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Abstract

The growing requirements for high-speed data transmission and a huge
volume of data in underwater applications are significantly advantage from
Underwater Optical Wireless Communication (UOWC) systems. Therefore, the
development of novel and reliable UOWC systems and the improvement of the
existing ones have been a very popular research area in the last decades.
Accordingly, my thesis aims to study the design and performance evaluation of
the physical aspects of UOWC systems under different modulation schemes and
different underwater channels.

The study has investigated different UOWC systems that use the
Differential Phase Shift Keying (DPSK) modulation with Direct Detection (DD)
Optical Orthogonal Frequency Division Multiplexing DPSK-DD-Optical OFDM
and the DPSK modulation with Coherent Detection (CD) technologies Optical
Orthogonal Frequency Division Multiplexing DPSK-CD-Optical OFDM. The
two schemes are based on different configurations of Multi-Input Multi-Output
(MIMO) technology (1X1S1SO,1X4SIMO,1X2SIMO,2X1 MISO,4X1MISO,
2X2MIMO and 4X4MIMO respectively) to improve the receiver sensitivity and
increasing link range.

Optisystem™ (Ver.16.0.0) is used for simulation of the proposed DPSK-
DD-OFDM and DPSK-CD-OFDM approaches with different configurations of
the MIMO technique. The simulation results at different conditions show that the
performance of DPSK- CD-Optical OFDM is better than DPSK-DD-Optical
OFDM scheme by using 4x4MIMO for reliable link range at target Bit Error
Rates (BERs) 10~ which less than the threshold of the Forward Error Correction
(FEC) which be assumed 103. For instance, with DPSK-DD-Optical OFDM
system, the link ranges are 10.5m, 31m, and 131m for turbid, mid, and clear water
receptively, while with proposed DPSK- CD-Optical OFDM system the ranges

are 12m, 38.5m, and 156m for turbid, mid, and clear water receptively. Moreover,

\l



the results also state that the proposed technique revealed better enhancement

compared to previous work at the same input parameters.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Background

Two-thirds of our Earth is covered with water, the Earth is a water planet.
With the rapid technological developments, the area of underwater
communications has grown rapidly and widely with wide-ranging applications in
many fields such as military and commercial sections, such as remote monitoring
in the offshore oil industry, pollution control in environmental systems, scientific
data collection from ocean base stations, disaster detection and early warning,
national safety, and security (intruding detection and underwater surveillance).
The studies into modern underwater wireless communication technologies have
thus played a crucial role in the ocean and other marine environments [1]. The
underwater wireless channels may be extremely affected by many factors such as
marine environment, attenuation, limited power, bandwidth, and frequency
dispersion, making the underwater wireless channel is one of the toughest and
most complex. When confronted with these unique conditions in different
underwater applications, many new challenges that were not faced in wireless
terrestrial communications rise for upcoming wireless underwater networks in
acoustic, (Radiofrequency) RF, and optical communications. In acoustics and
optical systems, because of the opportunity for long transmission distance and
high-bandwidth network communications in size, power enabled modems and
unmanned systems are among these challenges [1]. The underwater wireless
networks have engaged and increased the attention of investigators, not only in
the education field but in the military and manufacturing sectors as well, based on
their attractive and unique elements as well as the potential advantages of
advanced underwater communications. lately, much researches have been done

on the underwater wireless networks, but further developments on the wireless
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system underwater continue to be a problem, given the previous challenges posed
by the exploitation of acoustic and optical wireless channels [2].

There are three possible methods for underwater communications [2]:

 Acoustic by sending sound waves.
 Radiofrequency transmission via electromagnetic waves.

 Optical communication via sending optical carriers.

Each of these approaches possesses benefits and weaknesses.

Acoustic propagation in underwater is affected by high noise level, high
latency, path loss, multi-path, high bit error data rate, and bandwidth restricted
depending on range and frequency [3]. Furthermore, acoustic communication is
not best used underwater particularly for applications requiring high data rates,
and real-time surveillance.

For RF carriers, they suffer from high underwater attenuation and require
large antennas and high transmission power at low frequencies, this is not feasible
underwater.

Optical carriers are electromagnetic waves between 400 nm (blue light) and
700 nm (red light) of wavelength. Because of its wavelength is very short, high
frequency, and high speed, optical waves are capable of communicating at the
extremely high data rate (up to 1Gbps) [3]. The optical waves used as wireless
communication carriers, though, are usually very short due to strong water
absorption and strong backscatter of suspended particles in the optical frequency
band. Underwater optical communications due to the high data rate, high
bandwidth, are a feasible solution. The absorption and dispersion affect the optical

propagation path. Table 1.1 depict a comparison among the three techniques [4].
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Table-1.1: Comparison Among Acoustic, RF, and Optical Techniques [4].

Parameters Acoustic RF Optical
Transmission 10W WA W
Power
speed 1500 ms™* 2.3x108 ms* 2.3x108 ms*
Data Rate Kbps Mbps Gbps
Latency High Moderate Low
Attenuation 0.1 -4 dBm/Km 3.5-5dBm/m 0.39dB/m (Ocean)
11 dB/m (turbid)
Bandwidth 1-100 KHz MHz 150 MHz
Link range more than 100 Km Upto 10 m 10-150 m
Performance Temperature, Conductivity and Scattering, absorption,
salinity, and

Dependency permittivity and turbulence

pressure

1.2 Sensing in Underwater Environments

Sensing is a method used to collect information about a physical entity or
process including the occurrence of events such as changes in a condition like
temperature drop or pressure drop. The device which performs the task of sensing
is called a sensor. For example, the sensors given to the human body collecting
visual information from the environment (eyes), acoustic information such as

sounds (ears), and smells (nose) [5].

Underwater Wireless Sensor Networks (UWSNS) have been considered as a
viable framework for network system. Fig. 1.1 illustrates the UWSN network
architecture's is composed of many components. The key components are the
sensors. The sensors are the nodes with modems in UWSNSs, and are distributed
either in shallow or deep water. Sensor node may sense (many sensors can sense
specific information about the environment, such as water quality, temperature,

pressure, metal, and chemical and biological elements), relay, and forward data.
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The data should be passed on to the basic component(s) on the water surface,
called surface gateway (sink). The surface gateway must forward data (through
radio channels) to the remote-control center. The control center is also on the
seashore and oversees the water areas. The control center gathers, analyzes and
manages water zone information. The deep-water Autonomous Underwater
Vehicles (AUVs) can also be an optional part of a UWSN. The AUVs can assist

in data collection and forwarding [6].

p 0 Satellite
A4

s Sz

Sink €3 &3 55-‘ ASY é Sink Monitoring Center
+ T S s & 1
S 2 _ o e
y - >~ -
.. .. R é \‘ > 6 é - .
o et Sensor AUV = Sensor
» é ¢ —
- & ‘ &
< & 3 ’ Sensor
Sensor é

Fig .1.1 Underwater Wireless Sensor Network Structure [6].

This form of UWSN has received increased attention during the last decade,
motivated by a great many sciences, military and trade interests, as this could
permit a wide variety of applications including: (a) Environmental surveillance:
UWSNSs can carry out pollution or biological monitoring and can even help
predict climate change and weather forecasting, (b) Seismic surveillance: It is

extremely important to monitor seismic activities in underwater oil extraction

4
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facilities, (c) Prevention of disasters: A UWSN can issue tsunami warnings for
coastal regions by conducting seismic monitoring, and (d) Underwater
exploitation: UWSNs may support the exploration, for example, bathymetry

profiling and underwater vehicle navigation [7].

These types of applications may produce a large amount of data and the
wireless sensor must be able to transmit this information. UOWC can provide
unparalleled high data rates and low latency for moderate link ranges, because of
the high propagation speed of light waves. It provides safe transmission and is
robust to the propagation of multiple paths.

In classical underwater wireless systems, the acoustic carriers are the most
common choice, but acoustic waves have disadvantages which are: (i) limited
available bandwidth, (ii) enormous time delay, (iii) high cost of available
hardware and (iv) limited battery power because it requires high power
consumption duo to large transmission antenna for small sound frequency.
Although the acoustic wave communication in underwater environments is

presently state-of-the-art, its small data rates and its limited bandwidth [8].

1.2.1 Underwater Sensing Problems

In recent years, considerable attention has been given to the problem of
underwater target detection and classification in the underwater sensing system.
Due to variations in operational and environmental conditions, the presence of
varying spatial clutter, differences in the target shapes, compositions, and
orientation. This problem is complex. Usually, the target will be identified and
classified based on environmental observations with a single sensor (sonar, lidar,
etc.) [8]. The sensor from these observations will make a local choice and transfer
it to a central station or record the whole sonar image at the central station for
post-mission analysis. The problem with sensor-based detection is that the process

of detection is limited to only one field. This makes it particularly difficult to

5
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detect weak targets. In addition, in terms of aspect, grassing angles and sonar
distance, the structure of targets within an image differs, making detection
difficult, especially if this target is in an adverse position with the sensor, e.g.
partially obscured targets. Consequently, any improvement in detection results is

hampered by the limited amount of data and environmental observations [8].

Distributed sensor networks offer a solution to treat single sensor
situations deficiencies. Multiple sensors make it possible to capture the target
properties significantly better because the targets are viewed from different

aspects, ranges, frequencies, sensor modalities, and so on. In the monitoring

area, several transmitters, autonomous underwater
TOWC with MINO
/ Y
2%
B,
Detectorl * Qa'-;
= ” Detector2
E
2
’_E_ Autonomons underwater
vehicle (ATTV)

Observed Region

Fig .1 2: UOWC with MIMO for Sensing Application [10].

vehicles, everyone with an inclusive range of sensors including different types
of sonars, magnetics, or electro-optical systems may be available (multiple

detectors), and multiple detectors as shown in Fig. 1.2:[8].
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1.3 Motivation

The UOWC system can be considered as an energy-efficient and cost-
effective solving for high data rate and low time latency. The light beams are
absorbed, scattered, and faced the multipath effects in underwater propagation,
leading to signal deformation in the shape of an Inter- Symbol Interference (1SI)
and degrading the total performance of UOWC system. Therefore, a technique
which adapts to such a harsh environment is motivated [4].

OFDM-MIMO demonstrate the benefits of wireless communication in the
atmosphere. It will be a possible method to utilize in the underwater wireless
communication system. MIMO is a widely used multi-optical transmitters and
multi-photodetectors technology and serves as an efficacious means to improve
significantly systems achievement with respect to increasing data rates and

channel capacity [9].

1.4 Problem Statement
UOWC system offers a limitation of the traditional underwater acoustic
wireless communications (UAWC) system in an attractive and promising way
to address them. Although optical carriers can be utilized to accomplish high
data rate communications in Gigabit per second (Gbps), but still suffer from
scattering and absorption in water and thus, they are effective only for short-
distance communications. These obstacles in UOWC should be addressed to
deploy underwater optical networks are transmission length (link range) and

underwater attenuation (absorption, scattering, and multipath) [7].



