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ABSTRACT

There is a renewed interest in wave propagation analysis through turbulent and turbid media
because of its wide range of applications ranging from astronomical to biomedical imaging.
Researchers have been constantly trying to optimise the free space optical communication
systems without or with the minimal use of adaptive optics system. Many attempts have been
made to optimize the transmitting beams to improve communication efficiency. Such
optimization of transmitting beams consists of many methods like altering their degree of
coherence, and degree of polarization, or using different classes of beam shapes.In this thesis,
different classes of beams are analysed after passing through a laboratory level turbulence
simulator to see their potential to be used in free space communication systems.

The main objective of the thesis is to investigate the effect of atmospheric turbulence when
different structured laser beams are propagated through it. We considered different classes of
beams in different coherence regimes and their resilience to the impact of dynamic turbulence
is thoroughly studied.

In the first section, the Fried coherence length of the rotating pseudo random phase plate is
calculated. This work describes a new approach for determining the Fried's coherence length
of a dynamic Kolmogorov type turbulence in a laboratory setting. The autocorrelation
function generated from the quantitative properties of a rotating PRPP in one of the arms of a
Mach-Zehnder interferometer is used in this method and the Fried parameter is found out
with a better accuracy.

The next session of the thesis deals with the wave propagation analysis of partially coherent
Gaussian-Schell model beams, zero order Bessel-Gaussian beams and partially coherent
Gaussian vortex beams through a rotating pseudo random phase plate. The effect of
turbulence is quantitively characterized by calculating their scintillation index, beam
wandering and Zernike polynomials and qualitatively by finding the intensity line profiles at
the laboratory level. The experimental results are further extended and verified using
simulations. It was found that certain classes of beams under certain criteria show more
resilience to the impact of turbulence making them desirable for free space optical
communication purposes.

Towards the end of the thesis, the phenomenon of enhanced backscattering is studied using
Laguerre Gaussian and Bessel-Gaussian beams. These beams are focused onto a detector
after passing through a rotating dynamic turbulence twice. The backscattered rays are
examined. When a beam is reflected off a retroreflector, it exhibits enhanced backscattering.
When we employ a typical Gaussian beam, the amplification factor approaches two, and it
decreases as the topological charge increases. The BG beam also exhibits enhanced
backscattering, with an enhancement factor comparable to that of Gaussian beam. Along with
the increased backscatter, the endurance of the BG beams is preserved as compared to the
other incident beams.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Optical communication has been an integral and inevitable part of human history. In free-
space optical communications and astronomical imaging using ground-based telescopes, a
light beam has to pass through several kilometres in the atmosphere. The presence of the
atmosphere greatly hinders the quality of optical beams passing through it[1]. The impact of
the atmospheric turbulence on the propagating light beam is observed as the intensity
fluctuations (scintillation) and beam wandering[2—4]. These intensity fluctuations lead to an
increase in the link error probability which will in turn reduce the overall performance[5].
The scintillating effect and beam wandering effect further introduce higher order aberrations
which are, normally corrected using adaptive optics systems. A closed-loop real-time
corrective system using adaptive optics requires high-end computational power and moving
mechanical parts[2].

Free-space optical (FSO) communications, which complement the current wireless radio
frequency channels, offer hope for resolving the pervasive "last mile" network issues and
bridging the digital divide[6-8]. This is because of the non-requirement of licences and
tariffs, practically unlimited bandwidth, link range of several kilometres, reliability of data
transmission medium and cost effectiveness[9].

The following sections will give a brief introduction to the concepts of free-space optical
communication systems , the phenomenon of atmospheric turbulence and theoretical
background of the structured light beams.

1.2 Free-space Optical Communication Systems

FSO communication system comes under the broader optical wireless communications
systems. These systems work by propagating infrared light through free space and an optical
transceiver is used in the system at both ends to provide bidirectional communication. In
order to overcome the capacity constraints affordably, FSO communications offers a line-of-
sight, high-speed, and secure wireless technology that can help realize next-generation carrier
grade high-reliability backbone and last-mile network access[10].

A typical FSO system consists of transmitter, channel, and receiver[11]. The primary purpose
of a transmitter is to modulate the incoming message signal onto the optical carrier which
will be passed through the atmospheric channel to the receiving end. The main components
of the transmitter are the modulator, the optical source, and a transmitting telescope or optical
antenna. Along with beam shaping, the telescope’'s moveable component is also in charge of
beam tracking. Unlike fiber optical communication, here the atmosphere itself acts as the
channel for communication. However, this channel is the main limiting factor of
communication efficiency. Weather conditions like rain, fog, snow, cloud, or the presence of
smog severely deteriorate the power of signal reaching the receiver. The sent data is
recovered using the receiver. It is made up of a demodulator, a receiver telescope, and a very
sharp optical bandpass filter[12]. Fig.1.1 shows the block diagram of a typical FSO
communication system.



Transmitter Channel Receiver
o Modulator o Absorption Receiving

o Transmitting o Scattering telescope
telescope o Turbulence Optical filter
o Optical Source o Background noise Photo detector

Figure. 1. 1 Block diagram of a typical FSO communication system.

1.3 Atmospheric Turbulence

As mentioned earlier, the atmospheric channel is the major limiting factor of an FSO
communication system. Because of the wind and random temperature differences the
atmosphere acts as a medium consisting of spatially and temporally varying refractive
indices. This leads to the scattering and random deflection of the beam propagating through
it[13-19]. In order to study the effect of atmosphere on the propagating beam we need to
have a thorough understanding of the underlying physics of the phenomenon of turbulence.
Since it is impossible to precisely characterize the spatial and temporal variations of
refractive indices, statistical studies have to be implemented. There have been many
statistical models to predict the behaviour of atmospheric turbulence among which the
Kolmogorov theory of turbulence forms the basis. All these theories of turbulence are
successful in relating these temperature fluctuations to refractive index fluctuations[19].

Turbulence in adaptive optics may be summed up using fundamental ideas that link physical
turbulence phenomenato optical propagation and phase effects. Propagation through air
turbulence is not well understood, particularly for small-scale instances. Because the
complexity of the real atmosphere exceeds the powers of deterministic prediction or
numerical analysis, turbulence theories are based on statistical studies. The emphasis on
statistical modelling of air turbulence has resulted in a variety of extremely helpful theories
and scaling laws that characterize the average impacts on gross parameters such as total beam
wander, beam spread, and scintillation.

1.3.1 Kolmogorov theory of turbulence

Turbulent flow is a nonlinear process governed by the Navier-Stokes equations. Since it is
extremely difficult to find a complete analytical solution to this equation for a fully developed
turbulence, Kolmogorov proposed a statistical approach. According to his theory, in turbulent
motions the kinetic energy in large eddies is transferred into smaller eddies. The average size
of the larger eddies is called the outer scale and is denoted by L,. Near to the earth surface

the value of L, is in the order of height above the ground and the value increases to tens to

hundreds of meters as we go higher. Similarly, the inner scale is the average size of the
smallest turbulent eddies and is denoted by I,. At scales smaller than the inner scale, the
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energy dissipation caused by friction prevents turbulence from self-sustaining. The inner
scale can range in values from a few millimetres close to the ground to a few centimetres
above the ground. The range of eddy sizes between the inner and outer scales is termed as
the inertial subrange[20]. The smaller eddies of turbulence deform the propagating wavefront
which results in the random aberrations of the wavefront and intensity fluctuations. The outer
scale deflects the beam from its original path which causes beam wandering and angle of
arrival fluctuations. These effects are detrimental to the FSO communication systems[21,22].

Kolmogorov in his seminal work on the statistics of the turbulent flow developed an
expression for the velocity structure function given by,

D, = ([vi(r + 1) = ()][v; (5 + 1) -v;(5) ]) (1.1)

It is not a simple equation to calculate using real velocity descriptors; however, the structure
tensor may be reduced by making three assumptions about the atmosphere. First, the
atmosphere is locally homogeneous (velocity is determined by the vector I'); second, the
atmosphere is locally isotropic (velocity is determined only by the magnitude of ' ); and
third, turbulence is incompressible( V.v = 0).The tensor is now reduced to a single structural
function, as,

D, (r) = <[v(ri +r) —v(ri)]2> —Cr (1.2)

The angle brackets in the above expression denote the statistical expectation operator, the
scalar ris the magnitude of the position vector, v(r;) is the velocity vector point at r,and C, is

the velocity structure constant.
This expression was further extended by Tatarskii [13]to derive at the expression for potential

temperature @. This potential temperature is linearly related to ordinary temperature T. The
potential temperature structure function D,(r) follows the same power law as the velocity

structure function.

C2I_4/3r2,0 <r< I0

60

2.2/3
r

o

D, (1) = (1.3)

C J <r<L
0 0

Where C?is the structure parameter of 4.

The refractive index at point r is given by,
n(r) = u,(r)+n(r) (1.4)

Where £, (r) =1is the mean value of the refractive index and n,(r)is the deviation from
the mean value. At the visible spectrum the refractive index value attains the form,

n(r)=1+77.6x10°(1+ 7.52x10_3/1_2)% (1.5)
r



Where A is the wavelength, Pis the pressure in millibars and T is the temperature in
Kelvin. When A =0.5um the value of refractive index becomes,

n(r)=1+ 7.99><10‘5E (1.6)
T(r)
Correspondingly the variation in the refractive index becomes,
dn=7.99 xlo{dP—(_sz H (1.7)
If we consider the pressure of each eddy to be a constant Eqn.(1.7) becomes ,
dn=7.99 ><10‘50|—T2 (1.8)
T

Since the potential temperature @is linearly proportional to the actual temperature T, the
variation in the refractive index attains the form,

de
dn=7.99x10" = (1.9)

Note that the variation in refractive index is linearly related to the variation in the potential
temperature. Hence the refractive index structure function follows the same power law as the
potential temperature structure function given by,

C2I_4/3r2,0£r<< IO

D (=4 "° (1.10)

n
Czr2/3,|0 <r< L0

n

Here an is the refractive index structure constant which is related to CT2 as,

T

P 2
C’ = [77.6 x10° (1+752x10° 2 )T—z} c (111)

In general, the atmosphere is assumed to have mean refractive index of refraction (n(r))and
a fluctuating index part, n,(r) . The covariance of the refractive index field B, is given by,

B, = <n1(r + rl)nl(r1)> (1-12)

It is desirable to have a spectral description of refractive-index fluctuations. The power
spectral density (PSD) is defined as the Fourier transform of the covariance and is given by,

1

® (K)= J.daan (r) exp(=iKr) (1.13)

2r)

Where K is the three-dimensional spatial wave number.
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Further for Kolmogorov kind of turbulence, the PSD is given by,
@ (K)=0.033C?K ™" (1.14)

If the finite inner and outer scales are considered we have the Von Karman spectrum given
by,

0.033C?

2 11/6

@, (K) =
0 (K?+KZ)

for 0<K «1/l, (1.15)

And we have the modified Von Karman spectrum as follows,

exp(-K*/K?)
®,(K)=0.033C; ——
K?+K;)

for0<K <o (1.16)

Where K, =5.92/1, and K, =27/ L. he modified von Karman is the simplest PSD model
that includes effects of inner scales as well as outer scales.

Typically, the values of refractive index structure constant range from 107" —10"*m=*
and is a measure of the intensity of local turbulence[22]. However, more useful quantities

with more physical meanings exist. Furthermore, since Crf is a function of the propagation
distance z, single values may be used to characterise certain optical effects. As a result,
parameters such as atmospheric coherence diameter I, and isoplanatic angle 6, are more
commonly used.

The atmospheric coherence diameter Iyalso known as the Fried parameter is an important

parameter which was first introduced by D. L. Fried. The Fried parameter is mathematically
defined as[24,25],

Az -3/5
I, = {0.423k2 sec(ﬂ)j C’ (z)} (1.17)
0

Here pis the zenith angle, zero is the origin and Azis the distance to the receiver while
k= 272( fi+f, j) is angular spatial frequency in rad/m. The typical values of the Fried
parameter ranges from five to ten centimetres for visible wavelengths.

Any optical system has a property called anisoplanatism[2], which means the optical
properties of the system are not shift invariant. For the atmosphere the strength of the
anisoplanatism can be computed using the angular structure function of the phase given by,

D, (86) =(|¢(6) - $(0 + 26)[") (118)

Where @is the angular coordinate and A@is the angular separation in the object field. The
isoplanatic angle 6, is defined such that ,



D, (6,) =1rad (1.19)

Which can be computed using the equation,

-3/5

Az 5/3
0, = {2_91sz25/3jcj(z)(l—éj dz} (1.20)

The typical values of 6, are 5—10urad.

Another useful parameter called the wave structure function for a plane wave in Kolmogorov
turbulence regime given by,

D(|ar]) = 6.88(L) (1.21)

r

0

With the knowledge of wave structure function and refractive index power spectral density
the most useful parameter called the phase power spectral density can be calculated as is
given by,

D, (k) =27°k*Az® (k) (1.22)

For a plane wave in Kolmogorov turbulence regime the phase power spectral density reduces
to,

D, (k) = 0.49r, k" (1.23)
In terms of frequency,

@, (f)=0.023r,"" f (1.24)

1.3.2 Mitigating the Effect of Turbulence

With the invention of the laser, free-space optical communication underwent a paradigm
shift. The extreme directionality of laser beams enhanced the range and quality of data
transmission. However, since the beam must pass through several kilometers of atmosphere,
the quality of communication is still compromised [1]. The result of these impacts is
manifested as scintillations and beam wandering. These distortions caused by the atmosphere
can be addressed utilizing adaptive optics devices. It uses the phase conjugation method,
deformable mirror systems, or segmented mirror systems to fairly recreate an aberration-free
wavefront. A true adaptive optics system, on the other hand, necessitates very complicated
equipment with moving mechanical parts and high-end computer capability. Because of these
difficulties, it is almost impossible to provide real-time sensing and adjustments in a closed-
loop for stronger turbulence. The optimization at the transmitter end would be a completely
new way of looking at the problem. To fine-tune transmitting beam properties, several
strategies such as changing the degree of coherence, degree of polarization, and employing
different classes of beam shapes, called the structured light beams, have been used. [1,6,7,26-
33]. There are some insightful results and observations which would pave a new direction to
look at the problem of atmospheric turbulence and mitigation methods.
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The next section provides a brief introduction to the basics of structured light beams.

1.4 Structured Light Beams
Electromagnetic fields in free space can be described by the Helmholtz equation given
by[21],

[V?+0’k* [E=0 (1.25)

Where E is the electric field, nis the refractive index and K is the wave number. In the case
of uniformly polarised scalar fields, we can represent the electric field as a scalar field, U , a
solution to the scalar Helmholtz equation.

