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ABSTRACT

Article history:

Applying the drone-based free space optical (FSO) technology is recent in
communication systems. The FSO technology has high-security features due
to narrow beamwidth, insusceptible to interferences, free license, and
landline connection is not appropriate. However, these advantages face many
obstacles that affect the system's performance, such as random weather
conditions and misalignment. The pointing error Hp is one of the critical
factors of the channel gain H. The related parameters of the Hp factor: the
pointing error angles θr and the path length Z, were manipulated to extract
the applicable values at various receiver diameter values. The proposed
system has two topologies: single input single output (SISO) and multiple
input single output (MISO), flying in weak atmospheric turbulence. The
simulation was done using MATLAB software 2020. The average bit error
rate (ABER) for the system versus signal-to-noise ratio (SNR) were verified
and analyzed. The results showed that at θr=10−3 rad, Z increased in the
range 10~100m for each one-centimeter increase of DR. At θr=10−2 rad, the
applicable Z was nearly 10% of the link distance Z when θr=10−3 rad was
applied. Consequently, an increase in θr must correspond decrease in Z and
vice versa to maintain the system at high performance.
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1.

INTRODUCTION
Unmanned aerial vehicles (UAVs) are a new technology recently adopted in varying civil and
military applications such as traffic jam monitoring, backup communication link in the disaster area, and
oversight behind the enemy line. The drone is one type of UAV that is used in low altitudes and short
distances. The drone's communication link is unstable due to channel mobility. The major problem from a
non-stationary link is the optical beam pointing error (misalignment) between the transmitter and the
receiver. Additional factors that help increase the pointing error are the turbulence-induced beam wander, the
vibration of the transceivers' platforms, thermal expansion, building sway, and earthquake for the free space
optical (FSO) link. The pointing error Hp factor, the atmospheric attenuation Ha, and the Hf composed the
channel gain H. This paper focused on the Hp factor's related parameters by manipulating the pointing error
angle θr and the link distance Z. The goal is to extract the permitted pointing error angles θr and the link
distances Z at different receiver diameter DR in order to keep the system at high performance.
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Most researchers studied the system performance taken the pointing error in the account using fixed
terrestrial optical link such as the researches in [1]. The system model in [2] had consisted of multi-hop FSO
communication to determine the outage probability when the system was impaired by weak turbulence and
misalignment. The designed FSO system in [3] had multiple transceivers of four transmitters & receivers. It
analyzed the Q-factor, bit-error rate (BER), beam divergence, and received power with different climate
conditions of clear air, haze, moderate to light fog at wavelengths 850 nm and 1550 nm. The previous studies
on the UAVs-based FSO communication link are relatively recent and rare, especially the effect of pointing
error such as [4], which considered the atmospheric attenuation Ha and atmospheric turbulence effect Hf
factors without taking the pointing error Hp factor into account. Fawaz et al. [4], the authors studied the
UAV system's improvement by using relay-assisted FSO to ameliorate the effects of the various atmospheric
impairments on the quality of the FSO signal. The review in [5] investigated the ground-UAV and
UAV-UAV links scenarios and the possible inter-UAV links scenario in the presence of the impact of
atmospheric turbulence on performance. The target BER had been achieved by optimum selecting the
beamwidth to decrease the transmitted power, as shown in [6]. The survey done in [7] highlighted the
continuous movement and changing relative speeds of participating members, making sustaining a line-ofsight (LOS) FSO link in the UAV swarm scenario difficult. The research [8] measured the performance of a
non-static and slanted link between the fixed station at the ground and the UAV. A more recent study [9]
aimed to derive the optimal 3D coordinates of UAV relay and optimal optical beam pattern to minimize the
outage probability by characterizing source-to-relay and relay-to-destination channel models.

2.

RESEARCH METHOD
Various UAV communication architectures network can be formed as explained in [9], [10]. The
proposed system configuration is as shown in Figure 1. It composed of single input single output (SISO) and
multiple input single output (MISO) channels, where the link between the drones in an arm and the
connection between the ground station (GS) and the main drone (DM) is the SISO channel, and the link
connecting the last drones in both arms (DaN1 and DaM1) and the DM is the MISO channel. The proposed
system applied in detecting and making deep decisions for area surveillance (e.g., oil pipeline leak) [11],
which aimed to calculate the number of drones in the system that covered a specified area and examined the
effect of increasing the number of drones on the system performance, but it did not consider the pointing
error Hp factor. The SISO topology has one transmitting aperture at the transmitter end and one receiving
aperture at the receiver end. The MISO has multiple transmitter antennas where the optical signals have been
sent. Only one receiving antenna receives the optical signals from multiple transmitting antennas, which
means various sources are available and only one available destination [12]. Twice of the SISO topology in
the proposed system, the first between the drones in both arms can be considered a horizontal link. The
second is the SISO link between the DM and GS, which is thought of as a slanted link in which the path
length changed as the slope angle θ or the altitude h varying independently or together.

