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ABSTRACT

PERFORMANCE ANALYSIS OF UNDERWATER
COMMUNICATION WITH DIFFERENT
MODULATION TECHNIQUES

There is an increasing interest in using Underwater Acoustic Sensor Networks
(UASNSs) for various oceanographic applications, such as pollution monitoring,
seismic monitoring, environmental data collection, offshore exploration, and
tactical surveillance. As well as underwater sensor nodes, unmanned underwater
vehicles are used in some application scenarios of UASNSs such as exploration of
underwater resources and data gathering in collaboration-requiring missions.
UASNSs rely on acoustic communications; however, the underwater acoustic
channel is highly variable and its link quality depends on environmental factors
and the locations of the communicating nodes. Therefore, ensuring reliable
communication in UASNs is quite difficult. Moreover, path losses and
retransmissions lead to the wastage of energy resources and reduce the network
lifetime. In this study, we used well-known underwater modulation schemes to
analyse and simulate various underwater scenarios with different depth, distance
and BER values in order to make a fair comparison between the modulation
schemes and find the optimal transmission power. As proven in our simulation
study 32-PSK and 16-QAM techniques achieved the minimum energy
consumption rates. Therefore network designers can prolong the underwater

network lifetime using 32-PSK and 16-QAM modulation techniques.

Akif BAHCEBASI

Master’s program in Electrical and Computer Engineering Department
Supervisor: Assoc. Prof. V. Cagri GUNGOR

November 2017

Keywords: Underwater Sensor Networks, Modulation Techniques, Performance
Analysis



OZET
FARKLI MODULASYON TEKNIKLERI ILE
SU ALTI ILETISIMDE PERFORMANS ANALIZI

Sualt1 Kablosuz Algilayict Aglarinin 6zellikle veri toplama, smir giivenligi,
kirlilik izleme, sahil arastirma ve taktiksel takip gibi bir c¢ok osinografi
uygulamasi son yillarda pek ¢ok arastirmacinin ilgisini ¢gekmeye baglamistir. Pek
cok su alt1 uygulamasinda, Su alt1 sensor diiglimlerinin yaninda, insansiz su alti
araclar1 da su alt1 kaynaklarinin kesfi ve veri toplama gibi isbirligi gerektiren
gorevlerde yaygin olarak kullanilmaktadir. Su alti aglarda kurulan baglanti
akustik iletisime dayanmasina ragmen, akustik kanal oOzellikleri ¢ok ani
degisiklikler gosterir ki, bu nedenle kurulan baglanti kalitesinde, cevresel
faktorler ve diiglimlerin konumlar1 6nemli rol oynar. Bu sebeple su alt1 aglarda
giivenilir bir iletisimin kurulmasi olduk¢a zordur. Biitiin bunlardan baska, sinyal
kayiplar1 ve yeniden iletimler enerji kaynaklarinin gereksiz sarfiyatina dolaysiyla
ag omriiniin kisalmasima neden olur. Bu tez ¢alismasinda su alt1 akustik aglarda
en ¢ok bilinen moduilasyon teknikleri kullanilarak farkli derinlik, mesafe ve Bit
hata oranina sahip su alt1 ortamlari analiz edilmistir. Sonug olarak veri iletimi igin
gerekli minimum enerji miktar1 bulunmus ve modulasyon teknikleri uygun
sekilde kiyaslanmistir. Simiilasyon c¢alismalarimizda kanitlandigi iizere 32-PSK
ve 16-QAM teknikleri minimum (optimum) enerji tiiketim oranlarina ulasmistir.
Bundan dolay1 ag tasarimcilari 32-PSK ve 16-QAM modilasyon tekniklerini

kullanarak su alt1 aglarin dmriinii artirabilirler.

Akif BAHCEBASI

Elektrik ve Bilgisayar Miihendisligi Ana Bilim Dal1, Yiiksek Lisans Programi
Tez Yoneticisi: Dog. Dr. V. Cagri GUNGOR
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Chapter 1
Introduction

There has been a remarkable progress in underwater acoustic
communications for over 30 years. This progress has been carried out in
different fields, such as Error Control Coding, Underwater Channel Physics,
Channel Simulations, Networked Systems and Alternative Modulation
Strategies [1].

There are three options for underwater communications system each
having various advantages and disadvantages. These are electromagnetic waves
(RF), optic waves and acoustic waves. According to empirical results, optical
waves encounter scattering problems, which make it unsuitable for underwater
communication, whereas radio waves have other problems, such as propagation
problem and path loss. In detail, RF waves can propagate to long distances in
underwater only at quite low frequencies (30-300 Hz.), which need high
transmission power and large antennas. Consequently, these two options (radio,
optic) are not appropriate for underwater communications at least for now.
Transmission loss, which increases with frequency and distance, large
transmission delay, serious Doppler and multi-path effects are the general
characteristics of UWA (Underwater Acoustic) channel, when it is compared to
electromagnetic wave channel. These features affect the efficiency of the
communication significantly in underwater acoustic networks; therefore
channel capacity is limited seriously [2]. Indeed, the performance of underwater
acoustic communication is not a matter of telecommunication, even if the
applied techniques look similar. In detail, the distance restricts viable
bandwidth because transmission data loss rises up, as the range distance gets

longer.



Figure 1.1 Underwater Wireless Sensor Networks (UWSN) [46].

Figure 1.1 and 1.2 illustrates the general view of underwater wireless sensor
networks (UWSNSs). In UWSNSs, selecting the correct modulation scheme is one
of the critical key techniques to provide a robust communication to improve the
utilization ratio of bandwidth [2]. The bandwidth utilization could be described
as “to use available bandwidth wisely to reach specific goals”. There are two

types of bandwidth utilization; multiplexing and spreading.

The primary objective of the study in [3] is to address how to integrate channel
models that have already been deployed in other network types into ongoing
underwater acoustic networks. In the article, an approach called decision
directed noise estimation is explained in detail to reduce the pulsed interference
as much as possible. In other words, the proposed technique extracts the effect
of inter-carrier interference, which is a challenging problem for conventional
pulse blanking method. The study in [4] focuses on channel estimation and

equalization for underwater acoustic systems.



