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Abstract—This paper examines the asymmetry in the optical
wireless communication channel from and to high-altitude plat-
form stations (HAPs). The effects of anisotropic and variable-
sized eddies in the atmosphere on the bidirectional laser links in
terms of fluctuation of beam spot size, position, and intensity
are studied. Additionally, it is demonstrated that the spatial
impulse responses of the anisotropic channel are different for
the forward and reverse paths of the laser beam. Through
detailed phase-screen simulations of beam evolution through the
turbulent atmosphere in both the downlink and uplink channels,
the probability distribution function of channel gains is developed
and compared. This study assumes importance in deciding on
optimal link budgets, such as forward error correction, adaptive
optics, and diversity reception, thereby aiding in increased
data rate or link distance in HAP-to-ground optical wireless
communications.

Index Terms—Free-space optical communication, channel
asymmetry, anisotropic turbulence, HAP-to-ground communica-
tion

I. INTRODUCTION

High-altitude platforms (HAPs) offer a promising new com-
munication option that combines the benefits of terrestrial
and satellite communication systems for achieving broadband
connectivity to users at a low cost. They are simple to deploy
and maintain, making them an excellent alternative for network
operators looking for ways to expand coverage to meet the
rising demand for additional capacity. HAPs are aircraft or
airships, generally placed in the stratosphere at a typical height
of 17 to 25 km [1]. Integrating HAPs and free space optical
(FSO) communications is a promising solution to establishing
high data rate aerial links for the next generation wireless
networks. However, space limitations, such as the detrimental
effects of the earth’s turbulent atmosphere on a laser beam’s
ability to communicate at that altitude, make it challenging
to implement HAP-based FSO links. Random fluctuations
of temperature and pressure in the earth’s atmosphere cause
turbulence in the form of eddies. The microscale fluctuations
in refractivity lead to elevation-dependent uncertainties. The
refractivity fluctuations are extreme near the ground and
decrease with height.

On the other hand, eddy size in the atmosphere keeps
increasing as we move away from the surface. The shape of
the eddies also changes from being spherical and symmetrical
near the ground to being highly asymmetrical and anisotropic
at heights far away from the ground [2]. Therefore a laser
beam propagating to a HAP receiver situated at an altitude of

17 to 25 km in the stratosphere will experience a very different
turbulent atmosphere than a beam traveling towards a ground-
based optical receiver. These highly dynamic processes in the
atmosphere contribute considerably to the error budget of the
laser beam links to the HAPs.

A. Background and motivation

Asymmetry in the ground-satellite based, bidirectional laser
communication channel has been discussed in the literature
[3, 4]. However, the primary distinction between uplink and
downlink transmission in ground-satellite laser communica-
tion results from the fact that, during uplink, the beam first
encounters the atmosphere, where it has a positive curvature
and a small beam size. After that, it travels through vacuum
space, where it only faces spreading in free space. In con-
trast, during downlink transmission, the beam first undergoes
diffraction effects during free-space propagation in space and
then encounters the atmosphere with a large beam size, which
possesses essentially no curvature at this point. In bidirectional
optical communication link between HAPs and ground station
the main effects induced by the atmosphere happen between
zero altitude and 20 km. In this paper we show that the uplink
and downlink transmissions possess key differences, mainly
arising from the interplay between the sizes of the beam and
the turbulent eddies.

Furthermore, the Kolmogorov power spectrum model for
the refractive index is frequently used in research to simulate
atmospheric turbulence, a critical problem for optical wireless
FSO channels [3, 5]. However, recent studies have shown
that the statistical behavior of the atmosphere is not well
captured by the Kolmogorov power spectrum model since
there are physical concerns that are not covered by the
classical Kolmogorov theory [2]. Studies have shown that
optical turbulence only adheres to the Kolmogorov power
spectrum model inside the atmospheric boundary layer (1-2
km), with a few deviations occurring extremely close to the
ground [6, 7]. Optical turbulence can be anisotropic at large
spatial scales in the free atmosphere, especially within the
stably layered stratosphere. The Kolmogorov power spectrum
may not accurately characterize the actual turbulence behavior.
In the upper troposphere and lower stratosphere, Kyrazis et al.
[8] measured non-Kolmogorov turbulence and concluded that
the velocity and temperature changes might not follow the
same law as predicted by Kolmogorov’s theory.



