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ABSTRACT 

 

POWER SCINTILLATION FOR SUPER LORENTZ GAUSSIAN BEAM 

EVALUATION USING THE RANDOM PHASE SCREEN METHOD 

 

HUSSEIN THARY KHAMEES AL-GHRAIRI 

Ph.D., Department of Electronic and Communication Engineering 

Supervisor: Assist. Prof. Dr. Serap Altay Arpali 

FEBRUARY  2018, 57 pages 

 

In this thesis, the power scintillation of Super Lorentz Gaussian (SLG) beams is 

investigated. The behavior of the SLG beam in moderately turbulent and weakly 

turbulent atmospheres is analyzed numerically using the random phase screen 

method. The source size and wavelength variation for the power averaged 

scintillation index is observed by comparing wavelength variations for the point-like 

scintillation index and power scintillation index. From the numerical outputs, we 

observed that although the point-like scintillation index decreases with a smaller 

wavelength value, the power scintillation index is nearly the same for different 

wavelengths. Numerical results show that the power scintillation index decreases 

with an increasing source size, such as the point-like scintillation index. Depending 

on all propagation parameters, the power scintillation index of the SLG beam is 

smaller than the point-like scintillation index of the SLG beam. Additionally, from 

the average receiver intensity with different beam order, we noticed that the shape of 

the beam intensity expands with larger propagation distance. The amplitude of the 

SLG beam intensity decreases with larger propagation distance. In the receiver plane, 

the average intensity profile of the Super Lorentz Gaussian beam is described in two 

and three dimensions. Several different source sizes and wavelengths of the receiver 

intensity are studied and we have computed that the average receiver intensity 



v 

 

decreases at larger propagation distances. In this work, MATLAB codes are used to 

calculate the scintillation index and average intensity. Furthermore, to check the 

outputs, the scintillation index of the lowest order of the SLG beam (Gaussian beam) 

and the Gaussian beam of the scintillation index in the literature are compared under 

different parameters of turbulence. 

 

Keywords: Aperture Averaging Scintillation, SLG, Point-like Scintillation, Random 

Phase Screen Method. 
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ÖZ 

 

POWER SCINTILLATION FOR SUPER LORENTZ GAUSSIAN BEAM 

EVALUATION USING THE RANDOM PHASE SCREEN METHOD 

 

HUSSEIN THARY KHAMEES AL-GHRAIRI 

Doktora, Elektronik ve Haberleşme Mühendisliği Anabilim Dali 

Tez Yöneticisi: Yrd. Doç. Dr. Serap Altay Arpali 

Şubat 2018, 57 sayfa 

 

Bu tezde, Süper Lorentz Gauss (SLG) ışık hüzmelerinin belirli bir alıcı açıklık 

yarıçapı için ortalama optik güç pırıldama indeksi incelenmiştir. Orta dereceli 

türbülanslı ve zayıf dereceli türbülanslı atmosferde SLG ışık hüzmesinin davranışı 

rastgele fazlı pencere yöntemi kullanılarak nümerik olarak analiz edilmiştir. 

Ortalama güç pırıldama indeksi için kaynak boyutu ve dalga boyu değişimi 

gözlemlenmiştir. Buna ilaveten alıcı düzleminin merkez noktasında pırıldama indeksi 

ile güç pırıldama indeksi dalga boyu değişimlerine göre karşılaştırılmıştır. Nokta-

pırıldama indeksi, daha küçük dalga boyu değerleri ile azalmasına rağmen, güç 

pırıldama indeksi farklı dalga boylarında hemen hemen aynıdır. Sayısal sonuçlara 

göre, güç pırıldama indeksinin de nokta-pırıldama indeksi gibi, artan kaynak 

boyutları ile azaldığı gözlemlenmiştir. Tüm yayılma parametrelerine bağlı olarak 

alınan sonuçlara göre, SLG ışık hüzmesinin güç pırıldama indeksi, SLG ışık 

hüzmesinin nokta-pırıldama indeksinden daha küçüktür. Ayrıca, alıcı düzleminde 

ortalama ışık şiddeti yoğunluğu profilleri, farklı yayılım mesafesi için çizdirilmiştir. 

Alınan sonuçlara göre artan mesafelerde ışık şiddetinin azaldığı ve  genişlediği 

gözlemlenmiştir. Alıcı düzleminde, SLG ışık hüzmesinin ortalama ışık şiddetinin iki 

ve üç boyutlu profilleri ayrıntılı olarak incelenmiştir. Alıcıdaki ışık şiddeti, farklı 

kaynak boyutlarında ve dalga boylarında incelenmiştir ve alıcıdaki ışık şiddetinin 

artan yayılma mesafesinde azaltıldığı gözlemlenmiştir. Bu çalışmada, alıcıdaki 
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pırıldama indeksi ve ışık şiddetinin hesaplanması için MATLAB kodları 

kullanılmıştır. Ayrıca, farklı türbülans değerlerinde, SLG ışık hüzmesi derecesi 

değiştirilerek, Gauss ışık hüzmesi için pırıldama indeksi değerleri elde edilerek, 

alınan sonuçların doğruluğu, Gauss ışık hüzmesi için literatürde daha önce alınan 

sonuçlar ile karşılaştırılarak test edilmiştir. 

 

Anahtar Kelimeler: Alıcı açıklığı pırıldama indeksi, SLG, nokta-pırıldama indeksi, 

Rasgele Fazlı Ekran yöntemi. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Preface 

 

Intensity fluctuations occurring in a receiver plane are called scintillation in the 

optical beam and are produced by the turbulent nature of the atmosphere layers. 

