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Abstract
In this study, we examine the propagation characteristics of vortex-Gaussian beams in atmospheric
turbulence for uplink free-space optical (FSO) links. Using the extendedHuygens–Fresnel principles,
we analytically derive key parameters, including the received intensity, second-order and fourth-
order intensitymoments, the Strehl ratio, the kurtosis parameter, and the effective beam spot radius.
Then, we used phase-screen simulations to analyze the behavior of the scintillation index.Our
findings demonstrate that vortex beams offer superior Strehl ratio performance compared to the
Gaussian beamand exhibit greater resilience to atmospheric turbulence variations. Furthermore, the
vortex beams exhibit kurtosis values below 3 and have a larger effective beam spot radius compared
toGaussian beams. Additionally, vortex beams exhibit a lower scintillation index compared to the
Gaussian beamat longer propagation distances.

1. Introduction

Free-space optical (FSO) communication systems utilize laser beams to transmit large amounts of data between
ground stations and satellites or other spacecraft [1, 2]. FSO communication offers several advantages over its
radio frequency (RF) counterparts, including higher data rates, lower latency, smaller beamdivergence, and
reduced spectrum congestion, enabling transmission speeds of terabits per second. Additionally, FSO signals
propagatewith narrower beams thanRFwaves,minimizing signal loss and enhancing communication security.
Unlike RF systems, FSO is not subject to spectrumallocation regulations.However, these systems are highly
susceptible to atmospheric effects such as absorption and scattering, which reduce the signal’s amplitude at the
receiver [3]. Furthermore, atmospheric turbulence distorts the optical beam’swavefront, causing additional
beam spreading [4], beamwander (movement around the receiver aperture) [5], and fluctuations in the
received signal, known as scintillation [6].

Several effective techniques are available tomitigate the effects of turbulence on uplink beampropagation,
including pre-correction adaptive optics [7–9], spatial diversity [10, 11], use of partially coherent beams [12],
and beam shaping [13]. Each of thesemethods addresses atmospheric turbulence in distinct ways. For instance,
pre-correction adaptive optics are applied at the ground terminal, usingwavefront correction,measured on the
downlink. Additionally, spatial diversity at both the transmitter and receiver provides statistically independent
channels, helping reduce scintillation effects and increasing transmitted optical power.Using partially coherent
beams alsomitigates scintillation at the receiver but results in lower received power due to the inherent beam
spreading.

In an FSO communication system, beam shaping plays a crucial role in controlling andmodifying the
properties of the optical beam, helping to reduce the impact of atmospheric turbulence and enhance overall
systemperformance.Different types of laser beams, including flat-top beams, annular beams,multimode
beams, and vortex beams, are employed tomitigate atmospheric turbulence. Among these, vortex beams are
gaining increasing attention due to the distinct advantages they offer over other beam types.One significant
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advantage is their ability to carry topological charge, which allows them to transmit information through their
orbital angularmomentum (OAM), thereby increasing the channel capacity. By utilizingOAM,multiple sig-
nals can be transmitted simultaneouslywithin the same frequency band, boosting the total data capacity. Addi-
tionally, vortex beams aremore resilient to atmospheric turbulence,making themparticularly reliable for free-
space optical communication systems. This resilience becomesmore significant with higher topological char-
ges.More specifically, vortex beams possess a helical phase front, andwhen viewed from the rear, their phase
resembles a corkscrew. The corresponding intensity profile exhibits an annular (ring-shaped) structure, and as
the topological charge increases, the central dark core of the beam expands. The topological charge defines the
number of times the phase of light rotates around the beam’s axis within onewavelength of propagation [14].

