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Abstract. A drone is a vehicle with no human pilot, staff, or passengers aboard recently 

used in various civil and military applications. Drones are controlled remotely by a human 

operator and flown. The technical advantages of free-space optical (FSO) technology 

motivated the researchers to continue investigating to use it in the communication between 

drones. Nevertheless, every technology face limiting factors that degrade performance. In 

this paper, the channel gain H effect was taken into consideration. The purpose is to 

compare the performance among different topologies that the system consists of, determine 

the effect of increase the drone’s number on the system impacts, and extract the highest 

altitude h the system can reach. The system was modelled using MATLAB 2020, and the 

results showed that as the number of drones increased, the Signal-to-Noise ratio (SNR) 

increased. The maximum link distance Z between any two parts and the maximum altitude 

h the system reached was 7800 m.      

Keywords: Drone, Free space optical, Signal-to-Noise ratio, Channel gain, Altitude, Link 

distance. 

1   Introduction 

The drone is applying in low-altitude and short-length applications. The drone is one type 

of unmanned aerial vehicle (UAV), and the latter is part of an unmanned aircraft system (UAS), 

which needs a ground-based controller [1]. The UAV is classified according to its size and 

configuration, total take-off weight, operational altitude, ownership, launch system [2]. As 

control technologies advanced and costs decreased, their utilization expanded quickly and 

applied in several applications [3] in which some of the drone services available. The FSO 

technology links the drone and the controller or between the drones themselves. FSO uses the 

laser to propagate in free space to transmit data wirelessly.  Many merits encourage using FSO 

technology as an alternative to RF technology, such as licensed free, high bit rates, long-range 

operation, immunity to electromagnetic interference, high security [4], and so on. 

On the other hand, many limiting factors existing in both the atmospheric layer and in laser. The 

atmospheric layer liming factors are fog, rain, pollution, aligned stability in the wind [5], [6]. 

At the same time, the limiting factors in a laser beam are narrow beamwidth that complicates 

the alignment between two transceivers, the choice of laser wavelength that is subject to minimal 
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losses, etc. As a result of these factors, the receiver signal gets attenuated and limits the valuable 

distance, resulting in a higher bit error ratio (BER).  

In addition to the mentioned limiting factors, the channels connected between drones were 

classified as a non-stationary link. One significant problem arising from such a link is the 

pointing error (misalignment) between Tx and Rx. Many studies on systems-based FSO 

terrestrial links took into account the weather conditions and beamed pointing errors such as 

[7], [8], and [9]. In contrast, the studies on drone based FSO links are recent and rare, especially 

in pointing error limiting factors. The study [10] looked at how to improve the UAV system by 

using relay-assisted to reduce the effects of various atmospheric variables on the FSO signal 

quality. The research in [11] looked at how the Ground-UAV and UAV-UAV scenarios 

performed in the presence of air turbulence. As illustrated in [12], the BER goal was met by 

selecting the optimal beamwidth to reduce transmitted power. The survey [13] focused on the 

continual movement and changing relative speeds of participating UAV members, making it 

challenging to establish a line-of-sight (LOS) FSO link in a swarm scenario. The performance 

of a non-static and tilted link between the stationary station on the ground and the UAV was 

measured in the study [14]. The study [15] counted the number of drones that may be used to 

identify and make important decisions for area surveillance (e.g., oil pipeline leak). By 

describing source-to-relay and relay-to-destination channel models, the study's goal [16] is to 

calculate the ideal three-dimensional coordinates of the UAV relay and optimal beam pattern to 

reduce outage probability. 

This paper aims to compare the performance among different topologies that the system consists 

of, determine the effect of increasing the drone number on system performance, and extract the 

highest altitude h the flying system can reach.   

  

2   The system configuration 

Drones networking is no longer restricted to point-to-point communication between drones 

or between drones and remote controllers. Many network configurations can the drone's shape 

as mentioned in [17] and [18].  In addition, numerous channel kinds, such as Single Input-Single 

Output (SISO) link, Multiple Input-Single Output (MISO) link, Single Input-Multiple Output 

(SIMO) link, and Multiple Input-Multiple Output (MIMO) link, can be linked between drones 

in the network [15], [19] [15], [19]. In this research, the drone swarm's system configuration is 

the V-shape arrangement, as depicted in Fig 1. Many multi-rotor drones with SISO and MISO 

channels make up the configuration. The SISO channel is the link between the drones in an arm 

as well as the channel between the Ground Station (GS) Controller and the Main Drone (DM). 

The DM is the MISO channel, and it connected the last drones in both arms (D11 and D21). In 

[15], this V-shape design was used. At the transmitter end, the SISO topology has one 

transmitting aperture and one receiving aperture. The optical signals can be sent from the 

MISO's many transmitting antennas. The optical signals from many transmitting antennas are 

received by just one receiving antenna, implying that different sources are available but only 

one destination is available [20]. 

