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Abstract

In this paper, we investigate a Reconfigurable Intelligent Surface (RIS)-assisted Free-Space Optics–Radio Frequency (FSO–RF)
mixed dual-hop communication system for Unmanned Aerial Vehicles (UAVs). In the first hop, a source UAV transmits data
to a relay UAV using the FSO technique. In the second hop, the relay UAV forwards data to a destination Mobile Station (MS)
via an RF channel, with the RIS enhancing coverage and performance. The relay UAV operates in a Decode-and-Forward (DF)
mode. As the main contribution, we provide a mathematical performance analysis of the RIS-assisted FSO–RF mixed dual-hop
UAV system, evaluating outage probability, Bit-Error Rate (BER), and average capacity. The analysis accounts for factors such
as atmospheric attenuation, turbulence, geometric losses, and link interruptions caused by UAV hovering behaviors. To the
best of our knowledge, this is the first theoretical investigation of RIS-assisted FSO–RF mixed dual-hop UAV communication
systems. Our analytical results show strong agreement with Monte Carlo simulation outcomes. Furthermore, simulation results
demonstrate that RIS significantly enhances the performance of UAV-aided mixed RF/FSO systems, although performance
saturation is observed due to uncertainties stemming from UAV hovering behavior.

© 2024 Published by Elsevier Ltd.

KEYWORDS: Unmanned aerial vehicle, Free-space optics, Reconfigurable intelligent surface, Mixed RF/FSO channel,
Outage probability, Bit-error rate.

1. Introduction

1.1. Literature Review

Reconfigurable Intelligent Surface (RIS) has gar-
nered significant attention as a promising technology
for next-generation wireless systems, including be-
yond fifth-generation (B5G) and sixth-generation (6G)
networks [1, 2, 3, 4, 5, 6, 7]. The RIS dynami-
cally adjusts the amplitude and phase of incident sig-
nals through software-controlled reflections on pas-
sive elements, enabling reflective beamforming [1].
In [2], various RIS-based communication scenarios
have been explored, including applications for users
in dead zones or at cell edges, physical-layer secu-
rity, and massive Device-to-Device (D2D) communi-
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cations. For these scenarios, Wu and Zhang [2] pre-
sented the fundamental hardware architecture, beam-
forming challenges, and various numerical results
demonstrating signal power enhancement and inter-
ference suppression facilitated by the RIS. Addi-
tionally, in [6], RIS was applied to mmWave inte-
grated sensing and communication systems. In [7],
RIS-enabled satellite-aerial-terrestrial networks utiliz-
ing Power-Domain Non-Orthogonal Multiple Access
(PD-NOMA) were introduced, showcasing various
practical application scenarios. Moreover, RIS has
been applied to homogeneous cooperative commu-
nication systems [4] as well as Free-Space Optics
(FSO)/Radio Frequency (RF) mixed cooperative com-
munication systems [3, 5].

On the other hand, FSO communication is regarded
as a promising technology for future wireless backhaul
and fronthaul networks, owing to its license-free op-
eration and low-interference characteristics [8]. The
mixed dual-hop FSO/RF Amplify-Forward (AF) re-
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laying communication system has been proposed as
an adaptive and efficient technique for practical wire-
less communication systems, with its performance
analyzed mathematically [9]. Recently, the mixed
FSO/RF scheme has been incorporated into Space-
Air-Ground Integrated Networks (SAGINs), taking
into account a practical FSO channel model that in-
cludes Angle-of-Arrival (AoA) fluctuations [10].

Unmanned Aerial Vehicles (UAVs) are considered a
key component of future mobile communication sys-
tems due to their ease of deployment and virtually
limitless flexibility [13]. If UAVs rely solely on RF
links, they are likely to encounter interference between
backhaul and access links. To address this, the mixed
FSO-RF approach is considered a promising solution
for UAV-assisted systems. However, the inherent in-
stability of UAVs can significantly degrade end-to-end
communication performance. An accurate UAV-based
FSO channel model has been studied, accounting for
UAV hovering and incorporating the combined effects
of atmospheric turbulence, as well as the position and
AoA of UAVs [11, 14, 15]. The channel model was
further refined in [16] by incorporating a generalized
Málaga channel to represent the FSO atmospheric tur-
bulence. Additionally, a decode-and-forward (DF)
protocol-based mixed FSO-RF relaying technique was
proposed, where the end-to-end performance was an-
alyzed; however, the analysis relied on a simplified
channel model for UAVs [16]. On the other hand, var-
ious RIS-assisted UAV systems have been proposed,
such as RIS-carrying UAVs and RIS-assisted UAVs,
along with joint trajectory and beamforming optimiza-
tion [17]. In [18], a RIS-aided symbiotic transmission
approach was introduced, incorporating trajectory and
phase-shift optimization.