Chapter One Introduction and Literature Review

1.5 Literature Review

In the last decades, many researches focused on UOWC systems to handle
the problems of underwater propagation. This section presents a review of
research conducted on UOWC and some technologies used for underwater

applications. This survey can be classified to:

1.5.1 Investigations on Achieving an Initial UOWC

Bin Tian and et al. [10], proposed a LED-based UOWC. The power of the
LED was 500mW. The maximum communication distance was 30m. The
different communication baud rate was used containing 9600 bps, 14400 bps,
19200 bps, and 38400 bps. The experimental finding presents that once
transmitting speed increases, the rising time and falling time take more time in
one communication clock period and under the baud rate of 19200 bps or less.

P. McGillivray and et al. [11], discussed the growth of high repetition rate
LED in underwater optical wireless systems and surface and aerial
communications for image and data transmission, where the achieved data rate
attains 1 Gbps.

Jiemei Wang and et al. [12], proposed and experimentally confirmed a
long-distance, and high-speed UOWC system in a laboratory environment by
utilizing a 520nm LD and modulation type is Non Return to Zero-On Off Keying
NRZ-OOK. The scheme was successfully accomplished using a 500 Mbps data
rate over a 100 m tap water channel. The measured system BER value was 2.5x
103,

1.5.2 Investigations of Turbulence, Absorption, and Scattering in UOWC
H. M. Oubei, and et al. [13], studied the scintillations of red, green, and
blue laser beams in various weak turbulent water channels. The threshold of

turbulence in UOWC was learned, and the BER is measured for the green laser,
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which shown that the UOWC link can still be retrievable in a turbulent underwater
environment if the turbulence was below a certain threshold.

B. Majlesein and et al. [14], because of the harsh effects of the underwater
environment on the optical wave contain: absorption, turbulence, scattering, and
different noise resources, the researchers demonstrated a complete model for
UOWTC and determine the BER performance and eye diagrams for clear, coastal
and turbid waters respectively over an 8 m link range by considering all above
effects to calculate the channel impulse response by using Monte Carlo
simulation.

1.5.3 Investigations on UOWC based on OFDM and/or MIMO technique

I. Mizukoshi and et al. [15], used a developed Field Programmable Gate

Array (FPGA) platform as a real-time transmitter to implement the UOWC
system of 405 nm, data rate 968 Mbps and utilized DD-OFDM over distance 2m
under high turbulence environment. The OFDM suffers from large PAPR during
transmission was approved.

H. M. Oubei and et al.[16], experimentally verified a UOWC using 450nm
LD based on (16-QAM-OFDM). The realized data rate was 4.8 Gbps over 5.4m
transmission distance under clear water. The acquired results depict that a bit
error data rate (BER) of 2.6 x 1073, which is below the FEC limits.

Jing Xu and et al. [17], proposed and experimentally confirmed a DD-
OFDM based UOWC system. The transmitter was a LED of blue wavelength
and the receiver was a PIN photodiode (Positive-Intrinsic-Negative). The QAM
modulation with different orders and subcarriers was utilized to estimate the
underwater bit error rate and optical link range. The transmission link was 40m
and performed in coastal. The experimental results showed that the net data rates
of 225.9Mb/s at a BER of 1.54x107 utilizing 16-QAM and 231.95Mb/s at a
BER of 3.28x107 utilizing 32-QAM respectively at 2m link range.
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Jing Xu and et al. [18], experimentally demonstrated UOWC system using
16-QAM-OFDM and 256-QAM-OFDM modulation OFDM with the support
of bit loading using a green LD and a PIN detector, which realizes a data rate of
1.118 Gbps at link range 2m and BER equal to 2.98 x10- under clear water.

Lu Hai Han and et al. [19], demonstrated UOWC using a 16-QAM-
OFDM modulation technique and utilizing blue LD, the used data rate was 9.6
Gbps was achieved and distance of up to 8 meters under clear water. The
feasibility of UOWC for long-distance and high-speed links has been approved
by using a two-stage injection-locked technique.

Ho Chun-Ming and et al. [20], have indicated that a laser communication
system utilizing 16-QAM modulation with an OFDM has achieved an 8.8 Gbps
transmission data rate over a transmission distance of 10m based on light injection
and optoelectronic feedback techniques.

Yuhang Song and et al. [21], suggested and experimentally demonstrated
a MIMO-OFDM for the UOWC system, with a bit data rate of 33.691 Mbps
channel utilizing blue LED and PIN photodetector over a 2 m water channel.
Three systems had been compared (Repetition Coding-OFDM (RC-OFDM),
Alamouti-OFDM, and MISO-OFDM) in turbid water. The experimental results
showed that the Alamouti-OFDM UWOC is more resistant to delay than the
RCOFDM- based system in turbid water.

Mohammad Vahid Jamali and et al. [22], accomplished a performance
study of the UOWC system using On-Off Keying (OOK) modulation with the
MIMO technique (spatial diversity) under coastal water. The simulation results
depict that spatial diversity can significantly enhance the system performance duo
to mitigate turbulence effect, the MIMO introduces 8dB performance
enhancement at the objective BER of 10 using the 3X1MISO technique under a
25m coastal water link range.

Tsai-Chen Wu and et al.[23], experimentally implemented a UOWC in

underwater conditions such as clear water and seawater over long distances

10
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utilizing a blue LD and 16-QAM-DD-OFDM data were used to implement the
maximum capacity of transmission up to 10 Gbps. The suggested UOWC in clear
water provided a permissible range of bit data rate rise from 5.2 to 12.4 Gbps with
the matching underwater link range decreased from 10.2 to 1.7m. when
implementing the UOWC in seawater (coastal water), there are many attenuation
resources such as scattering effects made by impurities. The UOWC bit data rate
of upto 7.2 Ghbps for satisfied link range further than 6.8m.

Lu I. Cheng and et al. [24], proposed and experimentally demonstrated
UOWC based on an LED system under turbid water utilizing OFDM and bit
loading algorithm. The proposed UOWC realizes 158 Mbps in the daylight and
205 Mbps in the nightlight at a link range of 10m and depth of 3m, also the (BERS)
are less than the FEC) threshold (107%).

Fumin Wang and et al. [25], suggested an Underwater Visible Light
Communication (UVLC) system using QAM and multi PIN photodetectors. The
transmitter was a green 521 nm LED. The proposed system was tested in a 1.3m
pool size. They concluded that the ratio of the two receivers can have a significant
effect on the system's outputs and can achieve a better communication effect by
selecting the appropriate value for it. The data rate was 2.175Gbps.

A. Huang and et al. [26], analyzed the BER performance of the UOWC
system using Spatial Modulation (SM) with the MIMO technique. However, the
SM achieves high spectral efficiency as compared with convention MIMO using
repetition code but the SM requires perfect channel knowledge for data detection
because of the differences of wireless links between transmitter and receiver.

Amantayeva Akniyet and et al [27], investigated the performance evaluation
of the UVLC system utilizing a 2x2 MIMO technique with OFDM under turbid
water. By utilizing Weighted Double Gamma Function (WDGF) the channel gain
for each path was estimated. To eliminate multiuser interference the researchers

implemented a zero-forcing precoding scheme.

11
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Yanlong Li and et al [28], proposed the OFDM with imaging lens as a
MIMO system to separate the light signal which leads to a decrease in the effects
of the underwater wireless communication and achieves 12dB profit at the same

bit error data rate as compared with non-imaging MIMO system.

Finally, from the above literature survey, the most relevant investigations
to my work are [17],[22], [23], [27].

1.6 Thesis Contribution

The key contributions of this thesis are:

 Using Differential Phase-Shift Keying (DPSK) modulation.

» Performance comparison between Direct Detection (DD-Optical
OFDM) and Coherent Detection (CD-Optical OFDM) of UOWC
systems.

* Increasing the link range of the UOWC system by using DPSK-CD-
Optical OFDM based on the 4x4MIMO technique.

1.7 Thesis Objectives
This study aims to design and performance evaluating of UOWC system to

enhance the system performance against underwater limitations, the following

objective can be listed:

1. Todesign and simulate DPSK-Optical OFDM with direct detection and
coherent detection based on a 1x1SISO technique.

2. To design and simulate DPSK-Optical OFDM with direct detection and
coherent detection based on different a MIMO configuration.

3. To perform the system performance and increase the link ranges under
different water types (clear, mid turbulence, and turbid) and the target
BERs are 10°.

12
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4. To compare the proposed work and recent works under same input

conditions.

1.8 Thesis Layout
This study is divided into five chapters: -
Chapterl: Presents the background to the UOWC system, sensing in
underwater environments, motivation, problem statement, literature review,

main contributions, thesis objectives, and thesis layout.

Chapter 2: Gives a general theoretical background such as describing the design
of current underwater optical wireless communication technique. Also, it
presents the DPSK modulation format, the attenuation in underwater such as
turbulence, scattering, absorption, pointing and alignment, multipath interference
and dispersion, underwater signal noise sources. In this chapter, the underwater
link configurations are presented. Also, this chapter presents basic different
types of optical orthogonal frequency division multiplexing (Optical OFDM)),
and an introduction to the theoretical concepts of the MIMO technique to
improve the accomplishment of UOWC system and describes the general
mathematical model of the MIMO system.

Chapter 3: Presents the system design and main parameters for the proposed
[Direct Detection-Optical OFDM (DD-Optical OFDM) and Coherent Detection
Optical OFDM (CD-Optical OFDM) systems] based on different MIMO
configurations. The information presented in the previous two chapters is used
as a foundation for the design. Also, a brief description of Optisystem™ software

will be presented.

Chapter 4: Demonstrates the obtained simulation results for DD-Optical
OFDM based on MIMO and CD- Optical OFDM based on MIMO under

three types of water (clear, mid, turbid).

13
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Chapter 5: offers the conclusion of the simulation results and recommendations

for future work which can improve the performance of the whole technique.

14



CHAPTER TWO

THEORETICAL BACKGROUND

2.1 Introduction
A typical UOWC system generally consists of two parts are an optical
transmitter, and an optical receiver [29]. UOWC system will be reviewed in

detail in this chapter and all theories and design considerations are related to it.

2.2 UOWC System Structure

Figure 2.1 illustrates the components of a typical UOWC system. It is a
source that generates transmitted information that is modulated on the optical
transmitter, which is transmitted at a high data rate at long distances. To focus
on the optical beam to the receiver position, the transmitter is provided with a
lens. The data-carrying signal can then spread across the underwater channel
with geographical location-specific characteristics [29]. At the receiving side,
the optical lens collects the received signal for optical-to-electric conversion and
proceed it into the photodetector. The electric signal can then be proceeded

through a signal processing unit and a demodulator to retrieve the original signal.
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Fig. 2.1: Block Diagram of UOWC System [4].

2.2.1 Optical Transmitter

The electrical data signal is converted into an optical signal, and the
optical signal is transformed into a transmission channel. A typical optical
transmitter comprising an input signal, an optical system driver, a photon source,
and other required light-beam conditioning optics (reflectors and lenses) as
shown in Fig. 2.1. [30]. The optical source's function is to transform an electrical
input signal into the corresponding optical signal. There are two available types
of optical transmitter device based on photon source: Light Emitting Diode
(LED) and Laser Diode (LD) [30].

