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RIS-embedded UAVs communications for multi-hop
fully-FSO backhaul links in 6G networks
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Abstract—In the upcoming 6G network, the use of recon-
figurable intelligent surface (RIS) is expected to revolutionize
wireless communications, providing high data rate, directivity,
and extending coverage to skip-zones. This paper presents a
detailed analysis on RIS for a fully free-space optical (FSO)
ground-to-aerial-to-ground system, by means of single and mul-
tiple unmanned aerial vehicles (UAVs). Specifically, we introduce
a network architecture suitable for FSO backhaul transmissions,
connecting ground stations that are not in Line of Sight (LoS)
through RIS-embedded UAVs. We present the derivations of
outage probability and bit error rate (BER) in case of single-
and two-RIS embedded UAVs FSO paths, and for single and
multiple RIS number of elements. Numerical results assess the
effectiveness of the proposed system, specifically in case of
multiple UAVs and number of RIS elements.

Index Terms—Reconfigurable Intelligent Surfaces, Free Space
Optics, Unmanned Aerial Vehicles, Outage Probability, Bit Error
Rate, 6G

I. INTRODUCTION

IN the next generation wireless networks, one of the main
challenges is how to deal with the presence of skip-zones in

the targeted areas, due to obstructions and blockages. The con-
cept of Smart Electro-Magnetic Environment (SEME) [1] has
been introduced to address this problem, aiming to control and
manipulate the signal propagation characteristics to improve
the effectiveness, quality, as well as the energy-efficiency of
wireless networks.

RISs are one of the main tools adopted in SEME. They
are thin devices that can be deployed on walls, buildings, and
any other surface, and may be exploited to reflect the incident
signal in the direction of dead zones, increase communication
coverage, and make the channel smarter and controllable [2].
Specifically, every environmental object can be coated with an
artificial thin film of electromagnetic material, which senses
the environment and whose response to the radio waves is
programmed to optimize the performance [3].
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RISs are comprised of passive tunable unit cells, which
can successfully manipulate and control the electromagnetic
waves. Each of the elements comprising a RIS is able to induce
a certain phase shift, independently on the incident signal, thus
changing accordingly the reflected signal propagation [4]. RIS-
assisted wireless communications are then expected to achieve
significant performance improvement and coverage enhance-
ment in a cost-effective and energy-efficient manner. This is
possible by properly programming the reflection coefficients
of RISs unit cells. It follows that RISs allow to create a
smart radio environment [5], that is a smart reconfigurable
space able to redirect and control the electromagnetic signals,
thus making more reliable the exchange of data between
the transmitters and the receiver, by using low-cost inactive
reflecting elements. A detailed overview on the use of RIS to
solve various issues, such as channel estimation, transmission
design and radio localization, with particular emphasis on the
signal processing point of view is presented in [6].

The use of RISs has been largely considered for radio
frequency (RF), mmWave communications, and recently also
for THz communications [7]. Moving to higher frequencies,
approaching the quasi-optical bands, RISs can also be adopted
for wireless optics, such as visible light communications
(VLC) [8] and FSO [9]. The latter technology, which is the
topic of this paper, suffers from atmospheric and weather
attenuation, as well as pointing errors, which do not allow
a practical design nowadays and cause outages and dis-
connections. The use of RISs for FSO can overcome such
limitations and provide high-effective communications, thanks
to the RIS’s features of controlling the impinging wireless
signals towards a desired target. In this vision, motivated
by the necessity of high data rates and reliable links for
next generation wireless networks, we aim to exploit RIS-
embedded devices for FSO ground-to-aerial connectivity, and
vice versa. By adopting UAVs, we can transmit a wireless
signal from a ground station to a relay UAV node, in order to
overcome possible obstructions i.e., No Line Of Sight, NLoS.
Extending to a set of UAVs (i.e., a UAVs swarm), connectivity
links may be established via multi-hop propagation among
RIS-embedded UAVs. Usually, RISs are considered as relay
nodes linking a source to a destination node. In this paper,
we are interested in investigating the FSO connectivity path
from a ground station to a final destination through a multi-
hop UAV bridge, established in case of lack of LoS link.
Specifically, considering a couple of ground stations, the
multi-hop UAV bridge can connect them, thus working as
a wireless backhaul communication link [10]. The proposed
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RIS-embedded multi-hop UAV path is expected not only to
extend the network coverage of a ground station, but also to
manage the connectivity links in case of failures.

The main novelty of this paper is the analytical analysis of a
fully-FSO multi-hop RIS-embedded path, where we combined
the effects of attenuation losses, turbulence, pointing errors,
and angle of arrival (AOA) attenuation. This analysis provides
the derivation of bit-error-rate (BER) and outage probabilities,
which will be supported by numerical and simulation results.
To summarize, in this paper we aim to investigate the follow-
ing goals:

• We present a network architecture for ground-to-aerial-
to-ground FSO communications, through the use of one
and two RIS-embedded UAV-assisted path;

• Differently from traditional RIS-based wireless communi-
cations, where RISs are deployed to connect a transmitter
to a final user, in this paper we use the proposed system
model for backhaul communications linking a couple of
transmitting nodes i.e., base stations;

• We assume fixed aerial devices, such as UAVs in known
positions, are equipped with RISs comprised of a vari-
able number of elements. UAVs form a multi-hop path
connecting two ground base stations. The UAV network
topology is a priori known and nodes are not in a mesh
configuration. Then, we present the theoretical analysis
of the outage probability, as well as the BER, in case of
one and two UAV-assisted paths, under atmospheric and
weather attenuation losses;

• From the achieved results, expressed in terms of out-
age probability and BER that are supported by Monte
Carlo simulations and high signal-to-noise ratio (SNR)
approximations, we evince the benefits of a multi-RIS-
embedded UAV-assisted FSO backhaul path, with high
number of RIS elements. The use of multi-hop RIS-
embedded UAV paths results as a viable approach for
optimal link management.

