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ABSTRACT 

Free-space optical (FSO) communication is a vital solution to meet the growing demand for high-bandwidth 

satellite-to-ground communication, offering advantages, such as higher data rates and security compared to 

traditional RF systems. However, its performance is significantly affected by meteorological conditions, 

particularly cloud formations (e.g. cirrus, cumulus and stratocumulus) and atmospheric turbulence, which cause 

signal attenuation, scattering and phase distortions. Addressing these challenges through better understanding 

and mitigation strategies is essential to ensure reliable and efficient performance of FSO systems under various 

atmospheric conditions. In this study, we evaluated the performance of ground- to-satellite FSO systems under 

varying atmospheric turbulence and cloud conditions using the OptiSystem simulator. We analyze multiple 

modulation techniques, including Quadrature Phase Shift Keying (QPSK), 8-Phase Shift Keying (8PSK), 16PSK 

and 16-Quadrature Amplitude Modulation (16QAM), to assess their resilience based on link range, bit-error 

rate (BER), quality factor, optical signal-to-noise ratio  (OSNR) and error-vector magnitude (EVM). The results 

demonstrate that QPSK outperforms higher- order modulation schemes in high-attenuation environments, 

maintaining the lowest BER and highest quality factor, making it the most suitable choice for FSO 

communication in satellite networks. These findings provide critical insights into the optimization of modulation 

strategies for robust and reliable ground-to-satellite optical links. 
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1. INTRODUCTION

Free-space Optical (FSO) communication has emerged as a cornerstone technology in modern 

telecommunications, widely recognized for its ability to transmit data at exceptional speeds with 

minimal latency [1]-[4]. This capability makes FSO an indispensable component in 

telecommunication networks, where it is crucial to enable high-speed Internet connectivity and support 

data-intensive applications. Beyond its conventional uses, FSO demonstrates remarkable adaptability 

in various domains, including real-time surveillance, high-definition video broadcasting and bridging 

the digital divide in underserved and rural regions [5]-[6]. These diverse applications underscore the 

technology’s potential to address complex communication challenges while offering scalable and 

efficient solutions. 

FSO-communication links are highly sensitive to environmental factors, such as fog, rain and snow, 

which can significantly attenuate the optical signal [7]-[19]. Furthermore, atmospheric turbulence 

causes beam scintillation and wavefront distortions, leading to deterioration in link quality [20]-[22]. 

Thus, the adoption of FSO technology in satellite-to-ground communications is hindered by significant 

challenges posed by atmospheric conditions, including cloud cover and turbulence [23]-[24].These 

meteorological factors alter the reliability of the communication link, leading to attenuation and signal 

degradation. This occurs primarily because of photon absorption and scattering caused by the presence 

of dense cloud formations and water droplets. Moreover, atmospheric turbulence, induced by random 

fluctuations in temperature and pressure along the signal’s propagation path, further compounds these 

issues. Turbulence introduces random phase distortions, scintillations and beam wanders, severely 

impacting the system’s overall performance and dependability. Overcoming these atmospheric hurdles 

is vital to achieve the full potential of FSO systems in challenging operational environments. 
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This study examines the influence of turbulence and various types of cloud, such as stratocumulus, 

cumulus and cirrus clouds, on ground-to-satellite FSO systems. We also use OptiSystem to simulate 

various modulation schemes, such as Quadrature Phase Shift Keying (QPSK), 8-Phase Shift Keying 

(8PSK), 16-PSK and 16-Quadrature Amplitude Modulation (16-QAM), which provide important 

insights into the system’s performance under different cloud types in the presence of turbulence. We 

then compare their robustness using the bit-error rate (BER), quality factor, optical signal-to-noise 

ratio (OSNR) and error-vector magnitude (EVM). The findings show that QPSK modulation is the 

optimal choice for FSO communication in satellite networks with cloud-induced attenuation levels. 

The study revealed that QPSK regularly exceeds alternative modulation techniques, delivering the 

lowest Bit Error Rate (BER) even in challenging scenarios. QPSK is particularly effective in 

evaluating the influence of transmitted power, attaining significantly low bit-error rate (BER) values 

even at low power levels. QPSK and 16-PSK offer improved performance and higher quality-factor 

values, particularly at shorter distances. QPSK consistently has lower EVM values, demonstrating 

greater noise tolerance even at low OSNR levels. QPSK is recommended as the modulation 

technology for FSO communication over satellite links, due to its ability to maintain reliable 

communication even in unfavorable conditions. 

We can summarize the current study’s contributions as follows: 

 We develop a comprehensive FSO-channel model that integrates the effects of both atmospheric

turbulence and cloud attenuation. Unlike conventional models, our approach distinguishes 

between different cloud types (e.g. cirrus, cumulus, stratocumulus), enabling a more precise 

characterization of signal degradation. 

 Our study systematically compares multiple modulation schemes (QPSK, 8-PSK, 16-PSK and 16-

QAM) under identical and realistic atmospheric conditions. This analysis highlights the trade-offs 

between spectral efficiency and robustness, thereby providing clear insights into optimal 

modulation strategies for ground-to-satellite links. 

 The simulation results obtained through the OptiSystem platform are rigorously validated against

analytical models derived from established channel theories. This dual validation confirms the 

accuracy and reliability of key performance metrics, such as Bit-Error Rate, Optical Signal-to-

Noise Ratio and Error-Vector Magnitude. 

The following sections are organized as follows: Section 2 examines existing mitigation approaches to 

reduce the impact of cloud formation on the performance of FSO systems. Section 3 explores the 

impact of attenuation caused by various types of clouds, as well as an examination of the known 

models and methodologies used to measure these effects. Section 4 provides a comprehensive 

description of the design of the proposed ground-to-satellite FSO system, taking into account different 

cloud conditions and presents the different modulation approaches considered for the proposed 

ground-satellite FSO system. Section 5 presents the obtained simulation results and provides the 

analytical validation of the simulation results. Section 6 shows a list of abbreviations used in the study. 

Finally, Section 7 concludes the paper. 

2. RELATED WORK

Cloud-induced attenuation in satellite-based free-space optical communications is an important 

research area [25]-[31]. Numerous studies have provided valuable information on modeling, 

understanding and mitigation of the impact of clouds on FSO links. 

