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Abstract

Due to the inherent complexity of the underwater acoustic (UWA) channel, the trans-
mission of information is always a difficult task. The primary disadvantage of the UWA
channel is that the sound travels at a slower speed. When information is transmitted
via radio waves that travel at the speed of light, velocities of a few kilometers per hour
do not produce a significant Doppler effect. As a result, Doppler spread contributes a
negligible fraction to the center frequency in the radio frequency (RF) case. However,
in the case of an acoustic signal transmitted over the UWA channel, movement of a
few kilometers per hour may significantly deteriorate the channel condition due to the
lower frequency range. The extended delay spread is another effect of the slower sound
speed. The delay spread of a channel is related to the channel’s frequency selectivity.
The larger the delay spread, the smaller the coherence bandwidth and the greater the
channel’s frequency selectivity within that bandwidth. As a result, the UWA channel
is doubly selective, meaning that it is both time selective (due to Doppler spread) and
frequency selective (due to delay spread). This thesis focuses on the study and anal-
ysis of the UWA channel’s communication system. It is demonstrated that when the
time reversal mirror (TRM) is used, the channel’s delay spread becomes significantly
smaller. The more receivers there are, the more improvement in terms of delay spread
there will be. This thesis also analyses the properties of the prefix signals to be used
in the channel estimation. A detailed comparative analysis of various prefix signals
is provided in this work. Prefix signals are compared based on their correlation and
spectral properties under the influence of Doppler-induced scaling. We have demon-
strated that using hyperbolic frequency modulation (HFM) signal as a probing signal

improves channel estimation under the linear Doppler effect in the UWA channel. The
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hyperbolic time-frequency coupling in the HFM signal also aids in the joint estimation
of the Doppler scale and the channel. As a result, we propose a novel algorithm for
simultaneously estimating the Doppler scale factor and channel using look-up table
(LUT) formation. The underwater channel typically has considerable variation in the
received signal Doppler scale value. It is primarily due to the wide range of the angle
of arrival of received multipath signals. Traditionally, the communication receiver is
designed to compensate for the Doppler effect by considering a single Doppler scale
value. However, such a type of receiver produces a sub-optimum result for the chan-
nels with significant Doppler scale distribution. Additionally, designing the receiver to
compensate all the Doppler scale values observed in the communication interval would
dramatically enhance the receiver’s complexity. This thesis proposes a novel scale lag
rake receiver based on unsupervised clustering of the estimated Doppler scale factor.
It is shown that the proposed receiver provides performance close to the optimum re-
ceiver with reduced complexity. Its architecture also incorporates both the TRM and
phase-locked loop (PLL). TRM is used to minimize the delay spread of the channel,
thereby minimizing the number of equalizer coefficients required. Under time-varying
channel conditions, PLL is used to reduce the update rate of the equalizer coefficients.
This thesis also examines multi-carrier communication techniques such as orthogonal
frequency division multiplexing (OFDM). We demonstrate that using TRM enhances
the performance of the OFDM receiver for underwater channel configurations. It has
also been shown that the TRM operation makes the effective channel real; hence, the

complexity of the receiver can be reduced without compromising the performance.