These scintillations fade in a received signal. Consequently, there are several lessons 

to be learned in the work to decrease scintillation. The improvement of scintillation 

can be performed by using focused beams in an optical communication link [1]. 

Aperture averaging is one of the methods used to decrease the scintillation index. 

The effect of aperture averaging has been studied in the context of laser beam 

propagation in a turbulent atmosphere [2]. The plane wave of receiver aperture 

averaging effects have been studied in [2]. The turbulent atmosphere of the aperture 

length of a Gaussian beam is fixed. The average intensity is gained for a fixed beam 

into the receiver plane [3]. The propagation of Flat-Topped Gaussian beams can be 

performed when an accurate receiver that has a finite-sized aperture optical link is 

used in turbulent atmospheres [4]. In this study, the power scintillation and the 

receiver aperture averaging factor of collimated Super Lorentz Gaussian beams 

propagating in weak and moderate atmospheric turbulence are calculated. [4]. In 

spite of the lack of their communication range, free-space optics (FSO) refers to 

many potential compensations for radio frequency (RF) and fiber optical 

counterparts [5]. In addition to the comparison of the link of the RF system and FSO 

link donors, which have far higher data rates, there is no spectrum license and no 

frequency position being affected [6-7]. In the previous stages, optical wireless 

communications were changed. This is very important for development,

normally identified as an FSO, due to the huge demand for a high data rate and data 

transmission for large level present applications, such as high-definition (HD) 
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content and the cloud, thereby adding to the amount of information to be transmitted. 

Hence, the bandwidth will vary in transmission. The applications in modern radio 

frequency (RF) technologies are applied in wireless services and are slower over a 

data stream network [8]. Furthermore, the satellite of optical communication systems 

is coming with extra advantages of the abovementioned wherever it is applied in 

FSO, and the fact that we observed the satellite-satellite links have reduced a 

turbulent atmosphere. However, the system capacity is a larger order of the optical 

beam divergence, at μ rad wavelengths compared with an RF beam in the order of 

tens to hundreds of millirads [8]. FSO technology of wireless links is found wherever 

the sources of lasers are used. The optical wave spreads over a turbulent atmosphere, 

such as fog, rain, snow, haze, and normally for any free particle, which is affected 

due to a fading laser beam. Moreover, a turbulent atmosphere creates a propagated 

beam that increases the beam size [9]. The variations of optical communications 

through a turbulent atmosphere produces a faded signal [9]. The atmospheric 

turbulence as a sign of the temperature of the natural fluctuations in scintillation 

index appears [10]. The FSO system has a wide range of applications; some 

examples are last mile access, and innovative connectivity [9, 10]. There are also 

limits to FSO wavelengths which apply to military and civilian use [11]; deep 

space [12], inter-satellite [13], aerostat-to-ground [14], space-to-earth, ground-to-

space [15] communication systems. In most cases, the atmosphere performs 

turbulence, which is described as three-dimensional air motions or currents in sizes 

ranging from millimeters to tens of meters. Turbulence in the atmosphere is the most 

effective transport mechanism and the refractive index of air is reduced by the degree 

of the humidity, such as heat and water vapor [16]. Atmospheric communication and 

imaging systems are limited to the turbulence in the atmosphere, that is, scintillations 

are decreased in the intensity of the received beam. Many academics have 

investigated the scintillation index and have worked on it both hypothetically and 

practically [17, 30]. Many books include the results of contributions in excellence 

[31, 32]. Intensity fluctuations of optical waves are exposed in these studies, as well 

as essential instructions of a turbulent atmosphere in the rules of both soft and strong 

turbulence. The Gaussian beam wave is the results of and fashioned from the limiting 

cases from these studies, which are clearly the spherical and cartesian coordinates of 
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plane waves. Collimated Annular beams approximately describe the scintillations for 

other types in [7], in addition to the types of beams being offered by 

Cowan et al [18]. Calculations of the scintillation index in the types of beams, such 

as Cos Gaussian beams and focused Annular beams, are not found in the literature. 

In these current studies, the new different beam types have been stated in the 

condition of a turbulent atmosphere, and overall beam types have been attained in the 

design. As different case solutions are obtained, as in [34], turbulence will protract 

the Flat-Topped Gaussian beam to deliver the intensity fluctuations and scintillation 

index of the beams. Solutions are randomly examined in [35]. The various types of 

source beam measure the performance of optic links, and the target of these actions 

are in free space. The kind of beam will vary the average intensity profile being 

received sideways on a turbulent path. Several scientists have studied the types of 

beams related to optical communications, such as the fundamental mode [36, 37], 

Laguerre Gaussian [38], higher order mode [39], Cosh Gaussian and Cos 

Gaussian [40, 41], Hermit Sine-Gaussian and Hermit Sinh Gaussian [42], Elliptical 

Gaussian [43], Lorentz beam [44], Flat-Topped [45], and the higher order Annular 

Gaussian [46]. These studies started making advanced developments later. The 

beams define fluctuation features by being numerically established, such as an 

optical vortex in the absence of turbulence, as in [7, 48]. When laser beams are 

propagated, they create weak atmospheric turbulence. The conditions of the 

analytical method and the Rytov method are investigated by means of the maximum 

frequency [7]. This is shown in [49-50], in which the vortex beams described the 

Rytov method depending on the direct application of mechanisms progressing to 

grave difficulties because the intensity turns out to be zero at the axis of the beam 

spreading in the constant medium. The Monte Carlo technique is applied in a 

numerical simulation, and the phase screens of beams make the laser beam 

propagate, as in [51]. Intensity fluctuations of vortex beams have calculated values. 

