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Abstract: Recently, free-space optical (FSO) communication systems utilizing unmanned
aerial vehicle (UAV) relays have garnered significant attention. Integrating UAV relays
into FSO communication and employing cooperative diversity techniques not only ful-
fill the need for long-distance transmission but also enable flexible adjustments of relay
positions based on the actual environment. This paper investigates the performance of
a parallel-UAV-relay-based FSO communication system. In the considered system, the
channel fadings include atmospheric loss, atmospheric turbulence, pointing errors, and
angle-of-arrival fluctuation. Using the established channel model, we derive a tractable
expression for the probability density function of the total channel gain. Then, we derive
closed-form expressions of the system outage probability (OP) and average bit error rate
(ABER). Moreover, we also derive the asymptotic OP and ABER for a high-optical-intensity
regime. Our numerical results validate the accuracy of the derived theoretical expressions.
Additionally, the effects of the number of relay nodes, the field of view, the direction devia-
tion, the signal-to-noise ratio threshold, the atmospheric turbulence intensity, the transmit
power, and the transmission distance on the system’s performance are also discussed.

Keywords: average bit error rate; FSO communications; outage probability; parallel UAV relays

1. Introduction
1.1. Background and Motivation

Recently, free-space optical (FSO) communication has drawn widespread attention
because of its inherent advantages, which include strong confidentiality, no requirement
for spectrum licensing, and a high communication capacity [1,2]. However, FSO signals
are highly susceptible to various fadings, such as atmospheric turbulence, atmospheric
loss, and pointing errors [3]. Moreover, the performance of FSO systems is severely limited
by the strict line-of-sight (LoS) alignment requirements between their transmitter and
receiver [4]. To address these limitations, relay-assisted FSO communication has emerged
as a promising solution [5], which is where relays are strategically deployed between the
transmitter and the receiver to improve the overall performance of the system. Currently,
most terrestrial FSO systems utilize fixed relays. However, due to potential obstructions in
the environment in which they are deployed, the optimal placement of these relays is often
unattainable, thereby restricting their practical applicability.
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As unmanned aerial vehicle (UAV) technology develops rapidly, UAV relay-based
FSO communication systems have received increasing amounts of attention [6]. Unlike
traditional fixed terrestrial relays, UAV-assisted relays can easily establish LoS links by
dynamically adjusting their positions, which can effectively address the challenges associ-
ated with relay deployment. Recently, UAV-relay-based FSO communication has become a
promising candidate in many research fields, such as emergency communication and mili-
tary operations [7-9]. In this paper, we will analyze the key performance indicators of a
parallel-UAV-relay-based FSO communication system. This analysis will enable the rapid
performance evaluation of such systems without the need for time-consuming simulations.

1.2. Related Works

In terms of FSO communication systems based on UAV relays, current related research
primarily focuses on channel modeling and system parameter optimization. A tractable
performance indicator expression is crucial for an effective system performance analysis.
Specifically, the outage probability (OP) of an FSO system under a log-normal channel was
analyzed [10]. An integral form of the OP for the multi-hop FSO communication system
was obtained [11]. In [12], the authors analyzed the throughput of a UAV-based hybrid
FSO/radio frequency (RF) system with buffer constraints. In [13], the authors studied the
performance of a dual-hop fixed-gain FSO relaying system with differential detection and
direct detection. In [14], a theoretical expression of the OP for FSO communication systems
based on a Markov chain was obtained. However, these studies [10-14] fail to account
for the impact of the angle of arrival (AoA) fluctuations resulting from the orientation
deviations of hovering UAVs. In [15], a multi-rotor UAV-based air channel was established
by comprehensively considering path loss, atmospheric turbulence, pointing error, and AoA
fluctuation. For FSO communication with a high-altitude UAV, the weak atmospheric
turbulence, path loss, pointing deviation, and AoA fluctuation were considered while
modeling the UAV-to-UAV link [16]. In [17], an FSO channel model with weak turbulence,
pointing errors, and AoA fluctuation was considered. For the multi-rotor UAV relay-based
air channel, the AoA fluctuation was also discussed to demonstrate the impact of the
UAV jitter [18]. However, the derived system performance expressions in [15-18] are
cumbersome and intractable. Therefore, to obtain further insights, it is necessary to develop
tractable theoretical expressions.

Moreover, the majority of current research on UAV-based FSO communication has
primarily focused on serial relaying. For instance, in a serial UAV-based multi-hop relaying
FSO system, exact and asymptotic expressions of OP were derived [19]. The performance
of a triple-hop FSO system with amplification-and-forward relaying has been analyzed [20].
In [21], a regenerate-and-forward relaying scheme was proposed for an FSO serial relay-
assisted system to expand its transmit distance. Using the decode-and-forward (DF) scheme,
the authors of another paper optimized key parameters to minimize the outage probability
of a UAV-based FSO system [22]. The throughput of a dual-hop FSO/RF hybrid system
based on serial UAV relays, was maximized in [23]. When multiple UAV relays exist in
the system and cooperate and communicate, the use of parallel relays can further enhance
the overall performance of the system. However, the performance of a parallel-UAV-relay-
based FSO system has not been extensively investigated in the available literature.

