Al-Nahrain Journal for Engineering Sciences NJES 28(4)531-544, 2025
doi.org/10.29194/NJES.28040531

http:

AP

Influence of Environmental Fluctuations on Non-Diffracting Beams

Authors affiliations:
1*) Dept. of Laser and
Optoelectronics

Engineering, Al-Nahrain
University, Baghdad, Iraq.
st.kamal.hussein.phd@ced.n

ahrainuniv.edu.iq

2) Dept. of Laser and
Optoelectronics
Engineering, Al-Nahrain
University, Baghdad, Iraq.
mohammed.al-

temimi@nahrainuniv.edu.iq

Paper History:
Received: 18t Dec. 2024

Revised: 7 Apr. 2025

Accepted: 19% Apr. 2025

1. Introduction

Used to Secure Data

Kamal H. Kadem', Mohammed F. Mohammed?

Abstract

In this study, an optical communications system was simulated that secures
data transmitted in free space and relies on optical beams with varying
responses to atmospheric disturbances. Atmospheric turbulence was also
modeled with high accuracy to simulate real-world conditions. The optical
beams in the system were represented by non-diffracting beams and compared
in two scenarios, data transmission using a traditional communications system
and in the second scenatio, the communications system relies on the optifusion
method. This approach facilitated a comprehensive study and analysis of the
transmission environment and optifusion method effectiveness and the
identification of the best non-diffracting beam types for secure data
transmission. Through the values of selected performance metrics for non-
diffraction beams across different weather conditions and long propagation
distances, the study demonstrated the reliability of the proposed simulation
system and the effectiveness of the improvement method in data security. The
final results also showed that the non-diffracting beams resist atmospheric
turbulence strongly and effectively, proving their ability to provide safe, long-
range optical communications.

Keywords: Free-Space, Optical Communication, Optifusion, Non-Diffracting
Beams, Atmospheric Turbulence, Scintillation Index, Overlap, Strehl Ratio.
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systems, ensuring secure data spread. The ease and

Free-space optical (FSO) communications is a
cost-effective wireless technology that offers high data
rates and rapid deployment, making it ideal for
environments where physical cabling is impractical.
FSO is suitable for fast and efficient data transfer over
short, medium, and long distances, including remote
and deprived areas [1]. The propagation of optical
beams in free space relies on a direct line-of-sight
(LOS) connection between transmitting and receiving

versatility of control and generation of different
optical beams make FSO communications systems
useful for vatious applications. The FSO's structure is

simple and easy to integrate with various
communications networks, including terrestrial,
satellite, and mobile platforms, increasing its
expansion and adaptability to modern

communications needs [2].
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FSO communications are better than RF
communications in transmitting more data in a secure,
high-speed manner and are superior to fiber-optic
communications in terms of ease of field installation,
system simplicity, efficiency, and low cost, thus
reducing the need for underground and underwater
excavation for laying fiber optics and also reducing the
need for complex and expensive infrastructure. It is
also a power-efficient system, as it consumes a
minimum of power per bit transmitted and supports
full-duplex communication for data exchange. FSO
communication systems are suitable for various
network infrastructures, such as integrated, local, and
extended [3].

The weaknesses of FSO communications are
mostly due to the free space in which the optical beams
propagate, as weather conditions such as (fog, rain,
snow, etc.) affect the quality of the propagated optical
beams and their efficiency in transmitting data.
Physical obstacles such as birds or buildings and
alighment errors resulting from minor seismic
activities further disrupt the efficiency of FSO
communications [3].

Free-space disturbances affect not only FSO
communications but also several other areas such as
light detection and ranging (LiIDAR), remote sensing,
and imaging. In the LIDAR technologies, the effect of
weather conditions on mapping, environmental
analysis, and other tasks appears [4]. The remote
sensing systems operate from a very long distance, and
therefore atmospheric disturbances affect the accuracy
and reliability of these systems [5]. Imaging systems
also face major challenges due to atmospheric effects
[6]. Therefore, studying and analyzing the effect of
atmospheric turbulence on optical beams helps
improve the performance of optical systems in many
fields.

Recently, with the demonstration that (shape,
amplitude, phase, and coherence) of optical beams
affect their quality and thus the performance of the
optical system, modified Gaussian beams have
emerged [7]. That are resistant to atmospheric effects
and help improve the performance of optical systems,
including FSO. These beams are called non-diffracting
due to their resistance to deflection when propagating
in free space [8]. Non-diffracting beams have unique
properties and distinct shapes from conventional
optical beams, making them an important choice for
FSO From these properties
(diffraction-free, self-healing, self-acceleration, and
self-imaging) with the possibility of adding orbital
angular momentum (OAM) and carrying it by non-
diffracting beams [9].

There are several methods for generating these
beams, including spatial light modulators (SLMs).
Which we relied on in this research due to their ease
of use, effectiveness, and the quality of the non-
diffracting beams they produce. The capabilities of
SLMs make them a versatile tool in both laboratory
and practical applications [9]. In this research, chose
the (Bessel, Airy, Vortex) beams that are characterized
by their unique shapes and properties, as they are not
identical, and therefore their interaction with the
carried data, the method of protection, and the effects

communications.
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of atmospheric disturbances will differ from beam to
another. Therefore, we will compare the behavior of
these three beams and evaluate their performance
when propagating through free space and under the
influence of various atmospheric disturbances while
carrying data, once in the traditional method and in
another method by hiding the data inside them using
one of the protection methods.

In this study, the optifusion method was applied to
three carefully selected non-diffracting beams to
demonstrate the effectiveness of this method with
different types of beams. Where the optifusion
method relies on hiding data in part of the optical
beams without affecting the shape, intensity, and
characteristics of the beam [10]. By combining the
non-diffracting beams with the optifusion method
without one affecting the other and taking advantage
of both together, we create a protected and efficient
FSO communication system.

In this study, we first aim to investigate data hiding
using an optifusion method within non-diffracting
beams. The second goal is to create a realistic and
effective medium for optical beams to travel through
so that the results of non-diffracting beams match real-
life conditions, making the suggested communication
system useful and applicable in the real world.