In this paper, we have modeled the FSO channel focusing on
two main points: anisotropy and power laws, that are different
from Kolmogorov law. Studying the impact of the turbulent
environment is crucial for simultaneous pre- as well as post-
processing of bidirectional laser beams and implementation of
techniques like forward error correction, adaptive optics, and
diversity reception which help to increase the data throughput
or link distance while lowering the bit error ratio and outage
risk of the optical HAP communication systems.

B. Paper organization

The rest of the paper is organized as follows. Section II
introduces the system model used for analytical and simulation
work. The focus of Section III is on the proof of the presence
of non-reciprocity in the channel to and from HAPs and dis-
cusion of various optical effects on laser beam propagation in
forward and reverse directions. Numerical results are discussed
in Section IV and conclusions are drawn in Section V.

II. SYSTEM MODEL

The propagation geometry for line-of-sight free space opti-
cal communication through the turbulent atmosphere is shown
in Fig. 1. The forward-path propagation consists of a transmit-
ter at the optical ground station equipped with a laser system
to communicate through a HAP receiver. The reverse-path
propagation consists of a HAP transmitter and a ground-based
optical receiver. For our analysis, the FSO channel model is
split into two layers: the atmospheric boundary layer (up to 2
km in altitude), where heating of the surface causes convective
instability, and the free atmosphere (above the atmospheric
boundary layer), where the friction caused by the Earth’s
surface has little impact on air motion. Optical turbulence is as-
sumed to be homogeneous and isotropic inside the atmospheric
boundary layer, where the Kolmogorov power spectrum model
of the refractive index is typically accurate inside the inertial
sub range. Above 2 km, the optical turbulence is assumed to
be anisotropic, and the Kolmogorov power spectrum does not
accurately capture the genuine turbulence behavior. We have
used the anisotropic power spectrum for this region to model
the refractive-index fluctuations given in [2].

Near the ground, the inner scale l0 of turbulent eddies is
in the order of millimeters, whereas the outer scale L0 might
have values in meters. Moving vertically away from the earth
causes both values to increase. Since altitude impacts the
eddies’ shape as well [9], we have assumed that the eddies
in the atmospheric boundary layer (0–2 km of altitude) are
small and rather symmetrical. In contrast, the irregularities
in eddy shapes above 2 km are assumed to be ellipsoidal,
meaning the eddies flatten out more in the horizontal direction,
as depicted in Fig. 1. Within the atmospheric boundary layer
the turbulence is modelled as moderate-to- strong turbulence
because near ground refractive index fluctuations are large i.e.
C2

n ≥ 10−13m2/3 and up to 2 km the value of C2
n vary be-

tween 10−13m2/3 to 10−16m2/3. Above 2 km, the turbulence
is modelled as weak because C2

n ≤ 10−16m2/3 [10]. Hence, a
laser beam first encounters a very strong turbulence region and

Fig. 1: Schematic model of ground-HAP FSO channel with
variable sized eddies.

then moves towards a weak turbulence region during forward
path propagation geometry from an optical ground station to
the HAP receiver. During the reverse propagation geometry,
the beam from a HAP transmitter will first encounter a weak
turbulence region and then strong turbulence near the optical
receiver situated at the ground.