v



qie

Ut o Wi ek (JgsgQ) ol i Sdffed STieeldl o 0T, YT ol THRUT FARIT Teh Hio
T BT 81 Ut & iR eafeh d9=el ol Ureifies Jorar g & fob eafs et oifq & o &t 81 51a
TN T TS F AT e ATt et ql o Aresm & G v B Sl B, g foheiier
Uil € o o H AgeaqUi STtk THTd ST &l eldl & | TdlsTaH, 3iuc Tig Al hierddt (IRTH)
T # g agRy & fOrT Teh TTUF 37T T ANTE 3T B1 ETetifen, U & off¥ eafen S W
TETRT Ueh ea-eh Hohd o ATHA H, F© fhalHie Ui = i T HH SGRT 17 o HRUT I=dl ol
RIfq =t ! We 2 gahdt 2| fazariia faeis yar it eafa wfq 1 te 3R v €1 99 &
faeier U8R e <l SAgRT Fg-THGRdT § Fetad 8| fSam 921 faede Serar €, 3a-t & Bid gEraar
Jefagy 3R 39 defagy & Wiy 99 i argf ga=TeeRar oot sifere gidt 81 Fdistad, It &
1 eafen I SR 9T &, Torgent 31 ¢ foh I8 99 oo (STUeR U8R & hR0T) 3R
g Fg-TS (foeie TR & SRT) Q1 &1 I8 e urt o 19 eafies 9-/dl ohl TaR JoTTet
% e HR fsetwor © Hfad 81 78 wefia foman STrar @ foh St ergn Raeder iy &1 3w foman
ST €, Al 9el o1 faeid TER il Biel & Siidn 81 foia- sfares fEiar g, fadid war & dad
H 3T & ATk GUR 1| g T I AgH H ITART Y ST aret Ut Hahdi o 0T Al
ot faseior et 21 39 rd # fafo=1 Iuwf dahdi o1 fawga qerreres fasasor U fomam am 21
YT Hohdl ol JT SIUR-UTRA ThielTT o YT H 37k Tadee AR JUIHHIT 7O o HATLR T2 i
STt 21 5w feaman & fop Uen e Taohd & 0 A gTguralifores sTgiy Rigqeie et &T JuivT ur
& =i eafreh It H A&k ek THTE & ded I-el AT H YR T 8| eTeUElicrs higadt
Higxeice e § greutaifeias crgd-thidadl hufer i SUeik Thel iR el o Yo ATHE H
HERIAT AT ¢ | Aot B qh-3T el BIHLH ol IUINT dhich STUAR Thel thared IR I T
Teh TTY Thet i oh [oTT Teh IU-ATH TR &l UEdTd hid & | UTt o 1 o oTet | SR TR
T TETet STUei Tohel deg H St {911 Bldl &1 T8 & T I UTtd Hee 1l el & ANTHT &
10T h faEgd 9T o HRUT S | TEORATd U F, TR [TEfiar &l Tovet 3iuer Thet 19 TR faar o




ST YT <l effgfd st & ferg fegte foram wam @1 gratifer, 39 UerR ot Refiar Agcayqut iuer
Thel [AaeuT a1 Ial & folT Ueh IU-38aH URUM 30~ hidl &1 39 faiad, TaR iave &
<9 Y gt U Thel AT ol Afdqfd s & forg Reftay ot feste s & Reftar &t stfeadn
H ek ¥9 F gfg gl I8 oifae e Siuei Thel thae? o ARieTd Fereefin & TgR W
Teh JU=ATH Tohel o b RETaR T JEdTd el & | g fe@man man g o uearfaa ReftaR o6 Sifeetdn
& 1 3¥an Refiar & F39 UesfF e T &1 39 SiTfheak # ergh Rade i 3k Sha-ditas
U QT LA €1 ergH Radel TR ol IuiT Il & faelel TR &l & & o forg fomam Sirar g,
& rasgs JeddRS TUTihi sl &I HH & HH 8l Slldl 8| GHI-I9=1 e fRfadl & dgd,
IR TUTIh <hl ST T I HH A & Tl =0T wich [0 1 IUAT foharm St 21 g ofifde
STt et TS Ao fariT St dg-dTesh HaR debrichi ol |l Siig shidl &1 &9 Uafeid
A ¢ o oTsn Rada [T o1 IUTNT 378aTer Ie iSRRI & foru sftefme hadd fedisr
A o fedfiar o waei <l Serdn 21 a8 it fawma man ¢ o eren fader fay sifoer gt
I ol ATdTdeh §41dT §; SHTCTT, UeiH & qHSAAT fohy famT Reftar &t STfeerdr ol i foham S
BEXINS

vi



Contents

Certificate i
[Acknowledgements| ii
[Abstractl iii
[List of Figures| xi
[List_of Tables| xvi
[Abbreviations| xviii
[Symbol List| XX
1__Introductionl 1
LI Tntroductionl. . . . . . . . . . ... 1
(1.1 Related Workl . . . . . . . ... .. ... .. ... ... ... 2

(1.2 _Contributions . . . . . . . . . . . . 5)

