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Abstract

The research work presented in this dissertation focuses on geometry and statistics-based
generalized system modeling for underwater acoustic communication channel. It has
been observed that statistical modeling of underwater channel is inadequate and still
a matter of ongoing research. Thus, in this dissertation, a geometry-based statistical
model for the path gain and angle of arrival (AoA) is proposed.

As the demand for data rate and capacity increases, there is growing attention on
employing cooperative communication techniques to mitigate this problem. Besides, it
has been proved that vector sensor enhances the performance of underwater acoustic
communication over a long range by measuring particle motion along with pressure
changes associated with a sound wave. Thus, in this dissertation, an AoA based
statistical model for the path gain in an underwater channel is proposed. The proposed
model is used to obtain a novel characterization of a multi-hop multi-branch cooperative
framework for a frequency-selective underwater channel. The above analysis was carried
out assuming amplify and forward (AF) and decode and forward (DF) relaying in
successive nodes. Numerical integration expressions for the average bit error rate and
ergodic capacity for a multi-hop multi-branch framework of a log-normal distributed
frequency-selective channel has been derived. Results are obtained for hydrophone and
vector sensor receiver. A trade-off is observed between the size of the architecture, the
performance, and computational complexity, which can be of interest in designing an
optimized system.

AoA analysis is essential for the statistical characterization of the underwater channel.
In underwater channels, the acoustic signal reaches the receiver either through the
line of sight or after scattering from the sea surface and bottom. At relatively higher
frequencies (above 10 kHz), the acoustic signal undergoes incoherent scattering from
the surface and bottom, resulting in an omnidirectional scattering pattern at each point
of interaction with the sea surface. In this dissertation, we have derived analytical
expressions for the AoA distribution for paths that undergoes incoherent scattering
from the surface/bottom in an underwater channel.

Further, we have evaluated the statistical characterization of the AoA at the receiver
due to scattering from a random sea surface. The distribution of AoA is evaluated for
coherent and incoherent scattering. The overall scattering for any given channel state
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would be an appropriate combination of coherent and incoherent components. A similar
effect manifests itself in the distribution of the overall AoA. The impact of factors such
as acoustic signal frequency, wind speed, and the underwater channel geometry on the
parameters of the overall AoA has been studied.

Finally, we have derived the analytical expressions for the Doppler spectrum and
Doppler shift at the receiver for the signal reflected from a moving undulating surface.
The spectrum for each reflected path is observed to be a function of the slope of the
sea surface around the scattering point and scatterer location. The derived expression
for the Doppler shift is general and can be used to enable Doppler compensation at the
receiver.



सार 
 

इस शोध प्रबंध में प्रसु्तत शोध कार्य अंतर्यलीर् ध्वनिक संचार (रू्एसी) चैिल के नलए ज्यानमनत और सांख्यिकी आधाररत 

सामान्यीकृत प्रणाली प्रनतरूप पर कें नित है। र्ह देखा गर्ा है नक अंतर्यलीर् (रू्डबू्ल्य) चैिल का सांख्यिकीर् प्रनतरूप 

अपर्ायप्त है और अभी भी प्रासंनगक अिुसंधाि का एक के्षत्र है। इस शोध प्रबंध में पथ लाभ तथा आगमि के कोण (एओए) 

के नलए एक ज्यानमनत आधाररत सांख्यिकीर् प्रनतरूप प्रस्तानित है।  

 

रै्से-रै्से डेटा दर और क्षमता की मांग बढ़ रही है, इस समस्या को कम करिे के नलए सहकारी संचार तकिीको ंको 

निर्ोनर्त करिे पर ध्याि नदर्ा र्ा रहा है। सानहत्य में र्ह सानबत हो गर्ा है नक िेक्टर सेंसर (िीएस) ध्वनि तरंग से रु्डे 

दबाि पररितयिो ंके साथ कण गनत को मापकर लंबी दूरी पर रू्एसी के प्रदशयि को बढ़ाता है। इसनलए, इस शोध प्रबंध में 

