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ABSTRACT

ADAPTIVE OPTICS CORRECTIONS IN IMPROVING THE BEAM
SPREAD IN UNDERWATER TURBULENT MEDIUM

TURKYILMAZ, Melisa Nur
M.Sc., Department of Electrical-Electronics Engineering
Supervisor: Prof. Dr. Yahya Kemal BAYKAL

August 2022, 77 pages

The popularity of the underwater wireless optical communication has
increased recently because optical systems have the advantage of providing
transmission at high data rates with low latency. However, UWOC is challenging
due to harsh environmental conditions and one of the main effects of in oceanic
medium is the turbulence. Turbulence causes increase in the beam spread which
reduces the performance of the UWOC. In this thesis, the effectiveness of adaptive
optics correction for Gaussian beams in oceanic turbulence is studied. The beam size
and beam spread were examined with adaptive optics method. The reductions in
beam size and beam spread indicate that the adaptive optics correction is a very
effective method for reducing the turbulence-caused signal degradations. When
investigating the effect of underwater turbulence, the power spectrum in the oceanic
medium is supposed to be isotropic and homogeneous. Using the extended Huygens
Fresnel principle, average intensity is found. The beam size and beam spread were
observed utilizing Carter's definition. Piston, focus, tilt and astigmatism components
of adaptive optics corrections were utilized to find the beam size and the beam
spread in turbulent oceanic medium. The reduction in the beam size and beam spread
was investigated against the ratio of temperature to salinity contributions to the

refractive index spectrum, rate of dissipation of mean squared temperature, rate of
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dissipation of kinetic energy per unit mass of fluid, inner scale, receiver aperture
diameter, link length, source size and the wavelength. This reduction was compared
with and without the adaptive optics method. Using the MATLAB program, graphs
were presented and calculations were performed. In this thesis, it is aimed to provide
the most suitable conditions for beam propagation in underwater turbulent
environment and to increase the UWOC performance.

Keywords: Underwater Wireless Optical Communication, Turbulent Oceanic

Medium, Beam Spread, Beam Size, Adaptive Optics.
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TURBULANSLI SUALTI ORTAMINDA ISIN YAYILIMINDA
UYARLANABILIR OPTiK DUZELTMELER

TURKYILMAZ, Melisa Nur
Yiiksek Lisans, Elektrik-Elektronik Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yahya Kemal BAYKAL

Agustos 2022, 77 sayfa

Optik sistemlerin diisiik gecikme ile yiiksek veri hizlarinda iletim saglama
avantajina sahip olmasi nedeniyle, su alt1 kablosuz optik iletisiminin popiilaritesi son
zamanlarda artmistir. Bununla birlikte, UWOC sert ¢evre kosullar1 nedeniyle
zorludur ve okyanus ortamindaki ana etkilerden biri tlirbiilanstir. Tiirbiilans, 1sin
yayiliminda artisa neden olur ve UWOChin performansini diisiiriir. Bu tezde,
okyanus tiirbiilansinda Gauss 1sinlart i¢in uyarlanabilir optik diizeltmenin etkinligi
incelenmistir. Uyarlanabilir optik yontemi ile 1smn boyutu ve 1smn  yayilimi
incelenmistir. Isin boyutundaki ve 1sin yayilimindaki azalmalar, uyarlanabilir optik
diizeltmenin tiirbiilansin neden oldugu sinyal bozulmalarimi azaltmak i¢in ¢ok etkili
bir yontem oldugunu gostermektedir. Sualti tiirblilansinin etkisi arastirilirken,
okyanustaki giic spektrumunun homojen ve izotropik oldugu varsayilir. Isik siddeti
yogunlugu, genisletilmis Huygens-Fresnel ilkesi uygulanarak elde edildi. Isin boyutu
ve 1sin yayilimi, Carter''n tanmimi kullanilarak gézlemlendi. Uyarlanabilir optik
diizeltmelerinin piston, egim, odak ve astigmatizma bilesenleri, tiirbiilansli okyanus
ortaminda 1s1n boyutuna ve 1smn yayilimina uygulandi. Isin boyutundaki ve 1sin
yayillmasindaki azalma, sicakligin tuzluluga oraninin kirilma indisi spektrumuna
katkilarina, ortalama kare sicakligin dagilma hizina, sivinin birim kiitlesi bagina
Kinetik enerjinin dagilma hizina, i¢ 6lgege, alici agiklik ¢apina, baglant1 uzunluguna,
kaynak boyutuna ve dalga boyuna karsi degerlendirildi. Bu azalma adaptive optik
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metodu kullanilarak ve kullanilmayarak mukayese edildi. MATLAB programi
kullanilarak grafikler sunulmus ve hesaplamalar yapilmistir. Bu tezde, sualti
tiirbiilanshi ortamda 1s1n yayilimi i¢in en uygun kosullarin saglanmast ve UWOC

performansinin artirilmasi amaglanmistir.

Anahtar Kelimeler: Sualti Kablosuz Optik Haberlesme, Tiirbiilansli Okyanus
Ortami, Isin Yayilimi, Isin Boyutu, Uyarlanabilir Optik

vii



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude to Prof. Dr. Yahya Kemal
BAYKAL for his supervision, special guidance, suggestions, and encouragement
through the development of this thesis.

Finally, 1 would like to thank my parents with all my heart for their
understanding, endless support and love.

viii



TABLE OF CONTENTS

STATEMENT OF NONPLAGIARISM .....ccoiiiiiiiiitieiee e i
ABST R A CT ettt ettt st sae e b e beeenre e 1\
[0/ /28U Vi
ACKNOWLEDGEMENTS. ..ottt viii
TABLE OF CONTENTS ..ottt iX
LIST OF FIGURES ...t Xi
LIST OF ABBREVIATIONS ...t Xiv
CHAPTER 1
INTRODUGCTION . ...ttt et 1
1.1. BACKGROUND.......uoiiiiiiie ettt be e ne e 1
1.2, OBJIECTIVES . ... .ottt 6
1.3. THESIS OUTLINE ....oiiiiiiei e 6
CHAPTER 2
LASER BEAM PROPAGATION THROUGH OCEAN .......cccociiieiiieie e 7
2.1. OCEANIC TURBULENCE ..ottt 7
2.2. GAUSSIAN BEAM WAVE .......cooiiiiiiiee s 8
2.3. EXTENDED HUYGENS FRESNEL PRINCIPLE.........cccooociiniirinene, 9
2.4. BEAM INTENSITY AT RECEIVER PLANE IN UNDERWATER......... 9
2.4.1. Average Intensity at the RECEIVEN ..........ccooiiiiiiiiieeese e 10
CHAPTER 3
BEAM SIZE AND BEAM SPREAD .......ccccoiiiiiiireeee e, 16
3.1. METHODOLOGY OF THE BEAM SIZE AND BEAM SPREAD.......... 16
CHAPTER 4
ADAPTIVE OPTICS CORRECTIONS ..ot 18

4.1. METHODOLOGY OF THE ADAPTIVE OPTICS CORRECTIONS ... 18
CHAPTER 5
NUMERICAL RESULTS ..o s 21



CHAPTER 6
CONCLUSION
REFERENCES



LIST OF FIGURES

Figure 1: The beam size against y, at various adaptive optics and with no adaptive

(0] 011 USSP 21
Figure 2: The beam size against « at various adaptive optics and with no adaptive

(0] 01 £ USSP 22
Figure 3: The beam size against ¢ at various adaptive optics and with no adaptive

(0] 011 USRS 22

Figure 4: The beam size against y, at various o that use adaptive optics and use

With N0 adaptiVe OPLICS....cviiieiiicccee st 23

Figure 5: The beam size against y, at various o, values that use adaptive optics and

use With no adaptive OPLiCS. ........ccvevieiiieiicc e 24

Figure 6: The beam size against « at various a, values that use adaptive optics and

use With N0 adaptive OPLiCS. ........ccveveiieii e 24

Figure 7: The beam size against ¢ at various «, values that use adaptive optics and

use With no adaptive OPLICS. ......cccveveiieie e 25

Figure 8: The beam size against y, at various D values that use adaptive optics and

use With no adaptive OPLICS. ......c.ccveieiieiece e 26

Figure 9: The beam size against » at various D values that use adaptive optics and
use With N0 adaptive OPLICS. ..occvveiieiieccie e e 26
Figure 10: The beam size against ¢ at various D values that use adaptive optics and
use With N0 adaptive OPLICS. ....cvveiveeiieeiie e 27