This paper is organized as follows. Section II deals with
some recent works on the use of RISs for FSO. In Section III
we introduce the proposed ground-to-aerial-to-ground FSO
network architecture, where RIS-embedded UAV devices are
used as relay nodes in case of both one- and two-relay nodes.
The FSO attenuation losses are also presented. Section IV
introduces the channel model in case of single and multiple
UAV, which will be then adopted in the derivation of prob-
ability density function (PDF) channel state, as detailed in
Section V. Finally, in Section VI and VII we will derive the
outage probabilities and the expressions of the average BER in
case of one- and two- UAV-assisted FSO paths, respectively,
while Section VIII presents the asymptotic analysis evaluated
in case of high SNR regime, and large number of RIS
elements. Numerical results, expressed in terms of outage
and BER performances, have been carried out in Section IX,
in case of different geometrical factors and number of RIS
elements. It will be easy to notice the benefits of multi-hop
links, as well as the increasing number of RIS elements can
reduce the outage probability. Finally, conclusions are drawn
in Section X.

II. RELATED WORKS

RISs have been largely exploited to enhance connectivity in
FSO communication systems, usually in conjunction with RF
links. High altitude platform systems (HAPS) are adopted as
relay nodes to connect satellite systems and ground stations,
by means of hybrid FSO/RF. However, the main drawback of
hybrid FSO/RF systems is the limited bandwidth of the RF
connection, which causes restricted end-to-end performance.

The use of RISs can enhance the system performance,
thanks to their ability to control and manipulate the impinging
wireless signal toward a desired destination. For this aim, the
work in [11] presents a dual-hop RIS-based hybrid FSO/RF
communication system, where an RIS is utilized to improve
the coverage and system performance, by smartly tuning
the signal reflections. A similar contribution is presented by
Chapala and Zafaruddin in [12], where data propagation is
extended through a multi-hop RF system assisted by RISs.
Phase shift of the RIS can severely degrade the performance of
FSO communication systems particularly when high mobility
is available and the channel coherence time is short due to
environmental conditions. In [13], an uplink RIS aided mas-
sive multiple-input multiple-output (MIMO) communication
system model was examined using the statistical channel state
information (CSI) to compensate the phase shifts produced
by RIS elements. An analysis on imperfect CSI (for rapidly
and slowly changing CSI conditions) based massive MIMO
communication system was performed in [14]. The achieved
results showed that different performances are obtained assum-
ing different deployments of RIS, in order to compensate the
effect of far-field path loss. Specifically, by deploying RIS near
the cell-edge users, a significant performance improvement
can be obtained. In [15] Li et al. introduced a satellite
terrestrial integrated network with hybrid FSO/RF systems,
where different operation modes are adopted based on weather
conditions and the use of HAPSs and UAVs.

On the other hand, considering a fully-FSO system for
ground-to-aerial/satellite connectivity is expected to guarantee
higher performance, but some limitations are caused by atmo-
spheric turbulence, pointing errors, AOA fluctuations, and in
general attenuation loss, that may cause the skip-zone problem.
The topic of integrated ground-air-space FSO system for 6G
connectivity is initially investigated in [16], [17], but without
exploiting the use of RISs. In [18] Ndjiongue et al. investigate
the use of a single-element RIS for a fully-terrestrial FSO
system, and observed the achieved performance are enhanced
when the RIS is deployed near the transmitter. Naik et al. [19]
propose an RIS-assisted FSO system for mitigating the effects
of atmospheric turbulence, pointing errors, and communication
system signal blockage, assuming the RIS is composed of
multiple elements, which provide better performance.

The use of RIS mounted on UAVs has been largely inves-
tigated, due to the benefits that are derived [20]. Indeed, an
RIS mounted on a UAV acts like a mobile base station that
transmits data where a physical installation of the base station
is not possible (e.g., in harsh environments). In [21], Jia et al.
have considered a RIS-mounted UAV for FSO communication
links, assuming atmospheric turbulence and pointing error loss
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Fig. 1. RIS-assisted FSO ground-air-ground backhaul link. The first path
refers to transmission links from GS1 to UAV1, and from UAV1 to GS2. The
second path refers to transmission links from GS1 to UAV1, from UAV1 to
UAV2, and from UAV2 to GS2.

caused by UAV vibrations. In [22], Luo et al. presented a RIS-
mounted UAV aided system aiming to both communication
and positioning for ground vehicles. In [23] Hanbay and
Altin exploit the use of RIS-embedded UAVs, acting as a
relay node for the improvement of the network coverage.
Such a scenario is designed to prevent obstacles between the
transmitter and the receiver, thus ensuring uninterrupted com-
munication. A similar approach is adopted in [24] by Nguyen
et al. that present a satellite–aerial–ground integrated network
where RIS-embedded UAVs are deployed to reflect the signals
from the HAPS. Finally, Liqiang et al. [25] investigate the
use of RIS composed by a large number of reconfigurable
passive elements. It was demonstrated that a higher number
of reflecting elements can enhance the system performance.
It can be noticed that there are several variables impacting
the UAV’s power consumption and performance, such as
the aerodynamic layout and UAV steadiness, as well as the
atmospheric attenuation. It has been shown that, on average,
UAVs are able to fly with a sensor payload, e.g., camera and
GPS device, for about 30 minutes with a fully-charged battery.
In order to reduce the energy consumption, solutions to prevent
battery outage should be considered [26]. However, this paper
considers large UAVs laying at fixed positions, put on air to
extend coverage by accordingly redirecting the wireless signal,
transmitted by a ground base station to the RIS-equipped UAV,
toward a desired destination.