1.3. Contributions and Organization

Motivated by the issues mentioned above, this paper focuses on the error performance
analysis of an FSO communication system based on parallel UAV relays. The main focus in
this paper is error probability, which is a key aspect of reliable communication in Claude
Shannon’s information theory. The main contributions of this paper are as follows:
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*  We establish a system model for parallel-UAV-relay-based FSO communication sys-
tems. We consider an FSO communication scenario with a source node, M relay
nodes, and a destination node. The received signal and signal-to-noise ratio (SNR)
are analyzed. We establish an FSO channel model that considers atmospheric loss,
atmospheric turbulence, pointing error, and AoA fluctuation.

*  We analyze the performance of a system for parallel-UAV-relay-based FSO commu-
nication. For the considered system, we obtain tractable closed-form expressions of
the OP and average bit error rate (ABER). Our numerical results indicate that the
simulation results are in good agreement with the theoretical results, which verifies
the correctness of the expressions we derived.

*  We analyze the asymptotic performance of the considered system. The theoretical
expressions of the asymptotic OP and asymptotic ABER are derived at high optical
powers. Through analysis, it is found that the asymptotic OP is restricted by the
number of relay nodes, the field of view (FoV) of the receiver, and the standard
deviation of direction deviation. However, the asymptotic ABER is only related to the
FoV and the standard deviation of the direction deviation, and is independent of the
number of relay nodes.

The rest of this paper is organized as follows: Section 2 provides the system model. In
Section 3, closed-form expressions of the OP and ABER are derived, and the asymptotic
performance of the system is also analyzed. Section 4 presents several numerical results.
Finally, the conclusions are provided in Section 5.

Notation: Throughout this paper, regular font indicates a scalar. I'(-) is the Gamma func-
tion; K, (+) is the modified Bessel function of the second kind with order n [24]; §() is the
Dirac delta function; Gp;'[-] is Meijer’s G-function [24]; Pr(-) is the probability of an event;
E,,(-) is the cumulative distribution function (CDF) of ;; and erfc(x) = 2 . x°° e—tdt/ LG
is the complementary error function.

2. System and Channel Models
2.1. System Model

We consider a parallel-UAV-relay-based FSO system consisting of a source node (S),
M relay nodes (R1, Ry, ..., Rp), and a destination node (D), as illustrated in Figure 1. In
this system, node S and node D are installed on the top of buildings, and hovering UAVs
are used as the relay nodes. We suppose that the direct transmission link between node S
and node D is blocked. Moreover, node S uses laser diodes as its transmitter to send optical
signals; each UAV relay node employs the DF protocol and node D uses photodiodes to
receive the signal and perform photoelectric conversion.

The entire communication system includes M parallel paths, and each path contains
two hops. For the first hop, node S transmits the same signal xs to M UAV relay nodes; the
signal received by UAV relay node R, can be written as

Ym1 = Thy1xs +ny, Vm € {1,2,..., M} (1)

where T denotes the photoelectric conversion efficiency of the receiver’s photodiode at
Ry, hyy 1 is the channel gain between node S and node Ry;, and 1y, is the additive white
Gaussian noise (AWGN) at R,,, with mean zero and variance 7.

In addition, the transmitted signal consists of symbols that are randomly selected with

equal probability from the on—off keying (OOK) constellation such that x; € {0,2P;}, where
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P; denotes the average optical power of transmission. After that, the received electrical
SNR of the mth link is given by
2P2T?
Tm1 = =7l @)

r
For the second hop, the node R;; adopts the DF protocol. That is, the received signal is
first decoded, and then the re-encoded signal x; is sent to node D. Therefore, the signal
received at node D is expressed as

Yma = Thyoxe +ng, Ym € {1,2,..., M} 3)

where h,, 5 is the channel gain between node R, and node D and n4 is the AWGN at node
D with mean zero and variance o?2.

Similarly, the transmitted signal at each UAV relay is also considered as symbols were
selected with equal probability from the OOK constellation such that x; € {0,2P, }, where
P, is the average transmit power of each relay. Then, the SNR 7, of the second hop is
given by -

Tz = 250 @
%4

For each path, the end-to-end SNR 7, can be written as

Ym = min{')/m,l/ 'Ym,Z} ®)

To combine the received signal, a selection combining (SC) receiver is used. Compared
to other combining schemes, the SC receiver is easier to implement since only one path
is used for transmission. Moreover, the SC receiver is more robust in dealing with chan-
nel estimation errors since the weakest paths are excluded from the combining process.
Therefore, the total SNR vy of the system can be expressed as

Y= max{')/l, Y2, /’YM} (6)

Figure 1. Model of FSO communication system based on parallel UAV relays.

