% § AR TIocH T Fl, & FRUT Jhfodsd IR UleAfhar H darer
A HT IEIRAT &1 Ueh FHTAA fdehod HifCehel aerd HaR (30.5se. ) §l
3. Secg . Al YOI Ueh JTWhITRIT HTETH S dTdlaRor, Ul AR a9gd & ser Jaid
A & T Gehrer T fRI0T T ITANT FIA &1 FAST 3. 3seg W FAR & foT olrs-
HTP-TaeteT (TeT 3T TH) Teh TaRTehdl | 3fifCeehel dlgeh IMHAR R degd greehra
TIFCH oh SIS, 3egl-adele, TIA J#T H AT g1 &l

o9 {9 AEICe ATEIH ardeRor glar §, 3.Ssed E@l YUTRl I HEd T
ST (T, TH. 31T) &gl Sifel &1 RAR (3R ) T Teh fafIse oo, vH. 31
oTTell fAffieet YohRT & R @ Fefd § S, e AR, YHT AR, AR geasid oix
S 3R . TFH HAeeRileldl I FF FT <l &1 30 FATA F T WA & AOw,
3fifCeher M-TFTeNhT (3. @. T) R & S ¥ AR AR I5a8]f@ AR & F811d
P AR.TFH X &aIdT gl glefifer, 3. @, T yafid 8ol 3cdole (T. TH. 3) AR
Yer &Xar §, S ded #, IRUFH & fegd & # dic 9 Y7 &ar &1 3\ dR W
qiigcd &, a1 A T wH. § AR & GHE A Wobd o FAL AT ST § AT A"
Hioolehesl GaRT AT fhaT S § S §éreh w181 §1 T.0H.§ AR &1 3ureufd #
fev arv fafeer W ardeigiod Hehd & d-FaRR 1 39AET S 3ifUE qdd §9
& Arsel fohar arar §1 Ig WY U.TH.$ AR, agHSHY RN (T.E) & gHE & dgd
Tsh TUH.TH. 3 JOlell &7 T O arem erel aar g, 3R I & sfad aar
g eET-31ele T.& Alse & fav 9 e X (.5.3N) & de-yud fdeafaa ik
d1$ 3R T.vH.$ AR & 9 50 Ay gy 7 Fodew &1 faved fBasa 7 ik sftw
SR Jald ael & foiw, 3a Redd-c-aR & fov sraafag .. 3R sifdeafFaar




T.& 3R @.§ & dgd AU (TH.TA.3R) A Ya e Sid § 3R fafaerar
faeeryor fonar o g1

3T 3¢ X IR AR $r 3=a Afd & HROT, Th.UE.3 JaR gradi 97 (5G) HIR
yonferdl 7 dhelc FEeA & &7 H 3UAT AT ST Feohhl &1 FFH 56 HAR JOTTel
9gd 991 & H  3UENRAET & @Y HH O FAT g S
$T TF g A I3 §U § SHTAU ddgler oA 36 ST ¢fhe &1 wEfd et o Hate
glar TIfRT 3R T3 3UATHaT3 & FR dcded T FHade el dNRU| ATd-3TAfmaer
HCITT THA (SATHT) Teh dehelleh & Sl Ueh &1 @AY AR 3Mgicd o5 7 &S 3udIarehaiail
I HAIRA el I AT S &1 AAT & T Th. TH. 30 T 3YAT Teh HaTH Shglol
cTeheileh SeTcll §1 T§ AT JaE 2X1 HeCITel-3TYC Tehol-3T3eYC (HIEN) & T v =5
STABITHT TR 3rafeled AT RETGIED SrAE RG] FE
foedg ardm (Ta. §) Td & fAU Uh. UH. 31T HOR YOl $hide gEdald 0T
(TH.3Ms.d) & gerd A Afe FFd gfdfhar s 721 &1 36 AEed & Qv §e-6id
ad @1.3. 3R (T .61, 3R) AfFcafeaar §1 T TRil-gg T .&1.§. 3R sifegfea
W S AT MW GcUowT &1 TeH $H deheileh I 4T Uol TECellcgs AISYelNeT
(W.T. THA) & @Y Jolell TUT Tehel-SeTqe-Uehol-3T3eqe (&Y. &) qormelr 3R wfdfshar &
fS=T weh T, TE. 3T AT GO & @Y Jolel H IS § | 2X1, 3X1, AR 4X1 A
& foT geaifad Aretar H qoeTr o 58 ey e H & A B