एलओएस और परािनतयत पथो ंकी र्ादृख्यिकता पर निचार करते हुए, रू्डबू्ल्य चैिल में पथ लाभ के नलए एओए आधाररत 

सांख्यिकीर् मॉडल प्रस्तानित नकर्ा गर्ा है। उपरोक्त निशे्लषण क्रनमक पद में एम्प्लीफाई और फॉरिडय (एएफ) तथा 

नडकोड और फॉरिडय (डीएफ) प्रसार मािकर नकर्ा गर्ा था। इस प्रकार, इस शोध प्रबंध में, हमिे लघु गणक प्रसामान्य 

आिृनि-चर्िात्मक चैिल के एमएचएमबी ढांचे के नलए औसत बीईआर और ईसी के नलए संख्यात्मक एकीकरण (एिआई) 

अनभव्यख्यक्त प्राप्त की है। पद और शाखाओ ंकी चर संिाओ ंके नलए पररणाम प्राप्त नकए गए हैं। प्राप्त पररणामो ंमें एमसी 

नसमुलेशि और एिआई अनभव्यख्यक्तर्ो ंके बीच उतृ्कष्ट नमलाि वु्यत्पन्न अनभव्यख्यक्तर्ो ंकी सटीकता को मान्य करता है। 

िासु्तकला के आकार, प्रदशयि और कम्प्यूटेशिल र्नटलता के बीच एक दुनिधा देखी गई है, नर्सका उपर्ोग एक 

अिुकूनलत प्रणाली को नडर्ाइि करिे में नकर्ा र्ा सकता है।    

 

रू्डबू्ल्य चैिल के सांख्यिकीर् लक्षण िणयि के नलए एओए निशे्लषण आिश्यक है क्ोनंक ध्वनिक संकेत प्रसार एक 

प्रनतबंनधत ज्यानमनत तक ही सीनमत है। रू्डबू्ल्य चैिलो ंमें ध्वनिक संकेत र्ा तो एलओएस के माध्यम से र्ा समुि की सतह 

और िीचे से नबखरिे के बाद ररसीिर तक पहंुचता है। उच्च आिृनि िाले ध्वनिक संकेत (10 ककलो हर््टज़ से ऊपर) पर 

असंगत प्रकीणयि होता है, नर्सके पररणामस्वरूप समुि की सतह के साथ अंतः नक्रर्ा के प्रते्यक नबंदु पर एक सियनदशात्मक 

प्रकीणयि स्वरूप होता है। इस शोध प्रबंध में, हमिे पथ के नलए एओए नितरण के नलए एक संिृत-रूप अनभव्यख्यक्त प्राप्त 

की है र्ो एक रू्डबू्ल्य चैिल में सतह/िीचे से असंगत रूप से नबखरती है।  

 

इसके अलािा, हमिे र्ादृख्यिक समुिी सतह से प्रकीणयि के कारण ररसीिर पर एओए के सांख्यिकीर् लक्षण िणयि का 

मूल्ांकि नकर्ा है। समुि के नकिारे संभानित नबखरािो ंका र्ादृख्यिक व्यिहार सुसंगत और असंगत प्रकीणयि, सतह तरंग 

की ऊँचाई और एओए के नितरण पर उिके प्रभाि का मूल्ांकि नकर्ा गर्ा है। नकसी भी चैिल ख्यथथनत के नलए समग्र 

नबखराि सुसंगत और असंगत घटको ंका एक उपरु्क्त संर्ोर्ि होगा। एक समाि प्रभाि समग्र एओए के नितरण में प्रकट 

होता है। इसके अलािा, समग्र एओए के मापदंडो ंपर ध्वनिक संकेत आिृनि, हिा की गनत और रू्डबू्ल्य चैिल ज्यानमनत 

रै्से कारको ंके प्रभाि का अध्यर्ि नकर्ा गर्ा है।  

अंत में, इस शोध प्रबंध में हमिे  ररसीिर पर एक चलती लहरदार सतह से परािनतयत संकेत के नलए डॉपलर से्पक्टर म 