2.2. Channel Model

In this paper, the channel gain ,,;, m € {1,---,M},j € {1,2} is mainly influenced
by four factors [19], i.e.,
hyj = hh, h2, HE 130 ?)

m,j rm,j m,)m,j

where h}n’ jis atmospheric loss, h jis atmospheric turbulence, hfn/ ; is pointing error, and h%";’
is AoA fluctuation.

According to the exponential Beers—Lambert law, the atmospheric loss can be modeled
as [19]

Iy j = eXp(—Zm, §) 8
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where Z,, ; is the length of the jth hop of the mth path and ¢ represents the atmospheric
attenuation coefficient.

For atmospheric turbulence, the Gamma-Gamma distribution is employed since it is
suitable for all turbulence conditions [25]. The probability density function (PDF) of 7, ;
can be expressed as [26]

Qi +Bry i
L S, i TPom,j

fhjnlj(hfn,]-)z (“a’f]";'f)( ﬁmzj) (hfn,j)filKam,j_ﬁm,j@,/am,jﬁm,jhfn,]),h; ;>0

where &, ; and B, ; are the effective numbers of large-scale and small-scale eddies in the

scattering process and given by

6 _1
R = [exp (0.4901%,,”,]. /(1+11 Il{zf]) ) —1}

_ (10)
5/6 !
— 2 12/5
Bm,j = {exp (0.510R,m,j/(1 + 0.690, ij) > - l]
where (712{ = 1.23C2K7/6Z} ]/ ® denotes the Rytov variance, C2 denotes the index of refrac-

tion structure parameter, k = 271/A denotes the number of light waves, and A denotes
the wavelength.
Based on [10], we assume that the random variances in position at each UAV are

Gaussian-distributed with zero mean and variance o2 ,, the random variances in the

pw
direction deviation of the UAVs are Gaussian-distributed with zero mean and variance
02, and the random variances in position deviation at the ground platform are Gaussian-
distributed with zero mean and variance (7 ¢- Therefore, the PDF of the pointing error is

written as 2

fig, (1) = Aéﬁ,, - (15, )63,,,]-—1,0 < W < Awg (11)

mj

where 7, . = w%eq i / <4‘7s2,m,j) ; Apj = lerf(vy,)] ? is the maximal fraction of collected

power, with v, ; = \/Eam,]- / (\@wzmj); ap,; is the aperture radius; wz,,; is the beam

\/Eerf(vmj)/(vajexp<—vz ])) is the

equivalent beam waist. Moreover, Uszm J is the variance in the total displacement for different

waist radius at distance Z,,, ;; and w%

q,M,j

links, which is given by

2 (7 gt ap wi=1
s { ap,g +opy+ 7208, =2 12)

From [9,27], it is known that the link between transmitter and receiver is interrupted
when the AoA of the received beam falls outside the FoV of the receiver. The PDF of hﬁf?
can be modeled as

figgy (i) = exp <9%§(V7§” J)‘S(hfn‘?)* 1eXP<9%§(V73m'j>]‘5(hﬁ? -1)

where g,y 1, is the FoV of the mth receiver at the jth hop and 02 is the variance in the

direction deviation at each UAV.



Entropy 2025, 27, 650 6 of 20

According to (8), (9), (11), and (13), the PDF of h,,, ; is derived as follows:

61%0Vm j 92 .
= ] FoV,m,j
S () = exp <_ 2op |Smg) + |1 —exp| ==
am]ﬁmjém]
A h F((xm,]) (‘Bm,]’)
éZ
G mjﬁm]h " o >0 14
X 1,3 A hl m] -1, ‘XM] 1, ﬁm,] 1 m,j = ( )

3. Performance Analysis

This section will analyze the OP and ABER of the parallel-UAV-relay-based FSO com-
munication system before carrying out an asymptotic analysis of the system’s performance.

3.1. Outage Probability

The OP is a common metric for measuring the reliability of a wireless communication
system. The OP is defined as the probability of the received SNR y being smaller than a
given threshold y,. Therefore, the OP can be expressed as

Pout(')/th) = Pr('Y < 'Yth)
= Pr(max{71,72,-- -, YM} < V)

M
=TT B (rem) (15)

where F,, () represents the CDF of ;. Note that the last equality holds because the M
paths are independent of each other.
According to (5), F,,, (1) can be expressed as

Fy, (vt) =1 [1 = Fypy (van)] [T = Fypa (7)) (16)

where F,, (-) and F,, ,(-) represent the CDFs of 7,1 and 1,2, respectively.
According to (2), (14), and (9.31.5) in [24], F,,, , (1) can be further written as

F’Ym,l (’)/th) = F]’l,,m (hth)
— ex 91230V m,1 + |1 —ex _ 91230V,m,1 rzn 1
P 2(72 P 2(73 (‘Xm 1) (ﬁm 1)
&m1Bm1 [ Veno? 1,0
(17)
Apahl, |\ 2T2P?

gm 1 %m, 1/ ﬁm 1,0
where Iy, = /Y02 / (2T2Pt2) is the corresponding threshold of the channel gain.