[1.2.1  Quantitative analysis of time reversal mirror on various charac-

[ teristics of UWA channell . . . . . . . . . . . . . . .. ... ... 5

(1.2.2  Analysis of hyperbolic chirp signal as a prefix signal in under- |

[1.2.3 Look up table based joint Doppler scale factor and channel es- |

| timationl . . . . . .. L 7

vii



[1.2.4  Unsupervised clustering based rake type receiver architecture for |

joint equalization and phase trackingl . . . . . . ... ... ... 7

(1.2.5 Time reversal mirror based OFDM channel equalization algorithm| 8

(1.3  Thesis Organisation| . . . . . .. . .. ... ... ... ... ...... 9

[2  Quantitative Analysis of the impact of TRM on Underwater Acoustic |

L Communication Channell 12
2.1 Introductionl. . . . . . . ... 12
[2.1.1 TRM mathematical description| . . . . . . . . .. .. ... ... 13

2.2 Underwater Acoustic Channel Characterisationl . . . . ... ... ... 15
2.2.1 TRM in rministic time-invariant channell . . . . . . . .. 15
[2.2.2  System functions in a time-varying channel . . . . . .. . . .. 16
[2.2.3  Stochastic system tunctions of UWA channel|. . . . . . . . . .. 18
[2.2.4  Condensed parameter representation of UWA channel[. . . . . . 19

2.2. Moments of PDP and DSDf . . . .. ... ... ... ... ... 19
226 PathLosd . ... ... .. .. 21

[2.3  Simulation and experimental results in UWA channel . . . . . . . . .. 23

[2.3.1 Impact of TRM on secondary peak level of the Channel Impulse |

Response| . . . . . . ... 24

[2.3.2  Impact of changing water column height and range between the |

[ transmitter and the receiver| . . . . . . . .. ... 29
2.3. imulation results for the BELLHOP channel modell . . . . . . 32

2.3.4 Simulation results for the Watermark channel modell . . . . .. 35

2.3.5  Sea Trial Results| . . . . . .. .. .. ... ... 36

2.4 nclusion|. . . . . ... 37

[3 Study of Characteristics of LFM and HFM as Prefix Signall 38
3.1 Introduction|. . . . . . . ..o 38
3.1.1  Prefix Selection| . . . . . . .. .. ... 39

[3.2  Design of Prefix Signal | . . . . .. .. ... ... 0. 40
(3.2.1 LFM and HFM signal| . . . . .. ... ... ... ... .. ... 40




[3.2.3  Wideband Ambiguity Function| . . . . . ... .. ... ... .. 51
[3.2.4  Comparison of LEM and HFM signal detection| . . . . . . . .. Y

3.3 Conclusion|. . . . . . . . .. 60
[4  Joint Doppler Scale and Channel Estimation| 62
4.1  Structure of prefix signall . . . . . . ... ..o 63
[4.2  Proposed Channel Estimation Algorithm| . . . . . . . .. ... ... .. 66
4.2.1 Coarse Doppler Estimation| . . . ... ... ... .. ... ... 68
4.2.2 Correlation Based Detector] . . . . .. ... .. ... ... ... 68

4.2.3  Peak D 170 01 70
4.2.4  Doppler and Delay profile estimation| . . . . . . . .. ... ... 72
4.2.5  Fine Doppler Scale Correction Method| . . . . . . .. ... ... 73

4.2. hannel fficient Estimationl . . . . . . . . ... ..o 7

4. It and Di 170 1 7
4.3.1 Limitation of Coarse Doppler scale and delay Estimation| . . . 77

4.3.2  Performance of the proposed algorithm for the delay and the |

| Doppler scale estimation with signal to noise ratio (SNR)| . . . 79
[4.3.3  Pertormance of proposed method for BELLHOP channel model | 82

44 Conclusion| . . . . . . . .. 85
[> Unsupervised Clustering Based Scale-Lag Type Receiver 86
1 Intr 101 . . . L 86
b.2  Problem Formulation| . ... ... ... ... ... ... ........ 88
[5.3  Proposed Receiver Architecture|. . . . . . . ... ... ... ... ... 94
[5.3.1  Channel and Doppler Scale Estimation| . . . . . . .. ... ... 94
[5.3.2  Multi-channel Feed Forward Equlizer Section| . . . . . . . . .. 98

[>.4  Multi-channel DFE operation with TRM and PLL] . . . . . ... . .. 99
.o Result and Discussion | . . . . . . . . ... 0oL 104
[5.5.1 Effect of clustering| . . . . .. .. .. ... 104
[5.5.2 Impact of the representative Doppler scale selection| . . . . . . . 110