Differently from the above works, in this paper we focus
on a fully-FSO system supported by the use of multiple UAVs
for backhaul data transmission. To make our study realistic as
much as possible, and to move existing works step further,
we combined the effects of attenuation losses, turbulence,
pointing errors, and AOA attenuation. We will demonstrate
that the use of multiple RIS-embedded UAVs, with multiple
passive elements, presents lower outage probability and BER,
as compared to the case of a single RIS-embedded UAV with
a low number of passive elements.

III. SYSTEM MODEL

Let us consider the scenario depicted in Fig. 1, where two
ground stations (GSs) i.e., GS1 and GS2, are deployed at a
distance LG1G2 [m]. Without loss of generality, we assume

GS1 acts as a transmitter and GS2 as a receiver. UAV devices
can be used to relay data connectivity in the air, in case that
GS1 and GS2 are not in visibility due to some obstruction
(i.e., No Line-of-Sight). Through the use of flying devices, it
will be possible to connect the two ground stations, and then
to provide a backhaul connectivity link.

As depicted in Fig. 1, we assume multiple UAVs can be
used to connect GS1 to GS2, thus providing a multi-hop
backhaul path (see black and blue links). Furthermore, UAVs
are RIS-embedded, thus allowing to control the impinging
FSO signals coming from the ground station GS1 or from the
UAVs. Specifically, we assume UAV1 and UAV2 are equipped
with number of N and M RIS elements, respectively.

According to the schematic in Fig. 1, we assume that GS1
and GS2 have heights of hGS1 [m] and hGS2 [m], respectively.
Similarly, UAV1 and UAV2 are flying at quotes hUAV1 [m]
and hUAV2 [m], respectively, serving as relay nodes. The FSO
connectivity links from GS1 to UAV1 (i.e., LG1U1 [m]), from
UAV1 to UAV2 (i.e., LU1U2 [m]), from UAV1 to GS2 (i.e.,
LU1G2 [m]), and from UAV2 to GS2 (i.e., LU2G2 [m]) are
all in line of sight (LoS). Finally, we define ζG1U1, ζU1G2,
ζU1U2, and ζU2G2 as the zenith angles for the link between
GS1 and UAV1, UAV1 and GS2, UAV1 and UAV2, and UAV2
and GS2, respectively.

We assume all the FSO links are affected by multiple
attenuation losses due to (i) atmospheric turbulence, (ii) at-
mospheric attenuation, (iii) the pointing error, and (iv) the
errors caused by AOA fluctuations. Then, the total loss that
the optical beam is exposed will be the combination of above-
mentioned phenomena. The expressions of these attenuation
loss contributions are derived as follows.
Atmospheric Attenuation: according to the Beer-Lambert
law, attenuation loss due to the absorption and scattering
effects in atmospheric medium can be given as hal = e−C(λ)L,
where C is the attenuation coefficient that is dependent on the
wavelength λ [nm], and L [m] is the link length for optical
communication systems, where specific values refer to the
links in Fig. 1. The attenuation coefficient is expressed as a
function of visibility [27] i.e., C(λ) ≃ 3.912

V

(
λ

550

)−q
, where

V [km] is the visibility, and the parameter q is given by Kim
model [27].
Atmospheric Turbulence: we assume the Hufnagel-Valley
(HV) model, for which the turbulence structure constant is
empirically found in [28]. Being valid for weak, moderate and
strong turbulence conditions, the scintillation index for wide
range of turbulence regimes can be found by [28] (pp. 420)
i.e., σ2

I = exp
[
σ2
lnX (DG) + σ2

lnY (DG)
]
− 1, where DG [m]

is the aperture diameter, σ2
lnX and σ2

lnY are the large-scale
and small-scale log-irradiance variances, respectively [28].

In this paper, we model the atmospheric turbulence induced
fading according to the recently introduced Fisher Snedecor
F atmospheric turbulence model [29], which is statistically
suitable for all atmospheric turbulence conditions and yields
better fit to experimental data. The PDF of the turbulence
channel state hat for F-turbulence channel model is [29]

fhat(hat) =
aa (b− 1)

b
ha−1
at

B (a, b) (ahat + b− 1)
a+b

, (1)
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where B (·, ·) is the Beta function, and the parameters a and
b are respectively,

a =
1

exp (σ2
lnY )− 1

, and b =
1

exp (σ2
lnX)− 1

+ 2. (2)

Pointing error: also known as beam misalignment of prop-
agating optical beam in FSO communication link through
the atmospheric turbulence, it refers to the deviation of the
transmitted optical beam’s centroid or focal point from its
direction at the receiver plane [28]. This deviation emerges due
to the random fluctuations induced by atmospheric turbulence
along the optical beam’s propagation path. The PDF of the
pointing error loss i.e., hpl, is obtained in its integral form
as [30]

fpl(hpl) =
η2s

2πqH

π∫
−π

h
η2sξ(φ)−1
pl

A
η2sξ(φ)
0

dφ, (3)

where ηs is given as ηs = ωe/(2σs), with ωe =

ωb
[√
π erf (ν) /(2ν exp (−ν2))