Figure 1.2 Test beds for UWSN [47].

In this thesis, an overview of underwater wireless sensor networks,
specifically modulation techniques applicable for underwater wireless networks,
will be explained followed by their application areas, cons and pros, challenges
and constraints of the systems that have been employed so far. In chapter 1.1,
the modulation techniques for underwater acoustic communication are given in
detail. In chapter 1.3, communication system and channel model are revealed,
specifically focusing on the reason behind why it is important to use correct
modulation scheme. Further discussions will be reckoned for the recent
development aimed at improving the modulation technique that has been
deployed until recently. In chapter 2.1, the essential characteristics of UWSN
channels were studied and are briefly explained. Following this chapter, the
factors influencing the communication performance, such as small and large-
scale fading, transmission loss, path loss, large propagation delay, Doppler,
multipath effect, absorption coefficient and the relations between range and
SNR, frequency and SNR together with their formulas and explanations are
given briefly. Chapter 3 includes the design aspects of underwater environment,
such as channel estimation methods regarding underwater acoustic
communication. Chapter 4 gives the details of methodology used during
simulations and the results of the simulations, which we have obtained via using
different modulation schemes namely, BPSK, 8-PSK, 16-PSK, 32-PSK and 16-
Qam, are given in detail. Lastly, Chapter 5 contains the conclusion regarding our
study and research.



1.1 Modulation Techniques For Underwater

Wireless Acoustic (UWA) Communication

The process is called as modulation when a carrier wave, which has more
power comparatively, carries the message or signal in terms of ones and zeros.
There are 3 essential methods of modulation: frequency, amplitude and phase
shift keying. It is necessary to reach higher order of modulation in order to
encode more bits per symbol. The widely used modulation types in underwater
acoustic communication are PSK, QAM and FSK as given in paper [2]. CSK,
QPSK, OFDM are also other common modulation types deployed for
underwater acoustic communication. DSSS is one of the most common
modulation schemes in use nowadays. In this modulation scheme, the total
information to be sent is divided into small pieces and a frequency channel is
allocated to each piece so that a much higher frequency is obtained rather than
having higher data rates. The ultimate objective of DSSS is to resist signal
interference and to recover the data during transmission. Another interesting and
popular modulation type is QPSK, which enables to transmit 2 bits per symbol.
In other words a QPSK symbol represents 2 bits instead of 1 bit contrary to
other modulation types; therefore, QPSK is advantageous in terms of energy
efficiency.

QAM is also another alternative and significant modulation type especially used
to reach higher throughputs. However, it is generally inconvenient unless the
conditions of communication channel are really good. In other words, better
SNR values are required to overwhelm difficulties like interference problems
and to keep a constant bit error ratio (BER). It is necessary to keep in mind that
QAM is a combination of PSK and ASK where both amplitude and phase of the
signal are changed.

An advanced modem can change its reconfigurable parameters, such as
modulation scheme and depth and distance to be able to transmit more data in

packets over varying communication channel as the author described in paper



[5]. The main duty of an improved modem is the competence of changing the
features based on some parameters like SNR and SNIR. Many of these values
rely on current and future circumstances of the acoustic channel. Therefore,
channel estimation plays a critical role on the efficiency of any improved
modem. Consequently, there are some significant channel state information
values that have to be measured or predicted through Doppler shift, channel path

gains and SNR [5]. Figure 1.1.1 shows underwater sensors modules in real

network platforms.

Figure 1.1.1 Underwater Sensors for UWSN [48].

In the article [7], the authors propose to merge time-sharing together in
collaboration with hierarchical modulation to show how this different version of
modulation scheme can enhance the available rate. According to the paper, the
authors present a method that is called as a hierarchical 16-PSK to improve the
efficiency of the online monitoring standards. They also evaluate multiple
strategies for grouping the receivers in pairs to utilize hierarchical modulation in
the paper. Finally, they prove in a real environment that DVB-S2 modulation
scheme can provide approximately more than 10% gain on throughput when
compared to the best time-sharing strategy. Despite all these technological
novelties on UWSN communication, video multicast or real time monitoring of
underwater environment does not seem so possible at least for now, since it

requires really high amount of data stream transmission.



The paper [8] presents a joint Slot-allocation and MCS-selection scheme in
multi-base station system model. The authors first declare the problem as how to
maximize the total system utility, then an intra-session MCS assignment
technique based upon a greedy algorithm, which can also be applicable to other

multi-session scenarios, is verified.

1.2 Communication System And Channel Model

As it was explained at the introduction part, three alternatives;
electromagnetic waves (RF), optic waves and acoustic waves, have already been
deployed at underwater communication system so far by various researchers
working on this area. However, the most respectable results have been obtained
only with the help of acoustic system, which requires basically a hydrophone to
produce sound waves, sonar to listen to these waves and a processor to convert
the received waves into meaningful data. Acoustic communication is the most
promising way for UWSN communication since optical waves encounter
scattering and attenuation problems while radio waves have other problems such
as propagation delay and path loss. In paper [3], the author not only summarized
a series of highly cited surveys related to UWSN communication written by
some of the prestigious researchers but also gave place to comprehensive
literature reviews of UWSN communication, recent trends multicarrier

communication, and alternative modulation strategies.

Acoustic Wave RF
Propagation Speed 1.5%10° m/s 3*10° m/s
Transmission Range 10 km on 10kHz 120 cm on 430 MHz
Bandwidth Few kHz More than MHz
Rate 0.02kbps 250kbps

Table 1.2.1 Acoustic Wave vs. Electromagnetic Wave.



