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ABSTRACT

TRANSMITTANCE, SCINTILLATION AND BER ANALYSIS IN
UNDERWATER OPTICAL WIRELESS COMMUNICATION SYSTEMS

KESKIN, Aysan
Ph.D., Department of Electronic and Communication Engineering
Supervisor: Prof. Dr. Yahya K. BAYKAL

September 2020, 127 pages

Underwater Wireless Optical Communication (UWOC) has been more popular in
recent years due to the need for high data rate transmission in underwater
communication. In this thesis, UWOC system is considered to improve its
performance by analyzing the effects of different beam types on the system in
turbulent underwater medium. More specifically, the influences of oceanic
turbulence on the link performance of UWOC such as the transmittance, beam
spread, scintillation and BER are examined thoroughly for different optical sources
beams. PCFT, cosine Gaussian, partially coherent cosine-Gaussian, cosine-
hyperbolic Gaussian and partially coherent cosine-hyperbolic Gaussian beams are
used as the source to benchmark the performance of the system. To investigate the
oceanic turbulence effect on the UWOC system, the power spectrum of the ocean is
assumed to be homogeneous and isotropic. Additionally, the extended Huygens
Fresnel principle is employed to analyze the average transmittance. In particular, on-
axis and off-axis average transmittance is examined for the PCFT, cosine-Gaussian,
cosine-hyperbolic Gaussian, and their partially coherent cases as well. With the help

of Carter's definition, beam spread is observed for the PCFT beam. The scintillation
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calculation is also benefited from the extended Huygens Fresnel principle. Apart
from these, oceanic turbulence effects on BER, which is another performance
criterion, in the UWOC link was also studied. Calculations were carried out by using
the MATLAB program. All the system performance phenomena are examined
against the important parameters of oceanic turbulence, such as the rate of dissipation
of mean square temperature, ratio of the temperature and salinity contributions to the
refractive index spectrum and the rate of dissipation of kinetic energy for the unit
mass of fluid. Moreover, with these analyses, the degree of coherence and off-axis
parameters are also studied. With this thesis, we aim at selecting suitable beams for
the underwater turbulent environment and to examine the performance of UWOC

links in different aspects under various excitations.

Keywords: Underwater Wireless Optical Communication, Oceanic Turbulence,
Average Transmittance, Beam Spread, Scintillation, Bit Error Rate, Partially
Coherent Flat-Topped Beam, Partially Coherent Cosine-Gaussian Beam, Coherent
Cosine-Gaussian Beam, Partially Coherent Cosine-Hyperbolic Gaussian Beam,

Coherent Cosine-Hyperbolic Gaussian Beam.
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SUALTI ORTAMINDA KABLOSUZ OPTiK HABERLESME
SISTEMLERINDE GECIRGENLIK, PARILDAMA VE BIiT HATA ORANI
INCELEMESI

KESKIN, Aysan
Doktora, Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yahya K. BAYKAL

Eyliil 2020, 127 sayfa

Son yillarda, yiiksek hizli veri iletiminin gereksinimleri nedeniyle sualti kablosuz
optik haberlesme sistemleri daha popiiler olmustur. Bu tezde, farkli 151k huzmelerinin
ve performans kistas Olgiitlerinin sistem iizerine etkilerini inceleyerek, sualti
tirblilansinda kablosuz optik haberlesme performansinin gelistirilmesi ele alindi.
Gegirgenlik, 151n yayilmasi, parildama, bit hata orani gibi sualti kablosuz optik
haberlesme sistem performans Olgiitleri {izerine okyanus tlirbiilansinin etkisi
incelendi. Sistem performansini karsilastirmak igin kismi es fazli diiz tepeli, kosiniis
Gauss, kismi es fazli kosiniis Gauss, kosiniis hiperbolik Gauss ve kismi es fazli
kosinilis hiperbolik Gauss 151k huzmeleri kaynak olarak kullanildi. Okyanus
tiirbiilansinin sualti kablosuz optik haberlesme sistemine etkisini incelemek ig¢in
suyun gili¢ spektrumu homojen ve izotropik olarak kabul edildi. Ortalama
gecirgenligi analiz etmek i¢in genisletilmis Huygens Fresnel prensibi kullanildi.
Kismi es fazli diiz tepeli, kosiniis Gauss, kosiniis hiperbolik Gauss ve bunlarin kismi

es fazli formundaki 1sik huzmeleri i¢in eksen iizeri ve eksen dis1 gegirgenlik
Vi



incelendi. Carter tanimi yardimiyla kismi es fazli diiz tepeli 151k huzmesi i¢in 151n
yayilmasi gozlendi. Parildama hesaplamalari i¢in yine genisletilmis Huygens Fresnel
prensibinden yararlanildi. Bunlarin disinda, okyanus tiirbiilansinin sualt1 kablosuz
optik haberlesme sistemlerinin énemli kriterlerden olan bit hata orani lizerine etkisi
gozlendi. Hesaplamalar MATLAB programi kullanilarak elde edildi. Biitiin sistem
performans olgiitlerine karsilik ortalama kare sicaklik dagilim orani, sicaklik ve
tuzluluk katkilarinin kirilma indisi spektrumuna orani, birim siv1 kiitlesi i¢in kinetik
enerjinin dagilma hizi gibi 6nemli okyanus tiirbiilans1 parametreleri bu tez
calismasinda incelendi. Dahasi es fazlilik derecesi ve eksen dis1 parametresi bu tezde
gozlemlendi. Bu tez ile sualt1 tlirbiilanshi ortam i¢in uygun huzmelerin secilmesi
hedeflenmis ve c¢esitli uyarimlar altinda UWOC linklerinin performanslar1 farkl

yonlerden incelenmistir.

Anahtar Kelimeler: Sualti Kablosuz Optik Haberlesme, Okyanus Tiirbiilansi,
Ortalama Gegirgenlik, Isin Yayilimi, Parildama, Bit Hata Orani, Kism1 Es Fazli Diiz
Tepeli Isik Huzmesi, Kismi Es Fazli Kosiniis Gauss Isik Huzmesi, Kosiniis Gauss
Isik Huzmesi, Kismi Es Fazli Hiperbolik Kosiniis Gauss Isik Huzmesi, Kosiniis

Gauss Isik Huzmesi.
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CHAPTER 1

INTRODUCTION

1.1 Background

Although UWOC is not a new research field, it has become popular in recent years
due to the fact that growing human activities in the ocean and the need for high data
rate transmission are gradually increasing. In particular, the applications such as
military, oceanography research, marine topography mapping, pollution monitoring,
oil research, marine fishing industry, sensor networks and observatories, security
harbor inspections, unmanned vehicles or devices, AUV communications and ROV
require high bandwidth and high information transfer capacity [1-5]. The wireless
communication system that is frequently used in recent underwater applications is
based on acoustic communication system. With the aid of acoustic communication,
long-distance (up to kilometers) communication is possible with low energy
consumption [2,6]. However, the delay is substantial in the acoustic systems and it
can be problematic in communication systems such as video transfer requiring high
data transmission [7-11], and real-time applications. The most obvious disadvantages
of acoustic communication systems are low bandwidth, high latency, high
transmission losses [1-3,12-14]. The data rate for short distances in acoustic
communication can be up to 500 kilobits per second. However, various underwater
vehicles and sensor networks may need tens of megabits per second data rate. Fiber
and copper cables can be used in fixed and large devices in order to reach data rates
around megabit per second. However, wired systems not only require high
engineering and maintenance but also cause installation difficulties [1]. For this
reason, the most dominant solution for the requirement of high data rate is UWOC

due to its characteristics such as large-data transfer, higher bandwidth, and low
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latency [15-19]. UWOC provides an opportunity to tackle the problems that exist in
acoustics, but due to the nature of the aquatic environment and the optical wave
becomes highly attenuated in underwater, thus cannot travel very far. As a result,

UWOC can be an effective solution for short distances.

The energy of the optical wave sent from underwater decreases significantly towards
the receiver. The most important reasons for this reduction are mainly absorption and
scattering depending on water types, and turbulence [1,3,19-22]. Generally speaking,
absorption and scattering result from seawater constituents such as dissolved salt,
chlorophyll, suspended particles and water molecules. The characteristics of the
water vary depending upon the constitutive molecules of water, the dissolved
substances, the geographical location, the distance from the shore, the depth, and so
on. In the literature, water is classified into four main types. Namely, pure seawater,
clear ocean water, coastal ocean water, and turbid harbor water [1,23-27]. The
important parameter in pure seawater is absorption. The most prominent source of
absorption is salt particles and the appropriate wavelength is the visible spectrum
(i.e. 400-700nm) [1,3,6]. Clear ocean water has a higher concentration of dissolved
particles and scattering starts to be a problem. While scattering is more effective at
low wavelengths, absorption in pure seawater is the deterministic factor. In other
words, while absorption causes attenuation in the clear ocean, it causes scattering
attenuation when approaching the land due to the presence of organic matter.
Therefore, the appropriate wavelength changes from blue (about 470 nm) to green
(about 550 nm) as it is closer to the land. The signal with least attenuation through
the propagation is at this wavelength range. While absorption is the main factor for
pure seawater and clear ocean water, the absorption effect decreases as it approaches
the land since organic matter and suspended particles cause scattering. Therefore, the
suitable wavelength changes from blue-green to green-yellow [1,3,6]. In coastal
ocean water, the problems associate both scattering and absorption as it consists of a
large number of mineral components and planktonic matters. It should be noted that

turbid harbor water has the highest concentration of dissolved matters [1,23].



Turbulence is one of the factors that significantly affect UWOC link performance
[28]. Fluctuations in temperature, salinity, and density of ocean water cause changes
in the refractive index of the ocean medium. This creates oceanic turbulence [1,3,29-
30]. One of the most important studies in the field of oceanic turbulence was carried
out by Nikishov and Nikishov. They defined the “contribution of salinity and
temperature fluctuations to the refractive index spectrum in the ocean” [31]. Oceanic
turbulence and its power spectrum will be discussed in detail with theoretical
consideration in Section 2.1. In particular, one of the main effects of turbulence on
second-order field moments is the average intensity [32-33].

In literature, many studies such as the normalized intensity, average intensity and the
average transmittance have been conducted to examine the effect of turbulence. The
average intensity was calculated by using the Rytov method and the extended
Huygens-Fresnel principle [34]. Normalized intensity of beams such as FTVH [35],
the Gaussian Schell model vortex [36], the radial phase-locked partially coherent
standard Hermite-Gaussian [37], the partially coherent Lorentz [38-39], Lorentz
beam [40] and partially coherent model beams [29] were analyzed in turbulent
underwater medium. The average intensity of beams such as radial phase-locked
multi-Gaussian Shell-model [41], random electromagnetic multi-Gaussian Schell-
model vortex beam [42], partially coherent anomalous hollow vortex beam [43-44],
Lorentz Gaussian [45], phase locked partially coherent radial flat-topped array laser
[46], radially polarized twisted Gaussian-Schell model [47], four-petal Gaussian
model [48] and MxN Gaussian array [49], rotating elliptical Gaussian [50] beams
were examined in oceanic turbulence. The average intensity and beam quality of
optical coherence lattices were analyzed in oceanic turbulence [51-52]. On-axis
average intensity of the hollow Gaussian beam is analytically obtained [53].
Additionally, propagation of optical coherence lattices was examined in [54].
Intensity has been studied for many different beams for atmospheric turbulence. In
particular, some of these are the average intensity of flattened Gaussian [55], and

sinusoidal beams, cosine Gaussian and cosine-hyperbolic Gaussian beams [56-57].



Also, a partially coherent flat-topped beam has been experimentally produced and its

intensity and coherence degree have been studied [58].

Another factor that examines the turbulence effect is the average transmittance
[59,60]. Off-axis average transmittance of the partially coherent flat-topped beam
[61], the transmittance of cos Gaussian and cosh-Gaussian beams [62], the
transmittance of a finite-energy frozen beam [63], and the transmittance of the vortex
modes carried by Mathieu-Gaussian beam [64] recently analyzed for the underwater
environment. For the multi-Gaussian beam, the effect of anisotropy on oceanic
turbulence was investigated [65]. Moreover, the average transmittance is calculated
for focused collimated laser beams [66]. The flat-topped beam transmittance has
been studied for anisotropic underwater turbulence [67]. Of course, there are many
transmittance studies in atmospheric turbulence [68-70] as well. Annular beam,
partially coherent cosine and cosine-hyperbolic beams [71] and partially coherent

sources [72] were investigated in atmospheric turbulence.

Another difficulty in underwater communication performance is the intensity
fluctuation (scintillation), which is the most important fourth-order statistical
quantity of a wave [32,73-74]. For clear ocean, absorption and scattering cause less
attenuation in light propagation than scintillation [75-76]. Optical turbulence occurs
due to the difference in refractive indices. This causes fluctuation in the intensity as
the light moves in a turbulent environment. Hence, it is a good alternative to examine
scintillation to study the effects of turbulence. Note that scintillation will be

examined in detail in Chapter 5.