Figure 11: The beam size against y. at various inner scale values that use adaptive

optics and use with no adaptive OpLiCS........ccccvvevieiiiiciic s 27
Figure 12: The beam size against « at various inner scale values that use adaptive

optics and use with N0 adaptive OPLICS........cccveverieervere e 28

Xi



Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24

Figure 25:

Figure 26:

Figure 27:

The beam size against ¢ at various inner scale values that use adaptive
optics and use with N0 adaptive OPLICS........cccvvuvreeiieieiiereee e 28
The beam size against y, at various link lengths that use adaptive optics
and use With N0 adaptive OPLICS. .......ccoovririiieieiere e, 29
The beam size against « at various link lengths that use adaptive optics
and use with N0 adaptive OPLICS. ......coveveerieiiiieee e e 30
The beam size against ¢ at various link lengths that use adaptive optics
and use with N0 adaptive OPLICS.. .....cocveeeiierieie e e 30
The beam size against y, at various wavelengths that use adaptive optics
and use With N0 adaptive OPLICS. .......ccoovririiieieiee e, 31
The beam size against « at various wavelengths that use adaptive optics
and use with N0 adaptive OPLICS. ......coveveeriereeie e e 31
The beam size against ¢ at various wavelengths that use adaptive optics
and use With N0 adaptive OPLICS. ......ocvvviiiiiiieee e, 32
The beam spread against y, at various adaptive optics and with no
AAAPLIVE OPLICS. .veiiieeiciti et 33
The beam spread against o at various adaptive optics and with no
AAAPLIVE OPLICS. .vieiiceicciiecie e 33
The beam spread against ¢ at various adaptive optics and with no
AAAPLIVE OPLICS. c.viiiiceicieecte et 34
The beam spread against y, atvarious « that use adaptive optics and
use With N0 adaptive OPLICS. ......cccvevveieeiicc e 35
The beam spread against y, at various a, values that use adaptive optics
and use with N0 adaptive OPLICS.. ...cueivieiieiieeee e 35
The beam spread against o at various «, values that use adaptive optics
and use with N0 adaptive OPLICS. ....cvevveeiieiieeie e 36
The beam spread against ¢ at various a, values that use adaptive optics
and use with N0 adaptive OPLICS. ....cvevveeiiieiieeie e 37
The beam spread against y, at various D values that use adaptive optics

and use with N0 adaptive OPLICS. .......ocvererieiieiieie e 37

Xii



Figure 28:

Figure 29:

Figure 30:

Figure 31:

Figure 32:

Figure 33:

Figure 34:

Figure 35:

Figure 36:

Figure 37:

Figure 38:

The beam spread against «» at various D values that use adaptive optics
and use with N0 adaptive OPLICS. .......oveererieiieiiee e 38
The beam spread against ¢ at various D values that use adaptive optics
and use with N0 adaptive OPLICS. .......ovvereriiiieiiee e 39
The beam spread against y, at various inner scale values that use
adaptive optics and use with no adaptive OptiCs. .........cc.cvvvrvririiiierienn, 39
The beam spread against o at various inner scale values that use
adaptive optics and use with no adaptive OptiCs..........ccocevvvrvririiiiieiienn, 40
The beam spread against ¢ at various inner scale values that use adaptive
optics and use with N0 adaptive OPLICS .......ccevvereereneieniseseeeee e 41
The beam spread against y, at various link lengths that use adaptive
optics and use with N0 adaptive OPLiCS. ......ccvevvreieriiiiirireeeeee 42
The beam spread against « at various link lengths that use adaptive
optics and use with no adaptive OPLICS. .....cccvvevveieiieie e, 42
The beam spread against ¢ at various link lengths that use adaptive
optics and use with No adaptive OPLiCS.. ...ccoveverereriieie e 43
The beam spread against y, at various wavelengths that use adaptive
optics and use with no adaptive OpLiCs.. ......cccevveieiieii e, 44
The beam spread against « at various wavelengths that use adaptive
optics and use with no adaptive OptiCs. ........ccevveveieeie e, 44
The beam spread against ¢ at various wavelengths that use adaptive

optics and use with No adaptive OPtiCS. .......coovvvereriiiiiiiseeeeee 45

Xiii



LIST OF ABBREVIATIONS

ABBREVIATIONS

AO
AOF
AUV
BER
FTVH
Mbps
MCF
ROV
TEM
UwocC

:Adaptive Optics

:Adaptive Optics Filter

:Autonomous Underwater Vehicle

:Bit Error Rate

:Flat-Topped Vortex Hollow

:Megabits per Second

:Mutual Coherence Function

:Remotely Operated Vehicle

:Transverse Electro-Magnetic

:Underwater Wireless Optical Communication

Xiv



CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

The underwater wireless optical communication (UWOC) systems have
become popular in the last few years because UWOC systems provide much higher
data bit rate and low latency in underwater media over the classical acoustical
communication systems [1]. UWOC systems are used in applications which need
high data transmission and high bandwidth, such as military, security harbor
inspections, underwater monitoring and surveillance sensor networks, autonomous
underwater vehicles (AUVS), remotely operated vehicles (ROVs) and sensor
networks [2-14]. The reason why the underwater wireless optical communication
(UWOC) system is more advantageous than the classical acoustic system because
acoustic and optical waves have different effects on underwater communication
performance.

Due to the optical wireless communication's higher bandwith, it can provide
higher data rates (up to hundreds of Mbps) [6,15-18] at low latency, whereas acoustic
waves propagate slowly and this causes low data bit rates [19,20] at high latencies.
Sound propagates in underwater at speed of approximately 1500 m/s so this causes
high latency at long-range [5] and propagation occurs over multiple paths. The
performance of acoustic communication is decreased by low bandwidth, high
transmission loss, noise, multi-path propagation, doppler spread, and high latency
[21-27]. Therefore, these limitations cannot support the use of bandwidth-hungry
underwater applications such as image and real-time video transmission. However,
since acoustic communication supports long-distance (up to kilometers) transmission
[11,28], there are several studies to improve the performance of acoustic
communication. [25,26,28,29]. Nevertheless, acoustic systems are susceptible to

malicious attacks due to their bad performance such as high delay, low bandwidth



and high bit error rate [30]. With underwater acoustic communication, it is possible
to reach tens of kbps data rate over long distances in kilometers and hundreds of kbps
data rate over short distances in meters [6]. However, some underwater vehicles,
observatories and sensor networks may require data rates of tens of Mbps or even
higher. The utilization of copper cables and fiber optics may provide to obtain high
data rates around Mbps but they require significant engineering [6]. On the other
hand, they have maintenance and installation issues. For these reasons, the best
alternative to achieve the high data rate, low latency, higher bandwidth and
overcome the difficulties of acoustic communication systems is UWOC. [5,7,31-33].
In addition, UWOC provides secure links and is economical due to low installation
costs. Besides all these advantages, the optical band is not involved in the
telecommunications regulations so it does not require payment of licensing [34-40].
However, UWOC is more efficient for short distances because characteristics of the
underwater medium cause the degradation of the optical wave so UWOC systems
can only be effective at short distances of one hundred meters.

Propagation of the optical signal in underwater is affected by mainly three
phenomena which are the absorbtion, scattering and oceanic turbulence [33,41-45].
Absorption and scattering result from the presence of sea water constituents, such as
dissolved salts, chlorophyll, suspended particles and water molecules [46-48]. These
two impairing effects cause power loss and deviation of light photons and highly
attenuate the received optical signal. As a result, optical signals cannot propagate
very far in underwater medium due to their decreased energy. In literature, the
attenuation coefficient is expressed as the sum of the effects the absorbtion
coefficient and scattering coefficient [49-51]. The water type is effective in changing
these parameters. According to dissolved substances and geographical location
(distance from ocean to shore), water has four different types. Namely, clear ocean
water, pure seawater, turbid harbor water, and coastal ocean water [52-56]. The most
suitable wavelength interval for UWOC systems to operate is from 450 nm to 550
nm which corresponds to the blue and green region of the visible light spectrum
because, this interval provides the relatively minimum attenuation.

Turbulence is another challenge that significantly degrades the performance
of the UWOC systems [57]. Changes in salinity, temperature, and density in ocean

water lead to fluctuations in the refractive index and this creates turbulence in
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underwater [58,59]. Nikishov and Nikishov introduced the power spectrum of
refractive index fluctuations in oceanic medium and they determined the contribution
of salinity and temperature fluctuations to the refractive index [60].