The comparison between Acoustic and RF waves related to some parameters of
underwater is given in the Table 1.2.1. In paper [9], the authors reveal some
difficulties related to UWSN communication channel; it is explicitly given in the
paper that in Underwater Wireless Sensor Networks (UWSNS), spatial reuse
index remains too low when compared to RF networks because spreading loss of
acoustic signals is relatively higher than electromagnetic waves. This problem
causes generally lower network throughput in UWSNSs. They claim that their
protocol increases the spatial reuse index efficiency just by adjusting the
dynamic transmission power. The authors of [10] analyze underwater
environment to use it for some significant applications with the aim of military,
industrial and scientific purposes as well as to preserve and take the advantage
of natural underwater resources. To achieve these goals, the most crucial issue is
the reliability and energy efficiency at the design of underwater acoustic
networks. Plenty of drafts have been implemented in order to enhance the
energy efficiency and reliability of these networks so far. Nevertheless, most of
them have become ineffective due to unrealistic assumptions or ignored
attenuation of noise as well as disregarded uniformly distribution of noise in
underwater surroundings. Since the location information of the nodes plays a
critical role on node tracking, data tagging, routing and localizing the sensor
nodes for UWSNSs has to be taken into account for an efficient and reliable
network construction. A high number of techniques regarding localization have
been proposed recently due to its significant importance for UWA networks. In
the paper [11], these localization techniques have been discussed and
investigated in order to broaden the literature related to underwater
communication. The paper [12] is an outstanding article discussing this active
research topic and having a survey on recent techniques related to localization
issue. ARQ is a error control protocol, which detects errors during data
transmission. When the receiver detects an error in a packet, it automatically
requests the transmitter to resend the packet. The authors propose a novel
scheme to advance the efficiency of ARQ over UWSN links in their paper.



Their proposal is based on a selective repeat ARQ policy; more in detail, a time
division duplex link is established between transmitter and receiver in order to
prevail or at least to leverage large propagation delays of underwater sound. In
[13], the authors propose an approach to decrease Doppler effect in UWSN. So
they assume that there is a common Doppler effect on all propagation paths of
communication channel. As a result, a solution to this problem consisting 2 steps
is suggested in the paper. . In paper [14], the researchers suggest a novel scheme
called as optimal redundancy allocation over variable conditions of underwater
links to provide the spectral efficiency and reliability of the connection. Based
on their proposal, it is possible to design a real time algorithm to able to allocate
the redundancy in point-to-point links without any extra control messages.
However, it is suggested in the article that it is necessary to do an extensive
research on some definitions like rate, channel complexity, range and etc. in
order to develop an improved underwater modem. Figure 1.3.1 demonstrates
samples of these modems. The researchers propose a novel architecture of
traditional TCP/IP protocol for UWA communication in the paper [16] to ensure
efficient interoperability for commercial underwater modems. The proposed
architecture is located on adaptation layer, which is between the data link and
the network layer. Hence, the purpose of this layer is to perform header
compression and data fragmentation different than other layers to guarantee
energy efficiency.

The authors of [17] discuss and focus on a novel modulation system,
which allows multiple synchronous users to transmit data packets
simultaneously. The unique part of their work is that allocating a single path for
each user cause a major diversity of Doppler scales, whereas the authors of [18]
focus on the key aspects of underwater communication and deal with the general
challenges of UWA communication, which enlighten most of the researchers
working on this area. The authors deal with implementing a hardware platform
in [19] to optimize the energy efficiency with low costs. The proposed platform
consists of reconfigurable hardware as microcontrollers, digital signal

processors, sensors and other parts. In addition to hardware, they implement an



algorithm (Matching Pursuits for channel estimation) to be used in acoustic
modems as well.

They try to broaden the field of underwater communication by applying current
terrestrial systems into the underwater environment to lead low cost and high
performance mobile devices to be useful for UWA communication in the paper
[20]. The authors of article [21] deal with designing an improved modem, which
can change its parameter based on the estimation of underwater channel. As well
as introducing the proposed modem, they hold in the paper a set of test results in
order provide the benefits of their modem design. In the paper [22], the
differences between underwater acoustic and RF networks are discussed by the
authors to address various problems related to network topology, MAC
protocols, routing protocols, energy consumption and signal propagation. The
researchers of the paper pay attention to the noise attenuation and suggest a
novel mechanism to increase energy efficiency and reliability in UANS. In this
context, they propose a novel scheme, which allocates the underwater
communication space, as tree-based multi-paths.

Another challenging problem of underwater sensor networks is the design of
receivers, which is explicitly revealed in [23]. The authors of the article bring to
light to this matter and propound a novel receiver design with user or path
Doppler scaling distortions. The scenario is prompted by the framework where
deployed transmitter, receiver pairs may come across with considerably

dissimilar Doppler distortions just as single user scenarios.

Figure 1.3.1 Underwater re-configurable modems [49].



The paper [23] contains a comprehensive study on cognitive underwater
multiple-access communications so that they propose a configurable receiver
and implement a radio, which is software-defined and provides a real-time
monitoring of underwater environment. The authors propose a novel modulation
scheme in the paper [24] in order to maximize the system throughput under a
target BER values. Their proposal is based two different modulation techniques
in order mitigate the long propagation delays due to underwater communication
channel characteristics. The challenges of designing a scalable underwater
mobile is briefly explained in [25] and concluded as the challenge can be
formulated and solved by interdisciplinary efforts.

In the paper [26] the authors deal with general problems and prospects of
today’s world UWA communication as well as giving the details, cons and pros,
about adopting different communication carriers such as optical, acoustic and
radio. In the paper [27] a novel platform is proposed for UWSN in order to
facilitate long term monitoring of coral reefs and fisheries. They also introduce
an integrated TinyOs stack for node-to-node communication in the paper within
the presentation of their proposal. Mari Carmen Domingo presents feasible
solutions for several challenges of underwater communication and she tries to
simplify some existing channel models in her paper [28]. Beside, giving a brief
review of the related literature, the paper includes fundamentals and research
challenges of today’s world underwater acoustic communication. In the paper
the author analyzes underwater environment with its all aspects such as
absorption coefficient, multipath fading, shadow zones, depth, water salinity and
temperature, turbulences, shipping activities, operating frequency etc. She
carried out set simulations and simulation results following their mathematical
modeling are explicitly presented in the paper to highlight the main issues
related to UWA communication. The authors of [29] proposed a channel
allocation scheme, which allows users to communicate over long distances. As a
result, it is proved via experimental field studies that cognitive channelization is
a robust and powerful technique for spectrum utilization and the authors of the

paper concludes with a novel modulation scheme as the most promising

....10....



alternative for future UWA communication systems. In the paper [30], a
mathematical model is presented for UWA communication and compares it with
existing models by Felemban. The author investigates number of hops, optimal
node placement, the tradeoffs among energy consumptions as well as end-to-end
delays of UWSN’s throughout the paper. The paper concludes with determining
the optimal number of hops for an energy efficient underwater communication.
The authors of [31] discuss the latest trends related to underwater
communication and try to find out a feasible method to apply the multicarrier
communication systems for UWA networks with respect to theoretical models
and simulation studies whereas the authors of [32] do their experiments on real
environments: water-tanks and swimming pools. In the article they mostly focus
on shallow water and short-range communication systems; introduce a novel
function called as probability density function, which estimates channel
conditions based an impulse response.

