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Abstract– Free-space optical communication (FSO) utilizes laser beams to transmit data through the atmosphere. However,
FSO faces significant challenges, including the strict requirement for line-of-sight (LoS) communication and terrestrial
obstacles, which limit its scalability to connect multiple users in diverse environments. To address these limitations and
enable reliable multi-user connectivity, the integration of high-altitude platforms (HAP) and optical intelligent reflecting
surfaces (OIRS) has emerged as a critical solution. To serve multiple users simultaneously, an OIRS is equipped at the
HAP to dynamically control the reflected beam from a ground station to the terminals. This study analyzes the proposed
FSO system performance through the outage probability. During the analysis, practically influencing factors such as optical
crosstalk, i.e., interference between OIRS regions, and atmospheric turbulence, are considered. The numerical results show
the feasibility of deploying OIRS on HAP to support multiuser FSO systems. In addition, properly designing the OIRS
coverage could improve the overall performance of the multiuser FSO system.

Keywords– Intelligent reconfigurable surface (IRS), Free-space optical (FSO), High-altitude platform (HAP), Optical crosstalk,
Spatial division multiple access (SDMA).

1 Introduction

With the ever-growing demand for high-capacity and
low-latency data transmission in next-generation wire-
less networks, especially within sixth-generation (6G)
systems, free-space optical (FSO) communication has
emerged as a viable alternative to enhance or replace
traditional radio frequency (RF) systems [1, 2]. In con-
trast to RF, which has spectrum limitations, significant
interference, and security risks, FSO utilizes highly
directed laser beams to provide vast bandwidth, robust
interference resistance, and enhanced communication
security [3, 4]. However, despite their considerable
benefits, FSO systems are fundamentally restricted by
the stringent necessity for line-of-sight (LoS) trans-
mission and are particularly susceptible to terrestrial
obstructions, atmospheric conditions, or dynamic en-
tities, which significantly hamper their scalability in
multiuser contexts [5]. To address these challenges,
high-altitude platforms (HAPs) have garnered consid-
erable attention due to their wide coverage, flexible
deployment capabilities, and lower costs compared to
satellite-based systems. Integrating FSO with HAPs
enables alleviation of LoS obstructions and improves
reliable connections in physically demanding places,
such as mountain regions, distant islands, or emergency
zones where terrestrial infrastructure is difficult to
establish [6, 7].

In addition, supporting multiple users simultane-
ously requires further enhancement of the flexibility of

the FSO system. Optical intelligent reflecting surfaces
(OIRSs) have recently emerged as a viable option, al-
lowing dynamic regulation of optical beam reflection
from the HAP to the terrestrial terminals [8]. Utilizing
OIRS enables the successful establishment of multiuser
connections while expanding the coverage area. How-
ever, a significant concern emerges in OIRS-assisted
systems: optical crosstalk [9–11]. Limited phase control
and the constrained dimensions of OIRS components
may cause reflected beams to overlap or infiltrate ad-
jacent areas, resulting in mutual interference among
users. This phenomenon reduces the signal-to-noise
ratio (SNR), increases the bit error rate (BER), and
eventually compromises system dependability.

In recent years, numerous studies have focused on
the terrestrial/non-terrestrial FSO system assisted by
RIS [9–15]. In [12], the authors investigated the physical
effects of this system; the turbulence-induced fading
is modeled as a Gamma-Gamma distribution, and the
designated misalignment loss is modeled as a Hoyt
distribution; these channel coefficients contribute to
performance evaluation in terms of ergodic capacity. In
a similar work [13], Malik et al. analyzed the impact of
atmospheric turbulence together with phase shift errors
which arise from the existence of reflective components
in the IRS and influence the reflected beam. In [14],
the authors statistically characterized the cumulative
impacts of the three impairments: atmospheric turbu-
lence, angle of arrival variability of the UAV, and ge-
ometric and misalignment loss resulting from changes