aTcTeRYT # 37.Sscg Al onferdl & Yedel & HEqTA el & dlG, Tg MY Ja
uell & o & qReed 7 3.Ssoy. A RAFeA & gt T MM & AT AT B
Ul & Mok detel BT HOR IR 3N THid & aote @, el & A 3Hiiceh
dRR FOR (Y, Sseg. 3. AN hdd sAlel-gy &1F & Wshr H FAAA & FH
gehdT &1 TBT b $T 37 a5 & &Y, 3iffCead Feor fowsr 3R 3anvor i v a9
AT & Y JET g TP NAEl, AT e H oA R gAw R
ST H g gid g St 3 fAufoeede gifa fr 3w Sar 81 7 99R AR
(@F. TH.TH) T FHEOT g St &fiore 3R fAafeeede dfF & 987a #1 Tl THT0T




H Al 1 § | Wfgey 7 . 0. U6 Haered & Al §9 7 F$ 89 enfAer §
St IfOTcr faRelwor & foIT 3UANT e iRl S=I1aT §1 38 2Mer geier A,

ST UH. T AT T T H@ell MR fAcafFT & &9 & gof fohar i g1 g5
3Tdl, YcUool ST TH.UD HHIFd & S -89 A HT Hediched fohdT T
gl UH.TH AT HfewThca HT YHfd F TR H FF SFATRRAT 8 SoAh YR W
& aig §1 3Ed JHeman, I Sseg Al gl & Wed @ 3 e & fow, T
LS., 3R, AT 3R 3¢ TRSdT & d6-%9 HG § 9red Shiar I=T g




Table of Contents

Certificate i
Acknowledgements ii
Abstract iii
List of Figures xi
List of Tables xii
Abbreviations xiii

1 Introduction 2
1.1 Free-Space Optical Communication Systems . . . .. .. .. ... ... 3
1.1.1 Amplified Spontaneous Emission Noise . . . . . ... ... ... 6
1.1.2 NOMA Technique in FSO . . ... .. ... ... ... ..... 7
1.2 Underwater Wireless Optical Communication Systems . . . . . . . . .. 8
1.2.1  Advantages and Challenges of UWOC . . . .. ... ... ... 8
1.2.2  Modeling of Geometric Misalignment for UWOC . . . . . . . .. 10
1.3 Motivation . . . . . . . ..o 11
1.4 Key Contributions . . . . . . .. ... L L o 12
1.5 Organization of Thesis . . . . . . ... ... ... ... ... ... 13

2 Performance Analysis of Optically Pre-amplified FSO system with
ASE Noise 15
2.1 Introduction . . . . . . .. .. 15

vi



2.1.1  System Description . . . . . . . . ... 16

2.1.2  Characterization of the Decision Variable . . . . . . . . ... .. 18
2.2 Performance under Different AT Regimes and ASE Noise . . . . . . .. 18
221 AT Model . . . . . . . 19
2.2.2 Computationof BER . . . . . . ... ... 0000 21
2.2.3 Weak Turbulence . . . . .. .. .. ... 22
2.2.4 Moderate to Strong Turbulence . . . . ... .. ... ... ... 24
2.2.5 Saturation Turbulence . . . . . . .. ... ... ... .. ... 26
2.3 Performance Analysis under the Combined Effect of AT, PE, and ASE
Noise . . . . o o o 28
2.3.1 Channel Model under the Combined Effect of Turbulence and PE 28
2.3.2 Computation of BER . . . . . .. ... ... L. 29
2.3.3 Weak Turbulence . . . . .. .. .. ... L. 30
2.3.4 Moderate to Strong Turbulence . . . . ... .. ... ... ... 32
2.3.5 Strong Turbulence . . . . . .. ... ... L. 35
2.3.6 Convergence Test . . . . . . .. .. .. ... ... ... 37
2.4  Performance Analysis under Generalised Turbulence Model with PE . . 38
24.1 Computationof BER . . . . . . .. ... 40
2.5 Numerical Results . . . . . .. ... . o o 43
2.6 SUMMATY . . . ..o 48