In the paper [33], a scalable network design is studied to find a solution for
the most challenging problem of underwater networks: energy efficiency. To
maximize the energy efficiency they demonstrate in the paper a proposal:
optimal knowledge range for geographical routing. The writers deal with general
underwater networking systems and benefits, challenges and problems related to
the literature in [34]. The paper [35] contains general aspects of modulation
schemes as QPSK and QAM: how to achieve higher throughputs and better
spectral efficiencies via using these schemes. The authors also give the details
about obtaining a high SNR value to overcome fading and interference problem.
We have already mentioned that underwater sensor networks have many
application areas ranging from military surveillance to pollution monitoring and
data gathering for scientific purposes; the paper [36] deals with a reconfigurable
UWA modem for providing a flexible modem, which can ideally change its
parameters and be modified for testing different alternative networking
algorithms. Since the channel capacity is significantly low in UWA channels, it
is quite hard to transmit high amount of data through UWA communication, in

[37] an efficient method for image transmission is presented with its all its
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features. Moreover the authors propose an image compression algorithm for a
low cost networking. A high number of various modulation schemes have been
proposed for underwater communication during the last decade. A benchmark
shell, which enables testing different modulation schemes at different channel
conditions and frequencies, is introduced in paper [38].

Unmanned vehicles and autonomous devices are used in underwater
applications commonly; on this context the authors of [39] carried out a set of
tests with these devices at 2 different environments: at the bottom and at the
surface of water in order distinguish their challenges from each other for a
robust UWA communication. We have explained underwater acoustic
communication as the most promising technology for future trends. In paper
[40], a high frequency and high data rate hydro acoustic modem is presented for
enabling higher data transmission in an open water environment.

Since the inflexible and expensive underwater modems can’t change its
algorithms or parameters, software-defined modems can provide the researchers
flexibility to use different modulation schemes and protocols for UWA
communication. The motivation of [41] is encouraging research efforts by
holding a low cost and mobile system, which is integrated with smart phone or
tablet. They perform a set of real experiments on real environments with a
spread spectrum acoustic modem and share their results in their paper. The
authors try to overcome Doppler spread and multipath propagation in [42] and
implement a software-defined radio on a chip for this purpose. In order to
achieve their goals, a novel algorithm together with a novel modulation scheme
is proposed in the paper. The limited bandwidth and low signal propagation of
underwater medium are the main drawbacks of underwater communication; the
paper [43] includes a remarkable research and model design to overwhelm these
drawbacks. They authors focus on implementing a novel transmission system
and receiver design, in order to accomplish reliable and energy efficient
communication. The paper [44] holds a brief survey on current research

challenges of underwater communication as well as localization algorithms and
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deployment techniques. The authors also give a comprehensive analyze and
comparison of localization techniques based on their cons and pros in the paper.

The researchers of [45] claim, that most of well-known modulation schemes are
not suitable for a confidential underwater communication. Hence they propose a
novel chaotic modulation scheme to improve the security of the communication.
The paper concludes with verification of their proposal based on real experiment

results.
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Chapter 2

2.1 Characteristics of Underwater
Wireless Acoustic (UWA) Channel

Underwater acoustic channel has some challenging difficulties
characteristically such as serious multi-path effect, Doppler effect, large
propagation delay, transmission loss, limited bandwidth and etc. These obstacles
influence UWA communication performance seriously and constraint the
channel capacity for a robust and efficient communication. Indeed, the
performance of underwater acoustic communication is not a matter of
telecommunication even if the applied techniques look similar. Beside all these
challenges, transmissions loss increases with the ascending distance and
frequency. Actually these characteristics of acoustic channel show a great
diversity based on the location of the deployed network. Sound propagation is
generally influenced by homogeneities of water column and scattering from
rough surfaces while there are more challenging problems to cope with at the
ocean water (rough seas) such as wind, turbulences, channel variations, surface
fluxes, internal waves and so on. In this chapter, the general characteristics of
underwater acoustic channel will be briefly analyzed and the formulations of
such terms affecting the acoustic communication as large and small scale fading,
absorption coefficient of water medium, path loss, transmission loss,
propagation delay variance, Doppler and multipath effect will be given in detail.
Consequently the chapter ends up with the correlation between SNR and

Frequency for underwater acoustic communication.
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This chapter consists of a comprehensive analysis of general characteristics of
underwater acoustic channel to perceive the differentiations among modulations
schemes while data transmissions over fast varying UWA channel. Afterwards,
the main differences among modulation schemes together with bandwidth
optimization for a reliable and energy efficient UWA communication will be
concluded. The results obtained via simulations will be explicitly demonstrated
at the 4™ chapter. Figure 2.1.1 shows general architecture of underwater sensor

networks together with its surface and onshore peripherals.
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Figure 2.1.1 Architecture of 2D Underwater Sensor Networks [50].
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There are many factors influencing the intensity of the sound reducing the
acoustic power on its propagation way to the destination. These factors can be
ranked as the bending of acoustic ray, the scattering due to non-uniformity of
ocean, absorption coefficient of seawater and wave-front expansion during
propagation. All these effects of water will cause small scale or large scale
fading on acoustic waves. Fading depends on many arguments such as
frequency, location of nodes, distance and so on. All these mentioned channel
dynamics of the water cause many challenging problems to cope with. Most of

these problems can be ranked as follows:

e Attenuation: A term that refers to any decrease on the power of the
signal. Generally occurs during signal transmission over long distances.