(डीएस) और डॉपलर नशफ्ट के नलए निशे्लषणात्मक अनभव्यख्यक्त प्राप्त की है। प्रते्यक परािनतयत पथ के से्पक्टर म को प्रकीणयि 

नबंदु और प्रकीणयक थथाि के आसपास समुि की सतह के ढलाि के एक फलि के रूप में देखा र्ाता है। डॉपलर नशफ्ट 

के नलए वु्यत्पन्न अनभव्यख्यक्त सामान्य है और इसका उपर्ोग ररसीिर पर डॉपलर मुआिरे् को सक्षम करिे के नलए नकर्ा 

र्ा सकता है। 

 



Contents

Certificate v

Acknowledgements vii

Abstract ix

List of Figures xv

Nomenclature xvii

1 Introduction 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Significance of the cooperative architecture . . . . . . . . . . . . 4

1.1.2 Significance of the angle of arrival distribution . . . . . . . . . . 4

1.1.3 Surface scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.4 Surface wave modeling . . . . . . . . . . . . . . . . . . . . . . . 6

1.1.5 Doppler effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4.2 Statistical modeling and performance analysis of a vector sensor

receiver in underwater acoustic communication . . . . . . . . . . 14



xiv Contents

1.4.3 Performance analysis of multi-hop multi-branch cooperative frame-

work for a frequency-selective channel for DF relaying . . . . . . 15

1.4.4 AoA distribution at the receiver due to incoherent scattering from

the flat/smooth sea surface and bottom . . . . . . . . . . . . . . 15

1.4.5 AoA distribution at the receiver due to scattering from an undu-

lating sea surface . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4.6 Doppler spectrum for sea surface motion with coherent scattering 17

1.4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.5 Key Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Statistical Modeling and Performance Analysis of a Vector Sensor

Receiver in Underwater Acoustic Communication 21

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Vector Sensor for Data Reception . . . . . . . . . . . . . . . . . . . . . 22

2.3 Dual-Hop Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 System model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.2 Performance parameters . . . . . . . . . . . . . . . . . . . . . . 26

2.3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 28

2.4 Multi-Hop Multi-Branch Cooperative Framework using AF Relaying . . 31

2.4.1 System model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4.2 PDF of the channel coefficients and parameter extraction . . . . 34

2.4.3 Performance analysis . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.4 Diversity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.4.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 47

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3 Performance Analysis of Multi-Hop Multi-Branch Cooperative Frame-

work for a Frequency-Selective Channel for Decode and Forward

Relaying 55



Contents xv

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 Numerical Integration Expressions for DF Relaying . . . . . . . . . . . 59

3.3.1 Multi-hop channel . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.2 Cooperative channel . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4 Performance Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4.1 Computational complexity of the derived numerical integration

expressions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4.2 Coding gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4 AoA Distribution at the Receiver due to Incoherent Scattering from

a Smooth Sea Surface and Bottom 73

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Proposed Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 AoA Distribution for Single Bounce, Double Bounce, and Multiple Bounce

Paths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3.1 Single bounce paths . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3.2 Double bounce paths . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.3 Multiple bounce paths . . . . . . . . . . . . . . . . . . . . . . . 79

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5 AoA Distribution at the Receiver due to Scattering from an Undulating

Sea Surface 87

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2.1 JONSWAP sea wave spectrum . . . . . . . . . . . . . . . . . . . 88



xvi Contents

5.2.2 Representing the sea surface as sum of sinusoids . . . . . . . . . 90

5.3 AoA Distribution at the Receiver for Coherent Scattering . . . . . . . . 91

5.3.1 Probability density function (PDF) of Xc . . . . . . . . . . . . . 93

5.3.2 PDF of Yc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.3.3 PDF of the AoA at the receiver . . . . . . . . . . . . . . . . . . 97

5.4 AoA Distribution at the Receiver for Incoherent Scattering . . . . . . . 100

5.4.1 PDF of Xic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.4.2 PDF of Yic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.4.3 PDF of the AoA at the receiver . . . . . . . . . . . . . . . . . . 101

