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Abstract

As diverse and data-heavy underwater applications emerge, demanding requirements are
further imposed on underwater wireless communication systems. Future underwater wire-
less communication networks might consist of both mobile and stationary nodes which
exchange data such as control, telemetry, speech, and video signals among themselves as
well as a central node located at a ship or onshore. The submerged nodes, which can,
for example, take the form of an autonomous underwater vehicle/robot or diver, can be
equipped with various sensors, sonars, video cameras, or other types of data acquisition
instruments. Innovative physical layer solutions are therefore required to develop efficient,
reliable, and high-speed transmission solutions tailored for challenging and diverse require-

ments of underwater applications.

Building on the promising combination of multi-carrier and cooperative communication
techniques, this dissertation investigates the fundamental performance bounds of coopera-
tive underwater acoustic (UWA) communication systems taking into account the inherent
unique characteristics of the UWA channel. We derive outage probability and capac-
ity expressions for cooperative multi-carrier UWA systems with amplify-and-forward and
decode-and-forward relaying. Through the derived expressions, we demonstrate the effect
of several system and channel parameters on the performance. Furthermore, we investi-
gate the performance of cooperative UWA systems in the presence of non-uniform Doppler

distortion and propose receiver designs to mitigate the degrading Doppler effects.
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Chapter 1

Introduction

The abundance of water on Earth distinguishes our “Blue Planet” from others in the solar
system. Nearly 71% of the Earth’s surface is covered with water, 97% of it being sea
water. This vast underwater world is extremely rich in natural resources such as valuable
minerals and oilfields waiting to be explored. Underwater exploration activities are mainly
hampered by the lack of efficient means of real-time communication below water. Although
wire-line systems through deployment of fiber optical links have been used to provide real-
time communication in some underwater applications, their high cost and operational
disadvantages become restrictive for many cases. Wireless communication is a promising
alternative and an ideal transmission solution for a wide range of underwater applications
including offshore oil field exploration/monitoring, oceanographic data collection, maritime
archaeology, environmental monitoring, disaster prevention, and port security among many

others.

The traditional approach for underwater data acquisition is to deploy underwater sen-
sors which record data during the monitoring mission and then recover the information
from the storage unit of sensor. Such an approach is not able to deliver real-time informa-
tion which can be particularly critical in surveillance and seismic monitoring. Furthermore,
if hardware or software failures occur before the monitoring devices are recovered, it is not
unlikely that all recorded data can be lost. Due to the lack of interaction between sub-
merged sensors and central control system, the amount of data that can be recorded is also

limited by the storage capacity of sensors and system reconfiguration is not possible.



As diverse and data-heavy underwater applications emerge, demanding requirements
are further imposed on underwater acoustic (UWA) communication systems. Future UWA
communication networks might consist of both mobile and stationary nodes which ex-
change data such as control, telemetry, speech, and video signals among themselves as
well as a central node located at a ship or onshore. The submerged nodes (which can, for
example, take the form of an autonomous underwater vehicle (AUV)/robot or diver) can
be equipped with various sensors, sonars, video cameras, or other types of data acquisition
instruments. Innovative physical layer (PHY) solutions are therefore required to develop
efficient, reliable, and high-speed transmission solutions tailored for challenging and diverse

requirements of underwater applications.

Underwater wireless communication has received much attention over the last few years.
This has been triggered by the increasing demand for reliable high-speed wireless links to
accommodate a wide range of underwater applications. In this chapter, we will first discuss
possible carrier options (i.e., radio, optical versus acoustic waves) for underwater wireless
communication and then present a historical overview of UWA communication with major
milestones. The rest of the chapter addresses cooperative UWA communication that will

be the focus of this thesis.

1.1 Underwater Wireless Communications

Wireless transmission of information under water can be achieved through radio, optical,
or sound waves. Due to the high attenuation of radio-frequency (RF) signals in water,
long-range RF communication is problematic and requires the use of extra low frequencies
which necessitate large antennas and high transmit powers. An experimental study of
underwater RF communication with a measurement campaign in the Atlantic Ocean can
be found in [1]. Although early military use of underwater RF communications is known,
the first commercial underwater RF modem was introduced only back in 2006 [2]. However,
their short transmission range (between 1-100 meters) makes this option unappealing for

most practical purposes.

Optical waves do not suffer much attenuation, but are affected by absorption, scattering,

and high level of ambient light limiting the transmission ranges [3,|4]. In [5], Lanbo et al.
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discuss that underwater optical wireless communication (OWC) is limited to very short
distances due to the severe water absorption at optical frequency band and substantial
back-scatter from suspending particles. In [6], Arnon and Kedar propose a non-line-of-
sight (NLOS) underwater OWC system by considering the back-reflection of the optical
signal from ocean-air interface and report substantial performance improvements in link
reliability. In [7], Baiden et al. test experimentally an underwater OWC system using
light-emitting diodes (LEDs) in the green and blue light spectrum. They demonstrate that
pure seawater is absorptive except in around 400-500 nm wavelengths (i.e., the blue-green
region of the visible light spectrum). From their experimental set-up, they observe that
turbidity level, viewing angle and separation distance affects severely the behaviour of
blue light in water. In [8], Doniec et al. discuss the hardware and software implementation
aspects of testbed AquaOptical underwater communication system. These underwater

OWC modems achieve a data rate of 1.2 Mbps at a distance up to 30 m in clear water.

In comparison to RF and optical waves, acoustic transmission is more practical to use in
underwater with its support for long-range transmission due to relatively favourable prop-
agation characteristics of sound waves. It is therefore the commonly employed method in
practical modems [9]. A historical overview of UWA communication with major milestones

is presented in the next section followed by recent advances in this research field.

1.2 Historical Overview of Underwater Acoustic Com-

munication

The earliest traces of underwater acoustics can be traced back to late 14™ century when
renowned painter, polymath Leonardo Da Vinci is quoted for discovering the possibility
of using sound to detect distant ships by listening to the noise they radiate into water.
The practical applications of acoustic waves were however delayed until the beginning of
the 20" century. Starting in the World War I era, research efforts first focused on the
design of sonars to detect obstacles for navigation and targets. The development of UWA
communication was later in the era of World War II during which US navy deployed
underwater telephones for communication with submarines. This first UWA telephone

operated at 8.3 kHz and used single-side band suppressed carrier (SSB-SC) amplitude

3



modulation [10]. Until 1980’s, the research efforts on UWA communication were mainly
dominated by military applications. Following the advances of digital signal processing
(DSP) and very-large-scale integration (VLSI) technologies, new generations of digital
UWA communication systems were introduced targeting a variety of applications for the

civilian market.

In the 1980’s, it was commonly believed that the time variability and the dispersive mul-
tipath propagation characteristics of the ocean would not allow the use of phase-coherent
modulation techniques such as phase-shift keying (PSK) and quadrature amplitude mod-
ulation (QAM). The prevailing design choice for modulation in acoustic modems at that
time was frequency-shift keying (FSK) [11]. It is well known that FSK suffers from band-
width inefficiency. Encoupled with the limited bandwidth availability of the underwater
channel, FSK becomes a bottleneck limiting the operation of UWA communication systems

at very low rates, which is unacceptable for many applications.

In the 1990’s, with increasing demands for higher data rates, research focus shifted
towards design of coherent acoustic modems. One approach towards this purpose was to
employ differentially-coherent detection to ease the problematic carrier recovery in UWA
channels. However, differential techniques inevitably result in performance degradation
with respect to coherent detection. In [11], Stojanovic et al. adopted “purely” phase-
coherent detection and designed a receiver built upon adaptive joint carrier synchronization
and equalization. The maximum likelihood (ML) algorithm for such a joint estimator
suffers from excessive complexity particularly for the underwater channel characterized by
long channel impulses. Therefore, as a low-complexity solution, the receiver algorithm
in [11] adopts a decision feedback equalizer (DFE) whose taps are adaptively adjusted
using a combination of a recursive least squares (RLS) algorithm and a second-order phase
locked loop (PLL). Since the seminal work of Stojanovic et al. in [11], there has been a
growing interest on phase-coherent UWA communication systems. Much research effort
has particularly focused on the design of low-complexity equalization schemes, which is a
key issue for underwater channels with large delay spreads. Particularly, sparse channel
estimation/equalization and turbo equalization have been investigated by several research

groups, e.g., see [12] and the references therein.



1.3 MIMO UWA Communications

Emerging data-heavy underwater applications impose further requirements on UWA com-
munication system design. To address such challenges, recent advances in terrestrial wire-
less RF systems have been further exploited in the context of UWA communication. One
of the research breakthroughs in the last decade is multiple-input multiple-output (MIMO)
RF communications. MIMO systems involve the deployment of multiple antennas at the
transmitter and /or receiver side and achieve significant improvements in transmission relia-
bility and throughput. Such systems exploit the spatial dimension of the wireless channel to
extract diversity advantages and/or multiplexing gains. In a spatial multiplexing scheme,
independent encoded streams of data are transmitted from multiple transmit antennas [13]
and a multiplexing gain as high as the number of transmit antennas can be obtained. Some
well-known spatial multiplexing schemes are Bell labs layered space-time (BLAST), diag-
onal layered space-time (DLST), threaded layered space-time (TLST) [14,|15], and linear
dispersion codes (LDC) [16,/17].

Space-time coding (STC) is a systematic treatment to encode signals at transmitter as
an open-loop transmit diversity scheme. Space-time coded systems can be used with mul-
tiple receivers antennas leading to a MIMO system. The primary criterion in STC design
is to maximize diversity gain, which is the slope of performance curve at high signal-to-
noise ratio (SNR). There are several classes of space-time codes. One well-known category
of STC is space-time block code (STBC). Alamouti in [18] introduced the first orthogo-
nal STBC design using two transmit antennas. Extension of STBCs to multiple transmit
antennas is presented by Tarokh et al. in [19] using the theory of orthogonal designs
based on the historical work of Randon and Hurwitz in this branch of mathematics [20].
Space-time trellis codes (STTCs) are able to provide additional coding gains [21] besides
the spatial diversity. Initial STTC designs are hand-made, but additional designs can be
found in [22-25]. Spatial modulation in MIMO systems avoids inter-channel interference
and achieves higher multiplexing gain by spatially mapping the index of each antenna to

a block of information bits |26].

MIMO UWA communication has been extensively investigated in the literature. In

[27], Song and Ritcey consider a MIMO underwater system with spatial diversity equalizer



(SDE) to increase the effective channel bandwidth and minimize the mean square error
(MSE). They apply saddle point integration method to the MIMO channel and compute
the probability of error and show that effective bandwidth of MIMO channel increases
using joint MIMO equalizers. In [28], Kilfoyle et al. deploy spatial modulation technique
to increase the reliable data rate in MIMO UWA communication system. They obtain
higher data rate and throughput compared to the temporal modulation techniques. They
observe over 5 dB space-time coding gain and near doubling of capacity. In [29], Song et al.
present some experimental results of MIMO underwater system with time reversal (TR)
communications. They consider different modulation schemes and 1 kHz bandwidth at a
range of 8.6 km in 105 m deep water. They show that two-way TR process significantly
reduces inter-symbol interference (ISI) inherent in the multipath ocean environment. They
observe that an increase in the information rate and spectral efficiency can be further

improved by higher-order constellations.

In [30], Roy et al. investigate STC for underwater systems. They use iterative decod-
ing technique at the receiver to obtain high data rates and reliable communication over
shallow-water medium-range UWA channel. Particularly, they apply STTCs and layered
space-time (LST) codes with adaptive equalizer and obtain high data rate with reliable
transmission. They have further confirmed their findings from UWA communication ex-
periments in the Pacific Ocean. In [31], Roy et al. analyze error rate performance for
MIMO UWA communication system. They propose a sparse partial response equalizer
(SPRE) matching the channel characteristics to mitigate ISI effects and maintain reliable
communication. Their proposed SPRE outperforms the conventional DFE proposed under
various conditions. In [32], Tao et al. propose a robust detection scheme for MIMO UWA
communication systems. They adopt turbo block DFE where the equalizer cancels ISI
in the time-domain and multiplexing interference in the space domain successively. They
observe that MIMO with block DFE outperforms MIMO systems with linear equalizers
and DFE. Furthermore, they confirm their finding using experimental data taken place in

the Gulf of Mexico.



1.4 Cooperative UWA Communications

Deployment of multiple antennas at transmitter and/or receiver might not be feasible in
some applications due to limitation in size, power, and hardware complexity in end-user
devices. Cooperative communications, also known as cooperative diversity or user coopera-
tion has been proposed as a powerful alternative fading-mitigation technique. Cooperative
diversity takes advantage of the broadcast nature of wireless transmission where a trans-
mitted signal can be overheard by many unintended nodes. If these unintended nodes (or
relays) are willing to share their resources with the source node, they can together create a
virtual antenna array to extract the spatial diversity in a distributed fashion. The concept
of cooperative communications can be traced back to Van der Meulen’s earlier work [33]
on relay channels. The recent surge of interest however has followed after the works of

Laneman et al. and Sendonaris et al. [34-38].

In [39], Sendonaris et al. propose a cooperative scheme for in-cell mobile users which
increase data rate and uplink capacity. This advantage in higher data rate can be sacri-
ficed to reduce power consumption per user or extend cell coverage with the expense of
extra complexity at receiver. In [34], Laneman and Wornell develop transmission proto-
cols for amplify-and-forward (AF) and decode-and-forward (DF) relaying assuming single
relay. In their cooperation scheme, transmission is carried in two phases: broadcasting
and relaying phases. In the broadcasting phase, source node (or user) broadcasts its infor-
mation to intended destination node (base station (BS) or another user) and other nodes,
i.e., relay nodes, located within transmission range of source node. In the relaying phase
of AF scheme, relay nodes amplify the received information signal and forward it to the
destination node. Hence, destination node receives two faded versions of information, i.e.,
from broadcasting and relaying phases. In the DF scheme, broadcasting phase is identical
to AF scheme; however, in the relaying phase, relay node decodes the received signal and

then transmits it to destination node.

For multi-relay deployment, Laneman et al. [35,/36] consider space-time coded and
repetition-based cooperative protocols. Repetition-based cooperative protocol provides
full spatial diversity at the price of decreasing bandwidth efficiency as the number of co-

operating nodes increases. In relaying phase, relay nodes operating under repetition-based



scheme transmit information on orthogonal subchannels. Space-time coded cooperative
protocol is an alternative methodology to attain full spatial diversity without sacrificing
bandwidth efficiency. In relaying phase, relay nodes use space-time coding among them-

selves and transmit simultaneously on the same subchannel [35].

After the works in [35-38], a large number of publications have appeared in the area of
cooperative communications investigating variety of topics such as information theoretic
bounds, cooperation protocols, distributed space-time code design, distributed source cod-
ing, optimum power allocation, cross-layer design etc. among others. Detailed surveys of

various issues in cooperative communication systems can be found in recent books [40,41].

Current literature on cooperative communication focuses on terrestrial RF systems.
There have been some recent works which apply the principles of cooperative communica-
tions in underwater applications. In [42], Vajapeyam et al. adopt TR distributed STBC in
an underwater cooperative system. They assume quasi-static Rayleigh fading for channel
taps, neglect multipath components beyond few symbols and, based on these assumptions,
numerically evaluate bit error rate (BER). Carbonelli and Mitra [43] numerically evaluate
the BER of a multi-hop cooperative system using Markov chain analysis over quasi-static
Rayleigh fading channel. On the other hand, Yerramalli and Mitra [44] consider a time-
varying channel and derive a lower bound on detection error using Hammersley Chapman

Robbins Bound (HCRB) for a cooperative multi-carrier system.

In [45], Zhang et al. have investigated a DF type protocol with spatial reuse and
periodic transmit/receive schedules for linear multi-hop UWA communication networks.
They have considered the frequency dependent signal attenuation, interhop interference,
half-duplex constraint, and large propagation delays in their analysis. They have demon-
strated an improved performance in multi-hop UWA communication networks. In [46],
Cao et al. have investigated channel capacity of relay-assisted UWA communication and
discussed time synchronization issues. They have further looked into the effects of source
to destination distance, transmit power allocation, and relay location on channel capacity
for relay-assisted UWA communication systems. They have observed a capacity increase in
relay-assisted UWA communication systems compared to the traditional direct link com-

munication.



1.5 Multi-Carrier UWA Communications

Although cooperative systems successfully exploit the spatial dimension in a distributed
manner, their practical implementation over frequency-selective channels (as encountered
in underwater channels) is challenging considering the potential high complexity of spatio-
temporal equalizers in a single-carrier architecture. A powerful alternative is multi-carrier
communication, particularly in the form of orthogonal frequency division multiplexing
(OFDM). In an OFDM system, high-rate data stream is spread over a number of orthogonal
frequency subcarriers or sub-channels. Then, data sub-streams are modulated using a

proper digital modulation scheme at a lower data rate.

The main advantage of OFDM over the conventional single-carrier communication
systems is its immunity to time-spread of signals caused by the multipath propagation
channels. These channels cause frequency-selective fading that requires complicated equal-
ization filters and techniques. However, with the OFDM technique, sub-streams of low
data rate can use a guard interval to overcome the time spreading effects caused by the

frequency-selective channel. Consequently, this will eliminate the ISI effects.

The attractive features of OFDM endorse it as a powerful technique for UWA communi-
cation; and it has been recently studied in the UWA literature. In [47], Mason et al. propose
OFDM technique to facilitate detection, synchronization and Doppler scale estimation in
UWA communication systems. They characterize the receiver operating characteristic in
terms of false alarm probability and probability of detection. They further evaluate BER
for their scheme and show that it outperforms conventional linearly-frequency-modulated
(LFM) waveforms preambles. In [48], Huang et al. propose nonbinary low-density parity-
check (LDPC) codes for multicarrier OFDM underwater communication. They evaluate
the performance in terms of block error rate of regular and irregular LDPC codes and show

that they outperform several convolutional codes.

In [49], Kang and Iltis consider several receiver structures to mitigate carrier frequency
offset (CFO) in OFDM underwater communication. They evaluate the convergence be-
havior of their iterative receivers using extrinsic information transfer (EXIT). They further
demonstrate the BER performance of OFDM receiver through numerical simulations and

experimental data. In [50], Leus and Walree propose multiband OFDM technique for un-



derwater communication at low SNR ratio for covert applications. In their multi-band
OFDM approach, the available frequency band is divided into smaller sub-bands where
each sub-band is modulated using OFDM. Their proposed receiver reduces the complexity
compared to single-band OFDM technique. They demonstrate BER performance through

numerical simulation under different underwater conditions.

1.6 Effect of Doppler Distortion in UWA Channels

Motion of transmitter and /or receivers, e.g. in AUVs, cause motion-induced Doppler effects
in UWA communication systems. Even drifting by waves, currents, and tides may induce
considerable Doppler effects that require compensating at the receiver design [9]. Let the
transmitted signal be donoted by p(t) with a duration 7" and bandwidth B. The Doppler
effect distorts the signal in two ways: a time-scale of the signal, which is called motion-
induced Doppler spreading and a frequency offset known by Doppler shift. The time-scale
of p(t) is by a factor (1 + a), where a stands for Doppler factor and is given by a = v/c.
Here, v is the velocity of the transmitter or receiver and c is the speed of sound in water.
The received signal therefore has a duration 7'/(1 4 a) and a bandwidth of B(1 + a). The

frequency offset affecting p(t) is af., where f. is the carrier frequency.

In single-carrier UWA communication systems, Doppler shift is estimated and Doppler
rate a is computed at the receiver. Then, the signal is resampled to perform delay synchro-
nization through decompressing the signal in time [9]. This technique is used adaptively to
compensate for the variations in UWA channel conditions. In multicarrier UWA systems,
with narrowband assumption, Doppler shift appears almost the same for all the subcarri-
ers. However, in wideband acoustic systems, Doppler effect causes non-uniform frequency
shifting. This occurs when the signal bandwidth is much larger than each subcarrier fre-
quency; hence, the subcarriers are attenuated by significantly various Doppler shifts. In
RF systems, the motion-induced Doppler spreading effect, i.e. time-scaling of transmit-
ted pulse, is neglected due to the relatively low Doppler factors in highly mobile systems.
However, these systems experience Doppler shift (or frequency offset) that results from
the mismatch between local oscillators, or transmitter/receiver motion. For wideband RF

communication systems, e.g. OFDM-based ultrawideband systems, subcarriers are shifted
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by different factors causing non-uniform frequency shifting.

Some authors [47,51-53] assume Doppler factor is approximately the same for all dis-
tinct paths, which is not realistic but considered as a simplification for the analysis and
receiver design. In [51], Li et al. consider zero-padded (ZP) OFDM communication over
wideband UWA channels with non-uniform Doppler shifts. They propose to compensate
for the Doppler effect through resampling first and then perform uniform compensation
for the residual Doppler. They assume in their analysis a common Doppler factor on all
propagation paths. They have also assumed that path delays, gains, and Doppler scaling
factor are constant over the OFDM symbol and guard interval duration. They have ob-
served through experimental results a good performance when transmitter and receiver are

moving at relative speeds up to 10 knots in shallow-water environment.

Mason et al. in [47] consider ZP-OFDM for data transmission and two identical OFDM
symbols and a cyclic prefix (CP) for synchronization over UWA channel. They propose a
synchronization algorithm based on a bank of self-correlators where each one is matched to
a different periodicity. They assume that all paths have a similar Doppler scaling factor and
that path gains, delays, and Doppler scaling factor are constant over preamble duration.
In testing proposed algorithm, they assume both non-dispersive and dispersive channels.
For dispersive channels, exponentially decaying channel profile is chosen that loses around
20 dB within 10 ms. Performance of their proposed algorithm is quantified by probability
of detection and false alarm. They have also evaluated BER and tested their results based

on experimental data of [51].

In [54], Huang et al. study single-input single-output (SISO) ZP-OFDM underwater
communication system. They propose a progressive iterative receiver based on the turbo
principle to mitigate intercarrier interference (ICI). Their receiver adapts to channel con-
ditions to account for the cases of same Doppler factor (ICI-ignorant) or different Doppler

factors (rates) in all paths (ICI-aware).

Yerramalli and Mitra in [55] consider SISO CP-OFDM underwater communication sys-
tem. They investigate the effect of using single resampling operation with the assumption
of single Doppler scale, when the channel paths have different Doppler scaling values. They
observe that optimal resampling parameter is close to the Doppler scale of the path with

largest signal energy. Further, they notice that when the received signal has comparable
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energy on the different paths, optimal resampling results in significant performance gain.

In [56], Wang et al. consider SISO ZP-OFDM with raised-cosine pulse shaping window
for underwater communication. They propose frequency-domain oversampling to improve
the system performance. They observe that receivers with frequency-domain oversampling
outperform conventional time-domain ones considerably. They further observe an increase

in the gain as the Doppler spread increases.

There are some works in the literature that analyze the Doppler distortion in MIMO
underwater communication systems [30,57,[58]. In [57], Carrascosa and Stojanovic study
adaptive channel estimation exploiting frequency and time correlation for MIMO under-
water systems. They also include an algorithm for non-uniform Doppler prediction and
tracking. Performance results shown are based on experimental data for several shallow-
water environments. Tu et al. in [58] consider a two-user MIMO-OFDM system where
two independent source nodes communicate with a destination node with two receiving
elements. They propose multiple resampling structure for multipath channel with path-
specific Doppler scaling. They observed performance gain over conventional detection

techniques with a moderate additional complexity.

There are only sporadic works [42,/44/59] on analyzing cooperative UWA systems where
the channel models include the non-uniform Doppler effects. In [42], Vajapeyam et al.
study cooperative communication with distributed space-time coding over UWA channel.
They consider AF relays and time-reversal STBC. Ray-based underwater channel model is
deployed as in [60,(61] and DFE is used at receiver. They considered Doppler spread effect,
i.e. time variations of the underwater channel; however, they ignore Doppler shift, time-
scaling, in their system model. Recently, Wang et al. in [59] have investigated physical-layer
network coding in a two-way relay underwater network. They consider iterative receivers
and assume that the source and destination nodes are either stationary or moving with
similar velocities. In their simulation analysis, they assume Rayleigh fading channel with
time variation caused by distinct Doppler scaling factors over the paths. They observe
through simulation and experimental results a considerable improvement in performance

with iterative decoding.
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1.7 Contributions

Building on the promising combination of OFDM and cooperative communication, this
thesis investigates the fundamental performance bounds of cooperative OFDM UWA com-
munication systems, considering the inherent unique characteristics of the UWA channel
and demonstrate the effect of several system and channel parameters on the performance.
It also discusses relay selection strategies over UWA channels in the presence of Doppler

distortion.

In Chapter [2, we present an overview of characteristics of the UWA channels includ-
ing large-scale path loss, small-scale fading and ambient noise. Within this chapter, we
also propose an approximate statistical model for the non-stationary ambient noise. The
proposed model allows mathematical tractability and is a good fit for most operating fre-

quencies in practical UWA communication systems.

In Chapter [3], we derive closed-form expressions for the outage probability of precoded
OFDM cooperative system with AF relaying over UWA channel. We assume orthogonal
cooperation protocol and consider different assumptions on the availability of colored am-
bient noise information at the receiver side. If the covariance matrix of ambient noise is
unknown to the receiver, we assume that the communication system is designed with the
ability to operate in the worst-case scenario and treat the noise as white Gaussian. On
the other hand, if noise covariance matrix is known at the receiver, the received signals
are first applied to a whitening filter to remove the effects of correlated noise. Using the
derived expressions, we investigate the effect of several system and channel parameters
such as relay location, underwater temperature, carrier frequency, and noise correlation on
the performance [62164]. In Chapter [l we return our attention on DF relaying and de-
rive closed-form expressions for the outage probability of cooperative OFDM systems over
UWA channel under the assumptions of both known and unknown covariance of ambient

noise.

