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Abstract
The thesis centres on Underwater Optical Wireless Communications (UOWC), a
unique and powerful means of utilising optical signals to transmit information through
underwater wireless connections. UOWC complements radio-frequency (RF) and
acoustic communication, particularly for establishing ultra-high-speed links in un-
derwater environments covering short to medium distances. Nevertheless, challenges
must be addressed to create a secure and dependable connection. Hence, a compre-
hensive understanding of light propagation in the underwater medium is crucial.
The core mission of this thesis is to delve into the impact of various elements within
the underwater channel on the propagation of light. This study focuses on factors
such as attenuation due to absorption and scattering losses, salinity and air bubbles,
and noises, encompassing input-independent and input-dependent noise. The dis-
sertation takes an information-theoretic approach, deriving channel capacity bounds
to achieve this. In this research, the UOWC point-to-point link is modelled as inten-
sity modulation with direct-detection (IM/DD) channels with potential interference
arising from various underwater components, paving the way for practical applica-
tions in the field.
Following an in-depth exploration of UOWC system capacities across various sce-
narios, the thesis successfully designs a high-capacity and cost-effective UOWC
system by incorporating Spectrum-Sliced Wavelength-Division Multiplexing (SS-
WDM) technology. In the concluding section, machine learning algorithms are em-
ployed to forecast the system’s performance. Additionally, the thesis examines the
influence of diverse system parameters on the performance of the UOWC system.



Abstract

सार

थीʹसस मुख्य रूप से अडंरवाटर ऑȥप्टकल वायरलेस कम्यिुनकेशसं (UOWC) पर कें िद्रत ह,ै जो पानी के
नीचे वायरलेस कनेक्शन के माध्यम से सूचना प्रसाȼरत करने के Ǻलए ऑȥप्टकल ʹसग्नल का उपयोग करने
का एक अनूठा और शिक्तशाली साधन ह।ै UOWC रे˃ डयो-फ्रɃक्वेंसी (RF) और ध्विनक संचार का पूरक
ह,ै िवशेष रूप से कम से मध्यम दरूी को कवर करने वाले पानी के नीचे के वातावरण में अल्टर् ा-हाई-स्पीड
ˀलक स्थािपत करने के Ǻलए। िफर भी, एक सुर˃क्षत और भरोसेमदं कनेक्शन बनाने के Ǻलए चुनौ˃तयों
का समाधान िकया जाना चािहए। इसǺलए, पानी के नीचे के माध्यम में प्रकाश प्रसार कɃ व्यापक समझ
महत्वपूणर् ह।ै इस थीʹसस का मुख्य िमशन पानी के नीचे के चैनल के भीतर िवʺभन्न तत्वों के प्रकाश
के प्रसार पर पड़ने वाले प्रभाव का पता लगाना ह।ै यह अध्ययन अवशोषण और िबखराव के नुकसान,
लवणता और हवा के बुलबुले, और शोर के कारण क्षीणन जसेै कारकों पर कें िद्रत ह,ै ʹजसमें इनपुट-स्वततं्र
और इनपुट-िनभर्र शोर शािमल हैं। शोध प्रबधं एक सूचना-सदै्धां˃तक दृिष्टकोण अपनाता ह,ै इसे प्राप्त
करने के Ǻलए चैनल क्षमता सीमाएँ प्राप्त करता ह।ै इस शोध में, यूओडब्ल्यूसी पॉइटं-टू-पॉइटं ˀलक
को िवʺभन्न अडंरवाटर घटकों से संभािवत हस्तके्षप के साथ प्रत्यक्ष पहचान (आईएम/डीडी) चैनलों के
साथ तीव्रता मॉड्यूलेशन के रूप में मॉडल िकया गया ह,ै जो के्षत्र में व्यावहाȼरक अनुप्रयोगों के Ǻलए मागर्
प्रशस्त करता ह।ै िवʺभन्न पȼरदृश्यों में यूओडब्ल्यूसी ʹसस्टम क्षमताओं कɃ गहन खोज के बाद, थीʹसस
स्पेक्टर्म-स्लाइस्ड वेवलेंथ-˃डवीजन मल्टीप्लेȦक्सग (एसएस-डब्ल्यूडीएम) तकनीक को शािमल करके
उच्च क्षमता और लागत प्रभावी यूओडब्ल्यूसी ʹसस्टम को सफलतापूवर्क ˃डजाइन करती ह।ै समापन
अनुभाग में, ʹसस्टम के प्रदशर्न का पूवार्नुमान लगाने के Ǻलए मशीन लȻनग एल्गोȼरदम का उपयोग िकया
जाता ह।ै इसके अ˃तȼरक्त, थीʹसस यूओडब्ल्यूसी ʹसस्टम के प्रदशर्न पर िविवध ʹसस्टम मापदडंों के प्रभाव
कɃ जांच करती ह।ै