Figure 1. The V-shape swarm FSO-drones perspective illustration [13]
Impact of pointing error on SISO/MISO drones swarm-based free space optical …. (Abdullah Jameel Mahdi)
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There are two scenarios for the flow of the drone swarm. The first scenario adopted is when the
drone swarm moves away from the GS, as shown in Figure 1, where the link between the GS and the total
system will increase. As Pythagoras' theorem, these increases in the link distance Z can occur due to
expanding the system altitude h and constant slope angle θ of the link or decreasing in the slope angle θ at
fixed system altitude h as clarified in Figure 2. The second scenario is when the drone swarm flow toward the
GS reduces the link distance Z between the GS and the flying system in two cases, reducing Z due to
changing the altitude h and the slope angle θ or changing θ at fixed h. The first scenario was adopted to get
the distances at which the system failed at a specific pointing error angle θr.
The system performance was determined using the onboard decode-and-forward (DAF) technique.
The DAF technique denotes that the optical signal is transmitted from the last drone in an arm such as D aM1
to DaM1-1 until the signal reaches the drone DM; then, DM decodes and forward to GS. This paper assumes that
the drones move at a constant speed and change their altitude h simultaneously, and the drones will flow on
the opposite side of the GS. In this paper, the number of drones considered is five drones, and the increase is
also possible, and that depends on the required application. The system parameters are as shown in Table 1.
The parameters Z and θr were set as varying values, and their values were inspected. The parameter h values
depend on the drone specification referred to in the drone datasheet [14] and depend on the required test, as
shown in the results and discussion section.
Table 1. The system parameters
Parameter
Transmission Rate
Optical Transmitted Power
Responsivity
Distance between Tx and Rx
Altitude
Wavelength
Receiver Diameter
Pointing Error Angle
Beam Waist at z=0

Symbol
Rate
Pt
R
Z
h
λ
DR
θr
w0

Value
1Gbps
40mW (16dBm)
1
Varying
Varying
1550× 10−9 nm
1cm to 10cm
Varying
5× 10−2

2.1. Channels modeling
The mathematical model of each topology in the proposed system is expressed, including the
channel gain H and its related factors and the probability density function probability density function (PDF)
of the H in weak atmospheric turbulence using Log-normal distribution. The channel's gain factors formulas
have been found in [15]. These factors were modified to suit the system's topologies in this paper.
The Log-normal distribution characterized by a scintillation index σ2I < 1. The primary source of
scintillation is as a result of fluctuations (temperature variations) in the index of refraction n, and commonly
known as optical turbulence and expressed as [16]:
𝜎𝐼2 = exp(𝜎𝑅2 ) − 1

(1)

where 𝜎𝑅2 is the Rytov variance expressed as:
𝜎𝑅2 = 1.23 𝐶𝑛2 (ℎ) 𝐾

7⁄
6

𝑍

11⁄
6

(2)

where 𝐾 = 2𝜋⁄𝜆 is the optical wavenumber [16].
As the index of refraction n fluctuated, the refractive index structure parameter 𝐶𝑛2 that is a function
of altitude h and found using Hufnagel-Valley Boundary (HVB) as [17]:
𝑉 2

𝐶𝑛2 (ℎ)

= 0.00594 [

( ) (10−5 ℎ)10 𝑒𝑥𝑝(− ℎ⁄1000) + 2.7 × 10−16 𝑒𝑥𝑝 (−
27

+𝐴 exp (−

ℎ
100

ℎ
1500

)

]𝑚

−2⁄
3

(3)