5.5 PDF of Overall AoA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.6 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.6.1 Effect of the frequency of the acoustic signal . . . . . . . . . . . 106

5.6.2 Effect of geometry of an underwater channel . . . . . . . . . . . 106

5.6.3 Effect of wind speed . . . . . . . . . . . . . . . . . . . . . . . . 108

5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6 Doppler Spectrum for Sea Surface Motion with Coherent Scattering113

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.2 Proposed System Model . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.3 Doppler Spectrum Analysis . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3.1 When the sea surface is modeled as single sinusoid . . . . . . . . 117

6.3.2 When the sea surface is modeled as sum of sinusoids . . . . . . 118

6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7 Conclusions and Future Scope 125

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.2 Scope of Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

References 129



Contents xvii

A Derivation of the PDF of usm, uym, and uzm 143

B Moment Matching Technique 145

C Closed-Form Expression for the PDF of θ using Triangular Approxi-

mation 147

D Closed-Form Expressions for the Mean and Variance of θic 149

D.1 Mean of θic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

D.2 Variance of θic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

List of Publications 151

Bio-Data 153



List of Figures

2.1 A 1 × 3 vector sensor communication system, with one pressure source

and one vector sensor receiver [1]. . . . . . . . . . . . . . . . . . . . . . 22

2.2 A Dual-hop Communication model. . . . . . . . . . . . . . . . . . . . . 24

2.3 PDF of hsSR, hsRD, hy
SR, hy

RD, hz
SR, and hz

RD at rSD = 400 m, dW = 100

m, rSR = rRD = 200 m, dS = dD = 50 m, dR = 30 m, and η = 2◦. . . . . 26

2.4 Channel capacity for the direct path and dual-hop path employing AF

and DF relaying at rSD = 400 m, dW = 100 m, rSR = rRD = 200 m,

dS = dD = 50 m, dR = 30 m, and η = 2◦. . . . . . . . . . . . . . . . . . 29

2.5 Bit error rate for the direct path and dual-hop path employing AF

and DF relaying at rSD = 400 m, dW = 100 m, rSR = rRD = 200 m,

dS = dD = 50 m, dR = 30 m, and η = 2◦. . . . . . . . . . . . . . . . . . 30

2.6 A dual-hop cooperative communication model of underwater channel.

The solid line represents single reflection paths and dashed lines repre-

sent the LoS path. Here, S stands for source, Rx stands for receiver

(destination), and R stands for relay. . . . . . . . . . . . . . . . . . . . 32

2.7 A Multi-hop Multi-branch cooperative communication model consisting

of L branches, Ni hops in the ith branch, and Mi,j multipaths in the jth

hop of the ith branch. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.8 CDF of u1,1,1 using (2.19) v/s log-normal approximation using (B.2)-(B.4)