2.2.2 Optical Receiver

An optical receiver's function is to transform the optical signal back into
electrical form and to retrieve the data transmitted through the light wave system.
The key component is a photodetector that converts light into electricity using a

photoelectric effect [32]. It contains an optical signal detector that transforms
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into an electric current. Fig. 2.1 shows the system-level receiver design. Two
popular examples of photodetector currently in use include Positive-Intrinsic-
Negative photodiodes (PIN) and Avalanche Photodiodes (APD) [30,31].

2.2.3 Mach-Zehnder Modulator (MZM)

The MZM is the most commonly used modulator for the external optical
modulation. The Mach-Zehnder Interferometer (MZDI) phenomena were
discovered by Ernst Mach and Ludwig Zehnder in 1891. In order to reduce the
chirp effect, the optical transmitters have been divided into two functions: the
first one to generate an optical carrier using a laser diode, the second one to
transpose the electrical signal into an optical carrier using an external modulator.

The MZM is composed of two 3dB couplers and two interconnection
waveguides with equal length wave to create a Mach-Zehnder Interferometer
(MZDI), as shown in Fig. 2.2 and Fig. 2.3. The two waveguides of the MZM are
typically fabricated from an electro-optic material such as Lithium Niobate
(LINbO3). In addition, the Gallium Arsenide (GaAs) and Phosphide Indium
(InP) are used in the fabrication of the MZM. In an electro-optical material, the
refractive index depends on the applied electric field. Thus, an electrical signal
can change the refractive index of the crystal which modifies the velocity of the
light propagating in the waveguide. Choosing the appropriate level of electrical
voltage, the combination of the signals from the two waveguides through the
second 3dB coupler can be constructive or destructive. The difference in voltage,
which allows moving from a minimum (destructive interference) to a maximum

(constructive interference), is known by the voltage of the modulator [37, 38].
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Fig. 2.2: The Output Optical Field of the MZM [37, 38].

Hot Ground
electrode  electrode

LR
"y J l o— silice SO,
IO O |

RN

I N )
7 Optical Electnc field lines

waveguides
i

Fig. 2.3: Electrode and optical waveguides placement in the transverse plane
[37].

2.3 Modulation Scheme for Optical Communication

In optical communications systems, as well as other digital
communications systems, the modulation of a transmitted signal, which
modulates information on optical carriers, plays a key role in optical
communications systems and other digital communication systems. Modulation
formats which employed in optical communication systems are similar to those

used in communications systems for radio frequencies, with the frequency, the
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phase and the amplitude of information transmitted by an optical wave [35]. In
optical modulation technology the information can be modulated on optical
carriers and transmitted by optical systems. The digital modulation technology
divided into several types of modulated variables, such as Amplitude Shift
Keying (ASK) and Phase Shift Keying (PSK) and Frequency Shift Keying
(FSK). Based on the modulated variables, the ASK format is the simplest format
for modulation. In FSK, a frequency difference occurs around a center
frequency, and in PSK the carrier signal phase is shifted by 180° according to
the information bit (0,1). In order to modulate signals, polarization states for the
Polarization Shift Keying (PolSK) signals can also be utilized beside amplitude,
phase, and frequency. In addition, polarizing statements can also be used to
multiplex other optical signal types, which produce new signals. Polarization
based modulation formats for high bit-rate optical communications networks
have been extensively studied in lately years. For next-generation optical
networks, multiple levels modulation arrangements such as QAM, which
encrypts data in the amplitude and the phase of the optical carrier to further
improve spectral efficiency, are also studied and proposed. Several frequently
used optical modulation formats will be reviewed together with some advanced
ones [35].

2.3.1 Phase Shift Keying (PSK)

Several digital data encoding techniques are available for an analog signal.
ASK, FSK and PSK are three basic types. Fig. 2.3; shows the differences
between them. In ASK, the carrier frequency is used to send the bits with an
amplitude difference. In FSK a frequency difference occurs around a center
frequency and the signal phase in PSK is modified, so the binary digits (1,0) are
represented by two different phases (0,7), the Binary Phase Shift Keying
(BPSK) would most likely be the phase shift of the modulation shown below.
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The phase difference of the two situations is @=n. The expression for the
representation of BPSK is [36]:

_ {A cos(2mf, t) for binary 1}
L=

Acos(2nf,t + @) = —Acos(2rnf.t) for binary 0 (21)
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Fig. 2.4: Three Modulation Techniques; ASK, FSK and PSK [36].

2.3.2 Differential Phase Shift Keying (DPSK)

The DPSK modulation could be an alternative to the BPSK modulation
[37]. Binary data is encoded in the DPSK signal between the adjacent bits in
shifts in both 0 and & phases. For example, a binary 0 bit is represented by the
presence of a phase shift of m, while a binary 1 bit is encoded without a phase
shift between the adjacent bits as depicting in Fig. 2.4. DPSK offers better
sensitivities than On Off Keying (OOK). The difference between the BPSK and
the DPSK is that the bits are represented in the DPSK not by a certain phase but
by a phase change. When a binary one is sent, the phase stays the same as the
previous bit and a binary zero is represented by a phase shift. Compared to PSK,

the DPSK scheme has certain preference. Because the information is stored in
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phase change between adjacent binary digit instead of in phase itself, it is good
for systems that are not aware of the precise phase (phase shift problems). This
makes it easier to detect the signal using the DPSK if the system is influenced

by phase noise. However, by using DPSK instead of PSK you also lose 3 dB of

power [37].

0

1 0 0 1 1

||||
DPSK .|||\|| i
(! |

'|'.|'

Fig. 2.5: Differential Phase Shift Keying example [37].

The circuit design of DPSK modulator cosists of EXCLUSIVE NOR (XNOR)
logic circuit , one bit delay and balanced modulator .An incoming information

bit is XNORed with the previous bit prior to entering the balanced modulator as

showen in Fig. 2.5 [37].
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Fig. 2.6: Circuit Design of DPSK modulator [37].
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2.4 Factors Affecting in UOWC
Attenuation (absorption and scattering) ,turbulence, alignment, multipath
interference, background noise, dark current noise, thermal noise and current

shot noise are the critical factors that influence the UOWC systems [4].

2.4.1 Attenuation

The optical signals utilized as wireless communication carriers are usually
restricted to very short distances due to extreme water absorption at the band of
optical frequencies and heavy back scattering from suspended particles. one of
the major drawbacks is the optical waves are generally extremely absorbed in
water, the other is the optical diffusion of all particles within the sea. However,
in the blue / green region of the visible spectrum ocean water it shows decreased
absorption. High speed connection can be achieved depending on the water type
(wavelength from 400-500 nm for clear water up to 300-700 nm for turbid water
environments) using appropriate wavelength, for example in a blue / green
region. The minimum attenuation is concentrated in clear waters at about 460
nm for dirty waters near 540 nm in mid waters and shifts to higher values, as
shown in Fig. 2.6 and Table 2.1; [41, 42].

i

Absorption coefficient (cm™)

100 nm 1000 nm 10 pim 100 pm ‘ o 1mm
Wavelength

Fig. 2.7: The Transparent Window for Light Aquatic Absorption [38].
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Table-2.1: Ideal transmission wavelength for different water types

Humic and )
Water type | Chiorophyll Fulvic wavelength Optical sources
Concertation . wavelength
Concertation
Pure sea/clear 450-500 nm LED =521nm
ocean Less Less (blue-green)
g LD =450 nm
LED =521nm
Coastal ocean High High : 562|?0-\E,3V7_0rr;g;] )
yerowg LD = 450 nm
i LED =532 nm
Ig:ﬁ (I)(: Very high Very high (5e2I?o-\?v7-0r2g;1)
yerowg LD =521 nm

2.4.1.1 Absorption

The main phenomenon that result in the loss of intensity of optical signal
underwater are absorption as the coefficient of spectral absorption (a (1)), which
is the difference in the beam of light because the medium is absorbed per meter
of the path length. Total absorbance is a linear combination of pure seawater
absorption, wave-length and concentration chlorophyll absorption and dissolved
organic colored compounds. The division of the yellow substance into two
components makes the model universally applicable to all water that is
biologically stable and enables future models to more consistently incorporate

the effects of fluorescence. The absorption coefficient a(A) is given by:

(2.2)

where a,, (1) is the absorption coefficient of water as a function of

a(d) = ay, () + aq(D) + ag(D) + an ()

wavelength (m?) , a,; (1) is the absorption chlorophyll acid coefficient as a
function of wavelength, a (1) is the fulvic acid absorption coefficient and

ay (1) is the humic acid absorption coefficient both as a function of wavelength
[42,44].
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2.4.1.2 Scattering

The loss of optical flux due to the re-direction of photons represents the
scattering coefficient, f(4). The total scattering is a linear combination of the
scattering coefficient of water, by(4), scattering from small particles, b2 (4) as a
function of wavelength and concentration, and scattering form large particle,
b7 (Z)as a function of wavelength and concentration. The scattering coefficient
B(2) is specified by:

B(D) = by, (D) + bI(MCs + bP(DC, (2.3)

where Cs is a concentration of small particles and C, is a concentration of
large particles [42, 44].

Eqg. 2.5 shows the path loss factor as a function of distance z and

wavelength 1 [41]
L(A,z) = Lye W= (2.5)

Where L(A,z) is optical signal power after transmission, L, is optical
signal power before transmission and c()A)(m™?) is the extinction coefficient
showing the total attenuation occurred via the underwater propagation. The sum
of absorption and scattering represent the total attenuation. The total attenuation
coefficient in equation (2.6) which is used in a fully absorbing or totally
scattering medium. The absorption coefficient (a) or the scattering coefficient
(B), respectively may be replaced. The C(A) z product is also known as the
attenuation length and helps to decrease the received power by an exp factor.

The extinction coefficient will be based on this [6, 43]:

CA) = a@)+ B (2.6)

Where a()) is the absorption coefficient, B(A) is the scattering coefficient,

and A is the wavelength. The typical values of a(L), B(A), and c¢(A) associated with
four major water types are given in Table 2.2. Absorption is the main factor for
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pure sea water; the low dispersion coefficient frees the beam from divergence.
The concentration of dissolved particles in clear ocean water is higher and affects
scattering. In coastal ocean water the dominant sources of absorption and
scattering are high concentrations of plankton, waste and minerals. The highest
concentration of dissolved is found in the turbid harbor water, which seriously
reduces light propagation [38]. Table 2.2 depicts standard values for the
coefficients (c(L), a(L), B(A)) taking into account the water classification. The

three major water types are the following with extinction values:

Table-2.2: Standard values of extinction coefficients (absorption and
scattering) [4,41,43].

Water Type a(2) (m™) B() (m™) c(2) (m™)
Pure Water 0.053 0.003 0.056
Clear water 0.114 0.037 0.151

Coastal Water 0.179 0.220 0.399

Turbid Water 0.366 1.829 2.195

2.4.2 Turbulence

Variation in the refraction index along the transmission path caused by
fluctuations in the underwater environment, salinity, density and temperature
leads to large fluctuations in the receiver signal intensity. This fact is called
scintillation, and it reduces UOWC 's efficiency. As such, there is no specific
model for underwater turbulence as in the case of free space optical (FSO)

communication because of the dynamic nature of the underwater environment

[4].
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2.4.3 Pointing and Alignment

Because of the optical beam is very narrow in UOWC keeping the Line of
Sight (LOS) for a dependable underwater link is extremely important. And
because of the motion produced by vehicles in underwater, ocean current or
other turbulent causes, a continuous tracking between transceivers is quite
important to preserve a continuous dependable link. In UOWC the errors of
pointing contain two mechanisms: jitter and bore-sight. Jitter is the arbitrary
movement of the beam midpoint at the detector plane while bore-sight is a fixed

movement between the beam midpoint and the midpoint of the detector [4].