The mathematics do not allow us absolutely to judge the effect of the intensity 

fluctuation. The beam area cross section creates intensity fluctuations in [51]. The 

power spectral density function categorizes the scintillation index. The 

non-Kolmogorov properties are described in detail in the survey in [52-54]. 

Horizontal and slanting paths of atmospheric optical communication in the upper 



4 

 

layers of the atmosphere are measured as a non-Kolmogorov spectrum being formed 

by a direct method. The non-Kolmogorov nature of the spectrum is analyzed for its 

effect on distance propagation, which several studies have achieved. The link ranges 

are contacted in FSO systems, and the atmospheric turbulence is influenced 

depending on longer than 1-kilometer propagation distance; the received signal is 

decreasing [57]. More than a few authors have widely studied in [58, 62]. The wave 

fading mitigation technique has been newly studied [63, 64]. FSO communications 

are simulated in turbulence, particularly a weak description of the log-normal 

spreading of the beam. The relative diversity order (RDO) is accepted, which has 

been presented freshly in the background of the indoor RF log-normal channels. 

MIMO (multiple-input-multiple-output) helps in different FSO diversity 

schemes [65]. General application scenarios of the Flat-Topped Gaussian distribute 

unvarying intensity in the close field and the far field of remote sensing, tracing far 

expanse optical communication [66]. Various scientists have discussed the effects of 

turbulence on a Flat-Topped Gaussian beam. In ground-to-space optical 

communication, the Flat-Topped Gaussian beam that covers second-order path 

propagation properties has been studied; moreover, optical-wave oblique propagation 

in space has been studied [67-72]. Scintillation can lead to power losses at the 

receiver, resulting in a lower signal to noise ratio. For example, a Flat-Topped 

Gaussian beam can be used in an FSO link [73]. In slant path turbulence, the 

scintillation index of the Flat-Topped Gaussian beam is studied, including the 

intensity profile of atmospheric layers. The scintillation index of the Flat-Topped 

Gaussian beam in slant path turbulence is explored in theoretical simulations 

in [74-80]. There is also a study that considers in part a coherent Gaussian beam in 

atmospheric turbulence which is functional in FSO [78]. The scintillation is 

decreased because more fluctuations lead to power loss. Mainly in laser tracking and 

ranging systems [82, 83] and imaging systems [84, 85], Super Lorentz Gaussian 

beams have been studied along with the various features of small order beams. Super 

Lorentz Gaussian beams are being included in their vector range construction in far-

field and out paraxial approaches [99-101]. The propagation into free space that can 

be treated in terms of the ABCD matrix [102, 103], the spreading of turbulence [104] 

and the beam propagation factors have been observed [105, 106]. The propagation 
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properties of Lorentz beam arrays have been similarly studied [107]. In this thesis we 

investigated power averaged scintillation index of SLG beam in the atmospheric 

turbulence which is not studied or investigated before. 

 

1.2 Objectives 

The aim of this thesis is to explore the performance of the aperture averaged 

scintillation of SLG beam orders in a turbulent atmospheric system. For this purpose, 

we investigate and develop the effect of source sizes, wavelengths, beam orders, 

structure parameter and square aperture lengths through a variety of propagation 

distances on the power averaged scintillation in a moderately and weakly turbulent 

regime. Our objective is to design and analyze numerically the modelling of 

propagation in turbulence via a random phase screen method using MATLAB code 

models of the turbulent atmosphere. 

 

1.3 Organization of the Dissertation 

 

This thesis consists of five chapters: 

 

Chapter 1 – The introduction of this dissertation which holds the objective of the 

thesis. 

 

Chapter 2 – The information in this chapter illustrates the laser beam propagation and 

some parameters of atmospheric turbulence is showed in details. 

 

Chapter 3 – This chapter explains the receiver average intensity of SLG beam 

propagation through turbulence in an atmospheric layer. 

Chapter 4 – This chapter presents the calculation of the scintillation index of SLG 

beam and simulation. 

Chapter 5 – This chapter presents the conclusion and future work. It comprises the 

results of this dissertation, the results are applied in the optical 

communications, and performance is investigated in this study. 
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CHAPTER II 

 

LASER BEAM PROPAGATION 

 

 

2.1 Paraxial Wave Equation  

 

In general, when the optical wave is propagated through an atmosphere it suffers a 

fluctuation in amplitude and phase, leading to appearance of the scintillation effect. 

Figure 1 illustrates a general optical propagation system. The optical elements in 

Figure 1 cause the turbulence of the optical field at the output plane. 

In the case of the electromagnetic radiation (laser beam) the governing equation of 

the field to describe the optical wave is called wave equation or Helmholtz equation 

and is given in [34] as 

 

00

2

0

2  UkU ,                                                       (2.1) 

 

Where 2  is the laplacian operator, 0U  is the complex amplitude of the wave, and k 

is the optical wave number related to the optical wavelength   via 


2
k .  

 

For optical wave propagation, we can further reduce the Helmholtz equation (2.1) to 

what is called the paraxial wave equation. To start, let us assume that the beam starts 

propagating in the plane at z = 0 and broadcasts along the positive z-axis [34]. 
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Figure 1: The optical propagation system [34] 

 

The Helmholtz equation in cylindrical coordinates can be written as 
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where )( 22

yx rrr   is the radial transverse coordinate. 