X



[6 Performance Improvement of OFDM System Using TRM)|

1 Intr 1
[6.2  System Modell
6.2.1  OFDM System|

[6.2.2 Time Reversal Mirror System|

[6.2.3  Proposed System|

6.3.1

Ray theory based channel model|

2 imul

nclusion|. . . . . . . . ...

ion for BELLHOP channel m

2. It and Disc

[Technical Biography of Author|

114
114
116
116
119
120
122
122
124
127

128
128
130
131
132
134

139

153

159

161



List of Figures

[2.1  Simulation scenario tor the verification of the impact of TRM on delay
[ spread and rms bandwidth| . . . . . . .. ..o 23
[2.2  Channel impulse response with TRM for two receivers| . . . .. . ... 24
[2.3  Channel impulse response with TRM for five receivers| . . . . . . . .. 25
[2.4  Channel impulse response with TRM for seven receivers| . . . . . . .. 25
[2.5  Channel impulse response with TRM for eight receivers|. . . . . . . .. 26
[2.6  Channel impulse response with TRM for thirteen receivers| . . . . . . . 26
I iati i freceivers . . . .. ... .. 28
[2.7  Channel Impulse Response| . . . . . . . .. ... ... ... ... .. 28
[2.9 Impact of the TRM on delay spread and coherence bandwidth of the |
| underwater channel with d,, and d,.| . . . . . . . . . . .. . ... ... 29
[2.10 Impact of the TRM on delay spread and coherence bandwidth of the |
| underwater channel with d, and d;,. | . . . . . . .. .. ... ... ... 30
[2.11 Impact of the TRM on delay spread and coherence bandwidth of the |
| underwater channel with d,, and d,.| . . . . . . . . . . . . ... ... 30
[2.12 Impact of the TRM on delay spread and coherence bandwidth of the |
| underwater channel with d,, and d..| . . . . . . . . . ... . ... ... 31
[2.13 Impact ot the TRM on delay spread and coherence bandwidth of the |
[ underwater channel with d, and d,,. | . . . . . . ... ... ... .... 31
[2.14 TImpact of the TRM on delay spread and coherence bandwidth of the |
| underwater channel with d,, and d..| . . . . . . . . . ... .. ... .. 32
[2.15 Transmitter and Receiver Configuration| . . . . . . . .. .. ... ... 32
[2.17 Power Delay Profile. . . . . . .. ... ... ... 0. 34

xi



[2.16 Channel Impulse Response| . . . . . . . .. .. ... ... ... 34

[3.1 LFM signal, Bandwidth=8kHz, Center Frequency=12kHz and Time |

[ Duration= 0.01sf . . . . . ... .o 41
(3.2 HFM signal, Bandwidth=8kHz, Center Frequency=12kHz and Time |
[ Duration= 0.01s . . . . . . . . . 42

[3.3  Instantaneous frequency of LE'M signal and HFM signal, Bandwidth=8kHz, |

| Center Frequency=12kHz and Time Duration=1s. . . . . . . . .. .. 43
[3.4  LFM signal Spectrum, Bandwidth=8kHz, Center Frequency=12kHz and |

| Time Duration= 1. . . . . . . . . . . 44

(3.5 HFM signal Spectrum, Bandwidth=8kHz, Center Frequency=12kHz |

[ and Time Duration=1d . . . . . . . . .. ... ... ... ... .... 44
[3.6 Impact of increasing B'l' by changing the bandwidth of signal | . . . . . 46
[3.7  RMS bandwidth comparison of LE'M and HF'M signal for bandwidth=10kHz |

I 48
[3.8  RMS bandwidth comparison of LE'M and HF'M signal tor bandwidth=1kHz |

I 49
[3.9  Width of the main lobe of the auto correlation of HF'M and LFM signal; |

| n = Doppler induced scale factor] . . . . . . ... ... ... ... ... 50
[3.10 Impact of increasing B'l' by changing the time duration of the signal | . 51