1859-378X–2025-0402 © 2025 REV



Q. B. Tran et al.: Impact of Optical Crosstalk on OIRS-Assisted HAP-Based Multiuser FSO Systems 147

in the transmitter, OIRS, and the UAV’s location and
orientation. Besides, a channel model for an IRS-aided
FSO system, based on the Huygens-Fresnel principle,
was developed in [15] to facilitate the sharing of the
optical IRS among many FSO links. In [9], the control
mode, power efficiency, and beam splitting of point-
to-multipoint FSO systems were assessed based on the
physical models of two types: micro-mirror array and
phased array. Nonetheless, the aforementioned studies
predominantly focused on the use of a singular source,
often utilized for broadcasting transmission methods.
In the report of [10], Haibo Wang et al. examined
the impact of beam jitter, IRS jitter, and obstruction
probability on the bit error rate (BER) of a comparable
system, demonstrating that the performance of the
IRS-assisted multi-branch system surpassed that of the
single-branch systems. In addition, the authors devel-
oped an IRS-assisted multiuser FSO system utilizing
numerous sources, which can accommodate various
applications through the use of space division multiple
access (SDMA) techniques. However, analysis of the
system was limited by focusing solely on the impact of
interference optical power, neglecting the critical factor
of atmospheric turbulence in the FSO channel model,
which is essential for both terrestrial and aerial FSO
systems, and was not examined in the prior study.

This study makes significant contributions to the
design and analysis of OIRS-aided FSO systems, par-
ticularly in the context of HAP-based deployments that
serve multiple users, as shown in Figure 1. The key
contributions are outlined as follows

• Deployment of OIRS on HAP for Multiuser
Support: We propose and implement an innovative
OIRS-aided FSO system mounted on a HAP to
serve multiple users simultaneously. By leveraging
the flexible beam control capabilities of OIRS, the

Figure 1. OIRS-aided multiuser FSO system scenario.

system enhances connectivity and coverage, partic-
ularly in challenging environments such as remote
or obstacle-rich areas, enabling robust multiuser
communication with improved reliability.

• Analyzing the Impact of Optical Crosstalk and
Atmospheric Turbulence with the F-Channel
Model: The study comprehensively analyzes the
impact of optical crosstalk between OIRS elements
and atmospheric turbulence on system perfor-
mance. Unlike traditional channel models such
as log-normal or gamma-gamma distributions,
we adopt the Fisher-Snedecor F distribution to
model turbulence-induced fading, which offers su-
perior correlation with empirical data. A closed-
form expression for the composite channel model
is derived, which incorporates propagation loss,
turbulence-induced fading, and pointing misalign-
ment, providing a precise framework for perfor-
mance evaluation. The developed theoretical com-
posited channel is verified by Monte-Carlo simula-
tion to confirm the accuracy.

• System Performance Evaluation and Practical De-
ployment Recommendations: We rigorously eval-
uate system performance through key metrics, fo-
cusing on outage probability. The analysis high-
lights the detrimental effects of crosstalk and tur-
bulence, particularly in high-density OIRS configu-
rations. To facilitate practical deployment, we pro-
pose optimized system parameters, including OIRS
element separation distances (7 cm, 15 cm, and
25 cm for weak, moderate, and strong turbulence
conditions, respectively), to minimize crosstalk and
ensure channel independence, thereby enhancing
system reliability and ease of implementation in
real-world applications.

The remainder of the paper is structured as follows.
Section 2 addresses the atmospheric channel model,
which accounts for propagation loss and fading gen-
erated by atmospheric turbulence, and presents the
integrated atmospheric channel and OIRS vibration
model. The performance of the system is analyzed in
Section 4. Section 5 shows the numerical results. Finally,
Section 6 concludes the paper.

2 System Model

2.1 System Description

We assume that the base station is equipped with n
laser transmitters, each designated for a distinct user.
The OIRS needs to be divided into n zones to au-
tonomously regulate the beams from n transmitters.
The transmitter i transmits the optical signal to region i
of the OIRS. The optical signal is then reflected to the
user i. The signal received by the user i, represented
as yi, can be expressed as follows [10]

yi = ti + gi, (1)

where ti denotes the transmitted signal that goes
through the i-th fading channel, specifically from the



148 REV Journal on Electronics and Communications, Vol. 15, No. 4, October–December, 2025

Figure 2. System model of OIRS-aided multiuser FSO with crosstalk optical power illustration.