)

where v is the wind speed mean square value in m/s, and A is a nominal value of Cn2 (0) at the ground level
−2
in m ⁄3 . The 𝐶𝑛2 value varies during daytime and at night and varies depending on the turbulence regime's
strength (weak, moderate, strong, and saturation) [18].
The transmitted optical signal in a weak atmospheric regime modulated using pulse position
modulation (PPM). The received optical signal y is [19]:
𝑦 = 𝑥𝑅 ∑𝑀
𝑚=1 𝐻𝑚 + 𝑣𝑛

m=1,2,3,….M
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where M is the number of channels in the topology (for SISO M=1, and MISO=2), x is the transmitted signal,
𝑁
R is the photodetector responsivity, vn is the AWGN with variance 𝜎𝑛 = 0⁄2, and Hm is the channel gain of
the mth channel. The total channel gain H is given by:
𝐻 = ∏𝑀
𝑚=1 𝐻𝑎𝑚 𝐻𝑓𝑚 𝐻𝑝𝑚

m=1,2,3,…M

(5)

where the factors 𝐻𝑎𝑚 , 𝐻𝑓𝑚 , and 𝐻𝑝𝑚 denotes the attenuation due to beam extinction arising from scattering
and absorption, scintillation effects, and geometric spread and pointing loss of the m th channel, respectively.
The attenuation 𝐻𝑎𝑚 does not exhibit randomness in its behavior; hence, perceived as a deterministic
component with a relatively long interval of time on the order of hours compared to the bit duration in ranges
of nanoseconds or less. On the other hand, 𝐻𝑓𝑚 and 𝐻𝑝𝑚 are time-variant factors, which demonstrate
variations in the fading channel on the order of milliseconds [20]. The atmospheric attenuation 𝐻𝑎𝑚 has been
modeled by the Beer-Lambert law expressed as [21]:
𝐻𝑎𝑚 = 𝑒𝑥𝑝(−𝑍𝑚 𝜎)

(6)

where 𝜎 is the attenuation coefficient, which is a function of visibility [22], and Zm is the path length of the
mth channel. The atmospheric turbulence 𝐻𝑓𝑚 is the channel fading can be expressed as:
𝐻𝑓𝑚 =

2𝑃𝑟𝑚

(7)

𝜋𝑊𝑚

where 𝑃𝑟𝑚 and 𝑊m are the received optical power and the beam spot radius of the m th channel at the receiver,
respectively. The pointing error 𝐻𝑝𝑚 of the optical beam can be expressed as:
𝐻𝑝𝑚 = 𝐴0𝑚 exp (

2
−2𝑟𝑚

2
𝑊𝑍𝑒𝑞
𝑚

)

(8)

where 𝑟𝑚 = 𝑍. 𝜃𝑟𝑚 is the radial displacement of the optical beam that is between the aperture center and the
beam center, as shown in Figure 2, where 𝜃𝑟𝑚 is pointing error angle (divergence angle) of the m th channel
that must be < 10−4 rad [23], where this value is for long link distance. For a short distance, 𝜃𝑟𝑚 can be set >
10−4 rad as proved in the results section, 𝐴0𝑚 = [𝑒𝑟𝑓 (𝑣𝑚 )]2 is the fraction of collected power at the radial
displacement r=0 (no pointing error occurs), and 𝑊𝑍𝑒𝑞𝑚 is the equivalent beam radius of the optical beam in
the mth channel that can express as [15]:

Figure 2. Detector and beam footprint with misalignment on the detector plane [24]

𝑊𝑍𝑒𝑞𝑚 = w𝑍2𝑚

√πerf (𝑣𝑚 )
2)
2v exp (−𝑣𝑚

(9)

where 𝑤𝑧𝑚 is the beam radius at which the intensity drops to e−2 of the axial value at a distance Zm and is
1

related to the beam waist 𝑤0 at Zm= 0 as 𝑤𝑧𝑚 ≈ 𝑤0 [1 + 𝜀𝑚 (
−3

𝜆𝑍𝑚 2 2
𝜋𝑤02

) ] , where 𝜀𝑚 = (1 + 2𝑤02 ⁄𝜌02 (𝑍𝑚 )), and

the coherence length 𝜌0 (𝑍𝑚 ) = (0.55𝐶𝑛2 (ℎ)𝐾 2 𝑍) ⁄5 , and 𝑣𝑚 = (√𝜋 𝑎) ⁄(√2 𝑤𝑧𝑚 ), where a is the receiver
radius [24]. The validation of the Gaussian beam model requires 𝑤0 > 2𝜆⁄𝜋 [23]. The PDF of the channel
gain H for the SISO topology in weak turbulence using Log-normal distribution has been expressed as [24]:
Impact of pointing error on SISO/MISO drones swarm-based free space optical …. (Abdullah Jameel Mahdi)
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𝑓ℎ (𝐻; 𝑤𝑧) =