In Chapter[5] we consider three cooperation protocols that vary in degrees of broadcast-
ing and collision. Under the assumption of DF relaying, we derive the maximum achievable
sum-rate expressions and common/individual outage capacity regions for these three pro-

tocols. We further demonstrate the effect of several system and environmental parameters
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on the outage capacity regions [63-65].

In Chapter [6] we investigate a multi-relay cooperative system over UWA channels with
non-uniform Doppler distortion. We propose different receiver structures and demonstrate

their performances through extensive Monte Carlo simulation results [66].
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Chapter 2

Channel Model

In this chapter, we present an overview of characteristics of the underwater acoustical
channels including large-scale path loss, small-scale fading and ambient noise. We fur-
ther propose an approximate statistical model for the non-stationary ambient noise. The
proposed model allows mathematical tractability and is a good fit for most operating fre-

quencies in practical UWA communication systems.

2.1 Large-Scale Path Loss in UWA Channels

In this section, we discuss the inherent characteristics of the UWA channel emphasizing
the main differences and similarities with the well-known RF channel models. The path
loss in an UWA channel results from spreading and absorption losses. When an acoustic
signal propagates away from its source, the wavefront occupies an increasingly larger surface
area. Therefore, with the increasing propagation distance, the wave energy per unit surface
decreases which is known as spreading loss. Absorption loss, on the other hand, results
from the signal energy being converted to heat in the water. Let s and a(f) denote the

spreading factor and absorption coefficient, respectively. The overall path 105{] in dB is

'Tf the performance estimate in a specific geographical location is required, Bellhop software can be
used assuming that one has access to some detailed information such as boundary conditions, general
bathymetry, refracting sound speed profile, grazing angle, weather conditions, source angle, receiver angle,

etc.
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given by

Ly =105 logyodsp + 10 dsplog;ga(f) (2.1)

where dgsp is the distance between the transmitter and receiver. The spreading factor
depends on the geometry of propagation and a spreading factor of 1.5 is often taken as
representative of practical spreading based on a partially bounded sphere. The absorption
coefficient a(f) is a function of frequency as well as pressure, temperature, salinity and
acidity. Moreover, viscosity of pure water, relaxation of magnesium sulphate (MgSQOy), and
relaxation of boric acid (B(OH),) mainly contribute to sound attenuation at frequencies
100 Hz-100 kHz. Several empirical formulas have been developed over the years for the
characterization of the absorption coefficient including Schulkin-Marsh [67], Thorp [68],

Mellen-Browning [69], Fisher-Simmons [70], and Francois-Garrison [71,/72]. A comparison

of different models can be found in Table 2.1l

Table 2.1: Formulas for the calculation of sound absorption coefficient.

Frequency-range Related parameters Field measurement Laboratory
locations measurements
Schulkin-Marsh 2 kHz - 25 kHz Frequency, temperature, North Atlantic Ocean Yes
(1962) salinity, and pressure
Thorp 100 Hz - 10 kHz Frequency Bahamas (500 miles between No
(1965) Bermuda and Eleuthera Island)
Mellen-Browning <10 kHz Frequency North and South Pacific Ocean No
(1976)
Fisher-Simmons 10 kHz - 400 kHz Frequency, temperature, N/A Yes
(1977) and pressure
Francois-Garrison Frequency, temperature, Arctic, Northeast Pacific Ocean,
(1982) 200 Hz - 1 MHz salinity, depth, and acidity | Atlantic Ocean, Mediterranean, Yes
Red Sea, and Gulf of Aden

Thorp’s formula is widely used in the literature mainly due to its simplicity. However,
this formula is merely a function of frequency and ignores other parameters of the acoustic
channel. The most comprehensive formula for the absorption coefficient is that of Francois-
Garrison’s (FG) [71] and applies for the frequency range of 200 Hz-1 MHz. In their initial
work [71], Francois and Garrison consider the effect of pure water and magnesium sulphate
for high-frequency region. They later extend their work in [72] to include the effect of
boric acid on sound absorption in low-frequency region, i.e. 200 Hz-10 kHz. They verify
their empirical formula with measurements from various oceans and compare further with
Schulkin-Marsh [67] and Fisher-Simmons [70] at different frequencies. They observe that

above 10 kHz their expression is in agreement with Fisher-Simmons equation more than
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Schulkin-Marsh equation with maximum difference of 20%. It has better agreement with
Schulkin-Marsh equation in below 1 kHz in warm waters. They also observe that the
proposed formula is accurate in absorption prediction over most ocean conditions and over

frequencies of interest.

Francois and Garrison formula for absorption coefficient, a(f) in dB/km, is given by
[72]

AP APy f

2 2 2
= + + A3 P: 2.2
where boric acid B(OH), contribution is quantified by
8.86
Al — T10(0.78 pH *5)’ (23)
P =1, (2.4)
S \(4—1245/(273+T)
fi =28/ 5210 . (2.5)

In the above, ¢ is the speed of sound in m/s under the water, which is approximately
c= 1412 + 3.217, + 1.195 4+ 0.0167D, (2.6)

and T, is the temperature in Celcius (°C), pH is the acidity, S is the salintiy (%), D is
the depth in meters. The contribution of magnesium sulphate MgSQO, is quantified by

S
Ay = 21.44— (1 +0.025Ty,), (2.7)
c
P,=1-137x10"*D + 6.2 x 107D, (2.8)
8.17 x 10(871990/(273+Tu))
fa= (2.9)
1+ 0.0018(S — 35)
Pure water contribution for temperature T, < 20 °C is
A3 =4.937x 107" =259 x 107°T, + 9.11 x 107772 — 1.5 x 10772, (2.10)
On the other hand, for temperatures 7, > 20 °C, the contribution is
A3 =1-383x107°D +4.9 x 107D (2.11)

In Figure [2.1] we evaluate the sound absorption coefficient for seawater and pure water
for temperatures 0, 10 and 20 °C, depth of 0 m, salinity 35 %o, and acidity of 8.0 pH
according to the FG model. We observe that the sound absorption for sea water is larger

than that in pure water. Furthermore, as we increase the temperature from 0 °C to 20 °C,
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Absorption coefficient o(f) [temperature: (°C ), Depth: 0 m, Salinity: 35 %, pH =8]
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Figure 2.1: Absorption coefficient for pure and sea water assuming different temperatures.

the sound absorption will decrease for pure water. However, for sea water, decrease will

be observed only for some frequency ranges, i.e. frequencies less than 40 kHz.

In Figure[2.2] we demonstrate the effect of practical parameters on the underwater path
loss using . The absorption coefficient is calculated using based on Francois-
Garrison model. The distance between the transmitter and receiver is set to be 2 km. In
the figure on the left, we consider UWA channel at depth of 50 m, acidity of 8 pH, salinity
of 35 %o (or 35 parts per thousand (p.p.t.)), and practical spreading factor of 1.5. We
observe that total acoustic path loss has a significant variation as we increase the carrier
frequency in the practical range, i.e. 10-60 kHz. Furthermore, we investigate the path loss
as temperature changes from -4 °C to 35 °C and observe significant variation at higher

carrier frequencies.

For the figure on the right, we investigate the total underwater path loss in dB as
function of salinity (p.p.t.) and acidity (pH). We consider a fixed carrier frequency of 15
kHz, temperature of 15 °C, depth of 50 m, practical spreading factor of 1.5, and a distance
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Path loss [dB]
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Figure 2.2: Effect of carrier frequency f. in kHz, temperature in °C, salinity in p.p.t., and

acidity in pH for a distance of 2 km.

separation of 2 km. We notice the variation in acoustic path loss as we increase the salinity
from 5%o to 42%0 and acidity from 7.67 pH to 8.3 pH. Normal salinity values could range
from 33%o0 to 37%o in various oceans and seas and there is an insignificant change in the
overall path loss. Similarly, we notice that variation in acidity is insignificant over the

range of possible values.

2.2 Small-Scale Fading in UWA Channels

The average received power is determined by the path loss, but instantaneous level of the
received power fluctuates as a result of small-scale fading effects due to multipath prop-
agation in underwater environments. In shallow water, multipath occurs due to signal
reflections from the surface, bottom, and any objects in the water. In deep water, it is
primarily due to a phenomenon known as ray bending, i.e., the tendency of acoustic waves
to travel along the axis of lowest sound speed. Regardless of its origin, multipath propaga-
tion causes multiple echoes of the transmitted signal to arrive at the receiver with different

delays overlapping each other. This leads to a frequency-selective channel model where
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distinct frequency components of the transmitted signal undergo different attenuations.
The velocity of sound in underwater is around 1500 m/s. This relatively slow speed results
in typical delay spreads of 10-100 milliseconds. These are four orders of magnitude higher
than those typically experienced in RF channels. The UWA channel also exhibits sparse
channel characteristics, therefore, the impulse response consists of a large number of zero

taps since the channel energy is mainly localized around several small ranges of delays.

The resulting UWA channel is commonly modeled as a tapped-delay line model with
tap gains modeled as stochastic processes with certain distributions and power spectral
densities. Although there is not a general consensus within the research community about
the theoretical distribution for statistical characterization of tap gains in underwater chan-
nels, the small-scale effects are often modeled as Rayleigh or Rician fading [73-77] while

some studies suggest K-distribution 78] or chi-square distribution [79].

In [74], Catipovic et al. justify the use of Rayleigh fading model based on the measure-
ments collected in Woods Hole Harbor. They measure the fading characteristic of group of
continuous wave (CW) tones using Digital Acoustic Telemetry System (DATS) over short
ranges. With the assumption of stationary time series, they observe that the fading has
an envelope following Rayleigh distribution. In [73], Chitre provides a statistical model in
medium and very shallow water in high frequency. He considers the eigenray amplitude
as Rayleigh random process with the median based on ray theory [73]. Chitre considers
15 m water depth and a transmission range up to 1 km; moreover, single path and 2-path
cases are compared with observation fading results. In 100 m range, he observes five distin-
guishable arrivals corresponding to direct, surface-reflected, and multiple surface-bottom
interaction. Proposed statistical model is further justified with experimental measurements
in [80]. In addition, Catipovic in [81], and Galvin and Coates in [82] support the choice of
Rayleigh to model small-scale effects in UWA channels.

Several researchers further consider Rician fading model for UWA channel [75-77, 83~
90]. In [83], Urick proposes Rician model to describe amplitude fluctuations for received
signals in oceans and conducts model verification by fitting experimental field data. He
validates the proposed Rician model by showing that distribution of data sample groups
obeys Rician distribution reasonably well. In [77], Jourdain uses the Rician model and

characterizes underwater channels by time-bandwidth product and fading rate. He fur-
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ther verifies the accuracy of the proposed model with experimental measurements using
Kolmogorov-Smirnov test. In [76], Geng and Zielinski model acoustic channel with distinct
eigenpath signals that are characterized by signal-to-multipath ratios with envelopes follow-
ing Rician fading model. In [84], Bjerrum-Niese et al. propose a turbulent shallow-water
channel model based on the Rician fading model. They use ® — A method to characterize
the fluctuations of the acoustic medium which can be found in [91], then use Pearson’s
skew-kurtosis chart along with numerical tests to deduce the validity of Rician distribution

model.

Considering the availability of recent experimental works supporting the validity of
Rician model and further noting that Rician model includes Rayleigh as a special case,
we will consider Rician distribution in our work to model the small-scale UWA fading
effect. Specifically, we represent a frequency-selective sparse channel by an L'"-order fi-
nite impulse response (FIR) filter as h = [h(vg) 0 ... 0 h(v;) O ... h(ULs)](TLH)xl where
v =[vg ... v; ... vg,]corresponds to location of significant channel delay taps with L > Lj.

Each channel delay tap is assumed to be a complex Gaussian random variable with inde-

2

pendent real and imaginary parts with mean s,,/v/2 and variance o2,

, m € v leading to a
Rician fading model. Let Q,, = E[|h(m)|?] = p2, + 202, denote the power of the m™ tap
where > €, =1, ¥m € v and the vector Q denotes the power delay profile (PDP). The
Rician factor for the m'™" tap is the ratio of the power in the mean component to the power
in the diffuse component and is given by k,, = u2, /202, Therefore, each channel tap can

be written as

[k (147 0,
h(m) = km+1<\/§)+ km+13:(m), meE v (2.12)

where Z(m) is a complex Gaussian random variable with zero mean and unit variance.

2.3 Ambient Noise Model

In UWA channels, there are many sources for ambient noise such as seismic events, shipping,
thermal agitation, rainfall, sound waves by marine animals among others. According to
the widely used Wenz model [92], there are four main noise sources each of which becomes

dominant in different frequency ranges. In the frequency range below 10 Hz, turbulence in
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the ocean and atmosphere is the primary noise source. In the frequency range between 10-
100 Hz, noise caused by distant ship traffic dominates and is modeled by shipping activity
factor sa, which takes values between 0 and 1 for low and high activity, respectively.
Surface agitation caused by wind-driven waves becomes the major noise source in the
frequency range of 100 Hz-100 kHz that spans the major operating frequencies in UWA
communication systems. The wind speed w is the main determining parameter for this
type of noise. At frequencies above 100 kHz, thermal noise as a result of the molecular

motion in the sea becomes the dominating factor.

Ambient noise power spectral density (PSD) for UWA channel in dB re 1uPa per Hz

is given in [92] is given by

10logyo N:(f) = 17 — 301og;, f, (2.13)
101og,y Ns(f) = 40 4 20 (sa — 0.5) + 26log,, f — 60log,,(f + 0.03), (2.14)
101log,o Ny (f) = 50 + 7.5w"/? + 201og,, f — 40log(f + 0.4), (2.15)
101og;o Nin(f) = —15 + 201og,, f (2.16)

where Ny(f), Ns(f), Nu(f), and Ny, (f) respectively denote turbulence noise PSD, shipping
noise PSD, waves noise PSD, and thermal noise PSD with f in kHz. Total ambient noise
PSD, N(f), for underwater channel is the sum of different spectral densities and expressed

N(f) = Ni(f) + No(f) + Nu(f) + Nen(f) (2.17)

In Figure[2.3] we present N(f) considering different shipping activities factors 0 < sa <
1 and various wind speeds. Although a white Gaussian noise assumption is dominantly
used in the literature (mainly for simplification purposes), it is apparent from Figure
that PSD significantly changes over the considered frequency range and exhibits a non-
white nature. Even, in the frequency range of 10-100 kHz where most current practical
UWA communication systems operate, non-white nature of the noise is obvious and should

be considered for a realistic performance analysis and system design/optimization.

For a tractable and practical noise model, we can approximate the overall noise PSD
by considering only the PSD of the waves noise. However, resulting noise PSD represents

a special class of random processes, namely, 1/ f fractal random processes, where it is char-
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Power spectral density of ambient noise [dB re 1uPa per Hz]
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Figure 2.3: PSD of ambient noise for different shipping activity factors and wind speeds.

acterized by fractional-power-law, self-similarity or fractal behavior [93,094]. An example
of such processes is 1/f noise (pink noise) which is widely used to model the noise
in many physical systems [96-98]. This type of noise has randomness between the white

uncorrelated noise and Brownian motion noise where the increments are uncorrelated [97].

We propose to approximate the non-stationary random process of underwater ambient
noise by a stationary process (see Appendix . Following a similar approach as in [95],
we assume the existence of a lowest frequency To below which the shape of the spectrum
changes such that the integral of PSD would converge . In the literature, ambient
noise in underwater channels is assumed to be stationary due to small variations of sources
of ambient noise over short period of times . Hence, we can obtain the approximate
continuous PSD of complex-valued equivalent baseband ambient noise as

N~ A (2.18)
™ (f 2+ f 0)

where f is the frequency in kHz, 02 = E [n(t)n*(¢)] is the variance of the zero-mean complex
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Power spectral density of ambient noise N(f) [dB re 1uPa per Hz]
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Figure 2.4: Exact and approximate ambient noise PSDs for various wind speeds.

Gaussian random process (depending on the wind speed) and f, is the lowest frequency
at which the shape of the spectrum changes to yield finite integral of approximate PSD.

The autocorrelation function using Wiener-Khintchine theorem is given by

Ru(7) = onexp (=2nfolr]), VreR. (2.19)

In Figure [2.4] we illustrate this approximate PSD and confirm a close match between

the approximate and exact PSDs in the region of 10-100 kHz for various wind speeds.
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Chapter 3

Outage Performance of Cooperative
Multicarrier UWA Communication

with AF Relaying

In this chapter, we investigate the outage performance of AF cooperative OFDM system
over UWA channels based on the availability of the statistics of ambient noise. We derive
closed-form expressions for the outage probability and outage capacity of the cooperative
OFDM UWA system. Through numerical results, we demonstrate a close match between
derived expressions and the exact outage performance. We observe that AF cooperative
UWA system brings improvements and outperforms the direct transmission at high SNR
values. Moreover, we study the effect of relay location, operating frequency, availability of

ambient noise statistics, and underwater temperature on the outage performance.

3.1 System Model

We consider a cooperative precoded OFDM communication system in a single-relay sce-
nario. Figure illustrates this three-node model where S, D, and R respectively denote

source, destination and relay nodes.

Following the discussions in Section [2.2] we adopt an aggregate channel model that takes

into account both large-scale path loss and small-scale fading effects. We assume frequency-
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First Phase (Broadcasting)
—————— Second Phase (Relaying)

dsp
Figure 3.1: Three-node underwater system model.

selective sparse channels for source-to-destination (S — D), source-to-relay (S — R), and
relay-to-destination (R — D) underwater links with intra-distances given by dsp, dsr,
and drp. These channels are modeled by FIR filters with orders of f/SD, fzsm and ERD
respectively. Let hap = [hap(v8g) 0... ha(vig) "'hAB(vigB)]€LA3+1)x1' Further define
vap = [185 vip - vx3?] which denotes the locations of non-zero channel delay taps.
Each non-zero channel delay tap is modeled by a complex Gaussian random variable
for a channel link A — B with independent real and imaginary parts having pap.,/v/2 and
atin, Vn € {0,1,..., Lap} as mean and variance, respectively. The power of the (n 4 1)
non-zero channel delay tap is denoted by Qap, = E [|has(vip)|’] = piip, + 20ip,, Where
Yo Qasn=1,Vn € {0,1,..., Lag} and the PDP for channel link A — B is 2ap. The
ratio of the power in direct line-of-sight component to the power in scattered component
is called the Rician factor and kapn = g, / 203p., represents the (n + 1) non-zero tap

Rician factor. Hence, each non-zero channel delay tap is given by

[QaBnkan (147 [ QaBn ~
h rp) = ’ ’ _— 1,....L 1
AB(VaAp) Fapn + 1 ( /2 ) + Famm + 1 was(n), ne€{0,1,...,Lag} (3.1)

where wap(n) is modeled by a zero mean and unit variance complex Gaussian random

variable. Due to sparseness of typical underwater channels, we have Lsp > Lgp, Lsg >

LSR; and .ZRD > LRD~

We further define the geometrical gains for our cooperative underwater system using
the law of cosines as a function of S — D link distance dsp (in km), the ratio 8 = drp/dsr

(in dB), and the angle # (in radians) formed by S — R and R — D links. These geometrical
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gains are given by

Gsp(f) = dgpa(f)~ >, (3.2)
Gsr(f) = ((1+ 8> — 2Bcos6)/d%p) " alf)~on, (3.3)
Gro(f) = ((1+ 872 — 267" cos ) /d3y) a(f) 7 (3.4)

where ap = dSD/\/1+62 — 2B cosf and ap = dSD/\/1+6_2 — 208"t cosé.

Our cooperative system builds upon the orthogonal cooperation protocol of [100] with
AF relaying. The nodes operate in half-duplex mode due to the large difference between
transmitted and received signal levels. In the first phase (i.e., broadcasting phase) of this
cooperation protocol, the source broadcasts to the destination and the relay nodes. In
the second phase (i.e., relaying phase), the relay node forwards the received signal to the
destination. The destination node uses the received signals over two phases to make the

decision on the transmitted signal.

The main processing steps in our system can be summarized as follows: At the source
node (see Figure , the input signal vector x is first applied to a linear constellation
precoder ® satisfying Tr{®®"} =N where N denotes the number of subcarriers. The
resulting OFDM symbol ®x is applied to a serial-to-parallel converter followed by an
inverse fast Fourier transform (IFFT) block. The parallel stream is converted back into a
serial stream and CP of length L. = max (fzsm ESR, [~/RD> is added to prevent interblock

interference.

During the broadcasting phase, the source node transmits this signal which is received
by the destination node D and relay R in the presence of fading and noise. At the relay
node, it performs an appropriate power scaling on the received signal and forwards it to
the destination node. The destination node (see Figure makes the decision using the
received OFDM blocks over broadcasting and relaying phases. After CP removal and fast
Fourier transform (FFT) processing, the resulting signals are applied to a whitening filter
(to remove the effects of correlated ambient noise) under the assumptions of the availability

of noise covariance at the receiver side and finally applied to a maximum likelihood detector.

At the relay node, the received OFDM symbol corrupted by small-scale fading and
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Figure 3.2: OFDM block diagram at source node.
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Figure 3.3: OFDM block diagram at destination node in AF relaying.

ambient noise (after CP removal) is given by

rr = /Gsr(f)EsHspF” ®x + ng

where Hap is an N x N circulant channel matrix for link with entries Hag(m,n)
hag((m —n) mod N), Vm,n € {1,..., N}, F is the FFT matrix with entries F(m,n)

(1/vV/N) exp(—j2n(m — 1)(n — 1)/N),

E; is the average energy per symbol, and ng

(3.5)

18

complex additive non-white Gaussian noise at relay with zero mean and covariance matrix
Ng ,VZ S
{0,1,..., N — 1}. The destination node makes the decision using the received OFDM blocks

NoX,,. Here, ¥, is the normalized noise covariance matrix and Elng (i) ng(i)] =

over broadcasting and relaying phases. After CP removal and FF'T processing, these signals

can be written as

= /Gsp(f)EDsp®Px + ny,

ar \/GSR< )G (f) E2
D,2 GSR( )ES —+ Ng

28
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Gro(f)E,

Gsr(f)Es + No

DRDnR + 11D))

(3.6)

(3.7)



where D,p is a diagonal matrix defined as Dag = FHapF whose diagonal elements
correspond to the frequency response of a FIR channel evaluated at FFT grid points for
A — B link, n; and ny are complex additive non-white Gaussian noise random vectors
at the destination with zero mean and covariance matrix F(NoX,)F#. The structure of
receiver depends on the availability of covariance matrix knowledge. In the following, we

present the possible two cases.

3.2 QOutage Analysis with Unknown Noise Covariance

If the covariance matrix of ambient noise is unknown to the receiver, we need to design the
communication system with the ability to operate in the worst-case scenario. As discussed
in [101], the diagonal covariance matrix of white noise is a special case of the generic set
of noise covariance matrices and white noise can be considered as the worst-case scenario.
Under this worst-case assumption, the noise terms ng, n;, and n, in (3.5), (3.6), and
are treated as white Gaussian with zero mean and NyIy covariance matrix. After proper
normalization of the received signal in , received signals in and can be

written in compact matrix notation as

o VGsp(f)EDsp® n;

A | T X+ | (3.8)
T vV Gsr(f)Gro(f)E2A*DrpDsp ® ny
riF I_iAlrF nAF

where A = E,Grp(f)Trp + (Gsr(f)Es + No) Iy, Tap = FH, gHILF for the channel
link A — B, and the subscript u is used to denote the assumption of unknown noise

covariance. The signal r2F is then fed to an ML detector.

The outage probability under average power constraint at a rate R is the probability
that the instantaneous mutual information is less than R |102]. Therefore, the outage

probability for the cooperative system under consideration can be expressed as

Py =Pr{I (vi7;x[HAF) < R} (3.9)

out,u

A

AF and x conditioned on HAY.

where I (ri¥;x|HAF) is the mutual information between r
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The exact outage capacity for the cooperative underwater system is

Cout(7) = sup {R - Pr [I (rﬁF;x|H§F) < R} < PAF (3.10)

out,u

where v = E;/Ny and sup{.} is the supremum over all achievable rates R. The instanta-

neous mutual information conditioned on HAF in (3.8)) can be expressed as

L - H
I (rﬁF ; X|HSF) = mlog2 det <12N + Ny THAF (HSF) )
_ 1
T 2(N+L)
xlog, det 7 Gsp(f)Tsp + In VG (f)Dgp DI DI A2
2 ~
YG(f)A?DrpDsrDE,  v2Gsp(f)Gsr(f)Gro(f)A TsgTrp + Iy

(3.11)

where G(f) = /E,Gsp(/)Gsn(f)Gro(f), A = 7 Gro(f) Trp + (v Gsa(f) + 1) Ly, and
the pre-log scaling by half accounts for the spectral loss due to half-duplex mode. After

some mathematical manipulations, (3.11)) can be expressed as

I (rﬁF;X ’HSF) —m
P '72GSR(f)GRD(f)FSR(k)PRD(k)
< 2 g, (1) + Tt D)

(3.12)

Eq. (3.12) can be upper bounded using Jensen’s inequality to obtain

B N 1= Y*Gsr(f)Gro(f)Tsr(k)Trp (k)
LT ET AR R P G Tl + et S e e
T N -— ,
P T

(3.13)

where I'sg(k) denotes the I'sp(k) diagonal element of the diagonal matrix I'yg for A — B

link. Using Taylor’s expansion of Iy = f(7;) around ur, = E[T}], we have
> fn)
Iy = f(T)) = Z %(Tz — )" (3.14)
n=0 )

where f™(urg,) is the n'® derivative of the function f evaluated at ur,. Based on cen-

tral limit theorem, Iy in (3.13]) is approximately Gaussian distributed and we obtain the
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cumulative distribution function (CDF) as
— EJ
B (2) ~1— 0 2 =E) (3.15)
var(ly)
where Q(.) is the Gaussian Q-function, and var(.) is the statistical variance. Due to the
upper bound deployed in (3.13)) on mutual information, this expression results in a lower

bound on outage probability; hence we have

PAY > Fr (R)

out,u =—

=1-Q (R_—E[IU]) . (3.16)

var(Iy)

The upper bound on the outage capacity can be further expressed as
COUt(fY) < E[[U} + V Var([U)Qil (1 - Pcﬁliu) ) P(ﬁllt?,u € [07 1] . (317>

Using the second-order approximation of Taylor’s expansion of I;;, the mean and variance

of Iy in (3.16) and (3.17) can be found as

T,0%log,e
E[Iy) = E[f(T1)] = Tylog, (1 + ) — ———=

ST (3.18)

o2 ol
var(Iy) = var(f(T})) ~ sz(long)2 a +Z )2 — n +T;L )4 (3.19)
T T

where pi7, and o7, in (3.18)) are calculated and presented in Appendix .