for path h1,1,1 at r1,1 = 200 m, dS = 70 m, and dR = 30 m. . . . . . . . 35



xx List of Figures

2.9 Plot depicting the close agreement of exact value of wm using (2.20) with

approximated value using (2.21). . . . . . . . . . . . . . . . . . . . . . 36

2.10 Comparison of PDF of hs2,1,1, hy
2,1,1, and hz

2,1,1 obtained through histogram

method and through parameter extraction method (2.23) at r2,1 = 400

m, dS = 70 m, and dD = 40 m. . . . . . . . . . . . . . . . . . . . . . . . 38

2.11 Bit error rate comparison of a single hydrophone, a single vector sensor

receiver, and a linear array of hydrophones for the dual-hop cooperative

communication model given in Fig. 2.6. The element spacing for an

array of hydrophone receivers have been chosen as λ, 5λ and 50λ. M1,1 =

M1,2 = M2,1 = 9, r2,1 = 5 km. . . . . . . . . . . . . . . . . . . . . . . . 48

2.12 Capacity for the direct channel from source to destination (represented

by h2,1 in Fig. 2.6) using (2.12) with destination assumed as hydrophone

or vector sensor, M2,1 = {3, 9}, r2,1 = 1 km. . . . . . . . . . . . . . . . 49

2.13 Capacity for a dual-hop channel assuming AF at relay using (2.42), and

cooperative framework using AF at relay and selection combining at

destination using (2.46) as shown in Fig. 2.6 with L = 2, N1 = 2, N2 = 1,

M1,1 = M1,2 = M2,1 = 9, r2,1 = 1 km. . . . . . . . . . . . . . . . . . . . 49

2.14 Bit error rate for the direct channel from source to destination (rep-

resented by h2,1 in Fig. 2.6) with destination assumed as hydrophone

or vector sensor (N2 = 1) using (2.36) and bit error rate of a dual-hop

channel assuming AF relaying (N1 = 2) using (2.41). For both cases,

M1,1 = M1,2 = 9 and r2,1 = 5 km. . . . . . . . . . . . . . . . . . . . . . 51

2.15 Bit error rate for cooperative channel using AF at relay and selection

combining/maximal ratio combining at destination using (2.45). Here

L = 2, N1 = 2, N2 = 1, M1,1 = M1,2 = M2,1 = 9, r2,1 = 5 km. . . . . . . 52

2.16 MSE for dual-hop and cooperative channel using AF at relay and maximal

ratio combining at destination. Here, L = 2, N1 = 2, N2 = 1, M1,1 =

M1,2 = M2,1 = 9, r2,1 = 1 km. . . . . . . . . . . . . . . . . . . . . . . . 53



List of Figures xxi

3.1 A Multi-hop Multi-branch cooperative communication framework consist-

ing of N hops and L branches, with each hop consisting of M multi-paths. 56

3.2 Ergodic capacity for a multi-hop and multi-hop multi-branch cooperative

framework. (a) numerical integration plots for DF are obtained using

(3.14) and AF plots are obtained using [2], eq. (10). (b) numerical

integration plots for DF are obtained using (3.18) and AF results are

plotted using [3], eq. (19). (c) AF plots have been obtained using [3], eq

(14). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3 Bit error rate for a multi-hop and multi-hop multi-branch cooperative

framework. (a) numerical integration plots for DF are obtained using

(3.13) and AF plots are obtained using [3], eq (8). (b) numerical integra-

tion plots for DF are obtained using (3.17) and AF results are plotted

using [3], eq (17). (c) AF plots have been obtained using [3], eq (13).

(d) Figure depicting the coding gain of maximum ratio combining over

selection combining. Diversity is same but coding gain of maximum ratio

combining over selection combining is noticeable. . . . . . . . . . . . . 68

3.4 Simulation Results of ergodic capacity for increasing values of M , N ,

and L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Geometry of an underwater channel with incoherently scattered paths

reaching the receiver via single bounce and double bounce paths. . . . . 74

4.2 3-D representation of the surface uniform depth exponential distribution

of scatterers in an underwater channel for Dw = 0.1 km, Dd = 0.05 km,

R = 0.4 km with κs = κb = 400. . . . . . . . . . . . . . . . . . . . . . . 75

4.3 Plots of the PDF of f(xs1|xs2) (a) xs2 = R = 1 km, (b) R = 1 km. . . . 78



xxii List of Figures

4.4 AoA PDF for single bounce path with R = 0.4 km, Dw = 0.1 km,

κs = 800Dd/Dw, and κb = 800(Dw − Dd)/Dw. The derived PDF for

surface scattering is obtained using (4.5) and for bottom scattering is

obtained using (4.7). The red solid line represents the plot obtained

using [56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.5 AoA PDF for single bounce using (4.5), double bounce using (4.12),

and triple bounce paths using (4.15), and approximations using inverse

gamma (IG) and asymmetric Laplace (AL) distributions with R = 1 km,

Dw = 0.1 km, Dd = 0.05 km, κs = 800Dd/Dw, m = 50. . . . . . . . . . 83

4.6 Power spectral density of single bounce using (4.5) and double bounce

paths using (4.12) with κs = 800Dd/Dw, Dw = 0.1 km, Dd = 0.05 km,

R = 0.5 km, vr = 1 m/s, fc = 20 kHz, c = 1500 m/s. . . . . . . . . . . 85

5.1 Geometry of an underwater channel depicting scattering from a part of

a fluctuating sea surface. . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2 Autocorrelation function of y obtained using the reference model (JON-