The proposed optical communication system,
incorporating the generation of non-diffracting beams,
the optifusion method, a free-space carrier medium,
atmospheric turbulence effects, and all figures
presented in this paper, was simulated using MATLAB
R2022b (version 9.13) By a large number of scripts.

The structure of the paper is organized as follows:
section 2 comparing with recent literature, section 3
covers atmospheric turbulence modeling, while
Section 4 focuses on non-diffracting beams after
optifusion method. Section 5 presents the system
simulation, section 6 provides the analysis of results,
and finally, section 7 concludes with the conclusion.

2. Comparing with Recent Literature

The advantages and effectiveness of the proposed
security method for FSO communication are evident
when compared with the latest insurance methods in
the literature. But, research in this domain remains
limited due to several challenges such as the (high costs
associated with communication systems,
particularly those designed for protection, and the
inherent complexity of developing novel protection
mechanisms).  Therefore,  innovative  security
approaches are often introduced cautiously and are not
always thoroughly explored or readily accessible for
evaluation.

secure

The literature in this field is scarce, and existing
research does not closely align, as each proposed
technique tends to be fundamentally different. And
this difference arises from the urgent need for
uniqueness in security strategies because the weakness
or compromise of a particular method makes any
similar approach vulnerable to hacking. Therefore, in
FSO communications, the comparable or closely
related security methods to the one proposed in this
work are exceptionally rare.
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In a modern study, an OFDM signal was placed in
a Gaussian beam and then masked by an image, known
as a cover image. This method results in a laser that
carries an image concealing the OFDM signal. This
method has good performance in BER and flexibility
under different weather conditions, while weaknesses
might involve potential vulnerability to advanced
analysis techniques and increased computational
complexity due to the cover image [11]. When
comparing this method to our approach, we observe
that both methods leverage the OFDM signal due to
its advantageous properties, including the ability to
increase the amount of transmittable data. From a
security standpoint, our approach is significantly
superior by not using a cover image and this
vulnerability by not providing an environment or
visual context for eavesdroppers to target and by using
non-diffracting beams instead of Gaussian beams,
leveraging their unique properties and distinctive
shapes to increase security and efficiency for the FSO
communication system.

The second a study involves hiding a low-power
optical beam inside another high-power optical beam.
This approach is to coaxially transmit the strong and
weak beams carrying different orthogonal spatial
modes within a modal basis set, e.g.,, OAM modes.
Although the weak beam has much lower power than
that of the strong beam and the beams are in the same
frequency band and on the same polarization, the two
beams can still be effectively demultiplexed with little
inherent crosstalk at the intended receiver due to their
spatial orthogonality. However, an eavesdropper may
not readily identify the weak beam when simply
analyzing the spatial intensity profile [12]. This method
is similar to our method of using a type of structured
light beam, but its drawbacks are complexity and cost.
Our proposed method is less expensive and simpler
because it does not require multiple laser sources or
separate high and low power beams.

By comparing the security method adopted in this
research with the methods in the literature, despite
their scarcity, we find simplicity, low cost, and
effectiveness in relying on a single laser source. Relying
on OFDM technology also increases the amount of
hidden data that can be transmitted while enhancing
security through non-diffracting beams. Our use of
non-diffracting beams also helps increase the
propagation distance in free space due to their unique
properties and shapes that help resist atmospheric
disturbances and camouflage to increase the security
of the system.

3. Atmospheric Turbulence Modeling

Atmospheric turbulence plays a critical role in FSO
communications, significantly affecting optical beams
and their propagation. This is due to random
fluctuations in the atmospheric refractive index,
caused by changes in temperature, pressure, and
humidity, and that leads to (intensity scintillation,
beam wander, angle of arrival variations, etc.), all of
which negatively impact the stability and quality of the
optical beam.

And there are several models for simulating free-
space atmospheric turbulence, and the most famous is
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the Kolmogorov model. Which is fundamental,
depicting turbulence as a cascade of energy from large
to small eddy scales. There are other models, such as
the Hufnagel - Valley (H-V) model, which is popular
for altitude-specific turbulence. The Greenwood
Frequency model uses wind speed profiles to estimate
turbulence frequency. The Bufton Wind model also
provides a practical approach for modeling wind speed
with elevation changes [13]. These models are valuable
tools for evaluating the quality of optical beams under
different weather conditions, and despite their
usefulness, most face limitations. Including
homogeneity assumptions and challenges in accurately
capturing complex turbulence effects.

The use of the Kolmogorov spectral model has
spread widely to represent atmospheric turbulence,
but it has shown several obstacles, the most important
of which is the deviation of turbulence at high
altitudes, thus deviating from Kolmogorov behavior
and showing non-Kolmogorov behavior. Therefore,
turbulence models that integrate Kolmogorov and
non-Kolmogorov behavior have been developed to
provide greater accuracy in representing atmospheric
turbulence. These models account for the complex
dynamics of atmospheric turbulence across different
altitudes, offering a better understanding of optical
beam propagation in various atmospheric layers [14].

Where the von Karman model appeared, which is
different from the Kolmogorov model in that it
introduces outer and inner scales and small-scale
energy dissipation, in addition, it limits the sizes of the
eddies, and this enables it to fully capture the effects
of turbulence. Thus, this approach generates accurate
modeling that is useful for FSO communication
systems, as it generates perturbations that affect
optical coherence and stability of optical beams [15].

In this study, the von Karman model is used
because it improves the Kolmogorov spectrum by
effectively modeling the dissipation range and offering
a more comprehensive representation of atmospheric
turbulence. The von Karman model is precious for
capturing disturbances and subtle
fluctuations affecting long-range [16]. To provide
realistic atmospheric turbulence, in this study we used
random phase screens based on the von Kirman
model, integrated into the SLM. This approach allows
precise control of the turbulence parameters and
enables us to create various atmospheric conditions

large-scale

that we need to study and examine optical beams and
various FSO communication systems.