1.2. Motivations and Contributions

• We consider a RIS-assisted dual-hop mixed FSO-
RF system, where a single hovering UAV oper-
ates as a relay using the DF protocol. However,
prior works such as [14, 19, 20] focused solely
on pure FSO or RF links. While [21] explores
a mixed FSO-RF channel model, it does not ac-
count for interruptions caused by UAV behav-
ior or the performance enhancements enabled by
RISs.

• As the main contribution of this paper, we math-
ematically analyze the end-to-end outage prob-
ability, Bit-Error Rate (BER), and achievable
rate performance under a practical channel model
that accounts for atmospheric loss, turbulence
loss, geometrical loss, and AoA-induced loss.
Although [19] introduced a more sophisticated
UAV FSO channel model [11, 14], we adopted
the model from [11] due to its balance of sim-
plicity and sufficient accuracy.

Fig. 1. System model of the RIS-assisted Dual-Hop mixed FSO-RF
UAV Communication System.

• To the best of our knowledge, the performance
analysis of mixed RF/FSO systems that considers
both UAV-induced instability in the FSO channel
and RIS-assisted RF channels, with or without a
direct path component, has not yet been reported
in the literature. Building on previous works on
FSO channels [11] and RIS-assisted RF channels
[12], as well as further investigations into RIS-
assisted channel performance with and without
a direct path, we evaluated the end-to-end per-
formance of the proposed system model. Fur-
thermore, prior studies have not provided BER
analysis for general M-ary Quadrature Amplitude
Modulation (M-QAM) systems or examined the
average capacity of RIS links. A detailed com-
parison with related literature is summarized in
Table 1.

• Through extensive computer simulations, we
demonstrate that the results hold across all SNR
regimes.

The remainder of this paper is organized as follows:
Section 2 introduces the RIS-assisted mixed FSO/RF
DF relaying system. In Section 3, we mathematically
analyze the outage probability, BER, and average ca-
pacity of the UAV-aided DF relaying system. Section
4 presents simulation results for scenarios with and
without a direct RF path, and conclusions are provided
in Section 5.

2. System and Channel Models

Figure 1 illustrates the RIS-assisted dual-hop mixed
FSO-RF UAV communication system considered in
this paper. The system comprises a single source node
(S), a single DF relay (R), and a single destination
node (D). The source and relay nodes are assumed to
be UAVs, while the destination node represents a Mo-
bile Station (MS). It is further assumed that there is
no direct communication link between the source and
destination nodes. To provide a practical perspective
on the proposed model, consider the following usage
scenario: one UAV acts as a traffic-generating source
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Ref. Hops Optical Link RIS Link Direct RF-Path RF Analysis Approach
[3] Dual Hop Fixed FSO Rayleigh, Rayleigh NO CLT based
[4] Single Hop NO k − µ NO Exact PDF calculation
[6] Single Hop NO mmWave YES Exact PDF calculation
[7] Single Hop NO various NO NO (Survey Paper)
[10] Dual Hop UAV FSO NO Shadowed Rician Exact PDF calculation
[11] Single Hop UAV FSO NO N/A N/A
[12] Single Hop NO Rayleigh, Rayleigh NO PDF approximation

This Work Dual Hop UAV FSO Nakagami-m, Rayleigh generalized-K PDF approximation

Table 1
Comparison our manuscript with the existing studies

(e.g., video streaming), while the other UAV functions
as a relay unit for serving multiple mobile users.

