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Abstract
This paper investigates and enhances unmanned aerial vehicle (UAV) relay-assisted free-
space optics (FSO) optical wireless communication (OWC) systems under the effects of 
pointing errors (PEs) and atmospheric turbulences (ATs). The incorporation of UAVs as 
buffer-aided moving relays in the conventional FSO (CFSO) relay-assisted systems is pro-
posed for enhancing the performance of PEs through AT. Using M-PSK (phase shift key-
ing) and M-QAM (quadrature amplitude modulation), the impact of PEs on transmission 
quality is evaluated in this work. We evaluate and optimize the symbol error rate, outage 
probability (OP), and signal-to-noise ratio (SNR) for the UAV-to-ground station-based FSO 
communications systems. The spatial diversity-based relay-assisted CFSO systems can 
enhance the performance of the UAV-UAV FSO links. In this paper, a new FSO  (NFSO) 
channel model for the hovering UAV-FSO OWC fluctuations under the PEs, AT effects, 
jitter, deviation, receiving an error, and wind resistance effects are established. To improve 
the performance of hovering UAV-based FSO relay OWC systems. We reduce the influ-
ence of UAV-FSO OWC fluctuations under PEs and AT effects. By receiving incoherent 
signals at various locations, the spatial diversity-based relay-assisted NFSO systems can 
significantly increase the system’s redundancy and enhance connection stability. Numerical 
results show that to achieve a bit-error-rate (BER) of ≤ 10−5 , the required SNR is ≥ 23 dB 
when the wind variance of the UAVs �2

�
 increases from 0 to 7 mrad with FSO link distance 

L = 2000 m. The required SNR is ≥ 25 dB when the wind variance �2

�
 is 1 mrad at an OP 

of 10−6 . To obtain an average BER of 10−6 , the SNR should be 16.23 dB, 17.64 dB, and 
21.45 dB when �2

�
 is 0 mrad, 1 mrad, and 2 mrad, respectively. Using 8-PSK modulation 

without PEs requires 23.5 dB at BER of 10−8 while 16-QAM without PEs requires 26.5 dB 
to maintain the same BER of 10−8 . Compared with 16-QAM without PEs, the SNR gain 
of 8-PSK without PEs is 3 dB. The results show the relay-assisted UAV-FSO system with 
five stationary relays can achieve BER 10−8 at 25 dB SNR in the ideal case and 10−5 at 
27 dB SNR with AT and PE at FSO length 1000 m. The results show the relay UAV-FSO 
system outperforms the CFSO at the BER and SNR performance. The effects of UAV’FSO 
s fluctuation increase when the UAV-FSO link length, L

fso
 increases. The results of the 
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weak turbulence achieve better SER compared with MT and ST. The obtained results show 
that decreasing L

fso
 can compensate for the effects of UAV-FSO link fluctuation on the 

proposed system. Finally, we investigated the CFSO relay-assisted UAV-FSO system with 
aided NFSO-UAVs spatial diversity-based relay-based on NFSO OWC and revealed the 
benefits of the resulting hybrid architecture.

Keywords  Unmanned aerial vehicles (UAVs) · Free-space optics (FSO) communication 
link · Tilt angle · Pointing errors (PEs) · Atmospheric turbulence (AT) · UAV-FSO relay-
assisted optical wireless communication systems