]1/2
, erf (·) as the error func-

tion, ν =
√

(π/2)ra/ωb, where ra [m] is the receiver aperture
radius, ωb is the beamwaist, and A0 = erf (ν)

2. Finally,
defining θd as the deviation angle, the conditional probability
for the PDF of hpl can be found as

fpl|θd(hpl) =
η2s

2πqH

π∫
−π

h
η2sξ(φ)−1
pl

(A0 cos θd)η
2
sξ(φ)

dφ. (4)

AOA Fluctuations: can be divided into two parts i.e., (i) UAV
movement- and (ii) turbulence-induced. The latter is the result
of refractive index variations due to atmospheric turbulence.
The AOA fluctuations refer to the random variations in the
direction from which an optical beam arrives at a receiver due
to atmospheric turbulence. The impact of UAV movement on
the received intensity that can be subject of future investigation
is not included in this work. Assuming that the Gaussian
distributed random variable (RV) θd is Rayleigh distributed,
the PDF of θd is given by [31]

fθd(θd) =
θd
σ2
0

exp

(
− θ2d
2σ2

0

)
, θd ≥ 0, (5)

where σ2
0 is the variance of θd.

IV. SIGNAL MODEL

This section distinguishes two UAVs-assisted FSO connec-
tivity paths linking GS1 to GS2. Specifically, the first path
consists of UAV1, while the second one involves both UAV1
and UAV2. We call such paths as (i) RIS-embedded one-UAV
FSO and (ii) RIS-embedded two-UAVs FSO path, respectively.
Specifically, we assume UAV1 (UAV2) is equipped with an
N(M)-reflecting elements RIS, with N(M) ∈ Z+.

A. RIS-embedded one-UAV FSO Path
With reference to Fig. 1, for the path with UAV1 acting as

relay node, GS1 transmits a signal to UAV1, which redirects
to GS2. The received signal at GS2 can be written as

y =

N∑
n=1

hnβne
jθngnx+ n0, (6)

where hn = L
−ρ/2
1 vne

−jϕn and gn = L
−ρ/2
2 une

−jφn are the
gains of first-link (i.e., from GS1 to the n-th RIS element in
UAV1) and second-link (i.e., from the n-th RIS element in
UAV1 to GS2) channels, with n = {1, . . . , N}. In Eq. (6), ρ
is the path-loss index, L1 [m] and L2 [m] are the distances
for the GS1-UAV1 and UAV1-GS2, respectively. It follows
that ϕn and φn are the phase shifts of the transmitted signal
x along the first and second link, with reference to the n-th
reflecting element of UAV1, respectively. Also, βn ∈ [0, 1] is
the n-th reflection amplitude, θn ∈ [0, 2π] is the n-th phase
shift induced by the reflecting meta-surface.

Arranging Eq. (6), and to provide the maximum SNR, we
set θn = ϕn + φn, thus obtaining

y = (L1L2)
−ρ/2

N∑
n=1

vnβnunx+ n0. (7)

Then, the instantaneous electrical SNR will be

γ =

(
N∑
n=1

vnβnun

)2

P 2
t /
[
(L1L2)

ρ
σ2
n

]
, (8)

where Pt [W] is the transmitted electrical power and σ2
n is the

variance of the additive white Gaussian noise (AWGN).
If we select the reflection amplitude βn for each reflecting

element equal as βn = B, then the instantaneous electrical
SNR can be written as

γ =

(
N∑
i=1

H1i

)2

B2γ, (9)

with H1i = vnun denoting the total channel state for the first
path, as indicated by the subscript 1, and γ as the average
SNR expressed as γ = P 2

t /(L1L2)
ρ
σ2
n. Notice that according

to [32], the sum of F-RVs can be represented by an F-
RV. Assuming that RVs H11, H12, . . . , H1N are independent
and identically distributed (i.i.d.) then H11 = H12 = . . . =
H1N = H1 and the sum of these RV can be written as

H1F =

N∑
i=1

H1i = NH1, (10)

where the parameters a and b given in Eq. (2) change respec-
tively to

aF =
−2 (HF − YF )

HF − 2YF +HFYF
, bF =

4HF − 3YF − 1

2HF − YF − 1
, (11)

HF ≜ (H − ε− 1) /N + 1, (12)

Y F ≜
[
(H − ε)Y +N2 + 3N (H − ε)− 3N

− 3 (H − ε) + 2
]
/
[
N (H − ε)−N +N2

]
,

(13)

H =
(1 + a) (b− 1)

a (b− 2)
, and Y =

(b− 1) (2 + a)

a (b− 3)
, (14)

and ε is the factor that can be adjusted to minimize the
difference between the approximate and the exact statistics.

