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Abstract. Integrating unmanned aerial vehicles (UAVs) into a relay-based free space optical 

(FSO) communication system has several blessings that incorporate dealing with turbulence-induced 

atmospheric scintillation due to their flexible mobility. This study extensively assesses a UAV-FSO system 

that is based on a decode-and-forward dual-hop strategy with multiple transmission sources. Through the 

incorporation of the Gamma-Gamma (GG) distribution to measure factors such as atmospheric losses, 

atmospheric turbulence, angle-of-arrival fluctuations, and pointing errors, a faithful formula for the 

probability density function (PDF) of the total channel gain is derived.  A mathematical representation for 

the average bit error rate (BER) of the system is also derived and later on, validated through extensive 

Monte Carlo simulations. The simulation outcomes spotlight model robustness across a range of 

operational conditions. These results underline the enhanced efficiency and versatility of the UAV-

assisted FSO systems that can manage various data sources, and consequently, they can be quite 

applicable in the case of surveillance and mobile network communications. 
 

Keywords: FSO communication, UAVs relay, BER, Pointing Error.  
 

 

 

 

1. INTRODUCTION  

 

The rapid advancements in wireless communication technologies, with an increasing demand for 

higher data rates, has placed into a substantial strain on the strained traditional radio frequency (RF) 

communication systems resulting from an increasing need for higher data rates. In an effort to mitigate 

spectrum overcrowding, free space optical (FSO) communication has attracted considerable interest as a 

plausible substitute [1]-[3]. In contrast to RF communication systems, FSO technologies do not 

necessitate licensing, exhibit directional properties, are resistant to electromagnetic interference, and are 

difficult to intercept, rendering them particularly suitable for applications using line of sight (LoS) and 

wireless [4]-[6]. Terrestrial FSO systems face critical challenges despite these advantages, such as path 

loss, atmospheric turbulence, and pointing errors [7], [8]. Signals being sent through the air suffer random 

fluctuations in the received signal power that tend to become more and more severe as the transmission 

distance increases [9]. After getting over a few kilometers, the reliability of FSO communication signals 

decreases significantly [10]. Therefore, accuracy in LoS alignment is a crucial part of the system 

mailto:zaid.obaid@atu.edu.iq
mailto:inb.wfa@atu.edu.iq
mailto:zaid.obaid@atu.edu.iq
https://doi.org/10.46649/fjiece.v4.1.15a.25.3.2025


    

                            

 

A
T

U
-F

JI
E

C
E

, 
V

o
lu

m
e:

 4
 ,

 I
ss

u
e:

 1
, 

 M
ar

ch
, 

2
2

, 
2
0

2
5

, 
©

 2
0
2

0
 F

JI
E

C
E

, 
A

ll
 R

ig
h

ts
 R

e
se

rv
ed

  

210 

 

 

 
 

Al-Furat Journal of Innovations in Electronics and Computer 

Engineering (FJIECE) 

ISSN -2708-3985 

performance of FSO communications [11]. For dealing with these problems, relay-based FSO systems 

have been developed [12]. However, the existing solutions, particularly those of the fixed ground relays, 

like [13]-[19], have a limitation to adjust dynamically to the variable channel conditions. This imposes 

constraints on the practical application of the relays. Finding suitable locations for relays is a difficulty 

owing to multiple physical obstacles. 

The evolution of technology in unmanned aerial vehicles (UAV) has been the cornerstone of the 

development of FSO wireless communication systems based on the UAV technology relay, as illustrated 

in [20], [21]. Through their dynamic repositioning in response to the changes in channel conditions, UAV-

based FSO systems make LoS transmission requirements compatible by giving high mobility, and thus the 

overall communication performance is improved significantly [22]. The convergence of FSO with UAV 

technology will probably become the main force for the UAV communication systems upgrade 

throughout diverse applications [23]-[25]. 

A critical aspect of this development involves the creation of accurate channel models and 

performance metrics customized for UAV-assisted FSO relay systems. For example, studies on hybrid 

FSO/RF UAV-based have recently dealt with the problem of data throughput under buffering constraints 

[26]. However, the studies before [26]-[29] always have ignored the effect of the loss of the angle of 

arrival due to the change of the orientation of a UAVs. Reference [30] presented an innovative channel 

model for UAV-based FSO front-link,  designed to account for angular fluctuations due to non-orthogonal 

laser beams. This model takes some input parameters into account. One of them is the misalignment of the 

beam and another one represents the changes in incidence angles, particularly occurring with weak 

atmospheric turbulence [31]. 