1  Introduction

The crucial advantages of free-space optics (FSO) communication technology, such as 
its high transmission capacity, extensive spectrum resources, superior confidentiality, and 
good directivity, have led to its widespread use in both the commercial and military sec-
tors (Alzenad et al. 2018; Ghassemlooy et al. 2019; Khalighi and Uysal 2014). In addition, 
as unmanned aerial vehicles (UAVs) steadily expand from the military to the commercial 
and civil sectors, high-speed data transmission is frequently required in several specialized 
working environments, such as terrain survey and catastrophe detection. FSO communica-
tion technology is implemented in the field of UAV to provide high data rate optical net-
work infrastructure in ground-to-ground and air-to-air scenarios (Khalighi and Uysal 2014). 
The FSO communication link between UAVs is essential for increasing their networking 
flexibility and coverage area. Recently, long-range wireless communications between two 
terrestrial stations have frequently been supported by UAVs and high-altitude platforms 
as relays (Michailidis et al. 2018; Fawaz et al. 2018). A depth discussion of the UAV FSO 
communication channel modeling can be found in Cruz and Fierro (2015); Dautov et al. 
2018; Zheng et al. 2021). The use of wavelength division multiplexing (WDM) can expand 
transmission capabilities and applications for long-distance data transfer, hence increasing 
the optical wireless communication (OWC) capacity. High channel capacity is provided by 
dense-WDM (DWDM), which multiplexes several optical carrier signals into one commu-
nication channel (Yousif et al. 2019; Yousif and Elsayed 2019; Elsayed and Yousif 2020; 
Elsayed et al. 2018; Ciaramella et al. 2009). The most often used wavelength range for data 
transfers up to terabits per second is the optical C-band from (1530–1565 nm) (Ciaramella 
et al. 2009). FSO communication links are easy to deploy, high-bandwidth, cost-effective, 
license-free, and secure access technology (Zhang et al. 2021; Fotouhi et al. 2019; Elsayed 
et al. 2022). The front-hauling transfer of multimedia data collected by flying UAVs from 
the central position could be replaced by FSO communication (Alzenad et al. 2018; Zheng 
et al. 2021; Najafi et al. 2020; Kurt et al. 2021). However, the FSO link suffers from pres-
sure and temperature fluctuations due to atmospheric turbulence (AT). FSO is additionally 
impacted by beam spreading losses, amplified spontaneous emission (ASE) noise, pointing 
errors (PEs), AT, misalignment, absorption, scattering, scintillation, inter-channel cross-
talk (ICC), and power penalty (PP) (Yousif et al. 2019; Yousif and Elsayed 2019; Elsayed 
and Yousif 2020; Elsayed et al. 2018; Ciaramella et al. 2009). Techniques for minimizing 
ASE, AT, PP, ICC, and scintillation include adaptive multiple-input and multiple-output 
(MIMO) methods (Yousif et al. 2019; Yousif and Elsayed 2019; Elsayed and Yousif 2020) 
and wave-front sensor-based or sensorless adaptive optics systems. Recently, OWC systems 
and outdoor FSO systems have been developed and implemented with spatial modulation 



Modeling and investigation on the performance enhancement…

1 3

Page 3 of 23  625

(SM) diversity-based MIMO systems technology (Yousif et al. 2019; Yousif and Elsayed 
2019). FSO systems employing DWDM with multiple channels support a greater capacity 
reach (32 channels × 40 Gbps) and are a simple way to enhance the data rate in the long-
haul FSO data transfer (Yousif et al. 2019; Yousif and Elsayed 2019; Elsayed and Yousif 
2020; Elsayed et al. 2018; Ciaramella et al. 2009). A closed-form statistical channel model 
has been proposed that takes into account such as the AT intensity, field angle, spatial 
information, PE variation, and transmit power. It requires a minimal set of UAV communi-
cation standard operations. To enhance communication quality, these parameters have been 
optimized (Zheng et al. 2021; Dabiri et al. 2018, 2019). A replaceable lens array has been 
used to modify the transmitter’s beam divergence mechanism to increase the link’s stabil-
ity. (Dautov et al. 2018; Zheng et al. 2021). Previous studies focused on the communication 
between hovering UAVs and ignored the impact of instabilities and wind resistance. Only 
jitter and angle deviation will be affected by the UAV FSO communication in hovering 
modes (Najafi et al. 2020; Dabiri et al. 2018). In this paper, we analyze and investigate the 
performance enhancement of hovering UAV-based FSO relay optical wireless communi-
cation systems under PEs and AT effects. The proposed techniques for minimizing ASE, 
AT, PP, ICC, and scintillation using adaptive UAV-FSO MIMO methods and wave-front 
sensor-based or sensorless adaptive optics systems are investigated. In this paper, a new 
FSO (NFSO) communication channel model for the hovering UAV-FSO OWC fluctuations 
under the PEs, AT effects, jitter, deviation, receiving an error, and wind resistance effects 
are established. To improve the performance of hovering UAV-based FSO relay OWC sys-
tems. We reduce the influence of UAV-FSO OWC fluctuations under PEs and AT effects. 
By receiving incoherent signals at various locations, the spatial diversity-based relay-
assisted NFSO systems can significantly increase the system’s redundancy and enhance 
connection stability. We analyzed and derived the symbol error rate (SER) performance, 
taking into accounts such as link loss, transmitted power, total noise of the APD, various 
AT conditions, and PE loss. The rest of this article is structured as follows: Sect. 2 dis-
cusses the model and analysis of the UAV-FSO OWC communication system under the 
effects of PEs and AT. The SER is analyzed and derived in Sect. 3. The numerical results 
and discussion of the UAV-FSO communication link are presented in Sect. 4. This article 
is concluded in Sect. 5.