At the receiver, the optical signal after conversion to base-
band signal is expressed as [11]

y = ηehs+ n, (1)

where s stands for on-off keying (OOK) modulated optical
signal. The average power in s is given by σ2

s = E{|s|2},
h ∈ R+ is the channel gain, ηe is the effective optical-to-
electrical conversion ratio and n is additive white Gaussian
noise (AWGN) with zero mean and variance σ2

n. FSO channels
are generally affected by atmospheric losses, geometric and
misalignment losses, and atmospheric turbulence. For the sake
of simplicity, we assume flawless beam tracking and constant
transmitter and receiver positions. As a result, the jitter-related
misalignment losses can be disregarded. Then, the channel
gain h affecting the Rx irradiance between the laser system
and photodetector (PD) can be modeled as

h = hlhgha, (2)

where hl is the atmospheric path loss described by
Beer–Lambert’s law, which is deterministic and taken to be
unity throughout this work without loss of generality. ha

and hg are random atmospheric turbulence component and
geometric losses, respectively. The effects of the atmosphere
on a propagating beam are modeled using the multiple phase
screen (MPS) model. The transmitter is equipped with a laser
source emitting a Gaussian beam which is propagated through
turbulence with the initial field distribution given by

U(r) = exp

[
−2r2

d2
− ikr2

2F

]
. (3)

where, F is the radius of curvature (we have taken collimated
beam), d is the beam diameter.



Fig. 2: Channel model geometry.

III. CHANNEL NON-RECIPROCITY AND ITS EFFECT ON
OPTICAL LINKS

Here, given the Gaussian laser beam in (3), first, we depict
the channel non-reciprocity for vertical optical communication
links. Next, we study the optical effects of asymmetric FSO
channel on the propagation of Gaussian laser beams. Fig. 2 is
based on the notion that the turbulence state is stationary. A1

and A2 depict two parallel transmitting and receiving antenna
apertures separated by a channel filled with variable-sized
eddies. A monochromatic scalar-wave theory will do as we
will assume that the transmitted beam is linearly polarised.
With these assumptions, generality is not lost. The sub-
picosecond multipath dispersion caused by turbulence and the
millisecond turbulence coherence time are both substantially
shorter than the nanosecond-duration pulses used in Gbps
transmission [12]. Additionally, it is known that turbulence
does not result in depolarization [13].

A. Forward and reverse path propagation

Let U(σ̄) represents a complex field amplitude transmitted
from A1 and U(σ̄′) is the field amplitude received at A2 at
time t , then

U(σ̄′; t) =

∫
A1

U(σ̄)h21(σ̄′, σ̄; t) dσ̄. (4)

For the reverse path let U(σ̄′) represent a complex field
amplitude transmitted from A2 and U(σ̄) is the field amplitude
received at A1 at time t , then

U(σ̄; t) =

∫
A2

U(σ̄′)h12(σ̄, σ̄′; t) dσ̄′. (5)

Here, h21 and h12, are the impulse responses that characterize
propagation between A1 and A2. For the free space, these im-
pulse responses satisfy reciprocity condition i.e. h21(σ̄′, σ̄) =
h12(σ̄, σ̄′). The time parameter is ignored as free-space chan-
nel is time-invariant. In an anisotropic turbulent channel h21

and h12 represent field amplitudes due to anisotropic point

sources. Shapiro, Jeffrey H. in his paper, has derived the rela-
tion between h21 and h12 with an isotropic Green’s function
as [12]

h21(σ̄′, σ̄) = 2jkn(σ̄)cosθG(σ̄, σ̄′), (6)

h12(σ̄, σ̄′) = 2jkn(σ̄′)cosθG(σ̄′, σ̄). (7)

where, n(σ̄) and n(σ̄′) are the refractive indices at respective
source points, for all σ̄ ∈ A1, σ̄′ ∈ A2. θ is the angle between
the z axis and the vector from σ̄′ to σ̄. Here, we assume z
axis to be the direction of propagation of the beam and both
σ̄ and σ̄′ lie along z axis. Hence, θ = 0 and cosθ = 1. The
Green’s function of a wave equation due to the point source is
reciprocal. The proof can be found in ref [12]. The next part
of the analysis will establish that the refractive indices at two
different source point A1 and A2 embedded in an anisotropic
turbulent media are different.