i-th transmitter to the i-th OIRS element to the i-
th user. gi denotes the Gaussian white noise at the
receiver, characterized by a mean of zero and a vari-
ance of σ2

gi
. Presuming the transmitter comprises four

optical beams, OIRS is divided into four elements, with
four intended consumers located at distinct places. As
illustrated in Figure 2, the optical signal is received in
the user plane, comprising both desired and crosstalk
signals. The desired signal comprises the (1) signal from
the i-th transmitter to the i-th OIRS element directed
towards the i-th users (refer to Equation (3a) and Fig-
ure 2(a)), and the signal from the i-th transmitter to
other OIRS elements, excluding the i-th region directed
towards the i-th users (refer to Equation (3b) and
Figure 2(b)). The extraneous signal comprises (1) inter-
ference from additional transmitters, denoting the i-th
OIRS element (refer to Equation (3c) and Figure 2(c)),
and (2) interference from other transmitters, signifying
all OIRS elements excluding the i-th region (refer to
Equation (3d) and Figure 2(d)). The signal of the i-th
user in (1) can be reformulated as

ti = s(a)
i + s(b)i + s(c)i + s(d)i , (2)

where each component of 2 can be expressed as

s(a)
i = hsioi hoiui si, (3a)

s(b)i =
N

∑
j=1,j ̸=i

hsioj hojui si, (3b)

s(c)i =
N

∑
j=1,j ̸=i

N

∑
p=1,p ̸=i

hsjop hopui sj, (3c)

s(d)i =
N

∑
j=1,j ̸=i

hsjoi hoiui sj, (3d)

where si represents the transmitted signal and sj de-
notes the interference source. hsioi and hoiui represent
the channel coefficients for the source-to-OIRS channel
and the OIRS-to-users channel, respectively.

We utilize an OIRS that is segmented into four square
arrays of identical size. This configuration ensures that
each primary zone is surrounded by three adjacent
portions, as illustrated in Figure 2. Given the proximity
of the areas within the OIRS and the generally modest
dimensions of the OIRS region, it is likely that the i-
th region may receive signals from other sources. The
main source of noise signals in the main area originates
from these three surrounding segments. The optical
power of the beams focused on the i-th region (the
primary region) and conveyed to other locations can
be formulated as

Poi = Pi exp

(
−

d2
i

2ω2
L

)
, (4)

where Pi indicates the incident light power of the i-th
region, di refers to the side length of the i-th region, and
ωz denotes the beam waist radius of the incident beam.
Similarly, the overflow optical powers corresponding to
the i-th area can be represented as

Pint
= ∑

m∈Mi

1
8

Pm exp
(
−d2

m
2ω2

z

)
, (5)

where nt represents the count of adjacent regions con-
nected to the main area under investigation. The set Mi
denotes the adjacent areas associated with the i-th
region, while Pm reflects the surplus power of those
adjacent regions. This study investigates the overflow
power in the regions, assuming that it is uniform. This
assumption is based on an estimation formula devel-
oped from the region partitioning method, facilitating
a rapid assessment of the intensity of the noise signal
in adjacent areas [10].

3 Channel Model

In OIRS-assisted multiuser HAP-based FSO systems,
the transmission of an optical signal is mainly affected
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by three critical factors: propagation loss, fading due
to atmospheric turbulence, and fading resulting from
pointing misalignment. As a result, the overall channel
coefficient hi can be formulated as follows

hi = hai hpi hli , (6)

where hli represents the propagation loss, which de-
pends on both the transmission distance and at-
mospheric conditions, meanwhile hpi signifies the
power loss attributed to the misalignment of the
transceiver and is represented by a stochastic variable.
Ultimately, hai constitutes a random variable that char-
acterizes the fading induced by intensity variations of
the optical beam that passes through the atmospheric
turbulence channel.

3.1 Propagation Loss

In free space, the optical signal experiences attenua-
tion during its propagation in the atmospheric channel
due to absorption and scattering. The channel loss
coefficient can be articulated in accordance with the
Beer-Lambert law as

hli = exp(−αli L), (7)

where L denotes the transmission distance over which
the attenuation occurs, and αli refers to the attenua-
tion coefficient, which depends on the meteorological
conditions. Several representative values of αli under
different weather situations are summarized in [16].