There are many scintillation studies in the literature for both the atmosphere and the
underwater environment. Scintillation calculations have been carried out for many
different beam types in the underwater environment. Some of these are optical plane
and spherical wave [77], Gaussian [78] and partially coherent Gaussian [79],
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multimode laser beams [80], higher-order mode laser beam [81-83], cross-beam [84],
partially coherent flat-topped laser beam [85], and phase-locked partially coherent
flat-topped array laser beam [86]. In addition, scintillation was investigated for
multiple-input single-output optical link [87] and LED source [88]. Eddy diffusivity
ratio [3,89-90], anisotropy [91], and the effects of system parameters [28] on
scintillation are among the studies conducted. Partially coherent beam scintillations
were studied for weak oceanic turbulence [92], and plane and spherical wave
scintillations were also investigated for strong oceanic turbulence [93-94]. Just
recently, adaptive optics correlations of scintillations of Hermite-Gaussian modes
have been published for oceanic turbulence [95]. To observe the effects of bubbles
[96] and RGB laser [97], scintillations are examined. There are experimental studies
for scintillation. It was observed that NUC increases scintillation when comparing
NUC, GSM, and MGSM beams [98]. The other study is related to modeling a
vehicle motion-induced turbulence. The relationship between propeller-induced
turbulence and scintillation is investigated and it was observed that optical

communication is clearly affected by the propeller-induced turbulence [99].

Intensity fluctuation in atmospheric turbulence is also commonly studied. Some of
these are partially coherent off-axis Gaussian [100], flat-topped [101-104], cos
Gaussian, and cosh-Gaussian [105-106], annular [107], super Lorentz Gaussian laser
[108] beams are scintillation studies in atmospheric turbulent medium. Partially
coherent multiple Gaussian [109], partially coherent general beam [110], higher-
order laser beams [111] scintillation analyzes for atmospheric turbulence are also
available in the literature. Additionally, the receiver aperture averaging effect on

intensity fluctuations is investigated in a turbulent atmosphere [112].

Another topic commonly studied in the oceanic turbulence environment is the beam
wander [53,113-118] and the beam spreading [41,118-120]. Partially coherent
Hermite Gaussian beams [115,121], Gaussian array beams [122], Lorentz-Gauss

vortex beam [123] are beam types whose spreading are calculated in underwater
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turbulence. Angular spreading of the general type partially coherent beam was
observed in the anisotropic oceanic turbulence [124]. Induced laser beam spread
[125], and spreading of partially coherent beams [126], and spot size and divergence

[127] were analyzed in atmospheric turbulence.

Similar to the scintillation index, the bit error rate (BER) is also one of the
parameters that determine the performance of wireless optical communication links.
BER was calculated for the Gaussian beam [128], focused Gaussian beam [129],
asymmetrical Gaussian beam [130], asymmetrical optical beams [131], multi-mode
beams [132], and phase-locked partially coherent flat-topped array laser beam [86] in
the underwater. In addition, the effect of eddy diffusivity and anisotropy on BER in
oceanic turbulence was investigated [90]. BER of PPM OWC link is formulated
[133], performance of it was analyzed [134] and M-ary PPM is evaluated by [135-
137]. Intensity modulation performance is examined using BPSK in weak oceanic
turbulence [138-139], using M-ary PSK in strong oceanic turbulence [140-141],
using PPM in anisotropic oceanic turbulence [142]. BER performance is investigated
by using various modulation techniques such as OOK [137], DCO-OFDM [143],
LDPC [144], DPSK [145], and Monte Carlo simulation [137,146]. System
performance of UWOC is employed with using multi-pulse pulse position
modulation in Ref. [147]. There are many BER performances investigations in
turbulent ocean. Some of them are given by Ref. [148-151]. Some BER studies
performed in the atmosphere are given in [106,152-153].

Another study that contributes greatly to underwater turbulence studies focuses on
the equation that gives the equivalent of the atmospheric turbulence coefficient C?
for oceanic turbulence [154]. The structure parameter of anisotropic atmospheric
turbulence is expressed by oceanic anisotropic factors and the oceanic turbulence
parameters in Ref. [155]. Apart from these, structure functions [156], field

correlation [157], intensity correlation [158], propagation factors of the partially

coherent model beam [159], propagation of the Bessel-Gaussian beam [160], the
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propagation properties of partially coherent radially and azimuthally polarized
rotating elliptical Gaussian beam [161], propagation properties of a twisted
rectangular multi-Gaussian Schell model beam [162], and propagation behavior of
partially coherent divergent Gaussian beams [163] were studied in underwater.
Propagation characteristics of radially polarized beams [164] and propagation
properties of a controllable rotating elliptical Gaussian coherence lattice [165] are
investigated. Propagation of different partially coherent beam types is analyzed in the
turbulent ocean [166-170]. Additionally, the effect of oceanic turbulence on the
spectral density and the spectral degree of coherence of CGCSM beams [171], the
effect of anisotropy on the radius curvature of general type partially coherent beam

[172] are investigated in the ocean.

The evolution properties of partially coherent flat-topped vortex hollow beam [166]
and radial phase locked partially coherent Lorentz-Gauss array beam [173],
properties of multi-Gaussian Schell model beams [174], statistical characteristics of a
twisted anisotropic Gaussian Schell-model beam [175] are investigated. A phase
locked-partially coherent radial flat-topped array laser beam is analyzed about the
behavior of propagation [167]. The wave structure function of plane and spherical
waves are examined in oceanic turbulence [176]. For strong oceanic turbulence,
aperture averaging [177], for weak to strong oceanic turbulence ultra-short pulses
propagation [178] are examined. The polarization degree for PCFT beam in oceanic
turbulent medium was analyzed [179]. Spectral changes in stochastic light beam in
turbulent ocean is employed by Ref. [180]. Propagation of PCFT beam was also
studied experimentally [181]. Another study in oceanic turbulence is the statistical
properties of stochastic beam propagation [182]. Relations between the oceanic
turbulence parameters and characteristics of Gaussian array beams are analyzed in
Ref. [183]. SNR due to oceanic turbulence [184-186], and average capacity [187]
were investigated for UWOC link.



Characteristics of bubble [188], quasi-omni-directional transmitter [189] for
underwater turbulence were observed experimentally. Moreover, absorption and
scattering effects on transmission [21] and centroid drift of laser beam propagation

were analyzed experimentally [190].

Degree of coherence is another important second order field moment to observe the
turbulence effects [32-33]. Most of the beam types used in intensity, transmittance,
and scintillation studies we mentioned above are partially coherent beams and the
degree of coherence effect has been investigated. Partially coherent beams are mostly
used in the studies in the literature because, in practical applications, the sources are
partially coherent. We also examined the partially coherent cases of the beam types
we used in our study, and we observed that partially coherent beams were less
affected by turbulence than coherent beams in our studies [61,191]. Complex degree
of coherence [192] and optical beam propagation [193] of partially coherent beam
source, and turbulence-induced degradation properties of partially coherent flat-
topped beams [194] are some of the important works in atmospheric turbulence.
Scintillation [19,195] and degree of spatial coherence [196] examinations were

conducted in experimental studies to examine the underwater turbulence effect.

1.2 Objectives

This thesis aims not only to increase the performance of the UWOC system but also
to contribute to the literature by examining the behavior of different beam types in a
turbulent underwater environment. Average transmittance and beam spread together
with other phenomena such as scintillation index and BER determine the
performance of optical wireless communication links. In particular, these links
increase their popularity of diver to diver, diver to a submarine, submarine to a diver
and underwater sensor networks, underwater vehicle communication systems and a
performance improvement is needed. In order to conduct this performance research,
we examined three different beam types and their partially coherent states. Because

of their practical applications, sources are usually used partially coherent and
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partially coherent sources are more realistic than fully coherent and fully incoherent
resources. Besides, as we have observed in other studies as well as in our studies,
partially coherent sources are less affected by turbulence and suffer less distortion. In
this thesis work, our aim is also to contribute to the selection of the appropriate beam
type for the turbulent environment in underwater application by investigating the
oceanic turbulence effects on the coherent and partially coherent states of flat-
topped, cosine Gaussian and cosine hyperbolic Gaussian beams according to

different entities, such as average transmittance, beam spread, scintillation and BER.

1.3 Thesis Outline

In Chapter 2, the concept of laser beam propagation is explained in detail. Especially
oceanic turbulence formulation and turbulence parameters are described. The beam
types used for producing from the general multi-beam formula are explained as well.
More specifically, general multi-beam and flat-topped, cos-Gauss, and cosh-Gauss
beams formulas are studied. The extended Huygens Fresnel principle that will be
used for the propagation and the intensity calculations for the beams we produce are
also investigated in this chapter. In Chapter 3, the average transmittance in the
oceanic turbulent medium for flat-topped, cos-Gauss, cosh-Gauss beams, and their
partially coherent forms are analyzed. Then, results on the average transmittance in
oceanic turbulence are given in this chapter. Chapter 4 focuses on the beam spread of
partially coherent flat-topped beams. The methodology and numerical results of the
beam spread are given. In Chapter 5, the scintillation index being one of the
important performance parameters of UWOC systems, which is again one of the
most important fourth-order statistical quantities, is discussed. This chapter also
includes numerical results of intensity fluctuation (scintillation) of the cos-Gauss and
cosh-Gauss beams and comparison of both. Details about BER formulation and
corresponding numerical results associated with cos & cosh- Gaussian beams along
with their comparison are given in Chapter 6. Lastly, this thesis is completed with

conclusions, as presented in Chapter 7.



CHAPTER 2

LASER BEAM PROPAGATION IN OCEANIC TURBULENCE

2.1 Oceanic Turbulence

Turbulence is a dominant physical process resulting from the temperature and
mobility of the fluid and the proportions of dissolved organic/inorganic particles
[197-198]. Oceanic turbulence is one of the main factors affecting the light
propagation in underwater. Temperature, salinity and mobility are crucial parameters
creating the optical turbulence and affecting the light propagation in underwater
medium. Since, variations in temperature and salinity cause to change in refractive
index of medium. Therefore, index of refraction defines the optical turbulence. On
the other hand, fluctuations of the temperature and salinity determines the effect of
oceanic turbulence. These fluctuations attenuate the signal propagation in
underwater. Light wave propagation in oceanic turbulence is much more difficult
than atmospheric turbulence due to the complexity and challenging medium of
ocean. Although underwater medium is generally erratic and moving, oceanic
turbulence can be explained and quantified [197]. Turbulence is defined by three
basic assumptions, stationary, homogenous and isotropic [60]. Power spectrum of
oceanic turbulence effect is defined under these assumptions. In this thesis, the
power spectrum of oceanic turbulence which includes thermal diffusivity and

diffusion of salt is homogenous and isotropic. The oceanic turbulence power

spectrum @, (x) is expressed as [31,33,180,199].

10



®, () = 0388 x10 "5 x4 1+.2.35 (s )" |

o 2.1)
X Z—Tz(a)ze"*‘) +e70 — 200" )
(9
where
S5 =8.284(xn)"* +12.978(x7)’, (22)

Kk is the spatial frequency, » is the Kolmogorov micro scale length in m, & is the
rate of dissipation of kinetic energy per unit mass of fluid. Turbulent region of the
ocean is most energetic. Breaking waves produce the motion. Transfers of the energy
including motion is the important factor of turbulence. Deeper ocean is more regular
than the surface and includes less mobility. From surface to deep in the ocean,
mobility and kinetic energy depending on motion dissipates. Dissipation rate of
kinetic energy of turbulent motion means that the mobility converts to heat with the
help of viscosity. While motion decreases in the medium, heat increases. That causes

the dispersion of kinetic energy. Thus, it can be said that & determines the turbulent
dissipation [197].  takes the value of the range from 10 m?/s® to 10 m?/s®.
Small values of & means strong oceanic turbulence while large values of it defines

the weak oceanic turbulence. y; is the rate of dissipation of the mean-squared

temperature in KZ/S. Temperature is important measurement because it provides
important information about the density, relation to heat energy, existence and
movement of turbulent motion and its spatial variation. A measurable parameter y.
defines the impact of the turbulence on the fluid temperature field [197]. Values of
7, in the ocean range from 10 K?/s to 10 K?/s. Upper and lower limit of z,

reflect the strong and weak turbulence, respectively. o is the unitless ratio of
temperature and salinity contributions to the refractive index spectrum. » takes the
value of the range from -5 to O in oceanic turbulence. Lower bound of » indicates
that temperature-induced optical turbulence is dominant. If o is about 0, the salinity-
induced optical turbulence dominates the oceanic medium. Salinity-induced optical

turbulence is much more strengthful than the temperature-induced optical turbulence.

A =1.863x107, A, =1.9x10™*, A, =9.41x10"° are constants.
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2.2 Beam Types

2.1.1 Gaussian Beam Wave

Gaussian beam is an important solution of the paraxial Helmholtz equation. It is
clearly revealing the properties of an optical beam. The intensity distribution of
Gaussian beam wave is symmetrically centered about the beam axis in any transverse
plane, the beam power is all around the beam axis, when the beam width decreases,
the beam waist increases in both directions. Many types of lasers radiate light in

Gaussian wave form [200]. Lowest order Gaussian beam is also named as
TEM ,, wave. Gaussian beam wave function at the transverse plane z =0, also called

the source plane, is given in Equation 2.3 [201-202].

U,(s,0) = a, exp(—O.Sak|s|2), (2.3)
where

a =1/ka’ +i/F,. (2.4)
Eqg. (2.3) can be written in a different form as seen below:
Uy (s,0) = 8, exp(—s*/2a? —iks*/2F, ), (2.5)

where « is the complex parameter related to the spot size and phase front radius of
curvature, & is the field amplitude in (W/m*)"?, s=|s|=(s? +s,%)"? is the transfer

source coordinate in m (at receiver plane the transverse coordinate is shown by r),s

is the source transverse coordinate, «; is the source size in m, k =2z/2 is the wave

number in m™, A is the wavelength, F; is the radius of curvature in m.
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Intensity profile of Gaussian beam is plotted using MATLAB program for the source

size a,=5cm, wavelength 4 =532 nm and the phase front radius of curvature

F, =<0 in Figure 1.

Gaussian beam

Gaussian beam

s axis in cm

s, axis in cm

(@) (b)

Figure 1 Intensity profile of Gaussian beam wave. (a) 2D beam

profile, (b) 3D beam profile.