e Transmission loss: It is not possible to transmit whole power of the
signal from source to destination. This partly lost of the power is called
as transmission loss.

e Path loss: Changes on received signals as phase difference due to
propagation over long distances is generally known as Path loss.

e Large propagation delay: The duration that is required for a signal
from transmitter to receiver is called as propagation delay. If it is larger
than estimated than it is called as large propagation delay.

e Doppler effect: If the source of a sound or receiver is moving thereby
frequency of the sound can be perceived by receiver different than its
original and this effect is named as Doppler effect.

e Multi-path effect: This effect generally occurs if a single signal travels
to destination from different paths, they will probably reach to
destination at different instances thus an interference of received signals
may happen. This event is called as multi-path effect.

e Absorption coefficient: The water medium itself absorbs some part of
travelling acoustic wave naturally. This absorption ratio is known as

absorption coefficient. Figure 4.1.1.1 shows how the absorption
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coefficient of water affects the frequency of acoustic signals in different
depths of underwater.

e Large-scale fading: Attenuation of signal due to propagating over long
distances or diffraction from objects on its direction is generally called as
large-scale fading. In underwater channels it is generally caused by
propagation of acoustic waves itself or acoustic ray convergence. The
fading is composed of 2 main elements: absorption and transmission
loss. Convergence fading can be described as when the energy of sound
strong at a location whereas it is weak at another location.

e Small-scale fading: Generally known as rapid amplitude fluctuations of
received signal. In UWA communication small scale fading is generally
caused due to Doppler spread and multipath spread. Physical
characteristics of the ocean create interference of multipath signals. This
type interference is called as Multipath fading which is highly depended
on the location of the receiver and transmitter. As a conclusion of the
analysis above it could be extracted that small scale fading changes as a
function of time and distance, whereas large-scale fading changes as a

function of distance and frequency.

2.1.1 Relationship between bandwidth and frequency/ range in
UWA channel

The SNR of receiver can be calculated as given in paper [2], when only the
large-scale fading is taken into account, based on the passive sonar function:

SNR = SL —TL — NL — 10logB (1)

Where, transmission loss is TL, sound source level is SL in terms of decibel

(dB), bandwidth is symbolized by B and noise spectrum level by NL. We need
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to note that if the SNR and transmitting power of transmitter are fairly defined,

the bandwidth of the system will be the function of frequency and distance.

2.1.2 Relationship between BER and SNR in UWA

Communication

In UWA communication the most commonly used modulation types are
FSK, PSK and QAM. Although having many drawbacks, acoustic
communication is preferred instead of optical and RF communication since the
attenuation ratio of acoustic signals is much less than the other 2 signal types.

The available bandwidth is highly depended on communication range of the
network in underwater communications. For instance: the bandwidth can reach
up to values around 10kHz for ranges below 100m whereas the bandwidth is
restricted to a 10 kHz for ranges between (1-10km). When the communication
range gets longer (10-100km), the available bandwidth diminishes of only a few
kHz. Available bandwidth ranges for underwater acoustic propagation are listed
in Table 2.1.2.1

Range[km] Bandwidth[kHz]
Very Long 1000 <1
Long 10-100 2-5
Medium 1-10 =10
Short 0.1-1 20-50
Very Short <0.1 >100

Table 2.1.2.1 Available bandwidth of underwater acoustic propagation for different
ranges In UWA Channels.

All these challenges mentioned above are generally caused by bad channel
conditions and restrict underwater communication quite a lot. As a consequence
it is highly important to use correct parameters before starting the
communication. Selection of the parameters such as depth, distance and BER
plays a critical role to overcome most of these challenges. Chapter 4 includes the
results of our analysis related the performances of different modulation types,
such as BPSK, 8-PSK, 16-PSK, 32-PSK, 16-QAM.
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Chapter 3

3.1 Design Aspects of Underwater

Communication System

We consider the underwater environment where there are nodes as
transmitter and receiver and the communication system is set to single hop
during the simulations. We have constant parameters and changing parameters
related to the circumstances of water such as depth, distance and BER. We have
computed the results for 5 different modulation schemes namely BPSK, 8-PSK,
16-PSK, 32-PSK and 16-QAM. The basic mechanism of our system depends on
a pilot signal to check/detect channel characteristics sent to the receiver from
transmitter, and it is processed by receiver in order to estimate instant
characteristics of acoustic channel and the receiver sends a feedback to
transmitter to let it select one of the modulation schemes as well as a suitable
bandwidth based on this estimation to start transmitting information. The
estimation of the channel by receiver is computed based on the parameters such
as received SNR, time elapsed and estimated/calculated power gain. The details
of the estimation process have been briefly explained in the previous parts of the
thesis. Beside all these computational and mathematical modeling of
estimations, the efficiency of modulation schemes in terms of transmission
power, has been studied and demonstrated in the result chapter of our study.

It is highly significant to use correct modulation scheme while
transmission from source to target node in underwater environment. Because
fading channels obstruct us to achieve a reliable and efficient communication
due to the problem of lost packets and the necessity of persistent
retransmissions. Besides these difficulties, rapid changes of underwater channel

conditions make it compulsory to use the correct modulation scheme for
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underwater acoustic communication. However, the complexity of such models
has to be simplified to make them available for communications systems and
networks as given in paper [27]. Unless these challenges are handled correctly,
the communication system will not be able to cope with signal degradation,
thereby the quality of service will not be guaranteed. Bandwidth optimization
and selecting the most convenient modulation scheme are the most powerful
techniques in order to overcome these effects and guarantee quality of service
obligations.

3.2 Channel Estimation

Channel estimation is one of the most compulsory tasks for underwater
communication due to fast varying channel conditions. Some researchers
suggest doing the estimation with some pilot signals, which measure channel
frequency response, whereas others suggest doing it by producing a stable
reference signal. However, the mentality of both suggestions is based on the
same reason to predict the channel conditions whether it is the correct/best time
to start communication. As it is expressed in the paper [4], the process of
channel estimation relies on estimation of Doppler scaling factors from the
synchronization preamble right after obtaining the reference signal. As the
second step of the estimation process, the Path coefficients could be predicted
via using obtained signal. Thereafter, Doppler factors are not required anymore
since it is assumed that the channel coefficients show adequate stability for the
prediction of a few seconds in the future.