It follows that the expression of SNR in Eq. (9) becomes:

γ = γN2B2H2
1. (15)
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B. RIS-embedded two-UAVs FSO Path

With reference to Fig. 1, for the path comprised to two
UAVs, GS1 transmits a signal to UAV1, which redirects to
UAV2, and then to GS2. The received signal at GS2 can be
written as

y =

(
N∑
n=1

hnβne
jθngn

M∑
m=1

smnβme
jζm

)
x+ n0, (16)

where hn = L
−ρ/2
1 vne

−jϕn , gn = L
−ρ/2
2 une

−jφn and sm,n =

L
−ρ/2
3 rm,ne

−jψm,n are the gains of the first-link (i.e., from
GS1 to UAV1), second-link (i.e., from UAV1 to UAV2), and
third-link (i.e., from UAV2 to GS2) channel, respectively, with
n(m) = {1, . . . , N(M)}. Similarly to what has been done for
the case of one-UAV FSO path, we set the following condition
i.e., θn+ ζm = ϕn+φn+ψn, to provide the maximum SNR.
We then obtain:

y = (L1L2L3)
−ρ/2 ×

M∑
m=1

(
N∑
n=1

vnunrmnβnβm

)
x+ n0,

(17)
and the instantaneous electrical SNR will be

γ =

[
M∑
m=1

(
N∑
n=1

vnunrmnβnβm

)]2
P 2
t

(L1L2L3)
ρ
σ2
n

. (18)

Furthermore, if we select the reflection amplitudes βn and βm
for each reflecting element equal as βn = βm = B then, the
instantaneous electrical SNR becomes

γ =

[
M∑
m=1

N∑
n=1

H2,mn

]2
B4γ, (19)

where γ = P 2
t /
(
(L1L2L3)

ρ
σ2
n

)
is the average SNR, and

H2,mn = vnunrmn denotes the channel state related to the
mth and nth RIS element for the second UAV path, as
indicated by the subscript 2. Similar to the case of one-UAV
path, we assume that RVs H2,11, H2,12, . . . , H2,MN are i.i.d.,
and then H2,11 = H2,12 = . . . = H2,MN = H2. It follows
that the sum of these RVs can be written as

H2F =

M∑
m=1

N∑
n=1

H2,mn =MNH2, (20)

where the parameters a and b are as in Eq. (11). However, in
this case HF and YF become respectively as

HF ≜ (H − ε− 1)/(MN) + 1, (21)

YF ≜
[
(H − ε) (Y + 3MN − 3) + (MN)2 − 3MN

+2] /
[
MN (H − ε)−MN + (MN)2

]
.

(22)

It follows then the SNR in Eq. (19) can be expressed as:

γ = γ(MN)2B4H2
2. (23)

Although this study focuses on the analysis of RIS-mounted
two-UAVs FSO communication link, the mathematical frame-
work can be extended for any number of UAVs. Assuming K
UAVs, each mounted with the number of N1,N2 . . .NK ∈ Z+

RIS elements, for maximum SNR the received signal and the
instantaneous electrical SNR can be written respectively by

y =n0 + (L1L2 . . . LK+1)
−ρ/2

NK∑
mK=1

NK−1∑
mK−1=1

. . .

×

( N1∑
m1=1

vm1um1rmK...m1βm1 . . . βmK

)
x,

(24)

γ =
P 2
t

(L1L2 . . . LK+1)
ρ
σ2
n

 NK∑
mK=1

NK−1∑
mK−1=1

. . .

×

( N1∑
m1=1

vm1
um1

rmK...m1
βm1

. . . βmK

)]2
.

(25)

Given that each reflecting element has equal reflection coef-
ficient as βm1

= . . . = βmK = B and the average SNR is
γ = P 2

t /
[
(L1L2 . . . LK+1)

ρ
σ2
n

]
, the instantaneous electrical

SNR will be obtained as

γ =

[ N1∑
m1=1

N2∑
m2=1

. . .

NK∑
mK=1

HK,m1...mK

]2
B2Kγ. (26)

Assuming that the RVs HK,1...1,HK,1...2, . . . ,HK,N1...NK are
i.i.d., and then HK,1...1,HK,1...2, . . . ,HK,N1...NK = HK, the
channel state can be written as the sum of these RVs i.e.,

HKF =

N1∑
m1=1

. . .

NK∑
mK=1

HK,m1..mK = (N1 . . .NK)HK, (27)

where the F-turbulence parameters a and b can be found by
Eqs. (11), (12) and (13) and replacing N with the multiplica-
tion N1N2 . . .NK. Then, the instantaneous SNR will be as

γ = γ(N1N2 . . .NK)
2B2KH2

K. (28)

V. CHANNEL PDF ANALYSIS

Combining the effects of the attenuation loss hal, atmo-
spheric turbulence hat, pointing error hpl, and AOA fluctua-
tions haf , the channel state for ground-to-ground through UAV
communication link can be modeled by

h = halhathplhaf . (29)

As also assumed in [31], posing hag = halhathpl, we consider
the channel states for attenuation loss, atmospheric turbulence,
and pointing error are conditioned on θd according to the
following relationship, using ∆x =

hag

A0hal cos θd
, i.e.

fhag|θd(hag) =

∞∫
∆x

fhpl|θd

(
hag

halhat

)
halhat

fhat
(hat)dhat. (30)

Inserting Eq. (4) and (1) into Eq. (30), we obtain

fhag|θd(hag) =
η2sa

a (b− 1)
−a

2πqHB(a, b)

∞∫
∆x

h
a−η2sξ(φ)−1
at dhat(
1 + a

b−1hat

)a+b
×

π∫
−π

h
η2sξ(φ)−1
ag

(A0hal cos θd)
η2sξ(φ)

dφ.