Using the meteorological ERA-Interim database, the authors in [32] examined the availability of links 

in various regions of Japan. They suggested a site-diversity strategy to enhance system availability and 

offer practical advice for resolving cloud-induced issues in FSO communications. The authors of [33] 

investigated cloud-induced attenuation in satellite-based free-space optical communications, with a 

particular emphasis on regions of Japan. The FSO channel model is selected based on the log-normal 

distribution, which enhances the understanding of the probabilistic nature of cloud-induced 

attenuation. The authors of [34] simulated a 30 Gbps ground-to-geostationary satellite-FSO 

communication link that accommodates a variety of cloud states and atmospheric impacts. The results 

illustrate the efficacy of a 2x2 MIMO system that employs coherent detection and QPSK modulation, 

with a particular emphasis on the minimal occurrence of symbol errors in a variety of cloud and 

weather conditions. An analytical model for estimating the probability of cloud-free line-of-sight 
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(CFLOS) in optical satellite links is introduced in [35]. This model is predicated on the assumption of 

a lognormal distribution for Integrated Liquid Water Content (ILWC). This approach offers a practical 

approach to effectively anticipating and resolving cloud-related challenges. The authors of [36] 

suggested the development of hybrid free-space optical/radio frequency (FSO/RF) systems to relay 

satellite communication from high-altitude platforms. This approach uses rate adaptation to adjust the 

data rates in response to channel-condition oscillations. Additionally, an examination of perfect inter-

symbol interference (ISI) caused by cloud effects is conducted, which offers valuable insights into the 

constraints and restrictions that clouds place on FSO communication lines. The authors of [37] 

investigated the impact of cloud attenuation on the performance of optical wireless networks. They 

evaluated various cloud varieties. The research underscores the significance of wavelength-dependent 

attenuation and illustrates that stratocumulus clouds have the most significant influence on signal 

transmission. The meteorological ERA-Interim database is employed by the authors in [38] to 

determine the monthly average cloud attenuation over Japan. Based on the simulation results, the 

selection of a diverse array of sites from the proposed pool of options leads to a high level of system 

availability, which assists optical satellite-communication systems in mitigating the effects of cloud-

induced attenuation. A comprehensive performance analysis of the atmospheric influence on visibility 

in FSO systems is conducted in [39], with a particular emphasis on ground station-satellite 

communications. The objective of the investigation is to establish correlations between visibility and 

climatic events, including factors, such as precipitation and snowfall. A study conducted in [40] 

examined the probability of the failure of integrated ground-air-space free-space optical 

communication lines when various models of atmospheric turbulence are employed. The article 

provides closed-form equations for cumulative distribution functions (CDFs) and probability density 

functions (PDFs). These equations take into account the zenith angle, atmospheric disturbances, the 

channel condition and the configuration of the links. The study offers a comprehensive analysis of the 

effectiveness of integrated FSO links, accounting for atmospheric attenuation, turbulence, angle of 

arrival fluctuations and targeting error. The evaluation of cloud-induced optical attenuation is the 

subject of [41]. This article suggested a comprehensive model that takes into account the influence of 

clouds on transmitted optical beams. Cloud-induced dispersed optical power is evaluated in this study 

through the application of modified gamma-particle size distributions (PSDs) and Mie theory. Cirrus 

clouds and their likelihood of formation, as well as their impact on FSO transceivers situated at 

elevated altitudes, are the primary focus. This research makes a substantial contribution to our 

comprehension of the impact of various atmospheric conditions on FSO communication systems, 

which encompasses both deep-space and near-Earth scenarios. Two distinct models for the scheduling 

of space-to-ground optical communication that incorporate uncertainty are presented in [42]. The first 

model employs robust optimization with a moment-based ambiguity set, while the second model 

employs robust optimization with a polyhedral uncertainty set. The study illustrates the efficacy of 

formulations that consider uncertainty when employing computational analysis on a real-world 

communication system, particularly in the context of cloud-cover predictions. The models that have 

been presented offer critical insights for the scheduling of space-to-ground optical communication 

systems by acknowledging the dynamic and variable character of the cloud cover. 

Several studies have investigated the performance of various modulation schemes in FSO 

communication systems under atmospheric turbulence. For example, [43] compared several formats, 

including OOK, BPSK, DPSK, QPSK and 8-PSK and found that BPSK generally provides the lowest 

BER under severe turbulence. [44] evaluated the performance of schemes, such as BPSK-SIM, DPSK, 

DPSK-SIM, Polarization Shift Keying and M-ary Pulse Position Modulation and concluded that 

DPSK often achieves the best outage probability and higher channel capacity under turbulent 

conditions. In another study, [45] compared PPM, OOK, Differential Pulse Interval Modulation and 

Dual Header Pulse Interval Modulation in various weather scenarios and observed that PPM and 

OOK-NRZ generally deliver better BER performance. Recent research in FSO satellite networks has 

addressed key system-level issues. For example, [46] conducted a link-budget analysis for FSO 

satellite networks, providing valuable insights into power allocation under various atmospheric 

conditions. Furthermore, Liang et al. [47] performed a performance analysis of FSO satellite networks 

that examined transmission power and latency, while Liang et al. [48] explored the trade-off between 

latency and transmission power in networks with multiple intercontinental connections. These studies 

provide a strong foundation for the design and optimization of FSO satellite networks. 

Although much of the existing literature focused on terrestrial FSO links, our work specifically 
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addresses the challenges of long-range ground-to-satellite communication, including high free-space 

path loss and atmospheric variability across different altitudes. Using advanced simulation tools, such 

as OptiSystem, we evaluated detailed performance metrics, such as BER, Q factor and EVM for 

various modulation schemes. This component-level analysis complements the network-level 

evaluations found in the literature, providing additional insights necessary for optimizing FSO system 

performance in practical deployment scenarios.  

Table 1. Comparative overview of research in satellite-based free-space optical (FSO) 

communications under atmospheric conditions. 

 Ref.  Methodology  Modeling Technique Parameters Considered Data Source 

[32] Investigation of site-diversity scheme for enhanced

system availability. 
Not specified Clouds, atmospheric turbulence Meteorological  ERA-

Interim database [49] 

[33] Presentation of a novel distribution model of monthly 

cloud attenuation for several regions in Japan. 

Log-normal 

distribution 

Monthly cloud attenuation, 

CLWC 

ERA-Interimal 

Meteorologic database 

[34] Simulation of a 30 Gbps satellite-FSO communication

link. Consideration of atmospheric effects, like different 

cloud types.  

Use of a 2×2 MIMO system with QPSK modulation 

and coherent detection. 

Not specified Haze, fog, cloud types 

(stratus, cumulus, 

cumulonimbus), atmospheric 

turbulence, intensity 

scintillation 

Not specified 

[35] Prediction of visibility/range of FSO link due to 

different cloud conditions. 
Not specified Link length, transmitted 

power, data rate, cloud types 
Not specified 

[36] Presentation of analytical models for Cloud-Free 

Line-of-Sight (CF- LOS) probability. Evaluation of 

joint CFLOS statistics. 

Not specified Elevation angle, ground-

station altitude, spatial 

variability of clouds 

Not specified 

[56] Addressing the design of hybrid FSO/RF systems for 

high-altitude platform (HAP)-aided relaying satellite 

communication. 

Rate-adaptation 

design 

Beam-spreading loss, cloud 

attenuation, atmospheric 

turbulence, pointing 

misalignment 

Not specified 

[37] Investigation of bit-error rate performance of 

intensity-modulated FSO with direct detection 

(IM/DD) in single-input single- output (SISO) due to 

beam broadening at the receiver caused by cloud. 

IM/DD with direct 

detection & Perfect 

ISI due to beam 

broadening by clouds 

Not specified Not specified 

[38] Study of the influence of cloud attenuation on the 

performance of optical wireless links. 
Not specified Received power, visibility 

range, cloud type 
Not specified 

[39] Study   of   a placement method of optical ground 

stations (OGSs) to realize site diversity in optical 

satellite-to-ground communications under cloud 

attenuation. 