2.4.4 Multipath Interference and Dispersion

multipath interference is generated in an underwater optical channel when
an optical wave reaches the detector after coming across multi-scattering stuff
or multi reflections from other underwater objects. It ultimately leads to
dispersion of waveform time (time spread) and lowers the data rate due to ISI.
Nevertheless, the impact of multipath interference in UOWC is not very
noticeable in comparison with acoustic communication due to very high light
speeds. The volume of interference from multipath depends on system
parameters and the propagation environments. Optical waves reflected from the
surface or the bottom produce several signals at the detector for shallow water
conditions. Such surface and bottom reflections can be overlooked for deep
oceans. Advanced signal processing methods like channel equalization and
adaptive optics are utilized to minimize interference at the receiver. Although
channel equalization for rapidly changing underwater channels appears to be a
major challenge, careful characterization of an optical aquatic channel will aid to

select correct system design parameters for stable and high-quality optical links

[4].
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2.4.5 Noise Sources

The underwater optical wireless communication system may be
disorganizing by several noise sources. Briefly, we talk about each noise. The
noise sources involve (1) background noise, (2) dark current noise, (3) thermal

noise, and (4) shot noise [43].

2.4.5.1 Background Noise
The background noise is black body radiation and the underwater ambient
light, whose major source is the refracted sunlight from the water surface. The

power of background noise can be described as [43] :

Pge = PBG_sol + PBG_blackbody (2-6)

Where, Pg; 5o is Solar Background Noise Power and  Pgg piackboay 1S
Blackbody Background Noise Power [43].

2.4.5.2 Dark Current Noise

It is the noise existing at the detector (photodiode) occasionally named
photodetector noise [43]. Itis a relatively small electrical current that flows
across photosensitive devices such as a photodiode even when no photons enter
the device; it comprises of the charges produced in the detector when no exterior
light enters the detector [43].

2.4.5.3 Thermal Noise
It can be described as the electronic noise produced by the charging
carriers' thermal excitation (usually the electrons) within an electrical
conductor. A result of the thermal excitement of electrons depends on the

bandwidth and temperature of the surroundings [43].
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2.4.5.4 Current Shot Noise

Shot noise or Poisson noise is a type of noise that can be modeled by a
Poisson process. In electronics, shot noise originates from the discrete nature
of the electric charge. Shot noise also occurs in photon counting in optical
devices, where shot noise is associated with the particle nature of light. This

noise exists when the received signal is presented [43].

2.5 Underwater Link Configurations
There are three essential kinds of underwater optical link configurations [4,
46, 35]: (1) Direct LOS links, (2) Non-LOS links, and (3) Retro-reflector links.

2.5.1 Direct Line of Sight (LoS) Links

Direct LoS link is the simplest, and point-to-point underwater connection
between transmitter and receiver, as shown in Fig. 2.8. This connection is quite
well established based on static transmitters or receivers, such as two sensor
nodes at the bottom of the ocean [4]. Very advanced pointing and tracking
mechanisms are required for moveable devices such as autonomous underwater

vehicles (AUVSs) in order to keep both transmitters and receivers boring [34].

Water surface

Transmitter (Tx) ";”

Distance (d) Receiver (Rx)

A

»

Fig. 2.8: Direct LoS Link Configuration [4].
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Where d is the perpendicular distance between the transmitter and receiver

plane, @ is the angle between the perpendicular to the receiver plane and the

transmitter-receiver trajectory. It is well functioning in clear oceans where a
narrow signal is sent to the recipient by the transmitter. However, because of the
growing of the marine life, fish groups or other hurdles, there are high chances
of obscuration [39]. Therefore, it is important that a system is developed
avoiding marine life from obstructive the propagation route to implement a LoS.
Fish of the ocean prefer blue and green wavelengths while fishes of the fresh
water prefer wavelengths of yellow and green. Therefore, flashing or erratic

lights are favorite to prevent fish from entering the LoS region [4].

2.5.2 Non- Line of Sight (NLoS) Links

NLoS setup solves the LoS UOWC alignment constraint, as shown in Fig.
2.9. The transmitter in this configuration the light beam is projected to the sea
surface, with an angle of incidence greater than the critical angle (Qmax) [44]. TO
guarantee the proper receipt of the optical wave, the receptor should continue to

face the water surface in a direction approximate to the reflected light.

The key obstacle of the NLoS links are irregular sea surface slopes
induced by wind or other turbulence sources. These unwanted phenomena are
reflected in the transmitter's light and cause severe signal dispersion, where h is

transmitter depth and x is receiver depth from water surface [46].

29



Chapter Two Theoretical Background

Water surface

Transmitter (Tx) Sl

Diffuse light Receiver (Rx)

Fig. 2.9: NLOS Link Configuration [44].

2.5.1 Retro-Reflector Links

In restricted duplex communication situation with low capacity of
receivers' power to support full transceiver operations, retro-reflectors links are
used, as shown in Fig. 2.10. Here, the source has more power and load capability
than the receiver; hence, it acts as a transmitter of modulated light signals to the
remote receiver. The faraway receiver is fitted with a small optical retro-reflector
which mirrors it back to the same source when the incoming beam is sensed from

the source, where h is transmitter depth and x is receiver depth from water

surface [4].
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Water surface

h Retro-reflector

X
/” "\ v
\-
\'\ .
T~. Receiver (Rx)

Fig. 2.10: Retro-Reflector Link Configuration [4].

Transmitter (Tx)

2.6 Turbulence Model in UWOC Channel

Early underwater channel studies often used simple models such as Beer
Lambert’s law to simulate the propagation of light in underwater. Despite the
modification, still Beer Lambert’s law cannot fully describe the channel
characteristics of UWOC systems since it only includes range dependence, and
cannot address the spatial and temporal properties [29].

Underwater turbulence can be divided into three channels, namely weak
(clear water), mid water, and strong turbulence (turbid water) based on the value
of the beam scintillation index (a/)is defined as the normalized variance of the
laser irradiance. It’s a measure of turbulence strength. Mathematically,
scintillation index is defined by [46]:

2 E[I?] — E?[I] 5 E[h?] — E?[h]
: E2[1] E2[h]

(2.7)

where |y is the fading-free intensity, and E[x] denoted the expected value
of the random variable x. A scintillation index of high value indicates a strong
turbulent channel while a scintillation of low value describes a weak turbulent

channel. Weak turbulence channel is defined for o7 <« 1. Moderate turbulence
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channel is designated as ~1. Strong fluctuations, also known as the saturation

channel ¢ achieved when o7 > 1.

To design robust and reliable UOWC systems, it is important to
investigate and understand the statistical distribution of optical signal
fluctuations due to underwater optical turbulence. Early studies on underwater
optical turbulence had mostly focused on theoretical investigations based on
the formulation of free-space atmospheric turbulence models such as the
lognormal distribution to describe the irradiance fluctuations in the underwater
environment. However, the spectrum of refractive-index variations caused by
temperature or pressure in homogeneities in the atmosphere is much different
from the refractive-index spectrum of temperature or salinity in water. This
makes the lognormal distribution not appropriate for modeling the irradiance
fluctuations in turbulent water. Gamma-gamma distribution has been

considered as a candidate for describing the UOWC channel [46].

2.6.1 Gamma-Gamma Model

The Gamma-gamma scintillation model is based on Doubly Stochastic
theory and it has weak to strong turbulence condition so the PDF (Probability
Density Function) of its intensity (I) is product of two gamma random variables
which represents fluctuations from small and large turbulence. The two random

variables are X and Y and the received intensity I, is [47]:

[ =XY (2.8)
The PDF of | is:
2(ab)(@*b)/2 (M 1
= 2
P() ORO X X Ky_p(2VabI),I > 0 (2.9)
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Where: lis irradiance, r(.) is gamma function, and K(a,b) is Bessel function
of second order. The (a and b) are numbers of small and large turbulence cells

and given by [47]:

a=——" - (2.10)

0.402
exp =[—1

12
(1 + 11105 )

1
h=——0 . (2.11)
2
exp 0.50 -1
12\§
<1 + 0.690'5 )

Where o2 represents variance. The scintillation index which is used to

describe the quantity of turbulence for channel model is given by[47]:

-0+

The Gamma-gamma distribution shows excellent agreement with all ranges
of turbulence if no spatial diversity techniques applied to it. But in order to
remove turbulence effect spatial diversity is one of the best mitigating technique.
The gamma—gamma distribution shows significant results if spatial diversity
techniques have no correlation between sub-channels and it can be easily

modified in such scenarios [47].
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2.7 Fundamentals of OFDM and MIMO Techniques in Optical
Communications

After all, while underwater propagation, the light beams are absorbed and
dispersed, this leads to signal disruption in the type of Inter Symbol Interference
(1SI) and complete performance degradation. Consequently, the technique which
adapts to such an environment is motivated. OFDM-MIMO demonstrates the
benefits of wireless communication in the atmospheric conditions. It will be a
possible method to use in the UOWC system [48].

MIMO is a widely used multi-optical transmitter and photodetector
technology and serves as an effective means to increase system performance
from where performance and improved data rates. MIMO is the most widely
used technology than the standard SISO approach. The MIMO technique
provides high data rates besides longer link range and enhances transmission
reliability and efficiency. OFDM can be regarded because it is not simply a
reasonable solution for reducing ISI but also a low complex approach to be
implemented in a real system. OFDM is classified as Multicarrier Modulation
(MCM) where the data is transmitted through many lower subcarriers. The two
key advantages of OFDM are its usefulness against the channel scattering and

its simplicity in a time-varying environment [49].

2.7.1 OFDM Technique

Chang is the first proposed OFDM Principle [48]. Due to the absence of
broadband applications for OFDM and the need for effective integrated
electronic circuits to sustain complicated processing, OFDM has obtained the
most evolved part in military applications. Nevertheless, the development in
broadband digital applications and the Very Large-Scale Integration (VLSI)
CMOS chips in 1990 brought OFDM into the spotlight. In 1995, OFDM was the
first Digital Audio Broadcasting (DAB) standard, and then OFDM became the
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most important modulation technique in many standards such as Digital Video
Broadcasting (DVB), Wireless Local Area Networks (WLAN), and long-term
evolution (LTE) which is the fourth-generation mobile communications
technology. However, the advantage of OFDM, to be exact, is its robustness
against optical channel dispersion, was not unknown in optical communications
until 2005, when Dixon proposed the use of OFDM to solve the modal dispersion
in multimode fiber. So, it’s not a chance that the primary research in optical
OFDM focused on multimode fiber applications. The main interests in optical
OFDM are in three fields: OFDM for large distance transmission, Direct-
Detection Optical OFDM (DD -Optical OFDM), and Coherent Detection
Optical OFDM (CD - Optical OFDM) [51,53].