Horizontal propagation of vortex beams has beenwidely investigated, providing insight into their behavior
in optical communication links [15–23]. For instance, Gbur andTyson analyzed the changes in topological
charge during propagation and suggested its potential as an information carrier in optical communications
[15]. They also explored the critical distance formultiplexing using topological charge, noting that as the pro-
pagation distance increases, beamwander and spread lead to the beam’s footprint exceeding the receiver aper-
ture,making the detection of topological chargemore difficult. Another notable study in this area is that Lukin
et al [16] studied the beam spread of vortex beams in a turbulent atmosphere using numericalmodeling, find-
ing that vortex beams broaden less during propagation thanGaussian beams. Furthermore, two earlier studies
focused on the effects of partial coherence on vortex beampropagation, in [17], an approximation for the cross-
spectral density of themutual coherence function of a partially coherent optical vortex fieldwas presented. The
propagation of partially coherent vortex beams in a turbulent atmospherewas addressed in [18], where the
authors derived the intensity from the cross-spectral density function and found that the spreading of partially
coherent vortex beams is less affected by atmospheric turbulence compared to partially coherent non-vortex
beams. In amore recent study, themutual coherence function of a vortex-Gaussian beam in atmospheric tur-
bulencewas reported for horizontal propagation [19], with the authors also examining the intensity and com-
plex degree of coherence characteristics of vortex-Gaussian beams in turbulent conditions. Understanding the
shape of a laser beamduring propagation is important because it affects the characteristics of the transmitted
beam, leading to performance variations. To analyze changes in beamquality, findingM2 and kurtosis play an
important role. In the literature, the analytical expression for the propagation factors (M2-factors) and the
Strehl ratio of vortex-Gaussian beams in non-Kolmogorov atmospheric turbulence is given in [20]. In addition,
the investigation of the kurtosis parameter for vortex beams has also been reported in [21–23].

The design considerations for anOAM-multiplexed free-space data linkwere explored in [24]. The authors
conducted simulations to analyze power loss, channel crosstalk, and power penalty for optical beamswith
OAMmodes, focusing on scenarios with a limited-size receiver aperture. The authors in [25] present an adap-
tiveMIMOFSO system that employsOAMmultiplexing, leveraging spatial-modemultiplexing to enhance
performance under atmospheric turbulence.Moreover [26], investigates the beam spreading and scintillation
characteristics of a perfect vortex beampropagating through atmospheric turbulence using themulti-phase
screenmethod. It is worth noting that the scintillation index of vortex beams has also been reported in earlier
theoretical and experimental studies [27, 28]. In addition to existing FSO studies, an experimental study repor-
ted the intensity profiles of vortex beams in oceanic turbulence, using a spiral phase plate and a spatial light
modulator, and the experimental results were also comparedwith theoretical predictions [29].

Two notable review articles have summarized the current understanding of vortex beampropagation
[30, 31]. Soifer et al [30] provided an overview of vortex beambehavior in turbulentmedia, covering both
integer and fractional vortex beams. Zhang et al [31] focused specifically on fractional vortex beams, which
arisewhen the topological charge is non-integer; unlike integer-order vortex beams, these beams exhibit a
phase discontinuity along the phase step, causing a disruption in the annular intensity ring during propagation.

Few studies have examined vortex beams for uplink communications. In [32], the bit-error-rate perfor-
mance of vector vortex beams is discussed. In [33], the coherence analysis and the normalized average intensity
distribution ofGaussian Schell-model vortex beams through slant atmospheric turbulence are presented. In
[34], the authors examine the reliability of deep-space communication channels whenutilizingOAM.They
discuss the data rate and spectral efficiency ofOAMstates of single photon and highlight that, in the absence of
an atmosphere, beam crosstalk isminimal. Their findings indicate that vortex beams offer superior spatial
multiplexing capabilities,making themwell-suited for high-capacity data transmission.

It is important to note that vortex beams exhibit a hollow center in their footprint under turbulence-free
conditions.However, as the beampropagates through turbulence, its structure alters, and the central region
becomes filledwith intensity. This characteristic alsomakes vortex beams suitable for passive, cost-effective
laser satellite communication systems that do not require adaptive optics.

It should be noted that the vortex-Gaussian beam analyzed in this work represents a special case of off-axis
vortex beams.While the vortex-Gaussian beamhas a phase singularity at its center, resulting in zero intensity
along the axis, off-axis vortex beams shift the singularity away from the optical axis. This property can be
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particularly useful when alignmentwith a detector is critical. In the literature, the propagation properties of the
vortex beams have been reported in different turbulentmedium such as free-space [35], atmospheric turbu-
lence [36] and the oceanic turbulence [37, 38].