3.2 Atmospheric Turbulence

Atmospheric turbulence-induced fading is the result
of variations in the refractive index of air caused by
temperature and pressure inhomogeneities in the atmo-
sphere. It induces variations in the received light inten-
sity, thereby considerably impairing the efficacy of the
free-space channel. The Rytov variance quantifies the
turbulence strength, σ2

R, which categorizes turbulence
as weak, moderate, and strong for σ2

R < 1, σ2
R ≈ 1,

and σ2
R > 1, respectively. For planar wave propagation,

the Rytov variance, represented as σ2
R, is defined as [20]

and can be expressed as

σ2
R = 2.25k7/6sec11/6 (ψ)

Hs∫
Hg

C2
n (ht)

(
ht − Hg

)5/6dht, (8)

where ψ is the zenith angle. C2
n(ht) denotes the fluc-

tuation of the refractive index structure parameter as
articulated by the Hufnagel-Valley model [6, Eq. (19)]
can be determined as

C2
n(ht) = 0.00594

(vwind
27

)2 (
10−5ht

)10
exp

(
− ht

1000

)
+ 2.7 × 10−16 exp

(
− ht

1500

)
+C2

n(0) exp
(
− ht

100

)
, (9)

where C2
n(0) is the ground level turbulence. vwind (m/s)

is the root mean squared wind speed, and its typical
value of 21 m/s.

Various statistical distributions, such as log-normal
distribution, Gamma-Gamma distribution, and Malaga
distribution, have been analyzed in the literature to pre-
dict turbulence-induced fading with varying degrees of
accuracy. This study utilizes the fading modeled by the
Fisher-Snedecor F distribution, owing to its superior
correlation with the empirical data. It is important to
note that the Fisher-Snedecor F model offers a superior
fit to experimental data for all turbulence conditions,
while also providing more manageable mathematical
expressions compared to the well-known Malaga M
and Gamma-Gamma (GG) models. The probability
distribution function (PDF) of the turbulence-induced
fading coefficient ht is written as [18]

fht(ht) =
aa(b − 1)bha−1

t
B(a, b)(aht + b − 1)a+b , (10)

where B(·) is the beta function [21]. The parameters a
and b of the F -distribution is given by [18]

a =
1

exp
(
σ2

lnS
)
− 1

, (11)

and

b =
1

exp
(
σ2

lnL
)
− 1

+ 2, (12)

where σ2
lnS and σ2

lnL are the corresponding small-scale
and large-scale log-irradiance variances can be found
in [20]. In the following, (10) can be rewritten by
supporting [22, Equation (8.4.2.5)]

fht (ht)=
aaha−1

t
B (a, b) (b − 1)aΓ (a + b)

× G1,1
1,1

(
a

b − 1
ht

∣∣∣∣ 1 − a − b
0

)
, (13)

where Gm,n
p,q (·) is the Meijer-G function [21]. To obtain

the cumulative distribution function (CDF) of the ht,
[23, Equation (26)] and [21, Equation (9.31.5)] are used
together with some algebraic manipulations; the closed-
form of CDF can be written as

Fht(ht)=
1

B (a, b) Γ (a+b)
G1,2

2,2

(
a

b−1
ht

∣∣∣∣ 1−b 1
a 0

)
. (14)

3.3 Misalignment-Induced Fading
The pointing error is due to the misalignment of the

beam between the transmitter and receiver. Mechanical
jitter between the OIRS and the receiver can cause the
light spot to fluctuate at random within a specific range.
According to the physical model of the OIRS jitter, the
probability density function of the jitter angle at the
receiving plane can be expressed as [10]

fθui
(θui )=

θui(
1 + LRi

)2
σ2

θui
+ 4σ2

ϕ

e

−θ2
ui

2
(

1+LRi

)2
σ2

θui
+8σ2

ϕ , (15)

where LRi = Lsioi /Loiui represents the ratio of the
distance from the source of the i-th region, Lsioi , to
the OIRS region of the i-th, and the distance from the
OIRS region of the i-th to the receiver of the i-th, Loiui .
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Table I
Comparative table of the turbulence-induced fading model