[VZ +n2k2]U(s,z):0 (1.26)

Where S is the transverse coordinate and Z represents the propagation direction. Here we are
only considering the spatial component in the paraxial regime. In cylindrical coordinates the
solutions to the scalar Helmholtz equation are known as the Laguerre-Gaussian (LG) modes
given by,

U(r,¢,z)=E0(\/§Lj L'p£2r—22j % exp[—iz//pl(z)]xexp[i
@ @ ) w(z)

rz}exp(ilgﬁ)
2q(z)

(1.27)

Where L'p(.) is the associated Laguerre polynomial, E; is a constant electric field amplitude,
@(2) is the beam size, @, is the beam size at the beam waist, z, = 7. / Ais the Rayleigh
range, 0(z) = z —iz,is the complex beam parameter, | is the topological charge of the mode
carrying the orbital angular momentum and , (2) = (2p +1 +1) tan‘l(z /z, ) is the Gouy
phase shift.

In Cartesian coordinates the solution attains the form of Hermite-Gaussian (HG) mode given
by,

U(X,y,z):Eon(ﬁLan(ﬁLj ,

o(2) o(2) ) o(z)

xexp[—it//mn(z)]exp[i rz} (1.28)

2q(z)
Here, H_(.) represents the Hermite polynomial and w, (z)=(m+n+1)tan~(z/ z,)is
the Gouy phase shift.

Similarly, in elliptical coordinates there exist a family of orthogonal solutions called the Ince-
Gaussian modes represented by[26],



U(&7,2) = D—8 C:(ié,E)C:(n,s)exp{ _zr }
w(2) @ (2)
_ ikr® ne3
xexp[lkz + 2RQ) —i(p+Dtan (zr ﬂ (1.29)

where D represents the normalisation constant, & denotes the ellipticity parameter while
Cg‘ is the even Ince polynomial of order pand degree m. The variables £ and 77 are

respectively the radial and angular elliptic  coordinates, given by
X=awy\el2cosh(E)cos(n)and Y =w,~ e/ 2sinh(&)sin(z) . It has to be noted that,
for odd modes C;' will be replaced by odd Ince polynomials S'.

In cylindrical coordinates we have Bessel-Gaussian (BG) beams having the general form,

w . ko,
u(r,¢,z) = Eoﬁexp[lyx(z)]exp[l e r }

w(z
y pr pz1(2k) .
) £1+iz / Zo)exp{ 1+iz/z, }exp[ll¢] (1.30)

where s related to the wave vector of the plane waves which form the mode while J, is

the Bessel function of the 1™ order. BG modes carry orbital angular momentum through the
topological charge | .

Another regime of structured light beams comes under the class of partially coherent beams
called the Gaussian-Schell model beams. Any physically realizable partially coherent beam
can be synthesized using the superposition integral [27,28],

W) = [ POHEIH (e (1.3

where,W is the cross-spectral density (CSD) of the source, p is a positive real function and

H is the kernel and r = xx+ yy.

For a Gaussian Schell model (GSM) beam cross-spectral density attains the following form
[29],

r?+r? 2
W(r,r,) = exp[—#}exp[—?] (1.32)

where, o is the beam radius and ¢ is the coherence radius.



1.5 Research Objectives

Now, having defined the basic theory we can look into the research objectives and the scope
of the work. The main objective of the thesis is to investigate the effect of atmospheric
turbulence when different structured laser beams are propagated through it. We considered
different classes of beams in different coherence regimes and their resilience to the impact of
dynamic turbulence is thoroughly studied.

In the first part of thesis , the atmospheric simulator used in our experiments is quantitatively
characterized by calculating the Fried coherence parameter. And in the latter part of the work,
different classes of beams are passed through a dynamic turbulence. The effect of turbulence
is quantitively characterized by calculating their scintillation index, beam wandering and
Zernike polynomials and qualitatively by finding the intensity line profiles.

1.6 Organization of the Thesis

e In the second chapter we propose a simple and straightforward method to find the
Fried parameter of a laboratory level dynamic turbulence simulator. A novel method
has been employed to calculate the Fried coherence length. We made use of the
autocorrelation function of a single point in a two-dimensional phase map obtained
from a Mach-Zehnder interferometer. Unlike the previously reported characterization
techniques this method is straightforward uses a simple experimental set up and yields
better accuracy.

e In the next chapter of the thesis, the effect of dynamic Kolmogorov kind of
turbulence on Gaussian- Schell model (GSM) beams in different coherence regimes
have been explored in detail. The propagation characteristics of such turbulence
impacted beams are quantitatively verified at the laboratory level by calculating beam
wandering, scintillation index, and Zernike polynomials.

e In the fourth chapter, we have generated Bessel-Gaussian (BG) beams through
simulations and by using axicons. These BG beams and conventional Gaussian beams
are passed through a dynamic transmissive Kolmogorov turbulence simulator. The
scintillation index, beam wander and intensity line profiles are calculated for different
axicon angles in Fresnel, Fourier and Fraunhofer regions and some interesting results
are obtained.

e In chapter five, we generated Gaussian- Schell model vortex (GSMV) beams of
different orders using a vortex phase plate and are passed through a dynamic
transmissive Kolmogorov turbulence simulator. Scintillation index, beam wander and
intensity line profiles are calculated for different coherence regimes. It has been
experimentally verified that GSMV beams of higher orders show less scintillation and
beam wander effects. And their resilience decreases as we increase the coherence
width.

e Chapter six deals with the effect on Gaussian vortex beams and Bessel-Gaussian
while passing through the turbulence twice. Enhanced backscattering effect is
observed for these beams. The scintillation index is calculated for the beams under
varied conditions and some useful results are obtained.

e The final chapter outlines the conclusion of the work and its future scope.
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CHAPTER 2

FRIED’S COHERENCE LENGTH MEASUREMENT OF
DYNAMIC KOLMOGOROV TYPE TURBULENCE USING
THE AUTOCORRELATION FUNCTION.

2.1 Introduction

Realistic simulation of atmospheric turbulence is a main precursor before establishing any
adaptive optics system. Atmospheric turbulence simulators help us effectively fine tune
different parameters affecting the adaptive optics systems. However, it has to be made sure
that these simulators correctly employ the prevalent laws that guide real atmospheric
turbulence. Out of the available laboratory level turbulence mimicking media, transmissive
type simulators with near index matching are widely used because of their ease of handling,
cost effectiveness and ability to repetitively produce different turbulence strengths[30].

Pseudo random phase plates (PRPP, Lexitek Corporation, USA) [31,32] can be used to
simulate various atmospheric turbulence regimes in a well-controlled fashion. Manufacturers
of this random phase plate claim to have imprinted a Kolmogorov kind of turbulence with
known Fried coherence length at a given wavelength. However, as we have to use phase
plates for broad spectrum we have to make sure that these statistical estimations are still valid
for different wavelengths[33,34].

One major concern that has to be considered is the compatibility between the detectors
(CCDs, CMOSs, wavefront sensors etc.) and the dynamic random phase generators. Various
parameters of the detector ,like aperture width, its ability to record the time varying phase
structures, and pixel size have to be scrutinized thoroughly before employing them to any real
adaptive optics system. Together with a well characterized atmospheric turbulence simulator
and a compatible detector one can ensure a realistic adaptive optics system simulation.

Many attempts have been made to characterize pseudo random phase plates. These include
phase estimations of turbulence impacted laser beams and a systematic characterization
using angle-of-arrival fluctuations, Fried parameter, Hurst exponent, turbulence frequencies
and the scintillation index[30].

Fried’s coherence length is an intrinsic parameter of any type of turbulence system. It is
essentially the strength of turbulence under consideration. One can find numerous techniques
to find Fried parameter in literature for actual atmospheric conditions [35-37].A detailed
comparison of three methods used to find Fried parameter is presented by Ann C. Slavin . All
these techniques either use sophisticated instruments or complex calculations. For a
laboratory level turbulence regime, angle of arrival fluctuations are usually carried out to
estimate Fried parameter[30,38] . One article reports an off axis holographic scheme to
calculate Fried parameter for a transmissive phasescreen[38].

Here, we propose a simple and straightforward method to find the Fried parameter of a
laboratory level dynamic turbulence simulator. In this article first, we checked the
compatibility of CCD to the temporally varying turbulence caused by the rotation of PRPP.
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We used autocorrelation coefficients of the sequential images captured to check for
continuity. Secondly, we characterised PRPP quantitatively by calculating Fried coherence
length. A novel method has been employed to calculate the Fried coherence length. We made
use of the autocorrelation function of a single point in a two-dimensional phase map obtained
from a Mach-Zehnder interferometer. Unlike the previously reported characterization
techniques this method is straightforward uses a simple experimental set up and yields better
accuracy.

2.2 Experimental Procedure and Theory

2.2.1 Pseudo Random Phase Plate (PRPP)

Pseudo Random Phase Plate (PRPP) is a 3D atmospheric turbulence simulator manufactured
by Lexitek [32]. PRPP along with its controlling systems have been purchased from Lexitek
motors . It has been designed and verified to provide atmospheric turbulence-like conditions
when the light propagates with a wavelength of 1550nm. The phase plate appears to be static,
round, and transparent media with annular regions. The thickness of the phase plate is around
10mm. The photograph of a phase plate without the controlling system is shown in Fig. 2.1.

Figure 2. 1 Photograph of a pseudo random phase plate.

On the inside, it is composed of optical glass, acrylic, and a special near-index-matching
(NIM™) polymer, which provides them a solid mechanical structure. The principle of
NIM™ is shown in Fig.2.2.

n
! h(x)
e ~—— |
n Optic
2 axis

Figure 2.2 Principle of Near-Index-Match (NIM™
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Two different materials of refractive indices n; and n, with an interfacial surface profile
h(x) provides an optical path difference (OPD) on an incident plane wave which is given by,

OPD(x) = h(x)(n,(2) -1, (%))

3.1)
=h(x)An(2)

For an index difference (n) of 0.02 , a relief height of 50 is necessary to generate an OPD of

1. For extremely tiny n, the needed surface relief for appropriate OPD should be quite high

when constructing such combinations. If n is sufficiently large, the precision of the machine

tool will have an effect on OPD accuracy. In practice, an index difference of 0.02-0.06 works

well for wavelengths 0.5-1.5 m with maximum machine tool precision.

The inner structure of the PRPP consists of five layers: two outer layers of BK7 glass, two
inner layers of near-index-matching polymer, and one layer of acrylic with the desired
turbulence profile written on one side as seen in Fig.2.3 . To create such a structure, the
acrylic layer is machined with turbulence onto one surface first. After that, a layer of polymer
is applied to either side of the acrylic, resulting in a near-index matching sandwich.
Following that, the plate is sealed with optical window glass, which keeps the entire package
together mechanically. An anti-reflective coating is then applied to the BK7 glass. The layer
arrangement appears to be mechanically symmetric, which reduces the likelihood of external
influences such as stress due to thermal expansion causing the PRPPs to split into their
individual layers. Because of their design, the PRPPs are mechanically strong enough to be
easily attached without distortion. The Starfire Optical Range designed the PRPPs, which
were manufactured by Lexitek Corporation. These PRPPs were imprinted with Kolmogorov
turbulence and a known Fried's parameter. This was accomplished by creating phase screens
with standard Fourier transform techniques filtered with a Kolmogorov spectrum. One side of
each phase screen featured 4096 sample phase points. The turbulence was inscribed on a
3.28" diameter acrylic annulus, with a 1.35" diameter obscuration, resulting in roughly 20 pm
sample spacing. To aid with fabrication tolerances, two modes of tilt were deleted before
machining the phase profile into acrylic. The PRPPs may be controlled and rotated at speeds
ranging from 0.15625 rpm to 2470.2 rpm when installed on a specially constructed high
speed rotary stage. A photograph of the PRPP mount is shown in Fig 2.4.

A PRPP's variable refractive index profile is only found in the annular area, and the entire
phase plate is split into 4096 sample phase points. Fig 2.3 shows the diameters of several
areas, as well as a portion illustrating the layers involved in the construction of a phase plate
to the right of the picture.
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Figure 2. 3 Schematic representation of PRPP. Different layers are shown in the right. (Redrawn
from the original figure. given by Lexitek [2])

Figure 2. 4 Photograph of a PRPP mount

There are many other available laboratory level atmospheric simulators like hot plates, hot
air chambers, liquid filled chambers, air sprays, ion exchange phase screens and spatial light
modulator(SLM) based turbulence generation methods. Each of these methods tries to
implement Kolmogorov or non-Kolmogorov kind of turbulence. Every method comes with
its own advantages and disadvantages. Some methods simulate the atmospheric turbulence
regime more realistically, but the ease of implementation is compromised just like one of the
recently reported turbulence simulator using two SLMs[39].

In general, the atmospheric simulator should create aberrated waves with temporal and spatial
properties similar to air turbulence. For testing, it's ideal to have both spatial and temporal
components to be controlled independently. For systems with a wide range of wavelengths,
the simulator's spectral properties should match those of the actual atmospheric turbulence.
The device should be compact, easy to create and employ, and not interfere with the
functionality of other system components[40].
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One of the widely used turbulence simulator comprises hot plates which replicates
atmospheric processes and is simple to implement[41]. To achieve significant wavefront
aberrations, a long passage through turbulence is required, as well as temperature differences
of many degrees. This strategy may not be suitable for restricted space or if the device's heat
interferes with surrounding optical components. Furthermore, the interdependence of
temporal and spatial statistics may not be analogous to the atmosphere. There is a very
similar approach in which a liquid is used instead of the hot air[42,43]. This approach reduces
the need for long paths and large temperature gradients. But the presence of fluids can make
assemblies heavier, increase the chance of leaks and the dependence of temporal and spatial
statistics is still present. A well-modified design can mitigate some of the shortcomings of
these techniques, but they do not provide controlled turbulence. They lack the ability to
generate static phase profiles or repeatable turbulence sequences, as well as independent
control over turbulence amplitude and speed.

Apart from these there are active optical elements like spatial light modulators which can
produce turbulence in controllable fashion and provides independent control on spatial and
temporal statistics[39,44-48]. However, these systems are more costly and complicated, with
limited resolution due to actuator density. To accurately assess an adaptive optics system's
performance, the actuator density for the turbulence generator should be higher than the
corrective element density. Turbulence generators of this sort are unsuitable for advanced
adaptive optics systems.

Static phase plates like PRPP are the most feasible way to simulate air turbulence for testing
complex adaptive optics systems. Phase plates can be manufactured using several processes,
including binary diffractive optics, moulded plastic optics, computer-generated holography,
and near-index matching. A motorised assembly may replicate the temporal evolution of
turbulence by moving a phase plate over a light path. These turbulence simulators have the
same benefits as the active devices. Furthermore, phase plates have less severe resolution
limits compared to active devices[40].

One problem with the use of PRPP as a turbulence simulator is that it is created with
spatially uniform correlations but the real turbulence is spatially varying. However, since the
phase plate is rotated during the experiments the spatial variation also comes into picture
which realistically simulate the actual dynamic turbulence scenario. Moreover, out of the
available laboratory level turbulence simulators, PRPP is the easiest and cheapest one to be
implemented into any experimental geometry and the strength of the turbulence can be
controlled just by altering the incident beam width and the speed of rotation.