Since such turbulence distupts the initial beam
modes and thus the possibility of losing the data it
carries, this calls for the construction of detailed
models to represent refractive index differences [17].
In this section we will build the numerical model of
atmospheric turbulence, followed by a free-space
turbulence simulation representation.

3.1 Numerical Model

The Kolmogorov-Obukhov theory, which relies
on the inertial range to describe refractive index
fluctuations in free space, thus establishes a modern
concept of atmospheric turbulence. Where this inertia
range extends from the outer scale Ly, which
represents the largest eddies in the turbulence, to the
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scale lg, which represents the smallest
dissipative eddies. The effectiveness of this theory was
confirmed when Tatarski was able to rely on it to
obtain results related to the spread of electromagnetic
waves through a turbulent atmosphere. Therefore, we
can start the mathematical representation from the
basics, which is by expressing the refractive index
n(r) of the atmosphete as [18]:
n(r) = E[n(m)] +n(r), ...(Q»)

Where E[n(r)] denotes the ensemble average of
the refractive index, which is approximately equal to 1
for the atmosphere, and n,(r) represents the
fluctuating component with E[n, ()] = 0.

The characteristics of these fluctuations can be
described by the structure-function D, (1), which
obeys the Kolmogorov-Obukhov 2/3 law [18]:

Dp(r) = Ellny (r + 1) =y (r)IP] = Cir™23,.2)

Where the structure, constant C,, represents the
strength of turbulence.

The structure-function D, (1) is related to the
covariance function By (r) of the refractive index
fluctuations as [19]:

Dy (r) = 2(Bn(0) — B, (). ...03)

Here, B,(0) = E[|In,(r)|?] is a constant value
representing the variance of ny(r) at a single point,
and B,(r) is the covariance between two points
sepatated by r. As 1 increases By, (r) decreases, which

inner

means D, (r) increases with r, characterizing the
growing difference in fluctuations as the separation
distance grows.

By substituting equation (2) into equation (3) and
solving fot By, (1), we get:

2
By(r) = B,(0) —2C&r73. .4

To understand the energy distribution across
different spatial scales in the turbulent atmosphere, it
is essential to examine the power spectral
density @,,(k), which represents the
rtransform of the covariance function B,(r), as
shown in [19]:

Ba(r) = Gz [], Prke 7 k. .(5)

Where k = |k| is the spatial wavenumber 7.
Taking the Foutier transform of By, () gives us ®,, (k)
in terms of CZ and the separation distance 7.

Within the inertial range, the power spectral
density @, (k) that corresponds to the structure-
function Dy, (1) = C2r=2/3 will be as in [20]:

®K(k) = 0.033C2k~1/3 . . .(6)

This expression, known as the Kolmogorov

spectrum, describes the energy distribution across

Fourie

spatial frequencies for scales k in the inertial range,
1

where 1/Ly <<k << T
0

The Kolmogorov spectrum assumes that
turbulence eddies exist across an infinite range of
scales, which is not physically realistic. In practice,
turbulence has finite and inner scales,
represented by Ly and [y, respectively. To account for
these limits, we use the von Karman spectrum, a
modified version of the Kolmogorov spectrum that

outer

includes scale cutoffs in general as [2*]:
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_1.2/1,2
OV (k) = o.oggcgk—ﬂ/“(’:’zik—"g){’j;g) for 0<
k<o, .07

With k,, = 5.92/ly and kq = 21 /Ly, the von
Karman spectrum modifies the Kolmogorov
spectrtum by including an exponential cutoff
exp (—k?/k2) to account for the inner scale, and a
low-wavenumber suppression term (k2 + k2)~11/¢
to represent the outer scale. This formulation captures
both the large-scale and small-scale turbulence limits.
Starting with the structure function for refractive index
fluctuations, we derived the Kolmogorov power
spectrum for the inertial range. We then extended this
to the von Karman spectrum, which incorporates the
effects of finite inner and outer scales. This
comprehensive simulation model is essential to
accurately predict the effect of atmospheric turbulence
on the optical beam across all relevant scales.

Specific parameters are essential to evaluate the
effectiveness and flexibility of optical beams
propagating under atmospheric turbulence described
by the von Karman spectrum. This study focuses on
three key metrics (scintillation index, Strehl ratio, and
overlap) that effectively capture the changes in optical
beam shape and intensity under turbulent conditions.
These parameters provide valuable insights into the
optical beam’s stability and coherence, offering a
robust assessment of the model's performance in FSO
communication.

An optical beam propagating through the
atmosphere will experience irradiance (intensity)
fluctuations, or scintillation, even over relatively short
propagation paths. Scintillation is caused almost
exclusively by small temperature variations in the
atmosphere, resulting in an index of refraction
fluctuations (i.e., optical turbulence). Theoretical and

experimental studies of irradiance fluctuations
generally center around the scintillation index
(normalized variance of irradiance fluctuations)
defined by [21]:

2 _ A= 1A

I — (1)2 _(1>2 '(8)

The quantity I denotes the irradiance of the optical
beam and the angle brackets < > denote an ensemble
average or, equivalently, a long-time average.

For certain applications in FSO communications,
the primary concern may not be imaging quality but
rather the maximization of the deposited energy. In
such cases, the Strehl ratio (S) serves as a valuable
figure of merit. The Strehl ratio is defined as the
normalized peak intensity of the point spread function
(PSF) and is expressed as follows [22]:

= Jreat o)
lideal

lreqr and ljgeq tepresent the intensities at the
center of the real point image and the ideal PSF (free
from aberrations), respectively. The Strehl ratio
provides a measure of the beam's ability to maintain
peak intensity in the presence of atmospheric
turbulence. A value closer to 1 indicates minimal
distortion, meaning turbulence less affects the beam.
It is important to note that while the Strehl ratio
traditionally originates from optical design quantifying
the ratio between the peak focal spot intensity of an
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actual optical system and that of a diffraction-limited
system it is adapted in studies of atmospheric
turbulence. In this context, the S often uses mean
intensity values rather than total intensity. Generally, it
serves as a measure of how effectively the optical beam
remains well-directed and focused despite the
degrading effects of turbulence.