3.3 Outage Analysis with Known Noise Covariance

Under the assumption that noise covariance matrix is known at the receiver, the received
signals in (3.6) and (3.7) are first applied to a whitening filter to remove the effects of

correlated noise. The whitened signals can be written in a compact matrix form as [64]

~ —1/2 ~

T | _ Gsp(/)Es(W1) " Dsp® et | ™ (3.20)

TAF o Gsr(f)Grp (f)E? (W )_1/2D Don® a ’
D2 Gsr(f)Es+No 2 RDLSR 2

I'QF I_;kArF HQF

where the subscript k is used to denote the assumption of known noise covariance. The
signal T2t is then fed to an ML detector. In (3.20), W is defined by W; = UA, U

with A; and U, respectively, denoting the diagonal matrix of the eigenvalues and cor-
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responding eigenvectors for FX,F7. Similarly, we have Wy = VA, VH where A, and
V are, respectively, the diagonal matrix of the eigenvalues and corresponding eigenvec-
tors for (Grp(f)Es/(Gsr(f)Es + No)) DrpFX, FIDI, + FX,F7. 1) and 1, are complex
Gaussian noise random vectors with zero mean and Nyly covariance matrix. Finally, the

whitened signals are fed to a ML detector.
The outage probability for the system under consideration is given by
Phe =Pr{I (rp";x[HY") < R} (3.21)

where I (r™; x|HLF) is the instantaneous mutual information conditioned on HEF. It is

given by
I (rk 7X|HAF) — mlOgQ det (IQN + K) (322)
where K is 2N x 2N partitioned matrix with four N x N block matrices, i.e.
K;; K
K — 11 12 . (323)
Ko Ko

In (3.23)), K1, Kia, Ko1, and Ky are defined as [64]

K1, = v Gsp(f)UA;*UH T, UAT U, (3.24)
K,y 7\/VGSDEYC;SR( ()f)GlRD( )UAl_l/QUHDSDDgRDgDVAQ_l/QVH, (3.25)
Ko = 7\/ 'VGSDEY (;iS(R<)f JCrolf) A 12y Dy D DI UAL UM, (3.26)
Koy = 7252:5{@??? JVA; VTG T VA, V2V (3.27)

A closed form solution for (3.21)) is very difficult, if not infeasible. Therefore, one needs to
resort to Monte Carlo simulations to numerically compute (3.21]).

3.4 Multi-Hop Performance Analysis

In a similar manner we can obtain the outage probability for the multi-hop underwater

communication system. We consider M-hop underwater communication system with M —

th

1 relays and denote sparse frequency-selective circulant channel matrix between " and
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(i + 1)'™ relays by with order of the FIR filter for the channel L;,;. With the application
of precoded OFDM, the outage probability for M-hop UWA communication with the
assumption of unknown noise covariance matrix is
MH 1 A1 Eed
PR =pr {mlogQ det (IN +79Gu(f) ATy ;[1 G f)\IlmI‘m> < R}
(3.28)

where L = max (Ly, ..., Ly), Gi(f) = d; sa( f )_Ei is frequency-dependant geometrical gain

of distance d; in km for #*" channel, T'; = FH;HYF¥ and

M—-1M-1

A= Z H Gk+1(f)\I'kI‘k+1 + Iy, (329)
m=1 k=m

U, = E,(E,G;(f)T; + NoIy) ™', for all i€ {1,..., M}. (3.30)

Here, the outage probability for multi-hop UWA systems in (3.28) with the assumption
of complex additive white Gaussian noise, and we have extended it to the proposed non-
white (correlated) noise model in Section [2.3| with the assumption of known noise covariance

matrix.

The whitened received signal at the destination node is

M-1
o = /E,Gu(/)Wy, D [] VGul(F) 2D, @ x + 0™ (3.31)
m=1

where D; = FH,FZ Vi € {1,..., M}, nM is complex Gaussian noise random vectors with
zero mean and Noly covariance matrix, and W), is defined by Wy = UMAMUﬁ where
Ay and Uy are, respectively, the diagonal matrix of the eigenvalues and corresponding
eigenvectors for

M-1 /M-1 M-1
H
> ( 11 Gk1+1<f>wi{2Dklﬂ> F3,F" ( [1 VGunw) DH) +F3, .

m=1 \kij=m ko=m

The outage probability for the system under consideration with the assumption of

known noise covariance matrix is given by
Pé\ﬁgk :PI' {I (rllz/IH7X|H177HM) S R} (332)

where [ (I‘ﬂ/IH;X| H,,... ,HM) is the instantaneous mutual information conditioned on
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H,,...,H,, is given by
1

MH., _
I(rM:xH,,... . H,) = WD)

M-1

xlog, det (IN+7GM(f)UMA;41/2UﬁDM( Gm(f)\pmrm)DﬁUMAg/QUﬁ) (3.33)

m=1

3.5 Numerical Results and Discussions

In this section, we present numerical results on the outage performance of multicarrier
UWA OFDM systems based on the derived expressions. We consider a carrier frequency of
15 kHz, N = 256 subcarriers, and a transmission distance of dsp = 3 km. We assume that
the relay node is located on the straight line connecting the source and the destination
node, i.e., # = m. For environmental parameters, we assume temperature of 15 °C, depth
of 50 m, acidity of 8 pH, salinity of 35%o and spreading factor of 1.5. In our system,
we have UWA channels with multipath spread (7,,) of 13 ms, system bandwidth of 4
kHz which corresponds, nominally, to symbol duration, 7', of 0.25 ms. Number of ISI
taps L = T,,/T = 52. We assume that all underlying UWA links have the same channel
order and the same number of significant channel taps, i.e., Lsp = Lsp = Lrp = 52 and
Lsp = Lsg = Lgrp = 3. The location vectors for significant taps are given by vgp =
Vsk = VRp = | 0 21 34 52 | with the corresponding PDP of @ = [Qy Q; Qs Q3] =
[0.25 0.5 0.15 0.1]. The spectral efficiency is 1 bps/Hz, and Rician k-factor for significant
taps is 2 [103]. For the calculation of , we select f, = 0.04 kHz resulting f,7 = 0.01.

In Figures and [3.5] we present the outage capacity and the outage probability
of cooperative OFDM UWA system with AF relaying under the assumption that noise

covariance is not known at the receiver. We assume that relay is located in the middle.

In Figure , we compare the exact outage capacity in and the derived expression
given by assuming a fixed outage probability of 10%. The exact expression is numer-
ically computed through the generation of fading coefficients via Monte Carlo simulation
methods. We observe that the derived expression based on the Gaussian approximation
along with the truncation of Taylor expansion to second-order moments results in a close

match to the exact one. For benchmarking purposes, we further include the outage capac-
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Figure 3.4: Outage capacity for cooperative OFDM UWA system with AF relaying where

noise covariance is unknown at the receiver. A fixed outage probability of 10% is assumed.

ity of direct transmission. It is observed that there exists a threshold SNR at around 17
dB, where the direct transmission prevails over the cooperation at the high SNR regime.
This is due to rate loss in half-duplex AF cooperation and the significance of degrees of
freedom at high SNR. Specifically, at outage capacity of 1.5 bps/Hz, the SNR requirement

in direct transmission is less by 1 dB than the cooperative case.

In Figure , we compare the exact outage probability in (3.9) and the derived analyt-
ical expression given by (3.16). Similar to Figure , we observe a close match between
exact and derived ones. It is noted from Figure that the cooperative system brings

improvements over the direct transmission.
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Figure 3.5: Outage probability for cooperative OFDM UWA system with AF relaying

where noise covariance is unknown at the receiver.

Specifically, at an outage probability of 1073, the cooperation brings in an SNR improve-
ment of around 2 dB compared to the direct transmission. Our results clearly demonstrate
the superiority of cooperative system within the practical SNR range and we observe that
cooperative system outperforms the direct transmission for SNR values larger than 16.5
dB. This is as a result of the extra spatial diversity that cooperative OFDM system is able
to extract. At high SNR, diversity orders of (Lsp + 1) + min (Lsg + 1, Lgp + 1) = 8 and

Lsp + 1 = 4 are respectively achieved for cooperative and direct transmissions.

In Figure [3.6| and Figure [3.7], we analyze the impact of relay location and operating
carrier frequency on the outage probability for AF cooperative underwater system assuming

noise covariance is unknown at the receiver.
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Figure 3.6: Effect of relay location on the outage probability of AF cooperative OFDM

UWA system where noise covariance is unknown at the receiver.

Particularly, in Figure |3.6, we consider relay locations g = 0, -10, and 10 dB. We
observe that the case of 3 = 0 dB in the cooperative system outperforms the other relay
locations. We further notice that moving the relay closer to the destination reduces the
outage probability compared to the relay placed near the source node. The worst perfor-
mance occurs at f = 10 dB, i.e., when the relay is closer to the source. This is due to the
deployed orthogonal cooperation protocol [36] in which the performance degrades when
the relay is placed near to the source node. The SNR requirement to maintain an outage
probability PAF = 1073 for the relay placed in the middle is 0.64 dB and 1.75 dB less

out,u

than the scenarios with § = —10 dB and § = 10 dB respectively.
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Figure 3.7: Effect of operating carrier frequency (f.) on the outage performance of AF

cooperative OFDM UWA system where noise covariance is unknown at the receiver.

In Figure 3.7] three operating carrier frequencies are considered: 15, 20, and 25 kHz. It
is assumed that the relay is placed in the middle. At an outage probability PoAultj,u =1073,
the SNR requirement for 15-kHz AF system is 2.55 dB and 5.9 dB less than the amount
required for 20-kHz and 25-kHz systems respectively. This increase in SNR requirement
is due to the dependency of absorption coefficient in underwater path loss on operating

carrier frequency.
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Figure 3.8: Effect of noise covariance information on the outage probability of cooperative

OFDM UWA system with AF relaying.

In Figure 3.8, we present the outage probability of cooperative OFDM UWA system
with AF relaying under the assumption that noise covariance is known at the receiver. As
a benchmark, the performance under unknown noise covariance and direct transmission
are further included. We observe that the knowledge of noise covariance at the receiver
will substantially improve the outage performance of the system. Specifically, we observe
at an outage probability of 1073 the SNR requirement for the AF system under known
covariance assumption is less by 10.2 dB than the unknown case. Similarly, for the direct
transmission and at a target outage probability of 1072, the SNR requirement for direct

transmission under known covariance is less by 11 dB than unknown case.

39



0 2 4 6 8 10 12 14 16 18
E,/N, [dB]

Figure 3.9: Effect of low, moderate and high underwater temperatures on outage proba-

bility at depth of 50 m where noise covariance is known at the receiver.

In Figure |3.9] we present the outage probability for cooperative OFDM system for
various temperature conditions assuming that noise covariance is known at the receiver.
Specifically, we consider three underwater temperatures, -2 °C, 15 °C, and 30 °C at depth
of 50 m. We observe that for a targeted outage probability of 1073, the additional SNR
required for a system in low underwater temperature of -2 °C is, respectively, 1.2 dB and
3.6 dB more than that required for systems in moderate and high underwater temperatures
of 15 °C and 30 °C respectively. This is as a result of the dependent nature of underwater

path loss on temperature.
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Figure 3.10: Outage probability for cooperative OFDM UWA communication system with
AF relaying.

In Figure [3.10] we have investigated the outage performance of dual-hop OFDM UWA
communication system in which there is no direct transmission between the source and the
destination. As observed from Figure [3.10, we observe a loss in performance compared to
the direct transmission although the average SNR per hop has increased. This is due to
the decrease in spectral efficiency and the additional channel uses in half-duplex mode. In
general, the reduction in spectral efficiency is observed by a scaling pre-log factor of the

number of relays.
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Chapter 4

Outage Performance of Cooperative
Multicarrier UWA Communication

with DF Relaying

In this chapter, we investigate the outage performance of DF cooperation over UWA chan-
nels. Specifically, we derive closed-form expressions for the outage probability under the
assumptions of both unknown and known covariance of ambient noise. We analyze the
effect of several system and environmental parameters on the outage probability. Further-
more, based on the derived expression, we determine the optimal relay location to minimize

the outage probability.

4.1 System Model

In this section, we consider the same three-node model in Figure[3.1] Unlike the assumption
of AF relaying in Chapter , we assume that the relay works in selective DF mode [104].
That is; if the relay successfully decodes the received signal, it re-encodes and transmits
the signal to the destination node in the relaying phase. Otherwise, it remains idle. We
adopt the aggregate channel model that takes into account large-scale path loss, small-scale
fading effects, geometrical gains, and additive ambient noise model discussed in Chapter

Bl
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The source signal is first applied to a unitary linear constellation precoder ® satisfying
Tr{®®”} =N where N denotes the number of subcarriers. The resulting OFDM symbol
is applied to a serial-to-parallel converter followed by the IFFT block. The parallel stream
is converted back into a serial stream and a cyclic prefix is added to prevent interblock
interference and ensure equal time duration in both phases. During the relaying phase,
the received OFDM signal at the destination node after removing CP and applying FFT

is given by

D% = v Gro(f) EsDrp® x + ns. (4.1)

The received signal in the broadcasting phase is obviously the same as r%ﬂ in 1)

4.2 Outage Analysis with Unknown Noise Covariance

As in Section [3.2] we assume the covariance matrix of ambient noise is unknown to the
receiver. Under this assumption, the noise terms n;, ng, and n, are treated white Gaussian
with zero mean and Nyl covariance matrix. Received signals can be written in compact

matrix notation as

g5 vV Gsp(f)EsDsp® n;

= X + (4.2)
I‘Bg \/ GRD(f)EsDRD(I’ 11D))
rDF I_;ErF nDF

where the subscript u is used to denote the assumption of unknown noise covariance. The
signal rPY is then fed to an ML detector. The outage probability under the assumption of

unknown noise covariance is given by

PRt =Pr (I (r)";x|HY") < R|I (rg;x|Hgr) > R) Pr (I (rr;x|Hsg) > R)

out,u
+Pr (I (rpf;xHsp) < R/ (rp;x|Hgr) < R) (1 — Pr (I (rg;x[Hsg) > R))  (4.3)

where [ (rBFl; X ]HSD) is the instantaneous mutual information between rBY and x condi-

tioned on Hgp, I (rg;x|Hgr) is the instantaneous mutual information between rg (after

CP removal and FFT) and x conditioned on Hgg, and I (r}¥;x ‘HEF) is the instantaneous

D

uF and x conditioned on HEF. Let Ip, Ir, and I¢ respec-

mutual information between r

tively denote [ (I‘BE;X |HSD), I (rg;x|Hgr), and I (I‘EF;X !HEF) They are respectively
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given by

1
Io = 5y 1y det (I + Gsn(f)7Tso) (44)
1
In = gy rylo8e det (I + Gsn(FTsn) (45)
B 1 —17qDF (pyDF\H
Io = 5oyt e (Im + Ny 'HDP (HPF) ) (4.6)
where I can be further expressed as
. log, det Gsp(f)YTsp + Iy v/ Gsp(f)Gro(f)Dsp D
C= 57 71108,
2(N+ L) v/ Gsp(f)Gro(f)DrpDéh Gro (/)7 Tro + In
(4.7)

After some mathematical manipulations, (4.7)) is given by

Ic = SN IO (N1+ ) kZ:—O log, (1 +~vGsp(f)T'sp(k) + vGrp(f)T'rp(k)) . (4.8)

The exact outage capacity is given by

Cous(7) =sup{R : Pr(Ic < R|Ix > R) Pr(Ig > R)
+ Pr(Ip < R|Ig < R) (1 — Pr(Ig > R)) < P2F (4.9)

out .

Eqgs. (4.4)-(4.6) can be upper bounded using Jensen’s inequality to obtain

N 1«

Ipy = mlogz (1 t5 kZ:O Gsn(f)’yl“sD(k)> : (4.10)
N 1 N—-1

Igy = mlogg (1 Y % GSR(f)’VI‘SR(k>> : (4.11)

N

|
—

[7GSD(f)FSD<k) + VGRD(f)FRD(k)]) . (4.12)

==

Icvu = N 1 1+
=——lo
c,u 5(N + Ly) 82

Due to the upper bound deployed in (4.10))-(4.12)) on mutual information, these expressions
result in a lower bound on CDFs, ie., F1 (R) = Pr (I, < R), F1,(R) = Pr (I < R), and
Fi.(R) = Pr (I < R). The exact outage probability in (4.3) can be lower bounded by

k=0

PcEllt:‘,u > FIC,U<R) (1 - FIR,U (R)) + F]D,U (R)F]R,U<R)' (413)

The CDF's of Ipy and Igy have a similar form and are derived in Appendix [C.2] The
CDF of I¢y is derived in Appendix [C.3] Replacing the results from Appendices and
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in (4.13), we have the outage probability as

z]
DF e Z1g SDTIRD Y
out,u = (24, )*SDTERD TN (L + Lrp+3)
Ki—1 ~
« tz k1l (Lsp+Lrp+2) ( (Lsp+Lrp+3)z1
o (Lsp+Lrp+3),, ~ k1 2nop1

_ (Ggr(f)v+)zy
(Gsr(f)y)~EsrHD e 2mGsr(DY foD+LSR+LRD+3

(2u1)"SDTESRTERD 9T (L 4+ Lrp+3)T(Lsr+2)

Ki—1 Ki—1 ~
> tz tz k1!k2!mklcl,k2 L(LSD+LRD+2) (Lsp+Lrp+3)z1 L(LSR+1) (Lsr+2)z1
2o 2o (Lsp+Lrp+3);, (Lsr+2),, k1 24041 k2 2u0p1 Gsr ()Y
1= 2=

(Gsr(N+Gsp ()1
y~(Lsp+Lsr+2)e” 201GsR(NGsD ()7 mlLSD TLsr+2

t (2p1) ESRHESD (G () PSRT (Gsp (f)) "D (Lsp +2)I(Lsp+2)

Ki—1 Ki—1
» tz ¢ kalkaley kyc2,, L(LSD+1) (Lsp+2)z1 L(LSR+1) (Lsr+2)z1
W0 1o L st (Lsrt2)y, ks 2p0pmGsp(f)y ) “ka 2p0m1 Gsr(f)y
3= 4=

(4.14)

— 92(N+Lo)R/N

where x4 — 1, po, 11 > 0, (.) is the rising factorial power (Pochhammer

) is the k"™ generalized Leguerre

symbol), I'(.) is the complete Gamma function, and L,(f
polynomial (defined in Appendix [C.2]). my, is obtained by the recurrence relations in Ap-
pendix , and ¢y, takes the form of my in the recurrence relations in Appendix
with replacing Lxy, Qxv.; kxv.i 0xy.ilxy.s bY Lsr, Qsryi, ksr.i» 08r, and fidg ;, respec-
tively. Similarly, cx, takes the form of my in the recurrence relations in Appendix

with replacing Lxy, Qxv.i, kxv,i» 0%y .ir Mxy.i PY Lsp, Qspi, ks, 08p  #3p,» respectively.
Under high SNR assumption, the lower bound in (4.14]), is simplified to

lim PPF > chof}ﬁ(LSDJrLRDwL?) (1 _ Gc’nﬁ(LSRJrl)) + G671G6727*(LSD+LSR+2) (4.15)

=300 out,u
where G, G.1, and G2 are respectively given by

(22(N+LC)R/N _ 1)LSD+LRD+2

c,0 —
(21) PR (Lo + Lip + 3)
% Ki_:l kllfﬁkl LSD + LRD + 2 + kl (4 16)
= (Lsp + Lrp +3),, k, ’ '
o, (O 1) ()R e, (Bmrrbm)
el = —_— , .
(2012) "™ *T (Lsg + 2) sy (Lsr +2),, ko
Gy — (( ) /Gsp(f)) Z 3lco ks SD 3 (4.18)

’ (2011)"" T (Lgp + 2) = (Lsp +2);, ks
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Detailed lower bound derivation of (4.175) is given in Appendix [C.5] As the relay node
moves closer to the source, i.e. > 1, then G.; — 0 and the expression in (4.15]) simplifies
to GC707_(LSD+LRD+2). Furthermore, as the relay node moves towards the destination, i.e.

B < 1, then G,y — 0 and the expression in (4.15) simplifies to GGy~ LspFLsr+2),

4.3 Outage Analysis with Known Noise Covariance

Under the assumption that noise covariance matrix is known at the receiver in DF relaying,
the received signals are first applied to a whitening filter. The output of the whitening
filter is given by

D, _ Gsp(f)Es(W,) "’ Dgp® .t n; (4.19)
fBFz GRD(f)Es(Wl)il/QDRD(I) n,
roF H:IEF nDF

where the subscript k denotes the assumption of known noise covariance. The signal at

destination node is then fed to a ML detector.

The outage probability under the assumption of known noise covariance is given by
Pot =Pr (I (r";x|HYY) < R|I (rg;x|Hggr) > R) Pr (I (rg;x|[Hgg) > R)
+Pr (I (tpfy;x[Hsp) < R|I (rg;x|[Hgsg) < R) (1 — Pr (I (rp; x|Hsg) > R))
(4.20)
where [ (FBE; X ]HSD) is the instantaneous mutual information between FBE and x condi-
tioned on Hgp, I (rr; x|Hgg) is the instantaneous mutual information between rg (after CP
removal and FFT) and x conditioned on Hgg, and 1 (rk 1X ’HDF) is the instantaneous mu-

tual information between r* and x conditioned on HP¥. I (¥pf;x|Hgp), I (rg; x|[Hgr),

and [ (rk 1 X ’HDF) are respectively given by

1 _
T(Bhix Fsn) =53 {1ogy det (T + Gen (/)7 (FE,F") "Tep) |, (421)
1 _
I (I‘R; X|HSR) :m {10g2 det (IN + GSR(f>’)/(FEnFH) 1FSR) } y (422)
C,y C
I (I'EF, X |HEF) :mlogg det IQN -+ Cll C12 (423)
¢ 21 22
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where

Ci1 = Gsp(f)YUA; PUHT g UAT PUH, (4.24)
C1z = v/Gsp(f)Gro (F)7UA; * U Dgp DE UAT U, (4.25)
Ca1 = /Gsp(f)Gro (f)yUA; U Drp DA UA;V2UY (4.26)
Cas = Gro(f)yUA;*U T Rp UA; V2U. (4.27)

As in Section , one needs to use Monte Carlo simulations to numerically compute (4.22]).

4.4 Numerical Results

In this section, we present numerical results on the outage performance of multicarrier
DF cooperative UWA OFDM systems based on the derived expressions. We consider the

system and environmental parameters of Section [3.5]

In Figure [4.1] we demonstrate the outage performance for a cooperative OFDM UWA

out

—A— DF, Exact,p = -10 dB ‘
— A - DF, Analytical,p=-10dB | .
1074| —¢— DF, Exact,} =10 dB

— % — DF, Analytical,} = 10 dB
DF, Exact,f =0 dB

— = = DF, Analytical, =0 dB

10 12 14 16 18 20
E,/N, [dB]

Figure 4.1: Outage probability for DF cooperative OFDM UWA system where noise co-

variance is unknown at the receiver.
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system with DF relaying assuming unknown noise covariance at receiver. We consider three
scenarios based on the relay location: g = —10, 0, and 10 dB. We compare the exact outage
probability in and the derived lower bound in (4.14]) where the truncation is up to 5
terms (i.e., K; = 5) and po = 1.5, 1 = 0.3. We observe a close match between the exact
expression and the derived bound. Specifically, at an outage probability of 1072, the SNR
gap between derived lower bounds and exact outage probability is 0.9-1.3 dB for various
relay locations. It is worth noting that the effect of relay location on the performance of
DF relaying is different compared to the AF case. For f = —10 dB, i.e. the relay is closer
to destination node in DF cooperation, the performance degrades compared to other relay
locations. This is a result of high probability of unsuccessful decoding at the relay node

due to the deterioration in quality in S — R channel link.

In analyzing the effect of carrier frequency, three operating carrier frequencies are con-
sidered: 15, 20, and 25 kHz. It is assumed that the relay is placed in the middle. We
have similar observations for DF relaying to Figure|3.7. The SNR requirement to maintain
an outage probability P1Y = 1072 for 15-kHz system is 1.75 dB and 3.65 dB less than
the amount required for 20-kHz and 25-kHz systems respectively. This increase in SNR

requirement is due to the dependency of absorption coefficient in underwater path loss on

operating carrier frequency.