𝛾2

𝐻𝛾
𝛾2

2 −1

2(𝐴0 𝐻𝑎 )

× 𝑒𝑟𝑓𝑐 (

𝐻
)+µ
𝐴0 𝐻𝑎

𝑙𝑛(

√8𝜎𝑥

2 2 (1+𝛾 2 ))

) 𝑒 (2𝜎𝑥 𝛾

(10)

The PDF of the channel gain 𝐻𝑚 for the mth channel in MISO topology is similar to the PDF of
SISO topology with the difference of dividing the variance of the log-normal channel by the number of
transmitting antennas [25] and can express as:
𝐻

2
𝛾𝑚

𝑓𝐻𝑚 (𝐻𝑚 ; 𝑤𝑧𝑚 ) =

𝛾2
2(Am
0 𝐻𝑎𝑚 )

𝐻𝑚

2 −1
𝛾𝑚

× 𝑒𝑟𝑓𝑐 (

𝑙𝑛( m 𝑚 )+µ𝑚
A0 𝐻 𝑚
√2𝜎𝑥𝑚

2

2

2

) 𝑒 (𝜎𝑥𝑚 𝛾𝑚 (1+𝛾𝑚 ))

(11)

then the full PDF of the MISO topology is given as:
𝑇
𝑓𝑀𝐼𝑆𝑂
= ∑𝑀
𝑚=1 𝑓𝐻𝑚 (𝐻𝑚 ; 𝑤𝑧𝑚 )

m=1,2,3,….M

The parameters in (10) and (11) defined as: γ𝑚 =

(12)
𝑊𝑍𝑒𝑞𝑚
2𝜎𝑠

is the ratio between the equivalent beam

radius at the receiver and the pointing error displacement standard deviation at the receiver,
µ𝑚 = 𝜎𝑥2𝑚 (1 + 2𝛾𝑚2 ), and 𝜎𝑥2𝑚 is the log-amplitude variance of the MISO channel expressed for plane wave
as:
𝜎𝑥𝑚 = 0.30545 𝐾

11
7⁄
6 𝐶𝑛2 (ℎ)𝑍𝑚 ⁄6

≈

𝜎𝑅𝑚

(13)

4

The SISO channel m=1 ( just one channel). For Simplicity, the two channels of the MISO topology have
been assumed equal where the parameters of the two SISO arms were assumed equal.
2.2. The average bit error rate (ABER)
The ABER is the instantaneous conditional BER(H) product by the PDF of the channel gain H [6].
For each channel in the system, the ABER was measured and given by:
∞

𝐴𝐵𝐸𝑅 = ∫0 𝐵𝐸𝑅 (𝐻) × 𝑓𝐻 (𝐻)𝑑𝐻

(14)

2.2.1. ABER of the SISO channels
For the SISO channels, the solution of the integration of the PDF of (10) as given in [24]:
1

𝑓𝐻 (𝐻; 𝑤𝑧 ) = [𝑒𝑥𝑝 𝛾

2 𝛹−2𝜎 2 𝛾 4
𝑥

2

where 𝛹 = 𝑙𝑛 (

ℎ0
𝐴0 𝐻𝑎

𝑒𝑟𝑓𝑐 (

𝛹
√8𝜎𝑥

) + 𝑒𝑟𝑓𝑐 (

4𝜎𝑥2 𝛾2 −𝛹
√8𝜎𝑥

)]

(15)

) + 𝑢, and ℎ0 = √𝐶 −1 (𝑅0 )𝜎𝑛2 ⁄2𝑃𝑡2 𝑅2 , where C is the channel capacity that is the

maximum achievable data rate that reliably communicated between the transmitter and receiver, R0 is the
data rate, 𝜎𝑛2 is noise variance, Pt is the transmitted power, and R is the photodetector responsivity [24].
Substitute (15) into (14), the ABER becomes:
𝐴𝐵𝐸𝑅 = 𝐵𝐸𝑅𝑠𝑖𝑚 (𝐻) ×

1
2

[𝑒𝑥𝑝 𝛾

2 𝛹−2𝜎 2 𝛾 4
𝑥

𝑒𝑟𝑓𝑐 (

𝛹
√8𝜎𝑥

) + 𝑒𝑟𝑓𝑐 (

4𝜎𝑥2 𝛾2 −𝛹
√8𝜎𝑥

)]

(16)

2.2.2. ABER of the MISO channel
For the MISO channel, the integration solution of (11) of the PDF of the mth channel gain H is given
by:
1