Greedy heuristic 

method 

Monthly average cloud 

attenuation 

Meteorological 
ERA-Interim 
database 

[40] Performance analysis for atmospheric influence on 

visibility in Free Space Optical Communications 

(FSOC). 

Not specified Atmospheric events (rain, 

snow), relationships to 

visibility 

Not specified 

[41] Analysis of the outage probability of integrated ground-

air-space FSO communication links for different 

atmospheric turbulence channel models. 

Lognormal, Gamma 

exponentiated Weibull 

distributed channel 

models 

Zenith angle, channel state, 

deviations, altitude, beam 

waist, …etc. 

Not specified 

[42] Estimation of cloud-induced optical attenuation over 

near-Earth and deep-space FSO-communication 

systems. 

Optical thickness     

parameter, modified 

gamma PSD, Mie 

theory 

Type of atmospheric clouds, 

ground-space FSO link 

distances 

Not specified 

[50] Provision of two alternative models of uncertainty for 

cloud-cover predictions. A robust optimization model 

with a polyhedral uncertainty set and a 

distributionally robust optimization model   with a 

moment-based ambiguity set. 

Robust optimization, 

distributionally robust 

optimization 

Cloud-cover 
predictions, satellite operation 
scheduling 

Official weather 

forecasts 

Furthermore, while existing studies primarily emphasized BPSK and DPSK for their robustness, our 

work focuses on QPSK modulation for ground-to-satellite FSO links. Although QPSK may be slightly 

more sensitive to atmospheric disturbances than BPSK, it offers a substantial advantage in terms of 

spectral efficiency, an important factor for high-data-rate applications. The literature indicates that, 

while BPSK achieves the lowest BER under severe turbulence, its lower spectral efficiency limits its 

utility in bandwidth-constrained environments. DPSK, on the other hand, offers a balanced trade-off, 

but often requires more complex receiver designs. Our results demonstrate that QPSK delivers an 

acceptable BER while significantly increasing data throughput, making it a compelling option for 

space-to-ground communications. In addition, our detailed comparative evaluation of multiple 
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modulation techniques under realistic channel conditions, combined with rigorous simulation and 

analytical validation, clearly demonstrates the superior performance of QPSK. This distinct integration 

of simulation and analytical validation not only reinforces the reliability of our findings, but also sets 

our research apart from the existing literature.  

Table 1 compares the different approaches considered in the literature to mitigate the impact of clouds 

on FSO links. 

3. FSO CHANNEL MODEL

FSO communication systems are extremely sensitive to atmospheric conditions, which can 

dramatically reduce signal quality and system performance. This section gives a complete FSO-

channel model that includes both atmospheric-turbulence and cloud-attenuation effects. 

3.1 Atmospheric Turbulence 

Atmospheric turbulence is a random phenomenon produced by differences in temperature and pressure 

along the transmission channel. Turbulence causes fluctuations in the temperature, pressure and, most 

importantly, the refractive index of the air. These changes in the refractive index affect the 

transmission of optical signals, resulting in scintillation, which is the fluctuation of the intensity of 

transmitted light. 

In free-space optical satellite ground communication, the gamma-gamma distribution is commonly 

used to characterize the fluctuating received optical power (I) due to atmospheric turbulence. This 

model is recommended over others, because it successfully combines both small- and large-scale 

turbulence effects, making it applicable to a wide variety of turbulence situations, from moderate to 

high. The gamma-gamma model is particularly useful in satellite-ground communication because of 

the various turbulence levels experienced as the optical signal passes through several atmospheric 

layers, each with specific turbulence characteristics. 

The gamma-gamma distribution’s probability density function (PDF) is as follows ([52]): 

𝑝𝐼(𝐼) =
2𝛼𝛼𝛽𝛽

Γ(𝛼)Γ(𝛽)

1

𝐼0
(
1

𝐼0
)
𝛼−1

exp⁡(−𝛽
1

𝐼0
)  (1) 

where I is the optical power received, α and β are shape parameters related to the small- and large- 

scale turbulence effects, Γ(.) denotes the gamma function and I0  is a normalization constant related  to 

the average optical power received. Parameters α and β can be determined based on the strength of 

atmospheric turbulence, characterized by the refractive index structure parameter 𝐶𝑛
2, the propagation

distance L and the wavelength λ.  

The expressions for the parameters α and β are given by: 

𝛼 = (𝑒𝑥𝑝(
0.49𝜎𝑅

2

(1+1.11𝜎𝑅
12 5⁄ )

7 6⁄ ) − 1)

−1

         (2) 

𝛽 = (𝑒𝑥𝑝(
0.51𝜎𝑅

2

(1+0.69𝜎𝑅
12 5⁄ )

5 6⁄ ) − 1)

−1

         (3) 

The strength of atmospheric turbulence is often quantified by the Rytov variance, denoted by 𝜎𝑅
2. For a

plane wave propagating through the atmosphere, the Rytov variance is given by [53]: 

𝜎𝑅
2 = 1.23𝐶𝑛

2𝑘7 6⁄ 𝐿11 6⁄  (4) 

where 𝐶𝑛
2 is the refractive index structure parameter, indicating the strength of turbulence, 𝑘 =

2𝜋

𝜆
 is

the number of optical waves, λ is the wavelength of the optical signal and L is the length of the 

propagation path. 

In vertical FSO communication, the calculation of atmospheric turbulence becomes more complicated 

due to the varying refractive index with height. The refractive index structure parameter (𝐶𝑛
2) measures

the intensity of refractive-index fluctuations in the atmosphere and varies both spatially and 

temporally. Higher 𝐶𝑛
2 values indicate more turbulence, leading to increased scintillation and signal

loss in optical communication. 
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Using the Hufnagel-Valley model, the fluctuation of the refractive-index structure parameter 

𝐶𝑛
2(ℎ)⁡with altitude h is expressed as ([54]):

𝐶𝑛
2(ℎ) = 0.00594 (

𝑣𝑤𝑖𝑛𝑑

27
)
2
(10−5ℎ) exp (−

ℎ

1000
) + 2.7 × 10−16 exp (−

ℎ

1500
) + 𝐶𝑛

2(0)exp⁡(−
ℎ

100
)        (5) 

where, 𝐶𝑛
2(0) is the level of ground turbulence, ranging from 10−17 m−2/3  (weak turbulence) to 10−13

m−2/3 (strong turbulence) and υwind (m/s) is the mean squared root wind speed, typically around 21 m/s. 

3.2 Cloud Attenuation Analysis 

The presence of liquid-water particles in clouds has a significant impact on FSO communication with 

atmospheric conditions. When laser beams pass through the Earth’s atmosphere, these small-scale 

components cause light waves to scatter in multiple directions, inhibiting coherent transmission. 