Moreover, surveys such as [32] have validated the dependability of FSO systems that operate at 

high altitudes, taking into account AoA fluctuations and misalignment-related losses. The recent 

improvements involve the incorporation of a full statistical channel model for FSO based on UAVs 

communication systems, taking into consideration atmospheric attenuation, turbulence, and pointing 

errors. Connectivity problems are also considered due to the variation of the AoA [33]. Nonetheless, the 

references [21], [33]-[39] mostly stick to the single-source systems; thus, multi-source configurations are 

generally left unexplored. 

Incorporating multiple source nodes into UAV-assisted FSO systems presents significant practical 

benefits, particularly for applications like multipoint fire detection and cellular networks. This study 

focuses on a decode-and-forward (DF) dual-hop  UAV-based FSO system and multiple sources, 

addressing the limitations of terrestrial fixed-relay systems [12]-[18]. Including UAV relays introduces 

greater mobility and adaptability while using multiple sources enhances system efficiency. This approach 

observes a considerable step forward in advancing the versatility and performance of UAV-enabled FSO 

communication networks. 

This work introduces a novel analytical expression to derive the average BER for decode-and-

forward relayed UAV-based FSO dual-hop systems. The proposed model that is being proposed will 

include explaining elements including pointing inaccuracies, arrival angle degradation, and atmospheric 

signal attenuation, employing a Gamma-Gamma (GG) distribution to model atmospheric turbulence. This 

framework explicitly addresses UAV-based free space optical systems include several source nodes and 

dual-hop decode-and-forward relays. Additionally, the probability density function (PDF) of the complete 

channel gain is derived and validated, providing a realistic and comprehensive model for system 

performance analysis. 

The study is an exhaustive investigation of how the error probability behaves in various system 

and channel configurations, examining the atmospheric turbulence, misalignment, atmospheric losses, and 

AoA variations on performance. It also studies the advantages of using multiple source nodes to improve 

the operational mobility and flexibility of UAV-assisted FSO networks. Extensive Monte Carlo 

simulations confirm the theoretical results and provide significant insights into the rendition of UAV-
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assisted FSO systems in different cases. Additionally, key system parameters are studied to suggest 

optimization strategies to enhance overall performance, underscoring the practical applicability of the 

proposed model. 

The rest of the paper is structured as follows: Section II gives the system model. Section III 

focuses on the analysis of the system's performance. Section IV presents the numerical simulation results 

that align with the analytical conclusions, and Section V includes the conclusion. 
 

 

2. SYSTEM MODEL 

 

Illustrated in Figure 1 is the examination of a hovering UAV-based free space optical decode and 

forward dual hop system. This system comprises 𝑀 source nodes (𝑆1, 𝑆2, . . . , 𝑆𝑀), a relay node (𝑅) 

positioned on a hovering unmanned aerial vehicle, and a destination node (𝐷) situated on a ground 

building. Within the system, a laser diode is employed as the transmitter (Tx) at every source node for the 

transmission of optical signals. It is presumed that the alignments of the Tx and the receiver (Rx) are 

synchronized with one another in every connection throughout the communication process. The 

unmanned aerial vehicle relay utilizes 𝑀 optical antennas to receive optical signals and subsequently 

convert them into electrical signals. UAV relays are capable of offering a forwarding protocol within FSO 

networks similar to ground relays. Subsequently, the UAV relay consistently transmits optical signals 

utilizing the DF protocol. The receiving node at the destination utilizes a photodiode for signal reception 

and carries out the process of photoelectric conversion.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The FSO relay system based on UAVs. 
 