The drones in this study move at a constant speed and alter their altitude h at the same time. The 

drones will be on one side, while the GS will be on the other. As shown in Table 1, the system 

parameters differ for each channel in the system.  
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Fig. 1. V-shape swarm FSO-drones perspective illustration [15].   

 

 

Table 1. The system parameters. 

Parameter Symbol Set to 

Rate of Transmission Rate 1 Gbps 

OTP Pt 40 mW (16 dBm) 

Responsivity R 1 

Separated distance Z Varying 

Altitude h Varying 

Wavelength λ 1550 nm 

Receiver Diameter DR 1 cm 

Pointing Error Angle θr 1× 10−5 rad 

Beam Waist at z=0 w0 5× 10−2 cm 

 
 

The width wo of the transmitted optical beam from the transmitter Tx is measured by the beam 

waist wo. The DR value of the receiver aperture is 1 cm. It depends on the drone design and 

weight tolerance; the operating wavelength λ is 1550 nm because it has a smaller attenuation 

transmission window. The distance Z between two drones or between DM and GS was assumed 

to vary. The altitude of the drones was assumed to vary also.   

 

 

3   The Channel mathematical model 
 

The channel gain H is made up of three factors: atmospheric attenuation Ha, atmospheric 

turbulence Hf, and pointing error factor Hp. Each of these factors represents an impairment that 

faces the FSO system. Ha and Hf have modelled the weather condition and the atmosphere's 

turbulence, and HP has modelled the optical beam pointing with channel gain H:  
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𝐻 = ∏ 𝐻𝑎𝑚
 𝐻𝑓𝑚

𝐻𝑝𝑚
𝑀
𝑚=1  ,       m=1,2,3,…M                                          (1) 

 

where M is the topology's channel count (for SISO, M=1, and MISO=2). 

The Beer-Lambert law, represented as [21], has been used to simulate the atmospheric 

attenuation Ham: 

 

Ham
= 𝑒𝑥𝑝(−𝑍𝑚𝜎)                                                                          (2) 

 

where Zm is the link distance of the mth channel and σ is the attenuation coefficient, which is a 

function of visibility [22]. The channel fading of atmospheric turbulence Hfm can be expressed 

as: 

 

𝐻𝑓𝑚
=

2𝑃𝑟𝑚

𝜋𝑊𝑚
                                                                                       (3) 

  

Where Prm and Wm are the received optical power and the beam spot radius of the mth channel 

at the receiver. The pointing error Hpm of the optical beam between the transmitter and receiver 

given as: 

 

𝐻𝑝𝑚
= 𝐴0𝑚

exp (
−2𝑟𝑚

2

𝑊𝑍𝑒𝑞𝑚
2 )                                                                   (4) 

      

where optical beam radial displacement is 𝑟𝑚 = 𝑍. 𝜃𝑟
𝑚, pointing error angle is 𝜃𝑟𝑚

 of the mth 

channel with ≤ 10−4 [23], 𝐴0𝑚
= [𝑒𝑟𝑓 (𝑣𝑚)]2 is the fraction of collected power at the radial 

displacement r= 0 [24], and beam radius WZeqm
 in the mth channel that can given as [24]: 

 

𝑊𝑍𝑒𝑞𝑚
= w𝑍𝑚

2 √πerf (𝑣𝑚)

2v exp (−𝑣𝑚
2 )

                                                                 (5) 

 

where beam radius is  𝑤𝑧𝑚
 at e−2 of the axial Zm distance and beam width 𝑤0 at Zm=0 as 𝑤𝑧𝑚

≈

𝑤0[1 + 𝜀𝑚(𝜆𝑍𝑚 𝜋𝑤0
2⁄ )2]

1

2, where 𝜀𝑚 = (1 + 2w0
2 ρ0

2(𝑍𝑚)⁄ ), and the coherence length 

𝜌0(𝑍𝑚) = (0.55𝐶𝑛
2(ℎ)𝐾2𝑍)

−3
5⁄ , and 𝑣𝑚 = (√𝜋 𝑎) (√2  wzm

)⁄ , where receiver radius is a 

[25]. The received optical signal [26] is: 

 

𝑦 = 𝑥𝑅 ∑ 𝐻𝑚
𝑀
𝑚=1 + 𝑣𝑛,               m=1,2,3,….M                                       (6) 

 
Where x denotes the transmitted signal, R the photodetector responsivity, vn the additive white 

Gaussian noise (AWGN) with variance _σn=N0/2.0, and Hm the mth channel gain. The 

parameters of the two MISO topology channels are assumed to be equal for Simplicity, as are 

the parameters of the two arms SISO channel. 