It is assumed that the link between the source and
relay nodes operates over an FSO channel, while the
link between the relay and destination nodes utilizes
an RF channel. A single RIS is positioned between
the relay and destination nodes to enhance the RF
link. In this paper, we adopt a practical FSO channel
model that accounts for atmospheric loss, turbulence,
Angle-of-Arrival (AoA) fluctuations, and geometrical
loss caused by misalignment between the lens center
and beam center, as described in [11, 15]. We assume
full channel state information (CSI) at the RIS, fol-
lowing the approach in [4]. The RF channel between
the relay node and the RIS (R-RIS) is modeled us-
ing a Nakagami-m2 distribution, while the channel be-
tween the RIS and the destination node (RIS-D) fol-
lows a Rayleigh distribution. For the R-RIS chan-
nel, we utilize the Nakagami-m distribution, as it ef-
fectively captures the Line-of-Sight (LoS) contribu-
tion, reflecting the UAV’s ability to fly above build-
ings. In contrast, for the RIS-D channel, we employ
the Rayleigh distribution, which assumes a non-LoS
channel, aligning with the typical deployment of MSs
on the ground. Moreover, we assume the existence of
an RF direct link between the relay UAV and the MS,
modeled using a generalized-K (KG) distribution, as
it effectively captures both fading and shadowing ef-
fects. While Malaga and κ− µ distributions can model
various fading scenarios in FSO and RF channels, they
are relatively complex for analytical purposes. As a
more practical alternative, we adopt Gamma-Gamma,
Nakagami-m, Rayleigh, and generalized-K (KG) chan-
nel models, which are simpler yet sufficiently accu-
rate for gaining insights into the UAV-aided mixed RF-
FSO channel model.

2.1. First time-slot: FSO link
In the first time slot, the source node sends signal

xFSO with the energy of EFSO ≜ E[|xFSO|
2] to the re-

lay node via UAV-UAV FSO link. After filtering the

2 It is well known that the Nakagami-m distribution closely ap-
proximates the Rician-K distribution, with the relationship m =
(K+1)2

(2K+1) , effectively capturing the line-of-sight (LoS) effect [22].

Direct Current (DC) component at the relay node, the
received signal is given by [3]

yFSO = ηhFSOxFSO + nFSO, (1)

where hFSO, nFSO, η represent the FSO channel
gain, complex Gaussian FSO receiver noise follow-
ing CN(0,NFSO), and effective photoelectric conver-
sion ratio, respectively. The FSO channel gain is typi-
cally modeled as [15]

hFSO = hFSO
p hFSO

a hFSO
pg hFSO

pa , (2)

where hFSO
p = exp (−DFSOξ) represents atmospheric

loss, with ξ as scattering coefficient and DFSO as
the distance between source and relay nodes. hFSO

a
accounts for atmospheric turbulence, modeled using
Gamma-Gamma fading. hFSO

pg represents geometrical
loss caused by the misalignment between the receiver
lens center and the beam center, and hFSO

pa captures link
interruptions due to AoA fluctuations. Based on this
channel model, the average SNR is given by [15]

γ̄FS O =
η2(E[hFS O])2EFSO

NFS O

=
η2A2

0τ
2(hFS O

p )2EFSO

(1 + τ)2NFS O
, (3)

where A0 = (erf(v))2 represents the received optical
power, and τ is defined as

τ =
w2

zeq

4
(
D2

FSOσ
2
to + σ

2
tp + σ

2
rp

) . (4)

In (4), w2
zeq denotes the equivalent beam waist with

the beam waist at the receiver wz, which is formally
defined as

w2
zeq = w2

z

√
πerf(v)

2v exp
(
−v2) , (5)

where v =
√
π

√
2wz

ra. The term ra denotes the receiver
lens radius, and erf(·) denotes the error function. The
terms σ2

tp, σ2
rp, and σ2

to indicate position variation of
the transmitter, receiver, and orientation variation of
the transmitter, respectively. Then, the instantaneous
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SNR is given by

γFSO =
η2h2

FSOEFSO

NFSO

=

 (1 + τ)hFSO
a hFSO

pg hFSO
pa

A0τ

2

γ̄FSO (6)

and its probability density function (PDF) is given by
[15]

fγFSO (γFSO) ≃ a1δ(γFSO) +C1γ
−1/2
FSO

× G3,0
1,3

(
C2
√
γFSO

∣∣∣∣∣∣ τ
τ − 1, α − 1, β − 1

)]
, (7)

where

C1 =
(1 − a1)αβτ2

2(1 + τ)Γ(α)Γ(β)
√
γ̄FS O

,

C2 =
αβτ

(1 + τ)
√
γ̄FS O

, (8)

and Γ(·) denotes a gamma random variable, δ(.) repre-
sents dirac-delta function,

a1 = exp

− θ2
FOV

2
(
σ2

to + σ
2
ro

)  (9)

with the field-of-view θFOV and the orientation varia-
tion of receiver σ2

ro. With the Rytov variance σ2
R, α

and β denotes small-scale and large-scale fluctuations,
which is defined as

α =

exp

 0.49σ2
R

(1 + 1.11σ12/5
R )7/6

 − 1

−1

(10)

and

β =

exp

 0.51σ2
R

(1 + 0.69σ12/5
R )5/6

 − 1

−1

, (11)

respectively.