 

 

 

 

 

S3 

S1 

S2 

SM 

L1 

L2 

L3 

LM 

R 

LM+1 

   D 

FSO link 



    

                            

 

A
T

U
-F

JI
E

C
E

, 
V

o
lu

m
e:

 4
 ,

 I
ss

u
e:

 1
, 

 M
ar

ch
, 

2
2

, 
2
0

2
5

, 
©

 2
0
2

0
 F

JI
E

C
E

, 
A

ll
 R

ig
h

ts
 R

e
se

rv
ed

  

212 

 

 

 
 

Al-Furat Journal of Innovations in Electronics and Computer 

Engineering (FJIECE) 

ISSN -2708-3985 

 

2.1. Received signal model 

 

The communication links as a whole consist of two hops. In the initial hop, a total of 𝑀 source 

nodes send out identical signal 𝑥𝑠 to the unmanned aerial vehicles relay 𝑅. Subsequently, the signal that 

was obtained at node 𝑅 may be written as 

 
       yi = GLixs + nr, 𝑖 = 1,2,3, … , 𝑀                                                (1) 

 
where the element 𝐺 indicates the relay 𝑅's optoelectronic transformation efficiency 𝑅. 𝐿𝑖 indicates the 
optical channel's attenuation coefficient between 𝑆𝑖 (𝑖 = 1. 2. 3. … 𝑀 ) & 𝑅; and  𝑛𝑟 symbolizes the noise at 
𝑅, which is represented by additive white Gaussian noise (AWGN), and a mean of zero which has a 
variance noise indicated 𝜎𝑟

2.  

Furthermore, the signal that is transmitted is considered to be symbols that are chosen with a 

similar likelihood from on-off keying (OOK) constellation such that 𝑥𝑠 ∈ {0, 2𝑃𝑡}, where 𝑃𝑡 represents the 

average power of the optical signal that is being conveyed. Accordingly, the signal-to-noise ratio (SNR) 

that was received  for 𝑖th link can be written as [34]  

 

𝛾𝑖 =
2𝑃𝑡

2𝐺2𝐿𝑖
2

𝜎𝑟
2    ,  𝑖 = 1.2.3. … . 𝑀                                                      (2) 

 
Presuming the selective transmission technique is employed by the source nodes [40], the maximal 

𝛾𝑖 is determined as the first hop's output SNR, which may represented as 

 
 

    𝛾𝑠𝑟 = 𝑚𝑎𝑥{𝛾1, 𝛾2, … , 𝛾𝑀}                                                              (3) 
 

 

In second hop, UAV relay 𝑅 employs the decode-and-forward protocol to decipher obtained 

signal, and then UAV-relay transmits recoded signal as 𝑥𝑟 destination 𝐷. Consequently, signal obtained at 

node 𝐷 can be expressed as follows 
 

     𝑦𝑑 = 𝐺𝐿𝑀+1𝑥𝑟 + 𝑛𝑑                                                                   (4) 
 

 

where 𝐿𝑀+1 denotes the factor associated with channel signal degradation between 𝐷 and 𝑅, and 𝑛𝑑 

represents the additive white Gaussian noise at 𝐷, characterized by a mean of zero and a variance of 𝜎𝑑
2. 

Consequently, the signal-to-noise ratio at 𝐷 can be formulated as 

 

                                  𝛾𝑟𝑑 =
2𝑃𝑡

2𝐺2𝐿𝑀+1
2

𝜎𝑑
2                                                                         (5) 

 
Consequently, the SNR of the 𝑆 to 𝐷 connect (end-to-end)  may be represented as [41]  

 
 

  
 
                              𝛾 = 𝑚𝑖𝑛{𝛾𝑠𝑟 , 𝛾𝑟𝑑}                                                                    (6)  
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2.2. Channel model 

 

There exist two types of connections within the system under consideration; specifically, the 

ground-to-UAV (G2U) link connecting 𝑆𝑖 to 𝑅 (where 𝑖 = 1,2,3, … , 𝑀) and the UAV-to-ground (U2G) 

link connecting node 𝑅 to node 𝐷. The attenuation coefficient 𝐿𝑖 for each link is determined as the 

product of four distinct factors, expressed as 

 
 

          𝐿𝑖 = 𝐿𝑖
𝑡𝐿𝑖

𝑎𝐿𝑖
𝑝𝐿𝑖

𝑎𝑜  ,  𝑖 = 1,2,3, … , 𝑀 + 1                                                (7) 
 