In FSO communication systems, the overlap
quantifies the proportion of the initial beam's power
that remains within its original spatial mode after
propagating through atmospheric turbulence. This
metric evaluates the ability of an optical beam to
maintain its mode structure affecting the transmitted
data.

The mathematical equation for overlap is [23]:

2
|50 B,z )E" (.2 )dxay|

T I B Gy Pdxdy [ | Gey.a P dxdy”
...(10)
Where E (x,y, z") refers to the transverse electrical
field of the mode propagated a distance z' without
turbulence and E'(x,y,z") the
propagation through turbulent media, E*(x,y, z") and
E"(x,y,z") ate the respective complex conjugates of
the fields. The best overlap value for this formula is 1,
which means that optical beam maintains its mode,
and with increasing turbulences, this value decreases
and can reach 0. The random phase fluctuations that
optical beam are exposed to in free space cause a
change in the intensity distribution of this beam, which
leads to a loss in intensity and a change in its
distribution and thus leakage to other modes in the
initial beam. In FSO communication systems, studying
the overlap parameter is important because it provides
insight into the robustness of the mode and the state
of the original coil of the optical beam despite the
disturbance [23, 24].
3.2 Simulation Model

mode after

Modeling of atmospheric conditions through
computer simulations or in the laboratory has
facilitated the investigation and development of optical
systems. It also helped us learn more about how
optical beams interact with turbulence in the
atmosphere. This let us guess what the effects of
turbulence would be so we could avoid or lessen their
severity.

Opver time, many methods have been discovered to
simulate atmospheric turbulence in the laboratory,
such as turbulence chambers that use heaters and fans
to provide turbulent environments or turbulence
panels, which are glass panels etched with random
phase screens based on the turbulence power spectra.
As for modern methods, they depend on SLMs and
digital micromirror devices (DMDs) and other similar
technologies, that provide greater flexibility by
allowing real-time adjustments to turbulence models
and parameters. These modern technologies can also
support computational simulations, making them a
versatile tool [17].

Modeling the von Karman spectrum with the
phase screen technique is functional for simulating
atmospheric turbulence in FSO communications. But
to increase effectiveness, the von Kirman model and
phase screen are used with the split-step method to
model the turbulence along the propagation path of
the optical beam in free space. Where the disturbance
in this method is a set of randomly generated von
Karman phase screens, each one reflecting its own
different refractive index fluctuations.

For that this method provides an efficient
representation of complex impairments due to
disturbances such as (wavefront distortion, intensity
scintillation). The use of computational tools and
taking into account different height profiles and
dynamic refractive index changes in implementing this
method provides the possibility of studying and
analyzing the accumulated effects of disturbances
ropag

C,% = 10_17 Cr% — 10—16

Ci=10""

along the p ation path of optical beams [25].
s — T .

| AW

cz=10"

c2=10"13

Figure (1): Phase screens by the SLM for varying turbulence strengths in the 2D top and 3D bottom.

To improve this method, raise its efficiency, and
make it effective for the communication system
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proposed in our research, which relies on non-
diffracting beams produced once by a traditional
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method for the FSO communications system and a
second time by the same system, but it uses the
optifusion method for protection. Because the results
of the two systems may be similar, we need to improve
turbulence modeling and precise control.

In this study, we followed a systematic approach to
design and simulate a very realistic structure for
atmospheric turbulence. consisting of a von Karman
spectrtum model, which is the heart of these
turbulences and the basis for generating phase screens
because it governs their spatial frequency
characteristics, while using algorithms to transform the
von Karman spectrum into a physical representation
of the turbulence, which is the phase screen, which
relies on Fast Fourier Transform (FFT) to simulate
random phase screens that reflect atmospheric
refractive index fluctuations.

These random phase screens are applied to the
path of propagation of the optical beam using the split-
step method. Then, the SLM technology displays these
phase screens according to the measurements and
distances of the split-step method dynamically in the
proposed FSO communications system. This
structuring of atmospheric turbulence closes the gap
between research numerical simulations and physical
experiments, thus generating realistic atmospheric
turbulence.

The presence of SLM technology in this
disturbance structure provides the generation of
precise dynamic phase distortions with great flexibility
in controlling these generated disturbances. The SLM
in the proposed FSO communication system works as
a dynamic interface that generates phase screens that
impose random phase fluctuations on the optical beam
falling on it. These phase distortions will simulate the
flickering, scattering, and wavefront curvature that
optical beams experience when shining on the SLM.
Thus, the SLM in this structure is the part related to
command and control, but the basis of the disturbance
is the von Karman model, which is mathematically
represented by the modified power spectrum ®2K (k).
Realistic atmospheric conditions as (temperature,
wind, pressure) can be represented by the refractive
index structure constant C2. The precise control and
calculation of these parameters allow the generation of
a different range of weather conditions, ranging from
mild disturbances to severe distortions.

A non-diffracting beams propagation path is
generated in this FSO communications system that is
precisely similar to the real world by relying on the
split-step method, which determines the number of
phase screens and their locations on the path
according to the distance over which the optical
beams will be propagated and the weather conditions
chosen for this distance to reflect the nature, spectral,
and cumulative real atmospheric turbulence. Thus, the
phase screens refer to the wavefront distortions that
scatter the optical beam, interfere with it, and change
the intensity distribution and spatial coherence
according to the propagation distance and the strength
of the disturbance. Thus when an optical beam
propagates through this simulation of a turbulent
environment, it undergoes changes in its coherence,
intensity, and shape depending on the propagation
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distance and strength of the turbulence. This proposed
structure for simulating atmospheric turbulence
combines the detailed representation of wavefront
dynamics and the flexibility of digital modulation.