For simplicity, we use ikzezrVzrU ),(),(0   to get the solution of paraxial wave 

equation. So, the paraxial approximation is given in [34], where ),(0 zrU  is the 

complex amplitude of wave at the receiver plane, ),( zrV  is the amplitude of the 

receiver field. 
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2.2 Paraxial Approximation 

 

 

In the paraxial approximation, it is assumed that the propagation distance for an 

optical wave along the z-axis is considerably bigger than the transverse spreading of 

the wave. Therefore, R = (r, z) and S = (s, 0) define two points in space where r and 

s are transverse coordinates of the axis of propagation, then the distance between 

these two points SR   is illustrated in Eq. (2.4) and Figure 2 [34]:  
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where sr   is the distance between r and s. 

The longitudinal distance is greater than the transverse distance between the dual 

points, then the second factor of Eq. (2.4) can be expanded in a binomial series to 

obtain the following [34].   
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Reducing all residual terms on the right-side of Eq. (2.5) behind the first two terms is 

called the paraxial approximation. 

  

 

 

Figure 2: Geometry of the paraxial approximation [34] 
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2.3 Optical Wave Models 

The optical wave propagation has focused on two models, namely, unbounded plane 

wave or spherical wave, the latter is often taken as a point source. But, the plane 

wave and spherical wave approximations are not enough to describe the propagation 

characteristics of the wave in several applications; especially when focusing and 

diverging features are important. In these cases, the lowest order of the Gaussian-

beam wave model is usually considered, which lead to the plane and spherical wave 

models with limiting forms, also the higher-order Gaussian models in either 

rectangular or cylindrical coordinates are introduced for certain types of laser [34]. 

                                                          

2.4 Plane Wave and Spherical Wave Models 

 

A plane wave is described as one in which the equiphase surfaces (phase fronts) form 

parallel planes as shown in Figure 3. The mathematical formula of a plane wave in 

the source plane (z = 0) is given in [34] by; 

 

z = 0 0

00 )0,(
i

eAsU  , (2.6) 

 

 

where )0,(0 sU  is the complex field of the wave at the source plane, 0A  is the 

amplitude of the wave, and 0  is the phase of the wave. 

If the plane wave is transferring along the positive z-axis in free space, the complex 

amplitude at distance propagation z from the source plane is given in [34] as; 

 

 

 

0z                            ikzikzi
ezrVeAzrU ),(),( 0

00 


, (2.7) 

 

where the 0

0),(
i

eAzrV   represents a solution of the paraxial wave equation. 
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Figure 3: Schematic illustration of the propagation geometry for plane waves [34] 

 

Now the second model of wave is the spherical wave. In general, the spherical wave 

is generated by a spherical source as shown in Figure 4. In a homogeneous medium, 

the amplitude of the intensity remains constant, but the amplitude of the spherical 

wave is decreased while it is passing to the propagation distance. An original form of 

a spherical wave at source plane is given in [34] as:  

 

0z                           )(
4

lim)0,( 0
0

0
0 r


A

R

eA
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ikR
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  . (2.8) 

 

where r)(  is the Dirac delta function. 

At a propagation distance z from the source plane, the spherical wave is described 

as 
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where the magnitude zAA 40  is scaled by propagation distance z and the phase 

)
2

(
2

0
z

r
zk   has a transverse radial dependency. 
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Figure 4: Schematic illustration of the propagation geometry for spherical 

waves [34] 

 

2.5 Lowest-order Gaussian-beam Wave 

 

A lowest-order Gaussian-beam wave is called a TEM00. At a propagation distance 

z = 0 , the aperture is located and the distribution of amplitude is a Gaussian of radius 

0w  [m], where 0w is defined as the radius when the field amplitude drops to 1/e of 

the beam axis as shown in Figure 5. In adding, the phase front is occupied to be 

parabolic with a radius of curvature 0F  [m]. The exact cases of factors are illustrated 

as 0, 00  FF  and 00 F  conforming to collimated, convergent and divergent 

beam forms as shown in Figure 6, TEM00 is the Transvers Electromagnetic Mode.  

The Gaussian optical field at z = 0 plane is described in [34] by: 
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where 22

yx ssr   is the radial coordinate on source plane from the beam center 

line, 0a  is the amplitude of the Gaussian optical field, 0w  is the beam radius (spot 

size),  and 0  is a complex parameter related to spot size and phase  front radius of 

curvature according to 
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Figure 5: Amplitude profile of a Gaussian beam [34] 
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Figure 6 Particular cases of radius of curvature: a) convergent beam, b) collimated 

beam, and c) divergent beam [34] 

 

 

2.6 Solution of Paraxial Equation 

 

There are basically two methods of solution of paraxial equation which is described 

in Eq. (2.3). One method is called the Huygens Fresnel integral which applies when 

the optical element is inserted between input and output planes and the other method 

is the Rytov method which is used in the absence of optical elements between input 

(transmitter) and output (receiver) planes. 
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2.6.1 The Huygens Fresnel Integral 

 

The Huygens-Fresnel integral provides another technique of analysis that leads to the 

results as Eqs. (2.7) and (2.9) for the complex amplitude at position z along the 

propagation path, but has the distinct advantage that it can be extended to the case 

where the propagation distance contains several optical elements arbitrarily 

distributed. The complex amplitude at propagation distance z from the source is 

represented by the Huygens-Fresnel integral in [34] as: 

 

sdUzGikzU 2

00 )0,();,(2),( srsr  




   ,                          (2.12) 

 

where  )0,(0 sU  is the optical wave at the source plane, );,( zG rs  is the free-space 

Green’s function, d  is the derivation, k is  a wave number. 