2

2

4

𝑓𝐻𝑚 (𝐻𝑚 ; 𝑤𝑧𝑚 ) = [𝑒𝑥𝑝 𝛾𝑚 𝛹𝑚 −𝜎𝑥𝑚 𝛾𝑚 𝑒𝑟𝑓𝑐 (
2

where 𝛹𝑚 = 𝑙𝑛 (

ℎ0

𝐴0𝑚 𝐻𝑎𝑚

𝛹𝑚

√2𝜎𝑥𝑚

2 −𝛹
2𝜎𝑥2𝑚 𝛾𝑚
𝑚

) + 𝑒𝑟𝑓𝑐 (

√2𝜎𝑥2𝑚

)]

(17)

) + µ𝑚 , substituted (18) into (15) yields:
1

2

2

4

𝑚
𝐴𝐵𝐸𝑅𝑀𝐼𝑆𝑂
= 𝐵𝐸𝑅𝑠𝑖𝑚 (𝐻𝑚 ) × [𝑒𝑥𝑝𝛾𝑚𝛹𝑚−𝜎𝑥𝑚 𝛾𝑚 𝑒𝑟𝑓𝑐 (
2

𝛹𝑚

√2𝜎𝑥𝑚

) + 𝑒𝑟𝑓𝑐 (

2 −𝛹
2𝜎𝑥2𝑚 𝛾𝑚
𝑚

√2𝜎𝑥2𝑚

)]

(18)

Then, the ABER of the MISO topology is given by:
𝑚
𝐴𝐵𝐸𝑅𝑀𝐼𝑆𝑂 = 1 − ∏𝑀
𝑚=1(1 − 𝐴𝐵𝐸𝑅𝑀𝐼𝑆𝑂 )

m=1,2,3,….M
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The total ABER for the overall system calculated as [13]:
𝑇𝐴𝐵𝐸𝑅 = 1 − ∏𝑁
𝑖=1(1 − 𝐴𝐵𝐸𝑅𝑖 )

i=1,2,3,….N

(20)

where i is the ith drone, N is the number of drones that equal the number of channels in the proposed system,
and ABERi is the average bit error rate for each channel.

3.

THE RESULTS AND DISCUSSION
The results got from the expressions mentioned in the previous sections. The results showed that the
system performance in terms of TABER ≈ 10−8 . This paper's central axis is to determine the threshold values
of the pointing error angles θr at particular link distance Z where the system keeps its high performance and
extract the values at which the system failed. The recommended pointing angle θr < 10−4 rad for
long-distance application (inter-satellite laser communication), where the receiver diameter DR fixed to
250 cm [23].
First of all, test the pointing error angles θr= 10−3 , 10−4 , and 10−5 rad at receiver diameter
DR=1 cm. The results as shown in Figure 3 demonstrated that at link distance Z=1050 m, the pointing error
angle θr= 10−3 rad was failed and could not apply it beyond Z > 1050 m. The altitude in this test can be set
to h ≤ 1050 m (when h=Z, the swarm is perpendicular to the GS).
The second test was to see the effect of increasing the receiver diameter DR to be 10 cm at the same
parameters. The result shown in Figure 4 demonstrated that the system did not fail and got high performance
for θr= 10−3 rad because the receiver captures optical signals more.

Figure 3. The system failed at Z=1050 m and
DR =1 cm

Figure 4. The system performance at Z=1050 m and
DR=10 cm

Now, test the pointing error angles θr=10−4 and 10−5 rad to see at which link distance Z the drone
swarm system can be applied. The result shown in Figure 5 demonstrated that the link distance Z ≤ 8500 m
can the swarm reach at the receiver diameter DR =10 cm. The value of the altitude h can be set to h ≤ 8500 m
also.
After examining the link distance Z for the pointing error angle θr = 10−3 rad at receiver diameter
DR=1 cm, further examining the link distances range for θr=10−3 rad that can be applied when increasing the
receiver diameter by one centimeter each time. The result shown in Figure 6 is when the DR=2 cm and
demonstrated that the system got a high performance at Z ≤ 1059 m, and the system failed at Z=1060 m.
Table 2 summarized the results of the increase in the receiver diameter DR from 1 cm to 10 cm results in an
additional range of link distances Z for the pointing error angles θr= 10−3 rad.
The increase in the receiver diameter DR corresponds to an increase in the received optical power, and
this means the receiver capture a high percentage of the optical beam as a result of an increase in the link
distances Z and the beamwidth (2×Wz) for the same pointing error angle θr = 10−3 rad. When DR ≤ 5 cm, the
increase in the permitted link distance is < 50 m. When DR ≥ 6 cm, the increase in the link distance Z is
≥100m.