In this paper, we obtain closed-formanalytical expressions for the average received intensity, Strehl ratio,
kurtosis parameter, and effective beam spot radius using the extendedHuygens–Fresnel principle for uplink
laser satellite communications. The scintillation index is evaluated numerically using the phase-screenmethod,
since obtaining an analytical solution through theHuygens–Fresnel principle is extremely challenging and
would involve extensive derivations. The kurtosis parameter was evaluated using second-order and fourth-
order intensitymoments. To the best of our knowledge, the propagation characteristics of vortex–Gaussian
beams for ground-to-satellite uplink communication have not been explored in detail. It should be note that
vertical uplink scenario investigated in ourwork is fundamentally different than the horizontal link counter-
parts. This is due to the altitude-dependent vertical distribution of turbulence profiles and the associated long-
distance propagation effects. Therefore, our study provides novel insights into vortex beambehavior under
uplink conditionswhich cannot be directly extrapolated fromhorizontal studies and addresses a critical gap for
practical applications for satellite communications. This work further provides a valuable framework for engi-
neers designing next-generation laser satellite communication systems using vortex beams to enhance link
quality.

2. Formulation

2.1.Optical intensity at the receiver plane
The source representation of a vortex-Gaussian beam can be described as [27, 28]

( )
( ) ( )

( ) ( )=
+ +

u A
s s s s

jms exp
2

exp , 1
x y

s

x y

s

m
2 2

2

2 2

where s= (sx, sy) is the transmitter plane spatial coordinates,A is the amplitude,αs is the size of theGaussian
beam,m is the topological charge, =j 1 , and ( )/= s sarctan y x is the azimuthal angle.

TheHuygens–Fresnel principle can be applied to determine the intensity at the receiver plane
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where ( )= p pp ,x y is the transverse plane receiver coordinates, i.e., observation point, L is the propagation
distance, * in the source term represents the complex conjugate, k= 2π/λ in the propagation term is the
wavenumber,λ is thewavelength of the laser. The functionDψ, which appears in the last line of equation (2), is
thewave structure function, which describes the influence of turbulence and can be approximated as [39]

( ) ( ) ( )D s ss s,
2

, 31 2

0
2 1 2

2

where ρ0 represents the coherence length of a spherical wave traveling through a slant atmospheric path
[40, 41]
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2
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where h represents the distance parameter, ( )C hn
2 is the structure constantwhich depends on vertical height h.

In theHufnagel-Valleymodel, ( )C hn
2 is derived for the vertical path as [42]

( ) ( ) ( ) ( )
( ) ( ) ( )

/ /

/ /
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+ × +

C h w h h

h C h
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wherew represents the rootmean square (RMS)wind speed,measured in (m/s), and Cn0
2 denotes the structure

constant at ground level inm−2/3. The relation between the vertical path and slant paths is expressed as
( )=h cos , where ζ denotes the zenith angle. By substituting this into equation (5), theHufnagel-Valley

model for ( )C hn
2 along the slant path is
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In the framework of the extendedHuygens–Fresnel principle, the receiver’s field is derived as the convolu-
tion of the spherical wave response of the turbulentmediumwith the source field. Equation (2) is formulated
based on the application of this principle, which explainswhy the spatial coherence length ρ0 for a spherical
wave is used in equation (2).

A direct solution for equation (2) cannot be obtainedwhen equation (1) is used, unless the source is repre-
sented in terms ofHermite polynomials. To solve equation (2), the last two terms in equation (1) are rewritten
in terms ofHermite polynomials, defined as [43]
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whereHm(. ) denotes theHermite polynomial of orderm, and ( )m

m0
represents the binomial coefficient. By

inserting equation (7) into equation (1), we rewrite the source field expression as
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By inserting equation (3) and equation (8) into equation (2) and solving it, we obtain the optical intensity of
the vortex beams at the receiver plane as
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Iy, replaceDx,Gx, (m−m0), and (m−m1) in equation (10)withDy,Gy,m0, andm1, respectively. Afterward,
substitute pxwith py. In solving equation (9), we apply the integral expressionwe formulated in equation (A1) of
AppendixA.

2.2. Strehl ratio
The Strehl ratio is a crucial parameter for evaluating the quality of an optical beamor imaging system. It
compares themaximum intensity of an optical beam in turbulence to that in free space. Ranging from0 to 1, a
Strehl ratio close to 1 indicates high beamquality, while a lower value reflects aberrations due to atmospheric
turbulence. The Strehl ratio is defined as

( )
( )

( )=
I L

I L

p

p
SR

,

,
, 11max

0
max

where ( )I Lp, max represents themaximum intensity in turbulence, and ( )I Lp,0
max is themaximum

intensity in the absence of turbulence.