2.2.2 Multi Beams

The incident field at the source plane (z=0, where z is the propagation axis) for the

general collimated multi-beam is given as [203]

Uino (S, S, 2 =0) = iA exp[—O.S(sf/o:_fXI +s2/al, )]
1=1

X exp [—i (Vxl S, V8, )]

(2.6)

where N is the number of beams composing the multi beam, A is amplitude of each
beam composing the multi-beam, V, and V,, are complex displacement parameters in

x and y directions which is defined V, =V, +1V,. V, and V, are real and imaginary

part of the complex displacement parameter, respectively. In all figures in this thesis,
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V, determines all imaginary part of the displacement parameter iV,. «ag, and «,

are the source sizes in x and y directions.

2.2.2.1 Flat-Topped Beam Wave

Flat-topped beam is a special form of the general collimated multi-beam. If we
define the amplitude and source size given below [101,103,109]

CEDT(NY (NY) N )
A=N (Ij'(IJ_I!(N—I)!’aS'_aS/\/I_’ @7

and the displacement parameters V,; and V,, are taken be zero, then the flat-topped

beam formulation can be obtained which is given in Eq. (2.8). The intensity profile

of the flat-topped beam can be seen in Figure 2.

1)I—l N' . , ) X
N I(N- I)!exp[_o'5I (SX /asxl + Sy/asw )}

X exp[—i (ViaS, +Vy8, )]

uinc(sxlsyiz=o):i(_ (2 8)

flat-topped beam N flat-topped beam N =2

10

s axis incm
o

10 5 0 5 10 B gt 10 -10 ¥
X, .
s, axis in cm xS in e sy°
(@) (b)

Figure 2 Intensity profile of flat-topped beam wave. (a) 2D
beam profile, (b) 3D beam profile.
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2.2.2.2 Cosine-Gaussian Beam Wave

Cosine-Gaussian beam can be obtained from the general beam formulation given Eq.
(2.6). To obtain the cos-Gaussian beam amplitude A and displacement parameter V,

should be defined as [203]

A=[V2 2], V,=[-V, V] 2.9)

If we substitute Eq. (2.9) into Eq. (2.6) we obtain cosine-Gaussian beam profile field.

Multiplied by the conjugate, intensity profile is obtained and given in Figure 3.

cos-Gaussian beam Vr= 40 m'1
10

cos-Gaussian beam Vr=40 m'1

S axis incm
o

-10
-10 -5 0 5 10

S, axis in cm

(@) (b)

Figure 3 Intensity profile of cosine-Gaussian beam wave. (a) 2D

beam profile, (b) 3D beam profile.

2.2.2.3 Cosine-Hyperbolic Gaussian Beam Wave

Cosine-hyperbolic beam wave is the special form of the general multi-beam like the
flat-topped and cosine-Gaussian beam waves. It can be obtained from Eqg. (2.6)
applying the amplitude and complex displacement parameter values given below in
Eqg. (2.10) [203].
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A=[y2 2], V,=[iV, -iV] (2.10)
Figure 4 shows the intensity profile of the cosh-Gaussian beam wave.

cosh-Gaussian beam Vi= 35im™ cosh-Gaussian beam vi= 35i m
10

s axis incm
o

-10
-10 -5 0 5 10

S, axis in cm

(@) (b)

Figure 4 Intensity profile of cosine-hyperbolic Gaussian beam

wave. (a) 2D beam profile, (b) 3D beam profile.

2.3 Extended Huygens Fresnel Principle

This theoretical study starts with the extended Huygens-Fresnel principle and
applying it on the general multi-beam to calculate the intensity and transmittance.
The extended Huygens Fresnel principle is defined as [201-202]

u(r,L)= —%exp(ikL) T T d’su(s, z=0)
o (2.11)

X exp(%h = r|2jexp[w(s,r)],

where u(s, z=0) is the optical wave at source plane, y (s,r) is the random part of

the complex phase of a spherical wave propagating in the turbulent medium from the

point (s,0) to the point (r,L). r is the transverse coordinate at the receiver and L is
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the propagation distance. Applying the extended Huygens Fresnel principle, the field

at the receiver plane is obtained.

2.4 Average Intensity at Receiver plane for General Beam Types in Underwater

The average intensity at the receiver coordinate r is calculated with the help of the
extended Huygens Fresnel principle. For the intensity calculations, the receiver

coordinate is taken to be r, =r, =r. The average intensity calculation is found from

[201-202]
(I(r,z=L))= <u(r, L)u™(r, L)>, (2.12)

where * is the conjugate operator, u’(r,L) is the conjugate of the field, < > is the

ensemble averaging. Average intensity can be written in a different form:

(1(r,L)) :(MLLT ziiidzsldzszu(sl)u*(sz)

- (2.13)

x exp{%“sl rft s, - rﬂ} x <exp[z//(sl,r) + x//*(sz,r)D.

Ensemble averaged term <exp[y/(sl,r)+z//*(sz,r)]> gives the turbulence effect on

the average intensity. Then, ensemble averaging of turbulence field is given as
[36,114,164]

(ol (sar) v (60} -0 TS [ G|

|S s |2 (2.14)
:expi_lz—z}

where pg ,, is the coherence length of the underwater medium. Underwater

coherence length that is obtained from Eq. (2.14) can be expressed in a different way
as [114]
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Pi o =31 (KL D, (1) dx). (2.15)
0

Coherence length p, takes the value within the interval [0,oc]. Note that when
p, —> o, the optical source is coherent and when it is equal to zero (p, =0), the
source is incoherent. When p, takes the value between zero and infinity, the source

is called partially coherent.

This section includes intensity formulas as well as the intensity calculations required
for our study. Beam types used in this thesis are examined as coherent and partially

coherent. For this reason, the degree of coherence parameter p, has been added to

our intensity calculations [109,193].

1] esasaew s o] g2efs

S

exp(%hl—szfj gives the partially coherent effect on the intensity during the
yo)

propagation. The general multi-beam we use as the incident beam u;(s,,s,,z =0)

defined in Eq. (2.6) is named as u(s,). If we put Eq. (2.6) in the Eq. (2.16), we

obtain following steps given below:
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11 ostsos00,5 3 AR

R =1 =1

, 1 ik 1 1
xeXp Slx —ﬁﬁ‘z— p2—+4—p2
sxl 0_oc s

XEeXp| — 7~ I 2
2Otsyll 2asxlz 26xsylz
x exp(—iVyI s, +iVy s, +iV, szy)

1 1
(2— + 4—/02](—3; —s) +25,8,, — S5, )}
With the help of the integration from Ref. [204]

) 2
[ exp(~px* + gx)dx = exp(%wj%, [p>0] (2.20)

we can see more clearly, if we name the part of Eq. (2.19),

07 = 1 ik (11
' Zasle1 2L pg_ oc 41052

q, =| -1V, +2s,, ZL+ 12 —2£rX ,
' pO_oc 4105 2L

Eq. (2.19) is converted to

(2.21)
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- (Vxll +erJ 21 + 12
L pO_oc 4:05
1 ik 1 1
to o Tt T e
2asxll 2L pO_oc 4ps

2 2

x X I VA exp(—iV,, s, +iV' s
Y 2 2 P yh =1y yl, =2y
h 2a5y|2

xexp

x exp Z(+sfy ~2r,8, — S5, + 2ryszy)}

1 1
x exp [pgoc + 4—pzj(—sfy +25,,5,,— 3, )}

S

Again, we named some parts of equation to see clearly, then to apply Eqg. (2.20) on
Eqg. (2.22),
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Then the average intensity is found to be
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2
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where,

1 1

C= +—2.
4p;

)
pO_oc

Obtaining results are checked with Ref. [112,205-206] for the limiting case of Eq.
(2.25) by taking the same coherence lengths.

2.4.1 Average Intensity for the Gaussian Beam

The average intensity is calculated for the general beam in Section 2.4. Gaussian

beam is the lowest order of the beam and it is not a multi-beam means N =1. If we

choose the N =1 and V,, =V,, =0 in Eq. (2.6), we obtain the Gaussian beam. Then,

if we choose the same parameter in Eq. (2.25), this time we obtain the average

intensity of the partially coherent Gaussian beam.
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(1(r,L))= (ijz _CA}—f‘z&Aexp{[(% rXJZ + (% rj} / (—4A)}
{—i(trijHAtrXT+[—i(:irij+iAtryT | (2.26)

4A(—<:2 + BA)

X exp

For on-axis average transmittance off-axis parameter takes the value r, =r, =r =0,

(7Y _AA
<I(r,L)>_[/1Lj T (2.27)

2.4.2 Average Intensity for Flat-Topped Beam

The average intensity of the flat-topped beam is the special case of the multi beam.

If we define displacement parameter V,, =V, =0, and the amplitude and source size

given in Eq. (2.7), the average intensity of the partially coherent flat-topped beam

becomes
T 2N N lp{;
<'(V’L)>=(Ej ;;_C2+BA
xexp{{(hrxj +(5ryJ }/(—4A)}
L L
(2.28)
[—itrXCHArX} +{—iryC+iAry}
e 4A(-C*+BA) ’
C(-D(NY) (N) NI ~ : :
where A N [I] (IJ_—I!(N Iy oy —aS/\ﬁ. Eqg. (2.27) gives the off

axis average intensity. To obtain the on-axis average intensity, off-axis parameter
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takes the value of r, =r, =r =0, then the on-axis average intensity formula of the

partially coherent flat-topped beam is

N[ £ 5524

+BA

2.4.3 Average Intensity for Cosine-Gaussian Beam

If we use the Eq. (2.25) with the values N =2 and A

=[1/2 1/2], A

(2.29)

*

=(A)

A :[—Vr Vr], and V, =(VI1 ) we obtain the off-axis average intensity of the

partially coherent cosine-Gaussian beam as

X exp

X exp

2
b V, +5rX C+iA5rX+iAV,*
A L L 2

A

4(-C* + BA)

y

L —i[v, +Er ]C+iAkr +iAV,
oL L

X exp

4(-C* + BA)

2
*
|2

(2.30)

Then, if we want to calculate the on-axis average intensity of the partially coherent

cosine-Gaussian beam, we take r, and r, to be equal to zero.
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[-i(v, ) +iav, | +[-i(v, ) +iav; | (2.31)
4A(-C? +BA) -

If we want to examine the fully coherent on-axis and off-axis average intensity, we

take p, as infinity, then A, B and C convert to Eq. (2.30) and (2.31) with

1 ik 1
o7 o Tz
2asll 2L 100_00
4 +K+ L 2.32
27 2L P, (232
c-—1
Po_oc

2.4.4 Average Intensity for Cosine-Hyperbolic Gaussian Beam

To obtain the off-axis average intensity of the partially coherent cosine-hyperbolic

Gaussian beam, Eg. (2.30) is used with the parameters N =2 and
A =[112 12, A =(A) .V, =[iV, -iV,], and Vv, =(V,). With these

parameters, Eq. (2.31) gives us the on-axis average intensity of the partially coherent
cosh-Gaussian beam. If Eq. (2.30) and (2.32) is combined, off-axis average intensity
of the fully coherent cosh-Gaussian beam can be obtained. On-axis average intensity
of this beam with the coherent case can be examined by the combination of the Egs.
(2.30) and (2.31).
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CHAPTER 3

AVERAGE TRANSMITTANCE IN UNDERWATER MEDIUM

This chapter focuses on the theoretical consideration of the optical transmittance with
various beam types in underwater medium. In particular, the effects of oceanic
turbulence on the average transmittance are closely examined when different types of
optical beam waves propagate in a wireless underwater medium. For general beams,
Huygens-Fresnel principle-based off- and on-axis transmittance are formulated in a
homogeneous and isotropic turbulent oceanic medium for all observations of the
average transmittance. General multi-beam formulation is then applied to multi-beam
such as a flat-topped beam, cos-Gaussian beam, and cosh-Gaussian beam. The
effects of the parameters of the oceanic turbulence power spectrum on the on-axis
and off-axis average transmittance are analyzed as well. The analysis of the
numerical results of the analytically obtained results is made with the aid of
MATLAB program.

3.1 Methodology

The derivations of the optical transmittance model for the underwater environment
are mostly based on those derived for the atmospheric environment due to extensive
similarities of the light propagation properties. That is, the underwater optical
wireless communication is inspired extensively by free-space and atmospheric
optical models. Of course, there are some distinct features between the atmospheric
and underwater optical transmittances especially in terms of the medium
characteristics and the energy spectra [31]. Therefore, the derivations for underwater

transmittance consider all these, as will be discussed next.
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Our starting point is to apply the extended Huygens-Fresnel principle for the
derivation of off-axis transmittance for the multi-Gaussian beam model. In particular,
partially coherent flat-topped, cos, and cosh-Gaussian beams, which are derived from
multi-beam definition, are studied to obtain the influence of different beam types on
the on-axis and off-axis average transmittance for the underwater environment. To
the best of the author's knowledge, off-axis transmittance of the partially coherent
flat-topped beam, cosine, and cosine-hyperbolic Gaussian beams and their partially
coherent forms for the underwater environment are studied for the first time. The
average intensity is calculated with the help of the extended Huygens-Fresnel

principle then it is normalized to find the average transmittance values.