2.2.2 Experimental scheme

Correlation studies have been extensively used in various fields of science. One approach to
find the compatibility of CCD camera with a rotating PRPP is by considering autocorrelation
of sequential images. This can be effectively employed to check the reliability of the
detectors like CCD which we regularly use in our experiments. The continuous variation of
autocorrelation ensures the right combination of experimental conditions and detector
parameters. Fig. 2.5 shows the typical experimental geometry used to find the autocorrelation
function. As shown in figure, a laser beam of 543 nm is spatially filtered using a spatial filter
assembly (SFA) and then passed through a collimating lens L1 of focal length 100 mm for
obtaining a perfect collimated beam. Then the beam is split in to two beams by a non-
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polarizing cube beam splitter (BS1). The direct beam from the beam splitter falls on mirror
M1 and gets reflected to the second beam splitter (BS2). The other beam from BS1 is
reflected by mirror M> and passes through the PRPP before reaching the second beam splitter
(BS2). The beam splitter BS2 combines both the beams, and the interference pattern is
recorded using a CCD (PCO Pixelfly usb). Neutral density filters (ND) are used to balance
the intensity of the incoming beams for obtaining high contrast interference pattern. Initially,
the interference is recorded without inserting the PRPP along one of the arms of Mach —
Zehnder interferometer. Then the PRPP is inserted into the set up as shown in Fig. 2.5. The
distance between the front plane of the PRPP, the imaging lens (L2) and CCD are kept at a
distance 2f (where f=100mm is the focal length of L2). This is to make sure that whatever
phase fluctuations happen at the plane of PRPP is exactly reproduced at the detector plane
with unit magnification and any effect of propagation is avoided. This experiment is repeated
for different combinations of rotation speeds or movespeeds (MVS) of PRPP and FPS
(frames per second) of CCD. Interference patterns for each one of these combinations have
been recorded sequentially for further processing.

The interference at the plane of the detector is given by,
(X, y) = L(x y) +1,(x y) + 21,1, cos(6(x, y)) 3.2)

Here, 1,(x,y)and 1,(x,y) are respectively the object and reference beam intensities. Third

term in Eq. (3.2) represents the interference term with @ being the phase term. Any change in
the optical path of one of the beams will be detected by the phase term. Two sequential
images recordings with and without inserting the PRPP will enable us to calculate the phase
acquired exclusively due to the insertion of PRPP. In this experiment, the PRPP is fixed on to
a rotary stage which can be driven using a computer-controlled stepper motor. This ensures
the dynamic behaviour of the atmospheric turbulence. Rotation speed was changed from
1MVS to 100 MVS in steps of 10 and for each move speed data has been recorded for
different frames per second settings of CCD (7fps,12 fps,15fps,22fps,27fps and 36fps).
Different rotation speeds of PRPP correspond to different velocities. For a particular rotation
speed, PRPP simulates a single layer of atmosphere with a fixed wind speed.

First, we find the phase term contribution without PRPP as @ . then with PRPP as

direct

D uence - WWE employ Fourier fringe method to extract the phase information in both the
cases [49]. Then phase fluctuation that arises exclusively due to PRPP, @ .is given by,
(Dprpp = (Dturbulence - (Ddirect (3.3)

Obtained phase values are unwrapped using a 2D phase unwrapping algorithm. These
unwrapped phase values are used for further correlation studies. Correlation coefficient,

7+, between temporally varying sequential images is given by,

1 EIAT - AR - )
Zk =

3.4
1 (3.4)
oo
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Here, k corresponds to the index of the sequential images recorded and E represents the
expectation value while 4 and o are mean and standard deviation respectively. It is explicit
in the equation that images are always correlated with the first image to see time evolution.
Using these correlation values, we propose a novel method to calculate the Fried parameter of
PRPP.

Fried coherence length, r, ,is the measure of the strength of atmospheric turbulence at a

particular site. For a given structure constant profile, C’(z)the Fried coherence length is
given by,

r,=[0.423secs | Cg(z)dz]_3/ 5 (3.5)
path

Where, zis the altitude and (is the zenith angle. Consider Fig. 2.6. PRPP is rotated in
clockwise direction. At time t=0, a beam passes through the point A. Since the PRPP is
rotating, after time t, beam now passes through a different part of the PRPP, say point B.
Interference is recorded for the whole process. From the definition of Fried coherence length,
it is evident that if the arc length AB is less than the Fried coherence length, phase of these
interferograms will be strongly correlated. As the arc length increases there will be a gradual
decrease in correlation and gets completely decorrelated once the arc length exceeds the Fried
parameter. Hence it is proposed that this correlation coefficient can be effectively used to find
the coherence length of any turbulence simulator.

Inl
| —a]
IU
He-Ne Laser 543nm SFA L1 BS1 M1
N
M2 U. ' ‘
L2 ND ccD

PRPP BS2

2f 2f

Figure. 2. 5 Schematic of experimental setup used for correlation measurements. SFA is spatial filter
assembly. L1 is the collimating lens. BS1 and BS2 are two non-polarizing beam splitters. M1 and M2
represents two mirrors while PRPP is the pseudo random phase plate. L2 is the imaging lens. ND
represents neutral density filters and CCD is the camera used.
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Figure. 2. 6 Clockwise rotation of PRPP

2.3 Results and Discussion

Using the experimental geometry shown in Fig. 2.5 first the interference patterns obtained
without inserting the turbulent mimicking PRPP. Then PRPP is inserted in one of the arms of
Mach-Zehnder interferometer. Interference fringes were recorded for different combinations
of rotation speeds of PRPP and frames per second of CCD at the detector plane. Sequential
images captured were processed and their corresponding phase values were calculated. Then
a single point from the 2D phase map of sequential images was correlated. This was done for
each combination of rotation speed of PRPP and each frame per second of CCD. This
procedure was repeated for different points on the phase map. It was observed that only for a
single combination of rotation speed of PRPP and FPS value of CCD, which is slowest
rotation speed of PRPP (move speed one) and highest FPS (36 FPS), we get a correlation
curve without any discontinuity. From Fig. 2.7 it is clear that even at the highest FPS of the
CCD, for larger move speeds images become highly decorrelated even within a very short
time span. This makes the further processing extremely difficult. Even when the movespeed
is kept at 5SMVS the corresponding autocorrelation curve is not very smooth. Hence, we limit
our experimental scheme to a single combination of FPS and MVS, that is 36 FPS and 01
MVS. Fig. 2.8 shows the interference patterns observed for the experimental set up shown in
Fig. 2.5 both before and after insertion of PRPP.

Sequential images captured with rotating PRPP at the lowest speed are shown in Fig. 2.9.
Phase values of these images were found out using Fourier fringe method [12] and are shown
in Fig. 2.10. When doing correlation measurements, it is not advisable to do it for the whole
2D phase map, hence we chose five different pixel positions, and their correlations were
studied individually. Fig. 2.11 shows phase map of a single frame with chosen points.
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Figure. 2. 7 Autocorrelation coefficient corresponding to different movespeeds for 36 FPS.

From figure 2.11 it can be seen that the line connecting the positions of the chosen points are
normal to the direction of the fringe movement. If we choose five points along the direction
of the fringe movement, essentially, we will be doing the correlation studies of the temporally
shifted copy of the same point. Hence, the choice of the points as shown in Fig. 2.11 ensures
that the averaging is done for the points corresponding to the five different regions in the
phase map.

Fig. 2.12 shows thee normalised autocorrelation coefficient vs distance moved. Unwrapped
phase of these points follows an exponential trend. It can be seen in Fig. 2.12 that, as the
PRPP rotates correlation gradually decreases and once it moves beyond a certain length, it
becomes completely decorrelated. It is proposed that half width half maximum (HWHM) of
this autocorrelation curve gives an estimate of the Fried coherence length. Rotation speed of
PRPP for each move speed (MVS) is calculated by measuring the time taken for a complete
rotation and the distance travelled. (Refer to Fig. 2.6. Circumference of the dotted circle gives
the distance travelled). For the lowest move speed, rotation speed was found to be 0.43 m/s.
This rotation speed multiplied with the width of autocorrelation curve gives Fried coherence
length. For each of the five points we found the width of the autocorrelation curve and

corresponding Fried parameters are listed in table 1. Average is calculated to be 316.95um
which closely agrees with the value given by the manufacturers, i.e., is 300um.
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(b)

Figure. 2. 8(a) is the image captured at CCD before inserting PRPP. (b) shows the distorted pattern
after inserting PRPP into the set up.

2.3.1 Calculation of percentage error and probable sources of errors

The average calculated value of Fried coherence length differs from the value provided by the
manufacturers with a percentage error of just 5.34%. Even though it is an insignificant error,
it can be seen in table 1 that two points A and E suffer a larger variation. The presence of
above-mentioned errors could be attributed to the fundamental assumptions made during the
theoretical formalism. In Fig. 2.6 we assumed the incident beam to be a point, however in the
actual case there is a finite beam width. Hence, the linear velocity we calculated for the center
might not be applicable to the points corresponding to the points on the outer edge of the
beam. Another important factor to be mentioned is that manufacturers claim to have
imprinted Kolmogorov kind of turbulence for when the incident beam has a wavelength of
1500 nm. However, there could be slight departure from such behavior once we change the
wavelength. One of the limitations of the current procedure is that we consider phasescreen
as a single layer. However, that is not the case in the actual set up. The PRPP has a thickness
of 2 mm. Deviation of calculated Fried parameter from the actual value could be attributed to
the combined effect of all these.

Hence, our proposed method proves to be an easy and effective method to find out the
coherence length of PRPP. This method can be extended to any kind of turbulence since we
do the correlation only from the recorded interferogram. Unlike other direct measurements of
coherence length this does not require any complicated experimental set up and still yields
reliable values. Fried coherence length of any type of turbulence can be calculated for any
wavelength just by changing the source of required wavelength.
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2.3.2 Comparison of the proposed scheme with the previously reported

methods.

One can find many methods in literature to find the Fried parameter for actual atmospheric
conditions. To the best of our knowledge, however, there are only a few methods reported for
the estimation of Fried parameter in the laboratory level. One such method reported by A.
Dixit et al [1] makes use of the angle of arrival fluctuations measurements for the calculation
of Fried parameter of a transmissive random phase screen. Their experimental results show
an excellent agreement with the theoretical values and error bar is negligible. But the use of a
MATLAB based high-speed video processing method in their proposed scheme makes it a bit
difficult to perform.

Jun Zhang et al [11] also use angle of arrival measurements for the calculation of Fried
parameter of a convective tank. Their experimental results also show good match with the
theoretical values in the moderate turbulence regime with a percentage error close to 18.

Another method successfully demonstrated by Horst S et al [11] follows a similar
experimental scheme proposed in this chapter to calculate the Fried parameter of a PRPP.
They make use of a digital holographic scheme to calculate complex coherence factors and
along with an image sharpening algorithm for the estimation of Fried parameter. While in this
chapter we employed the autocorrelation of the distorted sequential images captured using
CCD, they took an average of the distorted images, and a spatial correlation method has been
employed. This averaging eventually removes the effect of the rotation of the PRPP. In that
case our method, it considers a dynamic turbulence regime, outdoes the former. Also, while
considering the accuracy of the estimations our scheme outperforms the other one. The
maximum error reported in our method is 14% while that of the digital holographic scheme is
52%.

2.3.3 Limitations of the proposed scheme.

Even though our reported method is experimentally verified it suffers some limitations
mainly due to the fundamental assumptions made with the theoretical formalism. One
important point is the assumption of point source in Fig. 2.6. But a perfect point source is
impossible to achieve in a practical scenario. Another major concern is the compatibility of
CCD and the rotating PRPP. As depicted in Fig. 2.7, for higher rotation speeds of the PRPP
autocorrelation estimation and further phase vale calculation becomes difficult to perform.
Hence, we need to limit our experimental scheme for the lowest rotation speed of PRPP. It
has to be mentioned that this limitation cannot be eliminated by the use of high-speed
sensors. That is because we employ the Fourier fringe method for the estimation of phase
values, and it is assumed that fringes are nearly parallel. For higher turbulence strengths we
might have to use another phase estimation algorithm which is not restricted by such
assumptions.
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(b)

(d)

Figure. 2. 9 (a) to (d) represent the sequential images captured with rotating PRPP.

22



Pixel width=6.4um

by o
Q2 1 a 50 1
£ £
g 0o Z 0
X 4 X100 )
Q Q

3 150
50 100 150 200 50 100 150 200

pixel number pixel number

(a) (b)

o )
.g 50 1 .g 1
F o 2 0
.g 100 - _g 4
o o

150

50 100 150 200 50 100 150 200
pixel number pixel number

) (d)

Figure. 2. 10 (a) to (d) represent the phase map of sequential images.
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Figure. 2. 11 shows the phase map with five chosen points A, B, C, D and E for correlation
measurements. Red arrow shows the direction of the fringe movement due to the rotation of PRPP.
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Figure. 2. 12 Autocorrelation for five different points for the sequential images captured. A, B, C, D,
and E correspond to the points shown in Fig. 2.11.

Table 2. 1 Fried coherence length estimated for different points.

Points Fried parameter Percentage error
: (%)
(roin pm)

A 330.10 9.09
B 290.21 3.37
C 302.11 0.66
D 314.32 4.55
E 348.01 13.79
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2.4 Conclusion

By doing autocorrelation calculations compatibility between rotating phase plate and CCD
was established. PRPP has been quantitatively characterised for Fried coherence length. A
novel method to estimate Fried coherence length has been presented. Using autocorrelation
measurements average Fried parameter of rotating phase plate is found to be 316.95 um.
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CHAPTER 3

INSENSITIVITY OF PARTIALLY COHERENT
GAUSSIAN-SCHELL MODEL BEAMS TO THE IMPACT
OF DYNAMIC KOLMOGOROV TYPE TURBULENCE.

3.1 Introduction

The resilience of partially coherent beams to the effect of turbulence has been analytically
proven and experimentally verified[5,50-54] . A partially coherent beam carries its energy in
multiple spatial modes, which are mutually incoherent. Each of these modes produces a
distinct interference pattern on the receiver after passing through turbulence. Since these
modes are mutually incoherent their interference patterns add only by intensity. This results
in a more uniform intensity pattern at the receiver [55]. One can find rich literature on this
topic and Gbur wrote an extensive review article on the same[1].

One important class of partially coherent beams is the Gaussian-Schell model beam (GSM
beam). Its beam properties for free-space communications have been extensively studied and
a considerable reduction in scintillation index is observed [29,56]. But this is achieved at the
cost of reduced energy at the receiver because of the larger angular spread and beam wander.
One can look for a tradeoff between these effects, however analytically optimizing the beam
parameters would be quite a task. Schulz used a variational and iterative method for the
optimization of GSM beams[57,58] . But we still do not know how to physically achieve
such optimal beams for actual communications systems.