2.2. Second time-slot: RIS-assisted RF link
In the second time slot, the decoded signal xRIS =

x̂FSO with energy ERIS ≜ E{|xRIS|
2} is transmitted via

RF channel and then the received signal at the destina-
tion node is given by

yRIS =

 N∑
k=1

hkvkgk + hd

 xRIS + nRIS,

k = 1, 2, ...,N, (12)

where the terms hk = αke− jφk , gk = βke− jψk , and
vk = e jϕk denote the channel gains from the relay node
to the RIS and the RIS to destination node, and the
phase steering contribution of the k-th RIS element
with each phase value of φk, ψk, and ϕk, respectively.
Moreover, hd = Hde− jκd denotes channel gain from

relay to destination with its phase κd. In this paper, we
assume that the RIS has N elements. The term αk is as-
sumed to be Nakagami-m Random Variable (RV) with
mI and βk is assumed to be Rayleigh RVs with mean
0 and variance 1. The term nRIS denotes the additive
white Gaussian noise (AWGN) at the destination node,
which follows CN(0,NRIS).

To maximize the received SNR at the destination
node, we set ϕk = φk +ψk + κd to align all the phase of
channel elements, and then the received signal can be
rewritten as

yRIS = He− jκd xRIS + nRIS, (13)

whereH = HRIS +Hd, and

HRIS =

N∑
k=1

αkβk =

N∑
k=1

δk (14)

denotes the effective channel gain of the RIS link,
which can be modeled as a sum of N Independent and
Identically Distributed (i.i.d.) RVs, and this can be
a sum of KG random variable δk with its Probability
Density Function (PDF)

fδk (r) =
4m

mI+1
2

I rmI

Γ(mI)
KmI−1(2

√
mIr), (15)

where Kv(·) indicates the modified v-order Bessel
function of the second kind. Then, the instantaneous
SNR at the destination node can be calculated as

γRIS = H
2γ̄RIS. (16)

where γ̄RIS =
ERIS
NRIS

indicates the average SNR in the
second hop. According to [12, 23], the sum of i.i.d.
multiple KG random variables is well approximated by
the PDF of

√
W with W =

∑N
k=1 δ

2
k . Therefore, the

PDF ofHRIS can be approximated by

fHRIS (r|kw,mw,Ωw) ≈
4Ξζ

+
w rζ

+
w−1

Γ(kw)Γ(mw)
Kζ−w (2Ξwr), (17)

where ζ−w = kw − mw and ζ+w = kw + mw, with kw =
−b+
√

b2−4ac
2a and mw =

−b−
√

b2−4ac
2a are shaping param-

eters, Ξw =
√

kwmw/Ωw and Ωw = µH (2) is mean
power of HRIS . Moreover, a, b and c are defined as
follows:

a = µH (6)µH (2) + µ2
H

(2)µH (4) − 2µ2
H

(4)

b = µH (6)µH (2) − 4µ2
H

(4) + 3µ2
H

(2)µH (4)

c = 2µ2
H

(2)µH (4),

and

µH (n) =

n∑
n1=0

n1∑
n2=0

· · ·

nN−2∑
nN−1=0

(
n
n1

)(
n1

n2

)
...

(
nN−2

nN−1

)
×Mδ1 (n − n1)Mδ2 (n1 − n2)
· · · × MδN−1 (nN−2 − nN−1)MδN (nN−1)
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where

Mδi (n) =
m−

n
2

I

Γ(mI)
Γ(1 + n/2)Γ(mI + n/2)

is the n-th moment of δi. For the case that b2−4ac ≤ 0,
kw and mw are set to the estimated modulus values of
the complex conjugate. Moreover, we assumed the
channel gain Hd of direct link hd as the KG distribu-
tion, its PDF can be expressed by

fHd (r|kd,md,Ωd) (18)

where kd and md denote the shadowing parameter of
direct path and Ωd is the mean power of Hd. Since
the direct calculation of PDF of H is intractable, we
follow the approximation approach of [24]. The sum
of independent but not identically distributed (i.n.i.d.)
KG variables, in this caseHRIS +Hd, can be approxi-
mated by another KG distribution with

m = k =
[
2Ω2 + Ω(4Ω2 + 8S)−1/2

]
/S, (19)

Ω =
∑

iΩi where S =
∑

i AFiΩi calculated by using
amount of fading AFi =

1
mi
+ 1

ki
+ 1

miki
for i ∈ [w, d].