In general, the free-space Green’s function is a spherical wave which, under the 

paraxial approximation, is given in [34] by 
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Where r and s  are the transverse coordinates of the propagation axis and SR   is 

the distance between the two points which are located in the receiver and the source 

plane.   

  

2.6.2 The Rytov Approximation 

 

This approximation is used with the moderate-to-strong irradiance fluctuations. The 

optical field at propagation distance z from the source plane is represented in [34] by: 
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 .....),(),(exp),(),( 210  zzzUzU rrrr 
 
. (2.14) 

 

where ),(0 zU r  is the unperturbed field,  ),(1 zr  and ),(2 zr  represent first and 

second order perturbations, respectively, ),( zU r is the receiver field in Rytov theory 

[34]. 

 

2.7 Atmospheric Effects of Laser Beam Propagation 

 

There are many factors that have effect on the transmission of the optical wave 

through the atmosphere. These factors such as rain, snow, sleet, fog, haze, pollution, 

etc., that can critically limit the ability of the optical wave. The three primary 

atmospheric phenomena that disturb optical wave propagation are absorption, 

scattering, and refractive index fluctuations (i.e., optical turbulence). Absorption and 

scattering by the basic gases and particles of the atmosphere are wavelength 

dependent and give rise mainly to dropping of an optical wave. The index of 

refraction fluctuations leads to irradiance fluctuation, beam spreading, and loss of 

spatial coherence of the optical wave, among other effects. Diffraction and refraction 

of the wavefront by atmospheric inhomogeneities cause the most severe time varying 

effects. Air of randomly varying refractive index moving across the path produces 

fluctuations in phase velocity, thus distorting the wavefront. As the disturbed 

wavefront progresses, fluctuations develop in beam size, beam position, and intensity 

distribution within the beam. For a coherent beam, interference may occur between 

different portions of the wavefront. Unfortunately, these detrimental effects have far-

reaching consequences on free-space optical communications, remote sensing, laser 

radar, and other applications that require the transmission of optical waves through 

the atmosphere [34]. 
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2.8 Optical Turbulence 

 

Optical turbulence is the fluctuation in the index of refraction, resulting from small 

temperature fluctuations. Random space-time redistribution of the refractive index 

causes a variety of effects on an optical wave related to its temporal irradiance 

fluctuations (scintillation) and phase fluctuations. The wavefront changes in the 

optical wave made by atmospheric turbulence result in a scattering of the beam 

(beyond that due to pure diffraction), random variations of the position of the beam 

centroid called beam wander, and a random reordering of the beam energy within a 

cross section of the beam important to irradiance fluctuations. In addition, the 

atmospheric turbulence that limits astronomical vision slowly destroys the spatial 

coherence of a laser beam as it propagates through the atmosphere [34]. Thus all 

details of the effect of optical turbulence on the Super Lorentz Gaussian (SLG) beam 

and intensity at the receiver plane using Random Phase Screen Method will be 

discussed in chapter four. 

The propagation of Super Lorentz Gaussian (SLG) beam and the average intensity of 

it will be discussed in chapter three. 
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CHAPTER III 

 

THE PROPAGATION AND AVERAGE INTENSITY OF THE SLG BEAM 

 

In this chapter of the thesis we introduce the numerical calculations and results of the 

intensity of Super Lorentz Gaussian (SLG) beams at the source plane and the average 

intensity of SLG of wavelength m 55.1  after propagation distance kmz 5.3  

with structure constant parameter 32152 10  mCn
. 

  

3.1 Super Lorentz Gaussian Beam 

 

The formula of the source plane for Super Lorentz Gaussian (SLG) beams at z = 0 is 

produced by multiplying Lorentz and Gaussian beams [110,111,112] : 

 

 )(exp
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 ,         (3.1)   

 

  

 where )0,,(, zssU yxnm  is the field of SLG beam at source plane, the factors 

),( yx ss  are the transverse coordinates of the source plane in x and y axes, 

respectively; ),( lsylsx ww are the Super Lorentzian Source Sizes, ),( nm  are defined 

as the beam order,   is the wavelength, z is the propagation distance and ),( gygx ww  

are given by  

 

1215.0   gxgsxgx iFww   ,                                              (3.2) 

 

1215.0   gygsygy iFww   ,                                               (3.3) 
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Where gsxw  and gsyw  are the Source Sizes of Gaussian beam, and ),( gygx FF  indicate 

the focal length parameters in yx,  axes, respectively [112, 113]. 