Uplink Non-Orthogonal Multiple Access Technique for FSO Commu-

nication System 50
3.1 Introduction . . . . . . .. .. 50
3.1.1 Preliminaries . . . . . . .. .. .. ol
3.1.2 Decoding of the Received Symbols . . . . . .. .. .. ... .. 53
3.2 Computation of Performance Metrics . . . . .. .. ... ... ..... 56
3.2.1 Computation of Instantaneous BER. . . . . . ... ... .. ... 56
3.2.2 Computation of ABER . . . .. .. ... ... ... ....... 58
3.2.3 Diversity and Coding Gain Analysis . . . . . . . ... ... ... 63

vil



3.3 Numerical Results. . . . . . . ... ... 0o
3.4 Numerical Results over GG and LN Fading Channels . . . . . ... ..

3.5 Summary ... ..

4 Beam Spread Function in Underwater Wireless Optical Communica-

tion

4.1 Introduction . . . . . . . ...
4.1.1 Motivation . . . . . . ..o Lo

4.2 BSF Preliminaries . . . . . . . . .. ..
4.2.1 Motivation for the Simplified Form of BSF . . . . . . . ... ..

4.3 Computation of BSF . . . .. ... ... .
4.3.1 Special Cases . . . . . . . ...

4.4 Computation Of Performance Metrics . . . . . . . . . .. .. ... ...
4.4.1 'Turbulence in UWOC . . . . . .. ... ... ... .. .....
4.4.2 CQalculation of SNR . . . . . .. . o
4.4.3 BER Calculation . . .. ... ... ... ... ... .. ...
4.4.4 Computation of Capacity . . . . .. .. ... .. .. ... ...
4.4.5 Outage Probability Calculation . . . . ... .. ... ... ...

4.5 Numerical Results . . . . . . .. .. .. o

4.6 Summary . . ... ...

5 Conclusions and Future Scope
5.1 Conclusions . . . . . . . .

5.2 Future Scopeof Work . . . . . . . . ... o
Bibliography

A Proof of Eq. (2.49)

B Proof of Eq. (3.13)

C Proof of Eq. (3.18)

viil

102

113

115

117



D Convergence test of infinite series in Eq. (4.28) 120
Publications 122

Technical Biography of Author 124

X



List of Figures

2.1
2.2

2.3

2.4

2.5

2.6

3.1
3.2
3.3

3.4

3.5

3.6

Receiver block diagram. . . . . .. .. .. ... L. 17
Performance of optically pre-amplified FSO system for LN turbulence

(a) without the effect of PE and (b) with the effect of PE. . . . . . .. 43
Performance of optically pre-amplified FSO system for GG turbulence

(a) without the effect of PE and (b) with the effect of PE. . . . . . .. 44
Performance of optically pre-amplified FSO system for NE turbulence

(a) without the effect of PE and (b) with the effect of PE. . . . . . .. 46
Comparison of BER under GG turbulence for different values of @ and

b with and without pre-amplifier. . . . . . . . ... .. ... ... ... 47
Comparison of simulated (o) and analytical () BER under M-distributed
turbulence and ASE noise for (a) different values of ¢ and fixed o and

f and (b) different values of o and  and fixed ( =1.23. . .. ... .. 48

System model for FSO-NOMA system with one-bit beamforming scheme 52
Flow chart of the proposed scheme . . . . ... .. ... ... ..... 54
ABER versus w, plots of the one-bit feedback based beamforming FSO-
NOMA scheme over NE fading channel. . . . . . . . .. ... ... ... 65
BER versus SNR plot of the proposed system for (a) different values of
Iy with fixed beamforming weights and for (b) different beamforming
weights with fixed Iy . . . . . . .. .. . 66
Comparison of one-bit-feedback based beamforming FSO-NOMA scheme
with 4-PAM SISO and FSO-NOMA without feedback and beamforming. 67
Comparison of N x 1 MISO FSO-NOMA system, N =2,3,4. . .. .. 68