 

where  𝐿𝑖
𝑡 represents the atmospheric turbulence, 𝐿𝑖

𝑎 denotes the atmospheric losses, 𝐿𝑖
𝑝
 designates the 

pointing errors and 𝐿𝑖
𝑎𝑜 indicates the AoA fluctuations. The statistical properties of the four factors will be 

breakdown as follows: 
 
 

2.2.1 Atmospheric Turbulence 

 In light of the impact of fading brought on by air turbulence, a Gamma–Gamma (GG) distribution 

is employed here due to its tight agreement with measurements across a range of turbulence scenarios 

influencing the propagation of spherical and Gaussian beams. The PDF of 𝐿𝑖
𝑡 for the GG model is 

represented as [42] 

 

  𝑓𝐿𝑖
𝑡(𝐿𝑖

𝑡) =
(𝛼𝑖𝛽𝑖)(𝛼𝑖+𝛽𝑖) 2⁄ 𝐿

𝑖

𝑡(𝛼𝑖+𝛽𝑖) 2−1⁄

𝛤(𝛼𝑖)𝛤(𝛽𝑖)
𝐺0,2

2,0 (𝛼𝑖𝛽𝑖𝐿𝑖
𝑡  |

−
𝛼𝑖−𝛽𝑖

2
,
𝛽𝑖−𝛼𝑖

2

)                        (8) 

 

where  𝛼𝑖 and 𝛽𝑖  denote parameters that symbolize the fine number of small-scale and large-scale eddies 
amid atmospheric turbulence, as described reference [43], with 𝛤(, )denoting the gamma function. 
 

 

2.2.2 Atmospheric Loss 

 The exponential Beers-Lambert law is used to explain loss atmosphere, which is defined as 

follows [36] 

    𝐿𝑖
𝑎 = 𝑒𝑥𝑝 (−𝑍𝑖𝜎),   𝑖 = 1,2,3, … , 𝑀 + 1                                   (9) 

 
where 𝑍𝑖 is 𝑖th connection distance, 𝜎  is the coefficient of atmospheric reduction, which is dependent on 
visibility situations. 
 

 

2.2.3 Pointing Error Loss 

Assuming a circular detector with a gap radius 𝑟𝑎 at receiver, as depicted Figure 2, we can observe 

impact Gaussian beam on aperture of receiver, which positioned perpendicular to the receiver's lens plane. 

It is assumed that the displacement vector radially out from the center of the detector to the centroid of the 

beam is 𝑟𝑑,𝑖 = [𝑥𝑑,𝑖, 𝑦𝑑,𝑖], with 𝑥𝑑,𝑖 and 𝑦𝑑,𝑖 representing the displacements along the horizontal and 
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elevation axes at the detector plane, respectively. Therefore, the random variables 𝑥𝑑,𝑖 and 𝑦𝑑,𝑖 can be 

expressed as 

 
𝑥𝑑,𝑖 = 𝑥𝑡,𝑖 + 𝑥𝑟,𝑖 + 𝑥𝜃𝑡,𝑖

= 𝑥𝑡𝑟,𝑖 + 𝑍𝑖𝜃𝑡𝑥,𝑖

𝑦𝑑,𝑖 = 𝑦𝑡,𝑖 + 𝑦𝑟,𝑖 + 𝑦𝜃𝑡,𝑖
= 𝑦𝑡𝑟,𝑖 + 𝑍𝑖𝜃𝑡𝑦,𝑖

                                  (10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Fig. 2. The impression of the Gaussian beam on the aperture of the receiver. 

 

 
 

According to the central limit theorem, the deviations in position and direction resulting from a 

large number of random events follow Gaussian distributions. The deviations in the position of the 

transmitter and receiver installed on the UAV are denoted as (𝑥𝑡,𝑀+1,  𝑦𝑡,𝑀+1, 𝑥𝑟,𝑖 and 𝑦𝑟,𝑖 ) for 𝑖 =
 1, 2, 3, . . . , 𝑀, are considered to follow a Gaussian distribution with a mean of zero and a variance of 𝜎𝑝,𝑔

2 . 