Characteristics Log – normal Gamma –
Gamma

α − µ Malaga Fisher-Snedecor

Advantages
Easy to
understand;
simple model

Accurately
describes both
weak and strong
turbulence

Flexible, capable
of representing
multiple fading
conditions

Most general
model,
encompassing
several other
distributions

Closed-form
expression,
mathematically
tractable

Disadvantages Inaccurate under
strong turbulence Complex for per-

formance analy-
sis

Difficult to
estimate
parameters
alpha and µ from
experimental
data

Highly complex
expressions,
often lack closed-
form solutions

Less physically
intuitive than
Gamma –Gamma

Apply for
Simple
theoretical
analysis

Practical channel
simulation

Generalized fad-
ing modeling in
RF and FSO

Complex
experimental
modeling,
advanced
6G/FSO systems

Simplified
statistical
analysis
compared to
Málaga

Computational
complexity Low Moderate Moderate High Low–to– moder-

ate

Experimental fit-
ting

Poor fit under
strong turbulence
[17]

Fairly good fit
[18]

Fit varies
depending on
conditions [19]

Good fit [18] Good fit

Let θ ∼ N (0, σ2
θ ) represent the pointing error angle at

the transmitter, and ϕ ∼ N (0, σ2
ϕ) denote the deflection

angle at the OIRS. The instantaneous displacement
from the receiver center to the receiving light spot can
be computed as the angle θui , which corresponds to the
optical beam offset in the receiver plane ri, which can
be expressed as

ri = tan(θui )Loiui ≈ θui Loiui . (16)

The pointing error hpi owing to the vibrations of
HAP, where OIRS is located, can be given as

hpi = A0 exp

(
−

2r2
i

w2
Leq

)
, (17)

where A0 = [erf(v)]2 is the fraction of the collected
power at ri = 0 and w2

Leq = w2
L

√
πerf(v)

2v exp(−v2)
is the

equivalent beam width in which v =
√

π
2

a
wL

is the
ratio between aperture radius and the beam width
and wL = (2λ)/(πθT) is the beam waist radius in
which θT is the divergence angle.

By substituting (16), (17) into (15) and applying some
manipulations, the PDF of hpi can be given as

fhpi

(
hpi

)
=

w2
Leq

4A0

(
σ2

θ L2
T,i+4σ2

β L2
sioi

)(hpi

A0

) w2
Leq

4σ2
θ

L2
T,i+16σ2

β
L2

sioi . (18)

3.4 Composite Channel

The Fischer-Sensecor F distribution is used to model
the fading caused by weak turbulence. From (7), (13),
and (18), we can get the PDF of the channel coefficient

as

fhi (hi) =

∞∫
0

1
hli hti

fhpi

(
hi

hli hti

)
fhti

(hti ) dhti

=
aa

B (a, b) (b − 1)aΓ (a + b)
ξ2

Aξ2

0

×
∞∫

0

1
hli hti

(
hi

hli hti

)ξ2

ha−1
ti

G1,1
1,1

(
a

b−1
hti

∣∣∣∣1−a−b
0

)
dhti , (19)

where ξ2 =
w2

Leq

4σ2
θ L2

T,i+16σ2
β L2

sioi
. In addition, Γ(·) is the

complementary error function [24].

By using a mathematical methodology approach in
[25] and [23, Equation (24)], the closed-form expression
of Equation (19) can be derived as

fhi (hi) =
aξ2

(b − 1) A0hlΓ (a) Γ (b)

× G2,1
2,2

[
a

(b − 1) A0hl
h
∣∣∣∣ −b ξ2

a − 1 ξ2 − 1

]
. (20)

The precision of the PDF channel coefficient, hi,
is corroborated through the application of a Monte
Carlo simulation utilizing a discrete-event simulator,
as depicted in Figure 3. To do this, 106 independent
samples are produced with the Senedecor-Fisher F
model as specified in (13). Furthermore, assuming a
specified OIRS jitter variance, σ2

θui
, which can be derived

from σ2
θ and σ2

ϕ, we produce 106 random variables
of hpi according to (17). Subsequently, a deterministic
propagation loss coefficient, hl , of 106 is produced using
Equation (7). In this case, we investigate three situations
with the different divergence angles, θT , of 3 mrad,
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Figure 3. The PDF of the fading channel coefficient, hi , verified by
the Monte-Carlo simulations for different divergence angle, θT .