2.7.1.1 OFDM Basics

In this study, the water channel can have multipath impacts. The
modulations mentioned so far suffer a great deal in such an environment and
multipath that could even impair communication to a point in which the message
Is unusable. When multipath impacts are existent, it is necessary to look at more
reliable modulations. Currently, OFDM is still considered as a good candidate
to be included in these situations. OFDM is a kind of MCM in which a stream
of data at one rate is split into many parallel lower rate streams. The streams are
separately modulated onto different frequency carriers' waves, or subcarriers, for
transmission over the same channel. Recently the OFDM has been utilized to
optical communication, nevertheless, in some optical systems inclusive wireless
optical, single-mode fiber, multimode optical fiber, and plastic optics, there is a
growing amount of documents on the theoretical and practical performance of
OFDM.OFDM is considered an improved version of Frequency Division
Multiplexing (FDM) [50]. In the FDM scheme, various information is
transmitted simultaneously over various frequency carriers for various users as
shown in Fig. 2.11. Each subcarrier is equipped with a large guard band at the

35



Chapter Two Theoretical Background

transmitter part, after the user's data modulates to avoid it from interfering with
the neighboring subcarrier. The guard band, nevertheless, will reduce the
system's spectral efficiency. The received signals are then demodulated by

oscillator banks at the receiver.

,Guald |
and |

L Flequenm L,

Fig. 2.11: FDM Spectral [54].

In OFDM, as a special case of FDM, OFDM uses many carriers per a given
spectrum that are very close to each other, However, they remain orthogonal at
an exact distance of each other [50]. The utilize of the Fast Fourier Transform
(FFT) and Inverse FFT aid demodulate and create the essential signal even if the

subcarriers overlap, as depicted in the Fig. 2.12.

. Spectrum Saved

S R I, Frequency

Fig. 2.12: OFDM Spectral [50].

The OFDM signal is generated from a number of sinusoids, each of which
corresponds to a subcarrier. Subcarriers can be mathematically represented as
[51]:
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sin(2mkAft), 0<t<T,k=1.2 ....,N} (2.13)

0, otherwise

Si(t) = {

Where Af is the subcarrier spacing, N is the number of subcarriers, and T
is the data symbol period. Since the highest frequency component is NAf, the
transmission bandwidth is approximately NAf. Signals are orthogonal if they

are mutually independent of each other [51].

These subcarriers are orthogonal to each other because they satisfy the

following condition [52]:
T c,il=j
[ s:(6) 5 ()t = {O’i ¢j} (2.14)

OFDM signals have the orthogonality property to look at their spectrum.
The orthogonal transmission form is the result of each subcarrier 's peak which

corresponds to the nulls of all other subcarrier [52].

2.7.1.2 OFDM System Description

Figure 2.13 demonstrates a schematic diagram of the transmitter and
receiver of a standard OFDM wireless system. The high data rate digital stream
Is divided into N parallel streams on the transmitter side by serial to parallel
(S/P) conversion [53]. The modulation system (QAM, PSK, QPSK, DPSK, etc.)
maps each stream to a symbolic stream. In order to change the OFDM message
from a frequency domain to a time domain, the symbols are modulated using
IFFT on the sub-carrier. After IFFT, to avoid overlap among sub-band carriers,
the cyclic prefix is inserted, then convert the OFDM signal to an analog signal
using digital to analog converter. Next, after performing a parallel to serial (P/S)

conversion, the signal is sent via a local oscillator through the channel [53].
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Fig. 2.13: Block Diagram of an OFDM Structure [53].

On the recipient side, by analog to digital converter, the received signal is

converted to digital and parallel to remove of the cyclical prefix. The signal will

then be demodulated by utilizing the FFT process and demodulated using either
the QAM, PSK, or DPSK data symbol decisions. The data is converted to serial

for the original data to be obtained [53].

2.7.1.3 OFDM in Optical Communications

In 2005 OFDM was initiated into the optical domain, and have been two

essential approaches which allow the demodulation of an optical signal into the

electrical signal originally transmitted. The first is the direct detection Optical
OFDM ( DD-Optical OFDM) and the second is the Coherent Detection Optical
OFDM (CD-Optical OFDM) [52].
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2.7.1.4 Direct Detection Optical OFDM (DD-Optical OFDM)

The DD-Optical OFDM system block diagram includes a transmitter, a
channel, and a receiver are depicted in Fig. 2.14. The transmitter creates the
electrical OFDM signal that is transformed by a modulator into the optical
domain by the electrical-optical (E / O) to the optical converter. The resulting
optical signal is transmitted through the underwater channel. An optical to
electrical (O / E) converter is utilized to convert the incoming optical signal to
the electrical domain at the receiver which is considered in this case a photodiode

[54]. The received electrical signal Ac(t) is given by [55]:
A () = |4, (D)% X he(t) +w(t) (2.15)

Where the Ay(t) is optical OFDM signal, he (t) is the impulse response in
the electrical domain for the link, and w(t) is the system noise. Then passes across
a low-pass filter (LPF) after back-converting the signal, and is sent to the OFDM

receiver for the initial signal.

Intensity Modulation

OFDM !
Transmitter !

______________

! I

OFDM l * O/E
Receiver | |
! I

Fig. 2.14: DD-Optical OFDM System Block Diagram [55].
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2.7.1.5 Coherent Detection Optical OFDM (CD-Optical OFDM)

Shieh and Athaudage were the first proposed of CD-Optical OFDM [54],
it offers excellent performance in terms of spectral efficiency, receiver
sensitivity , tolerance to chromatic and polarization dispersion and therefore
offers greater system capacity-reach performance if compared with DD-Optical
OFDM. However, this performance requires high transceiver complexity which
results in higher cost compared to a DD-Optical OFDM. The schematic diagram
of a typical CD-Optical OFDM system is depicted in Fig. 2.15; consisting of
OFDM transmitter, RF-to-Optical Upconverter (RTO) unit, channel, Optical-to-
RF downconverter (OTR) unit, and OFDM receiver [56]. CD-Optical OFDM
employs modulation of the optical field therefore it can support complex time-

domain signals both positive and negative frequency subcarriers can be used to

carry data.
OFDM
Transmitter i
I/Channel |
N
OTR Unit
Real Part (I) @ ~ | I
OFI')M U Coherent Detection I
Receiver | R Lo
Imaginary Part Q) @ B . elver ) * .
<« | ) |

Fig. 2.15: CD-Optical OFDM System Block Diagram [54].
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2.7.1.6 Optical-to-RF downconverter (OTR) Unit Architectures

The demodulation of an optical signal which needs phase, frequency, and
polarization control requires a coherent detection receiver. To meet bandwidth
growth demand and capacity, high order modulation formats and advanced
multiplexing techniques are proposed. The coherent detection receivers are
capable to detect various modulation formats. However, the direct detection
receivers have a limited sensitivity as compared to the coherent detection
receivers [45]. The coherent detection receivers were first used in the field of
radio communications. This type of receiver is based on the coherence between
the received signal phase and the Local Oscillator (LO) laser signal. To down-
convert the received signal to the baseband, the received signal is mixed with the
LO laser signal. There are many kinds of coherent detection receivers such us:
single coherent receiver, single balanced coherent receiver, and balanced

quadrature coherent receivers [45].

2.7.1.6.1 Single Coherent Receiver

The single coherent receiver is composed of a coupler (2x2), a local
oscillator laser, and a single photodetector as illustrated in Fig. 2.16. The (2x2)
coupler adds the detected signal together with the local oscillator signal in this
receiver. A single photo-detector detects the total signal and for this reason it is
called a single coherent receiver [52]. This receiver is unable to detect quadrature
modulation formats. Thus, it is recommended for the detection of the OOK

modulation format.

Ex Coupler *
sy Ot

Fig. 2.16: Structure of Single Coherent Detection Receiver [51].
41



Chapter Two Theoretical Background

2.7.1.6.2 Balanced Coherent Receiver

The balanced coherent receiver is composed of LO laser, (2%x2) coupler,
and two balanced photodetectors, hence the name balanced coherent detection,
as shown in Fig. 2.17. The two inputs of an optical coupler are fed by the
received signal Er and the local oscillator E. o signal. For simplicity's sake, it is
supposed that the received signal is only distorted by noise and not by channel

dispersion [57].

En Coupler 5 )
x—+ Lg
ut
Ew

Fig. 2.17: Structure of Balanced Coherent Detection Receiver [57].

2.7.1.6.3 Balanced Quadrature Coherent Receiver

The balanced quadrature coherent receiver, as shown in Fig.2.18 is utilized
to detect an optical received signal that is composed of an in-phase and
quadrature components. In addition, this receiver can detect any optical
modulation format [57]. The balanced quadrature coherent receivers convert the
information about both the amplitude and the phase to the electrical domain. As
shown in Fig. 2.18 in this receiver, the received signal with the local oscillator
will be mixed by an optical 90° hybrid. Using two pairs of balanced
photodetectors the total signal is detected. The 90° hybrid mixes the received
signal and the LO signal to produce four quadrature states in complex-field
space. The four signals are then fed into two pairs of balanced photodetectors
[57].
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Optical 90 Hybrid

3

L ()

31

Iy(®

|

Fig. 2.18: Structure of balanced quadrature coherent detection receiver [57].

2.7.2 MIMO Techniques in Optical Communication

Because of the physical and chemical characteristics of water such as
ocean surface and bottom reflection, temperature of sea, and ocean motion, the
signal attenuation is great in the underwater communications. Thus, a technique
which adapts to such an environment is motivated. MIMO has proven the
atmospheric benefits of wireless communication. It will be a possible technology
to utilize in the UOWC system. In fading channels, the MIMO system improves
significantly channel capacity. This means that the transmission rate is
significantly increased. In addition, the MIMO system also creates spatial
diversity which reduces BER when the system is operated. The MIMO technique
will combine the above-mentioned advantages of techniques to achieve reliable

transmission for underwater wireless communication [49].
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2.7.2.1 Mathematical Model of MIMO System

The model of MIMO system is illustrated in Fig. 2.19. The communication
system consists of Ny transmitter elements and Ng receiver elements.
Transmitter elements (Tx;....TXnr) respectively send waves (Xi, . . ., Xnt) to the
receiver elements (Ry, . . ., RXng). EVery receiver element merges the incoming

signals which coherently add up. The received waves at elements (R , . . .,

Rxnr) are respectively indicated by (y1, ..., Ynr) as [58].

Transmitter Receiver
Tx1 Water channel RX1

X
I _______________________________________ *Y y

s T RN - S

X1 o T Y
X2 \\_\_\,,——""—/ - \“\-\_‘/’/ Rx2

-1 \\\\\ /,/// ~~‘~-_*
X2 N e e L Y2
\Jﬁ\\ JPE -

TN 7 v R
I A T

XN S ittty > YN

/

Fig. 2.19: MIMO System Model [58].