(31)
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We can solve hat dependent integral in Eq. (31) according to
Eq. (3.194-2) given in [33], and we get

fhag
|θd(hag) =

η2s (A0hal cos θd)
b
h
−(b+1)
ag

2πqHB(a, b)ab(b− 1)−b

×
π∫

−π

dφ

b+ η2sξ(φ) 2
F1


a+ b, b+ η2sξ(φ);

b+ η2sξ(φ) + 1;

− 1(
a
b−1

)(
hag

A0hal cos θd

)
 ,

(32)

where 2F1 (·) is the Hypergeometric function, which can be
further expanded by using Eq. 17 in [34]. Furthermore, since
we can express Γ(x) = (x− 1)!, Eq. (32) finally becomes

fhag|θd(hag) =
η2s(A0hal cos θd)

bh−1−b
ag

2πqHΓ(a)Γ(b)ab(b− 1)−b

π∫
−π

dφ

×G2,1
2,2

(
ahag

(b− 1)A0hal cos θd

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

)
.

(33)

The PDF of the channel state in Eq. (29) can be found as

fh(h) =

θFOV∫
0

fhag|θd
(h)fθd(θd)dθd + δ(h)

∞∫
θFOV

fθd(θd)dθd,

(34)
and through the calculations shown in Appendix A, it becomes

fh(h) =
η2s(b− 1)b

[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ (a) Γ (b) ab(A0hal)−b

π∫
−π

h−b−1dφ

×G2,1
2,2

(
a

(b− 1)A0hal
h

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

)
+ δ(h) exp

(
−θ2FOV /(2σ2

0)
)
.

(35)

VI. RIS-EMBEDDED ONE-UAV FSO PATH

A. Outage Probability Derivation

Using the SNR definition given in Eq. (15), the SNR depen-
dent PDF of the channel will be H1 =

√
γ/ (

√
γNB), from

which we can obtain fγ(γ) = fH1

[√
γ/(

√
γNB)

]
|dH1/dγ|.

Then, we have

fγ(γ) =
η2s (b− 1)

b
[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)ab(A0hal)−b

π∫
−π

dφ

× γ−b/2−1

2 (NB)−b γ−b/2

×G2,1
2,2

(
a (b− 1)

−1 √
γ

A0hal
√
γNB

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

)
+

1

2NB
√
γγ
δ

( √
γ

√
γNB

)
exp

(
−θ

2
FOV

2σ2
0

)
.

(36)

Through some calculations detailed in Appendix B, we can
derive the outage probability, defined as the probability of the

instantaneous SNR γ falls below the defined threshold SNR
level γth, i.e.

Pout = Pr (γ ≤ γth) = Fγ (γth) , (37)

which becomes as in Eq. (B.3). Using Eq. (07.34.16.0001.01)
of [35], Eq. (B.3) simplifies to

Pout =
η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)

π∫
−π

dφ

×G2,2
3,3

(
a
√
γth/γ

(b− 1)A0halNB

∣∣∣∣1− b, 1, η2sξ(φ) + 1
a, η2sξ(φ), 0

)
+ exp

(
−θ2FOV /(2σ2

0)
)
.

(38)

B. Average BER Derivation

Assuming the error probability of an intensity modula-
tion/direct detection (IM/DD) on-off keying (OOK) system,
with equiprobable bits “1” and “0” so that p(e|1) = p(e|0),
then the conditioned probability will result as Pb(e|γ) =

Q
(√

γ/2
)

= 1
2 erfc

(√
γ

2

)
, where Q

(√
2x
)
= 1

2 erfc (x).
Then, the error probability becomes:

< BER >= Pb(e) =

∞∫
0

Pb(e|γ)fγ(γ)dγ. (39)

Inserting the PDF of the SNR given in Eq. (36) and the
expression of Pb(e|γ) into Eq. (39), we obtain

Pb(e) =
η2s (b− 1)

b
[
1− exp

(
− θ2FOV

2σ2
0

)]
8πqHΓ(a)Γ(b)ab (A0halNB)−b γ−b/2

π∫
−π

dφ

×
∞∫
0

γ−b/2−1 erfc

(√
γ

2

)
dγ

×G2,1
2,2

(
a (b− 1)

−1 √
γ

A0hal
√
γNB

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

)
+

1

2
exp

(
−θ

2
FOV

2σ2
0

)
1

2NB
√
γ

×
∞∫
0

1
√
γ
erfc

(√
γ

2

)
δ

( √
γ

√
γNB

)
dγ.

(40)

According to the calculations detailed in Appendix C, we can
finally derive the error probability i.e.,

Pb(e) =
2a+b−1η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
16π2

√
πqHΓ(a)Γ(b)

π∫
−π

dφ

×G4,4
6,5

(
4a2(b− 1)−2

(A0hal
√
γNB)2

∣∣∣∣∣∆1,1, ..,∆1,6

∆2,1, ..,∆2,5

)
+ 0.5 exp

(
−θ2FOV /(2σ2

0)
)
,

(41)

where ∆1,1, . . . ,∆1,6 = 1−b
2 , 2−b2 , 1, 12 ,

η2sξ(φ)+1
2 ,

η2sξ(φ)+2
2 ,

and ∆2,1, . . . ,∆2,5 = a
2 ,

a+1
2 ,

η2sξ(φ)
2 ,

η2sξ(φ)+1
2 , 0.
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VII. RIS-EMBEDDED TWO-UAVS FSO PATH

Using the SNR definition given in Eq. (23), the SNR
dependent PDF of the channel can be expressed as

H2 =
√
γ/
(√

γMNB2
)
, (42)

from which we have fγ(γ) = fH2

[ √
γ√

γMNB2

] ∣∣∣dH2

dγ

∣∣∣ . Then,
using the PDF in Eq. (35), we obtain

fγ(γ) =
η2s (b− 1)

b
[
1− exp

(
− θ2FOV

2σ2
0

)]
γ−

b
2−1

4πqHΓ(a)Γ(b)ab(A0hal
√
γMNB2)−b

×
π∫

−π

G2,1
2,2

[
a(b− 1)−1√γ
A0hal

√
γMNB2

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

]
dφ

+
exp

(
− θ2FOV

2σ2
0

)
2
√
γMNB2√γ

δ

( √
γ

√
γMNB2

)
.