3,1
X Gz, 4

Similarly, the expression of Fy, , (i) can be obtained as
oy i G
E — ex _ “FoV,m,2 + 1 —ex _ FoV,m,2
’Ym,Z(’)/th) P( 20.3 p 20.3 (lme) (ﬁmz)

Kn Z,Bm 2 ')/thgdz 1, CZ (18)
Am,2h1 2T2P

Cm 27 Xm,2, ,Bm 2/
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Substituting (17) and (18) into (16), we can obtain the following expression of F,,, (7 ):

92 2
1— exp | — FoV,m,1 1— m,1
2‘73 (D‘m )T (,Bm 1)
amlﬁm Veh 07 Lo, +1
lh 2T2P2 gm 1/04141 l/,Bm 1/
% 1_ exp| — G%OV,m,Z 1_ 2m2
203 T(m2)T (Bm,2)

F’Ym (’)/th) =1- {

G31

31| @meBme [Y00q | 1,73, +1
Gy I 2p2 19)
Ay 2h 2T=Pg gmleme/ﬁmL

Finally, by substituting (19) into (15), we can derive a closed-form expression for the
OP of the system as

M 912:\/ 1 2ml

Pour(1in) = TT 1=y [T=exp| == 3% ||\ 1= Sk
out( t ) nlzill{ {[ p( 20’% (‘xml) (:Bml)

X 1Pm1 [ Y0P CZ

Al | 2T2P7 | 3o tm, 1"Bm 1,0

x4 [1—exp vz \ [ [y G
202 I'(am2)T(Bm,2)

G31 m2,3m2 (Ytho-dz L Cz

2,4 Amzhl 2T2P2

m 27 &m,2, ;Bm,Zl 0
3.2. Asymptotic Outage Probability

31
X Gz,4

(20)

In this subsection, the asymptotic OP will be analyzed when the average transmit-
ted optical power P; at node S and the average optical power P, at each relay are suffi-
ciently large.

When P; tends to infinity, the corresponding channel gain threshold iy, will approach
zero. According to the series expression of Meijer’s G-function [28], we can simplify (17) to

61230V,m,1
1—exp| — 202
o

M,
Cilr(“ml = 1m,1)bma @m1Bm1 | Veno?F ’ 2
% , 4 4 4 , ’ , = min , (21

F(D{m,l ) F(ﬁm,1 )77m,1 Am,l h111,1 2T2Pt2 MTmA (gm,l .E’M,l) )

62
FoV,m,1
F’Ym,l (r)/th) ~ exp <_;’;ﬂ> +

o

where b, 1 = 1/(@%1’1 —‘erl) 1f§m1 > By and by, 1 = F(ﬁml — ml) 1f§m1 < Bma-

In (21), the term containing /7072 / (2T2Pt2) becomes zero when P; tends to infinity.
Thus, the asymptotic expression of Fy,, | () can be expressed as

OFov,m 1
F }y):.),ﬁnd(%h) = exp <_ ;a;n -
(o)

Similarly, when P, — oo in (18), we can derive the asymptotic expression of
F’Vm,l(,)/th) as



Entropy 2025, 27, 650

8 of 20

OFovm2
srton -
Substituting (22) and (23) into (16), we can derive the asymptotic bound of F,,, (7y,) as

63 62
bound o FoV,m,1 FoV,m,2
Fysu (vn) =1— [1 —exp <— 202 )] [1 —exp (— 202 )1

2 GI%OV m,j
=1-J[|1—exp| - o7 (24)
[¢]

j=1

Finally, substituting (24) into (15), we can derive the asymptotic expression of the
system OP as

bound i 2 9}2:0V,m,j

o [ oo )] e
m=1 j=1 o

Remark 1. By observing (25), it can be found that when the average transmit optical power Py

and P, are sufficiently large, increasing the optical power does not further improve the outage

performance of the system. In this case, the OP of the system is only related to the number of UAV

relay nodes M, FoV Ogoy,m,j, and the standard deviation of the direction deviation o,

3.3. Average Bit Error Rate

The ABER is another metric commonly used to measure the performance of communi-
cation systems. It reflects the average accuracy of the data transmitted by the considered
wireless communication system under all possible channel states.

For the considered system, the end-to-end ABER is related to the ABER of each path,
which is their minimum bit error value. In particular, when all paths are independent and
identically distributed, the end-to-end ABER of the system is equal to the ABER of a single
path. In this case, the ABER of the system can be derived.