In this chapter, we simulated Gaussian Schell model beams in different coherence regimes
using a complex screen method (CS method) [59]and a recently reported phase and intensity
method (Pl method) [27]. The simulated beams are then separately passed through a dynamic
(rotating) pseudo-random phase plate mimicking Kolmogorov type turbulence [31,32] with
the aid of a spatial light modulator. These turbulence-impacted beams are finally observed
through a CCD camera and a wavefront sensor to calculate scintillation index, beam
wandering, and Zernike coefficients. We investigated the effect of coherence on these results
by changing the correlation width of the random field in our simulations [46,47]. There are
two different experimental geometry used for our investigations. One includes a single
passage through the turbulence phase screen while the other includes a double passage. We
chose these geometries because they respectively resemble ground to ground (horizontal),
and ground to space to ground (vertical) communication channels. For each of the simulated
Gaussian Schell models beams, we investigated how the coherence length of input beams
affects the scintillation index, beam wandering, and Zernike modes. It has been repeated for
both single passage and double passage.
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3.2 Theoretical background and simulations.

3.2.1 Simulation?

There are many methods to create the GSM beams[60—66]. However, we limit our analysis to
the simulation scheme designed recently as the previous methods concentrate on creating
optical field realisations whose ensemble-averaged autocorrelation corresponds to a certain
second-order field moment known as the cross-spectral density function. Because optical
field realisations are supposed to follow Gaussian statistics, these approaches ignore the
irradiance moments, which, according to the Gaussian moment theorem, are entirely
governed by the field's first and second moments. This scheme extends previous synthesis
methodologies by providing control over irradiance statistics (in addition to the CSD
function), allowing for the design, modelling, and simulation of novel partially coherent
beams with non-Gaussian field realisations as well.[27].

Here we use two different simulation methods to generate Gaussian Schell model beams. One
is a commonly used complex screen method (we call it the CS method) and the other one is
the phase and intensity method (called Pl method). The PI method includes the independent
control of both the phase and amplitude statistics of the random field[27].

3.3 Experimental Procedure

3.3.1 Single passage

Two different experiment schemes were employed to study the effect of coherence and
simulation methods on the turbulence impacted beam. In the first experimental scheme, light
from a He-Ne laser of wavelength 633nm is allowed to pass through an atmospheric
turbulence simulator only once. This experimental scheme is similar to ground-to-ground
(horizontal) communication. Fig. 3.1 shows the experimental geometry where a laser beam is
spatially filtered and collimated using a lens L of focal length 50mm. The collimated laser
beam further passes through a polarizer and falls on the spatial light modulator (SLM). The
SLM used in the experiment is Holoeye PLUTO phase-only SLM based on reflective LCOS
micro-displays with a resolution of 1920x1080 pixels and pixel size of 8um. It is optimized
for different wavelength ranges (420-1700 nm). Phase profiles of simulated GSM beams are
fed onto the SLM one at a time. The reflected beam from SLM then passes through an
aperture and a mirror. Here the aperture is used to select first-order diffraction order. The
mirror reflects this beam towards a pseudo-random phase plate which is the atmospheric
turbulence simulator. After passing through the PRPP the beam further gets split by a
beamsplitter BS to reach the CCD camera (Charge Coupled Device, PCO pixelfly USB) and
a Shack-Hartmann wavefront sensor simultaneously for detection. CCD and SHWFS are kept
at an equal distance from the beamsplitter. The distance is chosen to be 50cms such that the
effect of propagation also comes into the picture. To create a dynamic turbulence effect,
PRPP, which is fixed on a rotary stage, is rotated using a stepper motor with the aid of
LabVIEW software. However, the speed of PRPP is kept at the lowest value so that CCD and
SHWEFS see PRPP stationary at a particular instance. In order to synchronize the CCD with
the SLM we used an external trigger function with a function generator (Tektronics-
AFG3022B).

1 A detailed description of the simulation algorithm can be found at [27]
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Phase maps of GSM beams via CS and Pl methods are loaded onto SLM for different
coherence lengths. For each phase map, turbulence impacted beams are viewed with CCD
and SHWFS. 1000 images are sequentially captured using CCD and ten sample spot fields
are captured using SHWFS for each phase map.

3.3.2 Double passage

Double passage geometry which resembles to ground to space to a ground communication
system is shown in Fig. 3.2. The beam reflected from SLM passes through an aperture and a
mirror. The mirror reflects this beam towards a beamsplitter. One half of the beam is blocked
using a black screen and the other half passes through the PRPP. Mirror M2 reflects this
beam again towards the PRPP and thus double passage through turbulence is ensured.
Turbulence impacted beam is then viewed using CCD and SHWFS placed equidistant from
the beamsplitter BS2. The distance is again chosen to be 50cms such that the effect of
propagation also comes into the picture. Just like in single passage geometry, phase maps of
GSM beams via CS and Pl methods are loaded onto SLM for different coherence lengths. For
each phase map, turbulence impacted beams are viewed with CCD and SHWFS. 1000 images
are sequentially captured using CCD ten instances are captured using SHWFS for each of the
phase map. The rest of the experimental conditions are similar to the single passage scheme.

He-Ne Laser
632nm

|

=l

BS CCD

PRPP ND

ol

SHWFS

Figure 3. 1 shows the experimental setup for single passage geometry. SFA is spatial filter assembly
and L is the collimating lens. SLM denotes spatial light modulator. A is an aperture and M denotes a
mirror. PRPP is the pseudo random phase plate, ND denotes neutral density filter while BS is a
beamsplitter. CCD and SHWFS are respectively the camera and Shack Hartmann wavefront sensor.
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He-Ne Laser
632nm

Figure. 3. 2 shows the experimental setup for double passage geometry. SFA is spatial filter assembly
and L is the collimating lens. SLM denotes spatial light modulator. A is an aperture, M denotes a

M1

SHWEFS

screen

mirror and ND is a neutral density filter. PRPP is the pseudo-random phase plate, BS is a

beamsplitter CCD is the camera used and SHWFS denotes a Shack-Hartmann wavefront sensor.

3.4 Results and Discussion
3.4.1 GSM beams simulated using CS and PI methods.

A few instances of phase and amplitude of GSM beams simulated using CS and Pl methods
are shown in Fig. 3.3. It is clear from the figure that phase maps of GSM fields simulated via
two techniques are different and the difference becomes conspicuous as the coherence length

increases.
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Figure. 3. 3 shows the amplitude and phase of simulated Gaussian Schell model beams for &
=0.2mm, 0.8mm,1.4mm, and 2mm respectively. The phase values are in radians.

3.4.2 Experimental observations

A few examples of images captured using CCD are shown in Fig. 3.4 and Fig 3.5. Images
viewed through CCD are markedly different from each other for the different experimental
schemes employed. The effect of stronger turbulence can be seen in Fig. 3.5.

cs

PI

(a) FCs (b) 6=0.8mm

Figure. 3. 4 shows the images of turbulence impacted beam for single passage geometry. Beams
corresponding to both CS and PI methods are shown. FCS means a fully coherent source.

cs

PI

(a) FCS (b) 6=0.8mm

Figure. 3. 5 shows the images of turbulence impacted beam for double passage geometry. Beams
corresponding to both CS and PI methods are shown. FCS means a fully coherent source.
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3.4.3 Scintillation index

The intensity of a light beam changes when it travels through air turbulence, and scintillation
of a light beam correlates to these intensity variations. The major source of scintillation is
refractive index changes in the turbulent environment.

Consider one turbulent layer that operates as a random-phase screen, with a thickness Sh
selected to be substantial in comparison to the correlation scale of the inhomogeneities but
small enough for diffraction effects across the distance sh (thin screen approximation).The

layer input is U, (r) =1, and the output complex field after traversing the layer of thickness
oh is[67],

(r)=e"" (3.6)

where ¢(r) is the phase variation produced by random fluctuations in the index of refraction
n(r, h) given by,

hﬁh

h+6h

#(r) =k j n(r,z)dz 3.7)

h

Where K is the wave number.

The small perturbation approximation is used to characterize optical path variations (usually
valid for vertical pathways with zenith angles less than 60degress). The phase variation
generated by a "thin" layer is assumed to be very modest in comparison to unity such that,

g(r)<1 (3.8)
Then the field at the output layer is given by,
U, (r)=1+ig(r) (3.9)

The complex field at the ground is a result of a free propagation, and is given by,

\zr
U,(r)=1+ig(r *—ex 3.10
o(r) =1+i¢(r) —h p{ o } (3.10)
If we define a complex quantity (r) such that,
g(r)= (r)*—exp izr” (3.11)
® lh :

Then the complex field at the ground becomes,
U,(r)=1+¢&(r) (3.12)

Where & defines the relative variations of the complex amplitude at the ground caused by the
layer at height h. Its real component shows the relative fluctuations of the modulus , and
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similarly its imaginary component describes the relative fluctuations of the phase. The real
and imaginary parts are respectively given by,

x(r)= ¢(r)*—hCOS£”r j (3.13)

o(r) = ¢(r)*—sm(7;rhj (3.14)

The complex amplitude at the ground in terms of y(r) and ¢(r) is given by,

U,(r) =1+ y(r)+ie(r) (3.15)

Then the intensity becomes,
1(r) = U () =1+2(r) (3.16)

The term 2 y(r) describes the intensity's relative variations. The "amount" of scintillation, or
the scintillation index o/, is the simplest variable to quantify. It is defined as the variance of
the relative irradiance (Intensity | ) variations given by,

(3.17)

Where the angular bracket represents the ensemble average.

3.4.3.1 Calculation of scintillation index

In order to measure the scintillation index 1000 images have been captured using CCD. Each
of these images is saved in MATLAB as matrix, I,(x,y). Here, I,,represents the intensity
value at each point and n corresponds to each realisation. Its value varies from 1 to 1000. x
and y are pixel spatial coordinates. Coordinates of the centroid (x,,y,) for each frame is
given by[30],

ISy

Z;In(xi’yj)
) ZZYiln(Xi’yJ')

y,=—1 (3.19)

Zzln(xiiyj)

o
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Let the intensity at the centroid of each frame be, I,,(x,¥) ,N be the total number of frames
then average intensity for each frame at the centroid will be,

- (X, VY
[ = Z n( n yn) (3.20)
N
Then scintillation index at the centroid position is given by,
2 — —
2 _ In (Xn’ yn) _
o _ZT 1 (3.21)
N

Fig. 3.6 sums up the scintillation index data obtained for GSM beams of different coherence
lengths. From Fig. 3.6(a) it is clear that the scintillation index corresponding to partially
coherent beams is considerably lower than that of their fully coherent counterpart.
Scintillation corresponding to a fully coherent source is 0.15. A percentage reduction of 43.8
is obtained for GSM beam simulated via CS method for 6=0.2mm. The maximum
percentage reduction of 37.2 is obtained for GSM beam simulated via Pl method again at
o0 =0.2mm.For single passage geometry scintillation values follow a trend that is similar for
both CS and Pl beams of varying coherence lengths. In both the cases scintillation index
increases as we increase the value of & however reduction in scintillation is more for GSM
beams simulated via the CS method. These results are presented in Table 3.1.

It can be clearly seen in Fig. 3.6(b) the scintillation values corresponding to GSM beams are
less compared to their fully coherent counterparts even for stronger turbulence. Scintillation
corresponding to a fully coherent source is 0.65. Percentage reduction of 21.37 and 18.27 are
respectively observed for GSM beams simulated via CS and Pl methods for & =0.2mm. Here
also scintillation index value increases as we increase the coherence length.

Table 3. 1 Percentage reduction in scintillation index from the value corresponding to a fully
coherent source.

& (mm) Single Passage Double Passage
Cs Pl Cs Pl
0.2 43.87 37.20 21.37 18.28
0.4 44.27 37.60 19.50 17.02
0.6 40.80 34.13 18.53 16.94
0.8 34.73 33.47 15.80 16.33
1.0 33.06 26.64 14.42 14.30
1.2 28..6 26.19 14.19 15.20
1.4 23.13 16.46 12.95 14.53
1.6 16.13 16.00 08.78 14.22
1.8 14.00 13.33 02.41 07.95
2.0 10.33 03.67 01.38 03.18
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Figure. 3. 6 Scintillation index corresponding to the single passage and the double passage.

0.07 0.068

B I R T S

1
4
0.065 0.0675
£ £
=, 0.06 ) =, 0.067
= =
m m
0.055 0.0665
-—9—CS
—a—p|
- M =FCS
0.05 0.066
(] 0.5 1 1.5 2 0 0.5 1 1.5 2
d(mm) d(mm)
(a) Single passage (b) Double passage

Figure. 3. 7 Beam wander in the x-direction corresponding to the single passage and double passage
schemes. FCS means a fully coherent source.
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Figure. 3. 8 Beam wander in the y-direction corresponding to the single passage and the double
passage schemes. FCS means a fully coherent source.
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3.4.4 Beam wandering calculations.

A beam moving along a certain direction might get deflected from its original path after
passing through turbulence. This effect is manifested as the random deflections of the
centroid at the detector plane. If the beam passes along the z-direction, beam wander along x
and y directions are given by [2],

<X>:dx:@ (3.22)
MZdy:% (3.23)

Fig. 3.7(a) shows the beam wandering along the x-direction for the single passage scheme.
This beam wander hinders the quality of data transmission. Beam wandering along the y-
direction is depicted in Fig. 3.8(a). It is evident that partially coherent beams suffer less beam
wander compared to fully coherent Gaussian beams. In general beam wander increases as the
coherence length increases. Percentage reduction in beam wander is given in table 3.2. Fig.
3.7(b) and Fig.3.8(b) show the beam wander for the double passage scheme. Again, it is
obvious from the figure that partially coherent beams suffer less beam wander in the x and y
directions compared to fully coherent Gaussian beam. A significant reduction is observed for
both the beams simulated via CS and Pl methods and the corresponding percentage variation
is given in table 3.2.

Table 3. 2 Percentage reduction in beam wander from the value corresponding to a fully coherent
source.

Beam wander in x direction Beam wander in y direction
?mm) Single Passage | Double Single Passage Double Passage
Passage
CS Pl CS Pl CS Pl CS Pl

0.2 21.29 | 2158 |251 |249 19.05 20.00 25.09 16.38

0.4 13.39 |16.36 |2.36 |2.40 19.68 23.47 20.52 15.74

0.6 2292 | 2291 |232 |226 22.94 26.31 20.25 13.45

0.8 2247 | 2053 |233 |216 18.42 23.36 20.38 1451

1.0 20.68 | 1220 |2.08 |1.90 13.68 24.00 18.75 1141

1.2 18.89 |12.79 | 178 |1.29 13.57 16.21 14.38 11.93

14 1845 | 2425 | 174 |115 12.63 22.31 12.93 1191

1.6 1235 | 2404 |1.72 |144 9.26 20.31 12.90 10.54

1.8 2142 | 1949 | 159 |0.40 9.05 10.31 10.90 10.96

2.0 11.60 |01.17 |[0.33 |0.43 2.94 11.15 07.58 10.86
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3.4.5 Zernike coefficients evaluation.