Cloud-induced scattering has a significant impact on visibility, which is a crucial factor in evaluating 

the effectiveness of optical-communication systems. Visibility, measured in kilometers, is a 

quantifiable measure of the clarity and transparency of the atmosphere. The loss of signal power in 

FSO networks caused by cloud scattering’s effect on vision indicates that the optical transmission 

conditions are insufficient. In [35], the authors provided many types of cloud with variable attenuation 

effects, as depicted in Figure 1. Table 2 compares their impacts on the FSO signal. 

 Cirrus, cirrostratus and cirrocumulus are high-altitude clouds. These clouds, which exist at high

elevations and low temperatures, help to reduce solar radiation and maintain a delicate balance of 

thermal exchanges in the Earth’s atmosphere. 

 Altocumulus and altostratus are mid-level clouds that migrate at high and low altitudes. Their role

in controlling solar radiation is crucial, as they have a transitional effect on thermal dynamics that 

determines surface temperatures and atmospheric conditions. 

 Cumulus, stratus and stratocumulus are the most common low-level clouds. These clouds, located

closer to the Earth’s surface, play a crucial role in temperature regulation and atmospheric 

stability. Cumulus clouds, with their puffy and distinct appearances, denote fair weather, whereas 

stratus clouds, with their blanket-like patterns, typically imply cloudy conditions. Stratocumulus 

clouds have both stratus and cumulus features and act as transitory elements in meteorological 

processes. 

 Raining clouds are multi-layered clouds that appear at all levels of the atmosphere. This

classification includes nimbostratus and cumulonimbus clouds. Nimbostratus clouds generate 

huge, featureless strata linked by persistent precipitation, contributing to the replenishment of the 

Earth’s water resources. Cumulonimbus clouds, popularly known as the "king of clouds," spread 

across multiple atmospheric strata, encapsulating dynamic convective processes that create severe 

weather events, such as thunderstorms and heavy rainfall. 

Equation (6) shows how to determine visibility based on the concentration of the number of cloud 

droplets (Nc) and the content of liquid cloud water (CLWC). 

𝑉 =
1.002

(𝐿×𝑁𝑐)0.6473
 (6) 

where L (g/m3) represents the mean CLWC and Nc (cm−3) denotes the concentration of cloud droplet 

number [55]. 

Figure 2 shows the impact of different types of cloud on visibility, including stratus (Nc = 250 cm−3), 

altostratus (Nc = 400 cm−3) and nimbostratus (Nc = 200 cm−3). Figure 2 also shows a rapid decline in 

visibility as CLWC increases. 

For a mono-dispersed droplet distribution, Equation (7) can be used to calculate the concentration of 

cloud droplets. 

𝑁𝑐 =
𝐿

4

3
𝐼𝐼𝑟3𝜌×10−6

      (7) 

where (ρ = 1 g/cm3) signifies the density of liquid water and r(µm) represents the average radius of 

cloud droplets. The value varies with cloud type, such as stratus (r = 3.33µm), nimbostratus (r = 

4.7µm) and cumulus (r = 6.0µm) ([57]). 

Equation (8) expresses the total cloud attenuation in the cloud layers considered, indicated as Ac (dB), 
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 Figure 2. Visibility for several cloud types [56]. 

 Figure 1.  Cloud types. 

using visibility V (km) in Equation (6) and the Kim model [51] to represent the attenuation due to Mie 

scattering. 

𝐴𝑐 = ∑ 4.34⁡(
3.91

𝑉𝑘
(
𝜆

550
)−𝛿𝑘𝑀

𝑘=1 )
Δℎ𝑘

sin⁡(𝜃)
        (8) 

where λ is the optical wavelength, θ is the elevation angle of the satellite, M is the total layers of the 

cloud investigated and ∆hk is the vertical extent of the layer of liquid clouds kth ([58]). Furthermore, 

the coefficient δ, which depends on the size distribution of the scattering particles, is estimated using 

empirical models [59] and provided by the Kim model as follows. 

𝛿𝑘 =

{

1.6⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡𝑉 > 50𝑘𝑚
1.3⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡6𝑘𝑚 < 𝑉 < 50𝑘𝑚
0.16𝑉 + 0.34⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡1𝑘𝑚 < 𝑉 < 6𝑘𝑚
𝑉 − 0.5⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡0.5𝑘𝑚 < 𝑉 < 1𝑘𝑚

0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑖𝑓⁡𝑉 < 0.5𝑘𝑚

  (9) 

Table 2. Cloud-type comparison. 

Cloud Type Height Range FSO Attenuation CLWC (g/m3) Optical Thickness 

Stratus Low altitude Moderate 
attenuation 

0.28 [35] Moderate to 
high 

Cumulus Moderate altitude Low attenuation 0.26 [35] Low to 
moderate 

Cumulonimbus Low to high 
altitude 

High attenuation 1 [35] High 

Stratocumulus Low to middle 
altitude 

Moderate 
attenuation 

0.44 [35] Moderate 

Cirrus High altitude Low attenuation 0.03 [35] Low 

3.3 Combining Atmospheric Turbulence and Cloud Attenuation 

The performance of Free-Space Optical (FSO) communication systems is significantly influenced by 

atmospheric turbulence and cloud attenuation, which collectively degrade the quality and reliability of 

optical links. Understanding the combined effect of these environmental factors is essential for 

designing robust FSO systems capable of maintaining reliable communication under varying weather 

conditions. 

The combined effect of atmospheric turbulence and cloud attenuation on the FSO channel can be 

mathematically expressed as follows: 

𝑃received = 𝑃transmitted. 𝑒
−𝛼𝐿. 𝑒−𝛽𝐶𝑛

2𝐿5 3⁄
  (10) 

where, Preceived is the received optical power after propagation through the atmosphere, accounting for 

both cloud attenuation and atmospheric turbulence, while Ptransmitted is the optical power transmitted 



267

"Ground-to-Satellite FSO Communication: Evaluating Modulation Techniques under Cloud and Turbulence Effects", M. Garai et al.  

from the FSO transmitter. The coefficient α represents the attenuation due to clouds, which is 

influenced by the optical depth, density and type of the cloud (e.g. cirrus, cumulus) [51]. The term β is 

the turbulence coefficient that quantifies the effect of atmospheric turbulence on the received signal, 

𝐶𝑛
2 being the refractive-index structure parameter [52]. Finally, L denotes the propagation distance

through the atmosphere. 

In this equation, the term e−αL accounts for the exponential attenuation of the optical signal due to 

clouds along the propagation path. The coefficient α depends on the optical depth and scattering 

properties of the clouds, which affect the amount of incident light that reaches the FSO receiver [51]. 

The  term  𝑒−𝛽𝐶𝑛
2𝐿5 3⁄

  represents  the  Rytov-based  model  of  turbulence-induced  fading  in  the

presence  of atmospheric turbulence. The coefficient β characterizes the strength of turbulence, while 

𝐶𝑛
2 quantifies the spatial and temporal variations in the refractive index caused by turbulence [52]. The

exponent 𝐿5 3⁄  reflects the scaling of turbulence effects with propagation distance L, highlighting the

increasing impact of turbulence on signal degradation over longer distances [51]. 