Assuming that the receiver uses OOK modulation and direct detection, the end-to-end
BER conditioned on the channel gain h,, ; for the mth path is expressed as

Pe|hm,j (j) ="Pr(1) Pr(e\l,hm,]-) +Pr(0) Pr(e\O,hm,]-),j =1,2 (26)

where Pr(0) and Pr(1) are the probabilities that the transmitted power is 0 and 2P;, respectively.
Since Pr(0) = Pr(1) = 1/2 and Pr(e|0, hy, ;) = Pr(e[1,h,, ), Equation (26) can be

further written as
) 1 PiThy,;\ .
Pe|hm,]' (]) = erfc( ! m‘]>r] = 1r2 (27)

where P; is the average transmit optical power of node S or each relay and o; is the standard

variance of noise at each relay or node D. Specifically, when j = 1, P =P and 0j = 0y
whenj =2, pPi=P al’ldU']' =04.
According to the following equality [29]

1
erfc(x) = —G%’g

VT

x2

! 1 (28)

1
0,7

Equation (27) can be rewritten as
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1
1
0,7

P:Th.. : P2T242 .
Py () = erfe( L omd ) 1 _gao| T i
e|h, V2o, )2y | 20

], j=12 (29)
Due to the effect of channel fading, the jth hop’s ABER can be expressed as

Pel) = [ Fi () Pef,,, ), (30)

where P.(1) denotes the ABER of the first hop (i.e., the source-to-relay link) and P.(2)
denotes the ABER of the second hop (i.e., the relay-to-destination link).

Substituting (14) and (29) into (30), we can obtain the expression for the jth hop ABER,
which is as follows:

2 ‘an,'+ﬁrn,’_4 2 2
Pu(j) = Lexp( = ovmi )  ZU Sy fy oy ( SRovimg
2 202 V1T (/)T (B, ) 202

1 222
S(Am,]'hm ].PjT) *zgm,/ 3 e P s e |

2,5 2 7 2 7 2 7 ;i —
xGea | —— yeoa Ry ,i=12 (31)
m,jFm, 0,7, —

According to [30], the ABER of the dual-hop system meets the following conditions:

Pej= (1= Pej1)Pe(j) + Pej1(1 = Pe(f)),j = 1,2 (32)
Pep=10

where P, ; is the ABER from the source node to the relay node (j = 1) or destination node

(j=2).
Thus, the total ABER from node S to node D can be expressed as

Pe,z = Pe(l) + Pe(z) - 2Pe(1)Pe(2) (33)

Substituting (31) into (33), the total ABER P (i.e., Pe2) can be obtained as

2 B j—4 72 2
1 OFov,m,j 25m T OFov,m,j
Pe = 2 exp(— | + . 1—exp| ——5+
fa {2 203 VIO ()T (B ) 203

1 2 2
B(Am h -P'T) _Cm,j 1=ty 2= 1=Puj 2—Pm, 1
/5 ’ R R e R A, A R

2
1 Gy
0, j, 2"1]

2 92 ) 2"‘m,j+,3m/]'_4g2 ) 92 )
1 FoV,m,j m,j FoV,m,j
—ZH exp(— )—l— ll—exp(—
j=1 { 2 203 VT (@) T (B j) 208
8

2 2
<AWL]h}ﬂ P]T) 27€m/j 1-ay; 2—ay; 1*ﬁm,j 2*/3%]' 1
,5 ] 2 s 2 s 2 s T3 (34)
p¢2 .‘BZ .0'.2 1 —Cfn,-
m,jEm,j | 0,3, —~

3.4. Asymptotic Average BER

This subsection will derive the asymptotic bound of the ABER when the average
transmit optical power P; is sufficiently large.

According to the series expression of Meijer’s G-function [24], when P; tends to infinity,
we can express (31) as
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2 m,itPm i—472 2
P(j) ~ 1 exp (- OFov,m i n 2mitPmj Conj 1 —exp| - OFov,m
T2 203 V7T (6 )T (B ) 202
T ( l+‘xm,é'7¢m,j ) T (”‘m,jgwm,j ) r ( l‘Hzpm,j ) dm/]'
X
lpm,j
‘Pm,j
2
2 2 2
el .0~
WL g = min(Z], ) (35)
8 (Am,jhm,ijT)

where d,,; = F(ﬁml]« — i’j/2>r(1 + Bmj— Cﬁw/Z), if gﬁw < Bum,j- Moreover, d,; =
2V7 [ (82, Bus) i 2, > B

In (35), when the average transmitted optical power P; tends to infinity, the term
containing P; tends to zero. Thus, the asymptotic expression of Pe(j) can be expressed as

Pbound (]) — 1 exp| — Gl%ov,m,j (36)
2 202

Substituting (36) into (34), we can obtain the asymptotic expression of the ABER as

12 OFov.m,j 1.2 OFovm,

b, d ov,m, oV,m,

povnd = 2 Ziexp <— 202 ) EHexp — 202 / (37)
]:

Remark 2. In (37), when P; — oo, increasing P; will not further improve the ABER of the system.
In this situation, the ABER of the system is only related to the FoV Opoy,n,;j and the standard
deviation of direction deviation o, and is independent of the number of relay nodes.