2 � Analysis of UAV‑FSO optical wireless communication link 
with pointing errors and atmospheric turbulence

When the UAV at the receiving end is flying horizontally, the arrival angle between the 
centerline of the beam and the receiving plane is not only influenced by the pointing devia-
tion brought on by the jitter of the receiving end but also needs to take the tilt angle of the 
receiving plane into account (Zheng et al. 2021). Figure 1 shows the schematic diagram 
of the reception plane at the receiving end UAV which was reproduced from Zheng et al. 
(2021). The received signal at the receiving end of a wireless optical communication link 
can be expressed as (Zheng et al. 2021; Najafi et al. 2020):

where n is the additive white Gaussian noise (AWGN), and x is the signal generated at the 
transmitting end. The following equation can provide h, the channel coefficient:

(1)y = hx + n
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where ht is the atmospheric channel’s attenuation and AT coefficient for the position devia-
tion of the transceiver in the hovering UAV-based FSO wireless communications and ha 
represents the link interrupt coefficient, which denotes whether the spot is detected on the 
detection plane. hg is the geometric and PE deviation coefficient, which denotes the position 
deviation between the spot center and the lens center at the receiving end. The Gamma-
Gamma (GG) model and probability distribution function (PDF) of the log-normal (LN) 

(2)h = htha hg

Fig. 1   System model at the 3D receiving plane end UAV-FSO relay-assisted free-space optical wireless sys-
tems for a FSO Tx (transmitter) and FSO receiver (RX) under the atmospheric turbulence effects reprinted 
from (Zheng et al. 2021), b for the received beam at the FSO Rx station under the atmospheric turbulence 
and pointing error in the presence of UAV-FSO fluctuations, reproduced from (Zheng et al. 2021; Trung 
2021)
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channels can be used to characterize the proposed system. The GG distribution of ht in 
terms of the attenuation of the optical signal caused by air turbulence (Yousif et al. 2019; 
Yousif and Elsayed 2019; Elsayed and Yousif 2020; Elsayed et al. 2018; Andrews and Phil-
lips 2012; Majumdar 2005; Khalighi et al. 2009; Aladeloba et al. 2012; Hayal et al. 2021):

where Γ(⋅) is the Gamma function, kn(⋅) is the nth order modified second kind of Bessel 
function. � and � indicate the effective numbers of the large-scale and small-scale eddies, 
respectively (Yousif et  al. 2019; Yousif and Elsayed 2019; Elsayed and Yousif 2020; 
Elsayed et  al. 2018; Andrews and Phillips 2012; Majumdar 2005; Khalighi et  al. 2009; 
Aladeloba et al. 2012; Hayal et al. 2021):

where the Rytov variance is expressed as:

where k is the wave number, C2
n
 is the atmospheric refractive index structural (ARIS) 

parameter (Yousif et al. 2019; Yousif and Elsayed 2019; Elsayed and Yousif 2020; Elsayed 
et al. 2018; Andrews and Phillips 2012; Majumdar 2005; Khalighi et al. 2009; Aladeloba 
et al. 2012; Hayal et al. 2021), and L is the FSO distance (Yousif et al. 2019; Yousif and 
Elsayed 2019; Elsayed and Yousif 2020; Elsayed et al. 2018; Andrews and Phillips 2012; 
Majumdar 2005; Khalighi et al. 2009; Aladeloba et al. 2012; Hayal et al. 2021). The GG 
model’s atmospheric turbulence is simulated in this work using the phase screen approach 
(Andrews and Phillips 2012; Majumdar 2005; Khalighi et al. 2009; Aladeloba et al. 2012; 
Hayal et al. 2021; Whitfield et al. 2012; Chatterjee and Mohamed 2014; Gudimetla et al. 
2011). A small tilt will be present between the fuselage and the y-axis when a multi-rotor 
UAV is flying in a straight and horizontal trajectory, as seen in Fig. 1a (Zheng et al. 2021). 
The tilt angle influences the performance of the link through the coefficient ha , which is 
related to the UAV’s speed (Zheng et  al. 2021). As seen in Fig.  1a, the included angle 
between the central axis and the y-axis is indicated as φ, assuming that the UAV at the 
receiving end is flying horizontally (Trung 2021; Trung and Tuan 2014; Ai et al. 2020). 
Figure 1b shows the Rx lens accumulates the transmitted optical beam (Tx), which is pro-
jected onto the receiver (Rx) plane’s surface. The incoming optical signal then converges 
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onto the surface of the APD’s area (Trung 2021). Addition to the optical signal, the ther-
mal noise, and the background noise is also added to the receiver (Trung 2021).