In Fig.1, examples of simple and complex random
phase screens appear, which were created using the
previous approach, based on the von Karman
spectrum model, and using the SLM technique, and at
different disturbance intensities, starting from weak
turbulence strength CZ = 107 and gradually
increasing to strong turbulence at CZ = 10713 passing
through moderate turbulence at C2 = 107!, Due to
the flexibility of SLM technology, control is easily
achieved to simulate different weather environments.
Thus, by providing the SLM with realistic parameter
values, it generates various scenarios from the sky clear
to snow and rain. This simulation provides an efficient
and accurate platform to study the effects of free space
and atmospheric turbulence on non-diffracting beams
at long-range propagation distances in the proposed
FSO communication system.

4.  Non-Diffracting  Beams  after

Optifusion Method

Why non-diffracting beams because they maintain
their transversal intensity profile without spreading as
they propagate, remaining "diffraction-free" over
significant distances. This characteristic is achieved by
structuring the beam such that its component plane
waves acquire identical phase shifts, allowing the beam
to preserve its form consistently along its propagation
path [20].

The general framework for non-diffracting beams
begins with the concept of diffraction-resistant or
localized waves that maintain their shape during
propagation. These beams are solutions to the
Helmholtz equation, with their specific forms
determined by the coordinate system employed. The
Following outlines the unified approach to deriving
the general equation for non-diffracting beams across
vatious coordinate systems [27]:

VW + k2@ =0, ..(11)

W is the beam's complex, and k is the transverse
wave number. For non-diffracting beams, separable
solutions are sought in different coordinate systems.

The main types of non-diffracting beams arise
from cylindrical and elliptical cylindrical coordinate
systems. A general way to represent non-diffracting
beams is by integrating them over an angular spectrum.
The integral form is [28],

Y(r, d,z) = i—’:rfan(lp)ei“r cosW=P) =iz dy, (12)

2
This general formula combines solutions to the

Helmholtz equation in an angular spectrum
formulation, where the function A(¥) defines the
specific type of non-diffracting beams by controlling
the amplitude and phase distribution across the
angular spectrum. The parameters & and f§ of the non-
diffracting beam represent projections of the
components of plane-wave vectors of the angular
specttum in the transverse plane (x,y) and to the
normal of the transverse plane, ie., the z-axis,
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tespectively, ie., @ = ksinf, and f = kcosf, with
k = 2m /2 the wavevector.

Compared to standard optical beams, non-
diffracting beams essentially add a number of features
to the FSO communication system, the most
important of which is that, first, their distinctive
shapes provide an added layer of security for the
communication system. Second, they exhibit
resistance to atmospheric turbulence, allowing them to
maintain their distinctive shapes over long distances.
In addition, these non-diffracting beams have a set of
characteristics common to all species and others
unique to certain species.

General properties, such as diffraction-free
propagation, which maintains a constant tangential
intensity at distances beyond the Rayleigh range of
conventional Gaussian beams, are achieved by the
unique structure of each beam. Another feature of
many non-diffracting beams is their self-healing
capability.

When these beams encounter an obstruction, they
can reconstruct their original transverse profile upon
further propagation. Some non-diffracting beams have
unique properties, such as the Airy beam, which
exhibits self-acceleration along a curved path, in
contrast to the straight-line propagation of optical
beams. Furthermore, non-diffracting beams can carry
phase singularities as in vortex beams, granting them
angular momentum, and they may also display self-
imaging properties, allowing them to recreate their
profile periodically during propagation [9, 29]. These
distinctive attributes make non-diffracting beams
invaluable across various fields, particularly optical
communication.

We can classify the methods for generating non-
diffracting beams into three main methodologies. The
first are standard optical components, such as axicons.
The second, and most widely used, is SLMs, which
offer a versatile and effective solution for generating
various non-diffracting beam types. The third
methodology employs nonlinear techniques [9, 29].

In this study, we utilize three types of non-
diffracting (Bessel-Gauss, Finite-energy Airy, and
non-diffracting vortex) beams selected for their
diverse characteristics, effectiveness, and varying levels
of efficiency in free-space propagation. These beams

are generated using SLM technology and a Gaussian
beam source. Directing a Gaussian beam onto the
SLM and employing the corresponding hologram can
produce any desired non-diffracting beam. Modulating
the Gaussian beam into these non-diffracting beam
forms allows us to create energy-limited versions of
the three beam types, based on the Gaussian beam's
finite energy rather than the idealized infinite-energy
models. This approach ensures a practical simulation
of real-world scenarios.

This proposed approach allows an in-depth
analysis of the influence of the optifusion method and
atmospheric turbulences on non-diffracting beams
that mask data when it is propagation in free space.

The results gained from this simulation experiment
will contribute to developing the optifusion method
and improve our understanding of the interactions of
non-diffracting beams with atmospheric turbulence.

In Fig.2, we observe the three non-diffracting
(Bessel-Gauss, Finite-energy Airy, and non-diffracting
vortex) beams generated from the Gaussian beam by
SLM in terms of their wavefront and cross-section
immediately after being in the free space after carrying
and hiding the data using the optifusion method.
These initial shapes serve as a reference for subsequent
comparisons after they simulate their propagation
through free space, where they are exposed to
atmospheric turbulence specifically designed by the
free-space turbulence simulation model created in the
previous section. By analyzing these non-diffracting
beams before and after exposure to turbulence and
carrying data with and without the optifusion method.

Based on the simulation results of the proposed
system, several analyses can be drawn. These
conclusions can include the quality of the optifusion
method with non-diffracting beams, determining
which non-diffracting beams perform best, the
conditions under which they are most effective, and
the distances at which they remain optimal. In
addition, the quality of the free-space channel, the
disturbances  simulated, and  whether these
disturbances created real effects can be inferred and
evaluated. Where this system relies on an optifusion
method to enhance security and non-diffracting beams
to increase propagation distance and resistance to
atmospheric turbulence.

Bessel-Gauss
BG Beam

Finite-Energy Airy
FEA Beam

Non-Diffracting Vortex
NDV Beam

Figure (2): Non-diffracting beams with front views right and side profiles left.
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5. System Simulation

The comprehensive simulation of the proposed
optical communication system is illustrated in Fig.3.
These beams can be generated and controlled
dynamically by adjusting the hologram in the SLM.
These beams propagate through a free-space medium
under the influence of various atmospheric turbulence,
which are simulated and controlled by using another
SLM.