4. Numerical Results

In this section, Monte-Carlo simulations will be provided to verify the correctness of
the theoretical expressions we have derived, and the impacts of various parameters on the
system’s performance will be provided. In all simulation figures, the theoretical results of
the OP and asymptotic OP are determined by (20) and (25), respectively. The theoretical
results of the ABER and asymptotic ABER are determined by (34) and (37), respectively. To
evaluate Meijer’s G-function in our theoretical expressions, we use the software MATLAB
R2023a. To facilitate the simulation, the optical power transmitted at node S and each relay
are assumed to be the same, i.e., P; = P,. The main simulation parameters used in this
paper are shown in Table 1.

Table 1. The main parameters used in this paper.

Parameters Symbols Values
Wavelength A 1550 nm
Detector radius a 0.025 m
Refractive index structure coefficient C2 5x107 14 m2/3
Standard deviation of UAV position deviation Opu 0.1m
Photoelectric conversion efficiency T 0.9
Standard deviation of ground position Opg 0.1m

Atmospheric attenuation coefficient ¢ 1km™!
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Table 1. Cont.

Parameters Symbols Values
Standard deviation of direction deviation oS 1.2 mrad
Noise variance at R; o2 25x 10714
SNR threshold Yth 10dB
Noise variance at D Uﬁ 25x 10714
Beam waist radius at distance Z,,, ; WZ, i 2m

Receiver FoV OFov,m,j 5 mrad

Receiver sensitivity Sy —30 dBm

4.1. OP Results

Figure 2 shows the OP versus the average transmitted optical power P; for different
relay numbers M when Z,, ; = 0.5 km and O'I%,m’]- = 1. As can be observed, for a given M,
the OP gradually decreases with the P;. Under the same P;, the OP decreases significantly
with an increase in M. This means that increasing the number of parallel relay nodes can
significantly improve the system’s outage performance. In addition, when P is large, the OP
of the system does not decrease with the increase in P; but tends to the corresponding
asymptotic bound. This indicates that increasing the average transmitted optical power
cannot always improve the outage performance of the system, which verifies the conclusion
in Remark 1.

10° T T T T T
—— Theoretical results
. *  Simulation results
1077 - -~ Asymptotic bound| ]
1071 -
1076 —

System Outage probability
1
<
I
J_\
N
w

10 10 4 -

10712 T T T T T T
0 5 10 15 20 25 30 35

P, (dBm)

Figure 2. System OP versus P; under different M when Z,, ; = 0.5 km and R j=1

Figure 3 shows the OP versus P for different Z,, ; when M = 2 and (le{’m’ j = 1. Ascan
be seen, when P; is small, the system’s OP gradually decreases with the decrease in Z,,, ;.
Obviously, the smaller the link transmission distance is, the better the channel quality is.
However, when P; is sufficiently large, the OP does not continuously decrease with the
increase in P; but gradually approaches its asymptotic bound, which verifies the accuracy of
(25). Such an observation suggests that when P; is sufficiently large, the average transmitted
optical power will no longer affect the OP performance of the system. In this situation,
the relay numbers M, the FoV 0oy, j, and the standard deviation of the direction deviation
0o limit the system’s outage performance. In addition, when P; is large, the system’s OP
curves tend to the same asymptotic bound under different Z,, ;. That is to say, its asymptotic



Entropy 2025, 27, 650

12 of 20

bound is independent of Z,, ;. Therefore, the limiting factor affecting the system’s OP is no
longer Zm,j, which verifies the conclusion in Remark 1.

10° T T T T T
- — Theoretical results| |
10 *  Simulation results
, - - - Asymptotic bound
> 107 ]
3
g 107 ,
ol
% 10 Zm‘j =0.3, 0.4, 0.5km |
5
(@]
g 10*5 -
7]
@ o0
10*7 -
1078 T T T T T T
0 5 10 15 20 25 30 35
P, (dBm)

Figure 3. System OP versus P; under different Z,, ; when M = 2 and oz ., j=1L

Figure 4 shows the OP versus P; for different (Té/m/ y when M = 2and Z,,; = 0.5 km.
As can be observed, when P;is small, the OP performance becomes worse as ‘TI2<,m,j increases.
By observing (9) and (10), we can conclude that the PDF of 7 j is only affected by O'I%m, 2
Therefore, when P; is small, the effect of atmospheric turbulence on the OP is reduced by
reducing Uﬁlm, i When P; is large, the OP curves of the system tend to the same asymptotic
bound under different ‘Trzi,m, jo It should be noted that the asymptotic value is independent

of P; and the turbulence condition of (TI% 7 which verifies Remark 1.

10° T T T T T T
Theoretical results|
10 il
K Simulation results
102 ~ — ~ - Asymptotic bound
2
§ 10° .
& 2
o Orm,j =061 16, 2
@ 107
5
@]
§ 10°
B
@
10
T e
10°® T T T T T T T
0 5 10 15 20 25 30 35 40

P (dBm)

Figure 4. System OP versus P; under different UI% mj when M =2and Z,, ; = 0.5 km.