2.3. Kurtosis parameter of vortex beams
The kurtosis parameter, representing the degree of sharpness or flatness of the beamprofile during
propagation, is expressed as the ratio between the fourth-order intensitymoment and the square of the second-
order intensitymoment. For a specific transverse direction at the receiver, such as the px-axis, the kurtosis is
defined in [44].
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where denominator of equation (13) represents the total power at the receiver plane. It is important to note
thatKy is derived by replacing the coordinate parameter px of the receiving planewith py and ( ) /=K K Kxy x y

1 2 .
By substituting the receiver plane intensity solution from equation (9) into the numerator of equation (13), we
find
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By substituting Ix and Iy into equation (14) and performing the integration, we obtain analytical expressions
for p I dpx

r
x x and I dpy y , which are presented in equation (B1) and equation (B2) of Appendix B. Set-

ting r= 0 in equation (14) results in the denominator of equation (13).

2.4. Effective beam spot radius
In atmospheric turbulence, a laser beamexperiences greater spreading than in a free-space environment.
Understanding beam spreading is crucial in uplink communication, as it influences the power loss at the
detector and can also be used for the alignment purposes. The effective beam spot radius of aGaussian-vortex
beam can be described by [42]
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2 . 15x
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whereσx shows the effective beam spot radius along the px axis. The derivation steps of the second order
intensitymoment p

x
2 are reported in section 2.3. To compare the spreading of vortex beamswith that of a

Gaussian beamhaving the same source size at the transmitter, we investigate the spot radius ratio, which is

( )=Spot Radius Ratio 16
x fs

x

_

whereσx_fs shows the beam spot radius along the px axis in the absence of turbulence.We perform this
comparison to identify which beamundergoes less additional spreading in a vertical atmospheric turbulence
link. In otherwords, wewant to determinewhich beam is resilient to atmospheric turbulence. A similar
comparison is presented byAndrews and Phillips on page 718 of [42], comparingHermite-Gaussian beams
with theGaussian beam.

2.5. Scintillation index
Scintillation refers to the fluctuations in light intensity caused by turbulence in themedium throughwhich a
laser beampropagates. These fluctuations in the optical wave are quantified by the scintillation index. In this
study, we employ the phase screen simulationmethod, since deriving an analytical solution using theHuygens–
Fresnel principle is highly challenging andwould involve lengthy derivations.

Awave optics numerical propagation simulation is defined inMatlab, using the on-axis split-step approach
with the angular spectrummethod [46]. Discretization over the boresight is done by assuming randomphase
screens at 9 altitudes husing [47]:

· · · · ( )=h
0 100 600 1250 2500

5800 10 10 20 10 40 10 70 10
m. 173 3 3 3

The phase screens have an inner scale l0 of 5 mmand an outer scale of 1000m. The field has a diameter of
4 m and a pixel size of 256× 256.Nine sub-harmonic layers have been used, to have a representative amount of
angle of arrival fluctuations. To avoid frequency leakage, a windowing function has been used, that has a flat top
in the dominant part of the phase screen. The edge consists of half a period of a cosine function, with a nominal
width of 32 pixels. As the field is significantly larger than the dimensions of the optical beam, tip-tilt aberrations
are sufficiently represented in the phase screens. The amplitude of the phase screens have been scaled using the
partial Fried parameter:
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Note that the angular spectrummethod is an exactwave propagation technique.However, at longer propa-
gation distances, the field amplitudemay extend beyond the simulation domain boundaries, leading to numer-
ical errors due to the clipping of the electric field at the edges of the domain. To avoid this issue, the propagation
from the upper atmosphere to the satellite ismodeled using Fraunhofer propagation, which provides the elec-

tric field in the far field. This approximation is valid for distances greater than the Fraunhofer distance, ,D2 2

which is 645 km for a beamwidth of 1m. This condition is satisfied for satellites in lowEarth orbit (LEO)with
elevation angles up to 45°.