 4    Measuring performance 

   The performance was measured based on Average (mean) BER (ABER) and can be 

computed using the results from [27] and expressed as: 
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𝐴𝐵𝐸𝑅 = ∫ 𝐵𝐸𝑅𝑠𝑖𝑚  (𝐻) × 𝑓𝐻 
∞

0
(𝐻)𝑑𝐻                                                     (7) 

 

where 𝐵𝐸𝑅𝑠𝑖𝑚  (𝐻) is the conditional simulated BER. The 𝑓𝐻(𝐻) is the channel gain H 

Probability Distributed Function (PDF). In weak turbulence, the log-normal distribution is 

applied. For the SISO channel, the PDF of the channel gain H is as mentioned in [25], while the 

PDF of the MISO and SISO channels are similar except dividing the variance 𝜎𝑥 by number of 

transmitting elements [28]. The ABER is counted independently and thus whole variation can 

be calculated as: 

 

𝑇𝐴𝐵𝐸𝑅 = 1 − ∏ (1 − 𝐴𝐵𝐸𝑅𝑖)
𝑁
𝑖=1                   i=1,2,………..N                                   (8) 

 

i represents the ith drone, N represents the number of drones equal to the number of channels in 

the proposed system, and ABERi represents the average bit error rate for each channel.. 

                                                                      
 

5    Results and discussion 
   

When setting the distance between the two drones in the same arm 60 m, the distance 

between the GS and DM 1000 m, and the altitude can vary from 1 m to 1000 m, the performance 

of each subsystem against the system BER shown in Fig. 2, which demonstrate the operation of 

subsystems and whole system with ABER ≈  10−8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Subsystems compared to whole system operation.  
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To see the SNR differences between the subsystems and the overall system, setting the 

ABER=10−4 as a reference value, the difference in SNR for each part that is shown in Fig. 3. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. The SNR differences between the subsystem and the overall system. 

 

Fig 3 clarified that as the number of drones increased in the system, the ABER increased; 

therefore, the SNR values increased to get high performance. For example, if the system has 

only one drone, the SNR is 13.349 dB, whereas when the system has five drones, the SNR is 

13.62 dB; this increases in SNR is to compensate for the increase in the bit errors of the five 

drones and have the same performance as for one drone. Table 2 summarized the SNR 

differences in numbers for each part of the flying system and the whole system is shown in 

Table 2. 

 
Table 2. Differences in SNR for the whole system and the subsystems. 

System Part Number of Drones SNR(dB) 

The whole system 5 13.62 

MISO topology 3 13.50 

SISO-1 left arm 2 13.45 

SISO-1 right arm 2 13.425 

SISO-2 1 13.349 

 

The subsequent test examined the system performance as the link distance Z increased more 

than 1000 m. For example, link distances Z = 2000, 6000, and 8500 m as samples. In this case, 

the flying drones are considered a single system connected optically to the GS; therefore, we 
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take the whole system's total average BER (TABER). The flying system becomes perpendicular 

to the GS when the altitude h equals the link distance Z value; therefore, this test can be 

generalized to the Z and h  respectively distance and altitude h. Fig 4 showed that at SNR<
10 dB, all the distances (or altitude h) showed the worst performance. After SNR ≥ 10 dB, there 

was an enhancement in the performance until TABER ≈  10−7 for distances Z or h= 2000 m 

and 6000 m. When Z or h increases, the system performance decreases, and vice versa. Table 3 

summarized the SNR differences when setting TABER= 10−4. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 4. System performance at various Z - distances.  

 
Table 3. Outcomes when the distance Z or the altitude h increases. 

The link distance Z or 

the altitude h (m) 

SNR (dB) 

2000 13.601 

6000 13.75 

8500 - 

 

At Z = 8500 m, the system showed the highest BER; therefore, Z must be < 8500 m; more 

specifically, Z = 7800 m got high performance for the values given parameter. The later distance 

can be applied between two drones and not just between the flying and GS. Also, the flying 

system can reach the highest altitude h at  7800 m, and the performance keeps high.  

 

 

6    Conclusions 
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The ABER for each subsystem was determined, followed by the total ABER for the entire 

system. Each subsystem can be considered an independent system; then, the subsystems built 

the flying system. The results showed that as the number of drones increased, the SNR increased 

also. At SNR < 10 dB, all of the results revealed that the ABER improves marginally. There are 

considerable increases in system performance after SNR ≥ 10 dB.  The maximum distance Z and 

altitude h could the flying system reach and got high performance was 7800 m. Increases in the 

link distance Z are used to determine the maximum distance that the drones can travel for the 

characteristics listed in Table 1. The beam becomes wider as the connecting distance Z 

increases. A portion of the incident light is captured by the receiver. When the performance of 

the link degrades, the controller can change the link distance Z. For future study, critical factors 

affecting system performance, such as transmission power PT and receiver aperture diameter 

DR, can be tuned to achieve ideal values.  
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