The most effective component of this system is the
SLM technology through which we generated the non-
diffracting beams and the atmospheric turbulence.
Where SLM is a dynamic optical technique that
modulates the properties of light, such as phase and
amplitude, on a spatial grid, allowing precise control of
the light wavefront. SLMs can be classified into
amplitude-modulating and phase-modulating types.
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Phase-modulating  SLMs,  especially ~ phase-
only SLMs are based on reflective and are highly
effective in beam shaping and adaptive optics. Phase-
only reflective SLMs employ liquid crystal-on-silicon
(LCoS) technology, allowing them to achieve high
spatial resolution and efficient phase modulation,
making them ideal for structured light applications
[30]. Therefore, in this study, phase-only reflective
SLMs were used because they, in addition, offer major
advantages of FSO systems, such as high precision in
phase control, minimal light loss, and compatibility
across different wavelengths. Their ability to maintain
high efficiency in modulating the phase enables
applications requiring robust control over beam shape,
which is crucial in this optical communication system

[30].
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Figure (3): Flowchart to simulate an optical communication system in free space under different turbulence.

The proposed system utilizes a diode laser
operating at a wavelength of 1550 nm, emitting a
Gaussian beam directed toward a phase-only reflective
SLM. By encoding holograms of the three selected
types of non-diffracting beams into the SLM, the
desired beams can be generated. Precise control of the
SLM parameters allows tuning of the characteristics of
these beams. In this study, pseudo-random data is
hidden in the non-diffracting beams by using an
optifusion steganographic encoder. The data is
modulated via quadrature amplitude modulation
(QAM) and  orthogonal  frequency-division
multiplexing (OFDM) technology into an OFDM
signal, which is then masked within the non-diffracting
beam. These non-diffracting beams are transmitted
through free space high-resolution
transmission telescope.

By using the second phase-only reflective SLM to
create the free space and its turbulence. Which
introduces disturbances similar to those that occur in
the real world by adjusting its parameters. In order to
obtain accurate results for the propagation of non-
diffracting beams in free space and under the influence
of disturbances to the proposed communication
system, it is necessary to adjust the propagation

using a

distance z with the number of phase screens and the
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spacing between them, the refractive index
structure C2, and the power spectral density ®

And by using a modified algorithm, it depends on
the parameters the (z, CZ and ®,) as inputs to
generate the random phase screens and their numbers,
spacing, and dimensions that correspond the
dimensions of the non-diffracting beams used in this
simulation. This is help to reduce side effects, losses,
and inaccurate results that occur due to the
incompatibility of the size of the optical beams with
the random phase screens and the carrier medium, and
thus enhance the accuracy of the results obtained.
Also, the SLM is also programmed to create a
controlled environment that realistically replicates
atmospheric deformations.

In the reception system, the telescope with high
sensitivity receives the non-diffracting beams after
propagation in free space and its exposure to various
turbulence. These non-diffracting beams experience
distortions in shape and intensity due to the distance
traveled and the strength of atmospheric disturbances.
Such distortions directly affect the process of
extracting the hidden data.

The optifusion steganographic decoder retrieves
the OFDM signal, which is demodulated by QAM and
DOFDM to reconstruct the transmitted data. A key
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advantage of this system is its ability to encode and
decode data directly within the non-diffracting beams,
eliminating the need for conversion to or from
Gaussian beams. Furthermore, prior knowledge of the
encoding process along with the location, size, and
specific parameters of the hidden data ensures efficient
and accurate data extraction.

When modeling the propagation of the three non-
diffracting (BG, FEA, and NDV) beams under varying
levels of atmospheric turbulence, their effectiveness
and quality are observed in terms of maintaining their
shape and intensity after propagation through free
space. These beams exhibit strong resilience to weak
disturbances, preserving their structure over distances
exceeding 10 km. However, under severe turbulence,
significant deformation occurs even at short
propagation distances lower than 1km, as illustrated in
Fig.4. The interaction of these beams with free-space
conditions varies depending on the intensity of the
turbulence. These preliminary results are consistent
with those reported in the literature, confirming the
accuracy of the secure optical communications system
using the optifusion method with non-diffracting
beams, free-space environments, and atmospheric
turbulence.

")

Figure (4): Modeling the propagation of non-
diffracting (BG, FEA, and NDV) beams in free space
under the influence of (a) Weak and (b) strong
turbulence.

6. Result Analysis:

In this study, several objectives were implemented,
and to verify them, the results obtained will be
analyzed. The primary goal was to evaluate the quality
and performance of the optifusion method when
applied to non-diffracting beams in the FSO
communication system. This was achieved by
comparing the results of the proposed system, which
employs the optifusion method, with those of a
standard system where data is not hidden under
identical conditions same non-diffracting beam types,
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propagation distances, and weather conditions.
Another objective was to check the most suitable
beam type among the three non-diffracting beams
considered in this study, based on their compatibility
with the optifusion method in the same conditions.
This will be verified by analyzing the performance of
these non-diffracting beams under identical
environmental and deployment scenarios.
Additionally, this study aimed to evaluate the
transmission medium and the effects of atmospheric
turbulence, which were meticulously modeled in the
simulation to replicate real-world conditions. Studying
and analyzing the results of the impact of disturbances
on the non-diffracting beams of the FSO
communication system helps in avoiding and
overcoming these turbulences in the real world.

The values (scintillation index, Strehl ratio, and
overlap) of non-diffracting beams help in evaluating
the efficiency of these beams when propagating in free
space from one side, and from another side, these
values examine the quality of turbulence simulation in
the effect on these turbulence-resistant beams. These
parameters also help in comparing between the three
types of selected non-diffracting beams in terms of
shape and intensity in two scenarios of the same FSO
communication system with and without the
optifusion method. In this study, we rely on the values
of these three parameters because they evaluate the
stability of the non-diffracting beam, the quality of its
intensity, and its spatial coherence when exposed to
disturbances.