In Figure 4.2 we assume that noise covariance is known at the receiver and present the
outage probability for cooperative OFDM UWA system with DF relaying. From Figure
[4.2] we observe similar relay location effect on outage performance to the unknown noise
covariance case in Figure ; however, the SNR requirements (gains) for different relay
locations are not the same. Specifically, we observe that at an outage probability of 1073,
the SNR gain of § = 0 dB compared to § = 10 dB increases from 0.9 dB (see Figure
to 3.49 dB under known noise covariance assumption. However, the SNR gain of § = 10
dB compared to § = —10 dB decreases from 2.78 dB in Figure to 1.19 dB in correlated

ambient noise.
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o DF, known cov., = 0 dB
| —©— DF, known cov., = -10 dB
—— DF, known cov.,; = 10 dB

0 2 4 6 8 10 12 14 16 18
E,/N, [dB]

Figure 4.2: Effect of relay location on the outage probability of cooperative OFDM UWA

system with DF relaying where noise covariance is known at the receiver.

4.5 Optimal Relay Location

The relay location is indicated by 8 = drp/dsr. Recall that, in Section , we have derived
a bound based on high SNR assumption for the lower bound on outage probability, Py .
Let P, (7, 8) denotes the bound derived in (4.15) which depends on SNR, v, and relay

location 5. The optimal relay location is given by
Bopt = argﬁmin Pouyu(7,B) (4.28)

where the objective functions P, (v, 3) defined in (4.15)) is convex for various values of

out,u
£ in different SNR conditions.

Some terms that depend on the optimization parameter § in Poflllt?u(% B) are G, and

G.1 given in (4.16) and (4.17)), respectively. Furthermore, my, and ¢;, i.e. i element of

=, in the recurrence relations in Appendix appear in many expressions and complicate

the derivation due to the dependency on 8. Let ¢; = r~(Isptlrp+2) 7 — ~=(Lsrtl) apd
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C3 = Gy (EsptLsrt2) where G, is defined in (4.18)). The optimal relay location in terms

of ¢1, ¢, ¢3, G, Ge1, and G is given by

Bopt = argmin ¢1Geo — 162G 0Ge1 + 263G 1. (4.29)
B
To simplify G.p in (4.29)), we approximate E in Appendix by
= ksp,0+1 ksp,rgp+1  krp,o+1 krD,Lpp+1 ’

where G,(f) = 27%a(f)~@s0/2. The optimal f, i.e. Bop, is based on OPH, (v, 8)/0p and
then finding § such that OP,}, (v, 3) /9B = 0. Manipulation of G, leads to the term that

depends on [ defined as
—(Lsp+Lrp+2)

-2 _ s/2 5 —
G, = {(1 + 72 —2cos8p 1) a(f)_dSD/ 1+8-2-28 cose} (4.31)

2
dSD

We take the derivative of G with respect to 3 and after some mathematical manipu-
lations, it is given by
0G
op

x(1+62 —2008951)_<MW> {s+logea(f)(1+62 ‘2“’8%1)_1/2}

= (Lsp + Lo +2) dgd (57 = cos0572) a( ) opUieninos2)[V137722 o)

2 2
dSD dSD

(4.32)

In a similar manner, we define a term based on G.; that depends on 3 as

_ 1+ 32— 2B8cosf)"? dsp //TT P 2B eost ~(bsntD)
Gy = {( ) () o/ VIR } (4.33)

2
dSD

Taking the derivative of G; with respect to # and after some mathematical manipula-

tions, it is given by

oG, Lspt)dsp <1 + 8% — 2f3 cos 9) N

((LSR+21>s+2)

= — (Lsr + 1) dgp (B — cos 0) a(f)Vi+62-25c0s0

B dpy
2 —-1/2

x4 s 4+ log,a(f) (L2008t . (4.34)
dp
Therefore, P, (v, 8)/08 is given by

OPu(1.8) .~ 0Gy . ~ [ 0G - 9Gq _ ., 0G,
_outur P/ —_— _ — 4.
aﬂ Cch,O 6’5 CLCch’O [GO 86 + G1 8B :| + CLGQQ aﬁ ( 35)
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Figure 4.3: Optimal relay location in DF cooperative UWA communication system.

where 6’670 is defined based on the approximation in 1} and

_ (HEIRIN 1)LSR+1’Y_(LSR+1) & ke, Lsr + 2+ k2 (4.36)
a = )
(2u1)LSR+2F (Lsr + 2) = (Lsr +2),, ks

Substituting (4.32)) and (4.34)) in (4.35]), we obtain the optimal relay location by setting

to zero and solving for g in (4.35)). Unfortunately, a closed-form expression for the opti-
mal relay location based on the roots of the nonlinear equation of (4.35) is complicated.
Therefore, an efficient root-finding algorithm for nonlinear equation, e.g. Brent algorithm

[107], can be applied to find the optimal relay location.

In Figure [£.3, we compare the optimal relay location based on Brent algorithm applied
in , and non-linear optimization in for selective DF cooperative UWA com-
munication system with system and environmental parameters of Section [3.5] We observe
from Figure [4.3] that the optimal relay location based on approximate derived expression

evaluated by Brent algorithm is approaching the optimal value based on minimizing (4.28])
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as the SNR increases. This convergence is noticed at relatively low SNR values, i.e. ~10

dB, and continues at higher SNRs.

We further analyze the effect of Rician k-factors in the different underwater links on the
optimal relay location. Assume that the cooperative links may experience different Rician
k-factors. We define the following cases: 1) no line-of-sight in the S — D underwater link,
2) no-line-of-sight in the S — R underwater link, and 3) there is no-line-of-sight in the
R — D underwater link. In Table the optimal relay location for corresponding cases

of different Rician k-factors along the cooperative links is presented.

Table 4.1: Effect of Rician k-factor on optimal relay location.

Rician k-factor Optimal relay
location f,,; [dB]
Case 1: ksp = 0,ksg = 2,kgp = 2 2.4183
Case 2: ksp = 2,ksg = 0,kgp = 2 3.9450
Case 3: ksp = 2,ksg = 2,kgp =0 0.9798

Comparing cases 1 and 2, we observe that the optimal relay location, S,pt, has increased
to 3.95 dB in case 2. The limiting outage performance of the system as the relay moves
closer to the source, i.e. 3> 1,1is ¢;G.p. This term in case 2 is less than the corresponding
one in case 1 due to larger kgp. Hence, case 1 approaches ¢;G. rapidly compared to case

2 and the optimal relay location in case 2 is larger.

As for comparing optimal relay location in cases 1 and 3, we observe that it has de-
creased to 0.98 dB. The limiting outage performance of the cooperative system for § < 1
is ﬁchgal. This term depends on kgp which is larger in case 3. In case 1, the term 5Gc72@1
is approached faster than case 3 due to larger kgp. This leads to the optimal relay location

of case 3 to be less than case 1.
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Table 4.2: Effect of carrier frequency on optimal relay location.

Carrier frequency Optimal relay
fe [kHz] location f,,; [dB]
10 3.4935
15 2.3964
20 1.4317
25 0.6604

We study the effect of carrier frequency, f., on the optimal relay location for the case
ksp = ksgr = kgrp = 2. In Table , we observe the decrease of optimal relay location 3,
as the carrier frequency increases. The changes in optimal relay location are due to the

frequency-dependent underwater absorption coefficient in Gy, G, / 953, Gy, and 0G4 / op
in (@.35).
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Chapter 5

Outage Capacity Regions of
Cooperative Multicarrier UWA

Communication with DF Relaying

In this chapter, we investigate the common /individual outage capacity regions for multicar-
rier UWA communication in correlated ambient noise. Specifically, we derive the maximum
achievable sum-rate expressions for various DF cooperation protocols that vary in degrees
of broadcasting and collision. We further study the effect of several system and environ-
mental parameters such as underwater temperature, carrier frequency, noise correlation,

etc. on the outage capacity regions.

5.1 System Model

In this section, we consider the same three-node model in Figure similar to Chapter
Ml However, unlike the assumption of orthogonal cooperation protocol in Chapter [, we
consider three cooperation protocols that vary in degrees of broadcasting and collision (see
Table [5.1]). These are named as Protocol I, IT and IIT using the terminology in [100]. Note

that Protocol II is identical to orthogonal cooperation protocol.

Protocol I: Let the source signal vectors transmitted during the first and second phases

be x; and x5. As explained in Section the source node applies precoding, serial-to-
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Table 5.1: DF cooperation protocols [100].

Phase Protocol 1 Protocol 11 ‘ Protocol 111

Broadcasting S—D,R S—D,R S—R
Relaying S—-DR—D R—D S—D,R—D

parallel conversion, IFFT, and cyclic prefix on both signal vectors. At the relay node,
the received signals corrupted by small-scale fading and ambient noise after CP removal is
given by rg = \/WHSRFH ®x; + ng where E is the average energy per symbol.
Here, ny is complex additive non-white Gaussian noise with zero mean and covariance
matrix F(NyX,)F? where ¥, is the normalized noise covariance matrix and Ny is the
variance of noise. The relay node demodulates and decodes the received signal and trans-
mits the re-encoded and re-modulated signal to the destination while the source transmits
xy. After CP removal and FFT processing, the received signals at the destination can
be written as rD 1 WDSDq)Xl +1np 1, and rD 2 = \/GRD (Es/2)Drp®x; +

\/ Gsp(f) (Es/2)Dsp®xa+np o where np ; and np » are complex additive non-white Gaus-

sian noise random vectors with zero mean and covariance matrix F(NoX,,)F?. Under the

assumption that covariance matrix is known at the receiver, the received signals rp ;' and

rp 21 are first applied to a whitening filter to remove the effects of correlated ambient noise.

Then they are fed to a maximum likelihood detector. For the ensuing outage performance

P-1I P— I

analysis, we can rewrite r; and rj, in a compact matrix form as rp_; = Hp_1X + n

where X = [xI' xI]7, n=[nL, n] 2} , and the channel matrix Hp_j is given by

v/Gsp(f)E.Dsp® 0
Hp_; = sp(/)E:Dsp . (5.1)
VGro(f) (Es/2)Drp®  /Gsp(f) (Es/2)Dsp®

Protocol II: In this protocol, the source broadcasts to the destination as in Protocol I;
however, in the second phase the source remains silent (idle) and the relay communicates
with the destination node. For Protocol II, using similar steps above, the received OFDM
blocks at the destination node are obtained in a matrix form as rp_1; = Hp_;1X; +n where

the channel matrix Hp_q; is given by

Hp_H = . (52)
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Protocol 11I: This protocol is identical to Protocol I apart from the fact that the destina-
tion terminal chooses not to receive the direct S—D transmission during the first phase for
reasons which are possibly imposed from the upper-layer networking protocols (e.g.. the
destination node may be engaged in data transmission to another terminal). The received
OFDM blocks over broadcasting and relaying phases at the destination node are given in

a matrix form as rp_y;; = Hp_iX + np » where the channel matrix Hp_pyy is

Hp = | v/Guo (/) (B:/2)Dro® /Gsn(f) (E./2)Dsp® (5.3)

5.2 Derivation of Maximum Achievable Sum-Rate

The maximum achievable sum-rate in a multi-user system is defined as [13}/106] the max-
imum sum of transmission rates of individual users at which users can jointly reliably
communicate under a certain power allocation policy. The cooperation protocols under
consideration can be interpreted as a two-user system in which the source and the relay
nodes are the individual users. Under this interpretation, we derive the maximum achiev-
able sum-rate for Protocols I, IT and III over frequency-selective UWA channel assuming

equal power allocation.

Protocol I: Let Ry and R, denote the transmission rates (in bps/Hz) associated respec-

tively with the signal vectors x; and x5. R; + Ry therefore denotes the sum-rate for

Protocol I. For reliable decoding at the destination, R and R, must satisfy the following
inequalities

Ry <I(rgr;x1|Hgsr), (5.4

Ry <I (rp_1;%|x2, Hsp, Hrp) , (5.5

Ry <I (rp_1;Xs|x1, Hsp, Hrp) , (5.6

Ry + Ry <I (rp_1;x1,%2|Hsp, Hrp) . (5.7

The transmission rate R; must satisfy @ ) for reliably decoding x; at the relay and

- ) to reliably communicate x; to the destination node. Hence, from (5.4) and . we
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have Rl S min {I (I‘R; Xl‘HSR) ,I (I‘p_l; X1|X2, I‘ISD7 HRD)} where

I (rr; x1|Hsr) = log det (IN + Gl f)v(FEnFH)_lI‘SR> L (5.8)

1
2(N+L,)

I (I‘p_I;X1|X2, HSD, HRD) = IOg det (IQN + (IQ X (F(N()En)FH))_lpl:P{I)

1
2(N + L)
(5.9)
where ® denotes the kronecker product. In (5.8)) and (5.9), we have v = E;/Ny, I'xy =

FHxyHILFH for X — Y link and P,P# is given by
Gsp(f)EsTsp v Gsp(f)Gro(f)(E?/2)DspDf,
vV Gsp(f)Gro(f)(E?/2)DrpD{, Gro(f) (Es/2) Trp

PP =

(5.10)
For reliably decoding x5 at the destination, the transmission rate Ry must satisfy .
This assumes that x; is known at destination. Due to the knowledge of x4, rg”f has no addi-
tional information and therefore I (rp_r; X2|x1, Hsp, Hrp) simplifies to [ (rgT;; Xo|X1, Hp_I).

Therefore, we have (5.6)) as
1 1 ~1
R2 S m 10g det (IN + EGSD(]C)’Y(FZ”FH) FSD) . (511)

Eq. (5.7) refers to the maximum information that can be reliably communicated in the

two phases and it is given by

Ry + Ry <I (rp_1;X1, X2|Hsp, Hrp) = m
x log det <I2N + (I, ® (F(NoX,)F7))"'P,pY ) (5.12)
where
P,pI — Gsp(f)EsI'sp v Gsp(f)Gro(f)(E2/2)Dsp D
VGsp(f)Gro(f)(E2/2)DroDE,  Gsn(f) (Es/2) Tsp + Gro(f) (Es/2) Trp

(5.13)

Ry depends on the quality of the S—R underwater channel condition. In the case that the
channel conditions does not enable correct decoding at the relay, the bound in (5.12)) might
not be achievable. Therefore, based on (5.8)), (5.11)), and (5.12]), the maximum achievable
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sum-rate for Protocol I of cooperative OFDM UWA system is expressed as
/ _
sy log det (Lo + (I @ (F(NoE,)FH)) "' P,PY)
if I(rr;xi|Hgsr) > I (rp_1;x1,Xo|Hp_1) — I (rp_1;Xo|x1, Hp_1),

Rt = Ri+ Ry = { gy log det (Ly + Gsn()7(FE.F¥) 'Tgn
+1Gsp (f)y(F=,F) Ty
+LGsp(f)Gsn ()Y (FE,FH) " Top (FE,FH) ‘1FSD)
if I(rr;xi|Hsr) <1 (rp_r;xy,Xo|Hp_1) — I (rp_1;Xa|x1, Hp_1) .
(5.14)

Protocol II: In this protocol, the transmission rate Rs is simply equal to zero since there is
no transmission from the source node in the second phase. Hence, the maximum achievable

sum-rate for Protocol 11 is

RP e = min { 1 (I‘R; Xl’HSR) ,[ (PP,H; Xl’HPfH)} (515)

sum

where I (rg;x;|Hgr) has been already defined in (5.8)) and I (rp_y;x;|Hp_11) is given by

1 _
I (I’p_H; X1|HP_H) = m lOg det (IQN + (IQ X (F(N()Zn)FH)) 1P3P§I> (516)
with
G B Gsp(f)G E2Dgp D4
Png _ sp(f) SD \/ sp( rp(f)EZDspDgp (5.17)
\/GSD )Gro(f)E?DrpD{, Gro(f)EsTrp

Protocol III: The transmission rate R; is constrained by

R1 S min {I (I‘R; XI‘HSR) y I (I‘p_HI; X1|X2, Hg)} (518)

where I (rg;x;|Hggr) has been already defined in (5.8) and I (rp_y;X1|X2, Hsp, Hrp) is

given by
1 —1
[ (I‘p,IH; X1’X2, HSD; HRD) = log det <IN + iGRD(f)’y(FEnFH) FRD) .

(5.19)

1
2(N+L,)

The maximum information that can be reliably communicated in the two phases,

I (I'PfIIH X1, X2|HP7HI)a is given by
1

I IS Hp_ = —

(I"P IIIvX17X2| P IH) 2(N+LC)

x log det <IN + C;SDTW(FEnFH)_IFSD + (;P{DTW(FEnFH)_IFRD> . (5.20)
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The mutual information between rp_j;; and x5 conditioned on x; and channel condi-

tions, I (rp_mmr; Xa|x1, Hsp, Hrp), is given by

1 _
log det (IN + éGSD(f)’Y(FEnFH) 1FSD) .

(5.21)

1
I (rPfIIU X2|X1; Hgp, HRD) = m

Therefore, based on ({5.8), (5.20), and (5.21)), the maximum achievable sum-rate for
Protocol III is given by

(

(N+L j log det (IN +35 GSD(f)V(FEnFH)_lI‘SD
G (N (FS,E) Ty )

iff (rR;Xl\HSR) > 1 (rP—III;X17X2|HP—III> -1 (I'P—IH; X2|X17 HP—HI) )

RN — Ry 4+ Ry =

sum

sy 1og det (T -+ SGisn (£)y (FZ,F) "' T
+Gsr(f)y(FZ,FT) ' Ten
+1Gsp(/)Gsn ()7 (FE.FH) ' Tr (FE,FH) " 'Tsp )
. ifI (FR;Xl\HSR) <I (I'P—III§X1,X2’HP—IH) -1 (I‘P—HI; X2|X1, HP—HI)-

(5.22)

5.3 Common and Individual Outage Capacity Regions

Outage capacity region is defined as [13] the set of fixed achievable individual rate vectors
that can be maintained in all fading states subject to a given non-zero outage probability. It
is analogous to outage capacity in single-user systems. It is possible to define these regions
based on common or individual outage probability for the different cooperation phases
[107]. In this section, based on the derived sum-rate expressions in the previous section,
RE-T RP-ILand RE_IM are substituted for the upper bounds on R; + R in corresponding
achievable rate regions for Protocols I, II, and III respectively. We derive the common

and individual outage capacity regions cooperation protocols under consideration over

frequency-selective UWA channel assuming equal power allocation.

Protocol I: In this protocol, the set of achievable positive rate vectors R = (R, Ry), Ry,
Ry € R, conditioned on Hgp, Hgg, and Hgp is denoted by Wp_;(y). If the transmission
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rate Ry satisfies Ry < I (rg;x;|Hggr), then the achievable region is
Up 1 () = {R: Ry < I(rp_1;%1|%2, Hsp, Hrp) , Ry < I (rp_1; Xa|x1, Hsp, Hrp)
Ri+ Ry < I (rp_p;x1,%2|Hsp, Hrp)}. (5.23)

Based on the quality of the S — R underwater channel, the achievable region in ([5.23])
can be affected and have a smaller region. The set of achievable rates Wp_j(v) C \TJP_I

conditioned on the channel states is

] (7) . qj%’—l(fy)a [(rPJXl‘HSR) > 1
P-I -
U2 1(y), I(rp;xi|Hsr) < [

(rp_1;x1,Xo[Hy) — I (rp_1; Xa|x1, Hy)
(rp_1; X1, X2|Hy) — I (rp_1; Xo|x1, Hy)
(5.24)
where U4_;(v) and W3 _;(y) (¥$_1(7) € Wp_4(v)) are given by
UL ((v)={R: Ry <min{l (rg;x;|Hsr), I (rp_1;%;|x2, Hsp, Hrp)}
Ry < I (rp_1;Xa[x1, Hsp, Hrp) (5.25)
Ry + Ry < I (rp_1;%1, %2|Hsp, Hrp) },

U2 (v)={R: Ry <min{l (rg;x:|Hsgr), ! (rp_1;x;|x2, Hsp, Hrp)}
Ry < I (rp_1;%2|x1, Hsp, Hrp) (5.26)
Ry + Ry < I (rg;x:1|Hsr) + I (rp_1; X2|x1, Hsp, Hrp) }-
Equality, ¥%2_;(y) = ¥L_;(v), holds if the mutual information I (rp_1;x1,xs|Hp_ 1) =
I (rr;x1|Hgr) + I (rp_1; Xa|x1, Hp_1) . Let € denote the common outage probability. The

common outage capacity region is given by

out

Coi' (o) ={R:Pr{R eV, _(y)} >1—¢}. (5.27)

This represents all the rate pairs R that can be achieved with a probability of at least
1 — e. In other words, the rate pairs belonging to the outage capacity region will result
in an outage, i.e., non-reliable communication, with a probability of at most . Maximum

achievable rate pairs with outage probability of e is the supremum of outage capacity
regions defined in (5.27)).

Similarly, the individual outage capacity region consists of all achievable rate vectors
such that individual outage probabilities do not exceed elements of € under average power
constraint [107]. This outage capacity region reflects the effect of assigning various outage

probability constraints for the cooperation phases. Let € = [ ¢, ¢, | denote the individual
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outage probability vector. The individual outage capacity region is given by

Chit(v.e) ={R:V(ay,a2) € Up_(7),Pr{ar > Ri} > 1 —e1,Pr{da > Ry} > 1 — &3} .
(5.28)

This represents all the rate pairs Ry and R, that can be achieved with a probability of at
least €1 and e, respectively. In other words, cooperation phases rate pairs belonging to the
individual outage capacity region will result in an outage, i.e. non-reliable communication,

with a probability of at most €; and &5 respectively.

Protocol II: The set of achievable rates for Protocol II conditioned on the channel states

(R = 0) is denoted by Wp_11 () and given by
Up 11 (v) ={R: Ry <min{TI (rg;x1|Hsr), ! (rp_1;;x1|Hp_11)}, Ry = 0} . (5.29)
Common outage capacity region is then given by
Coi(,e) ={R:Pr{R eV, _;(7)} >1—¢}. (5.30)
Individual outage capacity region with individual outage vector ¢, is
Con (v,6) ={R:V(a1,0) € Up_;(7),Pr{as > Ri} >1—e1,55€[0,1]}.  (5.31)

Protocol III: The set of achievable rates for Protocol 1II conditioned on channel states is
denoted by Wp_;;(7). Based on the quality of the S—R underwater channel, the achievable

region can be affected and have a smaller region. The set of achievable rates is then given
by

Up_11y (7) ={R: Ry < I (rp_mm;x1|x2, Hsp, Hrp) , Ry < I (rp_mir; X2|x1, Hsp, Hrp) ,
Ry + Ry < I(rp_mm;x1,%2|Hgp, Hgp)} . (5.32)

Based on the quality of the S — R underwater channel, the achievable region in (5.32)) can

be affected and have a smaller region. The set of achievable rates Wp_jyy () C {i[P_HI is
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then given by

Up m(7), I (rr;xa|Hgr) > I (rp_qr; X1, Xo|Hp _111)
—1I (I'Pfllﬁ X2|X1, HP7HI) )
Up_m(y) = 9 (5.33)

‘1’123—111(7)7 I (I'R;X1|HSR) < [(rP—III§X1>X2|HP—III)

L —1 (rp_m1; X2[X1, Hp 1)
where Wp_p;(y) and U§_p;(7) (‘I’%—HI(V) c \I’%’—HI(V)) are given by

Up_m(y) ={R: Ry <min{7 (rp;x1|Hsr) , I (rp-mm; X1 %2, Hsp, Hrp) }
Ry < I (rp_nm; X2|x1, Hsp, Hrp) (5.34)

Ry + Ry < I (rp_mr;x1,x2/Hgsp, Hrp)},

s (y) ={R: Ry <min{I (rg;x1|Hsr), ! (rp_ur; X1[X2, Hsp, Hrp) }
Ry < I (rp_mm; X2|x1, Hsp, Hrp) (5.35)
Ry + Ry < I (rg;x1|Hsr) + I (rp_im; X2|x1, Hsp, Hrp) }.
Equality, 2 _;(7) = ¥ _51(7), holds if the mutual information I (rp_p; X1, X2|Hp_111)
= I (rr;x1|Hsr)+ 1 (rp_mr; X2|x1, Hp_111) for Protocol II1. Common outage capacity region

for Protocol III is then given by

ChiM(v,e)={R:Pr{ReVp_ ()} >1-¢}. (5.36)

out

Individual outage capacity region with individual outage vector €, is

CguIHI (v,€) = {R V(an,az) € Yp_i(7),Pr{as > Ri} > 1 —¢e,Pr{ay > Ry} > 1 — 52}-
(5.37)

5.4 Numerical Results and Discussions

In this section, we present numerical results for the outage capacity regions using derived
sum-rate expressions for underwater DF-based cooperative protocols in colored non-white
ambient noise. We consider the carrier frequency of 16 kHz, dsp = 1 km, underwater
temperature of 25 °C, and the rest of the system and environmental parameters of Section

5.0l
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Figure 5.1: Common outage capacity region for Protocol I assuming different relay loca-

tions.

In Figure 5.1 we present the common outage capacity region of Protocol I for various
relay locations at SNR of 10 dB and outage probability of ¢ = 0.1. Our results demonstrate
the decrease in the area of outage capacity region as the relay node moves closer to the
destination node. This is due to error propagation as a result of the poor channel quality
of S — R link. We notice that the maximum outage capacity region is achieved when the
relay is located in the middle (5 = 0 dB) and smaller outage capacity region for the case
of f = 10 dB. Specifically, at a transmission rate Ry = 0.6 bps/Hz the transmission rate
in broadcasting phase R; for § = —10 dB is less by 0.33 bps/Hz and 0.47 bps/Hz than the
cases of § =10 dB and 8 = 0 dB respectively.
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Figure 5.2: Effect of temperature (7,) and carrier frequency (f.) on common outage ca-

pacity region of Protocol I.