Cloud attenuation and air turbulence can have a substantial impact on the reliability and quality of 

FSO communication systems. Because clouds can significantly reduce signal quality, real-time 

monitoring and adaptive techniques are critical for increasing the overall system performance. 

Advanced modulation algorithms, error-correction coding and dynamic link adaptability are crucial to 

improving the resilience of FSO systems under a variety of weather conditions. 

4. GROUND TO SATELLITE FSO SYSTEM

4.1 System Design 

In this sub-section, we use Optisystem software to develop a ground-satellite FSO system that operates 

under turbulence and various cloud circumstances. OptiSystem was selected because of its ability to 

provide a comprehensive and realistic simulation of free-space optical (FSO) communication systems 

by incorporating key physical impairments. These include atmospheric turbulence effects, which are 

modeled using the gamma–gamma turbulence distribution and cloud-induced attenuation, integrated 

through empirical models based on Mie scattering theory. In addition, the software offers accurate 

optical component modeling, enabling a precise evaluation of modulation techniques and signal-

quality metrics. In our simulation, we investigate various modulation methods for reducing cloud and 

turbulence impacts in optical ground-to-satellite communication. Table 3 summarizes the simulation 

parameters and their respective values. 

Our simulations target ground-to-satellite links over extreme distances (up to 35,000 km), where loss 

of free-space path, atmospheric attenuation and turbulence impose severe challenges. We selected a 

link distance range from 2000 km to 36000 km to focus on the most challenging conditions in long-

range FSO communications. Although shorter links (e.g. 500 km) experience significantly lower 

losses and reduced atmospheric effects, our study targets scenarios where severe free-space path loss, 

atmospheric attenuation and turbulence dominate. Established literature confirms that performance 

degradation becomes critical above 2000 km, justifying our focus on this range to ensure that our 

system design, particularly in terms of transmitter power and receiver aperture, is validated under the 

most extreme conditions encountered in ground-to-satellite and inter-satellite links. Under such harsh 

conditions, a higher transmit power is essential to maintain an acceptable signal-to-noise ratio (SNR) 

and achieve a low bit-error rate (BER). This design choice is supported by established link-budget 

analyses; for example, [60] demonstrated that long-range FSO links require elevated power levels to 

overcome significant path losses and [46] provided a detailed analysis that reinforces the need for 

higher transmission power in ground-to-satellite transmissions. Although lower transmit power might 

suffice for terrestrial FSO systems, the unique challenges of space-to-ground links justify our 

approach, ensuring that our simulation accurately reflects the operational demands of these systems. 

Figure 3 shows a ground-to-satellite FSO system with an uplink from a ground station to a 

geostationary satellite. FSO links provide high-speed communication between satellites and ground 

stations. However, certain meteorological circumstances encountered during uplink transmission, 

including cloud attenuation and atmospheric turbulence, can have a major impact on the FSO link’s 

performance. Cloud attenuation occurs when clouds absorb, scatter and refract laser beams, causing 
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signal attenuation. Another key difficulty is atmospheric turbulence, which occurs when air masses 

move irregularly, creating temperature and pressure variations. These fluctuations cause variations in 

the refractive index of the atmosphere, resulting in scintillation effects on laser beams. Mitigating the 

effects of atmospheric turbulence is critical for stabilizing FSO lines and maintaining constant signal 

quality. 

Table 3.  Simulation parameters. 

Parameters Value 

Pre-amplification gain 30 (dB) 

Post-amplification gain 30 (dB) 

Noise-figure pre-amplification 5 (dB) 

Noise-figure post-amplification 3 (dB) 

Transmit power 0-50 (dB)

Transmitter diameter 5 (cm) 

Receiver diameter 30 (cm) 

Data rate 30 (Gb/s) 

Link distance 2000-36000 (km) 

Photo-detector responsitivity 1 (A/W) 

Laser wavelength 1550 (nm) 

Tropopause height 9.4 (km) 

Turbulence model Hafmagel Valley Model 

Refractive-index structure 𝐶𝑛
2(0) Turbulence close to ground (strong turbulence:
𝐶𝑛
2(0) = 2.10−13𝑚−2 3⁄ )

Figure 3. Satellite-to-ground FSO system. 

In addition, 30 cm receiver diameter was selected to overcome the substantial free-space loss and 

atmospheric attenuation inherent in ground-to-satellite FSO links over long distances. Although 

terrestrial FSO systems commonly operate with receiver diameters in the 5–10 cm range, space-based 

optical ground stations often employ larger apertures to collect much weaker signals from vast 

distances. For example, NASA’s Lunar Laser Communication Demonstration (LLCD) used a receiver 

telescope with an aperture of the order of 40 cm to ensure sufficient signal collection from the Moon 

[61]. Furthermore, detailed link-budget analyzes for free-space optical satellite networks indicate that 

larger receiver diameters are necessary to achieve the signal-to-noise ratio (SNR) required over such 

long distances [46]. Therefore, our choice of a 30 cm receiver diameter is both practical and consistent 

with established approaches in long-range space optical communications. 

The ground-to-satellite FSO channel consists of two serially coupled channels. The first FSO channel 

that simulates the atmosphere is 12 kilometers long. The length of the atmospheric channel is 

determined by averaging the tropopause elevation, which is 9 km at the pole and 15 km at the equator 

([62]). The tropopause marks the boundary between the troposphere and the stratosphere. The 

troposphere accounts for 75% of the atmosphere’s mass and 99% of the total mass of water vapor and 

aerosols ([62]). This FSO channel represents the atmosphere and simulates the attenuation induced by 

various types of cloud and atmospheric turbulence. The second FSO channel depicts a space channel 
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with a length of 35,988 kilometers. Because it depends solely on beam divergence and transmitter-

receiver aperture diameter, it is only useful for geometric loss, which has a fixed value. 

4.2 Modulation Approaches for the Proposed Ground-Satellite FSO System 

The choice of modulation method is crucial to maintaining the reliability and efficiency of data 

transmission in a high-speed FSO communication system operating at 30 Gbps, especially when 

dealing with cloud interference. This sub-section presents advanced modulation techniques, such as 

QPSK, 8-PSK, 16-PSK and 16-QAM. We selected QPSK, 8-PSK, 16-PSK and 16-QAM for the 

following reasons: 

 QPSK (Quadrature Phase Shift Keying): QPSK is widely recognized for its robustness against

signal degradation, particularly in high-attenuation environments caused by clouds and 

atmospheric turbulence. It offers a balance between data rate and resistance to errors, making it 

optimal for low- to-moderate signal-to-noise ratio conditions. This makes QPSK particularly 

suitable for satellite communication links, where maintaining low bit error rates (BER) is crucial. 

 Higher-order Modulation Schemes (8-PSK, 16-PSK, 16-QAM): These modulation techniques

provide higher spectral efficiency than QPSK, allowing for greater data throughput within the 

same bandwidth. 8-PSK and 16-PSK use phase variations to encode data, while 16-QAM adds 

both amplitude and phase variations, allowing the encoding of even more information in a given 

symbol. While these schemes offer higher data rates, they are also more susceptible to noise and 

signal impairments, especially in turbulent or attenuated atmospheric conditions. 