Many studies examined the effect of turbulence on various entities such as
normalized intensity, average intensity, average transmittance and the scintillation
index. By the Rytov method and the extended Huygens-Fresnel method average
intensity was obtained [61-67]. There are several studies investigating normalized
intensity and average intensity in the oceanic environment. For example, Flat-
Topped Vortex Hollow (FTVH) [68], evolution behaviour of Gaussian-Schell model
vortex beam [69], radial phase-locked partially coherent standard Hermite-Gaussian
beam [70], Lorentz beam [71,72,73], Lorentz Gaussian [74], rotating elliptical
Gaussian [75], partially coherent anomalous hollow vortex beam [76,77], radial
phase-locked multi-Gaussian Shell-model [78], partially coherent model beams [58],
phase-locked partially coherent radial flat-topped array laser [79], four-petal
Gaussian model [80], radially polarized twisted Gaussian-Schell model [81], random
electromagnetic multi-Gaussian Schell-model vortex beam [82], MxN Gaussian
array [83], hollow Gaussian beam [84], multi-Gaussian Schell-model hollow vortex
beams [85] and partially coherent flat-topped [67] beams are reported. Additionally,
the average intensity and beam quality were analyzed in oceanic turbulence [86,87].
The intensity has also been investigated in several mediums other than the ocean. In
turbulent atmospheric medium, the average intensity of cosine Gaussian [88], cosine-
hyperbolic Gaussian [89] and flattened Gaussian beams [90] have beeen studied.
Also, the intensity has also been involved in studies for turbulent biological tissues
[91,92].

The average transmittance is another factor that shows the effect of
turbulence [93,94]. In oceanic medium, by applying the transmitting probability of
signal vortex modes, the effect of oceanic turbulence on the transmittance of the
vortex modes carried by Mathieu-Gaussian beam [95], average transmittance for
partially coherent flat-topped beam [67], transmittance of a finite-energy frozen
beam [96], cos Gaussian and cosh-Gaussian beams [97] have been studied. Also, the
effect of anisotropy on the transmittance for multi-Gaussian beam [98], the average

transmittance in focused collimated laser beams [99] have been investigated.



Another difficulty in underwater turbulence which severely degrades the
received optical signal is the intensity fluctuation (scintillation). In clear ocean,
scintillations effects are generally more than absorption and scattering [100].
Scintillations have been evaluated for several beam types in oceanic medium. Some
of these are the optical spherical and plane waves [101], Gaussian beams [102,103],
partially coherent Gaussian [103], flat-topped beam [67], partially coherent flat-
topped laser beam [104], higher-order mode laser beam [105-108], multimode laser
beams [105], cross-beam [109], phase-locked partially coherent flat-topped array
laser beam [110]. Also, scintillations are examined for multiple-input single-output
optical links [111] and LED sources [112].

The other important phenomena studied in the underwater are the beam
wander [113-115] and beam spreading [113,114,116-119]. The optical beam
emanating from a transmitter propagates in vacuum and beam spreads when it
reaches the receiver. If the turbulence of the medium increases, the beam size
expands more. The beam spread is obtained when the beam size at the receiver in
free space is subtracted from the beam size at the receiver in turbulence [92]. Beam
spread can be investigated in a variety of turbulent environments such as the ocean,
atmosphere and biological tissue. In underwater turbulence, beam spread calculated
for various beam types such as Gaussian array beams [118], partially coherent flat-
topped beams [67] and propagation properties of partially coherent anomalous
hollow beams [76], Lorentz-Gauss vortex beam [119]. In atmospheric turbulence,
beam spread is investigated for partially coherent beams [120], Lorentz-Gauss
[121,122], elliptical Gaussian [123], partially coherent flattened Gaussian  beams
propagating through turbulence[124] and radial Gaussian array beams [125,126].
Morever, beam spread has recently been studied in biological tissues [91,92].

Several methods are utilized to reduce the damaging effects of turbulence on
the beam propagation and to improve the performance of wireless optical
communication. [104-106,127,128]. Some of these are the aperture averaging
[129,130], spatial diversity [111,131,132], use of partially coherent source [104,133],
beam shaping [105,109] and optical modulation [134-136]. The adaptive optics
correction is one of the most successful techniques to enhance the propagation of
beam and the performance of wireless optical communication. Adaptive optics

method was first introduced in astronomy and medicine, then are used also in free-
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space communication, remote sensing, directed energy and target recognition. By
using the adaptive optics method, turbulence-caused signal distortions such as the
scintillation and beam spread are reduced and the performance determining the
metric Bit Error Rate (BER) is increased, thus improving the performance of the
communication system. Adaptive optics method is addressed as a method to reduce
the signal degradation by many researchers and is employed in several turbulent
media. In this method, using deformable mirror to impose the opposite of the phase
disturbance induced by turbulence, the effects of turbulence can be reversed [137]. In
literature, applications of adaptive optics have been investigated in atmospheric
turbulence [135,138-148], in oceanic turbulence [149-154] and in turbulent
biological tissues [92]. The scintillation and BER performances were scrutinized
with adaptive optics [151-154].

In this study, it is aimed to increase underwater communication system
performance by examining the beam spread of Gaussian beam using adaptive optics
method. Filter functions of adaptive optics are introduced and the reduction of the
beam spread is evaluated. The beam spread are observed versus the ratio of
temperature to salinity contributions to the refractive index spectrum w, rate of

dissipation of mean squared temperature y., rate of dissipation of kinetic energy per

unit mass of fluid &, source size, receiving aperture diameter, link length and the
wavelength. The components of the adaptive optics method is applied to the beam
spread in the form of piston only (P only), tilt only (T only), focus only (F only),
astigmatism only (A only), and tilt+focus+astigmatism+piston (T+F+A+P). The
beam spread is examined by comparison with the corrected beam spread with and
without adaptive optical filter (no AOF) by focusing on the reduction in beam
spreads. If scintillation was observed, the effectiveness of adaptive optics refers to
the capability of adaptive optics to decrease the scintillation. If the BER was
evaluated, high BER performance shows us that adaptive optics (AO) is effective. In
this study, the performance success of the system has been interpreted by considering
how much reduction in beam spread through the adaptive optical filtering is
achieved. The wavelength has been chosen as 532 nm because blue—green region is
the least absorbed and scattered wavelength in underwater medium. MATLAB

program was used to demonstrate numerical results.



1.2. OBJECTIVES
The motivation for this research is to clarify how effective the adaptive optics
correction can be in improving underwater communication system performance and

how it will affect optical beam propagation.

1.3. THESIS OUTLINE

In Chapter 2, the propagation of optical beam is explained. Turbulence
formulation and effects of turbulence parameters are given. In Chapter 3, the beam
size and beam spread in the oceanic turbulent medium analyzed and their formulas
are given. In Chapter 4, the methodology of adaptive optics correction was explained
and its effect on beam spread was demonstrated with its formulas. Chapter 5 focuses
on showing the improvement in beam size and beam spread as a result of applying
adaptive optics filters with the included graphics. In addition, the graphs in Chapter 5
show the influence of underwater turbulence parameters on the beam size and beam
spread. Finally, this study was completed in the conclusion part of Chapter 6, with

the evaluations made according to the results obtained.



CHAPTER 2
LASER BEAM PROPAGATION THROUGH OCEAN

2.1. OCEANIC TURBULENCE

Optical propagation in a turbulent ocean is challenging due to chaotic oceanic
conditions. Turbulence is caused by the mobility and temperature of the liquid and
the inorganic particles and dissolved organic proportions. Underwater turbulence
causes the signal degradation and reduces wireless optical communication
performance. Salinity, temperature, and mobility are important factors leading to
turbulence. The salinity and temperature fluctuations cause to change the refractive
index of water and the random variation of the index of refraction defines the optical
turbulence. Also, variations of temperature and salinity determine the influence of
underwater turbulence. They cause the signal degradation during the signal
propagation in oceanic medium. Due to the complexity and chaotic conditions of the
oceanic environment, optical beam propagation is more difficult in ocean turbulence
than in atmospheric turbulence. Turbulence can be defined with three basic
assumptions: stationary, homogeneous and isotropic. In this thesis the power
spectrum of oceanic turbulence is homogeneous and isotropic. It contains diffusion
of salt and thermal diffusivity. According to this assumption, the power spectrum is

expressed as [60].
@, (1) =0.388x10°c 0 [ 1+ 2.35(x17)** (16, ) (2.1)
D, () =0.388Cw k[ 1+ 2.35(x7)™* |(w’e " + e — 20e ) (2.2)
where x is the spatial frequency, ¢ is the rate of dissipation of kinetic energy
per unit mass of fluid, » is the Kolmogorov micro scale length in m. Energy
transfers are an important cause of turbulence. ¢ determines the turbulent dissipation

which takes values in the range from 10" m?/s’to 10™ m?/s®*. When ¢ is small,

ocean turbulence is strong, when ¢ is large, ocean turbulence is weak. y; is the rate



of dissipation of the mean-squared temperature in K”/s. Temperature provides
information about the existence and movement of turbulent motion, relation to heat

energy, density and its spatial variation. Values of y, vary in the ocean in the range

from 10" K*/s to 107° K*/s. Larger y, value causes stronger turbulence and
smaller y, value reflects weak turbulence.  is the ratio of temperature and salinity
contributions to the refractive index spectrum. It is a unitless parameter and takes
values in the from -5 to O in underwater. If » approaches -5, temperature-induced
optical turbulence is dominant, and if » approaches 0, salinity-induced optical
turbulence is dominant. Temperature-induced optical turbulence is less effective than

the salinity-induced optical turbulence. A, =1.863x107, A, =1.9x107",

A, =9.41x107% are constants and & =8.284(x7)"* +12.978(xn)’.