Similarly, for the ground platform, the position deviations (𝑥𝑟,𝑀+1,  𝑦𝑟,𝑀+1, 𝑥𝑡,𝑖 and 𝑦𝑡,𝑖) for 𝑖 =
 1, 2, 3, . . . , 𝑀 are likewise considered to be zero-mean Gaussian stochastic variables characterized by a 

variance of 𝜎𝑝,𝑔
2 . Within the framework of the 𝑆 to 𝑅 link, the angular variations 𝜃𝑡𝑥,𝑖, and 𝜃𝑡𝑦,𝑖 are defined 

as null, whereas 𝜃𝑡𝑥,𝑀+1, and 𝜃𝑡𝑦,𝑀+1  exhibit a zero-mean Gaussian distribution with a variance of  𝜎𝑜
2. 

Assuming the independence of the stochastic variables in the displacement equation, the aggregated radial 

displacement 𝑟𝑡𝑟,𝑖 = √𝑥𝑑,𝑖
2 + 𝑦𝑑,𝑖

2    adheres to a Rayleigh distribution, which can be mathematically 

represented as 

          𝑓𝑟𝑡𝑟,𝑖
(𝑟𝑡𝑟,𝑖) =

𝑟𝑡𝑟,𝑖

𝜎𝑠,𝑖
2 𝑒𝑥𝑝 (−

𝑟𝑡𝑟,𝑖
2

2𝜎𝑠,𝑖
2 )                                                    (11) 

 

Beam footprint 

Receiver optical lens 

𝐫𝑡.𝑖= [𝑥𝑡.𝑖,𝑦𝑡.𝑖] 

𝐫𝜃𝑡.𝑖
= [𝑥𝜃𝑡.𝑖

,𝑦𝜃𝑡.𝑖
] 

𝐫𝑑.𝑖= [𝑥𝑑.𝑖,𝑦𝑑.𝑖] 

𝐫𝑟.𝑖= [𝑥𝑟.𝑖,𝑦𝑟.𝑖] 

𝑥 𝑟𝑎 

𝑦 
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The overall displacement difference, denoted as 𝜎𝑠,𝑖
2 , for links from 𝑆 to 𝑅 is derived as 

 
 

          𝜎𝑠.𝑖
2 = {

𝜎𝑝.𝑔
2 + 𝜎𝑝.𝑢

2 .                  𝑖 = 1.2.3. … . 𝑀

𝜎𝑝.𝑔
2 + 𝜎𝑝.𝑢

2 + 𝑍𝑖
2𝜎𝑜

2.    𝑖 = 𝑀 + 1
                                   (12) 

 
 

Therefore, the PDF  representing pointing error can be described as [44] 
 

                𝑓𝐿𝑖
𝑝(𝐿𝑖

𝑝) =
𝜉𝑖

2

𝐴
𝑖

𝜉𝑖
2  (𝐿𝑖

𝑝)
𝜉𝑖

2−1
. 0 ≤ 𝐿𝑖

𝑝 ≤ 𝐴𝑖                                          (13) 

where 𝜉𝑖
2 = 𝜔𝐿𝑒𝑞.𝑖

2  /(4𝜎𝑠.𝑖
2 ), 𝐴𝑖 = (𝑒𝑟𝑓(𝜈𝑖))2 signifies the maximal portion of the gathered power with 

𝜈𝑖 =  √𝜋𝑟𝑎/(2𝜔𝑍.𝑖, 𝜔𝑍𝑒𝑞.𝑖
2 = 𝜔𝑍.𝑖

2 √𝜋 𝑒𝑟𝑓(𝜈𝑖) (2𝜈𝑖𝑒𝑥𝑝(−𝑣𝑖
2))⁄  represents the beam waist counterpart, 

𝜔𝑍.𝑖 represents beam waist at a detachment 𝑍𝑖 . and 𝑒𝑟𝑓(·) represent mistake function defined as  

𝑒𝑟𝑓(𝑥) =
2

√𝜋
∫ 𝑒−𝑡2𝑥

0
𝑑𝑡 . 