4.2.1 M-PSK Modulation 

M-PSK divides the signal’s phase into M distinct states, each corresponding to a specific bit 

combination. Phases are often uniformly distributed throughout the signal constellation, creating a 

distinct pattern. In binary phase-shift keying (BPSK), there are two phase states at 0 and 180 degrees, 

while in quadrature phase-shift keying (QPSK), there are four phase states spread at 90-degree 

intervals. M-ary Phase Shift Keying (M-PSK) modulation is more advanced than binary methods, 

because it uses higher-order modulation methods, such as 8-PSK and 16-PSK to effectively encode 

digital data onto a carrier signal. Figure 4 shows the design of the M-PSK system. 8-PSK divides the 

phase of the carrier signal into eight equidistant states, each representing a distinct three-bit pattern. 

Phase states are usually 45 degrees apart, enabling the transmission of three bits per symbol. This 

increase in spectral efficiency is especially beneficial in situations where a greater data rate is 

necessary. 8-PSK achieves a compromise between enhanced capacity and controllable complexity, 

making it a pragmatic option in digital communication systems. 16-PSK increases complexity by 

segmenting the phase of the carrier signal into sixteen states, each separated by 22.5 degrees. Higher 

data-transmission rates are achieved as a result of being able to convey a distinct four-bit pattern with 

every phase state. 

Figure 4.  M-PSK system design. 
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4.2.2 M-QAM Modulation 

Optical M-QAM (M-ary Quadrature Amplitude Modulation) is a modulation scheme used in optical-

communication systems to encode digital information onto an optical carrier wave. Figure 5 illustrates 

the design of the M-QAM system. The concept combines both amplitude and phase modulation to 

achieve higher spectral efficiency. In M-QAM, the amplitude and phase of the optical signal are 

modulated simultaneously, allowing for the transmission of multiple bits per symbol. The "M" in M-

QAM denotes the number of different states in the signal constellation, representing unique 

combinations of amplitude and phase. For example, in 16-QAM, there are 16 different states, enabling 

the representation of 4 bits per symbol. The optical signal’s amplitude and phase states are typically 

arranged in a square or rectangular constellation, with the states positioned at specific points in the 

complex plane.  

Figure 5. M-QAM system design. 

5. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed ground-satellite-ground FSO 

communication system under different cloud conditions and under strong turbulence. 

Figure 6 illustrates the quality factor for different modulation schemes (QPSK, 8-PSK, 16-PSK and 

16- QAM) at varying link distances. At a link distance of 2000 km, all modulation schemes exhibit

relatively high quality-factor values. In particular, QPSK and 16-PSK demonstrate robust 

performance, possessing higher quality factors compared to 8-PSK and 16-QAM in this short range.  

Figure 6. Quality factor vs. link distance (km). 

The superior performance of QPSK and 16-PSK can be attributed to their enhanced tolerance to noise 

and channel impairments, resulting from larger symbol separations. This is contrasted with 8-PSK and 

16-QAM, the denser constellation arrangements of which lead to higher susceptibility to noise even 

when SNR is high. These findings underscore the trade-off between spectral efficiency and robustness, 
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reinforcing our conclusion that QPSK, in particular, is the most robust modulation scheme for ground-

to-satellite FSO links under adverse atmospheric conditions. As the link distance increases, a general 

trend of decreasing quality-factor values emerges across all modulation schemes. The decline in the 

quality factor indicates the sensitivity to distance-induced signal degradation and the varying rates of 

decrease among modulation schemes highlight differences in their resilience to longer link distances. 

Figure 7 shows the BER obtained for different modulation schemes (QPSK, 8-PSK, 16-PSK and 16-

QAM) at different levels of attenuation. Each attenuation value corresponds to a cloud type, as 

described in Table 4. 

Table 4. Attenuation at 1550nm of different types of cloud. 

Cloud Type Attenuation (dB/km) 

Stratus 0.035 

Cumulus 0.037 

Cumulonimbus 0.011 

Stratocumulus 0.026 

Cirrus 0.134 

Figure 7. BER vs. attenuation (dB). 

QPSK consistently exhibits lower BER values, making it more robust and less susceptible to errors 

induced by signal attenuation. 16-QAM experiences a comparatively higher BER compared to QPSK, 

8-PSK and 16-PSK at an attenuation level of 0.143, indicating that it may be more sensitive to higher 

levels of attenuation, making it less robust under challenging communication conditions. 8-PSK and 

16-PSK have moderate sensitivity to attenuation, indicating a trade-off between higher data rates and 

increased susceptibility to signal degradation. 

To statistically characterize the fluctuations induced by turbulence in the intensity received I, we 

employ the gamma–gamma distribution. Its probability density function is given by: 

𝑝𝐼(𝐼) =
2(𝛼𝛽)

𝛼+𝛽
2

Γ(𝛼)Γ(𝛽)
𝐼
𝛼+𝛽

2 𝐾𝛼−𝛽(2√𝛼𝛽
𝐼

𝐼0
)    (11) 

where, α and β are parameters related to the small-scale and large-scale turbulence effects, I0 is the 

average received power, Γ(·) denotes the gamma function and Kν (·) is the modified Bessel function of 

the second kind. 

This model allows us to derive the effective signal-to-noise ratio (SNR), γeff, which is used to compute 

the bit-error rate (BER) through the Q function: 

BER = 𝑄(√γ𝑒𝑓𝑓)     (12) 

Figure 8 illustrates the BER for various modulation schemes, including QPSK, 8-PSK, 16-PSK and 

16- QAM, at different communication ranges. We note that at shorter ranges, such as 2000 km and

6595km, both QPSK and 16-QAM exhibit BER of 0, indicating reliable and error-free performance 

within these distances. On the other hand, 8-PSK and 16-PSK, while maintaining relatively low BER 

values, show slightly higher error rates compared to QPSK and 16-QAM in these short ranges. The 

QPSK modulation technique demonstrates robustness throughout the entire range, consistently 
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delivering lower BER values compared to the other modulation schemes. This underscores the 

suitability of QPSK for scenarios that require reliable communication over extended distances. 

Thus, at shorter distances, such as 2000 km and 6595 km, the free-space path loss and turbulence-

induced fading are minimal, resulting in a higher received signal power and a correspondingly high 

signal-to-noise ratio. Under these favorable conditions, the system operates in an optimal regime, 

where the channel impairments are negligible. This shows that when the channel is not significantly 

stressed by attenuation or noise, even more complex modulation schemes can achieve near-perfect 

decoding. 

Figure 8. BER vs. link distance (km). 

In addition to the BER and OSNR, we evaluate the performance of the FSO system using the quality 

factor Q. The quality factor quantifies the separation between the signal and noise levels and is defined 

as: 

𝑄 =
𝜇signal−𝜇noise

𝜎signal+𝜎noise
    (13) 

where µsignal and µnoise denote the mean values of the signal and noise,  respectively,  and σsignal  and 

σnoise represent their corresponding standard deviations. A higher Q value implies a clearer distinction 

between the signal and noise, which generally corresponds to a lower bit-error rate (BER). 