In Figure [5.2, we study the effect of carrier frequency and underwater temperature
on the common outage capacity region. Specifically we consider three carrier frequencies,
namely, 16 kHz, 26 kHz, and 36 kHz. We observe that for a targeted broadcasting phase
transmission rate R; = 0.5 bps/Hz, the relaying phase transmission rate for a 16 kHz-
system is, respectively, 0.23 bps/Hz and 0.5 bps/Hz more than R, for 26 kHz and 36 kHz-
systems. This is as a result of the dependent nature of underwater path loss on the carrier
frequency. As for the effect of underwater temperature, we consider two temperatures,
namely, -2 °C and 25 °C. We observe that for a targeted relaying phase transmission rate
Ry = 0.5 bps/Hz, the broadcasting transmission rate in -2 °C is 0.21 bps/Hz less than R,

in 25 °C. This reflects that higher underwater temperature is more favourable.

64



; ; ‘ P-I, DF, foT =0.01
ol L | == =PI DF, /T =0.05 |1
‘ ; - e =PI DF, ,T=0.1

N
I
D
Q.
2,
3N 1r )
X Lo e e e e e ==
\
-0-0 6-0-0 © 0-0-0 -0 \
» \
05} v ! .
¢ |
¢ |
é |
é |
O 1 1 Fy | 1 1 1
0 0.5 1 1.5 2 2.5 3 35
R, [bps/HzZ]

Figure 5.3: Effect of noise correlation on common outage capacity region of Protocol I

(¢ =0.1 and 8 = 10 dB).

In Figure 5.3 we present the common outage capacity region for various values of
ambient noise correlation when the relay is closer to the source node. For a targeted
broadcasting phase transmission rate R; = 0.5 bps/Hz, the increase in relaying phase
transmission rate R, for f,T = 0.01 is 0.68 bps/Hz and 0.86 bps/Hz more than the cases
of foT = 0.05 and 0.1 respectively. This is due to the increase in f, T that causes lower
correlation between the noise samples, i.e. ambient noise becomes closer to white noise.

Hence, the area of the outage capacity region decreases.
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Figure 5.4: Individual and common outage capacity regions for Protocol I at v = 10 dB.

In Figure [5.4] we study the individual and common outage capacity regions at SNR
of 10 dB and g = 10 dB. We observe that for R; = 1 bps/Hz, R, decreases from 1.6
bps/Hz to 1.34 bps/Hz for individual outage probabilities 5 = 0.15 and 0.01 respectively.

This decrease in the rate results from the decrease in the corresponding outage probability.

Similarly, common outage capacity region increases as we increase € from 0.01 to 0.15.
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Chapter 6

Cooperative Multicarrier UWA
Communication in the Presence of

Non-Uniform Doppler-Distortion

In the previous chapters, we have assumed that the nodes are stationary leading to a quasi-
static channel assumption. In this chapter, we consider a UWA channel with Doppler effects
and investigate the performance of a multi-relay multi-carrier UWA system in the presence
of Doppler distortion. Furthermore, we study resampling at the receiver and relay selection

techniques, and then evaluate the BER performance for the system.

6.1 System Model

In this chapter, we consider the multi-relay system model in Figure[6.1] with K relays. For
the following, we consider relay selection techniques for cooperative OFDM UWA system
with AF relaying among K relays. The transmitted OFDM signal with cyclic prefix at the

source node in the broadcasting phase is given by

5(t) = R {Z @x[n]eﬂ”fntp@)} Lt [-T,T] (6.1)

where N is the number of subcarriers, x[n] is the information symbol modulated on the

(n + 1)™ subcarrier f, = fo+nAf, B = NAf is the total bandwidth, Af is the subcarrier
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Figure 6.1: Multi-relay orthogonal cooperation model.

spacing, E; is average energy per symbol, 7' = 1/Af is the OFDM symbol duration, 7, is
cyclic prefix duration (or the guard duration), and p(t) is the modulation pulse of duration

T +T,.

Let S, D, and Ry, & = 1,..., K respectively denote source, destination, and k*" re-
lay nodes with intra-distances given by dsp, dsr,, and dg,p. Defining gy = dgr,p/dsr,,
ok =dsp/(1+ B2 — 2By cos Qk)_l/Q, ok = dSD/(l + 3.2 — 28, cos Qk)fl/Q and further us-
ing the law of cosines, geometrical gains are given by Gsp(f) = dgja(f)~%®, Gsgr, (f) =
((1+ B2 — 2Bpcos B0) /d2p) " a(f) ™k and Gryo(f) = ((1+ ;2 — 267 cos ) /dBp)
a(f )*O‘IB. s and a(f), respectively, denote the spreading factor and absorption coefficient.
The absorption coefficient, which is based on Francois-Garrison model [72], is a function of
frequency, pressure, temperature, salinity and acidity as introduced in Section 2.1} Chan-

nel impulse responses of the linear time-varying UWA channel for S — D, S — Ry, and

Ry — D links for £k =1, ... , K are given, respectively, by

Ng

hsp(T,t) = Z hspy 0 (T — (Tspy — ait)), (6.2)
=1
N§

hSRk (7-7 t) = Z hSRk,m 0 (T - (TSRk,m - b:ﬁ)), (63)
m=1
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thD T, t Z thDp - (TRkDap - CI;t)) (64)

where § (.) is Dirac delta function and Ng, Nf, and NE are the dominant discrete paths
for the S = D, S = Ry, and Ry — D links respectively. hspi, hsr,.i, and hg,p,; and 7sp i,
TSR,.i» and Tg,p, are the path gains and delays for ith path in the S — D, S — Ry, and
R — D links respectively. a;, b¥, and ¢} denote path-dependent Doppler scaling factors
for i*" path of S — D, S — Ry, and R; — D channel links respectively. In the case of
stationary nodes, the UWA channel impulse response for S —+ D, S — Ry, and R, — D
links for £ =1, ..., K are assumed to be time-invariant during the OFDM symbol duration,

i.e. hxy(T, t) ~ hxy<7'> for the link X — Y.

The continuous time bandpass received signals at k' relay and destination nodes are,

respectively, given by

Yr, (1 {Z\/GSRk [)Es zn

N{
x hpy, m@ 2T VTS Rem) (4 BE ¢ — g ) S Fg (1), (6.5)
m=1
N-1 Ng
gD 1 = { GSD Esx[n] Z hSDJeJwan(tJralthsD,l) p(t + alt _ TSD,l)} + fZVD,l (t)
n=0 =1

(6.6)
where 2y, (t) and zp ; (¢) are additive white Gaussian noise random processes with zero mean
and PSD Ny/2. Let hsr, [m] = hsr,.m exp (=327 foTsr,.m)> hspll] = hsp,exp (—j27 fosp.),
%SRk,m = hsr, [m| exp (—j277sRr, mn/T) and %SDJ = hgspll] exp (—j2n7sp,n/T). The con-
tinuous time complex baseband received signals at ™ relay and destination nodes are,

respectively, given by

)= 3 G (1ot Zhsm,m £

X p(t 4+ 0F t — Tsr,.m) + 28, (1), (6.7)
N—-1 Ng B
yD,l (t) = Z GSD(f)EsI[n] Z hSD,l ejQWalf0t€j2Tr(t+alt)n/T
n=0 =1
x p(t + ajt — 7spy) + 2p.1(t) (6.8)
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where zg, (t) and zp 1 (t) are complex additive white Gaussian noise random processes with

zero mean and PSD Ny. The k*® relay node scales the received signal over each subcarrier by

a fixed amplification gain of 7, = \/ Gsr, (f)Es + No. Continuous time baseband received
signal in the relaying phase at the destination node after scaling by 7, at the k'™ relay

node is given by

( ) 5 Nk NE
GSR GR D f —q — 27 k)
§ : k k E § :E : 27 foT 2 1+bk
yD2 hSRk,me J2m JoTs Ry m. thDJ)e ! fO( ) Frbp
k =1 p=1 Y Vv
" hSRk [7”] thD[p]

x x[n] eijTrTSRk7mn/Te—j27r(1+b}fn)TRkD,pn/Tej27r{bfn<1+c’;)+cg}fot€j27r<1+blfn>(1+c’;>nt/T

xp((1+10, ) (1+ Ck) t = (Tsrm + (1+0) TRoDp) )
+ GRkD Zh e N OR () (6.9)

where Zp (%) is a complex addltlve white Gaussian noise random processes with zero mean

and PSD N,.

6.2 Receiver Design in Doppler-Distorted Channels

6.2.1 Conventional Receiver

First, we consider a conventional OFDM receiver that ignores compensation for Doppler
offset and/or time scaling caused by various Doppler scaling factors in the multiple paths.

Let {¢m(t)}Y ) denote the set of orthonormal basis functions defined as

\/Lfexp(ﬂﬂmt/T), 0<t<T, m=0, .., N—1

Om(t) = (6.10)

0 , elsewhere

The received signals after the broadcasting phase over the (i 4+ 1) subcarrier at the

k" relay node and the destination node using conventional OFDM receiver are

yr, 1] =1/ G (f)Bs @3 wfi] + 1/ Gsr, (f Z I . (6.11)
n;éz

yD 1 =\ GSD (I)SD —|— \/ GSD Z (I) D1 (612)

n;éz
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where the elements of E),LSE"“ and 5?2 in (6.11) and (6.12]) in closed-form expressions, re-

spectively, are

Nk
~ 1 & .
(I)zs,fz{k :T Z hSRk [m]e_J27rTSRk’m”/T fs (lz,k — ll,k? USR, » ll,k), (6.13)
m=1
~ 1 Ns
(I)is,g =7 Z hsp[l] 7727/ T £ (¢ — 1, Up,0, 1) (6.14)
=1

wherely, = max (0, (=T, 4 Tsrm) / (L +65)), log =min (T, (T + Tsr,m) /(1 + b)),
vsr, = /T — (L +b)n/T —bfo, 1 = max(0, (=T, +7spy) / (L +a@)), to =
min (T, (T'+ 7spy)/(1 + a;)), and vp o = i/T — (1 + a;)n/T — a; fo. The multivariate func-
tion fs (x,y, z) is defined as

fo (x,y,2) = x sinc (zy) e I2m@/ 22y (6.15)

where sinc(.) is the normalized sinc function, i.e. sinc(x) =sin(nz)/mz. For the hardware
implementation at the receiver side, we have Iy 5, t; — 0, log — T/(1 + %) and ¢, —

T/(1+ a;), then the elements of ICI matrices CIDEI:;’C and L are given by

Nk

jonrsm. o : R
o5 _ % g, [m]e 92 Tsrgmn/T e (1 (14 bF)n — bk foT e_ﬂ%%bmm
\n mz_l 1+ b1k’:n 1+ bfn )
(6.16)
Ns —j2 T , - B
hsp[lje927mspan/T i— (14 a)n—afeT\ _jpiz0tapn-afT
O =2 T 6.17
i,n 1+ ay sinc T+ @ e 1 ( )

=1

The baseband received signal over the (i + 1) subcarrier after the relaying phase and

normalization at the destination node is

~n. | Gsr(f)G E? = ar, Gsro(f)G E?
yD,Q[i] _ (1)5; SRy, (f) M;%D(f) s ZE[Z] + (1)57,: SRk(f) A.QRkD(f) s ZL’[TL] + ZZD’Q
M =0 e
(6.18)
where z? 2 is the effective additive noise after normalization at the destination node and
77 is
NE 2
7 = G (DB + |3 hypp e ommse2mmnan/®| G o(f)E, + No,  (6.19)
p=1
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and the elements of (I>Z in closed-form expressions is

sn
Nk NE

D = Z > hgw, [mle 72 mtem T pg o [p] o2 (L) s/ T £ (g — g o s i)
m 1 p=1

(6.20)
where uyy, = max (0, (=T 4 7sr,m + (14 b5)7R,0p) /(1 +b5) (1 + ck))), ugx = min (T,
(T +7srym + (L +05)TR,0p) /(1465 ) (1 + ), and vpy = /T — (L4 b)) (1+ &) n/T —
(bfn (1 + c];) + c’;) fo. To improve the hardware implementation at the receiver side for the
signal received from the cascaded relay link, assume uy — 0, ugy — T/((1+bF,) (1 + c’;)),
is given by

then the approximate elements of ICI matrix Q)Z "

Nk Nk e —j27TSR,,, mn/T hR D[p] *_]27T(1+b )TRkDpn/T

h
Rk SRk
Pin ZZ (1+0k) (1+ck)

m=1 p=1

‘ i— (L+05) (1 +cp)n — (b, (1 +cf) + ) foT
X sinc T 00+ )

_jﬂ_(i7(1+b§n)(1+c;§)n*(bﬁq(l+clg)+C];§)f0T)
X €

(1+405,) (1+¢k)

(6.21)

The received signals after broadcasting and relaying phase from k" relay node over the

(i + 1)* subcarrier at the destination node are

rpali] =05 \/Gsp(f)E,x[i] + Z o0 \/Gsp(f)Esx[n] + 207, (6.22)

n;éz
N—
E2
roali =l | [Cnl)Ghnl] Z Gon NOnU)EL ) op2
’ 77k; Nk
nsﬁ
(6.23)

Let us define
'pi = [ ™ 1[0] rD,l[i] TDJ[N — 1] ]T,
I’D’z = [T’DQ O] TDQ[] T’D72[N— 1]]T,
zpg=[ 2" - 22t o 21T, and
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Zpo = | z(])3 2L z?’Q e z]%Ql |T. Therefore, the received signals in matrix form is
r'pa | vV Gsp(f)Es Psp Zp.1 694
- GSRk(f)GRkD(f)E§¢ X ( ) )
rpo 7 Ry, Zp,2
rCR HCR 2CR

where the (m +1,n + 1) element of ®gp is @0, defined in (6.17),(m + 1,14 1)™ ele-
ment of ®g, is O, defined in (6.21)).

6.2.2 Receiver with Single Resampling

Single resampling receiver compensates for the Doppler offset of the path with the maxi-
mum Doppler scaling factor; further, it considers this path in resampling the resulting sig-
nal. There are residual Doppler effects in the signal remaining due to the various Doppler
distorted paths in the channel link. The continuous time bandpass received signals at k™
relay and destination nodes are given in and , respectively. The continuous time

complex baseband received signals at k'" relay and destination nodes are, respectively,

given by and .

Let @ = max (a;) and by = max (0%, (14 ¢F) + c&) be the maximum Doppler scaling
m7p

factors for the direct link S — D and the k" cascaded underwater path S — R; —
N-1

D, respectively. Consider two sets of orthonormal basis functions, i.e. {gbgl(t)}mzo and
{¢fn(t)}i;é, defined as
/ELexp (j2rm(14+a)t/T) , 0<t<-L m=0,.. ,N—1
gbg@(t) _ T ©XP (j ( )t/T) T+a . (6.25)
0 , elsewhere
ViR exp (j2mm(1 4+ b)Y T),  0<t< m=0, .. N—1
o (1) = =exp | j2mm (1 + bp)t/T ), <t< +bk R (6.26)
0 , elsewhere

The received signal after the broadcasting and relaying phases are compensated by
exp(—j27 foat) and exp(—j2m fogkt) for the Doppler offset in the direct path and k' relay
link, respectively. The received signal after the broadcasting over the (i + 1) subcarrier

at the destination node using single-resampling OFDM receiver is

Tpalil = VGsp(f)Es U xfi] + v/Gsp(f) ZWSD +7,7 (6.27)

n;éz
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where the (i + 1,n + 1)™ element of ICI matrix, ‘tffzsg in (6.27)), in closed-form expression

18

—= Ng
~ V1
\11187]2 _ + a Z hSD e—1277sp,in/T s (tQ _ t17 Up.o, tl) (628)

=1
where ¢, = max (0, (=T, + 7spy)/(1 + @)), t2 = min (T/(1 +a), (T + 7sp,) /(1 + @), and
Upo = (@—a;)fo+ (1 +a)i/T — (1+a;)n/T. For improving the hardware implementation

at the receiver side, assume t; — 0 , and to — T/(1 + @), then the received signal at the

destination node is given by

™D 1[ ] GSD(f) \I/i? —|— \/ GSD Z \IISD _D ! (629)

n;éz
where the element \IIZSE in 1) is

S0 _ gs: hsp [l]e*JQm’sD,m/TSinC ((1 +a)i— (1 +a)n — (a; — a)foT)

,n — /1 +’a/\ 1—'—6
_jn (+a)i—(1+a))n—(a;—a)foT
» o _ (6.30)

In the cascaded underwater channel S — R, — D, the compensation for the com-
pounded frequency offset by m'™ path in S — Ry, and p*® path in R, — D is exp(—j27(1+
/b\k) fot) at the destination node. After frequency offset compensation, the received signal
is correlated with the orthonormal basis set for the &*® relay. The baseband received sig-
nal over the (i + 1) subcarrier after the relaying phase and normalization, and applying

orthonormal functions ¢ (¢) in (6.26), at the destination node is

G G G G E?
yD 2[ ] \Ika SRk (f) ~ng Z \1157’; SRk (f) ng(f) s ilf[n] + E]iD,Q
M M
n;éz
(6.31)
where z% is the effective additive noise after normalization at the destination node and

the element \T/f{j; in (6.31]), considering the m'" and p'* branches, in closed-form expression

is given by

TR V 1+/(;k NPk{ N]IS —J2T T n/T
U == NN b, [m]e P2 Thyg g [p)
m=1 p=1

> e—j27r(1+blfn>7'Rk,D,pn/Tfs (ﬂ2,k _ ﬂqu;@R,kzaﬂl,k) (6.32)
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where

Uy, = max (0, (=T + Tsrem + (1 + b5 ) TR, 0,p) /(1 +05)(1 4 ¢f))),

Ty = min(T/(1 + by), (T + Tsrem + (14 b5)7r,0,)/ (1 + bg)), and

Trg = ((1+bg) — (B8, (14 k) + ) fo + (14 by)i/T — (14 b5) (1 + c))n/T.

The derivations of \Tlflg and \Tlﬁ’fb in (6.28) and (6.32)), respectively, are shown in Appendix

[D.1] For improving the hardware implementation at the receiver side, assume ; ; — 0,

and Uar — T'/(1 +Zk), then the received signal at the destination node is

Tpali] = Ui \/GSRk(f)GRkD(f)EEI[Z.] +Nz:1\1157,; \/GSRk(f)GRkD(f)E§$[n] L D2
n=0

T Tk Z
n#i
(6.33)
where the approximate elements of ICI matrix, \1157’;, in 1) in closed-form expressions
is given by
Ng N

s, [m)e 22 msmmn/T hy g [ple=72m (14 ) mup /T

U= ——
m=1 p=1 1 + bk

. ((1 F0x)i — (14 05) (1 + cByn — (0, (1 + &) + k) —Ek)foT)

1 +?7\k
(14by)i— (146 (1+cp)n—((bF, (1+cf) +eB) =Bp) fo T
X e Lty : (6.34)
Let us define
_ _ o _ T
tp1=[7pa[0] -+ Tpali] -+ Toa[N-1] ]
fD’z = [FD’Q[O] 71)72[2'] FD’Q[N - 1]]T,
Zpg = [ " z>! Zot 1T, and
Zpy = | 20D’2 e E?’z e 2%31 ]T. Therefore, the received signals in matrix form is
'pi | VGsp(f)Es Psp Zp,1 6.35
_ | T em@GewmErg, | X (6.35)
I'po 77% Ry Zp2
SR HSR 2SR

where (m+1,n+ 1)™ element of Wgp is WP defined in (6.30), and (m +1,n+ 1)™"
element of Wy, is W} defined in (6.34).
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6.2.3 Receiver with Multiple Resampling

In multiple resampling receiver, it compensates for the frequency offset in the various
paths affected by non-uniform Doppler scaling factors; further, it considers every path in

resampling the resulting received signal. Consider two sets of orthonormal basis functions,

{05.(0) }m , and {(bmw )} ;(1], defined as

e /1+az exp (j2rm(1 + a))t/T),0 <t < 11(1 m=0,...N—1,1=1,...,Ng
m,l -
0 , elsewhere
(6.36)
(LHbF) (k) s2mmton (et T B
fnij(t): e T ,Oﬁtﬁm,m—o,m,]\f—l

0 , elsewhere
(6.37)
for all i € {1,...,NE}, j € {1,...,NE}. Note that in , {od (1)} forms a set of

orthonormal basis functions for each [. Similarly, {gf) )} forms a set of orthonormal

m,i,jJ
basis functions for each triple tuple (k,7,j). Received signals at the destination node
are compensated for the frequency offset experienced along the multiple resolvable paths.

'™ underwater path

For the direct link S — D, the compensation for frequency offset in
is exp(—j2ma; fot). The received signal after the broadcasting phase over the (i + 1)

subcarrier at the destination node correlating with the orthonormal basis functions ¢Z, ,(t)

in (6.36) is
ypalil = V/Gsp(f)Es TZS? |+ Gsp(f Z TSD +2! (6.38)

n;éz

where the ICI matrix element, ng in (6.38)), considering the {** branch, in closed-form

expression is given by

~ 1 ~ o~ < =~
TEB _ + CL[ Z hSD l2 —j27TsD zQH/Tf (t2 —t1, Up o, tl) (6.39)

1o=0
where t; = max (0, (=T, + 7spy,) /(1 + ay,)), t2 = min (T/(1 + &), (T + 7sp4,) /(1 + ai,)),
and vpo = (@ — ay,) fo + (1 + a;)i/T — (1 + a;,)n/T. The received signal after combining
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all different branches is given by
Ypli Z hsp, ?/D [i (6.40)

For improving the hardware implementation at the receiver side, assume &; — 0, and
ty — T/(1 + a;), then the approximate elements of ICI matrix in direct link considering

the I*" branch is

f hgp [lo]e 72T foTsD 12 sine ((1 +a)i — (1 + a)n — (@, — az)foT>

Pt v1+aq 1+ q
9=
. (+ap)i=(+a;,)n—(ag, —a;) foT
—jm
X e (+ay)

Y

and the received signal after combining all branches at the destination node is

Tpali] = V/Gsp(f)Es Y57 xli] + /Gsp(f Z Y0 xn] + 7 (6.41)
n;éz
where the element TZSE in 1)

Ns Ng h ]27TTSD712TL/T

T -3 % 3p, hsp l21+al

=1 l>=1

s _ _ . (1+ap)i—(14a;, )n—(a;, —ay) foT
X sinc ((1 ra)i=( +1a:2_)n (s al)foT) e " : ey . (6.42)
aj

In the cascaded underwater channel S — R; — D, the compensation for the com-
pounded frequency offset by m™ path in S — Ry, and p*™ path in Ry — D is exp(—j2m(c)+
bk, (14 ¢f)) fot). After Doppler offset compensation, the received signal is correlated with
the orthonormal basis set for the m'™ path in S — Rj and p'" path in R, — D. The
baseband received signal over the (i + 1)™ subcarrier after the relaying phase and nor-
malization, and applying orthonormal functions ¢f,, (t) in , at the destination node

18

N—
5 nk ) le )
i)

(6.43)

where 2% is the effective additive noise after normalization at the destination node and

the element Tf{,’; in ((6.43)), considering the m'™" and p*® branches, in closed-form expression
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is given by

Y S [ e | .
Tin = T Y D hsymale 2T memat Thi, b [py]

mo=1 pa2=1

« efj27r(1+bfn2)TRkD,p2n/Tfs (T — U, Drger Ut i) (6.44)

where u; , = max (O, (—Ty + Tsrymy + (1 + b’gw)TRkD,m)/((l + b’;w)(l + 0’52))),
Uy = min (T/(14 b )(1 4 ), (T 4 Tsrymy + (14 5, )TRuD.p2) /(14 05,)(1 4 ¢f))), and
Ore = (B, (1+cf)+cE =05, (14ch ) —ch) fo+ (1405 (1+c5))i /T — (1+05,, ) (1+cL,))n/T.

The derivations of TZSE and :Iv"?r’; in (6.39) and (6.44)), respectively, are shown in Ap-

pendix [D.2] Then, the received signal after combining all different m®™ and p™ branches
is
NE Nk

gD,2[ = Z Z hSRk mh’RkDp meQp)[ ] (6-45)

m=0 p=0

For improving the hardware implementation at the receiver side, assume u;; — 0, and
Uy e — T/(1+bf)(1+ k), then the approximate (i +1,n + 1)" element of ICT matrices

TZ » after combining all different m™ and p'® branches is given by

NE NE NE NE 7, —j2mrsr, m /T ion E Vb
ey Yy Y B s, male T g o] (1 )i /T
T m=1 p=1 ma=1 pa=1 \/(1—}—b£€n)(1+clg)
: R kT vrkl
X simc ? . 6.46
((1+b,’z)<1+c’“)) p<<1+bfn>(1+cg)) (6.46)

The received signals after relaying phase from &*® relay node over the (i + 1) subcarrier

at the destination node using multiple resampling OFDM receiver is

2 2
ol = \/GSRAf)GRkD(f)Es % o *Z Gon, (NCun(NE? gy 11, 02

i

i T
(6.47)
Let us define
¥ = QP Fpa[0] . Fpali] . Toa[N —1] 1%,
i, = Qy*[Fp2l0] ... Fpalil .. T[N —1]7,

1/21 ~D,1 ~D,1 ~D,1 1T
ZDl_Ql [Zo Z; ZN—I] )
—1/2 ~D,2 ~D,2 ~D,2 1T
zZp) 5 = 257" ...z .. Zy]
where
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Q;"? = Ny UngDyi Ully, and Q,,* ~ NoViiDy/? VI . Dyr and Dy are the
diagonal eigenvalues matrices of the Hermitian matrices Ygp and Yg, , respectively. Uy
and Vg, are the eigenvectors matrices of Ygp and Yy, respectively. Therefore, the re-
ceived signals in and after whitening the resulting noise vectors from branches

combination in matrix form are

-1/2
Yy, VGso(HE; Q;*Ysp z)

= = e o X + (6.48)
rl\D/I,z \/ st () %’“DU)E 1/2TRk ZI\D/I,Q
MR MR ZMR

where elements of Ygp are given by TZ»SE defined in 1) and elements of Yy, are Tfr’j
defined in ([6.46]).