2.2. GAUSSIAN BEAM WAVE
Gaussian beam can be defined as the solution of the paraxial Helmholtz
equation. The lowest-order transverse electro-magnetic (TEM) Gaussian-beam wave

is also called a TEM,, wave. The output from the ideal coherent laser source is

assumed to be a Gaussian field profile and it corresponds to transverse

electromagnetic field (TEM,, mode). Gaussian beam wave function at the transverse

plane z = 0, also called the source plane, is given by

u(s,2=0) = Aexp(—kals’), (2.3)
where
1
“T ket 2F @4

A is the wavelength in m , k= 27/ is the wavenumber in m™, «_ is the

source size in m, a is the complex parameter and it is related to the phase front

radius of curvature and source size, r is the transverse coordinate at the receiver,

s=(sx,sy) is transverse source coordinates A is the field amplitude in (W/m?)"?

and F is the radius of curvature in m and also called as the focal length or phase

front of curvature.



2.3. EXTENDED HUYGENS FRESNEL PRINCIPLE

In turbulent medium, laser beam field spreads and the extended Huygens-
Fresnel principle is used to obtain the theoretical results of beam spread and beam
size. The extended Huygens Fresnel principle is defined in Eq. (2.5) and it is a
solution of the paraxial wave equation (in other words the parabolic equation). The
extended Huygens Fresnel principle leads to obtain the optical field (also called as

the beam footprint) in the receiver plane at a distance L from the source in a

turbulent medium. The optical field u(r, L) is perpendicular to the propagation axis
at z=L km and is calculated with Huygens Fresnel integral as follows [63].

u(r, L) :% T ]3 d’su(s,z=0) exp(%b—rfjexp[«y(s,r)], (2.5)

where L is the path length, i=+-1, z=L denotes the propagation axis,

u(s, z :0) is the optical wave at the source plane and u(r, L) is the optical field at

the receiver plane,  (s,r) is the solution to Rytov method representing random part

of the complex phase of a spherical wave propagating in the turbulence from the

source point (s,z=0) to the receiver point (r,L), s :(sx,sy) is transverse source

coordinates and r :(rx, ry) is transverse receiver coordinates. It should be noted that

Eqg. (2.5) is utilized in the determination of many significant evaluations such as
average intensity, mean field, scintillation, aperture averaging factor and <BER>. r

coordinate at the receiver plane is transverse to the propagation axis.

2.4. BEAM INTENSITY AT RECEIVER PLANE IN UNDERWATER
The beam intensity at the receiver plane generated by the laser beam
propagating in a turbulent environment is given by
I(r,L)=u(r,L)u"(r,L) (2.6)
where * is the complex conjugate, thus u*(r, L) is the conjugate of the field.

Beam intensity is calculated by applying the extended Huygens Fresnel method.
Using Eq. (2.5) and Eq. (2.6), instantaneous intensity at the receiver plane is found to
be



I(r,L)= (}tlL)Z :]O _]:dzsl T T d’s,u(s,,z=0)u’(s,,z= O)exp(gbl - r|2)

00 —00 —00

x exp(—%bz - r|2jexp[:,y(sl, r)Jexp[ v (s.1) ], 27)
where
u(s,,z=0)u’(s,,z=0)= Aexp(—ka|sl|2)ur (s,,z=0)A" exp(—koc* |52|2)
= |A|2exp(—ka|sl|2)exp(—ka*|sz|2)
= | A" exp(—kas,[" Jexp(~kals,["). (2.8)

According to Eqg. (2.7) and Eq. (2.8), the instantaneous intensity is

I(r,L)= (/IlL)Z _]3 T dzsl_T _]O d’s, |Af exp(—ka|sl|2)exp(—ka* |Sz|2)

x exp(%h : rijXp(—%kz - r|2)exp[9”(sv Nlewelv' (0] @9

2.4.1. Average Intensity at the Receiver

The average intensity can be expressed as
(H(r, L)y =Cu(r, L)u(r, L)). (2.10)
This equation also corresponds to the MCF or second order moment and the
receiver coordinate is taken as r, =r, =r (identical observation points). Here ()
represents the ensemble average over the turbulence statistics. The ensemble average

is also called the mean or the expected value of the random process. Inserting Eq.

(2.9) into Eq. (2.10), the average intensity becomes
1 YT o 2 B 2 ot P
(qr, L)>_(M)2 [ [ ds ] [ o', |Af exp(—kals,[*|exp(—ka s, [)

—00 —00 —00 —00

><exp(£|s -r|2jexp(—K|s —r|2j
2L 2L"?

x (exp| v (s, r)}exp[z//* (s,, r)]). (2.11)

The term <exp|[y (s,,r) |exp[y"(s,.r) |> denotes the turbulence effect on

the average intensity. Ensemble averaging over the turbulence statistics [69,158]
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<exp[y (s,,r)]exp[w’(s,.r) |>=exp {—% D, (s..5, )}

2
= exp[—w], (2.12)
Po

where D, (s,,s,) is the wave structure function, p, is the coherence length
of a spherical wave propagating in the turbulent medium. In oceanic medium p, is

known which is defined in Eq. (4.5) within the context of adaptive optics.
Inserting Eq. (2.12) in Eq. (2.11), the average intensity becomes

(I (r, L)>=(ﬂ )Z_L_Ldzslf Idzs A’ exp( kals,| )exp( —ka'[s,[* )

—00 —00

ik ik S, —S
xexp(zbl - r|2jexp(—z|sz —rﬂexp{—%} (2.13)

0

Expanding transverse coordinates into its components,

((r,L) =

(/IL 2 I _[dslxdsly J' J'dSZde2y |A| exp( kaslx)exp( kasly)

—00 —00 —00 —00

xexp(—ka's3, )exp(—ka’s;, )
{—_pig[@lx ols, )|

xexp{l—ll(_[(slx 2}}
{ i )}} (2.14)

Rearranging

(I(r,L)= (L .[ Idslxdsly_[ j ds,,ds,, |A exp( kaslx)exp( —kas!, )

—00 —00 —00 —00

xexp(—ka*szzx)exp(—ka*szzy)exp{—%(gfx_231X32X+322X+5 —25,,S,,+55 )}

1y*“2y
0

1y'y

xeprl(_( — 28, L+ 1] +80, =25 [, +T )}

ik
xexp{—ZL( — 28, 1 + 1 452, =25, 1, +1] )} (2.15)

11



Applying of the integration from Ref. [157]
fdxexp X Fagx = w0/t exp[qzl at° } t >0 2.16

Expressing the part of Eq. (2.11) for s, as

1 ik 2 ik
t'12x = ka+_2__’ O =7 S ——0
p, 2L o L
Eq. (2.11) is converted to

o0

((r L) = ﬁ(no-s It,) [ 05, [ [ ds,ds,, |Af exp| a2,/ (4t%) | exp(—kas? )

—00 —00

xexp(—ka's}, )exp(—ka's}, Jexp {—iz(sﬁx +5,-25,,8,, +55, )}

0
X eXp K(r2+sf —2s,1,+17)
ZL X y y'y y
xexp[—;—t(ij — 28, I + 10 +S5, — 25,1, + ryz)}. (2.17)

Substituting q,, in Eq. (2.17)