The scintillation index parameter focuses on the
scintillation, brightness changes, and fluctuations in
the intensity of non-diffracting beams after exposure
to atmospheric turbulence and along the propagation
path in free space. Since its best value is zero or close
to zero, and it occurs when there are no disturbances,
ie., in an ideal environment, or when the non-
diffracting beam begins to leave the sender system and
enter into free space, and this value increases with the
increase in turbulence or its accumulations when the
propagation distance increases. Based on equation (8),
we sampled the scintillation index parameter to non-
diffracting beams at different propagation distances
and weather conditions. One of the principles
examining optical beams after they are exposed to
disturbances when they propagate is to compare the
intensity of this beam under ideal conditions, that is,
when it is not exposed to turbulence with the same
beam, but after it is exposed to turbulence at the same
distance; this comparison is made by calculating the
Strehl ratio parameter. The best value for the Strehl
ratio is 1 under ideal conditions and decreases as the
effect of disturbances on the optical beam increases.
The Strhel ratio values for the selected non-diffracting
beams were calculated by equation (9). Because non-
diffracting beams have distinct shapes, these shapes
can be lost due to overlapping modes when subjected
to disturbances, which subsequently affects their
stability and energy when they continue to spread in
free space. Therefore, the overlap parameter was
chosen, which compares the modes of the non-
diffracting beam when entering and leaving from free
space. The value of the overlap parameter at the
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beginning of the transmission is 1 and decreases with
increasing propagation distance and turbulence, as its
values were calculated in this research using the
equation (10).

To cover most of the weather conditions that the
proposed FSO communications system would be
exposed to in the real world. We will simulate natural,
extreme environments and what's in between. The
natural environment has weak turbulences, such as
light fog or light wind, which can be represented at a
turbulence  strength CZ = 10717, As for the
environment with moderate turbulence, such as dense
fog or strong winds, it is represented at the strength of
the turbulence C? = 10715, Harsh environments such
as snow and rain can be shown at turbulence
strength CZ = 10713, which
turbulence.

represents  strong

The results of the influence of these environments
on the non-diffracting beams (BG, FEA, and NDV)
of the proposed FSO communication system with and
without the optifusion method were studied and
analyzed. Performance evaluations were conducted at
a propagation distance of 10 km, representing long-
range communication. This distance allows evaluating
the quality of representation and simulation of the
medium when the effect of atmospheric turbulence
accumulates with increasing propagation distance.

In Fig. 5, the results of the scintillation index for
non-diffracting (BG, FEA, and NDV) beams with and
without the optifusion method in these environments.
The weak turbulence scenario in Fig. 5(a) shows the
scintillation index values for the non-diffracting beams
in the conventional manner, identical to the
scintillation values for the same beam but in the
optifusion manner. These results prove that the
optifusion method does not affect the shape and
intensity and characteristics of the non-diffracting
beams. The performance of the BG beam is also
slightly better than the other beams, as it offers
minimal brightness variation. As for the simulation of
the conducting medium, it provides stability in
persistent weak turbulence along propagation
distances. This indicates that the deflected beams
maintain their intensity at minimal fluctuations.

In the moderate turbulence scenario depicted in
Fig. 5 (b), the scintillation index values for the non-
diffracting beams with the optifusion method remain
closely aligned with those of the same beams without
it, even as atmospheric turbulence intensifies. Among
non-diffracting beams, the NDV beam outperforms
the BG beam very slightly due to the stability of this
type of beam due to its reliance on OAM, which
enables it to compete with BG beams in resisting
disturbances, while the FEA beam appears less
efficient in terms of scintillation due to its non-
uniform intensity distribution. In contrast, the regular
structures of the BG and NDV beams are better suited
for controlling scintillation. The quality of modeling of
the free-space medium is demonstrated by
continuously  calculated turbulences along the
propagation path that lead to a gradual increase in the
scintillation index values of all non-diffracting beams.
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Figure (5): Scintillation index for non-diffracting
(BG, FEA, and NDV) beams with and without the
optifusion method under (a) weak, (b) moderate, and
(c) strong turbulence.

In the third scenario Figure 5(c), with very high
atmospheric turbulence, the optifusion method still
proves its robustness, as the scintillation index values
for non-diffracting beams with and without optifusion
remain closely matched. Notably, the BG and NDV
beams perform comparably well in these conditions,

showing strong resistance to turbulences and
brightness loss. However, due to the intense
disturbances, the medium’s effects become

pronounced, causing significant intensity loss and
beam dispersion. Notably, after approximately 500 m,
strong turbulence leads to substantial non-diffracting
beam distortion and degradation.

Fig.6 presents the Strehl ratio values for the
selected scenarios, comparing the shapes of the non-
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diffracting beams under identical weather conditions
and propagation distances to their ideal shapes. The
results show that, in all scenarios, the Strel ratios
remain similar or very close for non-diffracting beams
once using the optifusion method and for the same
beams without this method. This consistency
highlights the strength of the optifusion method in
preserving the shapes and properties of the optical
beam when hiding data within it, in addition to
confirming what was stated in the literature about the
strength of non-diffracting beams in maintaining their
shapes over the propagation distance despite
atmospheric turbulences.

Under weak and moderate turbulence conditions,
as shown in Fig.6 (a and b), the Strehl ratio values for
all non-diffracting beams remain near 1, indicating
excellent beam stability and shape preservation. This
demonstrates the efficiency of non-diffracting beams
in maintaining their original shape despite turbulence.
Among the non-diffracting beams, the BG beam
achieves the highest Strehl ratio, followed by the NDV
beam, while the FEA beam shows slightly lower values
but remains comparable. These results emphasize the
superior performance of the BG beam as atmospheric
disturbances intensify.