3.7 BER versus SNR plot of the proposed system with (a) GG fading and
(b) LN fading. . . . . . . . . ..

3.8 Comparison of different fading channels for the proposed scheme . . . .

4.1 Geometry to define inherent optical properties. . . . . . . . ... .. ..
4.2 Geometry to compute BSF function . . . . . . ... ...
4.3 Comparison of BSF plotted by (4.1) and (4.28) w.r.t. RX position ¢ for
different values of attenuation coefficient. . . . . . . . . . . .. ... ..
4.4 Comparison of analytical BSF w.r.t. link length (... for different values
of attenuation coefficient. . . . . . . .. ... oL
4.5 Comparison of (a) high asymptote approximation and (b) low asymptote
approximation for different valuesof 6. . . . . . . . ... ... ... ..
4.6 SNR plot for for varying values of 9 and Creer - . . - . . . o L
4.7 Comparison of analytical BER for different water types.. . . . . . . ..
4.8 Comparison of analytical average channel capacity for different water
TYPES. .« o o e e
4.9 Comparison of outage probability of the considered system for (a) dif-
ferent water types and (b) different values of 74, for turbid water.

4.10 Convergence of S(v, () for different values of Greee . . . . . . . . L L.

xi



List of Tables

2.1

3.1

4.1

4.2
4.3

Parameter values used for simulations . . . . . . . . . . ... ... ... 42
List of mathematical notations . . . . . . . . . . . . . ... ... ... 55

Values of absorption, scattering and attenuation constant for different

water types taken at blue/green wavelength [31] . . . . .. ... .. .. 89
SNR loss for turbid harbour water with respect to other water types . 94
Values of m, for different values of (e . . . . . . . . . L oL 98

Xii



Abbreviations

1G First Generation

2G Second Generation

3G Third Generation

4G Fourth Generation

5G Fifth Generation

ABER Average Bit Error Rate

AOP Apparent Optical Properties
ASE Amplified Spontaneous Emission
AWGN Additive White Gaussian Noise
AT Atmospheric Turbulence

BER Bit Error Rate

BSF Beam Spread Function

BPSK Binary Phase Shift Keying
CDMA Code Division Multiple Access
CSI Channel State Information
FDMA Frequency Division Multiple Access
FSO Free Space Optical

GG Gamma-Gamma

GPS Global Positioning System
GSM Global System for Mobile

HG Henyey-Greenstein

IC Interference Cancellation

iid. independent and identically distributed

xiil



IM/DD
10P
LN

MA
MIMO
MISO
MLD

NE
NOMA
NU
OFDMA
OOK
OPA
OWC
PAM
PDF
PE

RF

RV

RX
SAA
SIC
SIM
SISO
SNR
SPF
TDMA
TX

Intensity-Modulation /Direct-Detection
Inherent Optical Properties
Log-Normal

Malaga

Multiple Access

Multiple-Input Multiple-Output
Multiple-Input Single-Output
Maximum Likelihood Detector
millimeter wave

Negative Exponential

Non Orthogonal Multiple Access
Near User

Orthogonal Frequency Division Multiple Access
On-Off Keying

Optical Pre-Amplifier

Optical Wireless Communication
Pulse Amplitude Modulation
Probability Density Function
Pointing Error

Radio-Frequency

Random Variable

Receiver

Small Angle Approximation
Successive Interference Cancellation
Subcarrier Intensity Modulation
Single-Input-Single-Output
Signal-to-Noise Ratio

Scattering Phase Function

Time Division mulptiple Access

Transmitter

xiv



UWOC Underwater Wireless Optical Communication

VSF Volume Scattering Function



	prakriti_thesis.pdf