(43)

A. Outage Probability Derivation

From Eq. (43), through some calculations detailed in Ap-
pendix D, we can obtain cumulative distribution function
(CDF) of the channel as in Eq. (D.2). Then, using Eq. (37)
and applying Eq. (07.34.16.0001.01) of [35], we can finally
derive the outage probability as

P out =
η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)

π∫
−π

dφ

×G2,2
3,3

(
a (b− 1)

−1 √
γth

A0hal
√
γMNB2

∣∣∣∣∣1− b, 1, η2sξ(φ) + 1
a, η2sξ(φ), 0

)
+ exp

(
−θ2FOV /(2σ2

0)
)
.

(44)

B. Average BER Derivation

We provide all the calculations needed to derive the average
BER for the two-UAVs assisted FSO path in Appendix E.
Eq. (E.2) represents the average BER for a two-UAV path,
which is expressed as:

Pb(e) =
2a+b−1η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
16π2

√
πqHΓ(a)Γ(b)

π∫
−π

dφ

×G4,4
6,5

(
4a2(b− 1)−2

(A0hal
√
γMNB)2

∣∣∣∣∣∆1,1, ..,∆1,6

∆2,1, ..,∆2,5

)
+ 0.5 exp

(
−θ2FOV /(2σ2

0)
)
.

(45)

It should be noted that the average BER, as well as the outage
probability for multiple UAV scenarios, can be derived from
the expression of the instantaneous SNR given in Eq. (28).

VIII. ASYMPTOTIC ANALYSIS

A. High SNR Regime

Asymptotic analysis at high SNR level offers a computa-
tionally tractable approach to understanding the fundamental
performance limits of optical wireless communication (OWC)
systems. By focusing on dominant terms on the performance

and simplifying complex mathematical models, this analysis
provides valuable insights into system behavior, guiding the
optimization of system parameters and design strategies. Fur-
thermore, they facilitate comparisons with theoretical bounds
that give perspective to researchers in evaluating the effec-
tiveness and efficiency of the FSO communication schemes.
Leveraging on above considerations, this section presents the
asymptotic analysis of both outage probability and average
BER in high SNR regime.

1) Outage Probability: According to [36], the asymptotic
expansion of H-function under specific conditions can be
expressed by

Hm,n
p,q

(
z

∣∣∣∣∣∣(ai, αi)1,p(bi, βi)1,q

)
=

m∑
j=1

hjz
bj
βj , z → 0 (46)

where

hj =

m∏
i=1
i ̸=j

Γ
(
bi − bjβi

βj

) n∏
i=1

Γ
(
1− ai +

bjαi

βj

)
βj

p∏
i=
n+1

Γ
(
ai − bjαi

βj

) q∏
i=
m+1

Γ
(
1− bi +

bjβi

βj

) , (47)

and j = 1, . . . ,m. Using the relationship between Meijer-G
and H-functions, and applying Eqs. (46) and (47) to Eqs. (38)
and (44) respectively, the outage probabilities for both one
UAV and two UAVs FSO paths can be expressed by

Poutγ≫1
=
η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)

π∫
−π

2∑
j=1

Υjγ
−Θjdφ

+ exp
(
−θ2FOV /(2σ2

0)
)
,

(48)

where

Υ1 =
Γ(a+ b)

a(η2sξ(φ)− a)

[
a
√
γth

(b− 1)A0halNB∆1

]a
, (49)

Υ2 =
Γ(a− η2sξ(φ))Γ(b+ η2sξ(φ))

η2sξ(φ)

×
[

a
√
γth

(b− 1)A0halNB∆1

]η2sξ(φ)
,

(50)

with Θ1 = a/2, Θ2 = η2sξ(φ)/2, ∆1 = 1 for one UAV FSO
path, and ∆1 =MB for two UAV FSO path, respectively.

2) Average BER: Using the procedures given in Eqs. (46)
and (47) above, the average BER of both one UAV and two
UAVs FSO paths given in Eqs. (41) and (45) respectively can
be approximated in high SNR regime as

Pb(e)γ≫1 =
2a+b−1η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
32π2

√
πqHΓ(a)Γ(b)

×
π∫

−π

3∑
j=1

Ξjγ
−Ψjdφ+

1

2
exp

(
−θ

2
FOV

2σ2
0

)
,

(51)

where
Ψj =

{
a

2
,
a+ 1

2
,
η2sξ(φ)

2

}
, (52)
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Ξ1 =
8Γ(0.5)Γ

(
a+b+1

2

)
Γ
(
a+b
2

)
Γ
(
a+1
2

)
a(η2sξ(φ)− a)

×
[

2a

(b− 1)A0halNB∆1

]a
,

(53)

Ξ2 =
8Γ(−0.5)Γ

(
a+b+2

2

)
Γ
(
a+b+1

2

)
Γ
(
a+2
2

)
(a+ 1)(η2sξ(φ)− a− 1)

×
[

2a

(b− 1)A0halNB∆1

]a+1

,

(54)

Ξ3 =
4Γ
(
a−η2sξ(φ)

2

)
Γ
(
a−η2sξ(φ)+1

2

)
Γ
(
b+η2sξ(φ)+1

2

)
η2sξ(φ)

× Γ

(
b+ η2sξ(φ)

2

)
Γ

(
η2sξ(φ) + 1

2

)
×
[

2a

(b− 1)A0halNB∆1

]η2sξ(φ)
.