Figure 9 describes the BER versus the transmitted power for various modulation schemes, including 

QPSK, 8-PSK, 16-PSK and 16-QAM. At a transmitted power of 0, all schemes exhibit BER values 

around 0.5, except for 16-QAM, which has a slightly higher BER of 0.51. As the transmitted power 

increases to 10, the BER decreases, with QPSK showing a significant improvement, at a transmitted 

power of 15, QPSK achieves an exceptionally low BER of 3.00E-05, demonstrating its resilience to 

errors. At higher transmission-power levels, the BER values consistently approach zero, indicating that 

higher transmission-power levels contribute to a stronger and more reliable signal, resulting in 

significantly reduced error rates. QPSK consistently achieves lower BER values across the range of 

transmitted powers, while 16-QAM appears to be more sensitive to variations in transmitted power, 

especially at lower levels. 

The observed differences in BER performance between modulation schemes can be attributed to the 

inherent characteristics of their constellation designs and the robustness to noise. QPSK utilizes a four- 

point constellation with wider Euclidean distances between symbols, making it more resilient to noise 

and channel impairments. In contrast, 16-QAM compresses 16 symbols into the same signal space, 

resulting in closer constellation points and increased susceptibility to errors in the presence of noise or 

power variations. Although higher-order modulation schemes, such as 16-QAM, offer superior 

spectral efficiency, they suffer from reduced robustness under adverse conditions. This trade-off is 

evident in our simulations (as seen in Figure 9), where QPSK maintains a lower BER across various 

transmitted power levels due to its larger decision regions, while 16-QAM exhibits a higher BER in 

low-power scenarios. These results highlight the fundamental balance between spectral efficiency and 

signal robustness in FSO-communication systems. 

In our model, the received optical power Preceived is expressed as: 

𝑃received = 𝑃transmitted. 𝑒
−𝛼𝐿. 𝑒−𝛽𝐶𝑛

2𝐿5 3⁄
(14)
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Figure 9. BER vs. transmitted power (dB). 

where, 𝑃transmitted is the transmitted optical power, L is the link distance, α represents the attenuation

coefficient due to clouds (derived from empirical models, such as those based on Mie scattering 

theory), 𝐶𝑛
2 is the  refractive-index structure parameter, characterizing the strength of atmospheric

turbulence and β is a scaling constant that captures turbulence-induced fading. 

The degradation in received power due to atmospheric turbulence is further characterized by the Rytov 

variance: 

𝜎𝑅
2 = 1.23𝐶𝑛

2𝑘7 6⁄ 𝐿11 6⁄  (15) 

with 𝑘 =
2𝜋

𝜆
 being the optical wave number and λ the operating wavelength. Under strong turbulence,

the factor 𝑒−𝛽𝐶𝑛
2𝐿5 3⁄

 effectively models the fading effect that affects the received signal.

Figure 10 illustrates the BER in different modulation schemes, including QPSK, 8-PSK, 16-PSK and 

16-QAM, at different levels of the OSNR. The OSNR is defined as the ratio of the received optical 

signal power to the noise power spectral density: 

OSNR =
𝑃signal

𝑁0.𝐵
(16) 

where Psignal represents only the power of the transmitted signal (without the noise contribution) 

contrary to Preceived which is the optical power detected in the receiver after accounting for losses due to 

atmospheric and cloud attenuation. N0 represents the spectral density of the noise power. B is the 

bandwidth of the channel over which the optical signal and noise are measured. The data shows that at 

an OSNR of 0, higher BER values are observed, with QPSK demonstrating a lower BER, indicating its 

robustness in maintaining signal quality. Higher-order modulation schemes, like 16-PSK and 16-

QAM, exhibit higher BERs, indicating increased sensitivity to noise. As OSNR increases to 5, 10 and 

15, the BER decreases consistently, with QPSK demonstrating superior performance with extremely 

low BER values. At higher OSNR levels (20 and 25), the BER values approach zero, indicating a 

substantial reduction in errors. QPSK maintains its advantage with consistently low BER, but even 

higher-order modulation schemes achieve highly reliable communication under these favorable 

conditions. 

Figure 10.  BER vs. OSNR (dB). 
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The trade-off between spectral efficiency and noise robustness plays a critical role in the performance 

of different modulation schemes in FSO communication. QPSK, with its four-symbol constellation, 

benefits from larger Euclidean distances between symbols, making it inherently resilient to noise and 

channel impairments. This ensures a consistently low BER even in challenging conditions. However, 

higher-order modulation schemes, such as 16-QAM, achieve greater spectral efficiency by packing 

more symbols into the same signal space. Although this increases data throughput, it also reduces the 

separation between constellation points, making the modulation more sensitive to noise and signal 

distortions. However, under optimal conditions, such as high optical signal-to-noise ratio, minimal 

attenuation and low turbulence, 16-QAM and other higher-order schemes can maintain low BER 

values due to the reduced impact of noise. This highlights the fundamental trade-off: QPSK remains a 

robust choice across a wide range of conditions, whereas higher-order modulations can achieve similar 

performance when the channel provides a high- quality, low-noise environment. 

Figure 11 shows the values of the quality factor for different modulation schemes, QPSK, 8-PSK, 16-

PSK and 16-QAM, at varying levels of OSNR. At an OSNR of 0, the quality-factor values are 

relatively high, indicating decent signal quality. However, 16-QAM has the lowest quality factor at 

this level, suggesting that it is more susceptible to noise. As OSNR increases to 5 and 10, the quality 

factor improves consistently, with QPSK and 8-PSK exhibiting higher quality factors, while 16-QAM 

shows a significant improvement, highlighting its ability to benefit from increased OSNR for 

enhanced signal quality. At OSNRs of 15 and 20, the quality factor continues to increase, with QPSK 

and 8-PSK maintaining strong performances, while 16-QAM shows a substantial improvement, 

indicating its ability to achieve higher signal quality at elevated OSNR levels. At the highest OSNR 

level of 25, QPSK and 8-PSK maintain high quality factors, while 16-QAM achieves a notable 

improvement. 

Figure 11. Quality factor vs OSNR (dB). 

Figure 12 illustrates the EVM values obtained for different modulation schemes, QPSK, 8-PSK, 16-

PSK and 16-QAM, at different levels of OSNR. EVM is calculated by comparing the received optical 

signal’s constellation points to the expected or ideal points based on the modulation scheme used. 

Lower percentages of EVM indicate a higher fidelity of the received signal to the ideal signal. The 

relationship between EVM and OSNR provides insight into how signal distortion varies with changes 

in signal quality for each modulation scheme. At an OSNR of 0, all modulation schemes exhibit 

relatively high EVM values, indicating significant signal distortion due to low signal-to-noise ratios. 