3.Numerical results

In this section, we examine the properties of vortex beams in atmospheric turbulence for uplink satellite
communication links. The analysis focuses on the propagation of vortex beamswith topological chargesm= 1
andm= 2, while them= 0 case corresponds to aGaussian beam. The discussion includes an evaluation of the
Strehl ratio (figures 1–3), the Kurtosis parameter (figures 4–6), the effective beam spot radius (figures 7–9), and
the scintillation index (figure 10). The propagation characteristics of vortex beams are shown in all figures and
comparedwith those of theGaussian beam.All parameters are set to the values listed in table 1, unless otherwise
specified in the figure captions orwithin the figures themselves.

It is noteworthy that the simulation scenario assumes a LowEarthOrbit satellite positioned at an altitude of
h= 500 kmwith an elevation angle of ζ = 45�. Note that the satellite’s altitude is determined bymultiplying the
propagation distance by the cosine of the zenith angle ( )=h L cos . Furthermore, the ground-level transmitter
utilizes vortex beamswith a source size ofαs= 20 cmand incorporates different topological charges (m= 1
andm= 2).

In figure 1(a), the Strehl ratio is plotted as a function of the propagation distance for both the vortex beams
and theGaussian beam in atmospheric turbulence for uplink satellite links. In figure 1(b), the Strehl ratio of the
vortex beamwithm= 1 is plotted for different ground-level structure constants. As seen in figure 1(a) that as
the propagation distance increases the Strehl ratio decreases. At a propagation distance of L= 707 km, the
Strehl ratios of the vortex beams are significantly higher than that of theGaussian beam. Furthermore, the
curves show a bump at various propagation distances form= 1 andm= 2. These bumpsmay result from
numerical inaccuracies inMATLAB’smax function, which is unable to capturemultiplemaxima. The Strehl
ratio decreasesmonotonically beyond L= 300 km. It is important to note that the boundary layer (0-2 km),
also referred to as the surface layer, is themost influential region of atmospheric turbulence for optical wave
propagation. In this region, strongwinds and thermal gradients significantly impact the propagation of optical
beams, causingwavefront deformations results in beam spread, beamwander and scintillation, which can
notably affect laser communication links. The next atmospheric layer extends from2 kmup to 20 kmand
contributes to beamwander due to higherwind speeds and jet streams. After 20 kmof propagation, the impact
of turbulence on the optical beambecomes negligible [48]; however, diffraction of the optical beam continues
until it reaches the destination point. As shown in figure 1(b), the Strehl ratio decreases as the ground-level
structure constant increases, which is consistent with expectations.

In figure 2(a), we show the Strehl ratio as a function of the ground-level structure constant Cn0
2 for both

vortex beams and theGaussian beam.Compared to figure 2(b), we chose a longer propagation distance and a
ground-level parameter set with lower Cn0

2 values. As observed in figure 2, the Strehl ratio decreases as Cn0
2

increases.However, with an increase in topological charge, the Strehl ratio starts to improve. From this, we can
conclude that a vortex beamwith a higher topological charge offers better Strehl ratio performance compared
to theGaussian beam and thus it ismore beneficial to free-space optical communications. This can be physi-
cally attributed the phase of vortex beams, whichmay enhance their ability to resist the destructive effects of
atmospheric turbulence compared to theGaussian beam.Vortex beam imposes angularmomentumon the
beam,which changes how it interacts with turbulence. It is worth noting that themajority of turbulence layers
are concentrated near the Earth’s surface due to the presence of gases,molecules, suspended particles, and other
factors. According to theHufnagel-Valleymodel, the density of these atmospheric layers decreaseswith
increasing height above the ground. As expressed in equation (4), the coherence length is derived by integrating
theHufnagel-Valleymodel over the propagation distance. Consequently, initializing the integral with the
ground-level structure constant at the Earth’s surface plays a crucial role in laser satellite communications. This
is the reasonwhy ground-level structure constant affects the Strehl ratio in figure 2. In figure 2(b), we used the
sameparameter set as in figure 2(a), butwith a shorter propagation distance and higher ground-level Cn0

2

values. This illustrates that, despite the reduced propagation distance, the increase in the ground-level structure
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constant leads to a substantial decrease in the Strehl ratio, resulting in values lower than those shown in
figure 2(a).