The phase of a non-singular optical beam can be conveniently expressed in terms of Zernike
polynomials [2]. Each term in such an expression corresponds to a particular kind of
aberration present in the wavefront. Some lower-order Zernike modes correspond to
aberrations like piston, coma, and astigmatism. We used a Shack-Hartmann wavefront sensor
(SHWES) to find out the Zernike coefficients. The SHWFS is purchased from Thorloabs
(WFS 150-5C). It has a lenslet array with each lenslet of 150m diameter and pixels in that

domain are 31x31where each pixel size is 4.6 m . The spot intensity measurement in each

domain is done by calculating the summation of intensity over all pixels present in that
domain.

Zernike modes except piston are plotted in Fig.3.9 for the single passage. It is evident that the
lower order aberrations values are different for coherent and GSM beams, however values
corresponding to higher-order modes tend to converge. Zernike coefficients are larger for
GSM beams with & =2mm. Similarly, Zernike modes except piston for the double passage
scheme are plotted in Fig. 3.10. It is evident from these figures that lower-order aberrations
are larger for fully coherent beams while values of higher-order aberrations converge.
Zernike values tend to match for both CS and Pl methods. Clearly, values Zernike
coefficients are larger for double passage geometry.
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Figure. 3. 9 Zernike polynomials corresponding to single passage geometry for both CS and Pl
beams. FCS means a fully coherent source.
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Figure. 3. 10 Zernike polynomials corresponding to double passage geometry for both CS and Pl
beams. FCS means a fully coherent source.
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3.5 Conclusion

In this chapter, we have simulated Gaussian Schell model beams using two different
algorithms. Simulated beams with gradually varying coherence lengths were passed through a
dynamic transmissive Kolmogorov turbulence simulator in two different experimental
schemes. Scintillation index, beam wander and Zernike polynomials were calculated for all
varied experimental conditions. It can be concluded that partially coherent beams are a better
choice for free space optical communications. It is observed that the resilience of partially
coherent beams is more under weaker turbulence.
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CHAPTER 4

THE RESILIENCE OF ZERO ORDER BESSEL -
GAUSSIAN BEAMS TO THE IMPACT OF DYNAMIC
KOLMOGOROV TYPE OF TURBULENCE.

4.1 Introduction

In the case of free space optical communication systems, intensity fluctuations lead to an
increase in the link error probability which will in turn reduce the overall performance[68].
However, in such wireless communication systems we have the freedom to choose the beam
that we want to transmit. Many attempts have been made to optimize the transmitting beams
to improve communication efficiency. One can find rich literature in this regard.
Optimization of transmitting beams consists of many methods like altering their degree of
coherence, and degree of polarization, or using different classes of beam shapes[5,50—
53,55,69,70].

One important class of beams which has the potential to be used in free-space optical
communication systems is Bessel beams[71,72]. Bessel beam corresponds to an exact,
propagation invariant solution to the Helmholtz equation [71]. Bessel beams which propagate
along the z-direction can be thought as a superposition of infinitely many plane waves whose
wave vectors form a cone around the z-axis. These plane waves interfere and thus yields a
propagation invariant transverse field distribution which is given by the Bessel function of
the first kind. These beams are peculiar because of their non-diffracting property around
opaque objects.

An ideal Bessel beam contains an infinite amount of energy which is impossible to achieve.
Hence in practical scenario we truncate the Bessel beam at some radius. If we use Gaussian
truncation, we get Bessel-Gaussian beams (BG beams) [73]. Because of this truncation again
the problem of diffraction arises. However, the effect of diffraction can be minimised if we
keep the propagation distance smaller than the corresponding diffraction length of the BG
beam. Since the effect of diffraction on BG beam is initially seen in outer rings and
sequentially progresses to the central region the central portion remains practically intact for
certain propagation distance [74].

One important fact to be mentioned here is that the self-healing property of BG beams is not
guaranteed if the obstructing object is transparent. However, a plethora of research has been
conducted about the resilience of BG beams around transparent obstructions and
inhomogeneous scattering media [68,75-83]. These studies suggest the resilience of BG
beams compared to Gaussian beams when affected by transparent obstructions and scattering
media. When it comes to the passage of BG beams through turbulence there is no unanimity
in literature. One recent study showed theoretically and experimentally that BG beams do not
always self-heal from transparent obstructions, and never self-heal from turbulence where the
entire beam is affected. However, this study is limited to a digital turbulence simulation [76].

In our present work, we verify the impact of a dynamic, transmissive Kolmogorov kind of
turbulence on the BG beams. BG beams are produced using axicons and passed through a
rotating pseudo-random phase plate (PRPP), mimicking atmospheric turbulence[31,32]. We
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report on the propagation characteristics of these turbulence-impacted BG beams
qualitatively by evaluating intensity line profiles and quantitatively by calculating the
scintillation index and beam wandering parameters. The whole analysis is done using both
simulations and experiments . The present study confirms the resilience of BG beams when
passed through a dynamic Kolmogorov turbulence in certain propagation regions.

4.2 Experimental Procedure and Theory

4.2.1 Bessel Gaussian beams (BG beams)

There are four fundamental families of ideal non-diffracting optical beams which are the
exact, propagation invariant solutions to the Helmholtz equation and each of these
corresponds to a particular coordinate system. Plane waves, Bessel beams, Mathieu beams,
and parabolic beams are respectively the ideal non-diffracting beams for Cartesian, circular
cylindrical, elliptic cylindrical, and parabolic cylindrical coordinate systems [84].

A Helmholtz-Gauss beam is a practically attainable optical beam, whose wavefield described
at the plane z=0 is in fact the product of a solution of the two-dimensional Helmholtz
equation in the transverse field of an arbitrary nondiffracting beam and a radial Gaussian
function. One such beam, called the Bessel-Gauss beams are a special case of Helmholtz-
Gauss beams. The complex amplitude of the BG beam has the form in the source plane (
z=0) and is given by,

u(r,0)=AJ, (krr)exp(_—rj) exp(il&) (4.2)
(0

0

Where r is the distance from the z axis and @ is the azimuthal angle, Adenotes the complex
amplitude, J,is the Bessel function of the first kind of order 1, k, corresponds to the radial

component of wavevector, and w,denotes the beam waist of the corresponding Gaussian
beam.

4.2.2 Generation of BG beams using an axicon

I
L <
I

]/ DOF
a

Figure 4. 1 Generation of Bessel Gaussian beam using an axicon of opening angle & . BG beams are
formed in DOF (depth of focus) region.

_‘.l,.'q_

BG beams are generated using axicons, annular slits, and digital holograms using spatial light
modulators. The first reported experiment to generate a zeroth-order Bessel beam has been
done by Durnin et al [72] and was done by illuminating an annular slit placed in the back
focal plane of a lens with a plane wave. However, it has major drawback that most of the
intensity of the incident beam gets blocked by the aperture. More efficient methods using
holographic elements have also been reported. The most efficient technique to generate a fair
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approximation to a zeroth-order Bessel beam is by the use of an axicon. If the waist size of
illuminating Gaussian beam is smaller than the hard aperture of the axicon, the whole input
intensity is converted into BG beam of zeroth order. Consider Fig. 4.1, where the process of
generating BG beam using an axicon is shown. As depicted in Fig. 4.1, when a refracting
axicon of opening angle « is illuminated by a Gaussian beam of radius «,, we get BG

beams in the depth of focus (DOF) region. The length of the DOF within which we get BG
beams is given by,

a)O
(n-Da

DOF =

(4.2)

Where nis the refractive index of the axicon. Beyond the DOF, the transverse profile of the
beam changes to a ring shape. The thickness tof the ring is nearly equal to the radius of the
input Gaussian beam. The diameter d, of the ring at a distance L from the axicon is given by,

d, =2Ltan[(n-1)] (4.3)

4.2.3 Simulation scheme

Propagation

L 4

w

BG Propagation Phase screen

Figure. 4. 2 shows the scheme used for simulation studies. BG denotes Bessel-Gaussian beams.

To investigate the effect of Kolmogorov phase screen on the propagation of BG beams, we
first simulated BG beams using the transmission function of axicon. The opening angle of
axicon is varied from one to ten degrees with a step of one degree. Each of the simulated BG
beams is propagated using a standard propagation algorithm and passed through a
Kolmogorov phasescreen. In order to bring in the effect of dynamic turbulence, multiple
phase screens are used. These turbulence- impacted beams are propagated further and are
analysed qualitatively by finding their intensity line profiles, and quantitatively by calculating
their scintillation index, and beam wander in Fresnel, Fourier and Fraunhofer regions. The
simulation scheme is as shown in Fig.4. 2.
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4.2.4 Experimental scheme
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Figure. 4. 3 (a)shows the experimental setup for the generation of BG beams and passage through
PRPP. SFA is spatial filter assembly and L1 is the collimating lens. Lenses L2 and L3 form a
telescopic system. PRPP is the pseudo random phase plate while ND denotes a neutral density filter.
CCD is the camera used. Figure 4.3(b) shows the propagation geometry used. Here L4 is a lens of
focal length f. Lens L5 again of focal length f is used for Fraunhofer propagation.

Fig. 4.3 shows the experimental geometry where a laser beam from a He-Ne laser having
wavelength of 633nm is spatially filtered and collimated using a lens L1 of focal length
50mm to obtain a Gaussian beam of radius 5mm. It is passed through axicons of refractive
index 1.5 to generate BG beams. In the first experiment an axicon of opening angle 1° is used
and in the second experiment the axicon angle is changed to 5°. In both cases, BG beams
formed behind the axicon are passed through a telescopic system for dimensional scaling.
The telescopic system consists of L2 and L3 having focal lengths f,and f, . Here f, and f,

are taken as 30cms and 7.5cms so that the absolute value of angular magnification is four.
The axicon with the opening angle one degree is used in the first case producing BG beam
with the core radius of 0.8mm. Behind the telescopic system the core radius increases to
3.2mm. When an axicon of opening angle five degrees is used the initial central spot size is
0.5mm which increases to 2mm behind the telescopic system. The BG beams formed in each
case are observed to maintain their shapes close to a distance of 0.75m. After this they tend to
attain a ring shape. For the next experiment the axicon is removed such that we get a
conventional Gaussian beam. All these beams are further passed through a rotating PRPP
which is the atmospheric turbulence simulator. As shown in Fig. 4.3(b), after passing through
the PRPP the beam is recorded using a CCD camera (Charge Coupled Device, PCO pixelfly
USB 2.0) at three different propagation regions namely Fourier, Fresnel, and Fraunhofer
regions. Neutral density filters are used to reduce the intensity of light beams falling onto the
CCD. A lens L4 of focal length f (=10cm) is used to obtain the Fourier plane. The CCD is
initially placed at this plane and slightly moved along positive z direction to reach the Fresnel
region. Another lens L5 of focal length of f is used to obtain the Fraunhofer region. To

create a dynamic turbulence effect, PRPP, which is fixed on a rotary stage, is rotated using a
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stepper motor with the aid of a LabVIEW software. The speed of PRPP is kept at the lowest
value so that CCD sees PRPP stationary at a particular instant. The turbulence-affected beams
are sequentially recorded in Fourier, Fresnel, and Fraunhofer regions. These recorded beams
are further processed in MATLAB to find the intensity line profile, scintillation index, and
beam wander.

4.3 Results and Discussion

4.3.1 Line profiles

Fig. 4.4 shows the intensity line profiles of simulated BG beams before and after passing
through the phase screen in the Fresnel region . The red lines show the input beams while the
blue lines show the turbulence-impacted beams. Axicon angle used to generate BG beams is
varied from one degree to ten degrees in steps of one. For the clarity only five peaks are
shown for each BG beam. From Fig. 4.4 it is clear that the BG beams are more resilient to the
impact of turbulence compared to conventional Gaussian beams and the resilience decreases
as we increase the axicon angle. For the axicon angle of one degree the line profiles
corresponding to both input beam and turbulence impacted beam nearly match. As we
increase the axicon angle, for the same turbulence strength, there is a clear departure of
turbulence impacted line profile from that of the input beam. The similar trend was observed
in Fourier and Fraunhofer regions.
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Figure. 4. 4 line profiles corresponding to BG beams of varying axicon angle (a-e) and conventional
Gaussian beam(f). The blue line shows the line profiles of turbulence-impacted beams, and the red
lines show that of input beams.

Fig. 4.5 shows the experimentally observed BG beams and Gaussian beams before and after
the turbulence impact in the Fresnel region. The blue lines show their corresponding intensity
line profiles. Fig. 4.5 (a-b) corresponds to BG beams formed by using an axicon of one
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degree. Fig. 4.5 (a) is the input beam and Fig. 4.5 (b) is the turbulence impacted beam. There
is a slight decrease in the intensity of turbulence impacted beam, however, BG beams nearly
retain their shape even after passing through strong dynamic turbulence. Similarly, Fig. 4.5
(c-d) corresponds to BG beams, formed by using an axicon of five degrees, before and after
passing through the PRPP. Here BG beams are also resilient to the impact of dynamic
turbulence. However, the resilience is not as strong as that of BG beams formed by an axicon
angle of one degree. Fig. 4.5 (e-f) corresponds to the conventional Gaussian beam before and
after passing through the PRPP. One can clearly observe that conventional Gaussian beams
lose their shape when affected by the turbulence. From Fig. 4.5 it can be concluded that the
BG beams retain their shape even after passing through a transparent dynamic turbulence
while conventional Gaussian beams lose their shape. When comparing BG beams generated
by different axicons, it is evident that the resilience is more when the opening angle of the
axicon is small. A similar trend is observed in the Fourier and Fraunhofer regions. This is
exactly as predicted by the simulation results.
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Figure. 4. 5 Images captured using CCD and their corresponding line profiles before and after
turbulence impact. (a-b) correspond to BG beams formed by using an axicon of one degree. (c-d)
correspond to BG beams formed by using an axicon of five degrees. (e-f) correspond to conventional

Gaussian beam.
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4.3.2 Scintillation index

We calculated the scintillation index of turbulent impacted BG beams generated by different
axicon angles for the simulation geometry shown in Fig. 4.2 and the results are shown in Fig.
4.6. Here the calculations are done in Fourier, Fresnel, and Fraunhofer regions. One can
easily infer from the images that there is a clear downtrend in the value of the scintillation
index as we increase the axicon angle in the Fresnel region however in the Fourier and
Fraunhofer regions the value of scintillation index increases with the increase in axicon angle.
Even though the resilience of BG beams produced by the small axicon angles are larger as
seen in line profiles, their scintillation index follows an opposite trend in the Fresnel region.
In order to explain this discrepancy, we calculated the lateral speckle size of each turbulence
impacted beam in three different propagation regions. It is in fact the laser speckles arising
due to the turbulence impact that causes the observed scintillation effect. The speckle size is
estimated as the full width half maximum of peak obtained through autocorrelation of
recorded images and is found out that the lateral speckle size of the beams in Fresnel region
is much smaller than that of the beams in the Fourier and Fraunhofer regions. This could be
due to the interference of different plane waves emanating from the axicon in the Fresnel
region. With the increase of axicon angle, the separation between plane waves becomes
larger and the effect of interference becomes less conspicuous. This is manifested as the
larger speckles when we increase the axicon angle. The effect of interference becomes
negligible in the Fourier region and Fraunhofer regions again yielding larger speckles.
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Figure. 4. 6 shows the scintillation index corresponding to turbulence-impacted BG beams in Fourier
, Fresnel and Fraunhofer regions corresponding to the simulation geometry shown in Fig. 4. 2.