SWAP spectrum model) and the simulation model (sum of sinusoids) for

different values of wind speed at N = 40. . . . . . . . . . . . . . . . . . 89

5.3 Sea surface profile along the range for a surface represented using sum of

sinusoids and modeled using JONSWAP spectrum for different values of

wind speed at F = 100 km. . . . . . . . . . . . . . . . . . . . . . . . . 91

5.4 Figure depicting the occurrence of specular paths derived using algorithm

2 for a realization of sea surface at R = 100 m, Dt = 4 m, and Dr = 6 m.

At inset is the PDF of Xcn using (5.5). . . . . . . . . . . . . . . . . . . 93

5.5 PDF of Xc for a sea surface represented by sum of sinusoids, obtained

after averaging over N = 40 realizations, at R = 100 m, Dt = 4 m,

Dr = 6 m, and fc = 2000 Hz. The analytical plot is obtained using (5.8). 94



List of Figures xxiii

5.6 PDF of Yc obtained after averaging with N = 40 realizations of ϕ′

at different wind speeds. The simulation is obtained using (5.12) and

analytical using [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.7 PDF of the AoA at the Rx for coherent scattering for different values of

wind speeds at R = 100 m, Dt = 4 m, Dr = 6 m, and fc = 2000 Hz. The

exact value is obtained using (5.17), Gaussian approximation is obtained

using curve fitting, and triangular approximation is obtained using (C.1)

and (C.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.8 Mean and standard deviation of the AoA at the Rx due to coherent

scattering, as a function of R and Dr, at U = 20 m/s. . . . . . . . . . . 98

5.9 PDF of AoA at the Rx due to incoherent scattering at R = 100 m,

Dt = Dr = 5 m at different values of wind speeds. The exact value is

obtained using (5.23) and approximation is obtained using (5.24). . . . 103

5.10 Mean and standard deviation of the AoA at the Rx for incoherent

scattering as a function of R and Dr at U = 20 m/s. The approximate

value of mean is obtained using (D.1) and standard deviation is obtained

using (D.4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.11 PDF of AoA at the Rx due to coherent, incoherent, and overall scatter-