Two different definitions can be used to find the average transmittance. More
specifically, the first one deals with the average intensity at the receiver plane under
the effect of turbulence normalized with respect to the average intensity at the
receiver plane without turbulence effects. On the other hand, the second one defines
the ratio of the average intensity at the receiver plane with the turbulence effects
divided by the average intensity at the source plane. The former one is used to
observe only the oceanic turbulence effects on the propagation of optical beam
waves in the underwater medium. In this work, the former definition is used since
our objective is to observe how much the environment weakens the transmittance by
examining the light that has passed through a turbulent environment. In particular,
the average intensity at the receiver plane under the effect of oceanic turbulence and
the average intensity at the receiver plane without turbulence effects are given in
Section 2.4. The average transmittances within the above definitions can be written
in mathematical form of [20, 61]. The average transmittance normalized by the

received intensity without turbulence is given as

<Tt>_ <I(r,L)>

NN (31)

The average transmittance normalized by the intensity at the source plane is
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_(I(r,))
(%)= I(r,z=0) (3.2)

3.2 Results for Average Transmittance of Partially Coherent Gaussian Beam in

Underwater Medium

In this section, the average transmittance is analyzed when the partially coherent
Gaussian beam propagates in underwater turbulence. The results are presented
mainly by using the average transmittance definition in Eq. (3.1), i.e., by using the
normalization with respect to the received intensity without turbulence. The
variations of the on-axis average transmittances with respect to propagation distance
for different turbulence parameters and coherency degrees are evaluated. For this
section, the wavelength is chosen to be 532 nm, source size is used as 0.05 m and
Kolmogorov microscale is 1 mm. Other parameters observed in this section

p,=10°m, £=10" m?’/s’, =107 K’/s, w=-0.3 are used. The variation of
the average transmittance is observed against the propagation distance L for different
degrees of coherence values in Figure 5. Degree of coherence p, takes the value
within the interval [0,]. O defines the incoherent source wave, oo determines the

perfect coherency that was mentioned in Section 2.4. As seen in Figure 5, as the
beam becomes more incoherent, the average transmittance increases. When the
degree of coherence is close to the perfect coherency, the light beam is more affected
by the turbulence. Average transmittance attains lower values for shorter propagation

distances. Figure 5 agrees well with Ref. [71].
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Figure 5 Average transmittance of partially coherent Gaussian
beam versus propagation distance L for different partial

coherence degrees p,.

As seen in Figure 6, the temperature-induced optical turbulence (w=-5) has least
decrease on the average transmittance. However, the salinity-induced optical
turbulence affects the average transmittance significantly, especially at longer
distances. Salinity-induced oceanic turbulence increases dramatically in between
w=-0.3 and o =-0.1. The average transmittance decreases tremendously as seen

in Figure 6 if the salinity-induced turbulence is dominant.

Average Transmittance
o o o
e D @

o
o

0 20 40 60 80 100
Propagation Distance, L (m)

Figure 6 Average transmittance of partially coherent Gaussian
beam versus propagation distance L for different ratio of
temperature and salinity contributions to the refractive index

spectrum o .
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In Figure 7, curves of the average transmittance versus L are plotted for different rate

of dissipation of mean square temperature y, values in the defined range. With

decreasing y,, oceanic turbulence effect decreases, so the decrease in the average

transmittance becomes smaller.

© o o
> o o

Average Transmittance
o
N

0 20 40 60 80 100
Propagation Distance, L (m)
Figure 7 Average transmittance of partially coherent Gaussian
beam versus propagation distance L for different rate of

dissipation of mean square temperature y; .

The graphs of the average transmittance versus propagation distance L are presented
in Figure 8 for different values of the rate of dissipation of kinetic energy per unit
mass of fluid . For high values of &, the average transmittance slightly decreases.
The growth of & results in a decrease of turbulence associated with the reduction of
water motion. For example, when & takes the biggest value of its range, the
corresponding curve goes nearly straight line. When ¢ is decreased, the average

transmittance values decrease more gradually with respect to L.
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Figure 8 Average transmittance of partially coherent Gaussian

beam versus propagation distance L for different rate of

dissipation of kinetic energy for unit mass of fluid ¢ .

3.3 Results for Average Transmittance of Partially Coherent Flat-Topped Beam

in Underwater Medium

In this part, the on-axis average transmittance for the partially coherent flat-topped
beam in a wireless underwater medium is investigated. More specifically, the
impacts of the constitutive parameters of oceanic turbulence power spectrum on the
on-axis average transmittance for the partially coherent flat-topped beam are studied
in this section. The variation of the on-axis average transmittance with respect to the
propagation distance L for different oceanic turbulence parameters is shown in
Figures 9-14, respectively. The results given in Figures 9-14 are based on our

conference paper [207].

As shown in Figure 9, higher average transmittance values can be achieved with
larger N values for the flat-topped beam model. A larger N means a flatter beam, and
the flatter beam is less affected by underwater turbulence. In contrast, longer link
distance results in lower average transmittance values. As expected, the longer

propagation distance results in a decrease in transmittance.
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Figure 9 The average transmittance of partially coherent flat-
topped beam versus propagation distance L for different various

numbers of beams composing the flat-topped beam N.

As shown in Figure 10, the lower degree of coherence yields larger average
transmittance, whereas average transmittance decreases with increasing link

distances. It should be noted that a linear relationship is observed for a relatively

lower p, value of 10~ m. However, increasing the coherence degree p, results in

an exponential decrease of the average transmittance with the link distance L.
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Figure 10 The average transmittance of partially coherent flat-
topped beam versus propagation distance L for different partially

coherence values p;.
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In Figure 11, the higher number of beams composing the flat-topped beam provides

larger average transmittance. A small degree of coherence p, gives larger average

transmittance value because the beam with reduced coherence degree is less affected

by turbulence.

-—N=2
© a_=0.01 m —N=5
0 s ~—N=10
£0.8 A=332 nm
£ L=20m
g e=10719 m?/g3
0.6 X =107 K?/s
|_

) w=-0.3
[®)]
o
g 0.4
<
0.2
0 0.2 0.4 0.6 0.8 1
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Figure 11 The average transmittance of the partially coherent

flat-topped beam versus partial coherence level p, for different

numbers of beams composing the flat-topped beam N.

As shown in Figure 12, when the value of the @ is less than -1.5, the average
transmittance almost stays the same for any value of other parameters. Therefore, we
choose the w-axis from -1.5 to O to observe the results clearly. As can be seen in
Figure 12, the temperature-induced optical turbulence has almost no effect on the
average transmittance. However, the salinity-induced optical turbulence makes it
nearly zero especially in the interval [-0.5, 0]. The salinity induced optical turbulence
has more negative effects than the temperature-induced optical turbulence on the
average transmittance. Figure 12 also shows that a decrease in the coherence level

results in an increase on the average transmittance.
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Figure 12 The average transmittance of partially coherent flat-
topped beam versus the ratio of temperature and salinity
contributions to the refractive index spectrum o for different

partially coherence values p,.

In Figure 13, curves of the average transmittance versus y, are plotted against

different partial coherent degrees, showing that the average transmittance of a
partially coherent flat-topped beam becomes smaller for larger y, . Larger y, values

yield larger temperature differences and this, in turn, causes an increase in turbulence
strength. When a source is less coherent, the average transmittance is affected less

from an increase on y, and so the average transmittance gets higher for decreasing

Ps-
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Figure 13 The average transmittance of partially coherent flat-
topped beam versus the rate of dissipation of mean square

temperature y, for different partially coherence values p..

As can be seen in Figure 14, the average transmittance decreases more in low values
of & than the high values of it since decreasing of & means the kinetic energy is
high. The turbulence increases in areas where kinetic energy is high and causes a
decrease in transmittance. On the other hand, for high values of ¢, the average
transmittance increases for any different partial coherence degrees. When the level of

coherence is decreased, the off-axis average transmittance increases.
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Figure 14 The average transmittance of partially coherent flat-
topped beam versus the rate dissipation of kinetic energy per unit

mass of fluid & for different partially coherence values p;.
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The results also indicate that if the flatness increases, the average transmittance is
greater, which means greater N (number of Gaussian beam wave composing the flat-

topped beam) gives greater transmittance. Degree of coherency (p,) is inversely

proportional to the average transmittance. An increase in the link distance reduces
the average transmittance. The loss of the kinetic energy of fluid causes less
turbulence. The rate of dissipation of kinetic energy per unit mass of fluid is directly
proportional to the average transmittance while the rate of dissipation of the mean-
squared temperature is inversely proportional to the average transmittance. When the
temperature-induced optical turbulence is dominant, the average transmittance
almost never decreases. However, the salinity-induced optical turbulence reduces the

average transmittance sharply.

3.4 Results for Off-axis Average Transmittance of Partially Coherent Flat-

Topped Beam in Underwater Medium

In this part of the study, the off-axis average transmittance of partially coherent flat-
topped beam is examined in turbulent underwater medium. The oceanic turbulence

effects on the average transmittance is observed with respect to the parameters o,
X & oy, N, p,, and r.. The wavelength is chosen from the blue-green region
range which is 532 nm. Kolmogorov microscale length 7 in all the figures is 1 mm.

The other related parameters are shown on the figures. Figures 15-21 demonstrate the
results of the off-axis average transmittance for partially coherent flat-topped (PCFT)

beams and these figures are based on our paper [61].

Figure 15 shows the effect of turbulent underwater medium on the off-axis average
transmittance of the coherent flat-topped beam versus the rate of dissipation of
kinetic energy per unit mass of fluid axis for different degrees of flatness. It is found
that as the flatness increases (i.e. higher N), larger average transmittance is observed.
By our definition of flat-topped beam, flatter beam formulation produces the reduced
amplitude and enlarged source size. As seen in Figure 15, the average transmittance

increases with increasing N. It means that the oceanic turbulence affects the flatter
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beam less. It is noticed from Figures 15 and 16 that when & reduces, the average
transmittance also reduces. The increase on & means that oceanic turbulence effects
are reducing. Figure 16 also indicates that the size of the source affects the average
transmittance in turbulent ocean. Larger source size provides larger average

transmittance.
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Figure 15 The average transmittance of the partially coherence
flat topped beam versus the rate of dissipation of kinetic energy
per unit mass of fluid ¢ for various numbers of beams

composing the flat-topped beam N.
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Figure 16 The average transmittance of partially coherence flat-
topped beam versus the rate of dissipation of kinetic energy per

unit mass of fluid ¢ for different source size values «.
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In Figures 17 and 18, the average transmittance is shown against y;, for different
degrees of flattened N and degrees of source coherence p,. The smaller value of y;
determines weak oceanic turbulence and the bigger value of y; means strong
oceanic turbulence. From Figures 17 and 18, it can be understood that when y;

becomes larger, the average transmittance decreases for all N. Additionally, from
Figure 17, it is observed that the average transmittance is higher at larger values of N.

This figure also reveals that the average transmittance decreases when the off-axis

parameter r, is becomes larger.
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Figure 17 The average transmittance of partially coherent flat
topped beam versus the rate of dissipation of mean square

temperature y, for various numbers of beams composing the

flat-topped beam N and off-axis parameter r,.

In Figure 18, when y, is kept fixed, for a smaller degree of p,, the average
transmittance is larger. As seen in Figure 18 and 19, if p, is very small, the average
transmittance decreases only a little. However, if the p, increases, the average

transmittance is getting smaller. In Figure 18, it is understood that when the flat-

topped beam becomes more incoherent, the average transmittance rises.
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Figure 18 The average transmittance of partially coherent flat-
topped beam versus the rate of dissipation of mean square

temperature y, for various degrees of partial coherence p,.

Figures 19 and 20 shows the variation of the average transmittance against the ratio

of salinity and temperature contributions @. When @ =-5, the temperature-based

optical turbulence is effective, for @ =0 salinity-based optical turbulence is
dominant. Temperature-based optical turbulence affects the average transmittance
slightly, but the salinity-based optical turbulence reduces the average transmittance
to almost zero, especially in the [-0.5, 0] range.
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Figure 19 The average transmittance of partially coherent flat-
topped beam versus the ratio of temperature and salinity

contributions « for various degrees of partial coherence p,.
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From Figure 20, it is seen that when the source size becomes smaller, the average

transmittance is reduced more in salinity-based turbulent ocean. Thus, when a small

source size is used, a smaller average transmittance is obtained. The beam waves

with smaller source size are

medium.

Average Transmittance

o

2

e

o

affected from the turbulence and expands in any

17 . . ]
I” ) -

8| A=532nm

N=5

L=70m .
67 pe0°m ~

r=0.01m —a =0.06m .
4 | X s

r=0.01m ~a=0.1m o

y s .
2 f=10_m m/s> - 01320.15 m .

—anT 12

XT_1O K /s .
oL ! | ~ 2\
-1.5 -1 -0.5 0

Ratio of temperature and salinity contributions. w

Figure 20 The average transmittance of partially coherent flat-

topped beam versus the ratio of temperature and salinity

contributions o for different source sizes «.

It can be observed from Figure 21 that the behavior of the average transmittance

against the off-axis parameter rx for different N values. The average transmittance

decreases if rx becomes larger. For the same rx, bigger N provides higher average

transmittance.
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Figure 21 The average transmittance of partially coherent flat-
topped beam versus off-axis parameter rx for various numbers of

beams composing the flat-topped beam N.

In Figure 22, it is seen that the average transmittance decreases more at small
wavelengths. In Figure 22, all different wavelength curves decrease with increasing

propagation distance.
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Figure 22 The average transmittance of partially coherent flat-
topped beam versus propagation distance L for different

wavelength values 4.
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3.5 Results for the Average Transmittance of Cosine Gaussian Beam in

Underwater Medium

In this section, impacts of turbulent ocean medium on the propagation of on-axis

average transmittance of cosine-Gaussian beam is analyzed. The behavior of on-axis

average transmittances corresponding to the parameters o, y;, &, o, and V, is

observed. In this part of study, the wavelength is chosen as 532 nm from the blue-
green region, because the blue-green region is the least attenuated at the clear ocean
water [20,59,61]. Kolmogorov microscale length 7 is used as 10° m in all the
figures. Other relevant parameters are shown on the figures. Figures 23-28 show the
average transmittance of the cos-Gaussian beam in turbulent ocean. These figures are
based on our paper [62].