Our simulation results indicate that, under optimal atmospheric conditions, 16-QAM can achieve 

lower EVM values. This suggests that, with effective receiver processing and in low-noise 

environments, higher-order modulation schemes can also deliver high signal fidelity. As OSNR 

increases to 5, 10 and 15, the EVM values decrease for all modulation schemes, contributing to 

improved signal quality and reduced distortion. QPSK and 8-PSK consistently exhibit lower EVM 

values, demonstrating their resilience even under optimal conditions. Higher-order modulation 

schemes, such as 16-PSK and 16-QAM, still exhibit higher distortion compared to simpler modulation 

schemes. Although QPSK typically benefits from a larger decision region, our simulation results 

indicate that under favorable OSNR conditions, 16-QAM can achieve lower EVM values. This 

suggests that, with effective receiver processing and in low-noise environments, higher-order 

modulation schemes can also deliver high signal fidelity. 
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Figure 12. EVM (%) vs OSNR (dB). 

In conclusion, our study provides a comprehensive evaluation of ground-to-satellite FSO 

communication systems under realistic atmospheric conditions. The simulation results demonstrate 

that as the link length increases, the adverse effects of atmospheric turbulence and cloud attenuation 

become more pronounced, leading to deteriorated performance metrics. Among the modulation 

schemes analyzed, QPSK emerges as the most robust option, consistently providing lower BER and 

higher quality factors in high-attenuation scenarios. These insights are critical for designing resilient 

FSO systems, particularly for satellite-communication applications where maintaining link reliability 

under extreme conditions is paramount. Future work will explore adaptive modulation strategies and 

real-world experimental validation to further optimize system performance. 

6. LIST OF ABBREVIATIONS

Table 5. List of abbreviations. 

Abbreviation Full Form Abbreviation Full Form 

FSO Free Space Optical DWT Discrete Wavelet Transform 

BER Bit Error Rate MIMO Multiple-Input Multiple-Output 

OSNR Optical Signal-to-Noise Ratio ADC Analog-to-Digital Converter 

SNR Signal-to-Noise Ratio DSP Digital Signal Processing 

QPSK Quadrature Phase Shift Keying LEO Low Earth Orbit 

8-PSK 8-Phase Shift Keying GEO Geostationary Orbit 

16-PSK 16-Phase Shift Keying WDM Wavelength Division Multiplexing 

16-QAM 16-Quadrature Amplitude Modulation

OOK On-Off Keying 
RF Radio Frequency 

DPSK Differential Phase Shift Keying HT Hilbert Transform 

M-PSK M-ary Phase Shift Keying 𝐶𝑛
2 Refractive Index Structure Parameter

M-QAM M-ary Quadrature Amplitude

Modulation 
MZM Mach–Zehnder Modulator 

LOS Line of Sight AWGN Additive White Gaussian Noise 

CWT Continuous Wavelet Transform Q Quality Factor 

7. CONCLUSION

FSO communication is crucial to improve resilience and adaptive capacity to climate-related hazards 

and natural disasters, with high data rates and low latency. Its applications include 

telecommunications, disaster response, military communications, scientific research and aerospace. 

FSO’s rapid deployment capabilities and versatility in addressing diverse communication challenges 

make it essential in regions where traditional infrastructure is impractical or disrupted. 

The study examines the challenges faced by FSO technology, particularly in satellite-to-ground 

communications amid atmospheric obstructions, such as clouds and turbulence. It reveals that QPSK 

modulation is the optimal choice for FSO communication in satellite networks facing cloud-induced 
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attenuation. QPSK consistently maintains the lowest BER even in adverse conditions and exhibits 

exceptional resilience in the face of varying transmitted power and noise levels. 

Future research will focus on refining mitigation strategies for cloud effects on FSO system 

performance, exploring innovative modulation techniques and developing advanced models to 

quantify atmospheric impacts more accurately. Practical implementation and field testing of the 

proposed FSO system under real-world conditions would provide valuable insights into its 

performance and robustness. 
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ملخص البحث:

يعُدددددتصّال لّددددد فصاالّدددددلحرص دددددرصااةلددددد  صااتدددددعّص دددددالاصا    ددددد صااّ  ددددد صاا   ايدددددتص  ددددد صال لّددددد ل ص

صاكدددددمصّص لاحدددددتصم هددددد صمعدددددتلّ صا  أددددد  ص   ددددد ص  مددددد  ص  لددددد   هدددددلصيت دّدددد صصعصاالّددددد   ر مدددددمصاا  ددددد

 دا صال لّددددد فصاالّدددددلحرص دددددرصااةلددددد  صااتدددددعّصي دددددُّلعصاددددد اّ ع  صاا     ددددد  صم ددددد ص  دددددك  صاا  دددددل  ص

 الضدددددددد عا،صاالددددددددلّف ص اا ددددددددرص  تدددددددد ّ ص ددددددددرص ضددددددددع  صا  دددددددد   ص   دددددددد   ه ص ضدددددددد   لاصاادددددددد ص

 مددددددمصالأمددددددل صالأف فدددددد  ص ّ صااةهدددددد صالأ لدددددد صا ددددددُّل عا صااّ ددددددع  صااللّيدددددد صص  ددددددلّط  صااّ ددددددل  

 فصاالّددددددلحرص ددددددرصااةلدددددد  صااتددددددعّص ادددددد ص  أدددددد ص   دّدددددرصافدددددد عا  ل   ص  دددددد ص دا ص أ  دددددد صال لّدددددد

صا تددددددتصّمددددددمصطدددددد  صاا دّدددددُّل عا صصأ  عدددددد  ص  عدّددددد فصا  دددددد صآ عددددددتصّ لطعيدددددد ص   فدددددد  صالدددددد   ص دا   مددددددم 

صصالأأ    ص

 ددددددرصطدددددد  صااتّ افدددددد  صن  دددددد صا   دددددد  ص دا ص أ  دددددد صال لّدددددد فصاالّددددددلحرص ددددددرصااةلدددددد  صااتددددددعّص تدددددد ص

لددددددلّفص   ددددددك  صاا  ددددددل ص  ألا هدددددد  صمدددددد صظددددددع  ص لّيدددددد صم   ةدددددد صمددددددمص  دددددد صالضدددددد عا،صاا

اا عّك ددددد ص  ددددد ص أ  ددددد صال لّددددد فصمدددددمصالأ  ص اددددد صاا  دددددعصاالّددددد   ر ص ندددددتص    ددددد ص  ددددد ص ت  ددددد ص

ااعتيدددددتصمدددددمص    ددددد  صاا عّدددددتي ص اا    أددددد صا  هددددد صا عع ددددد صاا ّ    ددددد  صاا دددددرص اح هددددد صكددددد ص    ددددد صمدددددمص

ص  فدددد  صمددددمص  دددد ص    دددد  صاا عّددددتي  ص  تدددده صاا ّ دددد حوصااّ ددددرص ددددّ صااتلددددلفص   هدددد ص ددددرص ددددل   عص ؤىلا

 تتدددددد مصافدددددد عا  ل   صاا عددددددتي  صمددددددمص  دددددد صااتلددددددلفص  دددددد ص  اادددددد صضددددددلح  ص  تّدددددد صا ا   أدددددد ص

ص اا لللن  صا مصالأ  ص الأن   صاالّ      
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