 

2.2.4 AoA fluctuation  

The angle of arrival variation indicates that the laser beam is not perpendicular to the receiver 

plane when it intersects it. An arriving laser beam with an angle of arrival, represented by 𝜃𝑎,𝑖, may 

sometimes surpass the detection range because of significant orientation variations in the hovering 

position of the UAV. An outage will happen if AoA received exceeds field of vision. Consequently, the 

angle of arrival of the signal is determined as 𝜃𝑎,𝑖 = √𝜃𝑡𝑥,𝑖
2 + 𝜃𝑡𝑦,𝑖

2 , which follows with a Rayleigh 

distribution represented as [45] 

 

      𝑓𝜃𝑎,𝑖
(𝜃𝑎,𝑖) =

𝜃𝑎,𝑖

𝜎𝑜
2 𝑒𝑥𝑝 (−

𝜃𝑎,𝑖
2

2𝜎𝑜
2) ,   𝜃𝑎,𝑖 ≥ 0                                       (14) 

 

The connection between the transmitter and receiver  (𝑆 and 𝑅) is interrupted when the angle of 

arrival of the received beam falls outside of the field of view (FoV). Therefore, the function 𝐿𝑖
𝑎𝑜 can be 

defined as  

 

                  𝐿𝑖
𝑎𝑜 = {

1,
0,

𝑖𝑓   𝜃𝑎,𝑖 ≤ 𝜃𝐹𝑜𝑉,𝑖 
𝑖𝑓   𝜃𝑎,𝑖 > 𝜃𝐹𝑜𝑉,𝑖

                                                    (15) 

 

where 𝜃𝐹𝑜𝑉.𝑖 is the field of view of the 𝑖th receiver. Hence, from (14) and (15), the PDF of 𝐿𝑖
𝑎𝑜 can be 

written as 
 

 𝑓𝐿𝑖
𝑎𝑜(𝐿𝑖

𝑎𝑜) = exp (−
𝜃𝐹𝑜𝑉.𝑖

2

2𝜎𝑜
2 ) 𝛿(𝐿𝑖

𝑎𝑜) + [1 − exp (−
𝜃𝐹𝑜𝑉.𝑖

2

2𝜎𝑜
2 )] 𝛿(𝐿𝑖

𝑎𝑜 − 1)
                          (16) 

where 𝛿(, ) is the Delta function in Dirac theory. Combining the GG distribution for atmospheric 
turbulence , with factors such as path losses, pointing errors, and AoA losses specific to the system being 
studied the creates a new PDF model. 

Subsequently, we derive the Probability Density Function and the Cumulative Distribution 

Function (CDF) for the consolidated channel model by integrating the comprehensive atmospheric 
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turbulence framework with atmospheric degradation, pointing inaccuracies, and AoA losses associated 

with the FSO systems deployed on UAVs. 

 

2.3. Unified channel Model  

 

As per the four factors, the PDF of 𝐿𝑖 can be represented 
 

         𝑓𝐿𝑖
(𝑥) = ∫

0

∞
 
1

𝐿𝑖
𝑓𝐿𝑖

𝑎𝑜 (
𝑥

𝐿𝑖
) 𝑓𝐿𝑖

(𝐿𝑖)𝑑𝐿𝑖                                                  (17) 

 

where 𝐿𝑖 = 𝐿𝑖
𝑡𝐿𝑖

𝑎𝐿𝑖
𝑝𝐿𝑖

𝑎𝑜. Furthermore, the PDF can be obtained as 

 

                 𝑓𝐿𝑖
(𝑥) = ∫

0

∞
 𝑓𝑥 𝐿𝑖

𝑎𝑜⁄ (
𝑥

𝐿𝑖
𝑎𝑜) 𝑓𝐿𝑖

𝑎𝑜(𝐿𝑖
𝑎𝑜)𝑑𝐿𝑖

𝑎𝑜                                              (18) 

 

By incorporating (8), (9), (13), and (16) in (18) and applying ([46], Eq. (9.31.5)), the unified PDF 

of  𝐿𝑖 is obtained as  
 

𝑓𝐿𝑖
(𝑥) = 𝑒𝑥𝑝 (−

𝜃𝐹𝑜𝑉.𝑖
2

2𝜎𝑜
2 ) 𝛿(𝐿𝑖) + [1 − 𝑒𝑥𝑝 (−

𝜃𝐹𝑜𝑉.𝑖
2

2𝜎0
2 )]