From Figure 23 it can be seen that the effect of the oceanic turbulence on the average
transmittance of the cos-Gaussian beam versus the rate of dispersion rate of kinetic
energy for different displacement parameters V. It is observed that for any value of
g, as the displacement parameter V decreases, larger average transmittance is
observed. Figure 23 also demonstrates that with an increase in ¢, average
transmittance increases. Increasing the dispersion rate of kinetic energy causes the
strength of the oceanic turbulence to decrease. Since less kinetic energy causes the
turbulent motion to decrease. Weaker turbulence provides larger average

transmittance.
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Figure 23 Average transmittance of cos-Gaussian beam versus
the rate of dissipation of kinetic energy per unit mass of fluid ¢

for different displacement parameters V.

Figure 24 shows that when the rate of dissipation of kinetic energy per unit mass of
fluid ¢ increases, the average transmittance also increases since decreasing & means
strong oceanic turbulence. Figure 24 also indicates that for any value of &, larger

average transmittance is obtained with larger source size.
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the rate of dissipation of kinetic energy per unit mass of fluid ¢

for different source size o values.
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Figures 25 and 26 show the variations of the average transmittance versus the ratio of
salinity and temperature contributions @ . Salt dissolved in seawater is quantified as
the salinity. Increasing salinity means there are many salt ions in that area. That
causes salinity-based oceanic turbulence is dominating. Salinity-based turbulence
affects the average transmittance considerably. If the heat and temperature increases,
dissolved salt decreases so temperature-based oceanic turbulence is effective.
Salinity-based turbulence reduces slightly and affects hardly the transmittance. @
axis is observed in the range [-1.5, 0] in Figures 25 and 26 since, this is the most
effective range of « (salinity induced turbulence effect). Figure 25 exhibits that at
any value of @, as V becomes larger, the average transmittance becomes smaller. In
Figure 26, the observation is that while source size is getting smaller, the average

transmittance is affected more negatively from the salinity-based optical turbulence.
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Figure 25 Average transmittance of cos-Gaussian beam versus
the ratio of temperature and salinity contributions « for different

displacement parameter V.
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Figure 26 Average transmittance of cos-Gaussian beam versus

the ratio of temperature and salinity contributions « for different

source size a.

In Figures 27 and 28, the average transmittance is shown with respect to the rate of

dissipation of mean-square temperature y, , for different displacement parameter V
and source size «. From Figures 27 and 28, it can be seen that if V is kept fixed,
with increasing y;, the on-axis transmittance decreases. In Figure 27, when the

displacement parameter V: becomes larger, the average transmittance becomes

smaller. In Figure 28, when y; is kept fixed, the average transmittance is smaller for

a smaller value of source size.
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Figure 27 Average transmittance of cos-Gaussian beam versus

the rate of dissipation of mean square temperature y, for

different displacement parameter V.
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the rate of dissipation of mean square temperature y, for

different source size «;.

It is not possible to directly support the results with the studies existing in literature.
This study has been brought to the literature by our works. However, the studies for
atmospheric turbulence is used to understand the accuracy of it. In addition, it is

observed that there are similar trends with cos-Gauss intensity, which are in [56].

3.6 Results for Off-axis Average Transmittance of Partially Coherent Cosine

Gaussian Beam in Underwater Medium

Note that the off-axis average transmittance in underwater for the partially coherent
cosine-Gaussian beam is presented in Figures 29-31, respectively, based on our study
[191]. In this section, the mentioned transmittance expression represents the off-axis

average transmittance. The results were analyzed with respect to &, y;, and w.
Furthermore, r and p, parameters and the effect of the partial coherence are used to

examine the effect of oceanic turbulence on the off-axis average transmittance. In
addition, observations were made by using different V values to examine the effect of
the displacement parameter that is used to create the cosine and hyperbolic cosine

Gaussian beams. The values of the parameters used in each figure are specified on
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the figures. Kolmogorov microscale 7 is the same for all analyses with a value of 1

mm.

In Figure 29, the off-axis average transmittance of partially coherent cosine Gaussian
beam is examined in a way that corresponds to the dispersion rate in kinetic energy,
simultaneously. Figure 29 also shows the effect of the distance of the receiver
moving away from the center, i.e. off-axis parameter r is not equal to zero. As can be
seen from Figure 29, with increasing dissipation rate in Kkinetic energy also reduces
turbulence whereas the average transmittance increases. The average transmittance
of the partially coherent cosine increases as the receiver moves away from the center

because of the beam shape of the cos-Gaussian and position of the receiver.
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Figure 29 Off-axis average transmittance of partially coherent
cos-Gaussian beam versus ¢, for different off-axis parameters
r,.

In Figure 30, another oceanic turbulence parameter that is dissipation rate of the
mean square temperature is examined according to the average transmittance of the
cos-Gaussian beam. It is observed that more differences in the temperature field
result in more turbulence and therefore, the average transmittance decreases

accordingly. The increase of V,, which indicates the displacement parameters of the
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cosine-Gaussian light beam, causes a decrease in the average transmittance for the

cosine-Gaussian beam.
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Figure 30 Off-axis average transmittance of partially coherent

cos-Gaussian beam versus y; , for different displacement

parameters V, .

When examining the « effect in Figure 31, it was observed that temperature-based
turbulence did not have a great effect on the average transmittance and the
transmittance remained almost the same. As @ value approaches 0, the salinity-
based optical turbulence becomes important and it causes a significant decrease in
the average transmittance. With its maximum, the optical transmittance is completely
lost. Again, we can observe the partial coherence effect for the cosine-Gaussian
beam over the same figure of 31; the average transmittance appears to increase as the
degree of coherence of the cosine-Gaussian beam decreases. It was observed that the

partially coherence case of Cos-Gaussian beam has been less affected by turbulence.
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3.7 Results for the Average Transmittance of Cosine Hyperbolic Gaussian Beam

in Underwater Medium

In this part of this study, influence of turbulent ocean on the average transmittance is
examined when the cosine hyperbolic Gaussian beam propagates in an oceanic
turbulent medium. The trends of the average transmittances are observed against the

parameters o, x;, & «a, and V,. The wavelength was chosen as 532 nm.
Kolmogorov microscale length 7 is taken to be 1 mm in all the figures. Other

relevant parameters are shown on the figures. Given results are based in our paper
[62].

In Figure 32, the average transmittance is observed with respect to the rate of
dissipation of mean square temperature ¢ for different displacement parameter V
values. With increase in &, the average transmittance increases, which is true for any

Vi value. For the same ¢, larger Vi gives larger average transmittance.
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Figure 32 Average transmittance of cosh-Gaussian beam versus
the rate of dissipation of kinetic energy per unit mass of fluid ¢

for different displacement parameters V.

Figure 33 shows that larger ¢ yields larger average transmittance for any value of
source size, which can be explained physically that larger & results in less motion in

underwater, which means less turbulence strength. At the same &, larger «, causes

the average transmittance to reduce.
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Figures 34 and 35 are provided to observe the variations of the average transmittance
versus the ratio of temperature and salinity contributions o for different values of Vi
and o, values, respectively. When @ determines the salinity-based optical
turbulence, oceanic turbulence effect increases and the average transmittance
decreases for all Vi and «, values. As seen in Figure 34, at fixed w, it is seen that
bigger Vi provides larger average transmittance for the cosh-Gaussian beam. In
Figure 35, at fixed w, larger o, makes the average transmittance at the receiver

plane to become larger.
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Figure 34 Average transmittance of cosh-Gaussian beam versus
the ratio of temperature and salinity contributions « for different

displacement parameter V.
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As seen in Figures 36 and 37, the average transmittance decreases along the y; axis.
This is owing to the physical fact that for larger y;, the power of turbulence gets

higher. In Figure 36, for the smaller displacement parameter Vi, larger average
transmittance is obtained. From Figure 37, it is seen that the impact of turbulence

increases with increasing y;, which is valid for all «,. Moreover, if y; is kept
fixed, the average transmittance is less for small values of ;. It can be said that the

cosh-Gaussian beam which has a larger source size is less affected in the oceanic

turbulence.
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Figure 37 Average transmittance of cosh-Gaussian beam versus

the rate of dissipation of mean square temperature y, for

different source sizes «;.

3.8 Results for Off-axis Average Transmittance of Partially Coherent Cosine

Hyperbolic Gaussian Beam in Underwater Medium

Similar to the cosine-Gaussian beam investigations, hyperbolic cosine-Gaussian

beam analysis is also carried out. These results are from our accepted paper [191]. As
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shown in Figure 38, similar to the cosine-Gaussian one, the average transmittance

increases with the increase of ¢ and the distance of the receiver from the axis center.
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Figure 38 Off-axis average transmittance of partially coherent

cosh-Gaussian versus ¢, for different off-axis parameters r,.

Figure 39 shows that the turbulence effect increases and the average transmittance

decreases with the increase in y;, as in the case for the cosinGaussian. However, for

this case, unlike the cosine_Gaussian, as the displacement parameter of the
hyperbolic cosine-Gaussian beam increases, the average transmittance increases.
This result is supported by Ref [57]. Since the beam propagation shows similar
properties in atmospheric turbulence and underwater turbulence. Therefore, we can
compare the similarity of both environments by analyzing the investigations
conducted in the atmosphere although we cannot make a one-to-one comparison. It
should be noted that the cosh-Gaussian beam has not been studied previously in the

underwater environment.
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cosh-Gaussian versus y; , for different displacement parameters.

In Figure 40, salinity-based optical turbulence and partially coherence effects are
observed. While temperature-based turbulence hardly changes the transmittance,
salinity-based turbulence causes a deep reduction in the average transmittance. The
partial coherence effect is also similar to that of the cosine_Gaussian and as the

degree of coherence decreases, the off-axis average transmittance increases.
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3.9 Conclusion

In this chapter, the average transmittance for different beam types in underwater
turbulent conditions is studied extensively. The effect of each oceanic turbulence

parameter on all the beams is found to be similar. That is, an increase in y; and @

values, which cause an increase in turbulence strength, yields a decrease in the

average transmittance for all beams. On the other hand, increasing « and/or y;,

strength of oceanic turbulence is increasing [37,167]. In strong turbulence conditions,
the average transmittance decreases [65]. Increasing oceanic turbulence effects cause
the average transmittance to decrease, which is also supported by Refs. [65]. As

opposed to y, and w, it was observed that with increasing &, the average

transmittance increases for all beam types. Increase in ¢ values results in a decrease
in mobility and kinetic energy in water and thus a decrease in turbulence. As
expected, the average transmittance decreases with increasing propagation distance
L. Numerical simulations also showed that an increase in the beam source size
increases the average transmittance in all the conditions we have examined. When
we observe the N parameter for the flat-topped beam, as the number of Gaussians
forming the flat-topped beam increases, that is, the flatness degree of the beam
increases, the average transmittance also increases. This result is supported by the
references [85,86]. When the average transmittance of the flat-topped beam was
examined for atmospheric turbulence, it was observed that as the level of flatness

increased, it was less affected by turbulence [167].

When we use a partially coherence source for the flat-topped, cos-Gaussian, and
cosh-Gaussian beam, the increase in p, (i.e. the more coherent beam) decreases the
transmittance. Once again, when the off-axis average transmittance is studied for the
flat-topped, cos-Gaussian, and cosh-Gaussian beams, the transmittance increases
with the increase of the off-axis variable r, for the cos and cosh-Gaussian beams,
while the transmittance decreases for the flat-topped beam owing to the sources
shape. Lastly, while the transmittance of the cosine-Gaussian beam decreases with

the increase of the displacement parameter V. forming the cosine beam, the
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transmittance of the cosh-Gaussian beam increases with the increase of V, (i.e. the

corresponding counterpart of V, in cosine hyperbolic).

As a result, when we compare the transmittance with respect to link distance for all
beam types we examined under the same conditions, we can see that coherent beams
have lower transmittance than partially coherent beams. However, as we can observe
from Figure 41, the flat-topped beam has the highest average transmittance compared
to other beams for all conditions we examined (parameters and values are indicated
on the figure). The lowest average transmittance is seen for cos-Gaussian beam of
coherent beams. While the coherent flat-topped beam has the highest average
transmittance in the short distance, a faster decrease in the average transmittance has
been observed, as the distance gets larger. The reason might be that the coherent flat-
topped beam turns into a Gaussian beam more quickly than the other beams. When
we compare Figure 37 and Figure 38, it is observed that the hyperbolic cosine-
Gaussian beam has a greater average transmittance than the cosine-Gaussian beam.
Figure 42 shows the off-axis transmittance investigations of all beams examined in
Figure 41. Although the two figures seem to be the same, the off-axis average
transmittances are lower than the on-axis ones. All beams exhibited the similar
characteristics in both figures. This study will provide an opportunity to choose the

appropriate beam type for the environment.
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CHAPTER 4

BEAM SPREAD

4.1 Methodology for Beam Spread of Partially Coherent Flat-Topped Beam in

Underwater Medium

This section started with Carter’s definition that helps to define the effective beam
spot. Partially coherent multiple Gaussian beams such as the flat-topped is applied in
the formulation. Then, the beam size is calculated for partially coherent flat-topped
(PCFT) beam. Beam spread formulation for the receiver plane is then applied to
obtain only the turbulence effect. Derivation results are valid by comparison in [208].