Table 4.1 summarises the calculated scintillation index and speckle sizes for the experimental
geometry as shown in Fig. 4.3 in Fourier, Fresnel and Fraunhofer regions.

Table 4. 1 The calculated scintillation index and speckle sizes for BG beams and Gaussian beam in
Fourier, Fresnel and Fraunhofer regions.

Fourier Fresnel Fraunhofer
Beam type | Speckle Scintillation | Speckle | Scintillation | Speckle | Scintillation
size (mm) | index size index size index
(mm) (mm)
Gaussian 0.229 0.0688 0.187 0.074 0.205 0.0701
BG (Five) 0.282 0.0442 0.162 0.091 0.268 0.0463
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BG (One) 0.345 0.0212 0.139 0.103 0.321 0.0232

From the Table 4.1 it is evident that , in Fourier and Fraunhofer regions, the scintillation
index is smaller for BG beams compared to the conventional Gaussian beam. It can be seen
that the value of scintillation index increases with the increase in axicon angle.There is clear
proportionality between speckle size and the value of scintillation index. Smaller speckle size
corresponds to larger scintillation index. In Fresnel region, as expected from the simulation
results, the scintillation index is larger for BG beams and the value decreases with the
increase in axicon angle. As discussed earlier this could be attributed to the interference of
plane waves in the Fresnel region. One can notice that value of scintillation index for
Gaussian beams in three regions remain nearly constant with a standard deviation of 0.0027
while the standard deviations of BG beams are respectively 0.0264 and 0.0467 for axicon
angles of five degrees and one degree. Since the Gaussian beam comprises a single k vector it
is devoid of the effect of interference and keeps the nearly constant speckle size in all three
regions. The change in value for speckle size is observed for BG beams because of the
presence of different k vectors and their possibility of interference. From simulation results
and experimental observations, it can be concluded that BG beam generated using smaller
axicon angle is less affected by the impact of turbulence in Fourier and Fraunhofer regions.
This makes them a better candidate for free space optical communications than conventional
Gaussian beams.

4.3.3 Beam wander

Fig.4.7 shows the beam wander in both x and y directions for the simulation geometry. Here
also a clear trend is observed for BG beams produced using different axicon angles. With the
increase in axicon angle, the beam suffers more wandering both in x and y directions. Unlike
the scintillation index, a similar trend is observed for beam wandering in Fourier, Fresnel and
Fraunhofer regions. One can easily understand the fact that the wandering of beam from its
initial position does not depend on the speckle size.
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Figure. 4. 7 shows the beam wander corresponding to turbulence-impacted BG beams simulated
using different axicons. Fig4.7(a-c) show the beam wander along the x-direction in Fourier, Fresnel
and Fraunhofer regions respectively while (d-f) show the beam wander along the y-direction.

Table 4.2 summarises the calculated beam wander in x and y directions for the experimental
geometry as shown in Fig.4.3 in Fourier, Fresnel and Fraunhofer regions.

Table 4. 2 The calculated beam wander for BG beams and Gaussian beam in Fourier, Fresnel and
Fraunhofer regions along x and y directions

Beam shape | Fourier Fresnel Fraunhofer

BWi(um) | BWy(um) | BWx(um) | BWy(um) | BWx(um) | BWy(um)
Gaussian 32.23 120.34 38.12 125.65 36.47 123.19
BG (Five) 16.43 88.38 22.72 94.30 19.12 91.43
BG (One) 1341 79.62 18.46 85.78 15.32 82.17

One can observe that BG beams have smaller beam wandering compared to conventional
Gaussian beams in all three propagation regions. The beam wander along the y-direction is
found out to be larger than that along the x direction under all varied experimental conditions.
This can be explained using the rotation of the PRPP. Consider Fig.4.8 in which the incident
beam is shown as point A and the direction of rotation of the PRPP is shown with the arrow.
Clearly the beam sees turbulence as moving along the y direction making the dynamic
turbulence anisotropic in nature. Since we are finding the beam wander for the sequential
images, a higher value of beam wander along the y direction is expected. With the increase in
axicon angle, the beam suffers more wandering both in x and y directions. Except from this
anisotropy the beam follows the exact same trend in both the x and y directions confirming
the resilience of BG beams to the impact of turbulence.

AD

Figure. 4. 8 Schematic representation of the PRPP. Shaded region represents the area of phase
aberrations. Point A shows the input beam and arrow shows the direction of rotation of the PRPP.
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4.3.4 Simulation studies

In order to validate our experimental results to actual FSO scales a simulation verification is
carried out. Phase screens with turbulence strength matching to the actual atmospheric
conditions are simulated, and BG beams corresponding to different axicon angles are passed
through it. The single instances of simulated phase screens of variable strengths are shown in
Fig. 4.9 and the Fig.4.10 shows the simulated BG beams Here, the grid size was taken to be
256x256. The colour bar indicates the phase values in radians. The input beams are
propagated through multiple phase screens of varying distances. The propagation distances
are varied from 0.25km to 1.5kms again to match the actual FSO scales.

(€)C2=10"m2*

Figure 4.9 (a-c) show the simulated phase screens of increasing turbulence strength. The phase
values are in radians.
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Figure 4.10 Bessel-Gaussian beams simulated with varying axicon angles.

Table 4.3 to 4.5 show the turbulence impacted beams propagated into different distances
through multiple phase screens of refractive index structure parameter C2 = 10~m=2/3,
C? =107m=2/3 and €2 = 10~ 5m~2/3 respectively.



Table 4. 3 Turbulence impacted BG beams for different propagation regions for €2 = 10~17m=2/3,

Propagation Axicon angle (degree)

(m)

250

500

750

1000

1250

1500

2
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Table 4. 4 Turbulence impacted BG beams for different propagation regions for €2 = 10~ 16m=2/3,

Propagation Axicon angle (degree)

(m)

250

500

750

1000

1250

1500
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Table 4. 5 Turbulence impacted BG beams for different propagation regions for €2 = 10~ 1°m=2/3,

Propagation Axicon angle (degree)

(m)

250

500

750

1000

1250

1500

As expected from the experimental studies, BG beams produced using the axicon of smaller

opening angle outperform those beams produced using axicons of bigger opening angle. For

smaller turbulence strength, i.e.,C? =10 m **BG beams produced using one-degree axicon

angle fairly retains its shape up to a propagation distance of 1500m while BG beam produced

using four degrees axicon loses its shape after a propagation distance of 750m. A similar
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trend is observed for stronger turbulence as well. For a turbulence strength of
C2=10""m?*the beam loses its shape after 500m even for the beams produced using

smaller angle axicons. Hence ,we can conclude that, BG beams can be used for long distance
communication purposes only when the turbulence strength is small.

Next, we evaluated the two-dimensional correlation coefficient between the input beams and
the turbulence affected beams in different propagation distances to quantify the effect of
turbulence impact. A higher correlation coefficient indicates that the beam is less effected by
turbulence, whereas a lower correlation coefficient indicates that turbulence has a greater
impact. The mathematical expression of two-dimensional correlation coefficient between

two complex matrices A, and B, isgiven by,
23 (An = A)(Br ~B)
cc= ==
[E=lin-A] (o5

Where A and B denote the mean of all values in those matrices.

(4.4)

The correlation coefficient versus distance plot of different BG beams under different
turbulence intensities is shown in Fig. 4.11.
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Figure 4.11 (a-c) show the correlation vs distance plot for different turbulent strengths.

One can infer from the correlation calculations that there is a clear downtrend for correlation
coefficients as we increase the propagation distance and axicon angle. As suggested by the
simulation results in the previous section BG beams produced using the smaller axicon angles
show larger correlation coefficients suggesting greater resilience and vice versa. The rate at
which the correlation coefficients fall nearly follows the same value for smaller turbulence
value but there is a rapid decline in correlation coefficient for higher axicon angle beams
under stronger turbulence. It can be seen that BG beams produced via smaller axicon angles
are better suited for communication applications where the turbulence is stronger, and the
propagation distances are relatively larger compared to the other BG beams.

To verify our simulation and experimental analysis, we have calculated the scintillation index
of turbulence impacted beams in different propagation regions. The calculation is repeated
for different turbulence strengths and the results are shown in Fig. 4.12.
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Figure 4.12 (a-c) show the scintillation index vs distance plot for different turbulent strengths.

Scintillation index calculations further establish the result that BG beams produces using
smaller axicon angles are a better choice for FSO communication systems. From weaker to
stronger turbulence and in all propagation distances they show smaller scintillation index
values suggesting larger resilience. For stronger turbulence, BG beams corresponding to the
axicon angle of one degree shows much smaller scintillation index, again indicating the result
that they are a better candidate compared to the other BG beams, when the turbulence is
stronger and propagation distances are larger.

4.4 Conclusions

In this chapter, we have successfully generated BG beams through simulations and by using
axicons. These BG beams and conventional Gaussian beams are passed through a dynamic
transmissive Kolmogorov turbulence simulator. The scintillation index, beam wander and
intensity line profiles are calculated for different axicon angles in Fresnel, Fourier and
Fraunhofer regions. We found that, compared to Gaussian beams, the BG beams show much
less scintillation index in Fourier and Fraunhofer regions. In the case of beam wandering
along both x and y directions, BG beams show smaller wandering compared to laser
Gaussian beam. One of the main results of our experiment can be seen in Fig. 4.5 which
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clearly shows the ability of BG beams to retain their shape even after passing through
dynamic turbulence. This is the first time in the literature the effect of dynamic turbulence on
BG beams is investigated. There is a clear match between experimental and simulation
investigations, and it confirms the insensitivity of BG beams to the impact of dynamic
turbulence compared to the conventional Gaussian beam. The experimental results are further
verified by extending the turbulence strength and propagation distances to the actual
atmospheric turbulence scales using simulations. These results find applications in free-space
communications because of the resemblance of experimental conditions to the actual
atmospheric turbulence.
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CHAPTER 5

ROBUSTNESS OF PARTIALLY COHERENT VORTEX
BEAMS TO THE IMPACT OF DYNAMIC
KOLMOGOROV KIND OF TURBULENCE.

5.1 Introduction

In the case of free-space optical communication systems, scintillations cause an increase in
the link error probability, which reduces the overall performance[85]. A plethora of research
has been done on the optimization of transmitting beams for free space optical
communication systems. Such optimization techniques comprise altering their degree of
coherence, degree of polarization, or using different classes of beam shapes[50-
52,55,69,86,87]. It has been verified that optical vortex beams carrying twist phases are more
resilient to the impact of turbulence compared to the optical beams without such helical
phases[88-92]. Vortex beams carry orbital angular momentum because of their helical phase.
These orbital angular momentum (OAM) modes possessed by vortex beams can be used as
an infinite basis set for free-space optical communication channels. This increases channel
capacity without increasing the spectral bandwidth[93]. For a communications system, the
orthogonality property of optical beams carrying vortex phases is indispensable. It implies
that multiple independent data-carrying optical beams can be multiplexed and transmitted
simultaneously in free space, thereby multiplying the system's data capacity by the total
number of beams[83].

Many attempts have been made to study the resilience of optical beams with vortex phase in
partially coherent regime when it passes through turbulence[94-97]. But none of them
explore the effect of a controllable dynamic turbulence in the Kolmogorov regime.

In this work, we present the wave propagation analysis of Gaussian and partially coherent
topologically charged beams (Gaussian Schell model vortex beams) through a dynamic
(rotating) random phase screen which simulates atmospheric turbulence in the Kolmogorov
turbulence regime. Experimental and simulation results are provided. These results can be
effectively employed in free-space optical communication systems because of their
resemblance to the actual atmospheric conditions.

5.2 Experimental Procedure and Theory

In the experiment scheme as shown in Fig. 5.1, light from a He-Ne laser of wavelength
633nm is spatially filtered and collimated using a lens L of focal length of 50mm. The
collimated laser beam further passes through a vortex phase plate (RC Photonics) to generate
a topologically charged beam. The laser beam is passed through different regions of the phase
plate so as to produce vortex beams of charges zero to three. These beams then fall on the
spatial light modulator (SLM). The SLM used in the present study is Holoeye PLUTO phase-
only SLM based on reflective LCOS micro-displays. It has a resolution of 1920x1080 pixels
and pixel size of 8um. It is optimized for different wavelength ranges (420-1700 nm). Phase
profiles of simulated GSM beams in different coherence regimes, as shown in Fig. 5.1, are
fed onto the SLM one at a time. The reflected beam from SLM then passes through an
aperture and a mirror. Here the aperture is used to select first-order diffraction order. The
mirror reflects this beam towards a pseudo-random phase plate which is the atmospheric
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turbulence simulator. After passing through the PRPP the beam is detected using the CCD
camera (Charge Coupled Device, PCO pixelfly USB). The distance between the PRPP and
the CCD is chosen to be 50cms such that the effect of propagation also comes into the
picture. To create a dynamic turbulence effect, PRPP, which is fixed on a rotary stage, is
rotated using a stepper motor with the aid of LabVIEW software. However, the speed of
PRPP is kept at the lowest value so that CCD sees the PRPP stationary at a particular
instance. In order to synchronize the CCD with the SLM, we used an external trigger function
with a function generator (Tektronics-AFG3022B). Phase maps of GSM beams are loaded
onto SLM for different coherence lengths. For each phase map, turbulence-impacted beams
are viewed with CCD. One thousand images are sequentially captured using CCD. These
recorded beams are further processed in MATLAB to find the intensity line profile,
scintillation index, and beam wander. The process is repeated for vortex beams having
charges zero to three.

He-Ne Laser
632nm

PRPP ND cco

Figure 5. 1 shows the experimental setup where SFA denotes the spatial filter assembly and L is the
collimating lens. VPP is the vortex phase plate while SLM denotes the spatial light modulator. A is an
aperture and M denotes a mirror. PRPP is the pseudo-random phase plate, ND denotes a neutral
density filter while BS is a beamsplitter. CCD is the camera used for recording images.

5.3 Simulation Scheme

In the simulation studies ,the experimental results obtained at the laboratory level are verified
by extending the parameters to the actual FSO scales. To investigate the effect of
Kolmogorov phase screen on the propagation of partially coherent vortex beams, we first
simulated Gaussian beams having vortex phase convolved with a Gaussian correlated random
function of variable coherence width 0.2mm [22,23]. The topological charge of vortex beams
is varied from zero to three. Each of the simulated GSMV beams is impacted by a
Kolmogorov phase screen of thickness 0.5km to 5km. The refractive structure constant, C? is

varied from 10 to 10 m?*[22]. In order to bring in the effect of real turbulence scenario,
multiple phase screens are used. The number phase screens are increased gradually to see the
effect of propagation. These turbulence- impacted beams are analysed by finding the
scintillation index and correlation coefficients.