The expression for �a in the horizontal flying state is �a = � − � . The link will thus 
be interrupted when it crosses the receiver’s field of view (FOV). The PDF of �a is given 
by Zheng et al. (2021); Dabiri et al. 2019):

where �2
t0
 and �2

r0
 are the variances of the angle deviation of the transmitter and the receiver, 

respectively. � can be expressed as (Zheng et al. 2021):

where �tx and �rx represent the x-direction angle deviations of the transmitting and receiv-
ing ends, respectively, and �ty and �ry represent the y-direction angle deviations of the trans-
mitting and receiving ends, respectively. The PDF of �t can be written as (Zheng et  al. 
2021; Dabiri et al. 2019):

where rdr = xr + yr is the receiving end’s position deviation, rdt = xt + yt is the transmit-
ting end’s position deviation, Z is the z-plane transmission distance, and 𝜃̂t = 𝜃̂tx + 𝜃̂ty is 
the transmitting end’s angle deviation. rd conditioned on Rician distribution for 𝜃̂tx and 𝜃̂ty . 
Therefore, the geometric and PE coefficients can be expressed as (Zheng et al. 2021; Trung 
2021; Trung and Tuan 2014; Ai et al. 2020):

where A0 =

[
erfc(�)

]2 represents the lens’s energy-to-total energy ratio when rd = 0. Using 
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received beam onto the PD area. The equivalent beam waist can be calculated as (Zheng 
et al. 2021; Trung 2021; Trung and Tuan 2014; Ai et al. 2020)

where erfc (⋅) is the error function and � =
√
�a∕

√
2�z . ζ = 1∕cos� , �z is the beam waist 

of distance Z, and a is the Rx lens radius. The PDF of h conditioned on �t can be expressed 

as (Zheng et al. 2021). rdr ∼ N
(
0, �2
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)
 , rdt ∼ N

(
0, �2
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)
 , �t ∼ N

(
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)
 , and � ∼ N
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)
 

respectively (Zheng et al. 2021; Dabiri et al. 2019), where �2
tp
 and �2

rp
 are the variances of 

the UAV’s position deviation at the transmitting and receiving ends. �2
t0
 is the variance of 

the UAV’s aiming angle deviation at the transmitting end and �2
�
 is the variance of the 

UAV’s jitter angle at the receiving end (Zheng et al. 2021; Trung 2021; Trung and Tuan 
2014; Ai et al. 2020)

where θFOV is the Rx’s field-of-view (FOV) angle (Zheng et al. 2021; Trung 2021; Trung 
and Tuan 2014; Ai et al. 2020). Then the PDF of h can be given as:

3 � Symbol error rate calculation

The outage probability (OP) of the UAV-FSO communication can be expressed as (Zheng 
et al. 2021; Trung 2021; Trung and Tuan 2014; Ai et al. 2020; El-Mottaleb et al. 2021; El-
Fikky et al. 2020):
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where g is the transmitter’s signal-to-noise ratio (SNR) and the complementary error func-
tion is erfc (). In order to account for the aiming inaccuracy and fluctuations from the FSO 
Tx installed on the UAV to the FSO Rx, we calculate the SER in the weak turbulence 
(WT), moderate turbulence (MT), and strong turbulence (ST) channels. The generalized 
average SER expression for assessing the UAV-based FSO system considering the LN and 
GG fading channels is given by Trung (2021); Trung and Tuan 2014; Ai et al. 2020; El-
Mottaleb et al. 2021; El-Fikky et al. 2020).

where Pe(h) represents the conditional error probability (CEP) and fh(h) is the PDF of 
SNR, h. By employing a general 

(
MI ×MQ

)
-quadrature amplitude modulation (QAM) con-

stellation with two independents MI in-phase and MQ quadrature signal amplitudes, the 
CEP is given by Trung (2021); Trung and Tuan 2014; Ai et  al. 2020)where fh(h) is the 
PDF of SNR, h. Pe(h) denotes the CEP. Using a general 
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by Trung (2021); Trung and Tuan 2014; Ai et al. 2020)
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Tuan 2014; Ai et al. 2020)
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2020).
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3.1 � SER calculation of WT to MT turbulence

The PDF of LN channels can be expressed for WT to MT turbulence (Zheng et al. 2021; 
Yousif and Elsayed 2019; Trung 2021; Trung and Tuan 2014; Ai et al. 2020)

where R and G denote the APD responsivity and the average gain, respectively. �n is the 
thermal variance, m , and Pt are the modulation index and average transmitted power per 
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3.2 � SER calculation of MT to ST turbulence