5 mrad, and 7 mrad to validate the accuracy of the
theoretical model.

4 Performance Analysis

4.1 Signal-to-Noise Ratio (SNR)

Given the fact that the regions within the OIRS are
contiguous and the area of each OIRS region is typi-
cally small, each region will probably intercept signals
from various sources. Nonetheless, OIRS lacks signal
processing capabilities, making it unable to discern
the origin of the signals. As a result, it indiscrimi-
nately reflects all intercepted signals to the user; hence,
the interference contribution from ∑n

j=1,j ̸=i hsj ,oi hoi ,ui sj
is dominant compared to other interference signals.
Therefore, the instantaneous SNR of user i γi can be
determined as

γi =
2h2

i P2
i ℜ2

2
N
∑

j=1,j ̸=i
h2

i P2
j ℜ2 + σ2

gi

, (21)

where Pj is the transmit power from other sources
reflected to the i-th user. ℜ is the responsivity of
the photodetector and σ2

gi
is the variance of receiver

noise. By using the variable transformation method
and the average over the fading channel created in
Equation (20), the PDF of the instantaneous SNR of the
ith user is given as in Equation (22).

4.2 Outage Probability (OP)

The outage probability represents the probability that
the instantaneous SNR falls below a predetermined
outage threshold, γth. In our study, the user’s outage
probability can be derived as

Pout (γth) = Pr [γi ≤ γth] =

γth∫
0

fγi (γi) dγi

Pout (γth) =

γth∫
0

P2
t ξ2σ2

na
(b − 1) A0hlΓ (a) Γ (b) T

× G2,1
2,2

[
a

(b − 1) A0hl
T
∣∣∣∣ −b ξ2

a − 1 ξ2 − 1

]
dγi (23)

where T =

√√√√γiσ2
n

(
2P2

t − 2
N
∑

j=1,j ̸=i
P2

j γi

)3

4.3 Correlation Coefficient

Correlation among sub-channels is sometimes un-
avoidable in actual FSO systems, especially when the
link is long and/or the aperture separation is modest.
This negative effect significantly diminishes the spatial
diversity gain. As a result, channel correlation predic-
tion is critical in assessing overall system performance.
In our considered system, it is necessary to estimate
the distance between adjacent OIRS elements to reduce
optical crosstalk and increase the diversity gain. The
correlation coefficient can be calculated as a function
of the turbulence strength, link range, RIS size, and
aperture spacing between two OIRS elements separated
by the propagation distance. ζ (∆d) denotes the spatial
covariance function, which is defined as

ζ (∆d) = exp

8π2k2L
1∫

0

∞∫
0

κϕn,eff (κ) J0 (κ∆d)

×exp

(
−d2

i κ2

16

)[
1−cos

(
Lκ2ξ

k

)]
dκdξ

}
−1, (24)

where J0(·) is the Bessel function of the first kind and
of zero order, and ϕn,e f f (κ) represents the effective
atmospheric spectrum. κ and ξ can be found in [26].
Assuming the case of the zero-inner scale and the
infinity-outer scale, ϕn,e f f (κ) is given by

ϕn,eff(κ)=0.033C2
nκ−

11
3

exp

(
−κ2

κ2
X,0

)
+

κ
11
3(

κ2+κ2
Y,0

) 11
6

, (25)

where κ2
X,0 = k

L
2.61

1+1.11σ2
R

, κ2
Y,0 = 3k

L

(
1 + 0.69σ12/5

R

)
.

