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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



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.
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Nomenclature

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

required in the text.

tr{X}

x ~LN(¢,n)

moment generating function of a random variable x

Unit Step Function

Frobenius Norm of a matrix X

Bold uppercase letter represents a matrix

Bold lowercase letter represents a vector

Hermitian of a matrix X

Transpose of a matrix X

Expectation operator

cumulative distribution function of a random variable x

probability density function of a random variable z

Gaussian g-function

trace of a matrix X

x is log-normal distributed random variable with mean ¢ and standard

deviation n



XXVi Nomenclature

x~N((,n) x is log-normal distributed random variable with mean ¢ and standard
deviation 7

g, rate of change of probability of successive bounces along the surface or
bottom as the previous point of interaction moves closer to the Rx

X Rayleigh parameter

Ks, Kb normalization parameters for the surface uniform depth exponential
distribution along the surface and bottom

0, grazing angle associated with the nominal specular path from the mean
sea level (radians)

s, 0, AoA at the Rx for a path undergoing single bounce from the sea surface
and bottom

o5, oy, 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)

fe acoustic signal frequency (Hz)

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

Kns, Ky normalization parameter of the joint PDF of all the scatterer locations for
a multiple bounce path with last scattering from the surface or bottom

N, Ny number of interactions of the path with the sea surface and bottom

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

A acoustic wavenumber (m)~!

wavenumber of the n'” realization of the sea surface



Nomenclature

xXxvii

ecaeime

Upy Why Pn

Us

Xe, Ye

X’L’C7}/i

Ja

AoA at the receiver for coherent, incoherent, and overall scattering

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

the n'" realization of the sea surface

fetch limit range (km)

number of frequencies that constitute the sea wave
speed of wind blowing above the sea surface (m/s)
velocity at which the sea surface drifts or moves (m/s)

randomness in scatterer location and surface wave height for ensemble-

averaged sum of sinusoids surface assuming coherent scattering

randomness in scatterer location and surface wave height for ensemble-

averaged sum of sinusoids surface assuming incoherent scattering
time delay w.r.t. LoS path (sec)

Doppler shift (Hz)

vertical velocity of the sea surface (m/s)

projection of the velocity along the p** path
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