By applying Huygens-Fresnel Integral in free space to the source field in Eq. (3.4), 

the receiver field ),( zrU  is given in [34] by: 
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   ,               (3.4) 

  

Where )0,(sU  is optical field at source plane, ),( sr  is the random part of the 

complex phase by the Rytov method, ),( yx rrr   is the transverse coordinates which 

refer to the receiver plane, k is the optical wave number, the expression  
2

rs   is the 

distance between the transmitter and the receiver planes and is given by  
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For updating the Super Lorentz Gaussian beam using Extended Huygens-Fresnel 

integral by substituting Eq. (3.1) into Eq. (3.4), the output is given by a new 

expression as in Eq. (3.7): 

 

  












 )(exp

11
)exp(

2
),( 221

2222

2

ygyxgx

lsyy

n

y

lsxx

m

x swsw
ws

s

ws

s
sdikz

z

ik
zrU 


  

             ),(exp
2

exp
2

srrs
z

ik









 ,                                                                   (3.7) 

 

where ),( yx sss   is the transverse coordinates that refer to the source plane [34]. 
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3.2 Intensity in the Source Plane 

 

The intensity distribution in the source plane of the Super Lorentz Gaussian (SLG) 

beam is characterized with the amplitude and phase. The intensity of the SLG beam 

at the source plane, denoted by )0,,(, zssI yxnm
, is given by 

 

)0,,()0,,()0,,( ,,,   zssUzssUzssI yxnmyxnmyxnm  ,     (3.8) 

          

where ),( yx ss are the transverse coordinates in the x and y axes, respectively, and   

stands for conjugation, and )0,,(, zssU yxnm  is the field of SLG beam at the source 

plane.  

 

3.3 Average Intensity in the Receiver Plane 

 

After appropriate propagation distance (z > 0), the average intensity of the SLG beam 

is obtained by multiplying Eq. (3.5) with the conjugate of it. So the average intensity 

 ),( zrI at the receiver plane is illustrated as  

  

 

  ),(),(),( zrUzrUzrI .                              (3.9) 

 

 where  .   ensembles the average over the random medium statistics, ),( zrU  is the 

receiver field of the SLG beam, ),( zrU 
 is the conjucate of the receiver field of the 

SLG beam. 
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3.4 Numerical Calculations and Results 

 

In this section, the numerical results are presented using Eqs. (3.1) and (3.9) as a 

function of the SLG beam. All numerical calculations and results are obtained by 

utilizing the random phase screen method which is developed by Halil Tanyer 

Eyyuboğlu [32]. The source and receiver fields, as well as the source and receiver 

intensities are defined in two and three dimensions leading to results that carry the 

same parameters. In the receiver plane, the average intensity profile of the Super 

Lorentz Gaussian beam is described in two and three dimensions. Several different 

source sizes and a specific wavelength of the receiver intensity are studied and

calculated. 

Figs. 7, 10, 13 and 16  display the average intensity of the SLG beam for different 

beam orders (SLG22, SLG11, SLG10, SLG00) in two dimensions with the source sizes 

( gsygsxlsylsx wwww ,,, ) each equal to 1cm, m 55.1 , 32152 10  mCn
, the number 

of realization RN = 500 and  gygx FF . 

Figs. 8, 11 and 14 show the source intensity of the SLG beam in three dimensions 

with different beam orders (SLG11, SLG10, SLG00) at the same values of parameters 

which are used in two dimensions. 

Figs. 9, 12 and 15 illustrate the receiver intensity of the SLG beam in three 

dimensions with different beam orders (SLG11, SLG10, SLG00). 

Figs. 17, 18, 19 and 20  plot the contour of the source field intensity of the SLG 

beam with different beam orders (SLG11, SLG10, SLG01, SLG00) at wavelength 

m 8.0 . Figure 21 displays the contour of the source field intensity for all 

different beam orders of the SLG beam at the same values of source sizes. 

Figs. 22 and 23 introduce the numerical and analytical results of the limiting cases 

for the field of the SLG01 at the source plane in [116]. The value of the source sizes 

of the Gaussian beam is taken as  gsygsx ww  1 cm and 2 cm numerically at a fixed 

propagation distance z. From our results, we observed that the magnitude of the 

average intensity is decreased and the form of it is expanded when the propagation 

distance is increased. Also we concluded that the Gaussian beam distribution is 

obtained  when the beam order ),( nm  of SLG is decreased.  
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    Figure 7: Average receiver intensity of SLG22 beam in two dimensions for 

different propagation distances 

 

 

Figure 8: Source plane intensity profile of SLG₁₁ beam in three dimensions with the 

source sizes cmwwww gsygsxlsylsx 1   
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Figure 9: Average receiver intensity of SLG₁₁ beam in three dimensions for different 

propagation distances  

 

 

 

 

Figure 10: Average receiver intensity of SLG₁₁ beam in two dimensions for 

different propagation distances 
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Figure 11: Source plane intensity profile of SLG₁₀ beam in three dimensions with 

the source sizes cmwwww gsygsxlsylsx 1   

 

 

 

 

Figure 12: Average receiver intensity of SLG₁₀ beam in three dimensions for 

different propagation distances 
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Figure 13: Average receiver intensity of SLG₁₀ beam in two dimensions for different 

propagation distances 

 

 

 
 

Figure 14: Source plane intensity profile of SLG₀₀ beam in three dimensions with 

the source sizes cmwwww gsygsxlsylsx 1     
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Figure 15: Average receiver intensity of SLG₀₀ beam in three dimensions for 

different propagation distances 

 

 

 
 

 

Figure 16: Average receiver intensity of SLG₀₀ beam in two dimensions for 

different propagation distances 
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Figure 17: Contour plot of source field intensity of SLG₁₁ beam with source sizes 

cmwwcmww gsygsxlsylsx 3,1   

 

 

 

 

 

Figure 18: Contour plot of source field intensity of SLG₁₀ beam with source sizes 

cmwwcmww gsygsxlsylsx 3,1   
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Figure 19: Contour plot of source field intensity of SLG₀₁ beam with source sizes 

cmwwcmww gsygsxlsylsx 3,1    

 

 

 

                                                                    

 

 