5 Numerical Results and Discussions

This section presents the numerical results obtained
based on the mathematical expressions derived in the
previous section. We evaluated performance metrics in
varying settings, including alterations in the partition of
the array inside the OIRS, fluctuations in transmission
distance, and modifications in environmental factors,
particularly atmospheric turbulence. The fixed system
parameters include an laser wavelength of 1550 nm and
a σg of 10−7 (A/Hz). The distance from the source to
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fγi (γi) =
P2

t ξ2σ2
na

(b − 1) A0hlΓ (a) Γ (b)

√√√√γiσ2
n

(
2P2

t − 2
N
∑

j=1,j ̸=i
P2

j γi

)3

× G2,1
2.2

 a
(b − 1) A0hl

√√√√√√ γiσ2
n

2P2
t − 2

N
∑

j=1,j ̸=i
P2

j γi

∣∣∣∣∣∣∣∣∣∣
−b ξ2

a − 1 ξ2 − 1

 (22)

the OIRS and from the OIRS to the users is 20 km. The
aperture radius is 10 cm, OIRS size is 1 m, and the
signal-to-noise ratio threshold, γth, is -5 dB.
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Figure 4. The illustration of the crosstalk optical power impacts on
the different OIRS element positions.

First, we investigate the relationship between the
outage probability of the system and the zenith angle
under different interference sources on the OIRS as
shown in Figure 5. In addition, we consider two scenar-
ios with different divergence angles, θT , to comprehen-
sively evaluate the system performance. How targeted
users are affected by different number of interference
sources is clarified by using Figure 4, which is shown
the relative positions of the targeted users. When the
optical beam of the considered user reaches the OIRS
at the corner, it is affected by three interference sources
before it is reflected. If the reflected beam emerges at
the edge of the OIRS, the targeted user is affected by
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Figure 5. Outage performance versus zenith angle in different condi-
tions from the optical crosstalk with the transmitted power of 25 dBm.

five interference sources, causing performance degra-
dation. Finally, if the optical beam is reflected at the
center of the OIRS, it interferes with eight other sources
around it. This case causes the highest value of outage
probability, while the lowest one is when the beam is
reflected at the corner of OIRS.

In addition, the zenith angle is directly related to the
influence of atmospheric turbulence on signal quality.
The higher the zenith angle, the stronger the turbulent
strength [6]. Looking at the results, we can see that, in
the case of zenith angle from 20 to 65 degrees (corre-
sponding to the weak to moderate turbulence regime),
the effect of the interference optical power becomes
more obvious, especially in the case of divergence angle
equal to 3 mrad, i.e., the turbulent strength varies
but the performance is almost unchanged. In contrast,
from 65 to 80 degrees (moderate to strong turbulence
regime), atmospheric turbulence shows a significant
impact as the outage probability increases rapidly.

Next, Figure 6 focuses on exploring the effect of
turbulence on the outage performance over the trans-
mitted power range of 15 to 35 dBm. In this result,
we consider 8 interference sources, a divergence an-
gle of 5 mrad, and a zenith angle of 60 degrees.
Clearly, the outage probability is relaxed in weak to
moderate turbulence regimes, i.e., C2

n(0) = 5 × 10−15
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Figure 6. Outage performance versus transmitted power with differ-
ent atmospheric turbulence conditions.

and C2
n(0) = 10−14. However, it becomes stronger in

the case of strong turbulence as a result of the greater
fluctuation of optical power intensity. More specifically,
the system must compensate for 4 dB of power in
the case of strong turbulence to maintain the outage
probability of 10−6 as compared to weak turbulence.
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Figure 7. Outage probability versus total transmission distance

Figure 7 presents the outage performance of the
OIRS-assisted multiuser FSO system on HAP and in-
vestigates over the range of total transmission distance,
denoted as L, from 30 km to 80 km with different
distance ratios (LRi = 0.3, 0.5, 0.7). The distance ratio
is defined as LRi =

Lsi ,oi
Loi,ui

, where Lsi ,oi is the distance
from the base station (source) to the i-th OIRS region,
and Loi ,ui is the distance from the i-th OIRS region to
the i-th user (total L = Lsi ,oi + Loi ,ui ). In this case, the
parameters are set up by utilizing the transmit power

10-15 10-14 10-13 10-12

Turbulent Strength at Ground, C
n
2(0)

10-10

10-5

100

O
u
ta

g
e
 P

ro
b
a
b
ili

ty

P
t
 = 25 dBm, 

T
 = 5 mrad

P
t
 = 30 dBm, 

T
 = 5 mrad

P
t
 = 25 dBm, 

T
 = 3 mrad

P
t
 = 30 dBm, 

T
 = 3 mrad

Figure 8. Outage performance versus turbulent strength.