Fig. 6(c) illustrates the Strehl ratio results under
strong turbulence. The intensities of non-diffraction
beams are subjected to significant distortion in this
scenario at a distance of less than 500 m, and thus it is
difficult to compare it to itself in the ideal case for
calculating Strehl ratio values at a distance greater than
500 m. Within a propagation distance of less than 500
m, the Strehl ratio values for all beams remain close
due to distortion due to instantaneous and intense
turbulence, with little cumulative distortion due to the
short propagation distance. The FEA beam produces
the lowest Strehl ratio values, as it is the fastest and
most distorting of the beams and thus the least
effective, followed by the NDV beam, while the BG
beam shows a slight advantage by propagating for
approximately 500 m before becoming distorted,
indicating better flexibility in the face of turbulences.
The Strehl ratio in these scenarios demonstrated the
efficiency of simulating free space and its turbulence
through its precise effect on the initial intensity of the
non-diffracting beams. When comparing the intensity
of non-diffracting beams before and after they were
exposed to the same disturbances, we find that the
values of the Strehl ratio were logical and close to
reality. Furthermore, the medium effectively replicated
severe weather scenarios, accurately detecting the
distortion of non-diffracting beams beyond 500 m.
Additionally, the simulated environment provided a
reliable framework for assessing each beam's resilience
in preserving its shape during propagation.
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Figure (6): Strehl ratio for non-diffracting beams
(BG, FEA, and NDV) with and without the
optifusion method under (a) weak, (b) moderate, and
(c) strong turbulence

Calculating the overlap parameter values for the
non-diffracting beams with or without the optifusion
method in the three scenarios shows the structural
integrity of the non-diffracting beams modes when
they enter and leave the transmission medium and
after they are exposed to atmospheric disturbances. It
also provides insight into the efficiency of these beams
to retain their energy after encountering atmospheric
turbulence.

Using non-diffracting finite energy beams, this
study creates an accurate model to evaluate energy
dissipation during propagation in a free-space
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simulation. The results obtained for the overlap, in
Fig.7, confirmed the effectiveness of the proposed
simulation system and that the transmission medium
had a consistent and logical effect on the non-
diffracting beams, yielding results that align with real-
world conditions. While atmospheric turbulence had a
uniform impact under similar conditions, variations in
reception were observed due to differences in beam
shapes, modes, and energy distributions.

The study revealed that overlap primarily arises
from beam distortions, which alter the fundamental
structure of non-diffracting beams. This includes
lateral mode overlap and irregular interactions
between modes, caused by non-uniform turbulence.
The overlap values further highlighted the rates of
energy loss during propagation, showing that energy
dissipation varies between non-diffracting beam types
under identical conditions. These findings provide
additional evidence of the logical and consistent nature
of the results.

The optifusion method has confirmed its
efficiency again and now with the overlap parameter,
as shown in Fig.7, where the overlap values for these
non-diffracting beams, with and without the
optifusion method across three turbulence scenarios
are similar or very close. Under weak turbulence
conditions, Fig.7 (a) shows that the FEA beam showed
a significantly faster rate of energy loss and mode
distortion than the BG and NDV beams. However,
the overlap values of the BG and NDV beams
remained close to 1, highlighting their robustness
under such conditions.

Analysis of these results shows that beams with
irregular shapes experience greater energy loss, rapid
distortion, and overlap of their modes, like the FEA
beam. In contrast, beams with regular or symmetrical
structures, such as BG and NDV, showed slower
energy dissipation and minimal mode overlap. In
moderate turbulences, Fig.7 (b) the energy loss and
mode distortion were similar to the weak turbulences
scenario for all non-diffracting beams, with a slight
superiority for the BG beam over the NDV beam.
Where the BG and NDV beams continued to perform
competitively due to their distinct structural
advantages.

While the BG beam exhibited strong resistance to
turbulence, the NDV beam leveraged its central wide
ring structure to reduce overlap and maintain
performance. In the strong atmospheric turbulence
scenario, Fig.7(c), all non-diffracting beams suffered
significant energy loss, mode distortion, and very rapid
structural deterioration at short propagation distances.
Despite the very similar overlap values for all non-
diffracting beams in this scenario because they
propagate over short distances and deteriorate quickly,
the BG beam showed slightly better performance due
to its high resistance against strong turbulences.

From the results obtained and analyzed, the
simulation system used to model the free-space
transmission medium and atmospheric turbulence has
proven effective and consistent with the literature,
accurately reflecting real-world transmission effects.
The results also confirmed the efficiency of the
optifusion method, as the three parameters showed
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almost identical values when transmitting data
conventionally or hidden within non-diffracting
beams. The results also highlight the robustness of the
selected  non-diffracting  beams in  resisting
atmospheric turbulences and spreading over long
distances while keeping the data hidden within them.
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Figure (7): Overlap for non-diffracting beams (BG,
FEA, and NDV) with and without the optifusion
method under (a) weak, (b) moderate, and (c) strong
turbulence.

7. Conclusion

This study simulated an FSO communication
system with the optifusion method and effectively
non-diffracting beams. The atmospheric turbulence
simulation used contributed to the analysis of this
system and produced distinctive results that enhanced
the evaluation process. The results demonstrate the
effectiveness of the optifusion method, indicating that
the performance of a communication system using it
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is very close to that of an optical communication
system without it, indicating that its implementation of
protection does not affect the efficiency of data
transmission.

The non-diffracting (BG, FEA, and NDV) beams
demonstrated excellent data transfer quality and
protection under varying disturbance levels, with or
without the optifusion method. BG beam has
demonstrated remarkable stability and resilience to
large disturbances, protecting the data within them.
The performance of the NDV beam was similar to the
BG beam but slightly inferior, while the FEA beam,
since it was more susceptible to distortion due to its
irregular shape and uneven intensity distribution,
showed the lowest performance among all the beams.

We relied on calculating the values of performance
metrics (scintillation index, Strehl ratio, and overlap)
to show the accuracy of the proposed optical system.
The results confirmed the feasibility of integrating
non-diffracting beams with data hiding techniques to
improve the security and adaptability of FSO
communications systems in different weather
conditions.
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