Figure 20: Contour plot of source field intensity of SLG₀₀ beam with source sizes 

cmwwcmww gsygsxlsylsx 3,1    
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Figure 21: Contour plot of source field intensity of different SLG beam orders 

cmwwcmww gsygsxlsylsx 3,1    

 

 

 

Figure 22: Source field of SLG₀₁ beam with the source sizes 

cmwwww gsygsxlsylsx 1  
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Figure 23: Numerical and analytical calculations of the source field of SLG₀₁ with 

the source sizes cmwwww gsygsxlsylsx 1  
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CHAPTER IV 

EVALUATION OF THE SCINTILLATION INDEX FOR SLG BEAM BY 

USING NUMERICAL METHOD 

 

Many parameters have an effect on the atmospheric layer such as temperature, 

pressure, dust, humidity; that cause to diverge the optical beam which is propagated 

through these layers. Thus, the scintillation index is occurred due to variation in 

intensity and phase in atmospheric layer. In this chapter, the power scintillation of 

Super Lorentz Gaussian beams is investigated. The behavior of the SLG beam in 

moderately turbulent and weakly turbulent atmospheres is analyzed numerically 

using the random phase screen method. 

 

    4.1 Random Phase Screen Model  

 

Random Phase Screen (RPS) method has represented the propagation of SLG beam 

in turbulence medium and it is introduced by two new steps: 

a- A total of some random phase screens (Ns) is placed between the source and 

receiver planes, in order to model the atmospheric turbulence as illustrated in 

Figure 24, and the modelling propagation in turbulence is evaluated by the 

method known as the random phase screen. 
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 b- A number of realization denoted by (NR), is used to run calculation in MATLAB 

code for approaching to the average numeric result. The mathematical model is 

illustrated in Eq. (4.1). 

 

      ),(),(),(),(),,( 11

yxyxsyxyxsyxr ffHffUrrhssUzrrU   FFFF ,            (4.1) 

 

where ),,( zrrU xxr
 is the receiver field of the RPS Method, ),( yxs ssU  is the source 

field of the RPS Method, the parameters ),( yx ss  are the transverse coordinates in 

the source plane, ),( yx rrh  is the spatial response of the propagating medium, the 

parameters ),( yx rr  are the transverse coordinates in the receiver plane, F signifies 

the Fourier Transform, F-1
 indicates the inverse operator, the parameters ),( yx ff  

describe the spatial frequency, the parameters ),( yx ffH and ),( yxs ffU  have the 

containment that the source and receiver planes are at the same scale or same 

increments. 

Thus, the behavior of the beam from (n-1) th to the nth screen is described in [32], 

),,( znrrU yxr   point towards the receiver field as shown: 
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where rL is the side length of square aperture opening of the receiver, ),( yx rr  

denotes the spatial phase distribution derived from the power spectral density 

function, )(2 zm  is the scintillation index, )(zP  is the power over a limitted aperture 

opening, the factor ),,( zrrI yx  is the intensity on the receiver plane by Cartesian 

coordinates of the factors ),( yx rr  is given in Eq. (3.11) , the parameter zn  refers 

to the total distance between two screens, and z is the distance between two 

screens.  
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Lastly, the aperture function had been transformed into minor and higher limits of 

gathering by spreading the square aperture slot into grids. Afterwards the 

fundamental of Eq. (4.3) had been calculated by substituting the second integral. The 

effect of fluctuation of the intensity is known as the irradiance covariance function 

[32]. 

 

 
 

        Figure 24: Modelling propagation in turbulence via random phase screen 

method [32] 

 

 

4.2 Aperture Averaged Scintillation of SLG Beam and Numerical Results 

 

In the receiver plane, the intensity fluctuation of SLG beam is occurred and it is 

called the scintillation. The scintillation is effected when some parameters are 

changed; such as the wavelengths, source sizes, beam order, and the side length of 

square aperture ( rL ). The conversion between the point-like scintillation and the 

aperture averaged scintilation depends on the side length of square aperture ( rL ). 

The grid spacing at the source and receiver planes, d₁ and d₂, are determined in [32] 

by: 
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Depends on the grid spacing in the reciever plane 2d , the parameter md  is the ratio 

between the side length of square aperture rL and grid spacing 2d and it is determined 

in [32] by: 

 

2d

L
d r

m     ,                                                     (4.5) 

 

In our results, the value of Eq. (4.5)  is considerd as 10 and 100, LS =10 cm, source 

sizes cmww gsygsx 1  which refer to the Guassian beam and source sizes 

cmww lsylsx 1  which refer to the Lorentz beam, the  wavelength ( m 55.1 ( , 

the number of realization ( RN = 500), the focal length parameters (  gygx FF ), 

the number of screen phase (N S = 21), the number of grid points  (N g = 512). Based 

on these considered parameters, the power scintillation index of SLG beam orders 

with comparing between different wavelengths at md = 100 [32].                                                                 

Results of the aperture averaged scintillation at different dm are shown in Figs 25, 26, 

27, 28 and 29. These figures show the receiver aperture averaging is more useful for 

the SLG beam depending on the value of dm and the power scintillation is decreased 

for SLG22, when compared to SLG00. Figs 25, 26, 27, 28 and 29 are described with 

the scintillation index against the propagation distance and they display different 

wavelengths with different SLG beam orders (SLG22, SLG11, SLG10, SlG00) and 

with fixed parameters such as focal length gygx FF , ; number of realization NR, and 

the side length of square aperture dm, and same source sizes ( gsygsxlsylsx wwww ,,, ). 