The effective beam spot can be defined based on Carter’s definition as [201],

ZT _Trf<l (rx,ry,L)>erdry

= T ; (4.1)

'OEBI (rx,ry,L)>erdry

where <I (rx,ry,L)> is the average intensity and r, and r, is the transverse coordinate

at the receiver plane. If we change the variable to solve in two parts

(4.2)

2]'; I;rf<l (rx,ry,L)>drxdry z\/X
zz<l(rx,ry,L)>drxdry Y
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00 00

X =2 [r2(1(r,r,,L))drdr, (4.3)

The average intensity calculation for flat-topped beam in Chapter 2, Section 2.4.2

can be used in this part.

C
}/(—4A)}
(4.4)

2 2
—iKrXC+iA5rX + —iKrC+iA5r
L L L’ L’

X eX ,
P 4A(-C?+BA)
where A= 12 _£+ 21 +L2’ B = 12 +£+ 21 +i2, and
2asll 2L po_oc 4ps 2aslz 2L pO_oc 4ps
1 1 . . .
C = ——+-—. If we change the variable to sum up the equation, we obtain
po_oc 4ps
S(5+1)
o 2N N 2 ———(r?+r?
7 ~ I A
X =2 (—j A A ZXexp| ——— = |drdr,, (4.5
HM.Z.Z& 4 % | (49

where x, =-C*+BA, y,=1+(C— A)2 %, z,=A. Our flat-topped beam intensity

can be written with new notation

2
2 2
e +r,

(1)~ DY AN e A

;=1 =1 Z

62



2
Then if we choose t, = % y, / ,x,, our equation can be written as

X =2 (/IL) ZZAA _|.exp —r’t,) Ir exp (-1t )drdr,.  (4.7)

l,=11,=1

If we calculate the integration parts gradually, first integral part of Eq. (4.7) is
Irxz exp(—t,r” )dr,. (4.8)

To solve Eqg. (4.8) we use Eqg. (2.61) from Ryzhik [49] and obtain

Ixzexp —ux® +2vx =i £(1+2 exp

b 24\ 1
° 1 |z

v=0= | x®exp(—ux*)dx=— |=, (4.9)
_Iw ( o 2p\ u

1 |#
J.r exp(—t,r? )dr, 2t1\/t:1'

Our equation converts to

pe 2 N N .12 , 1 Ir
A

=11,=1

If p>=a is taken in Eq. (2.20) which converts to

_].;exp(—ax2 +gx)dx = exp( qaj%’
0= [exn(—ax)dx= |~
q_O:>J;exp( ax” ) dx \/;

(4.11)

then with the help of Eq. (4.11), we obtain
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7Y . T
X :(Hj ZZ’VNZE- (4.12)

L=11,=1

Continuing to derive Y, which is in the denominator part of Eq. (4.2)

0 00

Y= j<| (rx,ry,L)>drxdry. (4.13)

—00 —00

Eq. (4.6) is substituted into Eq. (4.13), then

2 N N 1= 2 . 2
' (i] ZzAl Az g_»l;exp(_tlrx )erLeXp(_tlry )dry' (4.14)

l,=11,=1

With the help of Eq. (4.11), Y is found as

7 Y& Y

=1l,=1

If X and Y are inserted in Eq. (4.2), beam size along the propagation axis is found to
be

2 2LAA ¢

o, = — L - : (4.16)
;;Aﬁzxﬁ

To observe the beam spread, we need beam size difference after propagation (in Eq.
(4.17)) or to observe only turbulence effect on the beam size, Eq. (4.18) is used as

Ao, =0, (z2=L)-0,(2=0), (4.17)

or
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AGXL = GxL_oc(Z = L) - GXL_ fs(z = L) (418)

where o, ,,(z=L) is the beam size in r, direction at receiver plane after the beam
propagates in oceanic turbulent medium and o, (z=L) is the beam size in r,

direction at the receiver plane after the beam propagates in free space. Eq. (4.18) is
used in defining the beam spread to obtain only turbulence effect. Beam spread due

to propagation is eliminated in our procedure.

4.2 Results for Beam Spread of a Partially Coherent Flat-Topped Beam in
Underwater Medium

It should be stated that the beam spread given by Eq. (4.18) is used in our analysis. It
is defined as the differences between the beam sizes in rx direction at the receiver
plane in oceanic turbulence and in free space. Figs. 43-48 give the oceanic

turbulence effect on beam spread with respect to oceanic turbulence parameter y;,
g, and o for different o, Nand p,. In Figure 43, with increasing y; the oceanic

turbulence effect increases so beam spread increases. Figure 43 also shows that if the
number of beams composing the flat-topped beam N is larger, the beam spread is

smaller along the y, axis.
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Figure 43 The beam spread due to oceanic turbulence versus the
rate of dissipation of mean square temperature y, for various

number of beams composing the flat-topped beam N.

From Figure 44 it is seen that when the degree of source coherence decreases, the
beam spread decreases. However, when the source is more coherent (i.e.
p, increases), beam spread increases, since the more coherent source is more affected
by the turbulence. When the degree of coherence decreases, the oceanic turbulence

effect on the source beam decreases at the receiver plane.
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g —p =1 03 m
=25 s
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é- 2 +ps=5x1 0%m
m -
% 15 03—0.05 m
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0
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Rate of dissipation of %10

mean square temperature, X (K?/s)
Figure 44 The beam spread due to oceanic turbulence versus the

rate of dissipation of mean square temperature y, for various

degree of partial coherence p,.
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In Figure 45, with the increase of y; , effects of oceanic turbulence increase because

temperature field include many differences from mean square temperature. This

causes an increase on the beam spread for all «,. Additionally, for constant y, , the

beam spread is less at high values of source sizes. It can be said that the large source

size flat-topped beam expands less in the oceanic turbulent medium.

3 A=532 nm ~a=0.01m
< L=50m o =0.05m
c 006 N=5 s o
(0] -
2 004 =10 10 283
O w=-0.3
o
ﬁq 0.02
b><
4

0

0 0.2 0.4 0.6 0.8 1

Rate of dissipation of %1077
mean square temperature, XT (K2/s)

Figure 45 The beam spread due to oceanic turbulence versus the

rate of dissipation of mean square temperature y, for different

source size o, values.

As Figure 44, Figure 46 also shows that coherent flat-topped beams have larger beam
spread than the partially coherent flat-topped beam. Increase in the rate of dissipation
of kinetic energy per unit mass of fluid & causes decrease in the kinetic energy that

decreases the turbulence effect. This causes to reduce the beam spread.
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Figure 46 The beam spread due to oceanic turbulence versus the
rate of dissipation of kinetic energy per unit mass of fluid & for

various degree of partial coherence p,.

In Fig. 47, if the source size of flat-topped beam is larger, beam spread due to the
oceanic turbulence is smaller. As the turbulence effect and ¢ are inversely

proportional, increase in ¢ causes the beam spread to reduce.
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Figure 47 The beam spread due to oceanic turbulence versus the

rate of dissipation of kinetic energy per unit mass of fluid & for

different source size «.
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It is seen from Figure 48 that, if source goes to incoherence, the beam spread decreases,
and beam size of the source is less affected from turbulence. It is also seen that from Figure
48 that temperature-induced oceanic turbulence causes almost no change on the beam

spread. However, the beam expands distinctly when the salinity-induced optical turbulence

exists.
0.5
E
S 04~ —0.05m
C S
‘_g_ A=532 nm
— 03 [=50m
2 N=5
§ 0o =107 ms®
2 7 2
= XT=1O K%/s
b-;é 0.1
<
_/
Om

-05 -045 -04 -035 -03 -025 -0.2 -0.15 -0+
Ratio of temperature and salinity contributions, «

Figure 48 The beam spread due to oceanic turbulence versus the

ratio of temperature and salinity contributions « for various

degree of partial coherence p;.

Figures 49-51 give the variations in the beam size in rx direction with respect to ¢ and o at
the receiver plane in turbulent underwater. In Figure 49, when the rate of dissipation of

kinetic energy increases, beam size at the receiver plane decreases.
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Figure 49 The beam size in rx direction at the receiver plane
versus the rate of dissipation of Kinetic energy per unit mass of
fluid & for various number of beams composing the flat-topped

beam N.

It can be understood from Figures 50 and 51 that when « is close to zero (i.e. salinity-based
turbulence is effective), turbulence gets higher and the beam size in rx direction at the
receiver plane expands. In Figure 50, for a constant « , if the number of beams composing

the flat-topped beam N is larger, the beam size in rx direction at the receiver plane is larger.
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Figure 50 The beam size in rx direction at the receiver plane
versus the ratio of temperature and salinity contributions « for

various number of beams composing the flat-topped beam N.
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It is seen from Figure 51 that at a fixed « , when the source size becomes larger, the beam

size in rx direction at the receiver plane enlarges.
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Figure 51 The beam size in rx direction at the receiver plane
versus the ratio of temperature and salinity contributions « for

different source size values «.

4.3 Conclusion

If the oceanic turbulence is strong, the beam spread increases [65,113]. With
increasing strength of the oceanic turbulence, the beam spread increases that is also
supported by Refs. [65,113].

This part of our thesis analyzes the effect of oceanic turbulence on the beam spread
of partially coherent flat-topped beam. This part starts with the Carter’s definition,
which is employed to calculate the beam spread. These results indicate that the
partially coherent flat-topped beam is less affected than the partially coherent
Gaussian beam and coherent flat-topped beam by the oceanic turbulence. y; and o

have similar effects on the beam spread unlike ¢. Increment of », and « increase

the oceanic turbulence strength, on the contrary an increment in & decreases the
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beam spread. The larger sized flat-topped beams exhibit smaller beam spread in

underwater turbulence.
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CHAPTER 5

INTENSITY SCINTILLATION

5.1 Methodology of Scintillation Index

Scintillation index known as the intensity fluctuations is the normalized intensity

variance caused by turbulence. It is obtained by Eqg. (5.1) [105]

m? =(17(r,L)) {1 (r,L)) -1, (5.1)

where I(r, L) is the instantaneous intensity at the receiver plane. The average

intensity was calculated with the help of the extended Huygens Fresnel principle in
Chapter 2, Eq. (2.25). Eq. (2.31) is used which is the special case of Eq. (2.25) that

gives the on-axis average intensity for coherent case of cosine-Gaussian beam. This

equation also gives the on-axis average intensity of multiple-beam. In this section of

this thesis, fourth order moments’ derivation of the scintillation index will be given

[105].

(5.2)

xexp( 2a2|51| g 2|32| 20 2|S3| o z| 4|J

xexp(—iV, - sl)exp(lv s )exp(—lv,-s )exp(lv 's,)

(-
ik m
xexp{z(|s| iP5 f = )}r (5082,82,50,1),
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where the fourth-order medium correlation function is given for weak turbulence as
[105]

T} (S1,5,,55,5,, ) = <exp[z//(sl,r)]exp[g/(sz,r)]
oL (1) ool 5011
=[1+2B,(s,~5;) + 2B, (s, -5,) ]
exp| —0.5D,, (s, —s,)—0.5D, (s, —s,) (5.3)
-0.5D, (s, -s;)—0.5D, (s, —s,)
+0.5D, (s, —s;)+0.5D,, (s, —s,)
+iD,s(s, —s,)—iD,5(s, —s;) |-

Here Egs. (5.4) to (5.6) are the log-amplitude correlation, wave structure and log-

amplitude phase structure functions, respectively, which are given as [105]

B, (S, —Sn)=0" exp(—|sn —sm|2p0‘2), n=12and m=34, (5.4)
2 5
Dw(sr—sq):Z(sr—sq‘ 2 ) r=1-3 and q=2-4, (5.5)
2
S, =S4
D,s(s, —s,)=—"———, r=1-3 and q=2-4, (5.6)
p;(S

where o = 0.124Ck"°L'""® is the log amplitude variance, and the coherence length

of the log amplitude and phase is p,, = (0.114k13’6Cn2L5’6)71/2. C? is the parameter of

structure constant for horizontal links which is expressed in [154] in terms of the

underwater turbulence parameters as
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L 0
C2 =162k oL Re{jdngdK[E(g,K, L)
0 0

(5.7)
x Elg—x, L)+ [EC e, LI o, ()],
where for the spherical wave,
H _ 2
E(c, i, L) = ik exp{—W}. (5.8)

C? is calculated numerically for the oceanic turbulent medium and validated by Ref.

n

[154]. Then it is used to examine the scintillation index.

From Eqgs. (5.4), (5.5) and (5.6) we obtained

then Egs. (5.3) and (5.7) are substituted into (5.2) and (1°(p,L)) is obtained to be
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()= [ fos] s,
Nliiim%’;

Y o=1

T e (N L R B N
T A CT 207

(5 f () ﬂ

X

n=.

xexp(-iV, -s, exp(|vm .sz)exp(_ivk 'SS)eXp(iV: _34) (5.10)
x| L4202 exp(-fs, - sif 7 + 202 exp =[5, -5, %) |
><exp[—(|sl —sz|2,oo‘2)—(|s3 —s4|2p0‘2)
(2= 257) = (sl 0?)
+(|s -s |2p‘2)+(|s _s |2p—2)+i|52—84|2 i|51_s3|2]_
4 V4 Pis Pis
where
|s.| =52+, a=1,...4,
8= 5. = (S —5u)” +(Sy =Sy )+ D =13, €=2,004, 511

(Vy -sa):(vaxsIDX +Vaysby), d=n,ml,0, a=1...,4,

with combining the Eq. (5.10) & (5.11), we obtain
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1
ik 1 ik 1
X exp (I—gzj(sfﬁsfy)—(z 20{2](822)(4_822)/)

S

ik ik
J{i—rizj(s; + s§y)—(i+2—12J(ij + sjy)}

e[Vs+Vs)]

my =2y

xexp[ V Sy HV,, S

ny -1y

)
xexp[ V Ss, +V,.8 ]ex [ (VoS +V0ys4y):|

ty=3y

x(1+2(71 exp{—[(le—SSX)er(sly Ssy) }po }

(5.12)

+|[ o = Sax) S4y)]0;25
[(slx >< -s,) |oii).