×
𝛼𝑖𝛽𝑖

𝐴𝑖𝐿𝑖
𝑎0𝛤(𝛼𝑖)𝛤(𝛽𝑖)

 𝐺1.3
3.0 (

𝛼𝑖 𝛽𝑖 

𝐴𝑖𝐿𝑖
𝑎𝑜 𝑥|

𝜉
𝑖
2

𝜉
𝑖
2 − 1. 𝛼𝑖 − 1. 𝛽

𝑖
− 1

)
                               (19)      

      

where 𝐺𝑝.𝑞
𝑚.𝑛[⋅]   is Meijer’s G-function. 

 

3. PERFORMANCE ANALYSIS  

 

The average bit error rate performance of the UAV-based FSO system using OOK modulation is 

determined as described  [47] 

 

𝑃𝑏(𝑥) = 𝔼 [
1

2
𝑒𝑟𝑓𝑐 (√

𝛾0𝑥2

4
)]

              =
1

2 √𝜋
∫  

∞

0
𝐺1.2

2.0 (
𝛾𝑖𝑥2

4
|

1
1.0,5

) 𝑓𝐿𝑖
(𝑥)𝑑𝑥

                                               (20) 

 

In (20), the complementary error function, designated as erfc(. ), is employed ([46], Eq. (8.250.4)) 

and is articulated employing Meijer’s G-function [[46], Eq. (8.4.14.1)]. By incorporating (19) into (20) 

and utilizing the integration formula from [[48], Eq. (07.34.21.0084.01)], we derive a closed form 

representation to the average BER of the system under examination as 
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𝑃𝑏(𝑥) =
1

2 √𝜋
[𝑒𝑥𝑝 (−

𝜃𝐹𝑜𝑉,𝑖
2

2𝜎𝑜
2 ) 𝛿(𝐿𝑖

𝑎𝑜)𝐺2,3
2,1 (

𝜎𝑠𝑟
2

8𝜂2𝑃𝑡
2 |

1,2
2,1.5,0

)

+𝜓
𝑖
𝐺5,4

2,4 (
𝛼𝑖 𝛽𝑖 𝜎𝑠𝑟

2

16𝐴𝑖𝐿𝑖
𝑎𝜂2𝑃𝑡

2 |
1, 𝜉𝑖

2,
−𝜉𝑖

2+2

2
,

−𝛼𝑖−2

2
,

−𝛽𝑖−2

2

𝜉𝑖
2 − 1, 𝛼𝑖 − 1, 𝛽𝑖 − 1,

−𝜉𝑖
2

2
,
)]

                                (21) 

where 𝜓𝑖 =
𝛼𝑖𝛽𝑖[1−𝑒𝑥𝑝 (−

𝜃𝐹𝑜𝑉.𝑖
2

2𝜎0
2 )]

2(𝜋)3 2⁄ 𝐴𝑖𝐿𝑖
𝑎𝛤(𝛼𝑖)𝛤(𝛽𝑖)

. 

 
 

4. NUMERICAL RESULTS  

In this section, computational methodologies alongside Monte Carlo simulations (averaged over 

108 channel realizations) are employed to assess the effectiveness of the UAV-centric free-space optical 

communication framework and to validate the accuracy of the derived theoretical models. Additionally, a 

thorough examination is performed to investigate the influence of various system parameters on the error 

probability, presuming uniform distances between the source and relay, as well as between the relay and 

recipient. The simulation parameters used for clarity are elaborated in Table 1. This simulation was 

executed using MATLAB. 

 
Table 1. Simulation Parameters.  

 