ing. The result for overall scattering is obtained using the exact (5.28),

approximate (5.29), and closed-form expressions (C.4) at R = 100 m,

Dt = 4 m, Dr = 6 m, and U = 5 m/s. . . . . . . . . . . . . . . . . . . . 107

5.12 Mean and standard deviation of the coherent, incoherent, and overall

AoA at Dt = Dr = 10 m, U = 10 m/s, and fc = 2000 Hz. . . . . . . . . 108

5.13 Mean and standard deviation of the coherent, incoherent, and overall

AoA at R = 100 m, U = 10 m/s, and fc = 2000 Hz. . . . . . . . . . . . 108



xxiv List of Figures

5.14 PDF of AoA at the Rx due to coherent, incoherent, and overall scatter-

ing. The result for overall scattering is obtained using the exact (5.28),

approximate (5.29), and closed-form expressions (C.4) at R = 100 m,

Dt = 4 m, Dr = 6 m, and fc = 2000 Hz. . . . . . . . . . . . . . . . . . 109

5.15 Standard deviation for coherent, incoherent, and overall AoA as a function

of wind speed at R = 100 m, Dt = 4 m, Dr = 6 m, and fc = 2000 Hz. . 110

5.16 Doppler spectrum at the Rx for vr = 1 m/s, R = 100 m, Dr = 4 m,

Dt = 6 m, and fc = 2000 Hz, at different values of wind speed. . . . . . 111

6.1 The geometry of an underwater channel depicting paths reflected from

the sea surface modeled as sum of sinusoids. . . . . . . . . . . . . . . . 114

6.2 Doppler Spectrum for the paths reflected from the sea surface represented

by a single sinusoid using (6.9) at R = 100 m, Dt = 5 m, Dr = 5 m,

U = 5 m/s, and σx = 0.1 m. . . . . . . . . . . . . . . . . . . . . . . . . 119

6.3 Doppler Spectrum for the paths reflected from the sea surface represented

by sum of sinusoids using (6.12) at R = 100 m, Dt = 5 m, Dr = 6 m,

U = 10 m/s, and σx = 0.2 m. . . . . . . . . . . . . . . . . . . . . . . . 120

6.4 Doppler Spectrum for the paths reflected from the sea surface represented

by sum of sinusoids using (6.12) at R = 50 m, Dt = 15 m, Dr = 20 m,

U = 10 m/s, and σx = 0.2 m. . . . . . . . . . . . . . . . . . . . . . . . 122

6.5 Scattering function for paths reflected from the sea surface represented

by sum of sinusoids at R = 100 m, Dt = 5 m, Dr = 6 m, fc = 2000 Hz,

U = 10 m/s, and σx = 0.2 m. . . . . . . . . . . . . . . . . . . . . . . . 123



Nomenclature

The symbols are given in this nomenclature. Some symbols are defined as and when

required in the text.

Mx(x) moment generating function of a random variable x

U(.) Unit Step Function

∥X∥ Frobenius Norm of a matrix X

X Bold uppercase letter represents a matrix

x Bold lowercase letter represents a vector

X† Hermitian of a matrix X

XT Transpose of a matrix X

E[.] Expectation operator

Fx(x) cumulative distribution function of a random variable x

fx(x) probability density function of a random variable x

Q(.) Gaussian q-function

tr{X} trace of a matrix X

x ∼LN(ζ, η) x is log-normal distributed random variable with mean ζ and standard

deviation η



xxvi Nomenclature

x ∼ N (ζ, η) x is log-normal distributed random variable with mean ζ and standard

deviation η

αs, αb rate of change of probability of successive bounces along the surface or

bottom as the previous point of interaction moves closer to the Rx

χ Rayleigh parameter

κs, κb normalization parameters for the surface uniform depth exponential

distribution along the surface and bottom

θg grazing angle associated with the nominal specular path from the mean

sea level (radians)

θs, θb AoA at the Rx for a path undergoing single bounce from the sea surface

and bottom

θns1 , θnb1 AoA at the Rx for a path undergoing n bounces with the last interaction

from the sea surface or bottom

c speed of sound in an underwater channel (m/s)

fc acoustic signal frequency (Hz)

h root mean square wave height of the sea surface (m)

KNs, KNb normalization parameter of the joint PDF of all the scatterer locations for

a multiple bounce path with last scattering from the surface or bottom

ns, nb number of interactions of the path with the sea surface and bottom

vr relative speed of Rx with respect to source (m/s)

Λ acoustic wavenumber (m)−1

Λn wavenumber of the nth realization of the sea surface



Nomenclature xxvii

θc, θin, θ AoA at the receiver for coherent, incoherent, and overall scattering

an, ωn, ϕn amplitude (m), angular frequency (radians/sec), and phase (radians) of

the nth realization of the sea surface

F fetch limit range (km)

N number of frequencies that constitute the sea wave

U speed of wind blowing above the sea surface (m/s)

vs velocity at which the sea surface drifts or moves (m/s)

Xc, Yc randomness in scatterer location and surface wave height for ensemble-

averaged sum of sinusoids surface assuming coherent scattering

Xic, Yic randomness in scatterer location and surface wave height for ensemble-

averaged sum of sinusoids surface assuming incoherent scattering

τ time delay w.r.t. LoS path (sec)

fd Doppler shift (Hz)

vv vertical velocity of the sea surface (m/s)

vsp projection of the velocity along the pth path


	Thesis of Manishikha Rawat.pdf
	Certificate
	Acknowledgements
	Abstract
	Contents
	List of Figures
	Nomenclature
	1 Introduction
	1.1 Introduction
	1.1.1 Significance of the cooperative architecture
	1.1.2 Significance of the angle of arrival distribution
	1.1.3 Surface scattering
	1.1.4 Surface wave modeling
	1.1.5 Doppler effect