Figure 5 shows the OP versus P; for different SNR threshold values vy, when M = 2
and Z,,; = 0.5 km. It can be observed from the figure that when P; is small, the system’s
OP performance becomes worse as the <y, increases, which suggests that a better OP
performance for the system can be obtained by reducing the value of vy,. In addition,
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when P; is large, the OP curves of the system tend to the same asymptotic bound, which is
independent of P; and the SNR threshold 7y, thus verifying Remark 1.

10° T T T T
108 4 Theoretical results| |
% Simulation results
102 4 - - - - Asymptotic bound| _|
2
% 10-3 .
§ Y& =5 10, 15,20 dB
%, 104 4
5
e}
§ 10°
B
@
10—6 -
- 0.
10°® T T T T T T T
0 5 10 15 20 25 30 35 40

P, (dBm)

Figure 5. System OP versus average transmitted optical power P; for different 7y, when M = 2 and
Zy,j = 0.5 km.

Figure 6 shows the OP versus P for different 0,y ,,,j when M = 2 and Z,, ; = 0.5 km.
As seen in the figure, the OP gradually decreases as P; is increased for a given Ogyy, ;-
However, when P; is large, the OP performance does not improve as P; increases, but
tends to different asymptotic bounds due to different 6oy, j values. This indicates that the
system’s OP performance cannot always be improved by increasing P; without limitation,
which verifies the accuracy of Remark 1.

100 -

10—1 -

1024

>
§ 10 +
[=]
x
% 10 4
e e
(@)
g 10—5 -
% Theoretical results

1094 | ¥ Simulation results

- - - Asymptotic bound
L et Rl e
Grov, m; = 2 3,4, 5 mrad
108 T T T T T T
0 5 10 15 20 25 30 35

P, (dBm)
Figure 6. System OP versus P; for different 6goy,;,,j when M = 2 and Z,, ; = 0.5 km.

Figure 7 shows the OP versus the FoV 0oy, j for different average transmitted optical
powers P; when M = 2 and Z,, ; = 0.5 km. It can be observed that the OP decreases first
and then increases as the 6goy,, j increases for a given P;. This indicates that there is an
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optimal Opay, i, value for obtaining the best outage performance, and the optimal O,y
value gradually increases with the increase in P;.

10° T T
10»1 -
2
F 102
3
Qo
[=]
&
(4]
g 10 P, =5, 10, 15, 20 dBm
o]
§ 10
@
105 4 Theoretical results _
*  Simulation results
10°® T T
0 2 4 6
HFoV' mj (mrad)

Figure 7. System OP versus FoV for different P; when M =2 and Z,,, ; = 0.5 km.

Figure 8 shows the OP versus P; for different 0, when M = 2 and Z,,; = 0.5 km.
In this figure, the OP gradually decreases with the increase in P; for a fixed 0,. When
the transmitted optical power conditions are the same, the system OP increases with the
increase in 0,, which suggests that a better OP performance for the system can be obtained
by decreasing the value of 0,. Moreover, when P; is large, the OP performance does
not decrease with the increase in P; but approaches different asymptotic bounds due to
different o, values. This indicates that the system’s OP performance cannot be enhanced
by increasing P; without limitation, which verifies the accuracy of Remark 1.

10° Fi T T T

10
0,=0.0012,0.0014,

102 - 0.0016, 0.0018 |
103

10

1054 ---------—-—-—----- -K---=-7

—— Theoretical results
1054 | % Simulation results .
- - - Asymptotic bound

107 ----———-—-"—"——-—"—"——"——-—-—--—-----°%

System Outage Probability

108 T T T T T T
P, (dBm)
Figure 8. System OP versus P; for different 0o when M = 2 and Z,, ; = 0.5 km.

From Figures 2-8, it can be observed that the performance gaps between all theoretical
and simulation results are so small that they can be ignored. This indicates that the obtained
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theoretical expression of the OP can be utilized to evaluate a system’s outage performance
without the need for time-intensive simulations.

4.2. ABER Results

Figure 9 shows the system’s ABER versus P; for different numbers of relay nodes
M when Z,, ; = 0.5 km and Ulz{,m,j = 1. It can be seen that the system’s ABER gradually
decreases with the increase in P; for a given M value. Under the same transmitted optical
power condition, the system’s ABER does not change with the increase in M, because the
system ABER is equal to the ABER of a single path and is independent of M, when the
states of each path are independent and identically distributed. Moreover, the system ABER
does not decrease with the increase in P;, but approaches the same asymptotic bound. This
indicates that increasing the P; cannot always improve the system’s ABER performance,
which verifies the accuracy of Remark 2.

100 T T T T T T T
Theoretical results
*  Simulation results
- - - Asymptotic bound
[J) -1 _J -
B 10
24
= M=1,23
|
E 2
] 102 4
&
o
>
<
B
I 103
10 T T T T T T T
75 70 65 60 -55 50 45 40 35

P; (dBm)
Figure 9. System ABER versus P for different M when Z,, ; = 0.5 km and (712{ mj = 1.