Contents

Certificate i

Acknowledgements ii

Abstract iii

Contents iv

List of Figures viii

List of Tables x

Abbreviations xi

Symbols xii

1 Introduction 1

1.1 Underwater Optical Wireless Communication . . . . . . . . . . . . . 1
1.2 Challenges in Underwater Optical Channel . . . . . . . . . . . . . . . 5
1.3 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4 Contribution of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Capacity analysis of UOWC system over lossy channel in the presence of
noises 15

2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Channel Capacity Bounds . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 Upper Bound on Capacity for Input- Independent Gaussian
Noise Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

v



Contents vi

2.2.2 Upper Bound on Capacity for Input-Dependent Gaussian Noise
Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.3 Lower Bound on Capacity for Input- Independent Gaussian
Noise Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.4 Lower Bound on Capacity for input- Dependent Gaussian Noise
Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Capacity analysis of UOWC system in the presence of salinity, air bubbles,
and noises 36

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.1 Fading due to salinity . . . . . . . . . . . . . . . . . . . . . . 37
3.1.2 Fading due to air bubbles . . . . . . . . . . . . . . . . . . . . 39
3.1.3 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 Channel Capacity Bounds . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.1 Lower Bound on Capacity over Input- Independent Gaussian

Noise Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.1.1 lower bound for the horizontal link in saline water . . 44
3.2.1.2 lower bound for the vertical link in saline water . . . 44
3.2.1.3 lower bound for water with air bubbles . . . . . . . . 45

3.2.2 Lower Bound on Capacity for Input- Dependent Gaussian
Noise Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.2.1 lower bound for the horizontal link in saline water . . 45
3.2.2.2 lower bound for the vertical link in saline water . . . 46
3.2.2.3 lower bound for water with air bubbles . . . . . . . . 47

3.2.3 Upper Bound on Capacity over Input- Independent Gaussian
Noise Channel . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.3.1 Upper bound for the horizontal link in saline water . 47
3.2.3.2 Upper bound for the vertical link in saline water . . 48
3.2.3.3 Upper bound for water with air bubbles . . . . . . . 48

3.2.4 Upper Bound on Capacity for Input-Dependent Gaussian Noise
Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.4.1 Upper bound for the horizontal link in saline water . 49
3.2.4.2 Upper bound for the vertical link in saline water . . 49
3.2.4.3 Upper bound for the water with air bubbles . . . . . 50

3.2.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Spectrum Slicing Wavelength Division Multiplexing 55

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2 System Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



Contents vii

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Machine Learning Algorithms to Forecast the Performance of UOWC Sys-
tems 72

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2 Methodology and Design Procedure . . . . . . . . . . . . . . . . . . . 74
5.3 Machine Learning Prediction Models . . . . . . . . . . . . . . . . . . 78
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Conclusion and Future Work 94

6.1 Conlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

A Appendix A - Derivation of the upper bounds for Input- Independent Gaus-
sian Noise channel 97

B Appendix B - Derivation of the upper bounds for Input- Dependent Gaus-
sian Noise channel 101

Bibliography 109

List of Publications 123

Technical Biography of Author 125



List of Figures

1.1 Water absorption spectrum [10] . . . . . . . . . . . . . . . . . . . . . 8

2.1 Geometry of LOS channel configuration for UOWC system [68] . . . . 18
2.2 The tightness analysis of the capacity bounds for clear water under

different cases with α = 0.2, d = 1 (signal-dependent Gaussian noise
model) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 Comparison of upper bound for signal-independent and signal-dependent
Gaussian noise model for different values of ζ2(case 1 with α =
0.2,d=3m, turbid water ) . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 capacity bounds vs OSNR of case 2 with d=1m and α = 0.6 (additive
Gaussian noise model) . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5 channel capacity vs OSNR of case 1 for α = 0.4, d = 2, σ2 = 1
(additive Gaussian noise model) . . . . . . . . . . . . . . . . . . . . 33

2.6 lower bound vs OSNR for case 3 with ζ2 = 5 and d = 1m, d = 2m, d =
3m (signal-dependent Gaussian noise model) . . . . . . . . . . . . . . 34

3.1 Lower bound of capacity for tap water and saline water(input-independent
Gaussian noise model,vertical link) . . . . . . . . . . . . . . . . . . . 51

3.2 Lower bound capacity for tap water and saline water(input-dependent
Gaussian noise model,vertical link) . . . . . . . . . . . . . . . . . . . 52

3.3 Comparison of lower bound for different salt concentrations(input-
independent Gaussian noise model,horizontal link) . . . . . . . . . . . 52

3.4 capacity comparison of inputindependent and input-dependent UOWC
noise model with air bubbles and without air bubbles . . . . . . . . . 53