Maximum-likelihood decision metric for multiple resampling demodulation assuming
perfect channel state information and Doppler scaling factors at the receiver side is given

by

= argmm{HrD 1 — VGsp(f Q_1 2TSDXH

+ rDQ \/GSRk GRkD( )E /nkQ_l/QTRkX

} (6.49)

Due to complexity in applying ML detection for systems with large number of subcar-
riers as in UWA communication systems, we have resorted to linear detection techniques.
Let the optimal linear receiver Fy; € CNV*2N be applied on a received vector at the destina-
tion node as a linear minimum mean square error (LMMSE) receiver. The optimal linear
receiver Fy; is based on minimizing MSE, i.e. J (F) =F [Tr{(Fr — x) (Fr — X)H}] ,
which is given by

Fu = argmin E [||[Fr —x|[*]. (6.50)

FeCNx2N
The linear MMSE receiver for the AF cooperative OFDM system effected by an ap-
proximate noise covariance matrix, K,, = diag(NoYsp, NoYrk), is
Fy = ((E) THS 4 Nl ) Ty (6.51)
where HMR in denote the whitened channel. The decoded symbols by LMMSE

receiver are X = dec{Fyr™®}, by applying the linear receiver of (6.51)) to received signals

in (6.48)) where dec{.} denotes decoding based on the modulation constellation considered.
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As another alternative, we consider Zero Forcing (ZF) linear receiver at the destination
node, ZF receiver minimizes the MSE, J (F) under the constraint that FHMEx = x.
The decoded symbols after applying the linear ZF receiver for the AF cooperative OFDM

system are given by

% = decf ((HY®) THMR) (B Py, (6.52)

A simplified detection technique at the destination node without inversion in ((6.51])
and is referred to as Matched Filter (MF) detection. In MF receiver, the filter is
matched to the channel and maximizes the SNR at filter output while ignoring the ICI.
The decoded symbols are obtained by X = dec{(HMR)HrMR} where there is no inversion
process as in and . Similarly, these linear detectors can also be applied for the

conventional and single resampling receivers in Sections [6.2.1] and [6.2.2] respectively.

6.3 SNR-based Relay Selection Rules

In this section, we consider relay selection based on SNR maximization. For multi-carrier
communication systems, we can select the best relay for each subcarrier, where each relay
transmits selected subcarrier(s) and nulls the unselected subcarriers. This approach is
known as per-subcarrier (PS) relay selection [10§]. The indirect SNR for the cooperative

UWA system using multiple resampling receiver over the n'" subcarrier is
|TS,I’CN,|2GSRI€ (f)GRkD(f)72

TRy, = N | 5 (6.53)
Gsri () +] 2 hw,p[ple 2P T G (f)y + 1
p:
where hg,plp] = hrppe /2™ 0™Pr For each subcarrier n, we select the relay that re-

sults in the maximum indirect SNR expressed in (6.53). Therefore, selection rule can be

expressed as
arg ’Iﬂnax {’yﬁk } : (6.54)

Another approach in relay selection for multicarrier systems is to select a single relay
for all the subcarriers, also known as all-subcarriers (AS) relay selection. In this approach,

the sum of indirect SNR in ([6.53)) for all subcarriers is maximized. Therefore the selection
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rule can be expressed as
N—-1
arg max TR, ¢ - 6.55
s Y | o
These relay selection techniques can be extended to single resampling and conventional

receivers discussed earlier by replacing Y1k in (6.53)) with W%

nk . defined in (6.34), and 3,
defined in (6.21]), respectively.

6.4 ICI-based Relay Selection Rules

In this section, we consider relay selection based on minimizing the resulting ICI. We
consider two approaches, namely PS and AS in relay selection. The power of interfering
subcarriers for the n'® subcarrier for the indirect cooperative link of the & relay using

multiple resampling receiver is
2

Gsr, (f)Gr,p(f)7
' . (6.56)

Gro(f)y+1

> T

N-1
i=0,i#n

NE '
> hreplple 2 en/T
p=1

Gsr,, (f)y +

We select the relay for each subcarrier n that results in the minimum power of interfering
subcarriers for the n'® subcarrier, I(n, k), for the indirect &*" cooperative link. ICI-based
relay selection rule of multiple relay AF cooperative UWA system with PS approach is
given by

argkmin {I(n,k)}. (6.57)

On the other hand, in AS approach, the ICI-based relay selection rule is given by
N-1
arg min I(n,k)p. 6.58
i 3= 100 | (65%)
Similarly, these relay selection techniques can be extended to single resampling and

conventional receivers discussed earlier by replacing Ti’; in (6.56) with \I/fi’;, defined in
(6.34])), and CDSE defined in 1) respectively.
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6.5 Numerical Results and Discussions

In this section, we present numerical results on the BER performance of multi-relay coop-
erative OFDM systems for various linear receivers with appropriate resampling techniques.
We further consider the dual-hop transmission in the case of direct link’s absence. We con-
sider a setting of four relays (K = 4), a carrier frequency of 16 kHz, N = 256 subcarriers,
system bandwidth of 2.5 kHz which corresponds, nominally, to symbol duration, T, of 0.4
ms, and a transmission distance of dsp = 3 km. We assume that 5; = 0dB Vi € {1,..., 4},
and all channels experience two dominant paths. For benchmarking purposes, we include

the BER performance of direct transmission with single resampling receiver.

We consider S — D channel link with path-dependent Doppler scaling factors of [a; as]
[0.001 0.0025], path delays (in ms) of [Tsp.1 Tsp2] = [0 5]. For cascaded S — R; — D chan-
nels, i = 1, ..., 4, path-dependent Doppler scaling factors and delays are given in Table [6.1]
For environmental parameters, we assume temperature of 25 °C, depth of 50 m, acidity
of 8 pH, salinity of 35%g, and spreading factor of 1.5. In our system of four relays, we
consider Rician fading model for the small-scale effects in all UWA channels with uniform

PDP and Rician factor of 2.

Table 6.1: Doppler scaling factors and path delays for K = 4.

Channel links Path-dependent Path delays [ms]
Doppler scaling factors
S—=Ry—D [ of b5 ] [ & ] [ 7sret 7sre2 )| [ 7R TRD2
S—Ri—D | [0.002 0.005]| [0.001 0.004 ] [3 7] [2 10 ]
S—Ry—=D [0.001 0.003 ]| [0.002 0.003 ] [1 3] [0 4]
S—+Rs—D [0.001 0.004 ]| [0.002 0.005 ] [0 5] 1 3]
S—Rs—D [0.002 0.003 ]| [0.001 0.004 ] [0 3] (2 7]
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Figure 6.2: BER performance of SNR-based relay selection for cooperative OFDM UWA
system with AF relaying. (OCP: Orthogonal cooperation protocol)

In Figure [6.2] we present the BER performance of cooperative OFDM UWA system
with SNR-based relay selection. We assume both AS and PS approaches and consider
multiple resampling techniques, and various linear detectors, i.e. LMMSE, ZF, and MF
receivers. It is observed that cooperative OFDM UWA communication outperforms the
direct transmission using LMMSE and ZF detection. Particularly, we observe that PS ap-
proach with SNR-based relay selection outperforms AS approach; however, the complexity
at the receiver side increases with the number of subcarriers. Specifically, we observe that
at BER of 1073, the SNR requirement in cooperative system with PS approach is smaller
by 4.4 dB compared to AS approach. The performance exhibits error floor at high SNR
values for MF receivers, where the filter is matched to the channel and maximizes the

output SNR but ignores ICI.
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Figure 6.3: BER performance of SNR-based relay selection for cooperative OFDM UWA
system with AF relaying. (DH: Dual-hop)

In Figure 6.3, we present the BER performance for dual-hop cooperative OFDM UWA
system with various number of relays. We consider SNR-based relay selection and multiple
resampling technique at the receiver side. We observe the decrease in BER performance
as we increase the number of relays participating in selection. Specifically, at BER= 1073
and K = 4, we observe an SNR improvement around 0.92 and 2.4 dB compared to systems
with K = 3 and 2 respectively. Similarly, we observe that performance of dual-hop systems

with MF receiver depicts error floor at high SNR.
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Figure 6.4: BER performance of multi-relay cooperative OFDM UWA system with SNR
and ICI based selection rules. (OCP: Orthogonal cooperation protocol, MR: Multiple
resampling, SR: Single resampling)

In Figure 6.4 we compare the BER performance of SNR-based and ICI-based relay
selection techniques. We assume orthogonal cooperation protocol and consider K = 4
relays and LMMSE receivers. We observe that ICI-based multiple-relay selection systems
outperform SNR-based in both resampling techniques. Specifically, at BER of 10~% under
multiple resampling assumption, we observe an SNR improvement of 2.18 dB in ICI-based
selection compared to SNR-based one. Comparing the single and multiple resampling tech-
niques under the assumption of SNR-based relay selection, we observe multiple resampling
results in an improvement of around 5.4 dB at BER= 1072 at the expense of complexity

in implementation.
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Chapter 7

Conclusions and Future Research

Building on the promising combination of multi-carrier and cooperative communication
techniques, this dissertation has investigated the fundamental performance bounds of co-
operative OFDM UWA communication systems taking into account the inherent unique
characteristics of the UWA channel. We have derived outage probability and capacity
expressions for cooperative UWA systems with AF and DF relaying. Through the derived
expressions, we have demonstrated the effect of several system and channel parameters on
the performance. We have also investigated the performance of cooperative UWA systems
in the presence of non-uniform Doppler distortion and proposed receiver designs to mitigate

the degrading Doppler effects.

In Chapter 2], we propose an approximate statistical model for the non-stationary am-
bient noise. The proposed model allows mathematical tractability and is a good fit for

most operating frequencies in practical UWA communication systems.

In Chapter [3] we have investigated the outage performance for AF cooperative OFDM
system over UWA channels based on the availability of ambient noise statistics. We have
derived closed-form expressions for the outage probability and outage capacity for the pre-
coded OFDM cooperative UWA system over sparse Rician fading channel. The outage
performance of multi-hop UWA system is also studied. Our results demonstrated a close
match between derived expressions and the exact outage performance. The performance
improvement of AF cooperative UWA system over direct transmission at high SNR values

is observed. Moreover, we have studied the effect of relay location, operating frequency,
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availability of ambient noise statistics, and underwater temperature on the outage perfor-

mance.

In Chapter [4, we have investigated the information-theoretic outage performance of DF
cooperation over UWA channels. We have derived closed-form expressions for the outage
probability in DF cooperative OFDM UWA system under the assumption of unknown
ambient noise covariance. Simplified expressions under the high SNR assumption are
provided. Based on these expressions, we studied the optimal relay location that minimizes
the overall outage probability of the UWA communication system. The effects of Rician

k-factor and operating carrier frequency on the optimal relay location are observed.

In Chapter 5, we consider three cooperation protocols that vary in degrees of broad-
casting and collision, and derive the maximum achievable sum-rate expressions and com-
mon/individual outage capacity regions. The effects of several system and environmental
parameters such as underwater temperature, carrier frequency, and noise correlation on

the outage capacity regions are analyzed.

In Chapter [6] we have studied the performance of multiple relay selection over non-
uniform Doppler distorted UWA channels. We proposed receiver structures for multi-relay
cooperative systems over UWA channels with motion-induced Doppler spreading. Relay
selection in multicarrier systems based on SNR maximization and ICI minimization with
AS and PS approaches are investigated. We observe improvements under multiple resam-
pling technique which provides higher ICI suppression at the expense of higher complexity.
Furthermore, we demonstrated that PS approach in relay selection outperforms AS under

various Doppler distorted UWA channels.

The current research can be extended in several directions. For example, we have inves-
tigated the outage performance assuming equal power allocation between the source and
relay nodes and among the subcarriers as well. The optimum power allocation among the
nodes and/or the subcarriers can be pursued to minimize the overall outage probability
of the system under total power constraint and at a fixed transmission rate exploiting the

derived expressions.

Another assumption in our outage performance derivations is the availability of known
channel state information at the relay and destination nodes. However, in practice, the

fading coefficients are unknown at the receiver and need to be estimated. The derivations
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can be further extended to include the effects of imperfect channel estimation. In such a

derivation, the sparse characteristics of the UWA channel should be particularly considered.

In Chapter 5 we have investigated the receiver design for multi-relay cooperative
OFDM system with different relay selection techniques. This scheme deals with a relay-
assisted point-to-point UWA communication and can be extended to the multi-user case
where more than one node communicate to a single destination node. This occurs when
different underwater sensors (or AUVs) communicate with a single underwater gateway
(analogous to base station in RF wireless communication). Multi-user OFDM is another

open research problem to pursue in underwater.
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Appendix A

Approximation of Ambient Noise

PSD

In this appendix, we present the approximation for the underwater ambient noise PSD.
First, we consider the waves noise PSD, i.e.

asf’
N(f)~ ——
(f+0.4)

where a3 = 10°T07V% and w is wind speed in m/s. This is based on the fact that waves

(A.1)

noise PSD is the major contributing noise in the range 100 Hz -100 kHz which is the

operating region for most acoustical communication systems [109].
We further approximate N(f) for the frequency range 10-100 kHz by

N(f) ~ jf—

This results in an 1/ f fractal (statistically self-similar) random process [93] for ambient

(A.2)

noise. For this spectrum, spectral parameter is two; and it results in non-stationary random

process.

We approximate the non-stationary 1/f fractal random process by a stationary process.
For short observation of time, it is observed that ambient noise appears stationary. We
further introduce E to smooth the power spectral density function approximating ambient
noise for UWA channel such that at low frequency it will not diverge,
a3
N(f) =

248

(A.3)
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Let

a3 Qs

PO:JICE%N():JIIZ%JEQ-FE:E (A4)

Define f, in kHz such that N (f,) = Py/2. Hence, 8= 73 and
N() ~ —2 — N, A5
D= =) (A5)

This approximation is in a similar approach given by Keshner in [95]. Finally, rewriting
approximate PSD N,(f) in terms of variance of complex-valued baseband ambient noise
n(t), o2, where 02 = E[n(t)n*(t)]. Let 02 = was/f,, then we have

?00721

N(f)%Na(f):m-

(A.6)
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Appendix B

Calculation of u7; and a%l

In this appendix, we derive iz, and o7, in (3.18). Let vsp and fyR be, respectively, defined

as 5o = (1/N) 32y 7Gsn(f)Tsp(k), and 4w = (1/N) 3,50 (¥*Gsr(f)Gro(f)Tsr(k)
I'rp(k))/(vyGrp (f)Trp(k) + v Gsr(f) + 1). For the convenience of the presentation, we
will drop f of Gsp(f), Gsr(f), and Grp(f) in the following. pur, is given by

B 2GSRGRD
pr, = YGsp + ———— ZMl My (B.1)

where M, ; and M,; are expressed as

Lsr Lsr
My;=1+2 Z Z pisk pisra R {exp (j2m(vsg — vég)i/N) }, (B.2)
=
1 1 8. X 2hy(-k)/2 _ o 3.
My; = — — & exp | —= 312 _ Nﬁ_Q Z‘%Tﬁg k)/2 ék 1)/2 W_il R 52 '
51 %\Ij 2 BI\I/ k=0 k12 2 BI\P

(B.3)

Here, Lsp, Lsr, and Lgp are significant number of ISI taps, 31 = vGRrp, Eg = vGsr+
1L, U=23/" g2 1 and Wy (1) is the Whittaker function [100] defined as
Z,Lt+0.5€—z/2

Wal?) = 7 =350

/ e FHTATOS (] 4 ) tA=05 gt (B.4)

0

The non-centrality parameter for the non-central chi-square distributed random variable
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Trp (i) for (i + 1)™ subcarrier is given by
LRD -1 LRD 2
= (8 otr) (3 o R (exp(sm oi/N) = S (expl—i2mety /)]
1=0 k=0

2
(32 im0 m R (exp(—2 i/ V) + exp(27 i /)] } .
(B.5)
For deriving a%l in , first we need to calculate the second moment of 7} given by
E[T"] = E [vép] + 2E [sp] £ [y + E [7] (B.6)
where E [ysp] = 7Gsp and E [yg] = (Y*GsrGro/N) S0 " My ;M,,;. Taking expectation
with the respect to the direct link S — D, we have

E [vép] =7"G5p

Lsp Lsp Lsp
X Z (18D + 818D 105p, + 808p,) + Z Z (20804 + H8p 1) (2050, + 18n,)
) 1=0 k=0 1=0 )
z

(B.7)

On the other hand, taking expectation with respect to S — R and R — D links, we

obtain the approximation given by

4 Y2 2
21,7 G3rGrp
E [7R} ~ N2
N-1 _ _ _ N—-1 N-1 " _ » " .
x| D (At Ay + A ) + - 3" Do) (By+ By + By + By)
=0 n1=0 ny=0
n1#n2

(B.8)

where Avl,i and B, takes the form of Z in (B.7) and obtained by replacing pgp ; and ogp, ;

in Z by psr,; and ogg ;, respectively, and o7, = E (1% — 13, Dy, D(ni,ny), ngi, 2371- are

defined respectively as

1 1 Bs 20 s2BEPT(k 4+ 3) Ba
Di=—=exp|—=|s— ~—>) L 2 W ks e | = |,  (B.9)
& ( 2 < pY kz:; RI2VT (K + 1)(§1qf)k/2 T A\AY
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D(ny,n3) =~ D, with n* = argmin {D,,}

ne{ni,na}
Agi =4[y, + Uy, + U] (B.10)
A/gﬂ' = 4 [&)171' + &)27{| (Bll)
where Wy ;, Wo;, Vs, EI;M-, and &)2,1‘ are defined as
Lsr Lsr
Wy, = Z Z (MgR,lMSR,k + 4/~LSR,1HSR,kU§R,l) R {eXP (jQW(USR - véR>i/N) }> (B.12)
SO
Lsr Lsr
o = Z Z (KSR esrm T Hisp phsr mO8R 1) R {exp (527 (v — vER)i/N) }, (B.13)
m=0 k=0
m<k

Lsg Lsr Lsr

W3 = Z Z Z (H%R,ZMSR,mMSR,k + QMSR,mMSR,ko-éR,Z) R {eXP (jQW(USR - UénR)i/N) }7

=0 m=0 k=0

m<k
(B.14)
N Lsr Lsr ) )
d,,; = Z Z (am(% {exp(jQW(vlSR — USR)i/N)}) + B (S {exp (jQW(UZSR — vlgR)i/N) B > :
=
(B.15)
_ Lsg Lsgr Lsr Lsr
Oy = Z Z Z Z [ISR oy SR 1 HSR ks SR, T {exp (72 (vl — vk )i/N) }
k1=0 =0 k=0 la=0
ki<l ka<l2
x R {exp (j27r(vls2R — UIS%)Z/N)} (B.16)
In the above, oy, and 35, in <T>Li are defined as
Qg = ZggR,kagR,l + MgR,kﬁgR,z + /LSR,lo-éR,k + M%R,kN%R,lv (B.17)
Bri = 2038 405R 1 + 3R 108, + HER 1T5R k- (B.18)
On the other hand, EQ, §3, and §4 in 1} are given by
By, =2[Uyp + Vo + Vs ], (B.19)
By =2[Uy 0, 4 Vo, + U], (B.20)
B, =4[T\ + Ty (B.21)
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where T} and 75 are defined as

Lsr Lsr

T = Z Z R {exp (jQW(UéR - USR)”l/N) } R {exp (jQW(UlSR - USR)”2/N) } (M%R,kﬂ%R,l)

k=0 1=0
k<l

+ (R {exp (j2m(vig — vé)na /N) } R {exp (j2m(vhg — vig)na/N) }
+ S {exp (j2m(vhg — vég)na/N) } S {exp (j2m(vig — vir)n2/N)})
X (M%R,kagR,l + UgR,kﬂgR,l + QUgR,kagR,l) ; (B.22)

Lsg Lsr Lsr Lsr

Z Z Z Z HUSR ey MR SR s MR, R {exp (727 (vl — vER)n/N) }

=0 11=0 ko=0 l2=
ki<l k2<l2

x R {exp (j2m (v — v&;)na/N)}. (B.23)
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Appendix C

Proofs and Derivations of CDF and
MGF in Chapter

C.1 Proof of Lower Bound in Eq. (4.13

In this appendix, we show that the bound in (4.13) is a lower bound to the exact out-
age probability PO, defined in (4.3). For simplicity of notation, let P, = Pr[Ic < R],

out,u
P, =Prllcy<R], P, =Pr[I[x<R|, P, =Prllgy <R|, Ps=Pr[Ip <R], and P; =
Pr[lpy < R]. This implies PPY = P (1 - PR) + P3P. Due to Jensen’s inequality,

out,u

P, > P, P, > P,, and P; > P;. Further, 0 < 1 — P, < 1, and we can lower bound

DF
Pout,u as

P> P+ (Ps—P) P, (C.1)

It can be shown that Ps— P, > 0 by substituting corresponding derived CDFs in Appendices

and [C.3} hence,
P 2P (PP

out,u

=Pr []C,U S R] (1 —Pr [IR,U S R]) + Pr [ID,U S R] Pr []R,U S R] . (02)

96



C.2 CDF Derivations of Ipy and Iry

As seen from (4.10) and (4.11), Ipy and Ig y have a form of
N | vl
Ixy = mbgz (1 + N nz% GXY(f)’YFXY(n)) . (C.3)

The detailed derivations of moment generating function (MGF) for (1/N) 271;/;01 I'xy(n)
in ((C.3) is shown in Appendix . The CDF of Ixy is given by

Lxy Oxy,y (?R (hxy (vy)) ) 2 X (M) 2

F =P E
rev () ' 2(kxy,+1) oxy,l
—— —

o
=0 XYl

Q

2(N+L¢)
< -~ -1 } (C.4)
Gxv(f)y
where Ué(Y € ny,Vl < {0,...,ny}. Denote }/lr = (?R (hxy(vé(y))/O'XYJ)Q and Yil =
(S (hxy(vky))/ nyvl)z then ¥; = Y;” + Y}’ is a noncentral chi-square random variable

with two degrees of freedom and the noncentrality parameter p = pky, / 0%y, Denote
n= ZIL:XOY a;Y;. Using the truncated CDF of n [111] and after simplifications, it is given
by

Fy(z) =

c klmy, L;LXY+1) ((LXY + 2)x>’ o > 0
(201) T Ly + 2) p (Lxy +2), 20 p11

(C.5)
where (.) is the rising factorial power (Pochhammer symbol), I'(.) is the complete Gamma
function, L,(Ca)(.) is the k" generalized Leguerre polynomial, and the coefficients m;, can be

obtained from the recurrence relations

Lxy+1 9
mo ZQ(LXY + Q)LXY+2 exp —l i “XY,iQXY,z’ (LXY +2— MO)
o= 20%y; (kxy,i + 1) popin + 0%y Oxyi (Lxy + 2 — o)

1=

X — +—— (Lxy +2— C.6
1 k—1
my :E jz:;mjdk_j, k Z 1 (C?)
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where d; is given by

. Lxy+1 i

d; = Jin(Lxy +2) ] [y i Xy i Oxy i I
ITT T D ] ULy
Ho -1 “OXv.i (kxvi+1) (kxy,+1)

X ( 2110 (kXY,i + 1) )jH + (—_MO )j
2p0mm (kxyi + 1) + Qxv,i (Lxy + 2 — o) Lxy +2—pyo

Lxy+1 J

2 (kxy,;+1 Qv )

" Z ( xvi + 1) popt1 — Qxy, ) 7 P>l (C.8)
2 (kxy,i+ 1) popr + Qxyi (Lxy +2 — po)

The k' generalized Leguerre polynomial is given by [110]
I'k+a+1)
F'k+ 1) (a+1)
where 1 F (a; b; ) is the confluent hypergeometric function of the first kind in [100], the com-
plete Gamma function I'(z) = [;* ¢*~'e~'dt and Pochhammer symbol (z), =T(z+k)/I'(z),
k > 0. By substituting xz = (22(N+Lc)y/N - )/(ny(f)v) in , the CDF of Ixy, i.e.