[3.11 Wideband ambiguity function for LEM and HEFM signal for various |

| bandwidth (B) and time duration (T) values.Zoom-1 is the zoomed plot |

| to show the delay resolution, i.e., the difference between two red dots, |

| and the Doppler scale resolution, i.e., the difference between two blue |

| dots, tfor Case I, Case I1I, and IV. Zoom-2 is the zoomed plot shown for |

| the same purpose as zoom-1, except that it is for comparing Case I, |

| Case III, and Case IV . . . . . .. ... ... ... ... ... 53
|3.12 Impact of Doppler scaling on LFM and HFM signals at % | ....... 55
[3.13 Delay resolution of LEM and HFM signal under Doppler effect|. . . . . 56
[3.14 SNR Loss with respect to Doppler induced scaling for BT=100| . . . . 57

[3.15 ROC curve for LE'M and HFM of various Doppler Scale values- Case I| 58

xii



[3.16 ROC curve for LE'M and HFM of various Doppler Scale values- Case I1| 59
[3.17 ROC curve for LEM and HE'M of various Doppler Scale values- Case 111 | 59
[3.18 ROC curve for LEM and HEM of various Doppler Scale values- Case IV | 60

4.1 nventional Fram r rel ... 63

4.2 Suggested Frame Structure|l. . . . . .. ..o 63

4.3 6 dB contour of WAF for proposed prefix signal, black dots represents |

intersection of n = n; with respective curve | . . . . . .. ... .. ... 66

4.4 Block Diagram of Proposed Coarse Channel Estimation Algorithm| . . 68

[4.5  Doppler Scale Estimation Error with Coarse Scale Estimation Algorithm| 78

[4.6  The difference between consecutive Doppler scale values . . . . . . .. 79

[4.7  Performance comparison for Doppler scale estimation; Al: wavelet based |

algorithm [1],A2 : proposed algorithm. . . . . . ... ... ... . ... 81

[4.8  Performance comparison for delay estimation; Al: wavelet based algo- |

rithm |1[,A2 : proposed algorithm. . . ... ... ... ... ... ... 81

[4.9  Performance comparison for channel estimation; Al: wavelet based al- |

gorithm |1],A2 : proposed algorithm. . . . . ... ... ... ... ... 82

[4.10 Simulated Channel Geometry| . . . . . . . . .. .. ... ... 83

[4.11 Performance of the Doppler scale estimation with SNR; Al: wavelet |

based algorithm [1],A2 : proposed algorithm.. . . . . .. ... ... .. 84

[4.12 Performance of the delay estimation with SNR; Al: wavelet based al- |

gorithm [1],A2 : proposed algorithm. . . . . . .. ... ... ... ... 84

[4.13 Pertformance of the proposed algorithm for channel estimation with |

SNR: Al: wavelet based algorithm [1],A2 : proposed algorithm.| . . .. 85
(5.1  UWA Channel Multipath Environment| . . . . . . .. .. ... ... .. 92
[5.2  Proposed Receiver Architecture] . . . . . . . ... ... L. 94
[5.3  Process flow of Doppler scale clustering/ . . . . ... ... ... ... .. 96
[>.4 Single channel of multi-channel feed-forward equalizer|. . . . . . . . .. 99
b5 Receiver Architecturd . . . . . . . . .. .. 100
[5.6  Simulation setup and channel impulse response| . . . . . .. ... ... 105

xiii



[5.7  Doppler scale distribution of the received paths| . . . . . .. ... ... 106

[5.8  Residual carrier phase tracking at the output of the PLL| . . . . . . .. 107

[5.9  The receiver performance for various cases and optimum number of cluster|108

[>.10 Silhouette score with respect to the number of clusters ot the Doppler |

scale value of the received paths|. . . . . . . . ... ... .. ... ... 109

[5.11 Feed-forward filter coefficient magnitude and phase for all the channels |

[5.12 Doppler scale distribution with respect to relative delay and power| . . 111

[5.13 BER plot for proposed receiver; A1= Doppler scale estimation with LUT |

based fine correction |2|, A2= Wavelet based algorithm for Doppler scale |

estimation 1| . . . . . ... oo 112

N FDM ITICTS| . . . o o 116
(6.2 OFDM frame structure with cyclic prefix (CP)[. . . . ... ... .. .. 117
[6.3  OFDM impact on channel impulse response] . . . . . . ... ... ... 118
[6.4  Transmitter block diagram|. . . . . .. ... ... 00000 120
[6.5 Receiver block diagraml. . . . . . ... ... . 000000 121
[6.6 Complete block diagram| . . . . .. ... ... ... ... 0. 121
Its for the simul hannell . . . . ... 123