In order to compute the estimations correctly, we have to know the factors
affecting the acoustic communication. More in detail, the increase of salinity,
pressure and temperature let the sound speed rises up. In addition to this, we
have taken into consideration other factors such as noise, multipath propagation,

high delay and delay variance, Doppler spread, depth, distance and frequency.
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It is important and necessary to keep in mind that total response time of the
communication is directly related to the speed between underwater sink nodes
and the surface station. In [19] the authors propose a novel modulation scheme
for underwater acoustic communication systems integrated with an algorithm for
frequency selective channel estimation. Their proposal is based on achieving
multiple-input and multiple-output. It is stated out in the paper that the proposed
algorithm can be one of the most efficient alternatives for undetermined sparse
channels in UWSNs with its low complexity. In the paper [24], a remarkable
method for SNR estimation is proposed which achieves the estimation by

directly received signals.

In the article [25] the authors also deal with channel estimation and try to
find a convenient solution for this challenging problem. The proposed a novel
modulation scheme, which is quite considerable technique in the infrequent
underwater acoustic channels. Their approach is based on channel impulse
response to enhance the efficiency of channel estimation. The novelty of their
algorithm is that initially from source to destination all sparse channel taps
together with their locations are predicted by using matching pursuit approach.
As a result, they have come up with a remarkable solution for channel
estimation problem in UWSNSs.
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Chapter 4

4.1 Simulation Results and

Discussions

We have simulated underwater environment using the parameters of
Ham.[Node] commercial modem specifications, as given in [51] which is

demonstrated in the table 4.1.1 below.

Parameter Values
K 1,5
Noise bandwidth (Bn) 1KHz
Wind speed(w) 0m/s
Shipping activity factor (s) 0.5
Water Acidity (pH) 8
Water salinity (S) 35 ppt
Date rate (R) 2 Kpbs
Temperature (T) 15 C°
Rimax 30 km
BER 107,10°, 103,10
Depth 100, 300, 500, 1000 (m)
Distance 100, 300, 500, 1000 (m)
Frequency 0-200 KHz

Table 4.1.1 Parameter values used our simulations

We have carried out a set of simulations in order to find the optimal
(minimum) transmission power of an underwater network having various
specifications. The table 4.1.1 shows the parameter values those we have used
during our simulation studies. The figure 4.1.1 demonstrates the block diagram
of our simulation process with its input and output parameters. We have used
variables such as BER, depth and distance as inputs and found out the optimal

transmission power as output.
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Figure 4.1.1 Block Diagram of our Simulation Process.

We have used Ainslie and McColm models to find the absorption coefficient
values for various depths and distances of underwater. Figure 4.1.2 shows the 3d
graph of absorption coefficient for depth between 0-1000 m. and frequencies
between 0-300 KHz. The absorption coefficient increases suddenly with the
increase of frequency and therefore limits the use of higher frequencies for
underwater communication. Beside all these, it is necessary to keep in mind that
absorption coefficient shows an opposite characteristics with depth and

decreases with increase of depth.

The 3d Graph of Absorption Coefficient vs Frequency vs Depth

8 8

8 8 5 8 8 3

=}

I

Absorbtion Coefficient(dB/Km)
8o

Depth in meiers

Frequency in KHz

Figure 4.1.2 Absorption coefficient vs. frequency vs. depth.
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Ainslie and McColm present the formulation of absorption coefficient as

follows:
a(f)=11f2+ 2.7 + y3 f2 2)
y f1+f2 y2 f2+f2 y3
where,
1/2 r
f1=078 (%) e
T
2= 42evs
Ph—8
Y1 =0.106e056
—d
¥2=052(1+ 53 )( 35)3

Y3 = 0.00049e‘<ﬁ+ﬁ)

Where, S is the water salinity, T stands for the temperature in C°, d is the depth
in m , pH is water acidity and the default values of pH and S are 8 and 35,
respectively.

A(d, f) is known as path loss in acoustic communication and caused by 2
phenomena: absorption due to water medium and energy spreading . Attenuation
of the propagating signals mainly depends on the distance of the established
link. It is necessary to keep in mind that high frequency signals are more fragile
to absorbtion loss due to convertion of the acoustic energy into the heat. The
A(d, f) path loss can be found as a function of transmission distance d and
frequency f as follows [28] :

A(d,f) =Klog (d) + a(f) d 1073 (3)

Where, a(f) is absorbtion coefficient of the water medium as given in the
expression (2) and K is the spreading factor caused by energy spreading.
Commonly used values for K is 10 for cylindrical spreading, 20 for spherical
spreading, and 15 for practical spreading. Attenuation is an important parameter
in communication systems, which determines the signal strength as a function of

frequency.
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Consequently, absorption coefficient triggers the increase of transmission
loss with the increase of communication frequency. However the effect of
distance at low frequencies on transmission loss is very limited since absorption
loss doesn’t effect the transmission at low frequencies that much. Lastly, it
should be also noted as the depth of water increases, the transmission loss

decreases due to lower absorption loss in deeper water.

! Distance=500m

Figure 4.1.3 A (d, f) + N (f) product as a part of the passive sonar equation.

Figure 4.1.3 shows AN A (d, f) + N (f) product for distances of 50 m, 100 m,
500 m, and 1 km at depth of 100m and BER of 10°°. It indicates a part of path
loss model for 4 different distances.

Ambient noise reaches its minimum values due to water’s own
characteristics more or less around frequencies of 20-40 KHz. As we can
abstract from the descriptions above acoustic signals can best propagate only at
low frequencies (15-40 KHz.) and available bandwidth is quite narrow which is
around 5 KHz.