Fr, (y), can be expressed as

Fre (y) = F, ((22(N+LC)y/N —1)/(Gxy(f)7)) - (C.10)

L\ (z) = By (ko + 1) (C.9)

C.3 CDF Derivation of Icy

Icu is given by (4.12). Its CDF is therefore given by
Lsp ; 2 l 9
Q R (h S (h
Fro() = o Y- Sptlr s < ( SD(USD))) + (M)

— 2(ksp, +1) oSD I OSDI
L
N 2‘“3 Gro(f)YQrpp (?R (hRD(vﬁD)))2 N (% (hRD(UﬁD)))2 < Q2AN+La/N _ q
— 2(krpyp + 1) ORD,p ORD,p -
(C.11)

where vl € vep, VI € {0, ..., Lsp} and vip € vrp, Vp € {0, ..., Lrp}. Let V.= [ vgp vgrp ),
X1 = (R (hsp(vip))/osp.)’, and Xo; = (S (hsp(vip))/osp.s)’, Vi € {0, ..., Lsp}, X1, =
(R (hro(vhp)) /orDs) s Xas = (S (hrp(vip)) Jorn,) " Vi € {Lsp + 1, ..., Lsp + Lap + 1}
then X; = X3, + Xy, for any i € {0, ..., Lsp + Lrp + 1} is a noncentral chi-square random
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variable with two degrees of freedom and the noncentrality parameter p; is given by

M.
2 ,ZG{O,l,...,LSD}

SD,i

o _ (C.12)
2
w7 ie€{Lsp+1,...,Lsp+ Lrp + 1}

2
93D,i—(Lgp+1)

The scaling vector for noncentral chi-square random variables X;’s, &, is expressed as

Gsp(f)y9Qsp,o . Gsp(f)v2sp,rgp Gro(f)YQrp,0 | GrD(/)YORD, Lgpy ] (C.13)
2(ksp,0+1) 2(ksp,Lgn+1)  2(krp,o+1) 2(krD,Lgp 1) ' '

(11

Denote 17 = ijngLRDH ¢; X;, where ¢; is the (i + 1)™ element of E. Then, using the

truncated CDF of 77 [105] and after simplifications, it is given by

i - ~
e 2u1 glsptLrp+2 ol klmy,

(2H1)LSD+LRD+3F (LSD —+ LRD —+ 3) =0 (LSD + LRD -+ 3)k
% LI(CLSD‘FLRD‘FQ) ((LSD + Lgp + 3)$) (0'14)

210401
where 119, 1 > 0 and the coefficients m;, can be obtained from the recurrence relations

Fy(z) =

Lsp+Lgrp+2 ~
m 1 i ¢i (L L 3—
mo =2(Lsp + Lrp + 3)LSD+LRD+3 exp{ —= Z pi ¢i(Lsp + Lrp + o)
2 & pom + ¢ (Lsp + Lrp + 3 — pio)
MLSD+LRD+3 Lsp+Lrp+2
! -1
. i (Lsp + Lrp +3 — o)) ', C.15
Lsp+Lep+3—po 71 (Hopn + i (Lsp + Lrp +3 — ho)) (C.15)
LS.
M =1 QMg k21 (C.16)
7=0
where c@ is given by
- Lsp+Lrp+2 e it
d ~ —jm(Lsp + Lrp + 3) SD§D+ dilp — ¢:) pg/(ﬁl)p@
T i1 — @4
j 2Ho i=1 popir + @i (Lsp + Lrp + 3 — pio)
Lsp+Lrp+2
+ ( _/'1’0 )j+ SDZRD ( ,Uz[)(,ul_(b@) ).7 ]>1
Lsp + Lrp + 3 — o — fofir + i (Lsp + Lo +3— o) ) 7 7 =

(C.17)

By substituting x = 220V+Ley/N _ 1 in 1} the CDF for Iy in 1D ie. Fro,(y),is
given by

Froy(y) = Fy (22NVHLew/N 1) (C.18)
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C.4 MGPF Derivations in Sparse Rician Channel

In this appendix, we derive the moment generating function for (1/N) Zg;ol I'xy(n) and
(1/N) Zi::ol (Gsp(f)7I'sp(n) + Grp(f)yTrp(n)) random variables in sparse Rician fading
channel.

For sparse Rician fading in X — Y channel with arbitrary PDP, the MGF of the random
variable Axy = (1/N) Zﬁ:};ol I'xy(n) is given by

Lxvy Lxy 'Ul B vp)n
My () exp ZZhXY ) hxy (V) — Z exp —N . (C.19)
=0 p=0
Here,
0, Yuy#uv
N-1 ; P
1 27(v — vp)n
N I | = . C.20
¥ e ( IRl (C.20)
- 1,  otherwise
Hence,
Lxvy
My (s HE lexp (s|hxy (v)[?)] (C.21)

1=0
where hxy(v;) is defined in Section . Let Z; = |hxy(v)|* ;1 € {0,1,..., Lxy}, from the

MGF in ((C.21)), the random variable Axy is a sum of independent Z; VI € {0,1,..., Lxy}.
If we denote the real and imaginary parts of hxy(v;) by Z;; and Zy; respectively, then
[Yi|?2 = (Z1,/ O'XY,Z)Q +(Zsy/ O’XY,Z)2 is noncentral chi-square distributed with two degrees of

freedom and noncentrality parameter given by
2
~ H
= (EROD +(ESM) =3 (C.22)

oxv,

The probability density function for |V;|? is

fyip(z) = %exp ( 934;9 ) Iy (Sl\/_) x>0 (C.23)

where [j(.) is the zero-order modified Bessel function of the first kind. Using proper random

variable transformation, the probability density function of Z; is

1 T+ 5%0% N
fz,(x) = exp (—ﬂ> I (81 295 ) , x>0. (C.24)

2 2
2‘7XY,1 2‘7XY,1 oxvy,i

The explicit MGF for the random variable Z;, after some mathematical manipulation
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is given by

1 N%{Y,ZS
My, (s) = T 5o P (1—2 ) (C.25)

— 20%y 8 — 20%y 8

Substituting (C.25)) in (C.21)), we obtain the MGF for Axy.

Similarly, for sparse Rician fading underwater channels S — D and R — D with
arbitrary PDP, the MGF of the random variable A\¢ = (1/N) ZnNz_Ol (Gsp(f)7I'sp(n)

+ Grp(f)7Trp(n)) is given by

Lsp Lsp
v — Uy
M (s) =F |exp (ZZGSD Vb (01 (1) - Z exp ( T>)>]
=0 p=0
CLIEI P, 27 (U, — V)00
. m — Vk
x E |exp <mZO;GRD )YhrD Um>hRD(Uk)N HZ:O exp (—jT>>] :
(C.26)
Using ((C.20), MGF in (C.26)) can be expressed as
Lsp Lrp
My (s) =[] E [exp (sGsp(H)vlhsp(w)*)] T] E [exp (sGro(f)y]hrn (vm)?)].  (C.27)
=0 m=0

Let X; = Gsp(f)7]hsp ()2 and Y, = Grp (f)7|hro (vp)[2 .1 € {0, ..., Lsp}, p € {0, ..., Lrp},
from the MGF in , the random variable A¢ is a sum of independent )?l and 57;) Vi €
{0,1, ..., Lsp}, p € {0,1,..., Lrp}. If X; = Gsp(f)y02p,|Xi|> and YV, = Gro(f)v0dp,| Y,/
then |X;|2 and |Y,|? are noncentral chi-square distributed with two degrees of freedom
and noncentrality parameters p1; = pdp,/odp, and pap = pp,/ohp, respectively. The

probability density function for | X;|? and |}7;)|2, respectively, are

) =g e (-2 ) o (vm) 220 (©29
@) =ge0 (<222 ) L () 520 (©:29

Using proper random variable transformation, the probability density function of )?l
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and EA/p, respectively, are

fo (2) = 1 exp T+ Pl,lGSD(f)VagD,z 7 P1,T >0
X 2GSD(f)VU§D,z QGSD(f)’YggD,l " GSD(f)VagD,z o
(C.30)
1  + p2,Gro(f) 1%, P2,pT
s (z) = exp | — = | I : ;x> 0.
1) =G (ot ( et ) o\ Gttt
(C.31)

The explicit MGF for the random variables )?l and }A/p is obtained as follows. First, the
MGF for Ay; = U§D7l|)?l|2 and Ay, = JﬁD’p\?p\Q after some mathematical manipulation,

respectively, are

1 HEp,3
M, = — C.32
AI,Z(S) 1— 2U§D713 exp <1 _ 20’%])715 ) ( )
1 M%{D ps
M, = — . C.33
82,(5) 1 —20%p 8 P <1 — 20} 8 ( )

Then, MGF for )?l and ?p, respectively, are

1 ( pép,Gsp(f)ys )
exp ,

== X
1 — 203, ,Gsp(f)ys 1 —203,,Gsp(f)ys

1 1&n.Gro(f)vs
" _ P ] C.35
Yp<8) 1-— 2012{D,pGRD(f)’VS o (1 o 2UI%LDJJGRD<f)/ys | )

Substituting (C.34]) and (C.35)) in (C.27)), we obtain the MGF for A¢.

Mg (s) (C.34)

C.5 Derivations of High SNR Approximation

In this appendix, we show the derivation of the lower bound on PPY under high SNR

out,u

assumption. We consider the limit for the CDFs of Ipy and Iz y as v — oo. Let

B SE O Qgpy R (hsn(@)\> /S (hsr(v)) )’ oufa _ 1
Fray(y) = Pr ZZ(kSRSj-i— 1){( azl;z ) +( assi,l >}§GSR(f)»y
N e’

=0

o

(C.36)
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where @ = N/(2(N + L.)). Further let n = S/ ;) with Y, = (R (hsg(w))/osrs)’
+(S (hsr(v1))/osry)?, then as v — oo, we will have

,ylglolo FIR,,U (y) = glcli% £ (z) (C.37)
where z = (2¥/% — 1) /Gsr(f)7. Now, the limit of F), () /z's**! as 2 — 0 is given by

Ki—1
1 : k! Lsp +1+k
lim 2~ PSPV E, () = i o s o, i > 0

z—0 (2M1>LSR+2F (LSR + 2) 0 (LSR + 2)k k

(C.38)
Hence, the limit of F, ,(y) as v — 0o is

((22(N+LC)R/N _ 1) /GSR(f))LSR+1

hm FIR,U (R) =

Y00 (201) 5% (Lgg + 2)
Ki—1
: klmy, Lsg +1+k
—(Lsr+1)
X —_— , 10, >0 C.39
;(LSR“M k K Ho- i (C.39)

Similarly, we have derived the high SNR approximation for Fr, (y) as v — oo, and

obtained

i () L@ 1) fGan(1)

o0 (2u1)"°*°T (Lsp + 2)
Ki—1
. klmy, Lsp +1+k 0
x __ ~(Lsp+D) S0 (C.40
kz_o (Lsp +2); k ! o (C.40)

In the case of combined received signals from the source and relay, the high SNR

approximation in similar approach for the CDF of Ic vy at spectral efficiency R is

(22(N+LC)R/N _ 1)LSD+LRD+2

lim F[C,U (R) =

Y=o (2M1)LSD+LRD+3P (Lsp + Lrp + 3)
y Kf ki Lsp+ Lrp +2+k
— (Lsp + Lrp + 3),, k
% 7_(LSD+LRD+2)7 Lo, [ > 0 (041)

The lower bound in (4.14]) can be approximated for high SNR, i.e. as 7 — co, and we
obtain (4.15)).
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C.6 Proof of Maximum Diversity Order in DF Coop-

eration

We use the derived high SNR approximation expressions to show that the maximum achiev-
able diversity order for our cooperative DF system is Lsp + 1 + min (Lgsg + 1, Lrp + 1).
For simplicity of notation, let Ly = F,, (z) (1 — F, (z)) + F,, (2)F,, () where the random

variables ng, 11, and 7, are , respectively, given by

v S gl (M) ()

+L§ GR]?RDpsiml)p {(%(hRD@p)))2 . (%(hRpr)))Q}’ (©.42)

B LSR Gsr(f)Ssr, R (hsr(n)) )" S (hsr(vr)) )

n _; 2(ksrg + 1) { ( OSR,1 ) - ( OSR,1 ) } ’ (C.43)
R Gsn(Hspa [ (R(hsp()\ | (S (hsp()\?

= lz:; 2(ksp; + 1) { ( OsD,1 ) T ( osD,I ) } ’ (C.44)

and their corresponding CDFs are derived in Appendices and Assume that Lgg <
LRD) then

lim g~ (Lso+Isrt2) 1 o =lim 2~ (Lsotlsnt2 [ (z) (1= F () + 2P0t tsnt2 | (1) F, (x)

::1612% x_(LSD+LSR+2)Fn0 (z) — ili]%m (LSD+LSR+2)F7]O( z)F, (z)
+ ilg(l) a:’(LSDJrLSR”)F?71 (z)F), (2) (C.45)
Let ¥, = ig% x_(LSD+LSR+2)FnO<x>, U, = 31612% x_(LSD+LSR+2)Fn0 (2)F,, (), and Wy =
lim g~ LsotlsntD F () F, (x). Here,
Kil Kl Lsp + Lrp +2+k
= (Lsp+Lrp+3)y L
Uy = lim prro~Lsr (C.46)

z—0 (2u1)LSD+LRD+3F (LSD + LRD + 3)
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Yy — 0 as x — 0 because Lgp — Lsg > 0; we also have

Kil Kil ko i 1 kg Lsp + Lap + 2+ ky Lep + 1+ ko
k1=0 k2=0 (EspF+Lro+3)x, (Lsr+2)s, kq ko
W, = lim
1 z—0 <2M1)LSR+LSD+LRD+5F (LSR + 2) T (LSD —+ LRD + 3) 12— (Lrp+1)
(C.47)
¥, — 0 as z — 0 because Lgrp > 0. Further,
Kil Kt kilkaler gy co kg Lsg +1+ Kk Lsp + 1+ ks
k1=0 ko=0 (LSR+2)’“1 (LSD+2)’€2 kl k2
V2 = (C.48)

(2#1)LSR+LSD+4P (LSD -+ 2) F (LSR + 2)
From (C.46)), (C.47), and (C.48), we have

BB ktkalen iy oy Lsp + 14k Lsp +1+ ko
Ki=0 ko0 (LSR+2)k1 (LSD+2)k2 kl kg
lim Ly = P — x(LSD+LsR+2)
z—0 (2#1) SRTESDTA (LSD + 2) r (LSR + 2)
(C.49)
Let the constant gain, G, which is not function of SNR be denoted by
Kil Kb tkater py cong Lsg +1+ kK Lgp + 1+ ks
K=o kom0 (Lsr+2)y, (Lsp+2)y, Ky ks
G — (C.50)

(ZMI)LSR+LSD+4F (Lsp +2) ' (Lsr + 2)
and substituting r = (QR/ a_ 1) /7 in Lo expression and taking the limit of v — oo with
a= N/2(N + L.) yields

lim LO — G(2R/E N 1)LSD+LSR+277(LSD+1+LSR+1) <C51)
y—00

Clearly, from (C.51)), the maximum achievable diversity order is Lsp + 1 4+ Lsg + 1.

Now, if we assume that Lrp < Lgr, then

lim ¢~ Esp+Lro+2) [ — iy ¢~ (Lsp+Llrp+2) p (J}) (1 —F
z—0 z—0 Mo h

(m)) + x_(LSDJrLRDH)Fm (I)Fnz (z)
(C.52)

Let U, = igr(l)x_(LSD'FLRD‘FQ)FnO (z), ¥, = iii)r(l)x—(LSD-'rLRD-FQ)FnO (2)F,, (), and Wy =

lim g~ Lso et () F, (). Following similar steps, we obtain U, - 0asz — 0

105



because Lgg > 0 and @2 — 0 as x — 0 because Lsg — Lgrp > 0. Furthermore,

Ki—1 Kl Lsp+ Lrp +2+k
k;z::() (Lsp+Lrp+3), L

U, =
<2M1)LSD+LRD+3F (LSD 4+ LRD + 3)

Let the constant gain, é, which is not function of x or SNR be given as

Kl Kl Lsp+ Lrp +2+k
kgo (Lsp+Lrp+3), k

é:

(201) 80T (Lo + Lyp + 3)

(C.53)

(C.54)

and substituting x = (ZR/a — 1) /7 in L expression and taking the limit of v — oo with

a= N/2(N + L,) yields

lim Ly = é(zR/E . 1)LSD+LRD+2V_(LSD+1+LRD+1)
'Y_>OO

(C.55)

Hence, the maximum achievable diversity order is Lsp + 1 + Lrp + 1. From (C.51)) and
(C.55)), the maximum achievable diversity order is Lsp + 1 + min (Lgsg + 1, Lrp + 1).
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Appendix D

Derivations of ICI Coefficients in

Chapter [

D.1 Derivations of ICI Coefficients in Single Resam-
pling

In this appendix, we derive the (i + 1,n + 1) elements of the ICI matrices, \IIZSB and \Tff}ﬁ,

in (6.28)) and (66.32)), respectively. First, we consider the direct channel S — D where the

received baseband signal at destination is given in . At the receiver, the Doppler offset

compensated signal is yDvl(t)e’jQ’rafot. We correlate the signal with the orthonormal basis

function, (¢§l(t))*, (or equivalently applying a matched filter with an impulse response

(qﬁf(T — t))* followed by a sampler at ¢ = T'), and we have

(e 9]

Up, il :/yD,1(t)6_j27raf°t(gbf(t))*dt

|
il

Ng
= Gsp(f)Esx[n] Z hspll] o—i2m7spn/T
1=1

n=0
[ eremnssan Ty — g ) (610) o+ [ a0 (080
(D.1)
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where p(t + ajt — Tsp ) is given by

L —Tot7spa <t < T+7sp,1
p(t+at —1spy) = VI 1w e (D.2)
0, elsewhere

From (D.2)) and (6.25)), the lower and upper limits of integration in first term of (D.1)
are t; = max (0, (=T, + 7sp;)/(1 + @)) and ¢ty = min (T/(1 + a), (T + 7sp4)/(1 + @;)), re-
spectively. The second integration in 1} is denoted by zD ', Substituting 1} and

(6.25]) in ( , the received signal yp, , [1] is
v1+a
Y, [0 Z V Gsp(f)Esz[n

to

Ns
> Z hSD[Z] e—jZWTSDJn/T/6—j27r[(al—a)fo—(l—i-al)n/T+(1+a)i/T}t dt+z?’1

t1

Gao(1)E: B2 alil + \/Gap (1) B zw 0.3

n;éz
with

= Ns
VA
T+ a Z h,SD ] —j27rTSD ln/T {(tQ _ tl)SlnC ((tQ _ tl)'UD 0) e ]27r((t1+t2)/2)v[)0}
=1

JSD _
\I]i,n -

(D.4)
where pg = (@ — a;)fo + (1 +@)i/T — (1 + a;)n/T. This requires N correlator blocks
(or matched filters). For simplicity in hardware implementation, we assume t; — 0, ty —

T/(1+a), and y(t) = yp 1 (t)e 270t The received approximate signal 7p 1[i] in (6.29) is

T
1+a
o 1Ha [ e
TD,1[Z]: T /y(t)e J2mi(14 )t/Tdt
0

Using change of variable, i.e. v = (1 + a)t, then

_ . ~ u
1|t = — —
D,l” \/H—aﬁo y(1+a

which represents a single resampling of the offset compensated signal y(¢) by the Doppler

) eI/ T gy, (D.5)

rate a, followed by FFT block as a discrete-time domain representation of the integral in

(D.5). After some mathematical manipulation, we obtain approximate U in (6.30]).
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In the cascaded channel S — Ry — D, the received baseband signal
( ) Nk Nk
Gsr, (f GRkD fE? o f —jomfo (1455 )7
yDQ hsr, me 2™ /0TsRym hR b J27 fo RkDp
T ) s R

m=1 p=1

hsry, [m] thD [»]

x z[n] efﬂWSRk,mn/Te—ﬂTr(1+b’:n)rRkD,pn/Tej2w{b’:n(1+c§)+c’;}f0t6j27r(1+b’:n) (1+cf)nt/T

xp((1+bk) (1+c )t— (TSka+ (1+b )TRkDm))
n GRkD Z hi ]QWfOTRkD,pe_jQWTRkD»Pn/TZRk (t + cpt — TRDJ)) + /Z\D,Q (t)

(D.6)

Here, the additive Gaussian noise random process at the relay 2y, (t) in the p™ path
of R — D underwater link is time shifted by 7, = Trp,p/ (1 + ¢,), and time-scaled by

1+¢p.

Due to wide sense stationary assumption of additive white Gaussian noise random
process zg, (1), zr, ((1 + ¢,)(t — Tl—f{DJ,)) £ 2r, (1 + ¢,)t), where £ denotes equality of the
finite-dimensional probability distributions. Further, we assume the additive noise random
process ng(t) is scale-invariant, i.e zg, ((1 + cp)t)ﬁizﬁk(t) for |c,] < 1, Vp = 1,..., NE,
which is given in .

After Doppler offset compensation, the received signal is yp o(t)e 72" Og’ft, and we corre-
late the signal yp o (t)e 72"/ obt with the orthonormal basis function of the &t relay, (¢F(t)) 7
to obtain 7p ,[i] in (6.32)) with

-~ k k

TR V1+b’fN & jo T —j2m (1+46%,) /T

\Ilzfz Z Z hsr,, [m]e” 7= TSR mn/ hr,plple™”" TP (T — Ty )

m=1 p=1

X sinc ((ﬂz,k — ﬂ1,k)5R7k) e_ﬂﬂ((ﬂl”“+ﬂ2’k)/2)ER"k (D.7)

where ;) = max ( 0, (=T, + Tsrym + (1 + 05 )R,pyp) / (L +05)(1+ c];))) , Ugp =
min (7/(1+ ), (T + Tomem + (1+ 0)7en,) /(14 Dy) ), and T = ((1+ ) = (85,1
)4k ))f0+(1—|—gk)i/T—((1+b’fn)(1+c’;))n/T. Similarly, we can obtain the approximated
\IJR’“ in (6.34)).

,n
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D.2 Derivations of ICI Coefficients in Multiple Re-
sampling

In this appendix, we derive the (i + 1,n + 1) elements of the ICI matrices, TZSE and Ti’;,
in (6.39) and (6.44)), respectively. In direct channel, the received signal in the I*® branch
after Doppler offset compensation is yp 1 (t)e=72™0at  After correlating the compensated

signal with the orthonormal basis function, (gzﬁfl(t))* in 1) to obtain in (6.38) with

Ns
~ J1 , - -~ PSR
TEB _ ; ap Z hSD[ZQ] 67]27TTSD‘12TL/T (tQ _ tl)SinC ((tQ _ tl)vDyo) e—]27r((t1+t2)/2>’l}]3,0
lo=1
(D.8)
where t; = max (0, (=T, + 7spy,) /(1 + ay,)), t2 = min (T/(1 + &), (T + 7sp4,) /(1 + ai,)),
and vpo = (a; — ag,) fo+ (1 +a)i/T — (1 + a,)n/T.

In a similar manner, the received signal in the (m,p)™ branch after Doppler offset
compensation is yp o(t)e 72 (@ m 1+ fol - After correlating the compensated signal with

the orthonormal basis function, (¢£,, (f))" in (6.37), to obtain yg;’p [i] in (6.43) with

7’7m7p

U+ BE) L+ ch) M N

Ti’; = 7 Z hSRk [mQ]e_ﬂWTSRk’an/TthD[pg]e_j%r(l—i_blf%)TRkD*PQTL/T
mao=1pa=1
X (Tg. — Ty e)sine ((Tap — ) Te) € 92 (ot T2n)/2)om (D.9)

where Uy, = max( 0, (=74 + Tsreme + (1 + bﬁw)mkD,m) /(14 bfm)(l + c';u)))7 Ugp =
min (7/(1+ 05)(1 4 &), (T + Tsryme + (14 05, )TRepp,) /(14 6E) (1 + cF))), and gy =
05, (L+cp) +cp =0k, (L+cp) —ch ) fo+ (L+05) (A +ck))i/T — (1 +05,)(1+c,)n/T.

110



Copyright Permissions

Parts of Chapters [3] are [5] are reprinted from the following papers.

e S. Al-Dharrab and M. Uysal, “Information theoretic performance of cooperative un-
derwater acoustic communications,” in Proc. [FEEFE International Symposium on
Personal, Indoor and Mobile Radio Communications, Toronto, Canada, Sep. 2011,

pp. 1562-1566. DOI: 10.1109/PIMRC.2011.6139766.

© 2011 IEEE. Reprinted with permission, from S. Al-Dharrab and M. Uysal, Information
theoretic performance of cooperative underwater acoustic communications, IEEE Inter-

national Symposium on Personal, Indoor and Mobile Radio Communications, Septem-

ber/2011.

(© 2011 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this

work in other works.

e S. Al-Dharrab and M. Uysal, “Outage capacity regions of multicarrier DF relaying in
underwater acoustic channels,” in Proc. IEEE 26th Biennial Symposium on Commu-

nications, Kingston, Canada, May 2012, pp. 30-33.DOI1:10.1109/QBSC.2012.6221345.

© 2012 IEEE. Reprinted with permission, from S. Al-Dharrab and M. Uysal, Outage
capacity regions of multicarrier DF relaying in underwater acoustic channels, IEEE Biennial

Symposium on Communications, May/2012.

111



(© 2012 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting /republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this

work in other works.

The work used from the above mentioned citations is based on the rights retained
to the authors under the Retained Rights/Terms and Conditions section of the IEEE
Copyright and Consent Form. In reference to IEEE copyrighted material which is used
with permission in this thesis, the IEEE does not endorse any of University of Waterloo’s
products or services. Internal or personal use of this material is permitted. If inter-
ested in reprinting /republishing IEEE copyrighted material for advertising or promotional
purposes or for creating new collective works for resale or redistribution, please go to
http://www.ieee.org/publications_standards/publications/rights /rights_link.html to learn

how to obtain a License from RightsLink.

112



References

1]

[10]

M. Siegel and R. King, “Electromagnetic propagation between antennas submerged
in the ocean,” IEEFE Trans. Antennas Propag., vol. 21, no. 4, pp. 507-513, Jul. 1973.

Wireless Fibre Systems Ltd (WFS) Technologies, West Lothian, UK. website:
http: //www.wis-tech.com.

S. Jaruwatanadilok, ” Underwater wireless optical communication channel modeling
and performance evaluation using vector radiative transfer theory,” IEEE J. Sel.
Areas Commun., vol. 26, no. 9, pp. 1620-1627, Dec. 2008.

S. Arnon, “Underwater optical wireless communication network,” Opt. Eng., vol. 49,
no. 1, Jan. 2010.

L. Lanbo, Z. Shengli, and C. Jun-Hong, “Prospects and problems of wireless com-
munication for underwater sensor networks,” Wireless Communications and Mobile
Computing, vol. 8 no. 8, pp. 977-994, Oct. 2008.