Then, we finally obtain the approximated PDF of the
received signal as

fγRIS (γRIS) ≈
2Ξζ

+

γ
ζ+

2 −1
RIS Kζ− (2Ξ

√
γRIS
γ̄RIS

)

Γ(k)Γ(m)(γ̄RIS)
ζ+

2

, (20)

where Ξ =
√

km/Ω, ζ− = k − m and ζ+ = k + m.

3. Performance Analysis

In this section, we provide a mathematical perfor-
mance analysis of the RIS-assisted dual-hop mixed
FSO-RF UAV communication system, focusing on
outage probability, BER, and average capacity.

3.1. Outage probability

The outage probability of the considered system in
this paper is expressed as

Pout = Pr(min{γFSO, γRIS} ≤ γth), (21)

which can be rewritten as

Pout = Pout,FSO + Pout,RIS − Pout,FSOPout,RIS. (22)

Using (7) and [25, Eq. (07.34.21.0084.01)] and let-
ting τ = γFS O, α = 1/2, β = 1, l = 1, k = 2, a = γth

and algebraic manipulations, Pout,FSO is given by

Pout,FSO = a1 +
C12α+β−3 √γth

2π
G6,1

3,7

 C2
2γth

24

∣∣∣∣∣∣ κ1
κ2

 , (23)

where κ1 = 1
2 ,

τ
2 ,

τ+1
2 and κ2 =

τ−1
2 , τ2 ,

α−1
2 , α2 ,

β−1
2 , β2 ,−

1
2 .

Moreover, using the Cumulative Distribution Func-
tion (CDF) approximation results of [23] and the fact
that outage probability is equal to CDF, (20) can be
approximated as

Pout,RIS ≃
1

Γ(k)Γ(m)
G2,1

1,3

[
Ξ2γth

γ̄RIS

∣∣∣∣∣∣ 1
k,m, 0

]
. (24)

In the high SNR regime, the end-to-end outage perfor-
mance can be expressed by Pout → PA

out,FSO + PA
out,RIS.

As SNR goes to infinity, the second term of (23) ap-
proaches zero. Therefore Pout,FSO can be approxi-
mated as

PA
out,FSO ≈ a1 = exp

− θ2
FOV

2
(
σ2

to + σ
2
ro

)  . (25)

Using [25, eq.(07.34.06.0006.01)] with letting z =
Ξ2γth
γ̄RIS

and algebraic manipulation Pout,RIS can also be
approximated as

PA
out,RIS ≈

Γ(m − k)
Γ(1 + k)Γ(m)

(
Ξ2γth

γ̄RIS

)k

. (26)

Since k is always larger than 1, the UAV-aided FSO
link dominates the diversity gain. Finally, we obtain
the asymptotic outage probability in the high SNR
regime as

Pout → exp

− θ2
FOV

2
(
σ2

to + σ
2
ro

)  . (27)

Besides, the diversity gain of the proposed system
can be analyzed by using (26) and (23) with [25,
eq.(07.34.06.0006.01)] and algebraic manipulations.
The diversity gain of the proposed system is as fol-
lows:

Gd = min
(
0,
τ

2
,
α

2
,
β

2
, k

)
.

Consequently, we can conclude that the overall diver-
sity gain is 0. Moreover, focusing on more practical
performance region where the most dominant contrib-
utor is not 0, the diversity gain can be drawn as follows
by excluding 0:

Gd,prac = min
(
τ

2
,
α

2
,
β

2
, k

)
.

3.2. BER

Using the relationship between the end-to-end BER
of DF relaying protocol and BER of every single hop,
the end-to-end BER of the considered system in this
paper is given by [26]

PBER = Pe,FSO + Pe,RIS − 2Pe,FSOPe,RIS, (28)

where Pe,FSO and Pe,RIS denote BERs of the FSO link
and the RIS-assisted RF link, respectively. Based on
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union bound, the BER of each link can be expressed
as [27],

Pe = −

∫ ∞

0
Fγ (x) dPb (x)

≈
m1m2

2
√

2π

∫ ∞

0

1
√

x
exp

−m2
2x
2

Fγ (x) dx,(29)

where m1 = 1 and m2 =
√

2 for binary phase shift

Keying (BPSK) and m1 =
4

log2 M and m2 =

√
3

M−1 for
M-ary quadrature amplitude modulation (M-QAM),
respectively [28].