Parameter Values 

Wavelength, 𝜆 1550 nm 

Bandwidth, 𝐵 250 MHz 

Index of refraction structure parameter, 𝐶𝑛
2 2,5 × 10−14 m−2 3⁄  

Data rate, 𝑅 4000 Mbits/s 

Optoelectronic conversion factor, 𝜂 0.9 

Noise variance at 𝑅, 𝜎𝑟
2 2,5 × 10−14 

Noise variance at 𝐷, 𝜎𝑟𝑑
2  2,5 × 10−14 

FoV of the 𝑖th Rx, 𝜃𝐹𝑜𝑉 5 mrad 

Aperture radius, 𝑎𝑟  25 × 10−3 m 

Atmospheric attenuation coefficient, 𝜎 0,001𝑚−1 

The standard deviation of the UAV displacement, 𝜎𝑝.𝑢 10cm 

The standard deviation of the ground displacement, 𝜎𝑝.𝑔 10cm 

The variance of the orientation deviations, 𝜎𝑜 1.2 mrad 

Beam waist at 𝑍𝑖, 𝜔𝑍.𝑖 2m 

𝛼, 𝛽 3.01, 3 
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Figures 3, 4, and 5 illustrate the BER of analyzed system in relation to the quantity of users 𝑀 =3 

and 𝜎𝑅,𝑖
2  = 0.5  under various rainy weather conditions characterized by different propagation distances 

and minimal pointing error losses. Initially, it was observed that the BER decreased with an increase in 

transmission power across all weather scenarios. Furthermore, an extended distance (Zi = 2000) correlates 

with an elevated BER, as both path loss and signal degradation intensify with increased distance. In this 

context, signal absorption phenomena and scattering, particularly under weighty rainfall over lengthy 

distances, contribute to the heightened BER. While absorption and scattering diminish during light rain 

and moderate, the prolonged distance influences the BER. Conversely, for a shorter distance (Zi = 100), 

the briefer distance reduces the extent showing signal deterioration when the optical beam goes through a 

smaller rain volume of rain, resulting in decreased absorption and scattering; thereby, the BER is to 

decline. 

Figure 6 illustrates the impact of distance on the average bit error rate when the pointing error 

constant is set at 𝜉 =  6.7. The results show that the BER increases as transmission distances increase. 

However, when the distance is at Zi = 100, the system's performance improves, leading to a reduction in 

BER. In summary, as distance increases, the BER rises. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. BER performance versus SNR during light rain and different distances when 𝝈𝑹.𝒊
𝟐 = 𝟎, 𝟓 and 𝑴 = 𝟑. 

 

 

 

 

 



    

                            

 

A
T

U
-F

JI
E

C
E

, 
V

o
lu

m
e:

 4
 ,

 I
ss

u
e:

 1
, 

 M
ar

ch
, 

2
2

, 
2
0

2
5

, 
©

 2
0
2

0
 F

JI
E

C
E

, 
A

ll
 R

ig
h

ts
 R

e
se

rv
ed

  

219 

 

 

 
 

Al-Furat Journal of Innovations in Electronics and Computer 

Engineering (FJIECE) 

ISSN -2708-3985 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. BER performance versus SNR during moderate rain and different distances when = 𝟎, 𝟓 and 𝑴 = 𝟑. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. BER performance versus SNR during heavy rain and different distances when 𝝈𝑹.𝒊
𝟐 = 𝟎, 𝟓 and 𝑴 = 𝟑. 

 

 



    

                            

 

A
T

U
-F

JI
E

C
E

, 
V

o
lu

m
e:

 4
 ,

 I
ss

u
e:

 1
, 

 M
ar

ch
, 

2
2

, 
2
0

2
5

, 
©

 2
0
2

0
 F

JI
E

C
E

, 
A

ll
 R

ig
h

ts
 R

e
se

rv
ed

  

220 

 

 

 
 

Al-Furat Journal of Innovations in Electronics and Computer 

Engineering (FJIECE) 

ISSN -2708-3985 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Average BER against the SNR for varying distances. 

 
 

 

 

5. CONCLUSION  

 

This research scrutinized the integrated channel model and performed a comprehensive 

performance assessment dual-hop architecture for UAV-enabled FSO communication involving multiple 

sources. The extensive analytical results allow for the evaluation of the UAV-based FSO system 

underneath different atmospheric circumstances, particularly when applying the GG turbulence model. 

This assessment considers elements like variations in the AOA, atmospheric losses, and pointing errors. 

We have established a precise analytical expression for the system's BER. The numerical analyses 

performed confirm the accuracy of our theoretical models. These models enable system architects to 

effectively evaluate the performance of these systems without the requirement for costly and time-

intensive simulations. Furthermore, our understanding of factors that impact BER performance enables 

system designers to specify optimal choices among the various parameters. 
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