Impact of pointing error on SISO/MISO drones swarm-based free space optical …. (Abdullah Jameel Mahdi)
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Further, test the link distances Z range when increasing the pointing error angle θr to 10−2 rad and the
receiver diameter DR increases by one centimeter each time. Figure 7 demonstrated that the system's high
performance was at Z ≤ 96 m, and the system failed at Z=97 m for the receiver diameter DR=1 cm.
The increases in the receiver diameter DR to 2 cm correspond to increases in the range of link
distances Z at the same pointing error θr= 10−2 . As shown in Figure 8, the system's high performance at
Z ≤ 99 m and the system failed at Z=100m.
Table 3 summarized the results of the increase in the receiver diameter DR from 1 cm to 10 cm
results in an additional range of link distances for the pointing error angles θr= 10−2 rad. At θr= 10−2 rad,
the increase in receiver diameter DR results in a few increases in the link distance Z, mainly when DR ≤ 5 cm
corresponds to an increase in Z ≤ 5 m. When DR > 5 cm, the increase in Z ≥ 10 m.

Figure 5. The system performance for θr=10−4 and
10−5 rad at Z=8500 m and DR =10 cm

Figure 6. The system failed at θr= 10−3 rad, Z=1060
m, and DR =2 cm

Table 2. The range of link distances at θr = 10−3 rad
The Receiver
Diameter DR (cm)
1
2
3
4
5
6
7
8
9
10

The applicable
distance Z (m)
1~1049
1~1059
1~1086
1~1129
1~1183
1~1254
1~1341
1~1444
1~1565
1~1702

Figure 7. The system failed at θr = 10−2 rad,
Z =96 m, and DR =1 cm

The system
failed (m)
1050
1060
1087
1130
1184
1255
1342
1445
1566
1703

The system
altitude h (m)
1~ < 1050
1~ < 1060
1~ < 1087
1~ < 1130
1~ < 1184
1~ < 1255
1~ < 1342
1~ < 1445
1~ < 1566
1~ < 1703

Beam Waist
Wz (cm)
5.44
5.45
5.47
5.51
5.56
5.63
5.72
5.85
6
6.19

Figure 8. The system failed at θr = 10−2 rad,
Z=100 m, and DR=2 cm
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Table 3. The range of link distances at θr = 10−2 rad
The Receiver
Diameter DR (cm)
1
2
3
4
5
6
7
8
9
10

The applicable
distance Z (m)
1~96
1~99
1~100
1~104
1~109
1~116
1~126
1~136
1~151
1~169

The system
failed (m)
97
100
101
105
110
117
127
137
152
170

The system
altitude h (m)
1~ < 97
1~ < 100
1~ < 101
1~ < 105
1~ < 110
1~ < 117
1~ < 127
1~ < 1445
1~ < 152
1~ < 170

Beam Waist
Wz (cm)
5
5
5
5
5
5.01
5.01
5.01
5.01
5.01

4.

CONCLUSION
The simulated V-shape system consists of two topologies: SISO and MISO topology, and each
topology can be considered an independent subsystem. The closed-form expression of the ABER for the two
topologies and the total ABER for the whole system was derived and determined. The three factors of the
channel gain H were considered. The pointing error Hp factor parameters are the pointing error angle θr and
link distance Z. We manipulated its values to extract the permitted and applicable values that preserve the
system at high performance. The increase in the pointing error angle θr is not recommended and means that
the line-of-sight (LOS) between the transmitter and receiver is not precise.
All the results showed that at SNR < 10 dB there is a trivial betterment in the ABER. After
SNR ≥ 10 dB, there are noticeable improvements in system performance. Also, the results showed that
further increase the pointing error angle θr (become worst; consequently, the performance becomes worst)
must correspond decrease in path length Z to get high performance. The increase in the link distance makes
the beam broader, and the receiver catches part of the incident optical; therefore, the radial displacement r
(r∝ θr) must be as small as possible. The results enable the GS to monitor and control the system
performance by changing the link distances Z depending on the measured performance. This paper can be
considered as a benchmark in the optical communication field. For future work, optimization for the crucial
parameters such as the transmitted power and the receiver aperture diameter affected the system
performance.
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