B. Refractive index structure function

The average refractive index value at a given place, σ̄, is
not a constant and varies across a wide range of length scales.
The random process n(σ̄) cannot therefore be regarded as
a homogeneous (or spatially stationary) process. Instead of
focusing on the random process n(σ̄) directly, we will use the
structure function, which can be defined as another random
process that behaves very similar to a stationary random
process with slowly varying mean and is given by,

D(σ̄, σ̄′) =
〈[

n(σ̄)− n(σ̄′)
]2〉

. (8)

Hence, D(σ̄, σ̄′) denotes the mean-square difference in the
refractive index at points σ̄ and σ̄′. The refractive index
structure constant C2

n is a measure of atmospheric turbulence
at any given point and for an eddy of scale size l, the refractive
index fluctuations are given by [5]〈

[δn(l)]
2
〉
= C2

nl
2/3. (9)

Aperture A1 is embedded in a strong turbulence region and
the eddies surrounding it are small and isotropic. Hence, the
Kolmogorov power spectrum model of the refractive index is
correct within the inertial sub-range. However, Aperture A2

which is generally embedded in stratosphere is surrounded
by optical turbules which are anisotropic at large scales and
the Kolmogorov power spectrum does not accurately capture
the genuine turbulence behavior. The outer scale of turbulence
in the horizontal direction can be significantly larger than
that in the vertical direction, according to experimental data
[6, 7]. These eddies often have a horizontal size of tens of
meters or, occasionally, kilometers. The size of outer scale
cells in a vertical direction is typically limited to a few
meters. In other words, the air density abnormalities in the
stratosphere are extended along the Earth’s surface giving
them their distinctive characteristics. Anisotropy is typically
present above the atmospheric boundary layer, which rises
to an altitude of about 2 km and it is more pronounced for
big turbulence cells or eddies. Toselli, Italo [2] introduced
the concept of anisotropy at different scales for modelling



atmospheric turbulence and gave the relation for the structure
function similar to the one of Kolmogorov but with vertical
anisotropy as:

Dn(R) = C2
n.R

2/3 = C2
n.

[
R2

xy

ζ2(Rxy)
+ z2

] 1
3

l0 ≪ Rxy ≪ L0.

(10)
where, R is the seperation between two points, ζ = ζ(Rxy) is
a function that describes how anisotropy is distributed for each
turbulence cell size Rxy which is the radius of the turbulence
cell over the plane z = 0.

• According to (9), one important dimension of atmo-
spheric turbulence is the typical maximum size of in-
dividual eddies formed in the atmosphere. The size of
the turbulent eddy surrounding the source apertures A1

and A2 as well as the refractive index structure constant
will both affect the refractive index fluctuation at those
apertures.

• From the famous H−V5/7 model [14] we know that the
value of C2

n decreases with height as we move upwards.
Also, as discussed above aperture A1 is surrounded by
small and isotropic turbulent cells whereas eddies near
aperture A2 are very large and anisotropic. This leads to
the conclusion that n(σ̄) ̸= n(σ̄′).

• As a result, there is an asymmetry between the upward
and downward propagation of the laser beam and the
impulse responses h21(σ̄′, σ̄) ̸= h12(σ̄, σ̄′) .

• From (8), (9), and (10) we see that turbulent cell size as
well as refractive index changes between the two sites
affect how the correlations in intensity fluctuations near
the two apertures, A1 and A2, behave.

C. Optical effects due to channel asymmetry

The relationship between the beam diameter, dB , and the
inhomogeneity dimension, l , determines how air turbulence
manifests itself [10]. Turbulence’s main impact is the overall
deflection of the beam if dB/l ≪ 1. The beam appears to
perform a two-dimensional random walk on the receiver plane
in this case. For dB/l ≈ 1, the inhomogeneities operate as
lenses that focus or defocus all or portions of the beam, giving
the beam cross-section a granular structure. Small sections of
the beam individually diffract, and the beam phase fronts are
severely deformed, if dB/l ≫ 1. Fig. 3 depicts turbulence
effects for extreme cases when dB/l ≫ 1 and dB/l ≪ 1.