We derive Eq. (5.12) in three parts, which are given below from Eq. (5.13) to (5.15).

7



Rearranging

2

1 =e = - -
- L _J‘_J‘dzslj‘:"dzsz:[ jdzsaJszs4
N N N N .
<2 2 2 2 AAAA
n=l m=1 /=1 o=1
X eXp k1 2 + k1 s’
2L 222 )" \2L 247 )V

(i, 1 (1)

2L 202 )% (2L 2022 )7
LSO Y L SO

2L 202 )7 2L 202 )Y
—K+ ! SZ—K+ ! s?

2L 222 )™ (2L 242 )V
xexp[ (VS + Vi, 8y, Jexp[ (Vs +meszy)]
xexp[ (VS5 +V,y S5 }exp[l(v "Su +Voys4y):| (5.13)

X exp (Sx 25,8, +Szx)po _( 1y Szy)zpo_

, 2
—| (S1x = 284,84y +S4x)p +(Sly _S4y) Lo
[(2 2 2 2
+| | Six — 281,83, + Siy )po + (sly 33y ) Lo
i 2 2
+ +(S,y =S4y ) P2

2 2\ -2
Sox = 255,84y +84x)pz s +(Szy 4y) P, s}

|

2 2\ =2
Six — 281,85 + S5 )p;( st (Sly -
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[ (ViSus +ViyS1y ) [ X0 (VS 4V, ) |
X eXp [—i (Véxs3X +V,. 8, )} exp [i (VO;SM +V .5, )}

XEXp{_(Slzx — 25,5, + Szzx)pgz _(Sly _SZy)z o’

X exp
(5.14)

(<2 2\ - -2
- (53x_253xs4x+s4x)p0 +(S3y_s4y Po :|

+

(
(
(
ol
[
[

Rearranging
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o), o] fonf o s

—00 — —00 —00 —00 —00 —00 —00

X EXP k-1 e (k1
2L 222 )" 2L 222 )Y

ik 1), (ik 1),

- —+ S,, —| —+ S
2L 202 )% (2L 222 )%

+ L s2 + LU s?
2L 22 ) 2L 242 )Y

- K+ - sz — K+ X s?
2L 202 )™ 2L 222 )7

xexp| =i (V,, 8y, +Vo, 8y ) [exp[ i (VoS Vs, )| (5.15)

xexp| =i(V,,,, +V,, 55, ) |exp[ i (Virsy, + Vs, )]
_[(ggx = 25,80+ 50) "+ (85, 81y ) pﬂ
—[(Sfx 28,8, +5%, ) ot + (8, -5y, ) p‘ﬂ
_[(sfx = 25,5, +55,) 95" +(sy _S‘W)Z p"z}
J{(sfx ~ 25,8+ 55, ) 93"+ (85,53, ) pOZJ
+|:(822x — 25,8, +55,) 2"+ (S2y =81y ) pOZ}
L [(szzx 25,8+ 55 ) s +(Say _S‘W)z pjs}
et n ]

Egs. (5.12), (5.13) and (5.14) are integrated by the help of Eq. (2.20) with the similar

procedure of the average intensity calculation. Then, Eq. (5.12) converts to
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HpBHpZle2 2HP1

p
(_Tpivn_iV/le)p02] [—Vnz ]
exp

TV, =iV,H,, ) o ]

Xexp{iVS(TﬁHm)( HosH o H o
P p p:

. . * 2
(<ipo™V, +iVH ) exp| L o7
2H H /? 2H,, |H, H,,

X exp

.H . )
><(—vn +V —P;J—szvn +ive b — P
P HoH,,H

p2

(5.16)



where,

1 ik _ _
pl_2a2 —Z+2 02+Tp, Tp—lpzzS poz.
4
P, 1 2 2 -2
02 H0p1+20552+_+2p0 -R,, R =p +ips.
H sz 1 TP -2 -2 2 T 2 2
= - - Py TP , =P, s—p
p3 pl le sz le 0 0 P S 0
1 p(;z 2 (5.17)
Hpy=Hp——— 7~ R
sz lepo

With the same procedure, the second part of the integration which is Eq. (5.13) can

be found as

4 202

<| 2(p’ L)>p_2 - ZZZZA“A:AIA; (ﬂiz-L)4 H,H pz'jp?»H p4

2 4 x 2 *2
x exp| — Vo P g +anmp0 _ Vi
2H ,H H,H, 2H,

: 5.18
X ool A 1 iV, o, (5.18)
x exp exp| — exp -
2H,, 2H , 2H . H,,H,,
2
Vo' Ps VePy's
H,H,” H ’

V* -2 2 L)
_ mpO p;(S +|Vm100 _ivf_{_
HoHy H..

pl

where
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-2 R T -2 T -2
X pnmol — Lo > L ppO + pgz + _ppo + paz
H sz 10 H p2 H pl H pl

i T oy’ . 2) TV
NI RS 0 + oy’ vm—V"A -L21-V,| (519
H,| H,( H H H

p2 p1 pl pl
i 1 . Vot ip? -
+ ——p" =R, || Vo - |- v iV
H p2 H plpo H pl H pl

The 3' part of the integration is calculated as

If these equations are summarized,

(1" (p. L)}ZiiiZiﬁAiA{AﬁfMpm., (5.21)

p=1n=1m=1 (=1 o=1

where
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4 2\
M pnmol — (lj L EXp| — L [Vr; - M]
AL) H,HH,H, 2H , H
2
T oy’ . 2) VT
X exp4 — L3 D +p2 | Vo 20 BT -V, (5.22)
2H | H,, | Hy H H '

Vn2 ] ( X pnmol J
x exp| — exp| ——— |.
2H 2H,,

Our analytical solution is validated by using Ref. [105] for the Gaussian, cosine-

Gaussian and cosine-hyperbolic Gaussian beams.

5.2 Results for Scintillation of Cosine-Gaussian beam in Underwater

Figure 52 demonstrates the influence of the underwater turbulence on scintillation
index of cos-Gaussian beam for different rate of dissipation of kinetic energy per unit
mass of fluid & versus source size. It is observed that for any value of the rate of

dissipation of kinetic energy per unit mass of fluid, as the source size «, increases,

scintillation index first increases then at larger source sizes, very small increase or no
increase in the scintillations is observed. Figure 52 also shows that with increasing
the rate of dissipation of kinetic energy per unit mass of fluid &, scintillation index
decreases. Increasing ¢ means that the turbulence strength decreases since less
Kinetic energy causes to decrease the turbulent motion. In turn, smaller turbulence

strength provides smaller scintillation index.
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Figure 52 Scintillation index of cos-Gaussian beam versus the

source size o, for different & .

Figure 53 shows the scintillation index versus the source size «, for different .
The temperature-induced optical turbulence (w=-5) has almost no effect on the

turbulence, so we cannot observe scintillations. However, the salinity-induced optical
turbulence causes large increase in the scintillation index especially in the interval

[-0.5,0] for all @ and «a values. Salt dissolved in seawater is quantified as the

salinity. Increase in salinity increases the density because of the increase in the mass
of salt. Salinity induced turbulence affects the scintillation index dramatically. When
the temperature is increased, dissolved salt decreases, which causes the density and
salinity to decrease. Thus, temperature induced turbulence becomes effective in this

condition so this range of @ [-0.5,0] is used in our observation. If « is closer the
zero, we observe larger scintillations. In Figure 53, the observation is that if o« is

smaller, the scintillation index is smaller.
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Figure 53 Scintillation index of cos-Gaussian beam versus the

source size o, for different .

In Figure 54, the scintillation index of cos-Gaussian beam versus source size values
for different displacement parameters is shown. The results from Figure 54 indicate
that when the displacement parameter increases, the scintillation index increases after
the source size is larger than 2 mm. Figure 54 also shows that for any value of the
displacement parameters, larger source size yields a larger scintillation index in the

underwater medium.

0.1
(\E A=532 nm
50.08 £=50m
2 =102 m%s3
-8 2
_5 0.06 X=10"K /s
ks w=-0.3
% 0.04 7=0.1 mm
.a l
w
0.02
0 2 4 6 8 10

Source size, ag (mm)
Figure 54 Scintillation index of cos-Gaussian beam versus the
source size o, for different V, .
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In Figure 55, we can understand that when the rate of dissipation of kinetic energy
per unit mass of fluid ¢ increases, the intensity fluctuation decreases. This is because
increasing ¢ results in decreasing oceanic turbulence strength. If we observe the
scintillation index at a fixed ¢ value in Figure 55, increase in the displacement
parameter is seen to cause the scintillation index to decrease because of the beam
shape of cos-Gaussian. Increasing displacement parameter for cos-Gaussian means

that cos-Gauss beam has more beamlets. To observe a change in the scintillations in

this condition, we need to choose big differences in V, .
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Figure 55 Scintillation index of cos-Gaussian beam versus the
rate of dissipation of kinetic energy per unit mass of fluid ¢ for

different V, .

In Figure 56, the most effective range of @ (salinity induced turbulence effect) of
oceanic turbulence is examined and we can observe the changes of intensity
fluctuations clearly in this range. When @ increases, scintillation index increases.
Figure 56 exhibits that at any value of @, as ¢ becomes larger, the scintillation

index becomes smaller.
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Figure 56 Scintillation index of cos-Gaussian beam versus the
rate of dissipation of kinetic energy per unit mass of fluid & for

different w.

In Figure 57, it is seen that the intensity fluctuations increase with increase in the
propagation distance, as expected. At a fixed path length value, for larger

wavelength, smaller scintillation index is observed.
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Figure 57 Scintillation index of cos-Gaussian beam versus the

propagation distance L for different wavelengths 4.
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In Figures 58 and Figure 59, the scintillation index is shown for the cos-Gaussian

beam against the rate of dissipation of mean-square temperature y, , for different &
and @. The lower values of y, indicates smaller strength of turbulence and the
higher values of », means strong turbulence. From Figures 58 and 59, it is seen that
the scintillation index increases when y;, becomes larger which is valid for all ¢ and

 values due to increasing turbulence effect. As seen in Fig. 58, being valid for all

. values, when & becomes larger, the scintillation index becomes smaller. In Fig.

59, when y; is kept fixed, the scintillation index is larger for larger values of .
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Figure 58 Scintillation index of cos-Gaussian beam versus the

rate of dissipation of mean square temperature y, for

differente.
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Figure 59 Scintillation index of cos-Gaussian beam versus the

rate of dissipation of mean square temperature y, for different

.

5.3 Results for Scintillation of Cosine-Hyperbolic Gaussian beam in Underwater

In Figure 60, in relation with the source size and the propagation distance, the
scintillation index of the cosh-Gaussian beam is shown. We observe that as the
propagation distance increases, the scintillation index increases for a fixed source
size value. Naturally, this trend is similar to the cos-Gaussian beam. With an increase
in the source size, the general trend of the scintillations for cosh-Gaussian beam is to

increase.
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Figure 60 Scintillation index of cosh-Gaussian beam versus the

source size a for different L.

Figure 61 is provided to observe the variations of the scintillation index of cosh-
Gaussian versus the source size «, for different values of Vi. Displacement
parameters are chosen as source size dependent. For larger displacement parameter,
scintillation index increases for the cosh-Gaussian beam unlike for the cos-Gaussian
beam. In the chosen range of the source size (0.5 — 3 mm), increasing the source size
increases the intensity fluctuations but source sizes larger than 3 mm cause a
decrease in the intensity fluctuations or no change is observed depending on the

displacement value. When « is close to zero, turbulence effect increases and the

scintillation index increases, which is valid for all ¢, values in Figure 62. Examining
Figures 62 and 63, it is seen that larger values of «, make the scintillation index in
general to increase for the cosh-Gaussian beam. In Figure 63, at fixed «, larger ¢

will give smaller scintillation index.
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Figure 61 Scintillation index of cosh-Gaussian beam versus the

source size a, for different V.
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In Figure 64, the scintillation index versus the rate of dissipation of mean square
temperature ¢ is examined for different displacement parameter Vi values. A
decrease in the scintillation index is observed when & becomes larger, which holds
to be true for any Vi value. For the same &, larger Vi for the cosh-Gaussian beam

gives larger scintillation index.

Figure 65 indicates that for any value of the wavelength, larger y, vyields larger
scintillation index which can be explained physically by the fact that larger y;
results in larger underwater turbulence strength. At the same y, , larger wavelength

causes the scintillation index to reduce, as expected.
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5.4 Comparison of Cosine Gaussian Beam and Cosine-Hyperbolic Gaussian

Beam Scintillation in Underwater Medium

Figure 66 is provided to compare the scintillations of cos-Gaussian and cosh-
Gaussian beams in underwater turbulence. Figure 66 shows that the scintillation
index decreases for increasing small values of source sizes for the cos-Gaussian

beam but then increases when o, increases for a small range of ¢, and after that the

scintillation index stays at almost constant value for all propagation distance values.
Again, in Figure 66, it is seen that the cosh-Gaussian beam behaves in an opposite
trend when compared with the cos-Gaussian beam. At the same time, we can say that
cosh-Gaussian beams have larger scintillations than the cos-Gaussian beam at the

same condition in underwater turbulence.
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Figure 66 Comparison of the scintillation index of cos-Gaussian
and cosh-Gaussian beam versus the source size ¢, for different

L.