S. Arnon and D. Kedar, “Non-line-of-sight underwater optical wireless communica-
tion network,” J. Opt. Soc. Am., vol. 26, no. 3, pp. 530-539, Mar. 2009.

G. Baiden, Y. Bissiri, and A. Masoti, “Paving the way for a future underwater omni-
directional wireless optical communication systems,” Ocean Eng., vol. 36, no. 9-10,
pp. 633-640, 7, Jul. 2009.

M. Doniec, I. Vasilescu, M. Chitre, C. Detweiler, M. Hoffmann-Kuhnt, and D. Rus,
“AquaOptical: A lightweight device for high-rate long-range underwater point-to-
point communication,” in Proc. MTS/IEEE Oceans’09 Conf., Biloxi, MS, USA, Oct.
2009, pp. 1-6.

M. Stojanovic, “Underwater acoustic communications: Design considerations on the
physical layer,” in 5th Annu. Conf. Wireless on Demand Network Systems and Ser-
vices, Garmisch-Partenkirchen, Germany, Jan. 2008, pp. 1-10.

A. Quazi and W. Konrad, “Underwater acoustic communications,” IEEE Commun.
Mayg., vol. 20, no. 2, pp. 24-30, Mar. 1982.

113



[11]

[12]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

M. Stojanovic, J. A. Catipovic, and J. G. Proakis, “Phase-coherent digital commu-
nications for underwater acoustic channels,” IEFE J. Ocean. Eng., vol. 19, no. 1, pp.
100-111, Jan. 1994.

W. Li and J. C. Preisig, “Estimation of rapidly time-varying sparse channels,” IEEFE
J. Ocean. Eng., vol. 32, no. 4, pp. 927-939, Oct. 2007.

A. Goldsmith, Wireless Communications. Cambridge University Press, 2005.

G. J. Foschini, “Layered space-time architecture for wireless communication in a
fading environment when using multiple antennas,” Bell Labs Tech. J., vol. 1, no. 2,
pp- 41-59, Autumn 1996.

H. El Gamal and A. R. Hammons Jr., “A new approach to layered space-time coding
and signal processing,” IEEE Trans. Inf. Theory, vol. 47, no. 6, pp. 2321-2334, Sep.
2001.

B. Hassibi and B. M. Hochwald, “High-rate codes that are linear in space and time,”
IEEFE Trans. Inf. Theory, vol. 48, no. 7, pp. 1804-1824, Jul. 2002.

R. W. Heath Jr. and A. J. Paulraj, “Linear dispersion codes for MIMO systems based
on frame theory,” IEEE Trans. Signal Process., vol. 50, no. 10, pp. 2429-2441, Oct.
2002.

S. M. Alamouti, “A simple transmit diversity technique for wireless communications,”
IEEE J. Sel. Areas Commun., vol. 16, no. 8, pp. 1451-1458, Oct. 1998.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block codes from
orthogonal designs,” IEEE Trans. Inf. Theory, vol. 45, no. 5, pp. 1456-1467, Jul.
1999.

J. Radon, “Lineare scharen orthogonaler matrizen,” Abh. Math. Sem. Univ. Hamburyg,
vol. 1, no. 1, pp. 114, 1922.

V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for high data rate
wireless communication: performance criterion and code construction,” IEEFE Trans.
Inf. Theory, vol. 44, no. 2, pp. 744-765, Mar. 1998.

E. Biglieri, G. Taricco, and A. Tulino, “Performance of space-time codes for a large
number of antennas,” IEEE Trans. Inf. Theory, vol. 48, no. 7, pp. 1794-1803, Jul.
2002.

Z. Chen, J. Yuan, and B. Vucetic, “An improved space-time trellis coded modulation
scheme on slow Rayleigh fading channels,” in Proc. IEEFE Int. Conf. Communications,
Helsinki, Finland, Jun. 2001, pp. 1110.

D. M. Ionescu, “On space-time code design,” IEEE Trans. Wireless Commun., vol.
2, no. 1, pp. 20-28, Jan. 2003.

114



[25]

M. Tao and R. S. Cheng, “Improved design criteria and new trellis codes for space-
time coded modulation in slow flat fading channels,” IEFEE Commun. Lett., vol. 5,
no. 7, pp. 313-315, Jul. 2001.

M. Di Renzo, H. Haas, and P. M. Grant, “Spatial modulation for multiple-antenna
wireless systems: A survey,” IEEE Commun. Mag., vol. 49, no. 12, pp. 182-191, Dec.
2011.

B.-G. Song and J. A. Ritcey, “Spatial diversity equalization for MIMO ocean acoustic
communication channels,” IFEFE J. Ocean. Eng., vol. 21, no. 4, pp. 505-512, Oct.
1996.

D. B. Kilfoyle, J. C. Preisig, and A. B. Baggeroer, “Spatial modulation experiments
in the underwater acoustic channel,” IEEE J. Ocean. Eng., vol. 30, no. 2, pp. 406-415,
Apr. 2005.

H. C. Song, P. Roux, W. S. Hodgkiss, W. A. Kuperman, T. Akal, and M. Stevenson,
“Multiple-input-multiple-output coherent time reversal communications in a shallow-
water acoustic channel,” IEFE J. Ocean. Eng., vol. 31, no. 1, pp. 170-178, Jan. 2006.

S. Roy, T. M. Duman, V. McDonald, and J. G. Proakis, “High-rate communication
for underwater acoustic channels using multiple transmitters and spacetime coding:

Receiver structures and experimental results,” IEEE J. Ocean. Eng., vol. 32, no. 3,
pp. 663-688, Jul. 2007.

S. Roy, T. M. Duman, and V. K. McDonald, “Error rate improvement in underwater
MIMO communications using sparse partial response equalization,” IEEE J. Ocean.
Eng., vol. 34, no. 2, pp. 181-201, Apr. 20009.

J. Tao, Y. R. Zheng, C. Xiao, and T. C. Yang, “Robust MIMO underwater acoustic
communications using turbo block decision-feedback equalization,” IEEE J. Ocean.
Eng., vol. 35, no. 4, pp. 948-960, Oct. 2010.

E. C. Van der Meulen, “Three-terminal communication channels,” Adv. Appl. Prob.,
vol. 3, no. 1, pp. 120-154, 1971.

J. N. Laneman and G. W. Wornell, “Energy-efficient antenna sharing and relaying for
wireless networks,” in Proc. IEEE Wireless Communications and Networking Conf.,
Chicago, IL, USA, Sep. 2000, pp. 7-12.

J. N. Laneman and G. W. Wornell, “Distributed space-time-coded protocols for
exploiting cooperative diversity in wireless networks,” IEEE Trans. Inf. Theory, vol.
49, no. 10, pp. 2415-2425, Oct. 2003.

J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless
networks: Efficient protocols and outage behavior,” IEEE Trans. Inf. Theory, vol.
50, no. 12, pp. 3062-3080, Dec. 2004.

115



[37]

[38]

[39]

[44]

[45]

[46]

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity. Part I: System
description,” IFEE Trans. Commun., vol. 51, no. 11, pp. 1927-1938, Nov. 2003.

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity. Part II: Im-
plementation aspects and performance analysis,” IEEE Trans. Commun., vol. 51,
no. 11, pp. 1939-1948, Nov. 2003.

A. Sendonaris, E. Erkip, and B. Aazhang, “Increasing uplink capacity via user co-
operation diversity,” in Proc. IEEE Int. Symp. on Information Theory, Cambridge,
MA , USA, Aug. 1998.

F. H. Fitzek and M. D. Katz (Eds.), Cooperation in Wireless Networks: Principles
and Applications. Netherlands: Springer, 2006.

M. Uysal (Ed.), Cooperative Communications for Improved Wireless Network Trans-
mission: Frameworks for Virtual Antenna Array Applications. IGI Global, 2008.

M. Vajapeyam, S. Vedantam, U. Mitra, J. C. Preisig, and M. Stojanovic, “Distributed
space-time cooperative schemes for underwater acoustic communications,” IEEE J.
Ocean. Eng., vol. 33, no. 4, pp. 489-501, Oct. 2008.

C. Carbonelli and U. Mitra, “Cooperative multihop communication for underwater
acoustic networks,” in Proc. 1st ACM Int. Workshop Underwater Networks, Los
Angeles, CA, USA, Sep. 2006, pp. 97-100.

S. Yerramalli and U. Mitra, “Optimal power allocation and Doppler compensation
in cooperative underwater networks using OFDM,” in Proc. MTS/IEEE Oceans’09
Conf., Biloxi, MS, USA, Oct. 2009, pp. 1-6.

W. Zhang, M. Stojanovic, and U. Mitra, “Analysis of a linear multihop underwater
acoustic network,” IFEE J. Ocean. Eng., vol. 35, no. 4, pp. 961-970, Oct. 2010.

R. Cao, L. Yang, and F. Qu, “On the capacity and system design of relay-aided
underwater acoustic communications,” in Proc. IEEE Wireless Communications and
Networking Conf., Sydney, Australia, Apr. 2010, pp. 1-6.

S. Mason, C. Berger, S. Zhou, and P. Willett, “Detection, synchronization, and
Doppler scale estimation with multicarrier waveforms in underwater acoustic com-
munication,” IEEE J. Sel. Areas Commun., vol. 26, no. 9, pp. 1638-1649, Dec. 2008.

J. Huang, S. Zhou, and P. Willett, “Nonbinary LDPC coding for multicarrier un-
derwater acoustic communication,” IEEFE J. Sel. Areas Commun., vol. 26, no. 9, pp.
1684-1696, Dec. 2008.

T. Kang and R. A. Iltis, “Iterative carrier frequency offset and channel estimation
for underwater acoustic OFDM systems,” IEEFE J. Sel. Areas Commun., vol. 26, no.
9, pp. 1650-1661, Dec. 2008.

116



[50]

[51]

[52]

[53]

[54]

[60]

[61]

G. Leus and P. van Walree, “Multiband OFDM for covert acoustic communications,”
IEEE J. Sel. Areas Commun., vol. 26, no. 9, pp. 1662-1673, Dec. 2008.

B. Li, S. Zhou, M. Stojanovic, L. Freitag, and P. Willett, “Multicarrier communi-
cation over underwater acoustic channels with nonuniform Doppler shifts,” IEEE J.
Ocean. Eng., vol. 33, no. 2, pp. 198-209, Apr. 2008.

B. S. Sharif, J. Neasham, O. R. Hinton, and A. E. Adams, “A computationally
efficient Doppler compensation system for underwater acoustic communications,”
IEEE J. Ocean. Eng., vol. 25, no. 1, pp. 52-61, Jan. 2000.

M. Stojanovic, “Low complexity OFDM detector for underwater acoustic channels,”
in Proc. MTS/IEEE Oceans’06 Conf., Boston, MA, USA, Sep. 2006, pp. 1-6.

J. Huang, S. Zhou, J. Huang, C. Berger, and P. Willett, “Progressive inter-carrier in-
terference equalization for OFDM transmission over time-varying underwater acous-
tic channels,” IEEFE J. Sel. Topics Signal Process., vol. 5, no. 8, pp. 1524-1536, Dec.
2011.

S. Yerramalli and U. Mitra, “Optimal resampling of OFDM signals for multiscale-
multilag underwater acoustic channels,” IEEE J. Ocean. Eng., vol. 36, no. 1, pp.
126-138, Jan. 2011.

Z. Wang, S. Zhou, G. B. Giannakis, C. R. Berger, and J. Huang, “Frequency-domain
oversampling for zero-padded OFDM in underwater acoustic communications,” IEFEE
J. Ocean. Eng., vol. 37, no. 1, pp. 14-24, Jan. 2012.

P. C. Carrascosa and M. Stojanovic, “Adaptive channel estimation and data detection
for underwater acoustic MIMOOFDM systems,” IEEE J. Ocean. Eng., vol. 35, no.
3, pp. 635-646, Jul. 2010.

K. Tu, T. M. Duman, J. G. Proakis, and M. Stojanovic, “Cooperative MIMO-OFDM
communications: Receiver design for Doppler-distorted underwater acoustic chan-
nels,” in Proc. IEEE Asilomar Conf. on Signals, Sys., and Comp., Pacific Grove,
CA, USA, Nov. 2010, pp. 1335-1339.

Z. Wang, J. Huang, S. Zhou, and Z. Wang, “Iterative receiver processing for OFDM
modulated physical-layer network coding in underwater acoustic channels,” IFEFE
Trans. Commun., vol. 61, no. 2, pp. 541-553, Feb. 2013.

M. Stojanovic, “Retrofocusing techniques for high rate acoustic communications,” J.
Acoust. Soc. Am., vol. 117, no. 3, pp. 1173-1185, Mar. 2005.

A. Zielinski, Y.-H. Yoon, and L. Wu, “Performance analysis of digital acoustic com-
munication in a shallow water channel,” I[FEE J. Ocean. Eng., vol. 20, no. 4, pp.
293-299, Oct. 1995.

117



[62]

[63]

[64]

[65]

[66]

[72]

(73]

[74]

S. Al-Dharrab, M. Uysal, and T. M. Duman, “Cooperative underwater acoustic
communications,” IEEE Commun. Mag., accepted for publication.

S. Al-Dharrab and M. Uysal, “Outage performance of multicarrier cooperative un-

derwater acoustic communications,” under preparation.

S. Al-Dharrab and M. Uysal, “Information theoretic performance of cooperative un-
derwater acoustic communications,” in Proc. IEEE International Symposium on Per-

sonal, Indoor and Mobile Radio Communications, Toronto, Canada, Sep. 2011, pp.
1562-1566.

S. Al-Dharrab and M. Uysal, “Outage capacity regions of multicarrier DF relay-
ing in underwater acoustic channels,” in Proc. IEEE 26th Biennial Symposium on
Communications, Kingston, Canada, May 2012, pp. 30-33.

S. Al-Dharrab and M. Uysal, “Relay selection for cooperative multicarrier underwater
acoustic communication in the presence of non-uniform Doppler-distortion,” under
preparation.

M. Schulkin and H. W. Marsh, “Sound absorption in sea water,” J. Acoust. Soc.
Am., vol. 34, no. 6, pp. 864-865, Jun. 1962.

W. H. Thorp, “Deep ocean sound attenuation in the sub- and low-kilocycle-per-
second region,” J. Acoust. Soc. Am., vol. 38, pp. 648-654, Oct. 1965.

R. H. Mellen and D. G. Browning, “Low-frequency attenuation in the pacific ocean,”
J. Acoust. Soc. Am., vol. 59, no. 3, pp. 700-702, Mar. 1976.

F. H. Fisher and V. P. Simmons, “Sound absorption in sea water,” J. Acoust. Soc.
Am., vol. 62, no. 3, pp. 558-564, Sep. 1977.

R. E. Francois and G. R. Garrison, “Sound absorption based on ocean measurements.
Part I: Pure water and magnesium sulfate contributions,” J. Acoust. Soc. Am., vol.
72, no. 3, pp. 896-907, Sep. 1982.

R. E. Francois and G. R. Garrison, “Sound absorption based on ocean measurements.
Part II: Boric acid contribution and equation for total absorption,” J. Acoust. Soc.
Am., vol. 72, no. 6, pp. 1879-1890, Dec. 1982.

M. Chitre, “A high-frequency warm shallow water acoustic communications channel
model and measurements,” J. Acoust. Soc. Am., vol. 122, no. 5, pp. 2580-2586, Nov.
2007.

J. Catipovic, A. Baggeroer, K. Von Der Heydt, and D. Koelsch, “Design and perfor-
mance analysis of a digital acoustic telemetry system for the short range underwater
channel,” IEEE J. Ocean. Eng., vol. 9, no. 4, pp. 242-252, Oct. 1984.

118



[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

A. Radosevic, J. G. Proakis, and M. Stojanovic, “Statistical characterization and ca-
pacity of shallow water acoustic channels,” in Proc. IEEE Oceans’09 Conf., Bremen,
Germany, May 2009, pp. 1-8.

X. Geng and A. Zielinski, “An eigenpath underwater acoustic communication channel
model,” in Proc. MTS/IEEE Oceans’95 Conf., San Diego, CA, USA, Oct. 1995, pp.
1189-1196.

D. Jourdain, “High frequency signal fluctuations in shallow water propagation,” in
Proc. IEEE Oceans’9j Conf., Brest, France, Sep. 1994, pp. 278-283.

W. B. Yang and T. C. Yang, “Characterization and modeling of underwater acous-

tic communications channels for frequency-shift-keying signals,” in Proc. IEEFE
Oceans’06 Conf., Boston, MA, USA, Sep. 2006, pp. 1-6.

X. Lurton, Introduction to Underwater Acoustics: Principles and Applications. New
York: Springer, 2002.

M. Chitre, J. Potter, and O. S. Heng, “Underwater acoustic channel characterisation
for medium-range shallow water communications,” in Proc. MTS/IEEE Oceans’0/
Conf., Kobe, Japan, Nov. 2004, pp. 40 - 45.

J. Catipovic, “Performance limitations in underwater acoustic telemetry,” IEEFE J.
Ocean. Eng., vol. 15, no. 3, pp. 205-216, 1990.

R. Galvin and R. F. W. Coates, “Analysis of the performance of an underwater
acoustic communications system and comparison with a stochastic model,” in Proc.

IEEE Oceans’94 Conf., Brest , France, Sep. 1994, pp. 478-482.

R. J. Urick, “Models for the amplitude fluctuations of narrow-band signals and noise
in the sea,” J. Acoust. Soc. Am., vol. 62, no. 4, pp. 878-887, Oct. 1977.

C. Bjerrum-Niese and R. Lutzen, “Stochastic simulation of acoustic communication
in turbulent shallow water,” IEEE J. Ocean. Eng., vol. 25, no. 4, pp. 523-532, Oct.
2000.

R. Galvin and R. E. W. Coats, “A stochastic underwater acoustic channel model,”
in Proc. MTS/IEEE Oceans’96 Conf., Fort Lauderdale, FL, USA, Sep. 1996, pp.
203-210.

M. A. Munoz Gutierrez, P. L. Prospero Sanchez, and J. V. do Vale Neto, “An eigen-
path underwater acoustic communication channel simulation,” in Proc. MTS/IEEE
Oceans’05 Conf., Washington D.C.,; USA, Sep. 2005, pp. 355-362.

T. B. Aik, Q. S. Sen, and Z. Nan, “Characterization of multipath acoustic channels in
very shallow waters for communications,” in Proc. IEEE Oceans’06 Conf., Singapore,

pp. 1-8.

119



[38]

[89]

[90]

[91]

[92]

[93]

[94]

[97]

(98]

[99]

[100]

[101]

[102]

P. Qarabaqi and M. Stojanovic, “Statistical modeling of a shallow water acoustic
communication channel,” in Proc. of IACM UAM, Nafplion, Greece, Jun. 2009.

B. Borowski, “Characterization of a very shallow water acoustic communication chan-
nel,” in Proc. MTS/IEEE Oceans’09 Conf., Biloxi, MS, USA, Oct. 2009, pp. 1-10.

S.-M. Kim, S.-H. Byun, S.-G. Kim, and Y.-K. Lim, “Experimental analysis of sta-
tistical properties of underwater channel in a very shallow water using narrow and
broadband signals,” in Proc. MTS/IEEE Oceans’09 Conf., Biloxi, MS, USA, Oct.
2009, pp. 1-4.

S. M. Flatte, R. Dashen, W. H. Munk, K. M. Watson and F. Zachariasen, Sound
transmission through a fluctuating ocean. Cambridge University Press, 1979.

R. F. W. Coates, Underwater Acoustic Systems. Hong Kong: Macmillan, 1990.

G. W. Wornell, “Wavelet-based representations for the 1/f family of fractal pro-
cesses,” Proc. IEEE, vol. 81, no. 10, pp. 1428-1450, Oct. 1993.

G. W. Wornell, “Synthesis, analysis, and processing of fractal signals,” Ph.D. disser-
tation, Dept. Elect. Eng. Comp. Sci., Massachusetts Institute of Technology, Cam-
bridge, MA, 1991.

M. S. Keshner, “1/f noise,” Proc. IEEE, vol. 70, no. 3, pp. 212-218, Mar. 1982.

B. Kaulakys, J. Ruseckas, V. Gontis, and M. Alaburda, “Nonlinear stochastic models
of 1/f noise and power-law distributions,” Phys. A Statistical Mechanics and its
Applications, vol. 365, no. 1, pp. 217-221, Jun. 2006.

B. Kaulakys, “Autoregressive model of 1/f noise,” Physics Letters A, vol. 257, no.
1-2, pp. 37-42, Jun. 1999.

B. Mandelbrot, “Some noises with spectrum 1/f, a bridge between direct current and
white noise,” IEEE Trans. Inf. Theory, vol. 13, no. 2, pp. 289-298, Apr. 1967.

R. J. Urick, Ambient Noise in the Sea. Undersea Warfare Technology Office, Dept.
of the Navy, Washington D.C., USA, 1984.

R. U. Nabar, H. Bolcskei, and F. W. Kneubiihler, “Fading relay channels: Perfor-
mance limits and space-time signal design,” IEEE J. Sel. Areas Commun., vol. 22,
no. 6, pp. 1099-1109, Aug. 2004.

S. Shamai and S. Verdu, “Worst-case power-constrained noise for binary-input chan-
nels,” IEEE Trans. Inf. Theory, vol. 38, no. 5, pp. 1494-1511, Sep. 1992.

H. Boleskei, D. Gesbert, and A. J. Paulraj, “On the capacity of OFDM-based spatial
multiplexing systems,” IEEE Trans. Commun., vol. 50, no. 2, pp. 225-234, Feb. 2002.

120



[103]

[104]

[105)

[106]

107]

108

109]

[110]

[111]

E. Bejjani and J.-C. Belfiore, “Multicarrier coherent communications for the under-
water acoustic channel,” in Proc. MTS/IEEE Oceans’96 Conf., Fort Lauderdale, FL,
USA, Sep. 1996, pp. 1125-1130.

H. Alves and R. D. Souza, “Selective decode-and-forward using fixed relays and
packet accumulation,” IEEE Commun. Lett., vol. 15, no. 7, pp. 707-709, Jul. 2011.

R. P. Brent, “An algorithm with guaranteed convergence for finding a zero of a
function,” The Computer Journal, vol. 14, no. 4, pp. 422-425, 1971.

D. Tse and P. Viswanath, Fundamentals of Wireless Communication. Cambridge
University Press, 2005.

L. Li, N. Jindal, and A. Goldsmith, “Outage capacities and optimal power allocation
for fading multiple-access channels,” IFEE Trans. Inf. Theory, vol. 51, no. 4, pp.
1326-1347, Apr. 2005.

B. Karakaya, M. O. Hasna, M. Uysal, T. M. Duman, and A. Ghrayeb, “Relay se-
lection for cooperative underwater acoustic communication systems,” in Proc. IEEFE
Int. Conf. on Telecommunications, Jounieh, Lebanon, Apr. 2012, pp. 1-6.

M. Stojanovic, “On the relationship between capacity and distance in an underwa-
ter acoustic communication channel,” in Proc. 1st ACM Int. Workshop Underwater
Networks, Los Angeles, CA, USA, 2006, pp. 41-47.

M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions, with Formu-
las, Graphs, and Mathematical Tables. Washington, D.C.: U.S. Dept. of Commerce,
1964.

A. Castano-Martinez and F. Lépez-Blazquez, “Distribution of a sum of weighted
noncentral chi-square variables,” Sociedad De FEstadistica e Investigacion Operativa
Test, vol. 14, no. 2, pp. 397-415, Dec. 2005.

121



	List of Tables
	List of Figures
	List of Abbreviations
	Notations
	Introduction
	Underwater Wireless Communications
	Historical Overview of Underwater Acoustic Communication
	MIMO UWA Communications
	Cooperative UWA Communications
	Multi-Carrier UWA Communications
	Effect of Doppler Distortion in UWA Channels
	Contributions

	Channel Model
	Large-Scale Path Loss in UWA Channels
	Small-Scale Fading in UWA Channels
	Ambient Noise Model

	Outage Performance of Cooperative Multicarrier UWA Communication with AF Relaying
	System Model
	Outage Analysis with Unknown Noise Covariance
	Outage Analysis with Known Noise Covariance
	Multi-Hop Performance Analysis
	Numerical Results and Discussions

	Outage Performance of Cooperative Multicarrier UWA Communication with DF Relaying
	System Model
	Outage Analysis with Unknown Noise Covariance
	Outage Analysis with Known Noise Covariance
	Numerical Results
	Optimal Relay Location

	Outage Capacity Regions of Cooperative Multicarrier UWA Communication with DF Relaying
	System Model
	Derivation of Maximum Achievable Sum-Rate 
	Common and Individual Outage Capacity Regions
	Numerical Results and Discussions

	Cooperative Multicarrier UWA Communication in the Presence of Non-Uniform Doppler-Distortion
	System Model
	Receiver Design in Doppler-Distorted Channels
	Conventional Receiver
	Receiver with Single Resampling
	Receiver with Multiple Resampling

	SNR-based Relay Selection Rules
	ICI-based Relay Selection Rules
	Numerical Results and Discussions

	Conclusions and Future Research
	APPENDICES
	Approximation of Ambient Noise PSD
	Calculation of uTl and sTl
	Proofs and Derivations of CDF and MGF in Chapter 4
	Proof of Lower Bound in Eq. (4.13)
	CDF Derivations of ID,U and IR,U
	CDF Derivation of IC,U
	MGF Derivations in Sparse Rician Channel
	Derivations of High SNR Approximation
	Proof of Maximum Diversity Order in DF Cooperation

	Derivations of ICI Coefficients in Chapter 6
	Derivations of ICI Coefficients in Single Resampling
	Derivations of ICI Coefficients in Multiple Resampling

	Copyright Permissions
	References