Figs 30, 31, 32, 33, 34, 35, 36 and 37, display the aperture averaged scintillation 

index and the point-like scintillation index for different source sizes from random 

phase screen setup. From Figs 30, 31, 32, 33, 34, 35, 36 and 37, we observed that a 

smaller scintillation index is obtained with large source size and small wavelength 

and also when compared to the point-like and power scintillations, we concluded that 
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the least scintillation index appears with aperture averaged scintillation at md = 100. 

Figure 38 shows the SLG10 as a function of md  with an enhancement of the structure 

parameter and we noticed that the scintillation index is decreased when dm is 

increased and the least scintillation is obtained at md = 100. Figure 39 displays the 

numerical result of the power scintillation for different SLG beam orders with a fixed 

structure parameter  )( 322 mCn
 and it illustrates that the SLG00 beam has the minimal 

scintillation. Finally, this work is an accepted paper in [118].  

 

 

 

 

 

 

 

 

Figure 25: Comparison of point-like scintillation index curves from random phase 

screen setup for different wavelengths of an SLG₂₂ for md = 10 

Propagation distance z (km) 
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Figure 26: Aperture averaged scintillation curves against propagation distance at a 

fixed aperture length with a different wavelength of an SLG22 from random phase 

screen setup for md = 100 

 

 

 
 

 

Figure 27: Aperture averaged scintillation against propagation distance at a fixed 

aperture length with different wavelength of an SLG₁₁ from random phase screen 

setup for md = 100 
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Figure 28: Aperture averaged scintillation curves against propagation distance at 

fixed aperture length with different wavelength of an SLG00  from random phase 

screen setup for md = 100 

            

                                                                   

 

 

 

Figure 29: Aperture averaged scintillation curves against propagation distance at  

fixed aperture length with different wavelength of an SLG₁₀ from random phase 

screen setup for  md  = 100 
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Figure 30: Aperture averaged scintillation curves against propagation distance at 

fixed aperture length with a different source size of an SLG11 from random phase 

screen setup for md = 100 

 

 

 

 
 

 

Figure 31: Comparison of point-like scintillation index curves from random phase 

screen setup for different wavelength of an SLG₁₀ for md = 10 
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Figure 32: Comparison of point-like scintillation index curves from random phase 

screen setup for different source size of SLG₁₀ for dm = 10, 162 105 nC  32m  

 

 

 

 

Figure 33: Comparison of point-like scintillation index curves from random phase 

screen setup for different wavelength of an SLG₀₀ for md = 10 
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Figure 34: Aperture averaged scintillation curves against propagation distance at 

fixed aperture length with different source sizes of an SLG₁₁ from random 

phase screen setup for md = 100, 32152 10  mCn
 

 

 

 

 

 
 

 

Figure 35: Comparison of point-like scintillation index curves from random phase 

screen setup for different wavelength of an SLG₁₁ for md = 10 
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Figure 36: Aperture averaged scintillation curves against propagation distance at fixed 

aperture length with different source size of an SLG₁₀ from random phase screen 

setup for md = 100, 162 105 nC  32m  

 

 

 

 
 

 

 

Figure 37: Aperture averaged scintillation curves against propagation distance at fixed 

aperture length with different source size of an SLG₁₀ from random phase screen 

setup for dm = 100, 32152 10  mCn
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Figure 38: Variation of scintillation curves against propagation distance at fixed 

aperture length with different dm (side length of square aperture) of an SLG₁₀  

from random phase screen setup 

 

 

 

 

 

 

Figure 39: Aperture averaged scintillation curves against propagation distance at fixed 

aperture length with different SLG beam order from random phase screen setup for 

dm = 100, 32152 10  mCn
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CHAPTER V 

 

Conclusion and Future Scope 

  

5.1 Conclusion 

 

In this dissertation, the effect of atmospheric turbulence of a single beam type on the 

space system communications has been studied. A Super Lorentz Gaussian (SLG) 

beam of weak and moderate fluctuations is examined. So as to obtain the best shape 

of the beam at far propagation distance, the effect of the source sizes, wavelengths, 

beam orders are investigated. We presented a detailed comparison between different 

beam orders of SLG based on the point-like and power scintillations indices. Results 

of lowest scintillation index are obtained at larger propagation distance and smaller 

source size. Furthermore, we observed that the beam order (m, n) is a critical 

parameter for calculating the scintillation index of the standard Gaussian and the 

Super Lorentz Gaussian beams. Results of intensity patterns in the source plane are 

obtained based on the theoretical formulation of SLG beam and are compared with 

the existing formulations in the literature, then we have found these results in 

agreement. The scintillation patterns are obtained at the receiver plane of the 

horizontal path in the atmospheric links. The performance of the power scintillation 

of the focused SLG beam is explored with a finite-sized aperture in atmospheric 

turbulence. The scintillation index of the lowest order SLG beam (Gaussian beam) 

and the Gaussian beam of the scintillation index in the literature survey is compared 

under different parameters of the turbulence. 
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5.2 Future Scope  

The results will be improved in the future and applied in a practical system which is 

used in optical communication at a long propagation distance based on slant path as 

shown. 

a. There is a scope to investigate the transmission of Super Lorentz-Gaussian beam 

SLG for different beam order in slant path. 

b.The properties of SLG beam and comparison with another beam can be studied in 

turbulent atmosphere for the case of slant path. 

c. The properties of SLG and Hermit-Gaussian beams can be investigated in 

anisotropic media for the case of turbulent atmosphere. 

d. The approach used in this work can be extended in the field of photonics. 
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