To summarize the results in this section, the underwater turbulence effect increases

the scintillation index when @, y; increase and/or & decreases for the cos and

cosh-Gaussian beam as in the literature [77,80-81,84] for different beam types. The

displacement parameter also has an effect on the intensity fluctuations for both cos-
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Gaussian and cosh-Gaussian beams in turbulent ocean. Displacement parameter has
opposite effects on the scintillations of cos-Gaussian and cosh-Gaussian beams.
When the wavelength increases, the scintillation index of both cos and cosh Gaussian
beam decreases. In the literature, the same results for multimode laser beam [80],
plane and spherical beam [77] are seen.

To analyze the effect of the underwater turbulence on the scintillation index of cos-
Gaussian and cosh-Gaussian beam waves propagating the underwater medium, we
assume that the power spectrum of underwater turbulence is homogeneous and
isotropic. In our analysis, we use the extended Huygens-Fresnel principle and the
equivalent structure constant. Our results indicate that when the displacement
parameter of the cos-Gaussian beam is small, the intensity fluctuation is larger in the
underwater turbulent medium. This is in contrast with the scintillation index
variations for the cosh-Gaussian beams in which an increase in the displacement

parameter will increase the scintillation index. y, and « have similar effects on the

scintillation index, that is, for all the cos-Gaussian and cosh-Gaussian optical beams,
increase in y; and/or w will result in an increase in the scintillation index. However,
for ¢, this relation is just the opposite, i.e., for all the cos-Gaussian and cosh-
Gaussian optical beams, an increase in ¢ will result in a decrease in the scintillation
index. With the increase in the wavelength, decrease in the intensity fluctuations is
observed for both cos and cosh Gaussian beam waves. As the propagation distance
increases, scintillation index increases. Opposite source size effect is observed for
cos and cosh Gaussian beam waves. While the scintillation index decreases for very

small values of o, for cos-Gaussian beam, it increases for cosh-Gaussian beam.
Then as « gets larger, the scintillation index increases for the cos-Gaussian beam

whereas it decreases or stays steady for the cosh-Gaussian beam.
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CHAPTER 6

BIT ERROR RATE (BER)

6.1 Methodology of Bit Error Rate

In oceanic turbulence using on-off keying (OOK) modulation BER is formulated as
given below [131-132]

BER = 0.5]3 P, (u)erfc[%ujdu, (6.1)

where erfc(.) indicates the complementary error function, SNR is the average signal

to noise ratio, u is the normalized signal with unity mean and p, (u) is the log-

normal probability density function of intensity, which is given by [131-132]

1 _[In(u) +0.5m2]2
p,(u) = - ﬂeXp o u>0. (6.2)

Here m? is the scintillation index. BER is calculated by the help of MATLAB
program numerically and our results are checked with [131] for the symmetrical

case.
6.2 Results for BER of Cosine Gaussian Beam
All the figures in this section show log(BER) versus SNR in dB (decibel) for

important parameters of oceanic turbulence and displacement parameters of cos and
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cosh-Gaussian beams. All the figures in this section reflect the analysis in the similar
axis limit in the literature given in [128-132]. Feasible range of log(BER) and/or SNR
limits the horizontal and the vertical axis. It is observed from all the figures in this
section, as expected, when SNR increases, BER decreases. Figure 67 shows the
relations of BER and SNR for different rate of dissipation of kinetic energy for unit
mass of fluid ¢. Larger & gives smaller BER due to the fact that increasing ¢
causes smaller strength turbulent oceanic medium. Consequently, better BER

performance is obtained for lower oceanic turbulence.
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Figure 67 BER of cosine-Gaussian beam versus SNR in oceanic
turbulence for various rates of dissipation of kinetic energy

values.
In Figure 68, displacement parameter effect on the BER performance is analysed. It

is observed that if the displacement parameter of cosine-Gaussian beam increases,

better BER performance is observed for the cos-Gauss beam.

98



3 e ——
—~V=20m"
-4 | r
Vv =300m""
—~ 5 r
x _ -1
W | L=100m _ ~- V=400 m
— | =102 m¥s®
g - 8 .2
o7 X =10" K°/s
-8+ 7=0.001 m
w=-0.3
15 15.5 16 16.5 17 17.5 18 18.5

SNR (dB)

Figure 68 BER of cosine-Gaussian beam versus SNR in oceanic

turbulence for various displacement parameters.

The result from Figure 69 is that larger ratio of temperature and salinity contributions
@ exhibits larger BER because larger o yields strong oceanic turbulence. In Figure

70, larger rate of dissipation of mean square temperature y, causes unfavourable

BER performance since larger y; means larger oceanic turbulence.
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Figure 69 BER of cosine-Gaussian beam versus SNR in oceanic
turbulence for various ratios of temperature and salinity

contribution.
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Figure 70 BER of cosine-Gaussian beam versus SNR in oceanic
turbulence for various rates of dissipation of mean square

temperature.

6.3 Results for BER of Cosine-Hyperbolic Gaussian Beam

Both Figure 71 and Figure 72 examine log(BER) versus SNR in dB for different rate
of dissipation of kinetic energy &. However, while in Figure 71 the complex
displacement parameter of cosh-Gauss is a constant value, in Figure 72 displacement
parameter is source dependent. These two figures show similar behavior on curves
for all ¢ values. When the rate of dissipation of kinetic energy is larger, better BER
performance is observed in Figures 71 and 72 for the cosh-Gauss beam as for the
cos-Gauss beam.
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Figure 71 BER of cosine-hyperbolic Gaussian beam versus SNR

in oceanic turbulence for various rates of dissipation of Kinetic
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Figure 72 BER of cosine-hyperbolic Gaussian beam versus SNR
in oceanic turbulence for various rates of dissipation of kinetic

energy values.

In Figure 73, displacement parameters are chosen source size dependent to observe

the BER clearly. When the displacement parameter increases, the beamlets of cosh-
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Gauss beam move away from each other, so the beam is more influenced from

underwater turbulence. Then, larger V, yields larger BER values.
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Figure 73 BER of cosine-hyperbolic Gaussian beam versus SNR

in oceanic turbulence for various displacement parameters.

In Figures 74 and 75, BER versus SNR are observed with various ratio of temperature

and salinity contributions @ and rate of dissipation of mean square temperature y; ,
respectively. Increasing both » and y, cause stronger oceanic turbulence and

stronger turbulence degrades BER substantially.
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Figure 74 BER of cosine-hyperbolic Gaussian beam versus SNR
in oceanic turbulence for various ratios of temperature and

salinity contribution.
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Figure 75 BER of cosine-hyperbolic Gaussian beam versus SNR
in oceanic turbulence for various rates of dissipation of mean

square temperature.

6.4 Comparison of Cosine & Cosine-Hyperbolic Gaussian Beams BER

Performance

In section 6.2 and 6.3, BER performances of cos-Gaussian beam and cosh-Gaussian
beam are given, respectively. We can understand from Figure 67 to Figure 75 that

increasing ¢ exhibits decreasing BER while increasing » and y; yields increasing
BER. Again, this is because, decreasing & and/or increasing « and y, cause to

increase the strength of oceanic turbulence. Stronger turbulence exhibits larger BER
values. Displacement parameter shows opposite effects on the cos and cosh-Gaussian
beams because of the beam shapes. If the displacement parameter increases, beamlets
of cosh-Gaussian move away from each other and such beams are more affected
from oceanic turbulence while the number of the beamlets of cos-Gaussian beam
increases and are less affected from oceanic turbulence. Figure 76 shows the
comparison of BER performance of cos and cosh-Gaussian beams at the same
conditions for different propagation length. From Figure 76, it is seen that for all the
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propagation distances, cosine Gaussian beam exhibits better BER performance than

the cosine-hyperbolic Gaussian beam in weak oceanic turbulence.
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Figure 76 BER versus SNR

in oceanic turbulence for comparison

of the cosine and cosine-hyperbolic Gaussian beams.
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CHAPTER 7

CONCLUSION

In this thesis, to improve the performance of UWOC system, the oceanic turbulence
effect on the system performance parameters and different source beam types are
analyzed. In turn, on-axis and off-axis average transmittance, beam spread,
scintillation and BER have been examined for different beam types such as partially
coherent flat topped, cos-Gaussian and cosh-Gaussian and partially coherent cos and
cosh-Gaussian beams. In this study the extended Huygens-Fresnel principle has been
used. Calculations were carried out by using the MATLAB program. We examine
the effects of all the oceanic turbulent parameters, which are the rate of dissipation of

mean square temperature y,, the ratio of the temperature and salinity contributions
to the refractive index spectrum w, the rate of dissipation of kinetic energy for the
unit mass of fluid ¢, and degree of partially coherence p,, off-axis parameter r,,
complex displacement parameters V:, Vi, number of Gaussian beams to produce the

flat-topped beam N, source size o, propagation distance L and the wavelength A .

It has been found that each oceanic turbulence parameters have similar effects on
various performance entities. For instance, increase in y; and/or « results in an
increase in strength of oceanic turbulence and this trend is opposite for ¢. For this

reason, increasing y; and/or @ causes to decrease the average transmittance, to

increase beam spread, scintillation index and BER while increasing ¢ results in
increasing average transmittance, decreasing beam spread, decreasing scintillation
index and BER.

105



In every situation we examine, larger A gives larger average transmittance and
smaller scintillation index. Moreover, propagation distance L decreases the average
transmittance and increases the scintillation index. Besides, increase in source size
yields larger transmittance for all beam types we examine. For the flat-topped beam,
increasing N exhibits larger average transmittance and smaller beam spread. In
addition, we examine the effects of the displacement parameters of cos and cosh-
Gaussian beams for BER performance, scintillation index and average transmittance.
It is found that if the displacement parameter increases, BER and scintillation index

decreases for cos-Gaussian while increases for the cosh-Gaussian beam.

Other parameters studied are the degree of partially coherence and off-axis
parameter. For all partially coherent beam types examined, which are partially
coherent Gaussian, partially coherent flat-topped, partially coherent cos-Gaussian
and partially coherent cosh-Gaussian, the average transmittance decreases with
increasing p,. However, an increase in p, results in increasing the beam spread. If
the beam is more coherent, it is more affected by oceanic turbulence. Off-axis
average transmittance of Gaussian beam, flat-topped beam, cos and cosh-Gaussian
beam and their partially coherent cases are studied. Obtained results show that the
average transmittance of Gaussian, flat-topped and their partially coherent cases

decrease with increasing r,. However, the average transmittance of cos and cosh-
Gaussian beams and their partially coherent forms increase with increasing r, due to

the beam shapes.

These results mentioned above are summarized in Table 1.
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Table 1 Obtained results from figures.

Transmittance Beam Scintillation
Spread
Flat- Cos- Cosh- Flat- Cos- Cosh- Cos- Cosh-
Topped Gauss Gauss Topped Gauss  Gauss Gauss Gauss
- 1t T 1) T T
- ) 1t ) 1t 1T
- % not not not not
examined examined examined examined
- 1t 1 - not not not not
examined examined examined examined
- % N=2 N=2 N=2 N=2 N=2 N=2
- ' ;) i) 1t £}
- 1t % % fiforsmall  fifor small
source source
sizes sizes
m

When we compare the beam types according to the parameters examined, it is
observed that the transmittance of partially coherent beams are larger than their
coherent counterparts. In practical applications use of partially coherent sources is
more general. Partially coherent flat-topped beam has the largest transmittance. The
average transmittance of cosh-Gaussian beam is higher than cos-Gaussian beam. If
the receiver can not be positioned at the center of the receiver plane for the designed
link, cos and cosh-Gaussian beams are preferable for this type of applications. Off-
axis parameter decreases the transmittance of flat-topped beam while it increases the
transmittance of cosh and cos-Gaussian beam. Beam spread is analyzed only for the
flat-topped beam in this thesis. Increasing and decreasing situations of the beam
spread can be seen in Table 1. Additionally, we note that, increase in the beam
spread is not always disadvantage. If the beam expands a lot at the receiver plane, the
detector can catch the beam easily. Of course, more expanding beam has less power
but if the application does not need much power, expanding beam can be more

feasible. Normally, partially coherent beams expand more than the coherent beams.
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However, in our study because of our definition, we observe that the coherent beam
is expanding less due to oceanic turbulence. Actually, both statements are true. With
our beam spread definition, which shows the differences between the beam sizes at
the receiver plane after the propagation with turbulent medium and free space, we
observe only oceanic turbulence effects on the beam spread. Coherent beams are less
affected by turbulence and are less expanded. However, partially coherent beams
have larger beam spread with the other propagation effects. Therefore, in power
independent applications, partially coherent beams are more preferable in order not

to be miss the detector.

In our study, we have not examined the power dependent results for the
transmittance. An increase and/or decrease on the power will result in an increase
and/or decrease in the field amplitude, but there is no change on the transmittance

because transmittance, which is a ratio, is defined as the normalized intensity.

Scintillation index and BER are examined for the cosine and cosine-hyperbolic
Gaussian beams. Increasing (decreasing) scintillation index increases (decreases)
BER. Scintillation index and BER of cosine-Gaussian beam are smaller than the
scintillation index and BER of the cosine-hyperbolic Gaussian beam. Thus, cos-
Gaussian beam performs better in oceanic turbulence. Additionally, BER

performance can be improved with increasing SNR.

In this thesis, it is aimed to make appropriate choices for the oceanic turbulent
environment with examining the different beams and parameters. Obtained results
can be used in the design of the underwater wireless optical communication links
according to the needs. Expanding beams can be selected if it is intended to be easily
captured by the detector. Alternatively, beams with increasing transmittance with the
increase of off axis parameter can be selected. Depending on the application, in order
to improve the performance of the designed underwater optical communication
communication link, parameter values suitable for the medium can be obtained from

our results.
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