The received signal at elements Rxg; g =1, . . ., Ng

Yo = Splihap Xy + bgiq = 12,...., Ng (2.16)
The input-output relationship describes the flat fading MIMO channel
model [58]:
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y=H-x+b (2.17)

where H is the (Nr < Nt) complex channel matrix assumed by:

hll h12 thT
H — h:21 hZ:Z . hZI:/T (218)
hNRl hNRZ hNRNT

Where hg,,p=1,...,N7,q=1,..., Nristhe complex channel gain

which links transmitter elements Tx, to receiver elements RXq,.

o X=[Xg,... Xnr]"isthe (Nt x 1) complex transmitted signal vector.
e Y=y ... ynr]"isthe (Nr x 1) complex received signal vector .
e b=[by ... bw]"isthe (Nr x 1) complex additive noise signal vector.
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SYSTEM DESIGN

3.1 Introduction

To give a correct design model of the UOWC system, suppose that we have
a cluster or (layers structure) deployment of an Underwater Optical Wireless
Sensor Network (UOWSN) starting from the ocean floor to the water surface. The
first layer contain nodes or Sensors (Ss) which use data rate about 10Mbps where
IS not need a high data rate because they simply collect the environmental
information such as (temperature, pressure ...etc.), and it sends those data to the
second layer above-called Cluster Head Level One (CHy;) serve as relays, its
function is to receive and forward data from the lower layer from (Ss) to the upper
layer which called Cluster Head Level Tow (CH.,) hop-by-hop to Surface
Gateway (SG) and then to satellites, onshore, and inboard base-station, shown in
Fig. 3.1 [59]:

Suppose we have many sensors equal to 1000 each one uses a data rate
about 10 Mbps, each 100 Ss numbered (Ss.1 - Ss-100 ) Will be linked with one
CH\4, thus the summation of data rates at CH; will be about 1Gbps, suppose we
have ten of CH_; numbered (CH_11 - CH1.10) will be connected with one CH\
the overall data rate will be 10 Gbps at CH,, which will be delivered to the SG as
shown in Fig. 3.1.

Depending on this structure, my design will be related to the transmission
link between CH_, and SG, which has a 10Gbps data rate and using the UOWC

system.
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% RF link
4 . _ Water surface
( SG
10 Gbps

Fig 3.1: Clustering Structure of UOWSN and Used Data Rate for
Each Link [59].

In this chapter, the information presented in the previous two chapters is
used as a foundation for the design of the UOWC in the different water types. A
brief description of OptiSystem software will be presented. Also, this chapter

present, the system designs of the proposed UOWC as follows:
1. DPSK-DD-Optical OFDM with SISO.
2. DPSK-CD-Optical OFDM with SISO.

3. DPSK-DD-Optical OFDM and DPSK-CD-Optical OFDM with
different MIMO configurations (1x2SIMO, 2x1MISO, 4x1SIMO,
4x1MQOSO, 2x2MIMO, and 4x4MIMO respectively)

3.2 OptiSystem Software

Optisystem™  (Ver.16.0.0) from Optiwave Cooperation is an
inclusive software design enabling users to design, test, and simulate optical links
within the transmission layer of modern optical networks. This tool provides a

huge number of optical and wireless components to plan and implement a
47



Chapter Three System Design

complete optical network, which is a time-saving, low-cost, and efficient method
for the investigators. OptiSystem enables users to simulate and design the
following: (1) Systems with multimode, (2) Access networks, (3) Co-Simulation
with MATLAB program, (4) Analysis and design of fiber, (5) Optical code
division multiple access for passive optical networks, (6) Advanced modulation,

and finally (7) Optical receivers, transmitters, and amplifiers.

3.3 System Design of DPSK-DD-Optical OFDM with SISO

In Fig. 3.2 the DPSK-DD-Optical OFDM system is described. The system
generally consists of several parts, i.e., an OFDM transmitter, an underwater
channel, and OFDM receiver. The input data sequence length is set to 2*°-1 and it
is built with a Pseudo-Random Bit Sequence (PRBS) generator are produced
inside the BER Test Set unit, a bit sequence which is then applied into the 4DPSK
sequence generator (encoder) to generate two parallel M-array symbol sequences
from binary signals using differential phase shift keying modulation (DPSK). The
M-Array sequence is transformed from serial to parallel form to blocks of
information symbols; each may include 2 bits for M-array coding. These data
symbols are converted into complex two-dimensional signals. The IFFT is used
to generate the samples in the time domain. The DAC transforms the digital
OFDM signal into analog form and eliminates the unwanted alias sideband signals
by using a low-pass filter. The OFDM baseband signal is then transformed to an
intermediate frequency (IF) signal via a quadrature modulator unit (1Q
modulator), then to an optical domain, or converted directly to the optical domain
according to device configuration. In phase (I) and quadrature (Q) of the resulting
OFDM signal are transmitted parallel to overlap orthogonal subcarriers, whereby
their (1) and (Q) electrical inputs are modulated with an RF carrier of 7.5 GHz by
a quadrature modulator unit. The output RF signal is then fed to Intensity
Modulation /Direct Detection (IM/DD). The electrical signal from the OFDM

modulator will modulate by the MZM to the optical carrier with a LD of 450nm
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(666.6 GHz center frequency). The LD has a power of 20dBm. The resulting
optical signal from the Lithium Niobate Mach-Zehnder Modulator (LiNb-MZM)
Is then transmitted through the underwater channel. The opposite procedure is
utilized at the receiver end to demodulate the original signal and recover it. The
quadrate demodulator copies the electrostatic input signal, it is multiplied by
sinusoidal and cosine carriers. The optical signal sent thought the optical link from
a LD to arecipient is detected by a PIN detector with 1 A /W responsivity (which
is a measure of input-output gain of the detector with unit A/W), 1x10%22 W / Hz

thermal noise, 10nA dark current.
After converting the optical signal to an electrical signal and eliminating all

the noise, the signal is going to be down-converted from 7.5 GHz RF carrier to
the OFDM signal stage.
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Chapter Three

After filtering, the signal will be filtered by a low pass filter that

removes the noise from signal, the filter will have an RF signal frequency. With

each OFDM symbol, the OFDM demodulator eliminates the guard periods and

then applies the FFT stage and regenerates the transmitted signal. The 4DPSK
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sequence decoder decodes the two M-Array inputs into a one binary output,
and the BER of the system is calculated by the BER Test Set unit. Table 3.1
shows the global parameter settings of the proposed DPSK-DD-Optical OFDM

system.

Table-3.1: Main Parameters of the Proposed DPSK-DD-Optical OFDM

System.
Parameter Value Note
Bit rate 10Gbps High data rate [28]
Modulation 4DPSK Low PAPR [60]
Symbol Rate 5GSI/s each symbol contains 2 bits

Optical Transmitter
(LD)

LD Wavelength=450nm

Low absorption and scattering

[4]

Transmitter Power=20dBm

Low power consumption [23]

Transmitter aperture=50mm

Beam Divergence = 2mrad [61]

Responsivity =1A/W [23] High
Optical Receiver Dark current = 10 nA [61] Low
Photo Detector Thermal noise =1x1022 W/Hz Low
(PIN) [61]
Receiver aperture=75mm
OFDM Subcarrier 1024 [50] Nrrrirer = 2048 [52]
Different types
Channel Water

(clean, coastal and turbid) [4]

Sequence Length

215-1 =32767 bits

optional

Turbulence Model

Gamma-Gamma

weak to strong turbulence

model [46] condition
_ _ The point-to-point underwater
Link Configuration Line of Sight connection between transmitter

and receiver [4].
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3.4 System Design of DPSK-CD-Optical OFDM with SISO
In Fig. 3.3 the proposed DPSK-CD-Optical OFDM system is described. The
system of DPSK-CD-Optical OFDM has the same architecture of DPSK-DD-
Optical OFDM except two additional units, namely RF to optical unit (RTO)
at the transmitter and optical to RF unit (OTR) which contains Coherent
Detection (CD) at the receiver, as shown in Fig. 3.4 and Fig. 3.5. The input data
sequence length is set to 2'°-1 and it is built with a Pseudo-Random Bit
Sequence (PRBS) generator are produced inside the BER Test Set unit, a bit
sequence which is then applied into the 4DPSK sequence generator (encoder)
to generate two parallel M-array symbol sequences from binary signals using
differential phase shift keying modulation (DPSK). The encoder's output is
linked to an OFDM modulator with a number of subcarriers equal to 1024 at
2048 FFT points. The resulting signal from the OFDM modulator is then fed

to quadrature modulator unit.

The in-phase (1) and quadrature (Q) are fed to the RTO upconverter unit.
The RTO upconverter unit architecture is shown in Fig. 3.4. The RTO unit is
made by utilizing a two X-coupler, two Mach-Zehnder modulators and an optical
amplifier unit. In the output ports which will feed to the MZMs, the (1) and (Q)
carry components are displayed as depicted in Fig. 3.4 on the 1st input port of
the coupling coupler. The dual-drive Lithium Niobate Mach-Zehnder Modulator
(LINb-MZM) is used. At each MZM one of the basebands OFDM (I or Q) signal
components at the two inputs of the MZM's modulation signal is supported by
positive and negative signals. Both MZM 's output signals are merged into the
complex optical OFDM signal to be amplified and transmitted using the optical

combiner.
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Subsystem: RTO | Sweep Iterstion: 171

Fig. 3.4: Subsystem design for: RTO unit.

At the receiver, the Optical to RF downconverter (OTR) unit consist of four
x-couplers, a 90° phase shifter, PIN photodetectors with 1A/W responsivity
(which is a measure of input-output gain of the detector with unit A/W), and two
electrical subtractors, as depicted in Fig. 3.5. This OTR unit utilize balanced
noise detectors. To separately extract the (I) and (Q) components in the OFDM,
the first coupler splits the incoming optical OFDM complex signal into two
parts. Likewise, the second coupler is utilized in the (1) and (Q) branches to split
the LO signal into two sections to be combined with the Optical OFDM signal.
At the third coupler, the LO signal in one of the branches is phase-shifted with
90° by the optical phase shifter to be combined with the Optical OFDM signal.
The outputs from the third coupler are required to be applied to the balanced
detector PDs in order to produce the (I) component of the baseband OFDM
signal after the output of the two PDs is subtracted, as illustrated in Fig. 3.5.
Similarly, the (Q) component of the OFDM baseband signal is created in the

balanced detector comprising the fourth coupler.
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Subsystem: Coherent Detection Sweep teration: 1/1

_
i [~
A PIN 3 LA |
Optical Null 2 >_< P —‘3‘2)_( Transimpadance Amplifier 2
3 & e
X Coupler 2 X Coupler 4 Electrical Subtractor 2
Phase shift

Fig. 3.5: Subsystem design for: Coherent Detection or OTR unit.

The output of the OTR unitis (1) and (Q) signal is then fed into the OFDM
receiver, the OFDM receiver eliminates the guard periods and then applies the
FFT stage and regenerates the transmitted signal. The 4DPSK sequence decoder
decodes the two M-Array inputs into a one binary output, and the BER of the
system is calculated by the BER Test Set unit. Table 3.2 illustrate the proposed
DPSK-CD-Optical OFDM system main parameters.