As shown in figure 3(a), we illustrate the impact ofwind speed on the Strehl ratio for both vortex and
Gaussian beams propagating in a vertical link in the presence of atmospheric turbulence, = ×C 5 10n0

2 15. It is
seen that as thewind speed increases, the Strehl ratio decreases. Thewind distorts thewavefronts of optical
beams, leading to a reduction in beam intensity.However, as the topological charge increases, the optical beam
becomesmore resistant to atmospheric turbulence, resulting in a smaller reduction in peak intensity. This
improved resilience under turbulence conditions leads to an increase in the Strehl ratio. In figure 3(b), the
parameters are kept the same as in figure 3(a), except that the ground-level structure constant is increased to

= ×C 1 10n0
2 13. As observed in the figure, this increase in the ground-level structure constant leads to a sig-

nificant reduction in the Strehl ratio.Moreover, since the beams propagate through stronger turbulence, the
Strehl ratio becomes less sensitive to changes inwind speed.

Figure 1. (a) Strehl ratio versus propagation distance L for vortex andGaussian beams. (b) Strehl ratio versus the propagation
distance for various ground-level structure constants.
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Figure 4 illustrates the variations in the kurtosis parameter as a function of the propagation distance for
both vortex beams and theGaussian beam. For theGaussian beam, the kurtosis parameter remains constant at
a value of 3 throughout propagation, as expected [49, 50], due to its symmetric and self-similar intensity profile,
which is referred to asMesokurtic. In contrast, for vortex beams, the kurtosis parameter decreases with increas-
ing topological charge. This occurs because higher topological charges cause the tail of the vortex beam to
expand and exceed that of theGaussian beam, resulting in a Platykurtic shape. Kurtosis is an effectivemeasure
of beamquality, reflecting how turbulence and propagation distance distort the beam.A vortex beam exhibit-
ing a value close to 3 indicates that it has traveled a long distance through turbulence and evolved into a shape
resembling aGaussian beam.

In figure 5, the kurtosis parameter is shown as a function of the ground-level structure constant for both
vortex beams and theGaussian beam,with a propagation distance ofL= 707 km. The results indicate that as
the ground-level structure constant increases, the kurtosis parameter of the vortex beams also increases and
eventually converges to theGaussian beam limit,Kx= 3. At a fixed structure constant, the vortex beamwith a

Figure 2. (a) Strehl ratio versus ground-level structure constant Cn0
2 for vortex andGaussian beams at L= 707 kmunder relatively

lower Cn0
2 values. (b) Strehl ratio versus ground-level structure constant Cn0

2 for vortex andGaussian beams at L= 300 kmunder
relatively higher Cn0

2 values.
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topological charge ofm= 2 is observed to have the lowest kurtosis parameter. Physically, this behavior can be
explained as follows: in the absence of turbulence (i.e., for very low structure constants), the kurtosis parameter
of the vortex beams approachesKx = 3 due to the diffraction effects during long-distance propagation.How-
ever, when ground-level turbulence is strong (i.e., with a high structure constant), the vortex beams reach
Kx = 3more rapidly compared to caseswith negligible turbulence. The distortions on thewavefront of the
vortex beamoriginate at ground level and progressively intensify as the beampropagates toward the
destination.

In figure 6, the kurtosis parameter is illustrated versus the zenith angle ζ� for both vortex beams and the
Gaussian beam,with a propagation distance of L= 707 km.When the zenith angle increases, kurtosis para-
meter of the vortex beams increases and eventually becomesKx = 3 at highest value of the zenith angle. This
indicates that vortex beams experience significant turbulence during horizontal propagation, causing the vor-
tex laser to resemble the shape of aGaussian distribution.

In figure 7, the variation of the beam spot radiuswith propagation distance is depicted for both vortex
beams and theGaussian beam.At any given propagation distance, the effective beam spot radius of vortex
beams is larger than that of theGaussian beam, and it increases furtherwith higher topological charges. In

Figure 3. (a) Strehl ratio versuswind speedw for vortex beams and aGaussian beam,with a propagation distance of L= 707 kmand
a ground level structure constant of = ×C 5 10n0

2 15. (b) Strehl ratio versuswind speedw for vortex beams and aGaussian beam,
with a propagation distance of L= 707 kmand a ground level structure constant of = ×C 1 10n0

2 13.
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figure 8, the relationship between the effective beam spot radius and the source size is analyzed for both vortex
beams and theGaussian beam at L= 707 km. For small source sizes, vortex beams exhibit amuch larger effec-
tive beam spot radius compared to theGaussian beam.However, as the source size grows, the spot size differ-
ence between the two beam types gradually decreases. Additionally, the effective beam spot radius decreases for
all beams as the source size increases. This trend is expected because a larger source size reduces the diffraction
effect, leading to a smaller effective beam spot radius at L= 707 km.