	1.2 Literature Review
	1.3 Research Objective
	1.4 Thesis Outline
	1.4.1 Introduction
	1.4.2 Statistical modeling and performance analysis of a vector sensor receiver in underwater acoustic communication
	1.4.3 Performance analysis of multi-hop multi-branch cooperative framework for a frequency-selective channel for DF relaying
	1.4.4 AoA distribution at the receiver due to incoherent scattering from the flat/smooth sea surface and bottom
	1.4.5 AoA distribution at the receiver due to scattering from an undulating sea surface
	1.4.6 Doppler spectrum for sea surface motion with coherent scattering
	1.4.7 Conclusion

	1.5 Key Contributions

	2 Statistical Modeling and Performance Analysis of a Vector Sensor Receiver in Underwater Acoustic Communication
	2.1 Introduction
	2.2 Vector Sensor for Data Reception
	2.3 Dual-Hop Framework
	2.3.1 System model
	2.3.2 Performance parameters
	2.3.3 Results and discussion

	2.4 Multi-Hop Multi-Branch Cooperative Framework using AF Relaying
	2.4.1 System model
	2.4.2 PDF of the channel coefficients and parameter extraction
	2.4.3 Performance analysis
	2.4.4 Diversity analysis
	2.4.5 Results and discussion

	2.5 Conclusion

	3 Performance Analysis of Multi-Hop Multi-Branch Cooperative Framework for a Frequency-Selective Channel for Decode and Forward Relaying
	3.1 Introduction
	3.2 System Model
	3.3 Numerical Integration Expressions for DF Relaying
	3.3.1 Multi-hop channel
	3.3.2 Cooperative channel

	3.4 Performance Parameters
	3.4.1 Computational complexity of the derived numerical integration expressions
	3.4.2 Coding gain

	3.5 Results and Discussion
	3.6 Conclusion

	4 AoA Distribution at the Receiver due to Incoherent Scattering from a Smooth Sea Surface and Bottom
	4.1 Introduction
	4.2 Proposed Model
	4.3 AoA Distribution for Single Bounce, Double Bounce, and Multiple Bounce Paths
	4.3.1 Single bounce paths
	4.3.2 Double bounce paths
	4.3.3 Multiple bounce paths

	4.4 Results and Discussion
	4.5 Conclusion

	5 AoA Distribution at the Receiver due to Scattering from an Undulating Sea Surface
	5.1 Introduction
	5.2 System Model
	5.2.1 JONSWAP sea wave spectrum
	5.2.2 Representing the sea surface as sum of sinusoids

	5.3 AoA Distribution at the Receiver for Coherent Scattering
	5.3.1 Probability density function (PDF) of Xc
	5.3.2 PDF of Yc
	5.3.3 PDF of the AoA at the receiver

	5.4 AoA Distribution at the Receiver for Incoherent Scattering
	5.4.1 PDF of Xic
	5.4.2 PDF of Yic
	5.4.3 PDF of the AoA at the receiver

	5.5 PDF of Overall AoA
	5.6 Results and Discussions
	5.6.1 Effect of the frequency of the acoustic signal
	5.6.2 Effect of geometry of an underwater channel
	5.6.3 Effect of wind speed

	5.7 Conclusion

	6 Doppler Spectrum for Sea Surface Motion with Coherent Scattering
	6.1 Introduction
	6.2 Proposed System Model
	6.3 Doppler Spectrum Analysis
	6.3.1 When the sea surface is modeled as single sinusoid
	6.3.2 When the sea surface is modeled as sum of sinusoids

	6.4 Results and Discussion
	6.5 Conclusion

	7 Conclusions and Future Scope
	7.1 Conclusion
	7.2 Scope of Future Work

	References
	A Derivation of the PDF of ums, umy, and umz
	B Moment Matching Technique
	C Closed-Form Expression for the PDF of  using Triangular Approximation
	D Closed-Form Expressions for the Mean and Variance of ic
	D.1 Mean of ic
	D.2 Variance of ic

	List of Publications
	Bio-Data