1 T T 2 ik T
q (r, L)> > )2 7 /tlx):[odsly J. J. dstdS’2y|A|2 exp{|:p_552x _Irrx:| /(4t12><)

—00 —00

x exp(—kasy, ) exp (—ka*SZZX )EXIO (_ka*sgy )

y

(
(
x exp{_iz(szzx +57, =25, + szzy)}
xexp[%(“ +8! 28,1, + rf)}
2y'y

xexp[—g(sgx =28, 1 4S5, = 25,1, + ryz)}, (2.18)

By expanding the Eq.(2.18), Eq.(2.19) is obtained.
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—o0 —00 1x 100

2
1 R T 1(1 ik 1 k?
(I(r, L)>:(/1L) ( 0'5/'[1X J'dslyj J'dSZdezy|A|2exp{E(p—gJ sﬁx—ﬁ—zsyrx—mrf}
x exp(—kas? )exp( ka*szzx)exp(—ka*sgy)

po

xXexp 1y ly

xexp{ 1 sZX+s Zslyszy+s§y)}
{ 2+l =251+, )}

X X {—Z(SZX 28,0 + 17 +57, =25, 1, +1] )} (2.19)
For s, , defining

L1 ik 1 1 ? ik ik 1
_2 ox = r and mtegratlng over SZX
O

t;, =ka + — =—r —
2X 2L tix L t1x

((r,L)= (7% 1t,)(2°° 1)

1
(4L)
0 o 2
x exp[qjX /(4t§x)] j ds,, j ds,, |A exp {—ﬁ rxz}
—0 —o0 1x

pl ( ~25,5,, +52 )}

2
0

xexp(—kast, Jexp(—kec's?, )exp{_
x exp[%(rx2 +S7, = 28,1, +T, )}exp{—%(rf +55, — 28,1, + T, )} (2.20)

Since the integration for y components of the integral is exactly the same as
the integration for x components, except ry is replaced by ry , when integrated over

Siy and Sy Eq. (2.20) becomes

((r,L)= A7 | exp(025q2X/t2X)
(AL)'E,
2 42 S S
xexp(0.25q2y/t2y)exp —WrX exp oy i, (2.21)
1 ik 1 ik 1(1)
where, t =ti=ka+5—-—, t}=t;=ki'+=S+——|5|, and
po 2L po 2Lt \py

q _Kr_lk lr
2y Ly tfprgy
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t; and t;, can be denoted as t , t?, and t;, as t;.

th =t =t = ka+i2—£, ty =t;, =t; = ka*+i2 LSS 21 -
Py 2L Py 2L tp
The conjugate of Eq. (2.4) is
* 1 i
= -— 2.22
“ T oka? 2F (2.22)
Focal length is set to F — oo (collimated beam) so,
. 1
—o = 2.23
*= 2ka? (2.23)
were, ¢ =L o o L) Lk 3
2ka, y 2L 2ka; ) py 2L tp,
o M k1 ik k1
PO LY tLpr
Finally, Eq. (2.24) is found to be
2 2 2
_ |AP 72 q2x+q2 k 2 2
(I(r,L)) = o exp( 0 yJexp(—W(rX +ry)j (2.24)
Substituting t7, t;, d,, and q,, in Eq.(2.24) and showing in the complete
form
22 |A|2 7k2(ka+k(z*)(rf+ry2)
(L) == exp (2.25)
1ok )L 1k 1 U T L PO 1
(ka‘pé ZLJk P 2L [kwéf%w 4L[k % ZLJk 2L [k %f%]pg
_ s 1A K ka5 417
<| (r, L)> - (/“_)2 [ka+%,£][ka‘+iz+i],[i4] exp 4L2[ka+%7£][ka'+%+K]f[i4] (226)
2L po 2L) \ ;g P 2L po 2L) \ ;g
L(r.L)) = = A2 7kz[7flz$+fi§](r*2”yz) 2.27
(I, )>_(/1L)2[l=1 ik][l}l‘ik][l]e)(p 4L2{1=1 ik][l}l}ik}[i} (2.27)
22 p5 2L\ 262 pf 2L) \ pg L 2dd A 2L f2d pf 2L) (g
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t, =

To see Eq. (2.27) more clearly, defining

k? .
2yl7 y1=i2,xl=ab—c and a:iz_piz_i
4L, s 20 p; 2L

then the average intensity was obtained

<| (r! L)> -

which is

7[2
(M_)z ab —C

((r L) == e

and finally
(I(r,L)) =

-
GL? X

kyl(x y)
e pl: 41%(ab—c) i|

—kzyl(rxz+rf)

exp[ (2 + ryz)]
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CHAPTER 3

BEAM SIZE AND BEAM SPREAD

3.1. METHODOLOGY OF THE BEAM SIZE AND BEAM SPREAD

In this thesis, the effect of adaptive optic filters on the beam size and the
beam spread has been studied. The main purpose of this thesis is to obtain beam
spread and the beam size values for each adaptive optics filtered and unfiltered cases
and to demonstrate the beneficial effect of AOF method in communication systems.
This part starts with Carter’s formula that provides the definition of the beam size in

the r direction.

The beam size or the effective beam spot was expressed through Carter’s

formula as [68]

.l‘fw.'.,w< | (I’X ,ry ’L)>dr><dl’y

o, = ZJ‘:J.ierU(I‘x,ry,L))erdry — é (3 2)
xL .[:J.;(I (rry,L)ydr,dr, B ) .

where (I(r,r,,L))is the average intensity and r,and r, is the transverse

2[7 [ e2q1(r, ., Lyydrdr,
Oy =J J'zzj'z:’ ", (3.1)

coordinate at the receiver. When the variable is changed to solve in two parts, Eq.
(3.1) can be written as Eq. (3.2) by defining A and B as

A=2[" " r2(1(r,1,,Ldrdr, (3.3)

B= jijiu (r,,1,,L))drdr, (3.4)

Using Eq. (2.30), Eg. (3.3) and Eq. (3.4) are converted to Eq. (3.5) and Eq.
(3.6), respectively as

A=2 2 1E LO ~ rzdrdr, exp[—tl( )} (3.5)
(ALZ)Z le I I dr,dr, EXp[_ti( )] (3.6)
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With the application of the integration from Ref. [157], the integrals for B

and second part of the integral for A can be solved. Applying the integral in [157] to
the second integral of A and both integrals of B.

.T exp(—tlrx2 + qrx)drX and 'T exp(—tlry2 + qry)dry = exp(ﬂ—;)i}%,
q:O:%—)tl>0 (3.7)

Also the other integration is the first integral of A in Eq. (3.5) which is

T .2 exp(~t,r7 +qr, )dr,. (3.8)

To solve Eqg. (3.8) we apply Ryzhik [157] and obtain

szexp(—yx2+2vx)dx=ﬁ §(1+2%)exp( 2),

v
P

v=0=> I X exp(—,uxz)dx 4 2%,\/%

= o J (3.9)

If A and B are inserted in Eq. (3.2), the beam size throughout the propagation
axis is obtained to be

i f (3.10)

To observe the beam spread that shows the turbulence effect on the beam

size, beam size in the absence of turbulence (i.e., free space) is subtracted from the
beam size in the presence of turbulence, which is expressed as

Ay =0y o (Z = L)—()‘XL_fs (Z = L), (3.11)

When beam size in r, direction at receiver plane after the beam propagates in
underwater turbulent medium it is expressed as o, ,.(z=L), and when beam size
in r_ direction at receiver plane after the beam propagates in the absence of

turbulence (namely in free space) it is expressed as o, (Z = L).
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CHAPTER 4
ADAPTIVE OPTICS CORRECTIONS

4.1. METHODOLOGY OF THE ADAPTIVE OPTICS CORRECTIONS

AO corrections were applied to mitigate the detrimental effects of turbulence
on light beam propagation. There are a variety of different designs of AO systems,
but they all have similar logic to reduce the detrimental effect of turbulence. In this
thesis, useful effects of the AO method on the system were investigated. Adaptive
optics corrections such as piston, focus, tilt, astigmatism impacts, and the sum of
they are analyzed against the underwater turbulence parameters for different
wavelengths, link lengths and source sizes. AO techniques are among the best
methods to reduce the turbulence-caused optical degradation of the beam [149].

The adaptive optics filter function is used in adaptive optics method
[155,156].