4.1 Illustration of the presented system employing various spectrum slic-
ing techniques [66] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Block diagram of AWG [66] . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Wide Spectrum of LED source . . . . . . . . . . . . . . . . . . . . . . 62
4.4 Spectrum of Narrowband Laser at 450 n . . . . . . . . . . . . . . . . 63
4.5 broad spectrum of a narrowband laser with frequency combs appear-

ing after the AWG . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.6 Multiplexed spectrum slices of four channels for LED . . . . . . . . . 65
4.7 Multiplexed spectrum slices of four channels for AWG . . . . . . . . 66

viii



List of Figures ix

4.8 link lengths versus Q-factor under gamma-gamma turbulence for two
spectrum slicing techniques . . . . . . . . . . . . . . . . . . . . . . . 66

4.9 link lengths versus LoG BER under gamma-gamma turbulence for
two spectrum slicing techniques . . . . . . . . . . . . . . . . . . . . . 67

4.10 An eye diagram illustrating the signal characteristics for LED shows
noise and distortions . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.11 An eye diagram illustrating the signal characteristics for AWG with
a better eye opening . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.12 Comparison of different line coding techniques for SS-UOWC system
in terms of Q-factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.13 Comparison of different line coding techniques for SS-UOWC system
in terms of log BER . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.14 Plotting Q-factor for various link lengths for SS-UOWC system for
different data rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1 Block diagram of UOWC system [86] . . . . . . . . . . . . . . . . . . 76
5.2 Flowchart of K Nearest Neighbour Regression Algorithm [87] . . . . . 79
5.3 Schematic of Decision Tree Regression Algorithm [88] . . . . . . . . . 80
5.4 Flowchart of Random Forest Regression Algorithm [89] . . . . . . . . 82
5.5 Flowchart of Gradient Boosting Regression Algorithm [90] . . . . . . 82
5.6 Q Factor Vs receiver’s aperture area for distinct variations in link

distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.7 Q Factor Vs Data rate for diverse water types . . . . . . . . . . . . . 85
5.8 plotting Q-factor against link distance for varying transmitter power

levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.9 Graphing BER against link distance, considering different water types

under various turbulent conditions . . . . . . . . . . . . . . . . . . . 87
5.10 Comparing Q-factor with varying beam divergence angles at varying

link distances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.11 Analyzing the Q-factor in relation to wavelength for different types

of water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.12 Examining the Q-factor in correlation with link distance for both tap

water and saline water . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.13 Comparing the Q-factor with wavelength variations for different types

of water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91



List of Tables

1.1 Differentiating values of the coefficients of absorption and scattering
[14] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1 Determining constants, denoted as c1 and c2, for various salt concen-
trations in the context of a horizontal link [39] . . . . . . . . . . . . . 41

3.2 values of constants c3 and c4 in both the presence and absence of
turbidity caused by air bubbles [53] . . . . . . . . . . . . . . . . . . 43

4.1 Parameters utilized in simulating the spectrum slicing technique . . . 61

5.1 System Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Evaluating and contrasting various performance parameters across

different turbidity conditions in the UOWC systems . . . . . . . . . . 91
5.3 Assessing the effectiveness of various Machine Learning algorithms . . 92

x



Abbreviations

AWG Arrayed Waveguide Grating
BER Bit Error Rate
CW Continuous Wave
FSO Free SpaceOptical
GB Gradient Boosting
HNLF HighlyNon LinearFiber
IM/DD Intensity Modulation with Direct Detection
KNN K Nearest Neighbour
LED Light Emitting Diode
LOS Line ofSight
NLOS Non Line ofSight
NRZ Non Return to Zero
OSA Optical Spectrum Analyzer
OSNR Optical Signal to Noise Ratio
OFDM Orthogonal FrequencyDivisionMultiplexing
OPM Optical Performance Monitoring
P2P Point to Point
PRBS Pseudo Random Bit Generator
Q-Factor Quality Factor
RF Random Forest
SOA Semiconductor Optical Amplifier
SS Spectrum Sliced
SNR Signal to Noise Ratio
TDM Time Division Mutiplexingr
UOWC Underwater Optical Wireless Communication
WDM Wavelength Division Multiplexing

xi



Symbols

Hw channel gain of UOWC system
Hsh channel gain of saline UOWC system for horizontal link
Hsv channel gain of saline UOWC system for vertical link
Ha channel gain of UOWC system with air bubbles
X system input
Y system output
σ Gaussian noise variance
ζ2 input-dependent Gaussian noise variance
z zero mean additive Gaussian noise with variance σ2

A peakpower
ξ average power
α optical average to peak power ratio
ϕ irradiance angle
ψ incident angle
Ar photodiode area
m Lambert’s mode number
λ wavelength
c(λ) extinction coefficient
a(λ) absorption coefficient
b(λ) scattering coefficient
Z0 input-independent Gaussian noise
Z1 input-dependent Gaussian noise
C channel capacity
I(X;Y ) mutual information between the input and output terminals
[D(.)||(.)] relative entropy
R(.) a generic pdf on the channel output

xii