[6.8  Simulation Results; Scenario 1| . . . . . . ... ... .. ... ... 125
[6.9  Simulation Results; Scenario 2| . . . . .. ... ... ... L. 126
[6.10 Simulation Results; Scenario 3| . . . . .. ... ... ... ... .... 126
7.1 DNN layers : more than one hidden layer| . . . . . . . ... ... ... 132
2 LSTM basiccell | . . . . . . . .. 133

.3 Performance of RNN and DNN with differen ivation function| . . . 136
[7.4  Pertormance of Equalizer, RNN and DNN for QPSK modulation| . . . 136
[7.5  Pertormance of Equalizer, RNN and DNN for 8PSK modulation |. . . . 137

[7.6  Comparative plot of losses and accuracy of training and validation set |

for RNN | . o 137

Xiv



[7.7 Comparative plot of losses and accuracy of training and validation set

for DNNI . . . o

1 le Invariance of HFM Pulsel . . . . . . . . ... .. ... ... ...
[2 Scale Compensation of HF'M Pulse by time shifting] . . . . . . . .. ..

[3 Up Chirp and Down Chirp Auto Correlation| . . . . . . .. ... .. ..

XV



List of Tables

1 rsi onl ... 27

spread and coherence bandwidth | . . . . . . ... .. ... ... 29

[2.3  Simulation parameters for the BELLHOP channel model |. . . . . . .. 33
2.4 Simulation results for the BELLHOP channell . . . .. ... ... ... 35
(2.5 Parameters used for the Watermark channel simulationl . . . . . . . .. 35
2. imulation results for th rmark channell . . . ... ... ... .. 35
[2.7 Configuration of the sea triall . . . . . ... ... ... ... .. .... 36
2.8 Results for sea trialsf . . . . .. ... ... 0o 36
[3.1 LFM signal and HFM signal generation parameters| . . . . . . . . . .. 41
[3.2  Parameters used for analysing auto correlation properties|. . . . . . . . 52
[3.3  Cases simulated for analysing auto correlation properties| . . . . . . . . 52
[3.4  Cases simulated for analysing ROC| . . . . ... ... ... ... .... Y
[3.5  Simulation parameters used ROC analysis| . . . . ... ... ... ... 58
(3.6 LFM and HFM signal performance comparison| . . . . . .. .. .. .. 61
[4.1  Simulation parameters for channel estimation| . . . . . ... ... ... 78
[4.2  Coarse Doppler Scale Estimation Simulation Parameters| . . . . . . .. 79
[4.3  Channel and Prefix Signal Parameters| . . . . . .. ... .. ... ... 82
1 Simulation Parameters| . . . . . . ... ... 0oL 104
. imulation Parameters| . . . . . . . .. ... oL 111
[6.1 Channel Parameters for ray theory based model . . . . . . . . ... .. 123

xvi



[6.2  Simulation parameters for the BELLHOP channel model |. . . . . . ..

[6.3  Simulation Scenario Description| . . . . . . .. . ... ... ... ...

Xvil



Abbreviations

AWGN  Additive white Gaussian Noise
BER Bit error rate

BPSK  Binary phase-shift keying

CSI Channel state information

CEB Channel estimate based

CIR Channel impulse response

DA Data aided

DDSF  Doppler delay spread function
DSD Doppler spread density

DNN Deep neural network

DFE Decision Feedback Equalizer
DLL Delay Locked Loop

FSE Fractionally spaced equalizer
FIR Finite impulse response

FCF Frequency correlation function
FLL Frequency Locked Loop

HFM Hyperbolic frequency modulation
ISI Inter symbol interference

ICI Inter carrier interference

IDSF Input delay spread function
IDFT  Inverse discrete Fourier transform
iid. Independent and identically distributed
LUT Look up table

LFM Linear frequency modulation

xviii



LTI
LSTM
MC
MSML
MISO
MMSE
MIMO
OFDM
PLL
PRBS
PS
PDP
PSD
PDF
RF
RLS
RMS
ROC
ReLU
RNN
SNR
SIMO
SISO
SLL
SIR
TRM
TVTF
TCF
UWA
WSSUS