1—%5 (x,D,0) (4.1)

where F,(x,D,6) is the filter function consisting of sinusoidal functions and

Bessel. It was expressed for m=0 by

2
Foan(,D.0)= (14| 22 O5D) @2)
for even m by
23,.,(05«D) T
n+. oK
Fr_evenn (K D,8)=2(n +1){ 01.5/<D } cos’(md), (4.3)
and for odd m by
2J,.(05«D) |
Fmodd,n(’f’D’H):Z(n”){%l_(S—,;;} sin?(m@) (4.4)
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where x = (x,60) is the spatial frequency vector in polar coordinates and
k = |k | represents the amplitude of the spatial frequency, D is the receiver aperture
diameter, J is the Bessel function of the first kind and. (m=0, n=0), (m=1, n=1),
(m=2, n=2) and (m=0, n=2) denote the piston, tilt, astigmatism and focus (defocus),
respectively. In Eq. (4.1), N represents the number of correction terms taken in the
overall AO correction. N = 1 is expressed when only the tilt component or only the
piston component is used, N = 2 when both the piston and tilt components are used,
and N = 3 when the piston, tilt, and astigmatism components are used. p, is the
spatial coherence length of a spherical wave propagating in the turbulent medium

and p, in Eqg. (2.12) when & integration is executed, is expressed as [158]
1 - -0.5
2o ={§7z2kZZIK3CDn(K)dK} . (4.5)
0
In polar coordinates Eq. (4.5) is expressed as
l 21,2 T 3 .
po=|57 k z”x @, (K)dOd i (4.6)
00

is found with numerical integration using MATLAB. Kappa integral is from

. ; 2 2 ,
zero to infinity but we took it from T _to —“~ because outer scale is 25 m and

25m 1 mm

the inner scale is 1 mm.
When adaptive optics is not considerd, the coherence length of the

underwater medium is given as [158]

" -05

X
0, = | 3.603x107k?z (877;—2T(0.483a)2 ~0.8350+3.38) (4.7)
w

To find the coherence length in Eq. (4.6), spectrum of the oceanic turbulence

should be rearrangered according to the applied AO corrections. @, (x) given in Eq.

(2.2) is modified by the adaptive optics filter function given by Eq. (4.1) to obtain the

modified spectrum of the oceanic turbulence to be

@, (x) =0.388C7 0 'k [ 1+ 2.35(xn)""* | (e A + e — 2007 ")

{1_2  (.D.0) }} (48)
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Eq. (4.8) is used in Eq. (4.6) to find p, which in turn is employed in Eq.
(3.10) and Eq. (3.11) to find the beam spread.
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CHAPTER 5

NUMERICAL RESULTS

In Figure 1, the graphs show the beam size with no adaptive optics, only
focus corrected (F only), only astigmatism corrected (A only), only tilt corrected (T
only), only piston corrected (P only), and the sum of tilt, focus, astigmatism and

piston corrected (T+F+A+P). When y, increases, effects of oceanic turbulence
increase. This increase in turbulence strength makes the beam size bigger. It is also
depicted from Figure 1 that for all y., the beam size is the largest for with no AO,

and the beam size becomes smaller is for A only, F only (the same as A only), T

only, P only and it gets the smallest for the sum of corrections (T+F+A+P).

0.07 T T T T T T T T
——No Adapt. Opt.
——T Only
0.06-| ——F Only
——AOnly
—=—P Only
T+F+A+P

Beam Size
o
Q

0.03

0.02 .

t I I I I I I I I
0'011 2 3 4 5 6 7 8 9 10

pa (K2 /s) x 10

Figure 1: The beam size against y. at various adaptive optics and with no adaptive optics.

It is seen in Figure 2 that if @ is close to zero (i.e. salinity-based turbulence),
the effect of the turbulence increases and the beam size increases. Also, for a fixed
, the beam size at the receiver plane is the smallest when the sum of all the

corrections is applied.
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0.16

——No Adapt. Opt.
0.14; ~ TOnly
—F Only
A Only
|-=—P Only
T+F+A+P

o
[EEN
N

Beam Size (m)
o
H

0.08 |
0.06- .
0'96.3 -0.25 -0.2 -0.15 -0.1
«
Figure 2: The The beam size against «» at various adaptive optics and with no adaptive
optics.

Figure 3 has the opposite trend when compared to Figure 1 and Figure 2.
Namely, as ¢ increases, the beam size decreases. As ¢ increases, the strength of the
oceanic turbulence decreases. In terms of applying AOF, the same trend as in Figures
1 and 3 is observed. It is also seen from Figure 3 that when ¢ is kept at a fixed value,
the beam size is the largest for without AO correction, and the value of the beam size
becoming smaller is for A only, F only (the same as A only), T only, P only and the

smallest beam size value is obtained for the sum of all corrections (T+F+A+P ).

0.065 L L |
——No Adapt. Opt.
0.06 e
i ——F Only
——AOnly
0.0551
—=—P Only
g | T+F+A+P
N ’
o . .
(9p]
= 0.041 |
8
3 0.035 E*ﬂ |
— "Ef”w"w”"E,,,,,,
I = —_— 4
0.03F- I
0.0251 ?
[ : [ [ [
0.02l 2 3 ! i 6

£ (M?Is) x10
Figure 3: The beam size against ¢ at various adaptive optics and with no adaptive optics.
In Figure 4, we can make the same inferences as in Figure 2. It can be seen

that as the » value increases, the beam size becomes larger and the sum of the AOF
22



decreases the beam size. Figure 4 also shows that at fixed y, value, as @ increases
the difference between the beam size values for the sum of the adaptive optical filters
and without adaptive optical correction become larger. Also in Figure 4, the
difference between the beam size for adaptive optics and the beam size for the

correction sum increases as y, increases.

0.2

——NoAOF w=-0.3

—-—NoOAOF w=-0.1
0.154 “ T+F+A+P ©=-0.3 e |
- T+F+A+P 0=-0.1

Beam Size (m)
o
=
T
1

0.05" — )

1 2 3 4 5 6 7 8 9 10
e (K%Is) x10°

Figure 4: The beam size against y, at various « that use adaptive optics and use with no
adaptive optics.

Figure 5 shows that as the source size increases, beam size increases. Also, it

can be said that the turbulence effect increases when y. increases and the adaptive
optics correction becomes more effective for large y, value. If we compare the

curves without AO correction with the curves with the sum of the AO correction for

a,= 0.01 and for «,= 0.15, we can deduce that adaptive optics correction is more

effective at small a, values.
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0.2 L ' t T T T T T

0.150——— o o — .
——No AOF as =0.01m

—-—No AOF as =0.15m
—o T+F+A+P ¢ =0.01m
— T+F+A+P aS =0.15m

Beam Size (m)
o
T

0.05f . i
e

0 [ : p ! L I I I
1 2 3 4 5 6 7 ) 9 10
s (KZ/S) x10°

Figure 5: The beam size against y at various o, values that use adaptive optics and use
with no adaptive optics.

Figure 6 trend is similar to Figure 5 because as y; and « increase, beam size
value increases. As in Figure 5, the difference between without adaptive optics curve
and sum of adaptive optics curve for a,= 0.01 is greater than the difference for o, =
0.15 in Figure 6, so it can be deduced that the effectiveness of adaptive optics
correction increases as «, decreases. Another inference is that with increasing
salinity, in other words, with more turbulence, the effect of the adaptive optical filter

increases.

0.22 T T T I T T T T T

0.2+ : f

0141 NoAOF 4 =0.01m
——No AOF aS:0,15m
||~ T+F+A+P o =0.01m
— T+F+A+P a = 0.15m

Beam Size (m)

0.08
0.06

e
0% f [ [ [
-0.3 -0.28 -0.26 -0.24 -0.22 -0.2 -0.18 -0.16 -0.14 -0.12 01
w

Figure 6: The beam size against @ at various a, values that use adaptive optics and use
with no adaptive optics.
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Since the turbulence strength and & are inversely proportional, the increase in

& causes the beam size to decrease, so the curves in Figure 7 show the opposite

trend of the curves in Figures 5 and 6. The adaptive optics filter can show its effect

more when turbulence strength is high, so the effect of the filter increases with

decreasing & in Figure 7. The common deduction of Figures 5-7 is that with

decreasing «,, beam size decreases, and for small «, the sum adaptive optics filter

becomes more effective.

0.2 T T T T T

0.15- -

Beam Size (m)
o
o

—+NOAOF ¢ =0.01m
~NOAOF ¢ =0.15m
— T+F+A+P a = 0.01m
— T+F+A+P a, = 0.15m

\77
0.05 e
0] I I I I L L ! :
1 2 3 4 5 6 7 8 9 10
e (M?is) x10™"

Figure 7: The beam size against & at various o, values that use adaptive optics and use
with no adaptive optics.