5.4 Results and Discussion

5.4.1 Amplitude and phase images of GSM beams
A few instances of phase and amplitude of GSM beams simulated are shown in Fig.5.
2 [22,23]. These phase profiles are fed onto the SLM to generate GSM beams with gradually
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varying coherence widths. These phase profiles are fed onto the SLM to generate required

GSMV beams.
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Figure. 5. 2 Shows the amplitude and phase of simulated Gaussian Schell model beams for &
=0.2mm, 0.8mm,1.4mm, and 2mm respectively.

5.4.2 Experimental observations
Fig. 5.3 shows a few instances of the images captured using CCD before and after passing
through the PRPP. Here, the coherence length is kept at one millimeter and the topological
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charges are varied from zero to three. Fig. 5.3(a) is the conventional Gaussian beam
(topological charge zero) and Fig. 5.3(b) is the same beam after the impact of turbulence. It is
clear from the figure that the Gaussian beam is largely affected after passing through the
PRPP. Fig. 5.3(c) and Fig. 5.3(d) are respectively the GSMV of order one before and after
turbulence impact. Here also , one can observe the effect of the random phase screen, but the
beam tends to keep its shape intact. Similarly, Fig. 5.3(e) and Fig. 5.3(f) correspond to the
input and turbulence-impacted beams of order two. The impact of turbulence is evident in
Fig. 5.3(f); however, it fairly retains shape. Fig. 5.3(g) is the GSMV beam of topological
charge three and Fig. 5.3(h) is the same beam after the impact of turbulence. It can be clearly
seen that, even after passing through the phase screen, the beam preserves its shape and
shows considerable resilience in the case of higher order beams, compared to beams of lower
orders. Our experimental observations also confirm the fact that partially coherent vortex
beams are insensitive to the impact of turbulence.

5.4.3 Line profiles

Fig. 5.4 to Fig. 5.7 show a few examples of the line profiles of GSMV beams of different
orders. Blue lines show the line profiles of input beams and red lines show that of the
turbulence impacted beams. Line profiles of direct and turbulence impacted GSMV beams of
order zero are depicted in Fig. 5.4. Here, the coherence width () is varied from 0.2mm to
2mm. As inferred from Fig. 5.3, GSMV beams of order zero are greatly impacted by the
phase screen. This fact is confirmed by the departure of turbulence-impacted beam line
profile from that of the input beam. Line profiles of direct and turbulence impacted GSMV
beams of the first order are shown in Fig. 5.5. Here also, the coherence width (5) is varied
from 0.2mm to 2mm. One can easily observe that these beams tend to retain their shape.
However, as we increase the coherence length, turbulence-impacted beams slightly wander
from their initial position. Similarly, line profiles of direct and turbulence impacted GSMV
beams of the second order are shown in Fig. 5.6 when the coherence width () is varied
from 0.2mm to 2mm. Further, it can be easily seen that these beams tend to retain their shape
and as we increase the coherence length turbulence-impacted beams slightly wander from
their initial position. Finally, Fig. 5.7 shows the line profiles of direct and turbulence
impacted GSMV beams of the third order. Even after passing through the phase screen, the
beam clearly preserves its shape. It shows greater resilience compared to beams of lower
orders. However, these beams also suffer from beam wander as we increase the coherence
length.
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Figure. 5. 3shows the input beams(left side) and turbulence impacted beams(right side) of GSMV
beams of various modes with coherence width one mm.
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Figure. 5. 4 Line profiles of GSMV beam of zero order with different coherence widths.
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Figure. 5. 5 Line profiles of GSMV beam of first order with different coherence widths.
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Figure. 5. 6. Line profiles of GSMV beam of second order with different coherence widths.
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Figure. 5. 7 Line profiles of GSMV beam of third order with different coherence widths.

5.4.4 Scintillation index
The scintillation index is calculated using the sequential images captured from the

experimental scheme shown in Fig. 5.1. Since the vortex beams possess a donut shape, we
have to modify the method to calculate the scintillation index . For each propagation distance,
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the corresponding beam width is found out using the free propagation algorithm and is
denoted by w(z). Then the irradiance of the numerically calculated vortex beams propagated
through turbulence with an annular area between radii of (1+10%) w(z) and (1-10%) w(z) are
used for the scintillation index as described in [98].

Fig.5.8 shows the scintillation index values obtained for GSMV beams of four orders with
different coherence lengths. For zero order GSMV beam, the scintillation index is larger than
that of the other GSMV beams. GSMV beams of higher orders shows lesser scintillation
effects and minimum value of scintillation index is observed for GSMV beam of third order.
From Fig.5.8, it can be clearly seen that the scintillation index increases as we increase the
coherence length. And this trend is followed by GSMV beams of all orders. Scintillation
index calculations again confirms the resilience of GSMV beams of higher orders.

5.4.5 Simulation results

The single instances of simulated phase screens of variable strengths are shown in Fig.5.9 and
the Fig.5.10 shows the simulated GSMV beams of different topological charges with a
coherence width of 0.2mm. We kept the coherence width at the minimum because of their
greater resilience to the turbulence impact. Here, the grid size was taken to be 256x256. The
color bar indicates the phase values in radians. The strengths of the phase screens are chosen
so that they resemble to the actual atmospheric conditions. The input beams are propagated
through multiple phase screens of varying distances. The propagation distances are varied
from 0.5km to 1.5kms again to match the actual FSO scales. Table 5.1 shows the turbulence
impacted beams propagated into different distances through multiple phase screens of
refractive index structure parameter 2 = 10~17m~2/3, Excluding the zero order GSM beam,
one can observe that the optical vorticity is lost when we propagate the turbulence impacted
beams to a certain distance. The first order GSMV beam preserves its vorticity up to a
distance of 500m whereas the second order GSMV beam is able to keep the donut shape up
to a distance of 750m. As expected from the laboratory level experiments, the third order
GSMV beam is capable of sustaining its vorticity to a longer propagation distance. As
inferred from the table, the singularity of third order beam is preserved even up to the
distance of 1000m making it a better candidate for FSO communication applications. The
same trend is observed even for stronger turbulence regimes.

In order to quantitatively estimate the effect of turbulence impact, we have calculated the
two-dimensional correlation coefficient between the input beams and the turbulence impacted
beams in different propagation distances. A higher value of correlation coefficient suggests
that the beam is less impacted by the turbulence and a lesser value of correlation coefficient is
suggestive of stronger impact of the turbulence. Fig.5.11 shows the correlation coefficient vs
distance plot of GSMV beams of different order under different turbulence strengths. It can
be clearly seen that the correlation coefficients for higher order topological charges possess
smaller value implying their greater resilience to the effect of random phase fluctuations. For
smaller propagation distances their values mostly converge, and the difference becomes
conspicuous as we increase the propagation distances. However, for stronger turbulence the
value of correlation coefficients nearly matches for all propagation distances. From the
correlation coefficient calculations, we can infer that GSMV beams of higher topological
charges are better suited for communication applications where the turbulence is weak, and
the propagation distances are relatively larger.
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Figure. 5. 8 coherence length vs Scintillation index corresponding to GSMV beams of
different orders.
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Figure. 5. 9(a-c) show the simulated phase screens of increasing turbulence strength. The colorbar is
in radians.
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Figure. 5. 10(a-d) show the GSMV beams of different topological charges zero to three.
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Table 5. 1 Turbulence impacted GSMV beams of topological charges zero to three for different
propagation regions for €2 = 10~ 17m=2/3,

Propagation LO L1 L2 L3
(m)

250

500

750

1000

1250

1500
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As mentioned earlier, the scintillation index is the most important parameter that quantifies
the impact of turbulence. To verify our simulation results and to extend our experimental
analysis, we have calculated the scintillation index of turbulence impacted beams in different
propagation regions. The calculation is repeated for different turbulence strengths and the
results are shown in Fig. 5.12.
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E 0.68 ° E 0.7 é 0.71, 500
£0.67 s & & £ e ' E > °
c . = 0.69] e ° e 0.7|" L2 ©
L4 ° L 4
2066 o o ! 2 o ¢ S |eL3 :
k- ¢ E e '] L4 ’ E é b4
= ° = 0.68¢ . = 0.69¢ ¢
t 0.65; ’ = + 'l = ¥ ¢
‘G ] 3]
9 0.64 - - D 0.67¢— : 9 0.68 : :
500 1000 1500 500 1000 1500 500 1000 1500
Distance (m) Distance (m) Distance (m)
(a) €2 =10"1m2/3 (b) C% = 10" 5m2/3 (c) €2 =10"1B3m™2/3

Figre. 5. 12(a-c) shows the scintillation index vs distance for turbulence impacted beams of
topological charge zero to three for different turbulence strengths.

From Fig. 5.12 it is evident that scintillation index corresponding to beams carrying higher
order topological charges are less compared to their lower order counterparts. The difference
is clearer for weak to moderate turbulence strengths. When it comes to stronger turbulence ,
the scintillation index nearly coincides for all the beams. This is exactly as predicted by the
correlation coefficient estimations. This again confirms the fact that GSMV vortex beams of
higher order topological charges are a promising candidate for FSO communication systems
when the turbulence is weak to moderate.

5.5 Conclusion

In this chapter, we generated GSMV beams of different orders and are passed through a
dynamic transmissive Kolmogorov turbulence simulator. Scintillation index, intensity line
profiles and correlation coefficients are found for different coherence regimes. It has been
experimentally verified that GSMV beams of higher orders show less scintillation, and their
resilience decreases as we increase the coherence width. One important result of our
experiment is shown in Fig.5.3 which clearly shows the ability of GSMV beams of higher
orders to retain their shape even after passing through dynamic turbulence. The robustness of
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higher order GSMV beams is further confirmed by the intensity line profiles shown in Fig.5.4
to Fig.5.7. This is the first time in the literature the effect of dynamic Kolmogorov turbulence
on GSMV beams in different coherence regimes has been experimentally investigated and
verified. The experimental results are further verified by extending the turbulence strength
and propagation distances to the actual atmospheric turbulence scales using simulations.
These results find applications in free-space communications because of the resemblance of
experimental and simulation conditions to the actual atmospheric turbulence.
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CHAPTER 6

ENHANCED BACKSCATTERING THROUGH
TURBULENCE

6.1 Introduction

Most of the phenomena associated with the atmospheric turbulence are detrimental to the
data transmission. However, there are still some phenomena which mitigate the adverse effect
of the beam propagation through turbulence. One such phenomenon is called the enhanced
backscattering (EBS)[19,99-104]. It arises due to the fine coherence effects caused by a
double passage of waves through the same medium inhomogeneities . These effects cause the
scattered beams to be ordered rather than degraded. The EBS effect is often observed when
the beam is reflected from a retro reflector. The EBS is seen as bright spot near the optic axis,
which has a relatively high intensity patch compared to the rest of the beam. The direct and
the reflected waves are ideally phase-conjugated, and the effect turbulence is eliminated.
Through EBS the FSO system shows higher robustness and has been experimentally
investigated elsewhere[102—-110]. The double passage problems through the turbulence have
got much attention recently because of the modulating reflector technology in free space
communication systems. The EBS phenomenon may be utilised to adjust the quality of a
beam on a target. The intensity at the focal point of the lens is indicative of the beam quality
at the target plane due to the channel's reciprocity. The EBS signal, in conjunction with
adaptive optics, can be used to reduce the impacts of turbulence on the bit-error-rate or beam
profile in free-space optics communication systems or directed energy applications. However,
there are certain challenges to observe EBS. Averaging the received intensity profile across
several double passes with uncorrelated turbulence between each double pass is possible only
with by standard detection algorithms. This produces two issues: a delay in detecting the EBS
signal and, when detected, the EBS signal does not match the current status of the turbulent
channel. Furthermore, for objects resembling mirrors or diffuse reflectors, considerable
turbulence is required for detection of EBS.

The experimental investigations on the EBS phenomenon were so far limited to a very few
classes of beams and relatively weaker turbulence regimes. One such article verifies the
enhanced backscattering effect on LG beams [111] and there is an article which explores the
effect of double passage through turbulence on partially coherent LG beams[96]. There is
another comprehensive study on GSM beams[104]. They study statistical properties such as
average intensity, beam wander, intensity probability density function and scintillation index
using double-pass, monostatic turbulence channels, both experimentally and numerically.
Their experimental findings show that the EBS steadily reduces as the spatial coherence of
the GSM source falls, finally disappearing for sufficiently low source spatial coherence
states.

Here in this chapter, we present the wave propagation analysis on the effect of double
passage of Gaussian vortex beams with even topological charges and Bessel-Gaussian beam
through a slowly rotating phase plate (PRPP) in the Kolmogorov regime. The enhanced
backscattering is observed under certain conditions. The effect of random phase plate on
these beams are further characterised by calculating scintillation index which gives a
guantitative measure of the turbulence impact. These results can be utilised in satellite
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communications and LIDAR systems. And it finds applications in remote sensing, imaging
through turbulence, study of wave propagation through oceanic turbulence and tracking
objects in the atmosphere.

6.2 Theoretical Description of EBS

When a wave travels through a phase screen and is reflected back through it, the effect of the
second pass can produce a radically different phenomenon. This effect amplifies the
backscattered wave caused by the screen's refractive deviations being correlated with the
wave. There are two distinct ways that can enhance backscatter: coherent and incoherent. The
coherent mechanism is the constructive interference of reflected wave parts after they have
passed through different refractive inhomogeneities. When the mirror is placed considerably
beyond the phase screen, this is the primary contributing mechanism to the backscatter. When
a component of the reflected wave travels through the same refractive inhomogeneity that
focussed this component of the wave onto the mirror, the incoherent process occurs.

Consider a uniform plane wavefront containing rays E,,E,, E,, and E,. Till it reaches the
phase screen P they follow the parallel direction and upon the incidence to the phase screen
they emerge in random directions as shown in Fig. 6.1 . These scattered rays are then
reflected back to the phase screen. Assume that the ray E, is reflected and scattered back into

the position which the ray E,had already followed, but in the opposite direction. Then the

two rays swap places and exit parallel to each other. Due to the scattering mechanism, these
two rays depart with no phase difference because they travelled the same path but in
opposing directions. This pairing of returning rays will occur in successive realisations
anytime any ray may be scattered back towards the direction of the incident wave[112].