Figure 10 shows the system’s ABER versus P; for different Z,, ; when Urz{,m, j=1land
M = 2. In Figure 10, the system’s ABER dramatically decreases with the decrease in Z,,, ;
when P; is small. This is obvious because the shorter the link transmission distance is,
the better the channel quality is. However, when P; is large, the system’s ABER does not
continuously decrease with the increase in P;, but gradually approaches the asymptotic
bound, which verifies the accuracy of (37). This phenomenon suggests that when P; is
large enough, the average transmitted optical power does not affect the system’s ABER.
Moreover, the system’s ABER curves approach the same asymptotic bound when P; is
large; that is, the asymptotic bound is independent of Z,, ; and the parameter that affects
the system’s ABER is no longer Z,, ;, which verifies the accuracy of Remark 2.

Figure 11 shows the system’s ABER versus P; for different O‘I%,m’j when M = 2 and
Zm,j = 0.5 km. In the figure, we find that the system BER increases with the increase in
(Tém, j when P; is small. According to (9) and (10), we can conclude that the PDF of h;, j is
only determined by (Tém,j. Thus, when the average transmitted optical power is small, we
can reduce the effect of atmospheric turbulence on the system’s BER by decreasing ‘TI2<,m, i
Under different U%{’m, j conditions, the system’s BER curves approach the same asymptotic
bound as when the average transmitted optical power is large; this asymptotic value
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is independent of P]- and the turbulence condition ‘71% mj’ which verifies the accuracy of
Remark 2.
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Figure 10. System ABER versus P; for different Z,, ; when UI%,m i= land M = 2.
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Figure 11. System ABER versus P; for different (TI% mj when M =2and Z,,; = 0.5 km.

Figure 12 shows the system’s ABER versus P; for different FoVs 6goy 1, j when M = 2
and Z, ; = 0.5 km. In the figure, we find that the system’s ABER gradually decreases with
the increase in P for a given Orov,m,j- When P; is large, the system’s ABER does not decrease
with the increase in P;, but approaches different asymptotic bounds due to the different
values of Ogoy,;,j. This indicates that the system’s ABER cannot always be decreased by
increasing Pj, which verifies the accuracy of Remark 2.

Figure 13 shows the system’s ABER versus the FoV 0oy ,,; for different values of P;
when M =2 and Z,,; = 0.5 km. In this figure, we find that the system’s ABER decreases
first and then increases as 0oy, increases for a given P;. This indicates that there is an
optimal Oy, j value for obtaining the minimum system ABER, and the optimal O,y
value increases gradually with the increase in P;.
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Figure 12. System ABER versus P; for different 0g,yv ,; when M = 2 and Z,, ; = 0.5 km.
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Figure 13. System ABER versus FoV for different P; when M = 2 and Z,, ; = 0.5 km.

Figure 14 shows the system ABER versus P; for different standard deviations of the
direction deviation 0, when M = 2 and Zm,]- = 0.5 km. In this figure, we find that the
system’s ABER decreases with the increase in P; for a given 0,. Under the different P;
conditions, the system’s ABER increases with the increase in 0. This indicates that we
can obtain a smaller ABER by reducing the value of ¢,. In addition, when P; is large,
the system’s ABER does not decrease with the increase in P; but approaches different
asymptotic bounds because of different values of o,. This indicates that the system’s ABER
cannot always be decreased by increasing P;, which verifies the accuracy of Remark 2.
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Figure 14. System ABER versus average transmitted optical power for different o, when M = 2 and
Zy,j =05 km.

From Figures 9-14, we can conclude that all theoretical values match the simulation
values well. Thus, the obtained ABER expression could be directly employed to evaluate
the system’s error performance without the need for time-consuming simulations.

5. Conclusions

In this work, we investigated the outage and error performance of a parallel-UAV-
relay-based FSO communication system. By considering the atmospheric loss, atmospheric
turbulence, pointing error, and AoA fluctuation, we derived the PDF of the overall channel
gain and closed-form expressions of the OP and the ABER. Moreover, we also analyzed the
asymptotic bounds of the OP and ABER. Our numerical results verified the accuracy of the
theoretical expressions we derived. Moreover, the results indicated that the system’s OP is
related to the number of relay nodes, the FoV, and the standard deviation of the direction
deviation, while the ABER is only related to the FoV and the standard deviation of the
direction deviation.
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Abbreviations

The following abbreviations are used in this manuscript:

ABER average bit error rate

AoA angle of arrival

AWGN  additive white Gaussian noise
CDF cumulative distribution function
DF decode-and-forward

FoV field of view

FSO free-space optical

OOK on-off keying

or outage probability

PDF probability density function
RF radio frequency

SC selection combining

SNR signal-to-noise ratio

UAV unmanned aerial vehicle
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