Using [29, eq.(7.813)], the BER of the FSO link is
given by

Pe,FSO =
a1

2
+

C12α+β−2m1

(2π)3/2m2
G6,2

4,7

 C2
2

23m2
2

∣∣∣∣∣∣ κ′1
κ2

 , (30)

where κ′1 = (0, κ1). Similarly, using [29, eq.(7.813)],
the BER of the RIS-aided RF link is given by

Pe,RIS =
1

Γ(k)Γ(m)
m1

2
√
π

G2,2
2,3

 Ξ2

γ̄RIS

2
m2

2

∣∣∣∣∣∣ 1/2, 1
k,m, 0

 .
(31)

The asymptotic BER performance in a high SNR
regime can be expressed by PBER → PA

e,FSO +

PA
e,RIS. Using a similar approach of the asymp-

totic analysis for outage probability with [25,
eq.(07.34.06.0006.01)], we have

PA
e,FSO ≈

a1

2
=

1
2

exp

− θ2
FOV

2
(
σ2

to + σ
2
ro

)  . (32)

Using [25, eq.(07.34.06.0006.01)], Pe,RIS can be ap-
proximated as

Pe,RIS ≈
Γ(m − k)

2Γ(k)

(
Ξ2γth

γ̄RIS

)k

. (33)

Since k is always larger than 1, the first hop FSO link
dominates the diversity gain. Finally, we obtain the
asymptotic BER in high SNR regime as

PBER →
1
2

exp

− θ2
FOV

2
(
σ2

to + σ
2
ro

)  . (34)

3.3. Average Capacity

To provide analytic insight into the considered sys-
tem, we investigate its average (ergodic) capacity. The
average capacity of the mixed dual-hop FSO-RF UAV
communication system is given by

Cavg =
1
2
E{log2(1 +min(γFSO, γRIS))}. (35)

Let CFSO = log2(1 + γFSO) and CRIS = log2(1 +
γRIS). Then, using following relationship E{log2(1 +
min(γFSO, γRIS))} = E{min(CFSO,CRIS)}

= min(E{min(CFSO,CRIS)}) ≤ min(E{CFSO},E{CRIS}),
the Cavg can be upper bounded by

Cavg ≤
1
2

min(E{CFSO},E{CRIS}), (36)

where

E{CFSO} =
1

ln(2)

∫ ∞

0
ln(1 + γFSO) fγFSO (γFSO) (37)

and

E{CRIS} =
1

ln(2)

∫ ∞

0
ln(1 + γRIS) fγRIS (γRIS), (38)

which denote the average capacity of the FSO and
the RIS-aided RF links, respectively. From [25, eq.
(07.34.03.0456.01)] we have ln(1 + γ) = G1,2

2,2

[
γ|1,11,0

]
,

letting α = 1/2, σ = 1, ω = C2, l = 1, k =
2 and algebraic manipulations with using [25, eq.
(07.34.21.0013.01)] we have

E{CFSO} =
2α+β−3

2π
C1

ln(2)
G8,1

4,8

C2
2

24

∣∣∣∣∣∣ κ′′1κ′2
 , (39)

where κ′′1 = (− 1
2 , κ1) and κ′2 = (κ2,−

1
2 ).

Moreover, from [25, eq. (03.04.26.0009.01)] we
have Kν(

√
z) = 1

2G2,0
0,2

[
z
4 |
ν
2 ,−

ν
2

]
, and using [25, eq.

(07.34.21.0011.01)], the average capacity of RIS-
aided RF link can be written as

E{CRIS} =
Ξζ
+

ln(2)Γ(k)Γ(m)(γ̄RIS)
ζ+

2

G4,1
2,4

[
Ξ2

γ̄RIS

∣∣∣∣∣∣ µ1
µ2

]
(40)

where µ1 = −
ζ+

2 , 1 −
ζ+

2 and µ2 =
ζ−

2 ,−
ζ−

2 ,−
ζ+

2 ,
ζ+

2 .

4. Simulation Results

In this section, we validate our mathematical anal-
ysis through extensive computer simulations. The
simulation parameters are summarized as follows:
DFSO = 250m, ζ = 0.01, ra = 5cm, σtp = σrp = 0.3m,
σto = σro = 3mrad, θFOV = 15mrad, σ2