Sonar systems can be divided into 2 groups as active and passive. The

sound is produced in an active sonar system and listened for echos of the
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produced sound. On the contrary a passive sonar system listens the sounds
emitted by other sources. Hence, passive sonar equations can be used to
differentiate among the sound emitted by the transmitter and the background
noise interfering the sound signal carrying the data packets. The passive sonar
equation will be given before graphs related to optimal transmission power. In
addition to this the power spectral density of ambient noise in dB can be

described as:

N (f) = Ni(f) + Ns(f) + Nen(f) + N () (4)

Where, N is the noise by turbulences, Ns is surface-shipping activities, N, is
thermal noise and N, breaking waves (by wind) and can be obtained by using

these formulations:

10log (Nt (f) = 17 + 30log (f) (5)
10log (Ns (f)) = 40 + 20(S - 0, 5) + 26log (f) - 60log(f + 0.03) (6)
10log (N (f)) = - 15 + 20log (f) (7)
10log (N, (f)) = 50 + 7,5w"? + 20log (f) - 40log(f + 0.4) (8)

The path loss A (d, ) in acoustic communication mainly caused by 2 reasons:
geometric and energy spreading of acoustic waves and highly depends on the
range of the transmission. The change of path loss (A (d, f) + N (f)) of acoustic
signal with transmission frequency f in KHz. was given figure 4.1.3 and has
been explained in detail so far.

It should be noted that related to equation (4), the effect of acoustic
spectrum and thermal noise is quite dominant, whereas shipping activities and
surface turbulence have a little effect on the ambient noise calculation. Shipping
activities are represented Ns (f) which occurs on the surface of water, obtains
values ranging between 0 and 1. As a consequence, various components
influence the noise at different frequencies. Average transmitted SNR value as a

function of frequency and distance can be found via given expression (16).
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The 3D Graph of Attenuation vs Frequency vs Distance

Attenuation+Noise (dB)

Distance (m) Fraquency (KHz)

Figure 4.1.4 AN Sum (A (d, f) + N (f)) vs. distance (m.) vs. frequency (KHz.)

Figure 4.1.4 Illustrates 3d graph of AN sum in dB vs. distance in meters vs.
frequency in KHz. Attenuation increase is directly related to Distance between
source and sink together with the frequency of signal of the link established.
Increase of distance effects signal quality negatively and attenuation of the
signal rises up. On the Other hand since the optimal frequency is always around
40 KHz, AN product starts increasing after 40 KHz level of frequency. The
computations of the graph have been obtained based on Ainslie and McCollum
formulations, which we have given as equation (3). As we can abstract from the
figure, AN factor may goes up to 20 dB in case of frequencies around 200 KHz.
and distance of 10 km. Consequently, higher attenuation of the acoustic signal
leads to higher transmission loss thus quality of communication deteriorates.
Consequently, it is necessary to point out that coefficients of attenuation are
used in order to quantify total attenuation in dB/m during the communication
and linearly dependent on the frequency of the acoustic signals.
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The transmission loss of acoustic waves can be defined as the total
decrease on the intensity of the propagated signal. Transmission loss is mainly
caused by absorption of the water. However, there are other factors influencing
the loss as scattering and geometrical spreading. The transmission loss is
increased at some certain frequencies due to water medium’s own characteristic
by ionic relaxation of dissolved salts. Beside absorption effect, it is necessary to
keep in mind that the loss of the total energy of acoustic waves increases since
acoustic signals do not propagate to one direction which is called as geometrical
spreading. Lastly, scattering of the acoustic signals occurs when it encounters
with bubbles, rocks and other underwater bodies.

We need to state out that the increase of distance raises up the total
transmission loss, which might be up to 70-75 decibels Hence the transmission
loss might range from 30 to 80 dB at distances ranging from 0 - 7 km. Another
interesting issue is that the total loss of transmission power is lower at lower
frequencies when compared to higher frequency signals.

We are going to explain the details about the relationship between SNR and
BER values furthermore. We have briefly stated out the relationship between
SNR and frequency and bandwidth in the second Chapter. SNR can also be

described as the reduction in the intensity or in the amplitude of a signal.
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Figure 4.1.5 Probability of BER vs. E,/ N, of Various Modulation Schemes

Figure 4.1.5 shows the probability of BER values in log scale (Given that
SNR per bit Ratio — Ep/Ng) for various modulations schemes. It indicates linear
modulation schemes that we have used during our simulations such as BPSK, 8-
PSK, 16-PSK, 32-PSK and 16-QAM. Actually BER is the main indicator, which
shows the health (quality) of communication system. During transmission some
of the bits may not be transmitted correctly. It is important to know the ratio of
the bits transmitted incorrectly in order predict the percentage of corrupted data.
A signal can be called as good signal when target BER is lower than 10™°.

The formulations of probability of BER of various schemes mentioned
above, energy per bit to noise power spectral density ratio that we use during our
simulations is given in this chapter. BER (Bit error rate) for different modulation

schemes can be computed as follows:

3 ,k E,
Pb16QAM — ﬁerfc( EN_O (9)
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1 ,E
P, BPK = > erfc N—b (10)
0

- 1 m
PP = 2Q( 27 smﬁ) (11)

Where M=8,16 and 32, k is log:M, y,s = % and E—b Is the energy per bit to noise
0 0

power spectral density ratio and can be calculated as:
Es=Energy per bit,

En=Energy per symbol,

No=Noise Power Spectral density (W/Hz.)

—SNRB 12
= SNR (12)

Where B, is the noise bandwidth in Hz, R is the data rate in kbps and SNR is as

follows:
SNR=10SNR(@D/10 (13)

Where Py, represents probability of bit error rate and expressions of BER values
for different modulations schemes were given above. Table 4.1.2 shows the
SNR values for certain BER values that we have computed using the equations
(12) and (13) assuming that Byas 1 KHz. and R as 2 Kbps.

BER SNR
10* 4.8919
107 13.532
10° 17.4120
107 18.1147

Table 4.1.2 BER vs. SNR
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We have obtained the following 5 graphs related energy consumption of
the network based on BER equations which was given as formulas (9), (10) and
(12).

at Optimal Frequency
T

20~ *

18- =

Figure 4.1.6 Transmission Power of the Network for Single Hop 100 (m).