Figure 9 employs the definition from equation (16) to illustrate the relationship between the spot radius
ratio and propagation distance for vortex beams and the Gaussian beam. The figure reveals that the spot
radius ratio decreases as the propagation distance increases, i.e., turbulence increases. The vortex beamwith

Figure 4.Kurtosis parameter,Kx, versus propagation distance, L, for vortex beams and theGaussian beam.

Figure 5.Kurtosis parameter,Kx, versus ground-level structure constant, Cn0
2 , for vortex beams and theGaussian beam,with a

propagation distance ofL= 707 km.
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m= 2 has the greatest spot radius ratio. This ratio compares the effective beam size in free space to its size in
turbulence.With increasing turbulence, the beam size becomes significantly larger than its size in free space,
resulting in lower ratio values. The results suggest that vortex beams aremore resistant to atmospheric tur-
bulence compared to theGaussian beam, and their resilience improves with higher topological charges.
Since the vortex beam is less influenced by turbulence compared to theGaussian beam.

Figure 10 shows the progression of the on axis scintillation index over increasing distance. Because of the
limitations of phase screen propagation, wewere only able to show the scintillation index up to 100 km, and at
the far field, whichwe inferred to 707 km, to alignwith the other results. To improve the data points at the first
100 km,wemade the x-axis logarithmic. The scintillation index of vortex beams initially is saturated, because of

Figure 6.Kurtosis parameter,Kx, versus zenith angle, ζ�, for vortex beams and theGaussian beam,with a propagation distance of
L= 707 km.

Figure 7.Effective beam spot radius,σx, versus propagation distance, L, for vortex beams and theGaussian beam.
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the lack of intensity in the center of the beam. This causes theminimumvariation of optical power resulting in
saturation of the scintillation index. At L= 100 km, the scintillation index of the vortex beams and theGaussian
beams are about equal. In the far field, the scintillation index of theGaussian beam is 1.4 compared to 1.0 for
vortex beams. This also shows that the vortex beams aremore resilient to optical turbulence. The vortex beam
maintains a zero-intensity center over considerable distances. As turbulence intensifies and begins to fill the
beam’s corewith energy, the influence of the topological charge becomes pronounced. This phenomenon is
especially noticeable in the far-field region.

Figure 8.Effective beam spot radius,σx, versus source size,αs, for vortex beams and theGaussian beam,with a propagation distance
of L= 707 km.

Figure 9.Ratio of spot radius in free space to spot radius in turbulence obtained for vortex beams and theGaussian beam.
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4.Discussion

In this study, we performed a preliminary analysis to assess whether uplink satellite communication quality can
be improved.Our results indicate that replacing the existingGaussian beamwith vortex beams could enhance
the system’s resilience to atmospheric turbulence, leading tomore stable communication between ground-
level terminals and satellite links.

It is important to highlight that, due to long-distance optical wave propagation, both turbulence effects and
the diffraction of the optical beambecome significant. Consequently, the effective beam spot diameter, also
referred to as the beam footprint diameter, reaches about 6 to 7meters when the systemparameters are set
according to table 1. This large footprintmakes it difficult for the receiver aperture to capture the full beam and
fully exploit themultiplexing capabilities of vortex beams.Moreover, as the kurtosis of the vortex beams
approaches 3, the beam shapes and phase patterns are distorted by atmospheric turbulence. Consequently, we
can conclude thatmultiplexing using topological charge ismore effective for shorter distances. Adaptive optics,
amethod to reduce the effects of turbulence, could enhance vortex beampropagation, andwewill investigate
this in our future study.