R = 0.1,
γth = 6.8dB. We presented simulation results for large
transmit SNR difference assumption between RIS and
FSO link of γ̄RIS = γ̄FSO − 30dB to show more dy-
namic region of performance. Typically, FSO links
require higher SNRs compared to RF links, while RIS-
assisted RF links are more efficient in terms of SNR.
Therefore, our assumption is reasonable for mixed
FSO and RIS-assisted RF scenarios. The simulation
parameters for the UAV FSO link are adopted from
[10], while those for the RF link are configured to re-
flect practical mixed LoS and non-LoS channel con-
ditions. Extensive simulation results are presented in
the following two subsections. In the first subsection,
we present the simulation results for the proposed sys-
tem without a direct path, i.e., by setting hd = 0 in
(12). Subsequently, we present the simulation results
for the proposed system with a direct path.
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Fig. 2. Outage probability for varying SNR of the FSO link when
N = 2, 4, 6, 8 and without direct path.
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Fig. 3. Outage probability for varying SNR of the FSO link with
various Rytov and orientation variances when N = 7 and without
direct path.

4.1. Without Direct Path

Figure 2 shows the outage probability of the pro-
posed system for varying SNRs of the FSO link, con-
sidering cases with 2, 4, 6, and 8 RIS elements and
without a direct path. The results demonstrate that
the analytical findings closely match the simulation re-
sults. As expected, increasing the number of RIS el-
ements (N) improves outage performance. However,
the outage probability eventually saturates at a certain
value as N and SNR increase, because the overall per-
formance becomes dominated by the FSO link. Figure
3 presents the outage probability of the proposed sys-
tem for various Rytov and orientation variation values
with N = 7. The results indicate that the analytical
findings closely align with the simulation results. As
shown in (27), the saturated outage probability is in-
fluenced by σto and σro.

Figures 4 and 5 show the BER of the proposed sys-
tem without a direct path for BPSK and 16QAM mod-
ulations, with N = 2, 4, 6, 8, mI = 1, and σR = 1.
The results demonstrate that the mathematical analy-
sis of the BER closely matches the simulation results,
regardless of the number of RIS elements. Similar to
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Fig. 4. BER of the FSO link with BPSK for varying SNR (without
direct path).

25 30 35 40 45 50 55 60

SNR
FSO

 (dB)

10
-3

10
-2

10
-1

10
0

B
E

R

Simulation, N=4

eq. (26), N=4

Simulation, N=6

eq. (26), N=6

Simulation, N=8

eq. (26), N=8

eq. (32)N=4

N=6

N=8

Fig. 5. BER of the FSO link with BPSK for varying SNR (without
direct path).

the outage probability, the BER saturates at a specific
value as N and SNR increase, which is influenced by
σto and σro. The physical intuition behind the satura-
tion of outage and BER performance lies in the charac-
teristics of FSO links. The Field of View (FOV) of the
FSO lens is significantly narrower than the beamwidth
of an RF antenna. Furthermore, if the signal falls out-
side the FOV, it can no longer be recovered. As a re-
sult, position and orientation error variances become
critical factors affecting performance, leading to track-
ing errors on the receiver side. This limitation causes
the performance to saturate at a certain level in the
high SNR regime.

Figure 6 illustrates the average capacity of the pro-
posed system for varying SNRs of the FSO link with
N = 2, 4, 6, 8, mI = 1, and σR = 0.1. The analyzed
upper bound of the average capacity shows excellent
agreement with the simulation results across all SNR
values, including scenarios with a small number of
RIS elements, where Gaussian approximation-based
performance analysis typically exhibits a significant
gap compared to simulation results [12].
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4.2. With Direct Path
Figure 7 depicts the outage probability of the pro-

posed system for varying SNRs of the FSO link with
a direct RF path, considering 2, 5, 15, and 25 RIS ele-
ments and parameters mI = 5, md = 2, and kd = 5. The
results indicate that the analytical predictions closely
align with the simulation outcomes. As expected, in-
creasing the number of RIS elements (N) improves the
outage performance. However, the outage probability
eventually saturates at a specific value as N and SNR
increase, as the overall performance becomes domi-
nated by the FSO link. Figure 8, illustrates the outage
probability for varying SNRs of the FSO link with dif-
ferent Rytov and orientation variances when N = 20,
mI = 5, md = 2, and kd = 5. The results demon-
strate that the outage analysis remains consistent with
the simulation results across various values of σ2

R, σto,
and σro. Notably, the saturated outage probability is
influenced by σto and σro.