Tl

o
-

Figure 6. 1 Ray model of double passage through the phase screen P using the reflector R.
Mathematically the total field associated with the beam can be expressed as,
E=E+E,+E+E, (6.1)
Then the intensity is given by,
I =JEf
2 2 2 2
=[E [ +|E,[ +|E,| +|E,| +2EE, cosd, + (6.2)
2E,E,cos6,, + 2E E, cosb,, + 2E,E, cos 0,
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If we assume the wave has a uniform intensity such that,
2 2 2 2
lo=|E[" =|E,| =[Es[ =|E| (6.3)
Then the total intensity becomes,

| =41, +21,(cosb,, +cosb,, +cosb,, +cosb,,) (6.4)
Because of the existence of reciprocity , 8., = 8,5 =0. Then the equation 6.4 becomes,
| =41, +21,(cosb, +cosb, +2) (6.5)
When we average over many realizations,

(1)=41,+21,({cos@,)+(cosb,;)+2) (6.6)

Here <COS 912> and <COS 1913>are zero because all phase variations in directions other than

the incident wave are random. Then,

1)=41,+(21,+2l
(1) =41+ (2, + 21, on
= incoherent portion+coherent portion

With a few more assumptions Jakeman developed an equation for the backscattered wave's
far-field intensity distribution[106]. He demonstrated that the intensity of backscattered light
gets enhanced in the direction of the incident beam. Gaussian speckle will occur at the mirror
if it is situated sufficiently enough away from the screen. In this situation, it was
demonstrated that the average angularly distributed intensity of a Gaussian beam attains the
form,

2 2
1(0,) = |§exp[‘§f Jx[l+ %exp(—zkzszz)“z} (6.8)

b w, + 2N,

Here 17 is the peak intensity of the backscattered beam, z is the distance between screen and
the reflector,n, represents the rms value of-the sine of the scattering angle of the phase
screen, and finally the term Znozis proportional to the area of the scattering disk at the
screen on the second pass. Other terms in the equation are defined as,

m? =aw;? +(zn,) " (6.9)

P :%(sineb +sing,)
L | (6.10)
Q= E(sm g, —siné,)

Where 6, is the observed scattering angle and 6, is the angle of incidence. For a plane wave
with @, > zn,the Eqn. 6.8 attains the form,
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2

1(6,)= Ijexp(_izp j[1+ exp(—ZkZszz)M} (6.11)

0

The first exponential factor describes the intensity angular distribution, and the intensity-
enhancement distribution is described by the exponential term included in brackets.

6.3 Experimental

The experimental schemes employed are as shown in Fig. 6.2 and 6.3. In the first experiment,
light from a He-Ne laser of wavelength 633nm is spatially filtered and collimated using a lens
L1 of focal length of 50mm. The collimated laser beam further passes through a vortex phase
plate (RC Photonics) to generate a topologically charged beam. The laser beam is passed
through different regions of the phase plate so as to produce vortex beams of charges zero,
two and four. These beams are subsequently split into two beams with the use of a beam
splitter. One part of the beam is blocked using an opaque screen and the other half is passed
through the PRPP and which eventually reflected back using a reflector. In the first case a
mirror is used for a conventional Gaussian beam (zero topological charge)as the reflector and
throughout the rest of the experiment it is replaced by a retroreflector. The reflected beam
again passes through the PRPP and is focussed onto the screen using the lens L2. Here the
focal length of the lens L2 is 20cm and the CCD is placed at a distance of 18cm from the
lens. Here the detector is not placed at the focal plane because of the imperfections in the
retroreflector which would cause the unwanted scatter light to be focussed on the focal plane.
The PRPP was rotated during the entire process at the minimum speed so that the incoming
and reflected waves undergoes the same phase perturbation. A thousand images are recorded
which are further processed in MATLAB to find out the average intensity, intensity line
profiles and scintillation index.

Similarly, in the second experiment the collimated beam is passed through an axicon of
opening angle on degree so as to produce a BG beam. This BG beam is further passed
through a beam splitter. The rest of the experimental set up was as mentioned above. Here
again a thousand images are captured for analysis.
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Figure 6. 2 Schematic of experimental set up for double passage of Gaussian vortex beams through
the PRPP where SFA denotes the spatial filter assembly and L is the collimating lens. VPP is the
vortex phase and PRPP is the pseudo-random phase plate, ND denotes a neutral density filter while
BS is a beamsplitter. L2 is the focusing lens and CCD is the camera used for recording images. Here
the reflector is initially a mirror and then replaced by a retroreflector.
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Figure 6. 3 Schematic of experimental set up for double passage of BG beams through the PRPP
where SFA denotes the spatial filter assembly and L is the collimating lens. PRPP is the pseudo-
random phase plate, ND denotes a neutral density filter while BS is a beamsplitter. L2 is the focusing
lens and CCD is the camera used for recording images. Here the reflector is initially a mirror and

then replaced by a retroreflector.
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6.4 Results and Discussion

It has been experimentally verified earlier that only the vortex beams having even topological
charges exhibit enhanced backscattering[111]. Hence, we limit our experiment to beams with
even topological charges. Average intensity captured using the CCD for the backscattered
beams are shown in Fig 6.4.

From the Fig.6.4 one can clearly observe the existence of enhancement in the intensity of
backscattered beam when reflected from a retroreflector. The average normalised intensity
reaches a value around two for conventional Gaussian beam and the value decreases as we
increase the topological charge of the vortex beam. Similarly enhanced backscattering is
observed for BG beam reflected from a retroreflector. This is the first time in literature , the
enhanced backscattering of BG beam is reported. And this altogether the first time the
enhanced backscattering using a rotating phasescreen in observed and reported. Another
important thing to notice here is the resemblance of ring-shaped BG beams to the incident
beam. It clearly shows the resilience of BG beam even after impacted by the strong
turbulence twice.

Furthermore, the intensity line profiles are plotted and are shown in Fig. 6.5. In order to
clearly observe the enhanced backscattering only the intensity near to the peak is shown.
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Figure 6. 4 (a) shows the average intensity obtained at the CCD plane when the conventional
Gaussian beam was reflected from a mirror, while (b) shows the backscattered beam after reflecting
from a retroreflector (RR). (c) and (d) are the respectively the backscattered Gaussian vortex beams
of charges two and four from a retroreflector. (e) and (f) show the backscattered beam from a mirror
and retroreflector respectively.
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Figure 6. 5 shows the intensity line profiles of backscattered beams. (a)-(c) show the line profiles
corresponding to Gaussian vortex beams respectively having charges zero, two and four. (d) shows
the intensity line profile of backscattered BG beam.

It can be observed that there is an enhancement of average intensity in the backscattered
beams. The maximum intensity reflected by the flat mirror is used to normalise the average
intensity pattern. The enhancement factors for different beams are plotted in Fig. 6.6.
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Figure 6. 6 shows the enhancement factor for different beam shapes. LO denote Gaussian beam, L2
and L4 denote Gaussian vortex beams having topological charges two and four respectively. BG
means the Bessel-Gaussian beam generated using an axicon of opening angle one degree.
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Figure 6. 7 shows the scintillation index for different beam shapes. LO denotes Gaussian beam, L2
and L4 denote Gaussian vortex beams having topological charges two and four respectively. BG
means the Bessel-Gaussian beam generated using an axicon of opening angle one degree.
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In order to estimate the effect of dynamic turbulence on backscattered beams the scintillation
index is calculated and plotted in Fig. 6.7.

The values of enhancement factor , scintillation index and their percentage variation from the
values corresponding to the conventional Gaussian beam are tabulated in Table 6.1.

Table 6. 1The values of enhancement factor , scintillation index and their percentage variation from
the values corresponding to the conventional Gaussian beam.

Beam shape Enhancement Percentage Scintillation Percentage
factor reduction index reduction
L0 1.978 00.00 0.520 00.00
L2 1.599 19.16 0.489 05.96
L4 1.386 29.92 0.412 20.76
BG 1.645 16.84 0.399 23.27

From the table we can draw the conclusion that even though there is highest enhancement
factor observed for Gaussian beam it has got the maximum value for scintillation index as
well implying that the enhanced backscattering does not ensure better resilience to the
turbulence impact. Hence for free space communication purposes and target tracking we need
to have a trade-off between maximum intensity and intensity fluctuations. Looking at the
table one can see that considering the enhancement factor as well as the scintillation index
BG beams proves to be a better candidate for communication systems involving double
passage through the turbulence. It has got a fairly high enhancement factor and the lowest
value of scintillation index. This is the first time in literature the phenomenon along with the
robustness of beams to the impact of turbulence is simultaneously studied for double passage
problems. Again, this is the first time observing the enhanced backscattering effect with BG
beams. These results can be used to develop a communication system where the transmitting
beams will be more resilient to the atmospheric degradation thereby minimising the use of
adaptive optics systems.

6.5 Conclusion

In the present chapter we generated Gaussian vortex beams using a vortex phase plate and a
BG beam using an axicon. The generated beams are passed through a rotating dynamic
turbulence twice and focussed onto a detector. The backscattered beams after passing through
the PRPP are thoroughly analysed. Enhanced backscattering is observed when the beam is
reflected from a retroreflector. The amplification factor reaches a value close to two as we
use conventional Gaussian beam, and the value reduces as we increase the topological
charge. The enhanced backscattering is observed for BG beam also with an enhancement
factor of 1.645. Along with the enhanced backscatter, it can be seen that the resilience of the
BG beams is preserved comparing to the other incident beams. The resilience is further
verified by the scintillation index calculations. We can make use of these results to the actual
ground to satellite to ground communication systems.
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE

7.1 Conclusions

The primary objective of the thesis was to investigate the effect of dynamic Kolmogorov kind
of turbulence on different structured beams for employing them on FSO communication
systems. Different classes of beams have been quantitatively and qualitatively optimised.
Certain classes of beams in different coherence regimes and different spatial structures are
found to be more resilient to the impact of turbulence compared to the conventional Gaussian
beams making them a better choice to be used in free space communication purposes.

e The thesis starts with the characterization of turbulent simulator, the PRPP, which has
been used throughout our investigations. In that chapter, we suggest a simple
approach for determining the Fried parameter of a dynamic turbulence simulator at
the laboratory level. The Fried coherence length was calculated using a unique
approach. In a two-dimensional phase map created from a Mach-Zehnder
interferometer, we used the autocorrelation function of a single point to estimate the
Fried parameter of the PRPP. In contrast to the previously described characterisation
procedures, this method is simple, employs a basic experimental setup, and produces
higher precision.

e Next, we used two distinct techniques to simulate Gaussian Schell model beams. In
two separate experimental approaches, simulated beams with gradually varying
coherence lengths were passed through a dynamic transmissive Kolmogorov
turbulence simulator. For each experimental condition, the scintillation index, beam
wander, and Zernike polynomials were determined. It is possible to infer that partially
coherent beams are more effective for free space optical communications. It becomes
apparent that the robustness of partly coherent beams is more under weaker
turbulence.

e Further, we analysed the impact of a rotating turbulence BG beams. In this chapter,
we successfully produced BG beams using simulations and axicons. A dynamic
transmissive Kolmogorov turbulence simulator is used to study the effect on these BG
beams and standard Gaussian beams. For various axicon angles in the Fresnel,
Fourier, and Fraunhofer regions, the scintillation index, beam wander, and intensity
line profiles are determined. We discovered that, as compared to Gaussian beams, BG
beams had a substantially lower scintillation index in the Fourier and Fraunhofer
regions. When it comes to beam wandering in both the x and y axes, BG beams
outperform laser Gaussian beams. One of the primary findings of our experiment is
that BG beams may keep their form even after travelling through dynamic turbulence.
The influence of dynamic turbulence on BG beams is explored for the first time in the
literature. There is a strong match between experimental and simulation findings,
confirming the insensitivity of BG beams to the influence of dynamic turbulence as
compared to ordinary Gaussian beams.

e The work continued to analyse the impact of PRPP on Gaussian Schell model vortex
beams. We created GSMV beams of various orders, which then passed through a
dynamic transmissive Kolmogorov turbulence model. For various coherence regimes,
the scintillation index, intensity line profiles, and correlation coefficients are

83



calculated. It has been experimentally demonstrated that GSMV beams of higher
orders exhibit less scintillation, and their robustness reduces as the coherence width
increases. One significant outcome of our experiment clearly demonstrates the
capacity of higher order GSMV beams to preserve their form even after travelling
through dynamic turbulence. The intensity line profiles further support the resilience
of higher order GSMV beams. The influence of dynamic Kolmogorov turbulence on
GSMYV beams in different coherence regimes has been experimentally explored and
proven for the first time in the literature. The experimental results are further
validated by employing simulations to extend the turbulence strength and propagation
lengths to the real atmospheric turbulence scales.

e The final part of the thesis deals with the phenomenon of enhanced backscattering
through turbulence. We used a vortex phase plate to create Gaussian vortex beams
and an axicon to generate BG beams. The produced beams are focused onto a detector
after passing through a rotating dynamic turbulence twice. The backscattered rays are
examined using a CCD . When a beam is reflected off a retroreflector, it exhibits
enhanced backscattering. When we employ a typical Gaussian beam, the
amplification factor approaches two, and it decreases as the topological charge
increases. The BG beam also exhibits enhanced backscattering, with an enhancement
factor of 1.645. Along with the increased backscatter, the endurance of the BG beams
IS preserved as compared to the other incident beams.

Our experimental investigations suggest that certain classes of beams are better candidates
compared to the conventional Gaussian beams when used as transmitting beams in FSO
communication channels. When we solely consider the coherence factor of the transmitting
beams and their resilience, it was shown that for weak to moderate turbulence levels, partially
coherent beams with smaller coherence width outperforms their fully coherent counter parts.
When we consider the spatial structure of the transmitting beams as well, Gaussian Schell
model beams with vortex phases and BG beams show more robustness compared to the
normal Gaussian beam. If we guantitatively compare the effect of turbulence on BG beams
and Gaussian Schell model vortex beams, the former outperforms the latter in terms of
scintillation index for shorter propagation distances. However, according to our simulation
studies, which resemble to the actual atmospheric turbulence parameters, predict that BG
beams are not a better choice for long distance communications. The resilience of BG beams
is lost in less than a few kilometres even under a very weak turbulence.

When considering the double passage through the same turbulence an enhancement is
intensity is observed for Gaussian beams, GSMV beams and BG beams. We may conclude
that, while the Gaussian beam has the largest enhancement factor, it also has the highest
scintillation index, showing that increased backscattering does not guarantee superior
resilience to turbulence influence. As a result, for free space communication and target
tracking, we must make a trade-off between maximum intensity and intensity fluctuations.
When both the enhancement factor and the scintillation index are considered, BG beams are a
superior choice for communication systems including double transit through turbulence. It
has a relatively high amplification factor and the lowest scintillation index value.

7.2 Future Perspectives
The following session outlines the possible future directions of the present work.
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There are infinite possible structured beams which can be digitally created and
propagated. We can extend our studies by incorporating more structured light beams
to our turbulence analysis.

Another way of extending the investigation is by incorporating the vector nature of
the optical fields. We can explore the effect of polarization on the turbulence
impacted light beams.

Our current work is limited to Kolmogorov kind of turbulence. There are other
turbulence models which might have different kinds of impact on the propagating
light beams.

The most important future direction of the investigation is validating our experimental
investigations to the actual FSO communication systems with data encryption and
decryption.
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