From Eqs. (14), (24), and (25), the PDFs and SER of the MT to ST turbulence regimes 
can be derived as (Zheng et al. 2021; Yousif and Elsayed 2019; Elsayed and Yousif 2020; 
Elsayed et al. 2018; Dabiri et al. 2019; Trung 2021; Trung and Tuan 2014; Ai et al. 2020)

The closed-form expressions for SER of the UAV-based FSO communication links of 
MT to ST conditions can be calculated as (Zheng et al. 2021; Yousif and Elsayed 2019; 
Elsayed and Yousif 2020; Elsayed et al. 2018; Dabiri et al. 2019; Trung 2021; Trung and 
Tuan 2014; Ai et al. 2020)

In Eq.  (28), C1 =

(
C4C5X

n+�−Ψ
m

− C4C6X
n+�−Ψ
m

)
 , C2 =

C4C6

(htA0)
n+�−Ψ , C3 =

C4C5

(htA0)
n+�−Ψ , 

C4 =
�Ȩ
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Ȩ
Γ(�)Γ(�) sin (�(�−�))

 , C5 =
��

(n+�)(
n+�−Ȩ

)
Γ(n−�+�+1)n!

 and C6 =
��

(n+�)(
n+�−Ȩ

)
Γ(n+�−�+1)n!

 

(Zheng et al. 2021; Yousif and Elsayed 2019; Dabiri et al. 2019; Trung 2021; Trung and 
Tuan 2014; Ai et al. 2020). N is a natural number and Xm is a coefficient depends on the 
Rytov variance σ2

R
 (Zheng et al. 2021; Yousif et al. 2019; Yousif and Elsayed 2019; Dabiri 

et al. 2019; Trung 2021; Trung and Tuan 2014; Ai et al. 2020).
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where σ2
bg
, σ2

th
, and σ

2
s
 are the noise variances due to background noise, thermal noise, and 

shot noise, respectively (Zheng et al. 2021; Yousif and Elsayed 2019; Dabiri et al. 2019; 
Trung 2021; Trung and Tuan 2014; Ai et al. 2020).

In Eq.  (30), F denotes excess noise factor of APD, � =

eGR

hplanckv
, where 

hplanck is the Planck constant, optical frequency v = c∕� , e and c denote the electron charge 
(coulombs) and the speed of light in a vacuum (m/s), respectively (Zheng et  al. 2021; 
Yousif et al. 2019; Yousif and Elsayed 2019; Trung 2021; Trung and Tuan 2014; Ai et al. 
2020).

where RL, T , and kB are APD’s load resistance, Rx’s temperature in degrees Kelvin, 
and Boltzmann constant, respectively (Zheng et al. 2021; Yousif et al. 2019; Yousif and 
Elsayed 2019; Trung 2021; Trung and Tuan 2014; Ai et al. 2020)

4 � Numerical results and discussion

In this section, the FSO communication link is simulated when the receiving UAV is in 
straight-flight mode. The UAV-FSO relay-assisted system parameters utilized in the calcu-
lations are shown in Table  1. The proposed model is implemented under the MATLAB 
software platform. The Monte Carlo simulation is used to model the probability of different 
results and the accuracy of the simulated data. By considering the angle pointing deviation 
and position deviation produced by the UAV jitter, the effect of the UAV’s fuselage tilt 
angle in horizontal and straight flights on the communication quality is examined. The fol-
lowing initial settings have been made: a wavelength of 1550 nm, a beam waist of 5 mm, a 
radius of 0.1 m for the receiver aperture, and a maximum UAV-FSO transmission range of 
Lfso = 2 km . The power spectral density function is simulated using the Modified Von Kar-
man model, where the transmission rate of the QSPK signal is 20  Gb/s and ARIS 
C2
n
= 1 × 10−13m−2∕3 for ST , 5 × 10−15m−2∕3 for MT , and 1 × 10−17m−2∕3 for WT . The 

values of �2
r0
= �

2
t0
= 1 mrad and the tilt angles of the fuselage � as 0, 5, 10, 20, and 25 

mrad, respectively, were used in the simulation. As observed in Fig. 2, the tilt angle of the 
fuselage has a greater impact on the communication quality of UAVs than does the jitter 
induced by the wind resistance. In Fig. 2, the OP increases the UAVs-FSO communication 
with the increase of the random wind resistance and the PE with AT. The OP increases to 
10−4 at a SNR of 25 dB when �2

�
 increases from 0 to 7 mrad. When �2

�
 increases from 0 to 7 

mrad at the OP of 10−4 , the SNR should be increased from 17 dB to more than 25 dB. The 
required SNR is ≥ 25 dB when the variance of the wind �2

�
 is 1 mrad at an OP of 10−6 . In 

Fig.  3, the average BER (ABER) will also increase when �2
�
 increases. The ABER will 

increase from 10−7 to 3.38 × 10−5 at the SNR of 23 dB, when �2
�
 increases from 0 to 7 mrad. 