Figure 8 shows that the beam size against y, at various receiver aperture

diameter values that use T+F+A+P and use with no adaptive optics. Figure 8 shows

that for a fixed D, larger y, results in larger beam size. Figure 8 shows that at any

x7,» Smaller receiver aperture diameter ends up with smaller beam size and

T+F+A+P correction at smaller receiver diameter is more effective for all value of

At
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Figure 8: The beam size against y, at various D values that use adaptive optics and use

with no adaptive optics.

Figure 9 reflects the beam size at T+F+A+P AO correction against « at

various D values. Figure 9 shows that for all the D values, larger » causes larger

beam size. Another result is that for a constant @, smaller D value yields smaller

beam size and T+F+A+P correction at smaller receiver diameter is most effective.

0.16

© ©

= =

N H
T

Beam Size (m)
o
[E=Y

o
o
©

0061

——No AOF
—No AOF

~T+F+A+P D=0.03m
— T+F+A+P D=0.50 m

D=0.03m 3
D=0.50m A

0.06;

3

[ [ [
-0.25 -0.2 -0.15 -0.1
1)

Figure 9: The beam size against @ at various D values that use adaptive optics and use

with no adaptive optics.

Figure 10 shows the beam size using without and using with no adaptive

optics against ¢ for various D values. It is seen that for any D, smaller & yields
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larger beam size and T+F+A+P correction for smaller D is most effective at every ¢

value.
0.065 T T T T T T T T
: —NoAOF D=0.03m
0.061 ~NoAOF D=0.50m|
' —~ T+F+A+P D=0.03m
s - T+F+A+P D=0.50m
o 0.055F
N
0
£ 0.05
QO
m
0.045-
0.04) 2 3 4 5 6 7 8 9 10

£ (m?/s®) x 100
Figure 10: The beam size against & at various D values that use adaptive optics and use
with no adaptive optics.

Figure 11 shows the beam size at T+F+A+P adaptive optics correction versus

x; for different inner scale of the turbulence in oceanic turbulence. Increasing y,
causes an increase in the beam size value. In Figure 11, it is observed that at any .,

larger inner scale yields a decrease in the beam size, so it can be deduced that the
effect of T+F+A+P correction increases with the increase of the inner scale value.

0.07

T

—~NOAOF 7=0.001m
0.06/ = NoAOF 7=0.010m
< T+F+A+P 7=0.001m
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o
o
a

Beam Size (m)
o
o
N

o
o
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0'011 2 3 4 5 6 7 8 9 10

27 (K%s) x 10
Figure 11: The beam size against y at various inner scale values that use adaptive optics
and use with no adaptive optics.
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In can be seen in Figure 12 that T+F+A+P correction is more effective for

larger inner scale value. Also, with increasing «, beam size increases and the

effectiveness of T+F+A+P correction also increases.
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The beam size against @ at various inner scale values that use adaptive optics

and use with no adaptive optics.
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Figure 13 shows the beam size at T+F+A+P AO correction against ¢ at

various inner scale values. The observation is that smaller & causes the beam size to

increase. Figure 13 also shows that at any ¢, larger inner scale value yields a

decrease in the beam size so it can be deduced that the effect of T+F+A+P correction

increases with the increase of the inner scale value.
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Figure 13: The beam size against ¢ at various inner scale values that use adaptive optics

and use with no adaptive optics.
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Figure 14 is shows the beam size using without and with AO correction

against y, at various link length values. Also, for all y, values, larger link length
results in larger beam size, namely at a fixed y,, the AO corrected beam size value

is also larger at larger link lengths. Other result in Figure 14 is that the reduction

percentages of the beam sizes at various link lengths are the same at all y,. The

reduction of the beam size is larger at the larger link length.
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Figure 14: The beam size against y. at various link lengths that use adaptive optics and use
with no adaptive optics.

Figure 15 shows the beam size at T+F+A+P adaptive optics correction versus
o for various link lengths. Increasing o causes an increase in the beam size value.
In Figure 15, it is observed that at any o, larger link length yields an increase in the
beam size so it can be deduced that the effect of T+F+A+P correction increases with

increasing the link length.
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Figure 15: The beam size against @ at various link lengths that use adaptive optics and use
with no adaptive optics.

The adaptive optics filter can show its effect more when turbulence is high, so
the effect of the filter increases with decreasing & in Figure 16. The common
deduction of Figures 14-16 is that with increasing link length, beam size increases.

Also, for larger link length, the sum adaptive optics filter becomes more effective.
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Figure 16: The beam size against & at various link lengths that use adaptive optics and use
with no adaptive optics.

Figure 17 shows that as y, increases, beam size increases, and beam size

value can be reduced with adaptive optical filter, whatever the value of wavelength
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is. For a fixed y., array beam with larger wavelengths expands but both in the case

of no AOF and in the case of T+F+A+P the wavelength effect is negligible.
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Figure 17: The beam size against y. at various wavelengths that use adaptive optics and
use with no adaptive optics.

Figure 18 shows that as o increases, beam size increases and the beam size
value can be reduced with adaptive optical filter, whatever the value of wavelength
is. In Figure 18, larger beam sizes are observed at the larger wavelength. The change

in wavelength had a slight effect on the beam size.
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Figure 18: The beam size against @ at various wavelengths that use adaptive optics and use
with no adaptive optics.
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In Figure 19, beam size increases with decreasing ¢ value and adaptive
optical filter decreases the beam size. Larger wavelength results in larger beam size,
but the curves in Figure 17-19 are not indicating this very clearly because for fixed
&, wavelength effect is slight and difference is very small. Also, Figure 17-19 reveal
that the reductions of the beam sizes with adaptive optics filter at different

wavelengths are almost the same value for any y,, @ and & values.
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Figure 19: The beam size against ¢ at various wavelengths that use adaptive optics and use
with no adaptive optics.

The beam spread is given in Eq. (3.11). Beam spread is expressed as the
difference between the beam size at the receiver for turbulent medium and free space
medium.

In Figures 20-23, beam spread due to oceanic turbulence is observed against
xr,» o and ¢ at various AO corrections. In Figure 20, with the increase of y,
temperature field includes large deviations from the mean square temperature so the
effects of oceanic turbulence increase and the beam spread increases.

In Figure 20, the graphs indicate the beam spread with no adaptive optics,
only tilt corrected (T only), only focus corrected (F only), only astigmatism corrected
(A only), only piston corrected (P only) and the sum of tilt, focus, astigmatism and
piston corrected (T+F+A+P). If y, becomes larger, the beam spread also increases.

It is depicted from Figure 20 that for all y,, the beam spread is the largest value for

with no AO method, and the beam spread is getting smaller respectively, for A only,
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F only (the same as A only), T only, P only and for the sum of corrections
(T+F+A+P).
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Figure 20: The beam spread against y, at various adaptive optics and with no adaptive
optics.

It can be seen in Figures 21-23 that increasing y;, ® and decreasing ¢

increase the strength of the ocean turbulence and this causes an increase in the beam
spreading. In Figure 21, it can be seen that as o increases, the beam spread increases
for both without AOF and for each filter. Also, the sum of corrections is most

effective in reducing the beam spread.
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Figure 21: The beam spread against o at various adaptive optics and with no adaptive

optics.
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In Figure 22, if & becomes larger, the beam spread decreases. It is depicted
from Figure 22 that for all &, the beam spread is the largest for without AO
correction, and the sequence of the beam spread the beam spread is getting smaller
respectively, for A only, F only (the same as A only), T only, P only and for the sum
of corrections (T+F+A+P).
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Figure 22: The beam spread against ¢ at various adaptive optics and with no adaptive

optics.

In Figure 23, when the graphs are examined for any y, value, it is seen that

the beam spread increases as the salinity increases. In addition, the effectiveness of

AOF increases with the increase in salinity.
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Figure 23: The beam spread against y, atvarious « that use adaptive optics and use with
no adaptive optics.

Figure 24 shows that as the source size increases, beam spread increases.

Also, it can be said that the turbulence strength increases when y, becomes larger

and the effect of adaptive optics correction increases. If we compare the without AO

corrected with the sum of the AO corrected curves for a, = 0.01 and for o, = 0.15, we

can deduce that adaptive optics correction is more effective at small «, values.
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Figure 24: The beam spread against y, at various ag values that use adaptive optics and
use with no adaptive optics.
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Figure 25 trend is similar to Figure 24 because as y, and « increase, beam

spread value increases. As in Figure 24, the difference between no adaptive optics

corrected curve and sum of adaptive optics corrected curve for o, = 0.01 is greater
than the difference for «,= 0.15 in Figure 25, so it can be deduced that the

effectiveness of adaptive optics correction increases as o, decreases.
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Figure 25: The beam spread against « at various o, values that use adaptive optics and use
with no adaptive optics.