Linear time invariant

Long short term memory
Monte Carlo

Multi scale multi lag

Multi input single output
Minimum mean square error
Multi input multi output
Orthogonal frequency division multiplexing
Phase locked loop

Pseudo random bit sequence
Probe signal

Power delay profile

Power spectral density
Probability density function
Radio frequency

Recursive least square

Root mean square

Receiver operating characteristics
Rectified linear unit

Recurrent neural network
Signal-to-noise ratio

Single input multiple output
Single input single output

Side lobe level
Signal-to-interference ratio
Time reversal mirror

Time varying transfer function
Time correlation function
Underwater acoustic

Wide sense stationary and uncorrelated scattering

xix



Symbol List

T Symbol duration
fe Centre frequency
T Propagation delay

¥(z, f) Mode depth function at depth z and frequency f

Ay Mode attenuation function
B Bandwidth
14 Doppler frequency shift

Beon Coherence bandwidth

teoh Coherence time

dy Depth of the transmitter

d, Depth of the receiver

dy Water column depth

dyy Separation between the transmitter and the receiver
N, Number of receivers

XX



	Thesis_SoftCopy.pdf
	Certificate
	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	Abbreviations
	Symbol List
	Introduction
	Introduction
	Related Work

	Contributions
	Quantitative analysis of time reversal mirror on various characteristics of UWA channel
	Analysis of hyperbolic chirp signal as a prefix signal in underwater acoustic communication 
	Look up table based joint Doppler scale factor and channel estimation
	Unsupervised clustering based rake type receiver architecture for joint equalization and phase tracking
	Time reversal mirror based OFDM channel equalization algorithm

	Thesis Organisation

	Quantitative Analysis of the impact of TRM on Underwater Acoustic Communication Channel
	Introduction
	TRM mathematical description

	Underwater Acoustic Channel Characterisation
	TRM in a deterministic time-invariant channel
	System functions in a time-varying channel
	Stochastic system functions of UWA channel
	Condensed parameter representation of UWA channel
	Moments of PDP and DSD
	Path Loss

	Simulation and experimental results in UWA channel
	Impact of TRM on secondary peak level of the Channel Impulse Response
	Impact of changing water column height and range between the transmitter and the receiver
	Simulation results for the BELLHOP channel model
	Simulation results for the Watermark channel model
	Sea Trial Results

	Conclusion

	Study of Characteristics of LFM and HFM as Prefix Signal
	Introduction
	Prefix Selection

	Design of Prefix Signal 
	LFM and HFM signal
	Auto Correlation Function
	Wideband Ambiguity Function
	Comparison of LFM and HFM signal detection

	Conclusion

	Joint Doppler Scale and Channel Estimation
	Structure of prefix signal
	Proposed Channel Estimation Algorithm
	Coarse Doppler Estimation
	Correlation Based Detector
	Peak Detection
	Doppler and Delay profile estimation
	Fine Doppler Scale Correction Method
	Channel Coefficient Estimation

	Result and Discussion 
	Limitation of Coarse Doppler scale and delay Estimation 
	Performance of the proposed algorithm for the delay and the Doppler scale estimation with signal to noise ratio (SNR) 
	Performance of proposed method for BELLHOP channel model 

	Conclusion 

	Unsupervised Clustering Based Scale-Lag Type Receiver
	 Introduction
	Problem Formulation 
	Proposed Receiver Architecture 
	Channel and Doppler Scale Estimation
	Multi-channel Feed Forward Equlizer Section

	Multi-channel DFE operation with TRM and PLL
	Result and Discussion 
	Effect of clustering
	Impact of the representative Doppler scale selection

	Conclusion

	Performance Improvement of OFDM System Using TRM
	Introduction
	System Model
	OFDM System
	Time Reversal Mirror System
	Proposed System

	Simulation and Result
	Ray theory based channel model
	Simulation for BELLHOP channel model

	Conclusion

	Conclusion and Future Work
	Conclusion
	Future Work
	DNN
	LSTM-RNN
	Result and Discussion


	Bibliography
	Appendix
	List of Publications
	Technical Biography of Author