1) Beam effect on air-based receiver: The HAP receiver
for a ground-based transmitter will be surrounded by large
eddies. The laser beam will experience some refraction, which
will cause the beam to stray from its original path as the
beam width remains smaller than the outer scale of turbulence
(dB/l ≪ 1). Therefore, both the scintillation and the beam
tilt effects will have an impact on the optical irradiance
at the receiver. Experiments have demonstrated that power
fluctuations brought on by beam tilt can often be far larger than
those brought on by scintillation [15]. The scintillation index
for a laser beam at a given distance L can be broken down into
two parts: the scintillation on axis, at the beam’s centre point,

Fig. 3: Effects of atmospheric turbulence based on the rela-
tionship between beam width and turbulence dimension.

and the dependence of the scintillation on the distance to the
spot’s centre. The scintillation index at a receiver situated at
distance L from the transmitter can be given as [15]

σ2
I (r, L) = σ2

I (0, L) + σ2
I,r(r, L). (11)

In optical communications, the probability distribution of
the amplitude or intensity variation is crucial. Beyond the
atmospheric boundary layer (1-2km) the turbulence is weak
and theoretically the application of the central limit theorem
leads to a normal distribution of the log-amplitude i.e. the
scintillation follows a log-normal distribution. For a unit-
amplitude plane wave, the probability density of intensity p(I)
satisfies

p(I) =
1

[(2π)1/2σI]
exp

[
− (ln I + (σ2/2))2

2σ2

]
. (12)

In the physical model proposed by deWolf [16] the field
component at the receiver that is forward scattered by the
eddies on the propagation axis can be denoted by Iexp(iϕ),
where the phase ϕ is Gaussian distributed and the amplitude I
satisfies the log normal distribution given by (12). Since, the
receiver is in close proximity of the large sized eddies, there
will be field due to all different off-axis components which
can be denoted by Aeiθ. Different off-axis eddies will cause
the random displacement of the spot centroid and since these
contributions are all statistically independent, then by central
limit theorem A appears to follow a Rayleigh distribution of
probability given by

p(A) =
2A

< A2 >
exp

[
− A2

< A2 >

]
. (13)

Due to finite transverse dimensions of real laser beams,
we must take into account beam tilt effect in addition to
scintillation effects. Let, Û denote the amplitude of the total
field at the receiver which is the sum of the two components
discussed earlier. The probability density for the amplitude Û
can be written as



p(Û) =
2Û

(2π)1/2σ < A2 >

∫ ∞

0

1

I
I0

(
2ÛI

< A2 >

)

.exp

[
− (ln I + (σ2/2))2

2σ2
− Û2 + I 2

< A2 >

]
dI . (14)

where I0(·) is the zeroth-order modified Bessel function.
2) Beam effect on ground-based receiver: Eddies are

isotropic and tiny near the earth’s surface. The primary ef-
fects of turbulence for a ground-based receiver will be beam
spreading and scintillation because the eddy size will be much
less than the beam width (dB/l ≫ 1). Since C2

n (the degree
of refractive index fluctuations) is highest near the earth,
ground-based receivers will experience strong turbulence and
hence multiple self- interference effects may be seen (Fig.
3. part (a)). For this region, the measured data show greater
deviations from log-normal statistics [3]. The moderate-to-
strong turbulent fading is approximately modelled by the
(normalised) gamma-gamma distribution [3].

p(Û) =
2(αβ)(α+β)/2

Γ(α)Γ(β)
Û

(α+β)
2 −1Kα−β(2

√
αβÛ); Û > 0.

(15)
where Û denotes the amplitude fading caused by turbulence. α
and β are large-scale and small-scale scintillation parameters,
respectively, and Kν(·) is the modified Bessel function of the
second kind and order ν. As the turbulence along the path is
strong, the beam splits into several patches due to the intense
turbulence and there is little wander.

The traditional approach for decreasing received power
variations has been to enlarge the receiving optics, often
known as aperture averaging. As a result, the diameter of the
ground-based receiver aperture may be increased to reduce
the fluctuations in the received power. But the size of an air-
based receiver cannot be very large and hence the atmospheric
turbulence-induced fluctuations will naturally have a more
severe impact on an air-based receiver in comparison to a
ground-based receiver.