The effect of turbulence and & are inversely proportional so increase in &
causes the beam spread to decrease. The curves in Figure 26 show the opposite trend
of the curves in Figures 24 and 25. The adaptive optics filter can show its effect more
when turbulence strength is high, so the effect of the filter increases with decreasing
¢ in Figure 26. The common deduction of Figures 24-26 is that with decreasing o,

beam size decreases, and for small «, the sum adaptive optics filter becomes more

effective.
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Figure 26: The beam spread against ¢ at various a, values that use adaptive optics and use

with no adaptive optics.

Figure 27 shows that the beam spread at T+F+A+P against y, at various D.

Figure 27 shows that for a fixed receiver aperture diameter, larger y, causes the

larger beam spread. Figure 27 also exhibits that for a constant y,, smaller D results

in smaller beam spread, namely T+F+A+P for smaller D is most effective at all y,

values.
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Figure 27: The beam spread against y, at various D values that use adaptive optics and

use with no adaptive optics.
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Figure 28 reflects the beam spread against «» at various D values that use
T+F+A+P and use with no adaptive optics. Figure 28 shows that at all D values,
larger @ results in larger beam spread. If wis fixed, smaller receiver aperture
diameter yields smaller beam spread and T+F+A+P correction at smaller D value is

more effective.
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Figure 28: The beam spread against @ at various D values that use adaptive optics and use
with no adaptive optics.

Figure 29 shows the beam spread against & at various D values that use
T+F+A+P and use with no adaptive optics.. Figure 29 shows that for a fixed D,
smaller & yields larger beam size and T+F+A+P correction at smaller D is most

effective, for every ¢.
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Figure 29: The beam spread against ¢ at various D values that use adaptive optics and use
with no adaptive optics..

Figure 30 shows the beam spread at T+F+A+P adaptive optics correction

versus y, for different inner scale of the turbulence in oceanic turbulence. Increasing
x+ leads to increase in the beam size value. In Figure 30, it is observed that at any
X+, larger inner scale yields a decrease in the beam spread so it can be deduced that

the effect of T+F+A+P correction increases with the increase of the inner scale value.
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Figure 30: The beam spread against y, at various inner scale values that use adaptive optics
and use with no adaptive optics.
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In Figure 31, T+F+A+P correction is more effective for larger inner scale
value. Also, with increasing «, beam spread increases and the effectiveness of

T+F+A+P correction also increases.
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Figure 31: The beam spread against @ at various inner scale values that use adaptive
optics and use with no adaptive optics.

Figure 32 shows the beam size at T+F+A+P correction against & at various
inner scale values of oceanic turbulence. The observation is that smaller & causes the
beam spread to increase. Figure 32 also shows that at any ¢, larger inner scale value
yields a decrease in the beam spread so it can be deduced that the effect of T+F+A+P

correction increases with the increase of the inner scale value.
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Figure 32: The beam spread against ¢ at various inner scale values that use adaptive optics
and use with no adaptive optics.

Figure 33 exhibits the effectiveness of the AO method against y, at various

link lengths. For all y, values, larger link length results in larger beam spread which

means that at a fixed y,, the value of the beam spread that use adaptive optics is also

larger for larger link lengths. Other observation is that the reduction percentages of

the beam spread at several link lengths show the same value at all .. The reduction

of the beam spread is larger for the larger link length.
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Figure 33: The beam spread against y, at various link lengths that use adaptive optics and

use with no adaptive optics.

Figure 34 shows the beam spread at T+F+A+P adaptive optics correction

versus o for different link lengths. Increasing » causes larger beam spread value.

In Figure 34, it is observed that at any , larger link length yields an increase in the

beam spread so it can be deduced that the effect of T+F+A+P correction increases

with increasing the link length.
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Figure 34: The beam spread against @ at various link lengths that use adaptive optics and

use with no adaptive optics.

42



The adaptive optics filter can show its effect more when turbulence is high, so

the effect of the filter increases with decreasing & in Figure 35. The common

deduction of Figures 33-35 is that with increasing link length, beam spread increases.

Also, for larger link length, the sum adaptive optics filter becomes more effective.
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Figure 35: The beam spread against ¢ at various link lengths that use adaptive optics and
use with no adaptive optics.

Figure 36 exhibits that as y, increases, beam spread increases, and beam

spread value can be reduced with adaptive optical filter, whatever the value of

wavelength is. For a fixed y., larger wavelength decreases the beam spread value

but both in the case of no AOF and in the case of T+F+A+P the wavelength effect is

slight.
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Figure 36: The beam spread against y, at various wavelengths that use adaptive optics and
use with no adaptive optics.

Figure 37 shows that as « increases, beam spread increases and the beam
spread value can be reduced with adaptive optical filter, whatever the value of
wavelength is. In Figure 37, larger beam spread is observed at the smaller
wavelength but this difference is very small. Namely, the change in wavelength had a

slight effect on the beam spread.
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Figure 37: The beam spread against o at various wavelengths that use adaptive optics and
use with no adaptive optics.
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In Figure 38, beam spread increases with decreasing ¢ value and adaptive
optical filter decreases the beam spread. Larger wavelength results in smaller beam
spread but the curves in Figure 36-38 are not indicating this very clearly because for
fixed &, wavelength effect is slight and difference is very small. Also, Figure 36-38
reveal that the reductions of the beam spread with adaptive optics filter for different

wavelengths are almost at the same level atany y,, o and & values.
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Figure 38: The beam spread against ¢ at various wavelengths that use adaptive optics and
use with no adaptive optics.
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CHAPTER 6

CONCLUSION

Underwater turbulence causes the increase in the beam spread which reduces
the performance of the UWOC systems. In this thesis, the effectiveness of adaptive
optics correction for Gaussian beams in oceanic turbulence is analyzed. The beam
size and the beam spread were examined with adaptive optics filters. The reductions
in the beam size and the beam spread were achieved with the application of these
filters. To investigate the underwater turbulence effect, the power spectrum in the
underwater medium is supposed to be isotropic and homogeneous. Using the
extended Huygens Fresnel principle, the average intensity is calculated. The beam
size and the beam spread were found by the Carter's definition. Piston, tilt, focus,
astigmatism and sum of these components of adaptive optics corrections were
applied to the beam size and the beam spread in turbulent oceanic medium. The
reduction in the beam size and the beam spread was analyzed versus the rate of

dissipation of mean squared temperature ., ratio of temperature to salinity

contributions to the refractive index spectrum «, rate of dissipation of kinetic energy
per unit mass of fluid &, inner scale, receiver aperture diameter, link length, source
size and the wavelength. This reduction was analysed by comparing the beam
spreads that used AO corrections and used with no AO corrections. In this study, it is
aimed to provide the most effective conditions during the beam propagation in
underwater turbulent environment and to increase the UWOC performance by
examining beam spreads using adaptive optics method. Through the employed filter
functions of adaptive optics, the reduction of the beam size and the beam spread of
the Gaussian beam are evaluated. Adaptive optics correction is utilized in the the
beam size and the beam spread with piston only (P only), tilt only (T only), focus
only (F only), astigmatism only (A only) and the sum of the T+F+A+P. The
influence of the parameters on all the beam spreads was found to be similar. Namely,
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as y, and @ increase, the strength of oceanic turbulence also increases, but the

opposite trend is observed for ¢ . Therefore, it was seen that only P corrected, only T
corrected, only F corrected, only A corrected and the sum of T+F+A+P corrected the

beam sizes and the beam spreads, all increase as y, and/or @ increase and/or &

decreases. For any underwater turbulence parameters, the reduction in the beam size
and the beam spread was analyzed with AO method and with no AO method and this
reduction is larger with P only, T only, A only and F only (the same as astigmatism
only) corrections, respectively. For this reason, it can be said that the largest
reduction in the beam sizes and the beam spreads is achieved if the T+F+A+P
correction is utilized. If other link parameters and oceanic turbulence parameters are
constant, the reduction in the beam size and the beam spread is observed to be the

same whatever ®, y; and & value. Also, for constant oceanic turbulence

parameters, smaller D (receiver aperture diameter) provides more effective AO
correction. If the effectivenesss of the AO method is compared with the without AO

corrected beam size and beam spread, against @, y, and ¢, it is observed that at

larger link length and at smaller source size and at larger inner scale, AO method
becomes more efficient.

The main consequence deduced is that using AO method in underwater
optical wireless systems provides reduction in the beam size and beam spread, which

will improve the system performance.
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