To the best of our knowledge, a closed-form expression for the scintillation index of a vortex-Gaussian
beamhas not been reported for uplink satellite links. In this study, to gain preliminary insight into the on-axis
scintillation behavior of the vortex-Gaussian beam in uplinks, we employ the split-step phase screenmethod
and compute scintillation index values for propagation distances up to 100 km.Due to the limitations of the
phase screenmethod,wewere unable to calculate the scintillation at L= 707 km. Instead, we evaluate both the
Gaussian and vortex beams in the far field. The results demonstrate that the vortex beam exhibits better

Figure 10. Scintillation index ratio versus propagation distance L for vortex beams and theGaussian beam.Activemarked face colors
provide the far field scintillation index. In the study, we assume the far field is at the propagation distance ofL= 707 km.

Table 1. Fixed parameter values.

Symbol Definition Value

λ Wavelength 1550 nm

Cn0
2 Ground-level structure constant 5× 10−15 m−2/3

w Wind speed 21 m/s

ζ Zenith angle 45�

L Propagation distance 707 km

αs Source size 20 cm

m Topological charge 0, 1, 2

A Amplitude of the optical field 1 volt/m
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scintillation performance compared to theGaussian beam.Additionally, we note that up to 100 km, the vortex
beammaintains its characteristic zero-intensity on-axis structure, leading to a higher scintillation index in this
range.

Based on our findings, our future objective is to derive an analytical expression for the scintillation index of
the vortex-Gaussian beam.

5. Conclusion

This study investigates the propagation properties of vortex beams in atmospheric turbulence for uplink
communication links. Using theHuygens–Fresnel principle, we evaluate the average received intensity on the
receiver plane. The Strehl ratio is then computed for both vortex andGaussian beams. To calculate the Strehl
ratio, themaximum intensity values from equation (9) are obtained using themax(.) function inMATLAB.
We also compute the coherence length of the spherical wave, which is necessary for determining the received
intensity through equation (9), by applying theHufnagel-Valleymodel, which characterizes the vertical profile
of atmospheric turbulence. Additionally, the second-order and fourth-order intensitymoments of the optical
beam are derived from the closed-form expression of intensity. Consequently, the kurtosis parameters for both
Gaussian and vortex beams are calculated. The effective beam spot radius is evaluated using the second-order
intensitymoment. At last the scintillation index is determined using phase screen propagation.

In the studywe have found that as the propagation distance, the ground level structure constant, wind
speed increases the Strehl ratio decreases. However, an increase in the topological charge causes an increase in
the Strehl ratio.

The kurtosis of aGaussian beam is found to be 3, which is considered normal ormesokurtic, as it corre-
sponds to the standardGaussian distribution. This value serves as a reference for understanding how factors
such as turbulence or diffractionmay affect the statistical properties of vortex beams. In comparison, the kurto-
sis parameter of a vortex beam is generally less than 3,making it platykurtic, which implies that the tails of the
vortex beam’s intensity distribution arewider than those of theGaussian beam.As the propagation distance,
ground-level structure constant, and zenith angle increase, the kurtosis of vortex beams begins to rise, even-
tually approaching 3. In contrast, a rise in the topological charge leads to a decrease in kurtosis across all levels.

The effective beam spot size of the vortex beams are always larger than theGaussian beam for the fixed
source size. It is important to note that the vortex beamdiscussed here is composed of two components: the
Gaussian beam and the vortex. Together, we refer to this as a vortex-Gaussian beam, and the source sizemen-
tioned pertains to theGaussian beam component. The effective beam spot radius increaseswith increasing the
propagation distance. At the propagation distance L= 707 km, an increase in the source size causes a decrease
in the effective beam spot radius. For uplink satellite links, larger source sizes help reduce the diffraction effect
and preserve transmitted power; however, they alsomake alignmentmore challenging. Further, we plotted the
ratio of spot radius in free-space to spot radius in turbulence for vortex beams and theGaussian beam.At last,
we have compared the on-axis scintillation indices of theVortex beams to theGaussian beams.We showed that
in the far field the scintillation index of vortex beams are lower.

This research offers valuable insights into the improved beamquality of vortex beams in atmospheric
uplink propagation, with potential applications in laser satellite communication.
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AppendixA.Derivation for receiver intensity

Toderive an analytical expression for the intensity at the receiver plane and resolve equation (2), wemake use of
the following integral formulawe have developed
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