With the ABER of 10−6 , the SNR should be 16.23 dB, 17.64 dB, and 21.45 dB when �2
�
 is 

0 mrad, 1 mrad, and 2 mrad, respectively. With the ABER is 10−5 and �2
�
 is 5 mrad, the 
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+ σ

2
th
+ σ
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(30)σ

2
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= 2eGFBe�Pt.

(31)σ
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SNR reaches 18.77  dB while when �2
�
 is 7 mrad, the ABER is 10−4 and the SNR is 

10.05 dB.
The UAV-based FSO system performance is shown in Fig. 4 about the average SNR for 

8-PSK and 16-QAM, with/without PE. The simulation was performed to verify the analyti-
cal expressions. The system included WT to MT atmospheric turbulence conditions from 
C2
n
= 1 × 10−17m−2∕3 to 5 × 10−15m−2∕3 . The geometric/PE coefficient deviation hg = 0.05 

0 5 10 15 20 2510-6

10-5

10-4

10-3

10-2

10-1

100

SNR (dB)

O
ut

ag
e 

Pr
ob

ab
ili

ty

σσ2
αα
= 0

σσ2
αα
= 1 mrad

σσ2
αα
= 2 mrad

σσ2
αα
= 5 mrad

σσ2
αα
= 7 mrad

Fig. 2   OP versus SNR (dB) in UAV-FSO communication link with the different wind resistance �2
�
 with at 

lfso = 2 km
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Fig. 3   ABER versus SNR (dB) in UAV-FSO communication link with the different �2
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 with at lfso = 2 km
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and the FSO link distance L = 1000  m. As can be observed, the SER with PE is much 
worse than when there isn’t PE. On the other hand, using a high-order modulation method 
causes the SER to be less than desired. Using 8-PSK modulation without PE requires 
23.5 dB at BER of 10−8 while 16-QAM without PE requires 26.5 dB to maintain the same 
BER of 10−8 . Compared with 16-QAM without PEs, the signal-to-noise ratio (SNR) gain 
of 8-PSK without PE is 3 dB. The SNR power penalty is 3 dB at BER of 10−8.

When the BER is 10−4 , the 8-PSK with PE needs 22.69 dB at BER while the 16-QAM 
with PE needs 26.28 to maintain the same BER. The SNR power penalty is 3.59 dB. When 
BER is 10−4 , compared to the 16-QAM scheme with a PE, the SNR gain of the 8-PSK 
scheme with a PE is 3.59 dB. At the target BER = 10−3 , the 8-PSK without PE requires 
13.50 dB while the 16-QAM scheme without PE requires 15.50 dB. So, the 8-PSK scheme 
without PE can achieve a 2 dB power gain compared with the 16-QAM scheme without 
PE. At the target BER = 10−3 , the 8-PSK with PE requires 20.37 dB while the 16-QAM 
scheme with PE requires 24.12  dB. So, the 8-PSK scheme with PE can be achieved a 
3.75 dB power gain compared with the 16-QAM scheme with PE.

Figure  5 shows the SER versus APD gain for various ARIS C2
n
 in the WT, MT, and 

ST at L of 1000 m. In the WT at C2
n
= 1 × 10−17m−2∕3 , the SER performance improves 

and reaches to 10−11 while in the MT, the SER is at 10−6 and in the ST, the SER decreases 
to 10−5 . Therefore, the turbulence strength influences how well the SER performs. When 
the atmospheric turbulence increases, the SER decrease. It is observed that weather-related 
turbulence conditions significantly impact SER performance (El-Mottaleb et  al. 2021; 
El-Fikky et  al. 2020). Additionally, as the APD’s gain is raised, the noise variances are 
caused by the desired received signal of �2

�
 rise as well.