Table-3.2: Main Parameters of the Proposed DPSK-CD-Optical OFDM

System.
Parameter Value Note
Bit rate 10Gbps High data rate [28]
Modulation 4DPSK Low PAPR [60]
Symbol rate 5GS/s each symbol contains 2 bits
Optical (‘[rg;wsmitter LD Wavelength=450nm Low absorptio[z]and scattering
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Transmitter Power=20dBm

Low power consumption [23]

Transmitter aperture=50mm

Beam Divergence = 2mrad [61]

Responsivity =1A/W [23] High
Optical Receiver Dark current = 10 nA [61] Low
Photo Detector Thermal noise =1x10%2
Low
(PIN) W/Hz[61]
Receiver aperture=75mm
OFDM Subcarrier 1024 [50] Nrrrirer = 2048 [52]
Different types
Channel Water

(clean, coastal and turbid) [4]

Sequence length

215-1 =32767 bits

optional

Turbulence model

Gamma-Gamma
model [46]

weak to strong turbulence
condition

Coherent detection

Balanced Quadrature Coherent

able to detect any optical

type Receiver modulation format [57]
_ _ The point-to-point underwater
Link Configuration Line of Sight connection between transmitter

and receiver [4].

3.5 System Design of DPSK-DD-Optical OFDM and DPSK-CD-
Optical OFDM with different MIMO Configurations

To improve UOWC system performance and make it capable to

communicate and sense at the same time, the MIMO technique is proposed.

MIMO technique has been introduced into UOWC systems with the advantages

of performance enhancement compared with the SISO technique.

In this thesis, the DPSK-DD-Optical OFDM is based on different proposed
MIMO configurations depicted in Fig. 3.6 and the DPSK-CD-Optical OFDM
based on different proposed MIMO configurations are depicted in Fig. 3.7.

These designs are the same architecture in the previous sections 3.3 and 3.4

excepting using the MIMO subsystem component.
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Chapter Three System Design

In UOWC system design the MIMO subsystem represents different MIMO
configurations (1x2SIMO, 2x1MISO, 4x1SIMO, 4x1MOSO, 2x2MIMO, and
4x4AMIMO respectively) as shown in Fig. 3.8 (a-f). All different MIMO
configurations architecture comprise of a number of power combiner, power

splitter, fork, and underwater channel depending on MIMO configurations.

Subsystem: 132 SIMO Undemwaterwireless channel ISweep lteration: 1A
+ o= —OdliD- R @
: Optical PowerMeter
Power Splitter PowerCombiner Undenwater Channel

Fork —°
PowerCombiner
Power Spilitter PowerCombiner AreaenChann s
1X2 SIMO
(a)
Subsystem: 2x1 MISO Underwater wireless channel |Sweep Iteration: 1/1
= Pt P T T ]
Power Splitter Power Combiner Optical Power Meter
REPESS e sl o=
Power Splitter B Combias Underwater Channel
H——————————————
=6 i am=a
Power Splitter Power Combiner
2X1 MISO
(b)
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Subsystem: 1x4 SIMO Underwater wireless channel |S'meep Iteration: 1/1

/_P—————‘—v—
T
B R e e > =+ G(I}
P o o o i oy T O
Fower Spiitter Power Combiner Underwater Channel
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P ——iT "{](DY :
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b Power Splitter Power Combiner Underwater Channel :
E 5 %T' e ————
i e nmmman SRS
Fork — 00 . Fower Combiner
T s oD
et T T T
Power Splitter Power Combinar Underwater Channel
> e adliD

Power Splitter Power Cosmbines Underwater Channel

1X4 SIMO

()

Sutsygem: 4x! MISC Undematerwireles channs| I Sweep ferstion: 1/1
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Subsystern: 2x2 MIMO Undemwaterwireles s channel
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Fig. 3.8: MIMO Subsystem Design of (a) 1x2SIMO, (b) 2x1MISO,
(c) 1x4SIMO, (d) 4x1MISO (e) 2x2MIMO and (f) 4x4MIMO.

61




CHAPTER FOUR

SIMULATION RESULTS AND ANALYSIS

4.1 Introduction

In this chapter, a UOWC system is simulated and analyzed by incorporating
commercial software Optisystem™. The performance of the UOWC system is
studied within various types of water and link ranges. The main modulation
format DPSK is used in the simulation. This modulation is strong against water
turbulence, weak signals, and give low PAPR. Also, the performance evaluation
of the suggested DPSK-DD-Optical OFDM with the SISO and different MIMO
configurations are investigated in the different distances and water types, to
identify the key role played by the MIMO technique. The investigation is then
expanded to include the DPSK-CD-Optical OFDM technique incorporating

various MIMO configurations in the different distances and water types.

The end-to-end BER of the suggested DPSK-DD-Optical OFDM, DPSK-
CD-Optical OFDM based on 1X1SISO, and various MIMO configurations are
calculated under different distances and water types. The results analysis also
compares the BERs between proposed DPSK-DD-Optical OFDM with MIMO
and DPSK-CD-Optical OFDM with the MIMO system. Also, the received power

will be presented and discussed.
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Chapter Four Simulation Results and Analysis

4.2 Simulation Results of DPSK-DD-Optical OFDM with SISO
and Different MIMO Configurations

The BER performances of the proposed DPSK-DD-Optical OFDM are
studied under various transmission lengths and three water types (clear, coastal,
turbid).

In clear water (low turbulence channel) the numerical results of BERs which
have been obtained are 3.8x107 at 52m using 1X1SIS0, 5.3x10° at 95m using
1X2SIMO, 1.5x10° at 114m using 1X4SIMO, 8.2x107° at 72m using 2X1MISO,
4.2x10° at 64m using 4X1MISO, 2x10° at 101m using 2X2MIMO and 2.46x10°
% at 131m using 4X4MIMO respectively.

Figure 4.1 displays the diagram of BER versus link range of DPSK-DD-
Optical OFDM with 1X1SISO and different MIMO configurations (1X4SIMO,
1X2SIMO, 2X1MISO, 4X1MISO, 2X2MIMO and 4X4MIMO respectively)

under clear water (low turbulence channel).

1.E+00 ¢

1.E-01 }
1.6-02 }

1x1SISO
1.E-03 |

1X2SIMO

o

w 1.E-04 }

o —— 1X4SIMO
1.E-05 F 2X1MISO
1.E-06 } —— 4X1MISO

—2X2MIMO
1.E-07 }
—— 4X4MIMO
1.c-08 L
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
LINK RANGE (m)

Fig. 4.1: BER vs. Link Range for DPSK-DD-Optical OFDM with various
MIMO configurations under clear water (Low Turbulence Channel).
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In mid (coastal) water the numerical results of BERs which have been
obtained are 5.9x107° at 21.3m using 1X1SISO, 4.7x10° at 25.15m using
1X2SIMO, 8.2x10° at 28.45m using 1X4SIMO, 9.1x10” at 23.95m using
2X1IMISO, 2.2x10° at 22.7 using 4X1MISO, 3.6x10° at 26.1m using
2X2MIMO and 3.5x107° at 31m using 4X4MIMO respectively.

Figure 4.2 depicts the schematic graphic of BER versus the link range of
DPSK-DD- Optical OFDM with 1X1SISO and different MIMO configurations
(1X4SIMO, 1X2SIMO, 2X1MISO, 4X1MISO, 2X2MIMO and 4X4MIMO

respectively) in coastal water (mid turbulence channel).

1.E+00

1.E-01 F
1.E-02 F
1.E-03 F
1.E-04 F
1.E-05 F
1.E-06 F
1.E-07 F
1.E-08 *
8 20 22 24 26 28

1

1x1SISO

1x2SIMO

BER

1x4SIMO
2x1MISO

4x1MISO

2x2MIMO

4x4MIMO

30 32 34 36 38 40
LINK RANGE (m)

Fig. 4.2: BER vs. Link Range for DPSK-DD-Optical OFDM with various
MIMO configurations under coastal water (Mid Turbulence Channel).

In turbid water (high turbulence channel) the numerical results of BER;
which have been acquired are 2.8x10° at 2.4m using 1X1SISO, 8.2x10° at
6.68m using 1X2SIMO, 7.3x107 at 8.45m using 1X4SIMO, 5.6x10™ at 5m using
2X1IMISO, 6.2x10° at  3.59m using 4X1MISO, 5.3x10® at 7.8m using
2X2MIMO and 3.9x10° at 10.5m using 4X4MIMO respectively.
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Figure 4.3 depicts the schematic graphic of BER versus the link range of
DPSK-DD-Optical OFDM with 1X1SISO and different MIMO configurations
(1X4SIMO, 1X2SIMO, 2X1MISO, 4X1MISO, 2X2MIMO and 4X4MIMO

respectively) in turbid water (high turbulence channel).

1.E+00
1.E-01
1.E-02 1x1 SISO
1.E-03 1x2 SIMO
o
w 1.E-04 1x4 SIMO
[« 4]
2x1 MISO
1.E-05
4x1 MISO
1.E-06
2x2 MIMO
1.E-07
4x4 MIMO
1.E-08
0 9 10 11 12 13 14 15 16 17 18 19 20
LINK RANGE (m)

Fig. 4.3: BER vs. Link Range for DPSK-DD-Optical OFDM with various
MIMO configurations under turbid water (High Turbulence Channel)

From the previous figures 4.1, 4.2, and 4.3, it is clear that the performance
of 4X4MIMO and 1X4SIMO systems under three types of water (clear, coastal,
turbid) are better than the other configurations (1X1SISO, 1X2SIMO, 2X1MISO,
4X1IMISO and 2X2MIMO respectively). So, it is observed that the link range
increased by increasing the receiver elements (photodetectors) at the objective

BER which was equivalent to 10°°.

The following figure 4.4 shows the diagram of the received power in (dBm)
versus link range in (m) for DPSK-DD-Optical OFDM under three water types

(clear water, coastal water, and turbid water respectively). It is worth noticing that
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for any of the illustrated distances the transmitted power is constant and equal to
20dBm.

Figure 4.4 depicts the total power received at target BER for DPSK-DD-
Optical OFDM with SISO are -11.68dBm at 52m under clear water, -2dBm at
21.3m under mid (coastal) water, and -9.2dBm at 2.4m under turbid water

respectively.

20 & >
C%- —_ —< — Clear water
"o O &
0 > ‘<>z> 5. - <~ - Coastal water —
~
= ® RN O — <~ - Turbid water
€ \ o R
3 S R ~
[ : N Ko
o I & :
g -40 : N 0~ =
a Q <>\<>\ &
xe] .
CI>) -60 '—Q N <5
‘o & Q .
‘q-’) . N &x.
< -80 ‘ 0 0
N\ '<>
$ %
-100 & —
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
LINK RANGE (m)

Fig. 4.4: Received Power (dBm) vs. Link Range (m) of DPSK-DD-Optical
OFDM with SISO under three water types (clear water, coastal water, and
turbid water).

From the above figure, it is quite obvious that the received power is linearly

and inversely proportional to the link range.
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4.3 Simulation Results of DPSK-CD-Optical OFDM with SISO
and Different MIMO Configurations

The BER performances of the proposed DPSK-CD-Optical OFDM are
studied under various transmission lengths and three water types (clear, coastal,
turbid).

In clear water (low turbulence channel) the numerical results of BERs which
have been obtained are 2.3x10° at 71m using 1X1SISO, 6.2x107 at 114m using
1X2SIMO, 8.5x107° at 133m using 1X4SIMO, 7.2x107° at 96m using 2X1MISO,
2x107 at 83m using 4X1MISO, 5.1x10° at 120m using 2X2MIMO and 3.5x10
® at 156m using 4X4MIMO respectively.