Pt = 25 dBm, beam divergence angle θT = 3 mrad,
moderate atmospheric turbulence (C2

n = 10 × 10−14

using the Fisher-Snedecor F channel model), and 8
interference sources. Outage probability rises sharply
with L due to accumulated path loss and turbulence-
induced fading, aligning with the F -Snedecor dis-
tribution’s tail behavior (superior to Gamma-Gamma
for moderate/strong turbulence, as benchmarked in
Table I). Increasing LRi curbs crosstalk-induced outages
(lowering interference terms in Equation 3c–3d) but
heightens fading accumulation, driving higher prob-
abilities in extended links. For example, LRi = 0.3
positions the OIRS closer to the source (occupying 30%
of the total distance), which helps reduce propagation
loss in the OIRS-to-user leg but may increase crosstalk
due to narrower beams at shorter distances.

For a comprehensive performance analysis, the im-
pact of atmospheric turbulence on multiuser FSO sys-
tems is shown in Figure 8, where the outage proba-
bility is evaluated over a range from weak to strong
atmospheric turbulence. The result is obtained for the
case of eight interference sources; two values of trans-
mitted powers, 25 and 30 dBm, and two values of the
divergence angle, 3 and 5 mrad. In the case of setting
a small divergence angle, the beam is less spread and
the received power is better. Consequently, the effect
of atmospheric turbulence is mitigated, resulting in
a lower probability of outage. In contrast, a higher
outage probability is seen due to lower received power
obtained in the case of a divergence angle of 5 mrad.

As discussed above, the influence of the optical
crosstalk is significant, especially when the density of
OIRS elements is high, especially in the case of the opti-
cal beam is reflected at the center of OIRS. Therefore, to
mitigate this influence, we try to design an OIRS, whose
elements are spaced apart to reduce optical crosstalk as
shown in Figure 9. In fact, the OIRS elements are nearby
on the same receiving plane; it can be inferred that the
turbulence parameters and propagation loss for their
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Figure 9. RIS element separation design for reducing crosstalk optical
power by considering correlation coefficient with different values of
turbulence strength.

respective channels remain consistent over transmission
distance. Hence, the distance between the RIS elements
must be sufficient to prevent any correlation or reliance
caused by turbulence-induced fading. The paper [26]
reported a connection between the channel correla-
tion coefficient and the distance between the detection
points. Referencing [26, Equation (4)], we can determine
that in order to achieve channel independence for the
indicated weak, moderate, and high turbulence con-
ditions, separation distances of at least 7 cm, 15 cm,
and 25 cm are required, respectively.

6 Conclusion

This study has comprehensively evaluated the perfor-
mance of an OIRS-assisted HAP-based FSO system
under the influence of optical crosstalk and atmo-
spheric turbulence. By equipping OIRS on HAP, the
proposed system can enhance connectivity abilities,
i.e., supporting multiple users and overcoming the
obstacles or LoS requirement. The analysis focused on
outage probability, considering critical factors such as
atmospheric turbulence, propagation loss, and pointing
misalignment. Numerical results demonstrated that the
system’s performance is significantly affected by optical
crosstalk, especially when the density of OIRS elements
is high. For designing an OIRS that effectively reduces
optical crosstalk and enhances channel independence,
we find that element separation should be at least 7 cm,
15 cm, and 25 cm for weak, moderate, and strong turbu-
lence conditions, respectively. These findings highlight
the importance of the OIRS design in minimizing inter-
ference and improving the reliability of the system.

Future research directions include exploring ad-
vanced OIRS configurations to further minimize
crosstalk optical power, such as adaptive beamform-
ing techniques or dynamic element allocation. Addi-

tionally, incorporating machine learning algorithms to
predict and compensate for atmospheric turbulence
effects could enhance system performance. Investigat-
ing the integration of OIRS-aided FSO systems with
hybrid RF/FSO networks or quantum communication
protocols may also provide new opportunities for ro-
bust, high-capacity communication systems in next-
generation networks.
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