Figure 6 shows the OP versus SNR for a traditional relay-assisted system with four sta-
tionary relays. The simulation results confirm the enormous potential of buffer-aided relays 
to improve OP performance, particularly in both medium and high SNR regimes (Fawaz 
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et al. 2018). For instance, with an SNR of 20 dB, an OP of around 10−7 is seen compared to 
10−1 for the conventional system. Since a good channel quality would enable the transmis-
sion of several packets from the UAVs’ buffers to the target. As a result, this enhances the 
OP of the FSO system (Fawaz et al. 2018). Figure 6 shows the performance of the UAV-
FSO system compared with a conventional FSO (CFSO) system. The OP in the CFSO of 
10−1 while using a UAV-FSO system with four relays, the OP can reach 10−7 . Using relay 
UAV-FSO, we achieve high SNR at 20 dB at the OP of 10−7 . The UAV-FSO system with a 
UAV altitude of 250 m can reach 3.7 × 10−7 while with a UAV altitude of 500 m, achieve 
OP of 10−6 . When the UAV altitude increase, the OP increase. The UAV-FSO system per-
formance with four stationary relays can achieve better OP and SNR. The results show the 
relay-assisted.

UAV-FSO system with four stationary relays can achieve better BER performance 
of 10−6 at 20 dB SNR, while the CFSO can achieve BER of 10−1 at 20 dB SNR. The 
BER of a CFSO relay-assisted FSO system and a UAV-FSO system with five station-
ary relays are compared in Fig. 7. In terms of packet delivery, the results demonstrate 
that a moving buffer-aided relay performs better than a stationary buffer-free relay. The 
results show a steady improvement over the CFSO system in terms of OP. It can be seen 
that AT and PEs affect the BER with different severity. For example, heavy weather tur-
bulence degrades the SNR and raises the BER (El-Mottaleb et al. 2021; El-Fikky et al. 
2020). As far as AT and PEs are concerned, they affect BER equally. Here, the SNR 
increases in the ideal situation without AT but falls with an increase in PE and AT. The 
BER performance is also enhanced. The results show the relay-assisted UAV-FSO sys-
tem with five stationary relays can achieve BER 10−8 at 25 dB SNR in the ideal case and 
10−5 at 27 dB SNR with AT and PE at an FSO length 1000 m. The results show the relay 
UAV-FSO system outperforms the CFSO at the BER and SNR performance.
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Figure 8 shows the symbol error rate (SER) versus UAV-FSO link length, Lfso for differ-
ent values of C2

n
 of the geometric and pointing error coefficient deviation hg = 0.05 mrad . 

The effects of UAV’FSO s fluctuation increase when the UAV-FSO link length, Lfso 
increases. As we can observe, the results of the weak turbulence achieve better SER 

2 rise as well.
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compared with MT and ST. The obtained results show that decreasing Lfso can compensate 
for the effects of UAV-FSO link fluctuation on the proposed system (Trung 2021). Fig-
ure 9 shows the comparison between the atmospheric turbulence transmission with point-
ing error (PE) and without PE for BER versus the average transmitted power per symbol 
Pt , for different turbulence strengths C2

n
(m−2∕3

) at Lfso = 2 km. The numerical results show 
that the required Pt to obtain BER of 10−9 are − 12.7 dBm, − 10.8 dBm, and − 10 dBm cor-
responding to C2

n
= 1 × 10−17m−2∕3 , C2

n
= 5 × 10−15m−2∕3, and C2

n
= 1 × 10−13m−2∕3 for 

hovering UAV-FSO without PE, respectively (Elsayed et al. 2018). Without PE, the BER 
performance is significantly improved compared to in the presence of PE. The required 
Pt to obtain BER of 10−9 are − 9.2  dBm, − 8  dBm, and − 6.8  dBm corresponding to 
C2
n
= 1 × 10−17m−2∕3 , C2

n
= 5 × 10−15m−2∕3, and C2

n
= 1 × 10−13m−2∕3 for hovering UAV-

FSO with PE, respectively. The performance improvements without PE are 3.5 dB, 2.8 dB, 
and 3.2  dB for C2

n
= 1 × 10−17m−2∕3 , C2

n
= 5 × 10−15m−2∕3, and C2

n
= 1 × 10−13m−2∕3 , 

respectively.

5 � Conclusion

In this paper, a new FSO communication channel model for the hovering UAV-FSO 
OWC fluctuations under the PEs, AT effects, jitter, deviation, receiving an error, and 
wind resistance effects is established. To improve the performance of hovering UAV-
based FSO relay OWC systems. We reduce the influence of UAV-FSO OWC fluctua-
tions under PEs and AT effects. By receiving incoherent signals at various locations, 
the spatial diversity-based relay-assisted NFSO systems can significantly increase the 
system’s redundancy and enhance connection stability. A UAV-FSO communication 
channel model has been investigated using different performance metrics. Along with 
the air turbulence and the jitter, the UAV suffers due to its engine vibration; the tilt 
angle and the horizontal lateral wind resistance generated by the UAV’s various motion 