Figure 9 shows the outage probability for varying
SNRs of the FSO link with different scattering factors
(ζ) and FSO link distances (DFS O) when N = 4 with
a direct link. The results indicate that the simulation
and analytical predictions align well, even when the
distance between UAVs changes. However, a notice-
able discrepancy arises when the scattering factor is
set to an unrealistically large value. Since such ex-
treme scattering values are not practical [30], the pre-
sented analysis can be considered a good match for re-
alistic scenarios. Figure 10 presents the outage proba-
bility for varying SNRs of the FSO link under different
schemes. First, the case of DF relaying without RIS
shows very poor outage performance due to the lack of
performance enhancement from the RIS. Next, the re-
sults for RIS-assisted DF relaying systems are shown
for scenarios with and without direct paths in each RF
link. For comparison, we also include a single-hop
UAV-to-UAV FSO communication scenario. When
the RF link performs well, the FSO link becomes the
performance bottleneck. Additionally, we examine a
single-hop fixed FSO communication scenario, where
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10 15 20 25 30 35 40 45 50 55 60

SNR
FSO

 (dB)

10
-4

10
-3

10
-2

10
-1

10
0

O
u

ta
g

e
 P

ro
b

a
b

ili
ty

Simulation, 
R
2 =0.1

eq. (20), 
R
2 =0.1

Simulation, 
R
2 =0.6

eq. (20), 
R
2 =0.6

Simulation, 
R
2 =1.2

eq. (20), 
R
2 =1.2

to
=

ro
=3mrad

to
=

ro
=2.5mrad
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20.

no performance saturation occurs, unlike UAV-based
FSO links. In this case, the outage performance im-
proves significantly as the SNR increases.

Figure 11 presents simulation results based on a
practical distance-dependent path-loss model for the
RIS/RF link, providing deeper insight into the pro-
posed system model. The path-loss model adopted is
described in [31, 32]. According to this model, the
noise power is calculated as: σ2

D = N0 +10 log(BW)+
NF, where the noise power density is set to N0 =

−147dBm/Hz, the signal bandwidth is BW = 10MHz,
and the noise figure is NF = 7dB. The path-loss model
used is as follows:

β(d)[dB] = Gt+Gr+

−37.5 − 22 log10(d) if LOS,
−35.1 − 36.7 log10(d) if NLOS,

where d is the distance in meters, and the antenna
gains are GR = 8, GRISn = 8, and GD = 0 in dB
scale for the relay (R), n-th RIS element, and desti-
nation (D), respectively. Additionally, dRN , dND, and
dRD represent the distances between the relay and RIS,
RIS and destination, and relay and destination, respec-
tively, all in meters. The value of dRD can be calculated
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using dRN , dND, and the angle θRD between the relay-
RIS and RIS-destination, which is set to 80 degrees
in this paper. Based on these assumptions, the outage
performance of the proposed system is evaluated. The
results reveal that the outage performance is strongly
influenced by the distances between the nodes.

Figures 12 and 13 depict the BER of the proposed
system for BPSK and 16QAM modulations, with N =
2, 5, 15, mI = 1.2, md = 2, kd = 5, and σR = 1.
The mathematical analysis of the BER closely aligns
with the simulation results, with variations depending
on the number of RIS elements. Specifically, the per-
formance gap between the analysis and simulation re-
sults is less than 2dB for N = 2 and less than 1dB for
N = 15. For N = 5, the gap is minimal. These results
demonstrate that increasing the number of RIS ele-
ments significantly enhances BER performance. Sim-
ilar to the outage probability, the BER saturates at a
specific value as N and SNR increase, influenced by
σto and σro.

Figure 14 illustrates the average capacity of the pro-
posed system for varying SNRs of the FSO link with
N = 2, 5, 15, 25, mI = 3, md = 2, kd = 5, and
σR = 0.1. The results show that the derived up-
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Fig. 12. BER of the FSO link with BPSK for varying SNR (with
direct path).

per bound for the average capacity is highly accurate
across all SNR values, particularly when the number
of RIS elements is small. Notably, the average capac-
ity improves significantly as the number of RIS ele-
ments increases.

5. Conclusion

In this paper, we presented a mathematical per-
formance analysis of a RIS-assisted mixed dual-hop
FSO-RF UAV-aided communication system, focus-
ing on outage probability, BER, and average capac-
ity. The analytical results were validated against com-
puter simulations, demonstrating a strong agreement.
Our findings indicate that RIS can significantly en-
hance the end-to-end performance of the system, as
evidenced by both mathematical analysis and simula-
tion results. However, the impact of UAV hovering on
system performance becomes dominant when the RIS-
assisted RF link performs exceptionally well. Notably,
the derived mathematical expressions for outage prob-
ability, BER, and average capacity represent the first
analytical results reported in the literature for this type
of system, to the best of our knowledge.
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