Figure 4.5 displays the diagram of BER versus the link range of DPSK-CD
- Optical OFDM with 1X1SISO and different MIMO configurations (1X4SIMO,
1X2SIMO, 2X1MISO, 4X1IMISO, 2X2MIMO and 4X4MIMO respectively)

under clear water (low turbulence channel).

1.E+00 ¢
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1X2SIMO
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Fig. 4.5: BER vs. Link Range for DPSK-CD-Optical OFDM with various
MIMO configurations under clear water (Low Turbulence Channel).
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In coastal water (mid turbulence channel) the numerical results of BER;
which have been obtained are 4.7x10° at 29.8m using 1X1SISO, 2.2x10° at
34.9m using 1X2SIMO, 4.1x10°° at 37.2m using 1X4SIMO, 6.7x10° at 33.2m
using 2X1MISO, 4.2x10° at 31.7m using 4X1MISO, 1.6x10° at 36.1m using
2X2MIMO and 4.4x10° at 38.5m using 4X4MIMO respectively.

Figure 4.6 depicts the schematic diagram of BER versus the link range of
DPSK-CD-Optical OFDM with different MIMO configurations (1X1SISO,
1X4SIMO, 1X2SIMO, 2X1MISO, 4X1MISO, 2X2MIMO and 4X4MIMO

respectively) in coastal water (mid turbulence channel).

1.E+00 ¢

1.E-01 F

1.E-02 F

1x1SISO
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1x2SIMO
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Fig. 4.6: BER vs. Link Range for DPSK-CD-Optical OFDM with various
MIMO configurations under coastal water (Mid Turbulence Channel).

In turbid water (high turbulence channel) the numerical results of BER;
which have been acquired are 1.8x10° at 4.4m using 1X1SISO, 4.3x10™ at
8.58m using 1X2SIMO, 7.2x10® at 10.2m using 1X4SIMO, 6.2x10° at 7.5m
using 2X1MISO, 3.1x10° at 5.59m using 4X1MISO, 4.3x10° at 9.3m using
2X2MIMO and 2x107° at 12m using 4X4MIMO respectively.
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Figure 4.7 depicts the schematic diagram of BER versus the link range of
DPSK-CD- Optical OFDM with different MIMO configurations (1X1SISO,
1X4SIMO, 1X2SIMO, 2X1MISO, 4X1MISO, 2X2MIMO and 4X4MIMO

respectively) in turbid water (high turbulence channel).

1.E+00 f

1.E-01 F

1.E-02 F
1x1SISO

LE03 F 1x2SIMO

1.E-04 | 1x4SIMO

BER
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2x2 MIMO
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4x4 MIMO

1.E-08 —
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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Fig. 4 7: BER vs. Link Range for DPSK-CD-Optical OFDM with various
MIMO configurations under turbid water (High Turbulence Channel).

From the previous figures 4.5,4.6 and 4.7, the performance of 4X4MIMO
and 1X4SIMO systems under three types of water are better than the other
configurations (1X1SISO, 1X2SIMO, 2X1MISO, 4X1MISO and 2X2MIMO
respectively). Using spatial diversity is one of the best techniques to mitigate or
remove the turbulence effect. So, it is observed that the link range increased by

increasing the receiver elements (photodetectors).
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Because of increasing the receiver sensitivity to frequency and phase noise,
the simulation results show the performance of overall DPSK-CD-Optical OFDM
with a MIMO based system is better than DPSK-DD-Optical OFDM with a
MIMO based system.

The following figure 4.8 shows the diagram of the received power in (dBm)
versus link range in (m) for DPSK-CD-Optical OFDM under three water types
(clear water, coastal water, and turbid water respectively). It is worth noticing that
for any of the illustrated distances the transmitted power is constant and equal to
20dBm.

Figure 4.8 depicts the total power received for target BER for DPSK-CD-
Optical OFDM with SISO is -28 dBm at 71m under clear water, -21dBm at 29.8m

under mid (coastal) water, and -29.5dBm at 4.4m under turbid water respectively.
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Fig. 4.8: Received Power (dBm) vs. Link Range (m) of DPSK-CD-Optical
OFDM with SISO under three water types (clear water, coastal water, and
turbid water).
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From the above figure, it is quite obvious that the received power is linearly

and inversely proportional to the link range.

4.4 The Summarization and Comparison of Results

The summarization of results comparison of DPSK-DD-Optical OFDM and
DPSK-CD-Optical OFDM based on 1X1SISO and 4X4MIMO systems in three
water types is depicted in Table 4.1

Table-4.1: Summarization of Results Comparison of DPSK-DD-Optical
OFDM and DPSK-CD-Optical OFDM based on 1X1MIMO and 4X4MIMO

systems in three water types.

Clear Water Mid Water Turbid Water
uowcC
systems Range
Range Pr Pr m Pr
m BER (dBm) R(arlr?)ge BER (dBm) (m) BER (dBm)
s |3
= % 52 | 3.8x10%| -11.68 | 21.3 | 5.9x10%| -2 2.4 | 28x10%| -9.2
Os| %
a)
5
¥ |5
ot > 131 | 2.4x10%| -22 31 | 35x10%| -8.64| 105 | 3.9x105| -20.7
0 3
— @]
I 22}
= § 71 | 2.3x10%| -28 29.8 | 47x10%| -21 | 4.4 | 18x10%5| -29.5
o
Os|~
a)
S
v ©O|¢&
% 3 156 | 35x10°| -42.6 | 38.5 | 4.4x105| -31.6| 12 1.8x10% | -37.8
5 |3
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The table above clearly shows the performance of the UOWC system with
4X4MIMO is better than the UOWC system with 1X1SISO in the underwater
environment in terms of BER and link range, the results showed that spatial
diversity manifests its effect as a reduction in fading variance and hence can
significantly improve the system performance and increase the viable
communication range. And because of increasing the receiver sensitivity to
frequency and phase noise, the performance of proposed DPSK-CD-Optical

OFDM with 4X4MIMO is better than DPSK-DD-Optical OFDM with

4X4MIMO in the underwater environment in terms of BER and link range.

Finally, a comparison between published works and proposed work is

shown in table 4.2.

Table-4.2: A comparison between published works and my work.

= Light :
g *E‘ © outg i Data Link
o .
= S > P DSP technique range | Water
< S = | power rate
= (m) | type
— (mw)
[15] 435E'E)m 100mw QAM-DD-OFDM | 968Mbps | 2 | Turbid
[16] 4588”" 15 mw 16-QAM-OFDM 4.8Gbps 54 | Clear
450nm 127.07
[17] LEp | 100mw 64-QAM-DD-OFDM Mbps 40 | Coastal
521nm 1.118
[18] D 6 mw 256-QAM-DD-OFDM Gops 2 Clear
[19] 4588”" 30 mw 16-QAM-DD-OFDM | 9.6 Gbps 8 Clear
[20] 4588”‘ 100mw 16-QAM-CD-OFDM | 8.8 Gbps 10 | Coastal
457nm QAM-DD-OFDM- .
[21] LED | 85w 2% IMIMO 33.6Mbps | 25 | Turbid
532nm | 25-100 (0.5-50)
[22] D W OOK-3x1MISO Ghps 11-25 | Coastal
450nm (5.2-12.4) | 10.2-
[23] D | 100mw 16-QAM-DD-OFDM Gbps 1.7 | Clear
521nm 64-QAM-DMT-
[25] Ep | 8w 2 %OMIMO 2.175Gbps 1.3 Clear
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[27] sizEr:)m 80mw | QAM-OFDM-2x2MIMO | 7.8Gbps 4 | Turbid
532nm QAM-DD-OFDM- .

[28] LED 75 mw 2% IMIMO 10 Gbps 2.2 | Turbid
lear
DPSK-DD-OFDM- 13311 ?\Aﬁz
4x4MIMO :

450nm 105 | Turbid

Proposed LD 100 mw 10Gbps Clear
Work DPSK-CD-OFDM- ;852 |v|ei3
4x4 MIMO : :

12 Turbid

From the above table, we note that it is obvious that there is an improvement
in the performance of the UOWC system in terms of increasing link range
compared with previous and equivalent studies for the same entries and

parameters used in this study
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CHAPTER FIVE

CONCLUSIONS and SUGGESTIONS for FUTURE
WORKS

5.1 Conclusions
According to the obtained results, the researcher has come up with the

following conclusions:

1. From many architectures being proposed in this study for UOWC (such as
DPSK-DD-Optical OFDM and DPSK-CD-Optical OFDM), the use of
coherent detection Optical OFDM is particularly interesting for enabling the
next generation underwater communication systems for its ability to transmit
high data rate and overcome underwater impairments (absorption, scattering,
and multipath).

2. DPSK-CD-Optical OFDM depicts the best performance of receiver sensitivity
compared with DPSK-DD-Optical OFDM. Because of the receiver of DPSK-
DD-Optical OFDM is not sensitive to phase, frequency, and polarization like
DPSK-CD-Optical OFDM.

3. A SISO system configuration can only send or receive a single signal stream,
while a MIMO system can send and receive multiple signals, and can therefore
distinguish the signals sent from different transceivers. Since the MIMO
system enables more data to be transmitted, issues associated with channel
impairments can be solved (such as physical obstructions and turbulence),
therefore the occurrence of errors is minimized. From simulation results, the
highest allowable range for good links could be enhanced, especially for
4X4AMIMO and 1X4SIMO if compared to 1X1SISO, 2X1MISO, 4X1MISO,
1X2SIMO, and 2X2MIMO.
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4. The study has led to the proposes and improvement of the UOWC system.
Some of the existing issues such as underwater impairments (absorption and
scattering) have been identified and suitable solutions have been suggested
such as DPSK-CD-Optical OFDM with 4X4MIMO technique.

5. The simulation result of reliable link range at target BER (10°) for DPSK-DD-
Optical OFDM with 4X4MIMO are 10.5m, 31m, and 131m for turbid, mid,
and clear water receptively. The simulation result of reliable link range at target
BER (10°°) for proposed DPSK-CD-Optical OFDM with 4X4MIMO are 12m,
38.5m, and 156m for turbid, mid, and clear water receptively.

6. Finally, simulation results of UOWC using proposed DPSK-CD-Optical
OFDM and MIMO technique led to greater improvement in all UOWC

performance especially in terms of data rate and link range.

5.2 Suggestions for Future Works
The following further studies might be suggested:

1. Different modulation, such as Differential Quadrature Phase Shift Keying
(DQPSK), can also be considered with UOWC system in future work.

2. To mitigate the PAPR in Optical OFDM systems, PAPR reduction techniques
can be exploited for IM/DD and coherent detection system. PAPR mitigation
methods such as selective mapping, interleaving, and partial transmit sequence
will further enhance the optical OFDM systems performance.

3. Using Dense Wavelength Division Multiplexing (DWDM) technique with
optical OFDM in the UOWC system to increase the system capacity.

4. Using Dual Polarization Multiplexing (DPM) technique with optical OFDM-
MIMO in the UOWC system to increase the data rate.
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