IV. NUMERICAL RESULTS

Phase screen simulation model is used to see the effects of
the atmosphere on the propagating beam. The phase screens
are generated using an anisotropic atmospheric power spec-
trum. The atmosphere is divided into segments of length δhi

and for each region the phase screens carry the integrated
phase changes induced to the beam due to turbulence over
distance δhi. After that, the phase screen is positioned at the
beginning of the propagation length, with the rest of the atmo-
sphere’s refractive index assumed to be constant. The result at
the end of the entire propagation length is a beam that has been
deformed mimicking the effects of the turbulent eddies in the
atmosphere. Thus, this process recreates what a receiver with
an intensity detector would observe. The beam is numerically
represented by a grid of uniform pixels, each of which has a
complex number assigned to it and the propagation is modeled
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Fig. 4: Sample phase screen for C2
n = 10−13m2/3.
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Fig. 5: Sample phase screen for C2
n = 10−17m2/3.

using a Fourier method. The simulations are repeated 100000
times to accurately estimate the channel parameters because
the outcome of each beam propagation is random. The widely
adopted H−V5/7 model [14] was used to generate the values
of refractive index structure constant varying with height
to accommodate variable turbulence strengths. The empirical
Coulman–Vernin profile [17] is used to model outer scale of
turbulence L0 as a function of the altitude h and the inner
scale l0 is set as l0 = 0.005L0. Fig. 4 and Fig. 5 shows two
samples of the phase screens used when the structure function
for the refractive index fluctuations is C2

n = 10−13m2/3 and
C2

n = 10−17m2/3 respectively. Fig. 6 shows the transmitted
Gaussian beam profile. The probability density function (PDF)
of irradiance for forward and reverse propagation of the beam
are plotted in Fig. 7 and Fig. 8. For an optical ground-based
transmitter, the receiver is embedded in a weak turbulence
regime and the PDF of irradiance can be seen to follow a log-
normal distribution. Analytical log-normal PDF is also plotted

Fig. 6: Transmitted Gaussian beam.
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Fig. 7: Probability distribution of beam irradiance in the
ground-to-HAP propagation path.
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Fig. 8: Probability distribution of beam irradiance in the HAP-
to-ground propagation path.

for comparison. As the height increases, the size of turbulent
eddies increases and the beam tilting effect starts showing. In
Fig. 7 we see that at a height of 10 km where the turbulence is
weak the probability distribution of irradiance is close to log-
normal. However, as the beam travels further up, it encounters
large eddies and the beam wandering effect begins to manifest.
As a result, the PDF of irradiance start deviating from the log-
normal distribution and significant beam wandering effect can
be seen at height 20 km and above.

For an air-based transmitter and a ground receiver the turbu-
lence effects are strong and gamma-gamma PDF distribution
is obtained. In Fig. 8 we see that for a beam traveling from
HAP transmitter up to a height of 4km, the beam has travelled
in weak turbulence region so far and the PDF follows a
log-normal distribution. But, as height starts decreasing and
the beam enters the atmospheric boundary layer where the
turbulence strength is strong, the distribution of irradiance
changes to gamma-gamma distribution model. We have plotted
the probability distribution of irradiance of the beam at various
heights as it is travelling in the atmospheric boundary layer
before finally approaching the ground-based optical receiver.

V. CONCLUSION

In this paper, we investigated the influence of different
atmospheric turbulence cells on the propagation of the laser
beam. Our study demonstrated that the typical maximum size
and shape of individual eddies adjacent to the optical receiver
have a substantial impact on the variability in received optical
power. Through phase screen simulations, we were able to ver-
ify that the asymmetry in the forward and backward routes of
the bi-directional laser links would lead to different Gaussian
beam power distributions at the receiver. The findings from this

study on the asymmetrical features of bi-directional laser links
will enable high-performance ground-to-HAP communications
in real FSO channels.
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