Fig. 8   SER versus UAV-FSO 
link length (meter), lfso for differ-
ent values of C2

n
 of the geometric 

and pointing error coefficient 
deviation hg = 0.05 mrad

0 500 1000 1500 200010-7

10-6

10-5

10-4

10-3

10-2

10-1

100

Hovering UAV-FSO Link Length Lfso(m)

Sy
m

bo
l E

rr
or

 R
at

e

ST-UAV FSO, cn
2 = 1 x 10 -13 m-2/3

MT-UAV FSO, cn
2 = 5 x 10 -15 m-2/3

WT-UAV FSO, cn
2 = 1 x 10 -17 m-2/3



Modeling and investigation on the performance enhancement…

1 3

Page 19 of 23  625

states have also been considered. The system’s SER analysis was derived using multi-
ple parameters, linking AT and the PE effect. Then, we investigated and improved the 
performance of the considered system’s relay-assisted UAV-FSO over different chan-
nel parameters due to UAV fluctuations. The required SNR to attain a BER of 10–5 is 
23 dB when the tilt angle of the UAVs �2

�
 increases from 0 to 7 mrad with FSO link 

distance L = 2000 m. To obtain ABER of 10−6 , the SNR should be 16.23 dB, 17.64 dB, 
and 21.45 dB when �2

�
 is 0 mrad, 1 mrad, and 2 mrad, respectively. The average BER 

will also increase when �2
�
 increases. The ABER will increase from 10−7 to 3.38 × 10−5 

at the SNR of 23 dB, when �2
�
 increases from 0 to 7 mrad. With the ABER of 10−6 , the 

SNR should be 16.23 dB, 17.64 dB, and 21.45 dB when �2
�
 is 0 mrad, 1 mrad, and 2 

mrad, respectively. With the ABER is 10−5 and �2
�
 is 5 mrad, the SNR reaches 18.77 dB 

while when �2
�
 is 7 mrad, the ABER is 10−4 and the SNR is 10.05 dB. The SER per-

formance improves and reaches to 10−11 while in the MT, the SER is at 10−6 and in 
the ST, the SER decreases to 10−5 . Therefore, the turbulence strength influences how 
well the SER performs. The OP in the CFSO of 10−1 while using a UAV-FSO system 
with four relays, the OP can reach 10−7 . Using relay UAV-FSO, we achieve high SNR at 
20 dB at the OP of 10−7 . The UAV-FSO system with a UAV altitude of 250 m can reach 
3.7 × 10−7 while with a UAV altitude of 500  m, achieve OP of 10−6 . When the UAV 
altitude increase, the OP increase. The UAV-FSO system performance with four station-
ary relays can achieve better OP and SNR. The results show the relay-assisted UAV-
FSO system with five stationary relays can achieve BER 10−8 at 25 dB SNR in the ideal 
case and 10−5 at 27 dB SNR with AT and PE at FSO length 1000 m. The results show 
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the relay UAV-FSO system outperforms the CFSO at the BER and SNR performance. 
The effects of UAV’FSO s fluctuation increase when the UAV-FSO link length, Lfso 
increases. The results of the weak turbulence achieve better SER compared with MT 
and ST. The obtained results show that decreasing Lfso can compensate for the effects 
of UAV-FSO link fluctuation on the proposed system. The numerical results show that 
the required Pt to obtain BER of 10−9 are − 12.7 dBm, − 10.8 dBm, and − 10 dBm cor-
responding to C2

n
= 1 × 10−17m−2∕3 , C2

n
= 5 × 10−15m−2∕3 , and C2

n
= 1 × 10−13m−2∕3 for 

hovering UAV-FSO without PE, respectively. Without PE, the BER performance is sig-
nificantly improved compared to in the presence of PE. The required Pt to obtain BER 
of 10−9 are − 9.2 dBm, − 8 dBm, and − 6.8 dBm corresponding to C2

n
= 1 × 10−17m−2∕3 , 

C2
n
= 5 × 10−15m−2∕3 , and C2

n
= 1 × 10−13m−2∕3 for hovering UAV-FSO with PE, respec-

tively. The performance improvements without PE are 3.5 dB, 2.8 dB, and 3.2 dB for 
C2
n
= 1 × 10−17m−2∕3 , C2

n
= 5 × 10−15m−2∕3 , and C2

n
= 1 × 10−13m−2∕3 , respectively. 

Finally, we investigated the CFSO relay-assisted UAV-FSO system with aided NFSO-
UAVs spatial diversity-based relay-based on NFSO OWC and revealed the benefits of 
the resulting hybrid architecture.
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