It can be observed from the Figure 4.1.6 indicates energy consumption of
the network when sending a single packet at depth of 100 m, distance of 100 m
and having BER of 10, It can be observed that the energy consumption differs
based on the selected modulation scheme. The network consumes highest
amount of energy when 8-PSK is used. On the contrary the optimal (minimum)
energy consumption is obtained when 32-PSK is selected as modulation
scheme. These graph is obtained where, Depth = 100m, Distance=100m, BER=
10°

In order to compute optimal transmission power we have used passive
sonar equation, which is placed in literature in many forms, but we have used
following formula in order to find sound source level of the received signal
strength, which is a function of distance and frequency as given in [30] by

Felemban:
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SL(d, f)=A(d, f) + N (f) + SNR - DI (14)

Where, DI stands for directivity index and since we assume it as ommi-
directional directivity, DI is set to 0. In addition to this, the ratio of the intensity

of emitted signal to some predefined reference intensity can be found as follows:

SL (d, f) = 10 log (I/ lo) (15)

Where, the reference intensity is represented by Iy and has a value of 0.67*10™
and the intensity of the emitted signal It in terms of Watts/m, depends on the

transmission power (P,,) can be obtained using the following expression:

Py

SNR(A. f) = o nar

(16)

where, P, is the transmit power and N(f) is the noise power spectral density
(assumed constant in a narrow band Af around f). It is clear in the equation that
[A (d, f) + N (] product mainly depends on the frequency of transmitted
signal as given in paper [29] by Zorzi. We should keep in mind that A (d, f)
increases with frequency while N (f) decreases at least up to certain point (f=40
KHz.).

We have obtained signal level of the emitted sound from the source by
setting all necessary values to equation (14), and received transmission power by
receiver P, was found using the expressions (15) and (16). Consequently, there
is an optimal frequency, which brings forth the minimum A (d, f)+N (f) product,

which results with minimum path loss.
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at Optimal Frequency
22 T T

Figure 4.1.7 Transmission Power of the Network For Single Hop 1000 (m).

Figure 4.1.7 Depicts that the total transmission power of the network that
increases when the distance between sender and receiver rises up to 1000 m
from 100 m. Note that, all parameters were kept constant in order to see the
effect of distance on the energy consumption of the network. We have computed
transmission power (P;,) through the equations (14), (15) and (16) belonging to
various modulation schemes. These P, values are obtained where,
Depth=100m, Distance=1000m, BER= 107,

We have used the equations (14), (15) and (16) in order to compute the
minimum transmission power with different modulation schemes in Figures
4.1.8,4.1.9, and 4.1.10.
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Transmission power at Depth of 1000m at Optimal Frequency
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[ (a)32-FSK
5 1E-0AM

16-PSK

8-PSK

BER values 1e-1 1o 1e-7 BPSK Madulation Schemes

Figure 4.1.8 Transmission Power of the Network for VVarious Modulation Schemes

Figure 4.1.8 shows the energy consumption (transmission power) of
UASN. Transmission power increases as target BER values decrease from 107
to 107. It is barely seen that modulation schemes show more or less similar
performance when BER is selected, as 10”. Hence there is no difference which
modulation scheme is selected when target BER is selected as 10”". On the other
hand 32-PSK and 16-QAM outperform all other schemes when BER is selected
as 10° or 10™. We have taken the parameter values as follows: Depth=1000m,
Distance=1000m and BER= 107,107, 10 and 10™. As a conclusion it is clear
that the increase of bit error rate causes lower transmission power, thus the total

energy consumption of the network will decrease down as a consequence.
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Transmission power Depth of 100m and BER of 1e-6 at Optimal Frequency

I (1)BPSK
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Figure 4.1.9 Transmission Power of the Network for Various Distances

Figure 4.1.9 depicts performances of the modulation schemes in terms of
transmission power in (dB) for different distances (1000m, 500m, 300m, 100m).
It can be observed from the figure that the transmission power (P;,) decreases
linearly as the distance between sender and receiver decreases. 32-PSK and 16-
QAM showed the best performances at all the distances when compared to other
schemes. In order obtained the figure 4.1.9 we have taken the parameter values
as follows: Depth=100m, BER=10"° and Distance=1000m, 500m, 300m, 100m

As a conclusion it is clear that the increase of distance causes higher

transmission power hence the total energy consumption of the network will
increase naturally.
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Transmission power Distance of 1000m and BER of 1e-6 at Optimal Frequency

Transmission Power (dB)

Depth (m)

Figure 4.1.10 Transmission Power of the Network for Various Depths

Figure 4.1.10 indicates the transmission power (P.,) of the network when
sending a single packet for different depths (1000m, 500m, 300m, and 100m) at
distance of 1000 m. The BER is set to 10°. We can understand from the figure
that transmission power does not change as the depth of the network changes. It
is clear that 32-PSK and 16-QAM outperform other modulation schemes at all
depths. In order obtained the figure 4.1.10 we have taken the parameter values
as follows: Distance=1000m, BER=10"°and Depth=1000m, 500m, 300m, 100m

Consequently, there is not remarkable increase or decrease of transmission
power with the increase of depth unlike the previous simulation results related to
distance (fig.4.1.9).
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Chapter 5

Conclusions

In Underwater networks it is not possible to recharge or change the
batteries of units without recovery, which leads to really high costs. Hence, one
of the most crucial challenging aspects of UWA is the energy limitation.
Therefore, retransmissions and path losses may lead to huge amount of waste of
energy. In this sense, the specifications of the deployed network play a critical
role to prevent these problems and to prolong the lifetime of network as much as
possible. Hence, we have analyzed and simulated various underwater
circumstances; different depth, distance and BER values with different
modulation schemes in order to find optimal (minimum) transmission power. In
this thesis, our ultimate goal is to investigating the energy efficiency of
underwater acoustic sensor networks (UASNSs) by conducting performances
analysis of different modulation schemes. According to simulation results, 32-
PSK and 16-QAM techniques achieved the minimum energy consumption.
Therefore, using these modulation schemes may prolong our limited energy
sources according to our simulation results. Consequently, it is aimed to
contribute the related literature and encourage future research efforts for
advanced underwater communication systems to be a reference source for

various underwater applications.
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