(55)

B. Large Number of RIS Elements

To give more design insights, the asymptotic analysis when
the number of reflecting elements approaches infinity should
be considered. Taking into account the performance trends as
the number of RIS elements tends towards infinity, the asymp-
totic approach will provide researchers invaluable insights into
the fundamental limits and optimization strategies for FSO
systems. To do this, the asymptotic analysis for large number
of RIS elements is given in this section.

1) Outage Probability: Following the procedures given in
Eqs. (46) and (47), the outage probability of RIS-aided one-
and two-UAV FSO communication system can be generalized
and expressed for Eqs. (38) and (44) as

PoutM×N≫1
=
η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)

π∫
−π

dφ

×
2∑
j=1

ℵj(N∆2)
−Θj + exp

(
−θ

2
FOV

2σ2
0

)
,

(56)

where ℵ1,2 = Υ1,2

[
N∆1/

(√
γB
)]Θ1,2 , with Θ1 = a, Θ2 =

η2sξ(φ), ∆2 = 1 for one UAV FSO path, and ∆2 = M for
two UAVs FSO path, respectively.

2) Average BER: Again, using Eqs. (46) and (47), the
average BER of RIS-aided one- and two-UAVs FSO links
given in Eqs. (41) and (45) can be approximated as

Pb(e)M×N≫1 =
2a+b−1η2s

[
1− exp

(
− θ2FOV

2σ2
0

)]
32π2

√
πqHΓ(a)Γ(b)

×
π∫

−π

3∑
j=1

Lj(N∆3)
−Ψjdφ+

1

2
exp

(
−θ

2
FOV

2σ2
0

)
,

(57)

where ∆3 = 1 for one UAV, and ∆3 =M for two UAVs FSO
paths Ψj =

{
a, a+ 1, η2sξ(φ)

}
, and

L1,2,3 =Ξ1,2,3

[
N∆1/(

√
γB)

]Ψ1,2,3

. (58)
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Fig. 2. One-UAV FSO path. Outage probability versus the number of RIS
elements for different values of the ratio ωb/ra.

IX. NUMERICAL RESULTS

In this section, both average BER and outage probability for
the two RIS-based UAVs-assisted FSO connectivity paths are
presented depending on various parameters. We provide Monte
Carlo simulations with 108 realizations to validate the effec-
tiveness and accuracy of the proposed theoretical framework.
Finally, we are interested in the behavior of different RIS-
embedded paths utilizing the asymptotic approximation in high
SNR regime for both average BER and outage probability.

Unless specified in the figures, the simulation parameters
are fixed to λ = 1550 nm, γth = 2 dB, γ = 40 dB, B = 0.9,
ζG1U1 = 40◦, ζU1G2 = 50◦, ζU1U2 = 75◦, ζU2G2 = 40◦,
hUAV1 = 10 km, hUAV2 = 5 km, hGS1 = hGS2 = 10m, V =
30 km, w = 21m/s, DG = 1 cm, θFOV = 60mrad, qH = 0.9,
σs = 1× ra, σ0 = 12mrad, and ωb = 1× ra. Notice that due
to Matlab software limitation on the calculation of Meijer G-
function, we are showing results for limited RIS elements i.e.,
N ≤ 6. It results that increasing the number of RIS elements
will enhance significantly the overall performance.

A. Performance of RIS-embedded one-UAV FSO Path

Fig. 2 illustrates the outage probability of one-UAV path
versus the number of RIS cells for different values of beam
waist. The beam waist ωb is where optical beam has the
narrowest spot size and its intensity is highest along the
propagation path [28]. It permits to estimate the beam spread-
ing hence performance degradation due to the atmospheric
turbulence effect. The propagating optical beam from the beam
waist diverges as it approaches the receiver plane and defines
the size of radius of curvature of the beam [37] that shows the
beam’s susceptibility to refractive index fluctuations resulting
from atmospheric turbulence. It is important to choose the
beam waist in order to achieve best performance by selecting
the optimized initial radius of curvature for Gaussian beam
in FSO communication [38]. In Fig. 2, for only one RIS
element (i.e., N = 1), the increase in beam waist yields
a minor improvement in outage performance; however, this
trend reverses with the further increase of beam waist. For
increasing RIS elements, the increase of beam waist starts
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Fig. 3. One-UAV FSO path. Outage probability versus the SNR threshold
[dB] in case of different altitudes of UAV1 and number of RIS elements, N .

0 20 40 60 80 100 120 140 160 180 200
10-6

10-5

10-4

10-3

10-2

10-1

100

Fig. 4. One-UAV FSO path. Outage probability versus the average SNR [dB]
in case of different zenith angles of GS1-UAV path and RIS elements.

to improve the outage performance significantly. This can be
physically interpreted as the result of increased probability of
optical signal falling on RISs with the increase of beam waist.
For example, using N = 4 RIS cells (see the green curve in
Fig. 2), the outage probability drops from ∼ 1.75 × 10−2 to
∼ 4.36×10−6 when beam waist increases from ωb = ra (blue
curve) to ωb = 5ra (magenta curve). It is also seen from Fig. 2
that outage probability maintains its decrease with the increase
of number of RISs for small beam waist values; however, the
outage probability saturates and almost does not change with
the increase of number of RISs when the beam waist takes
higher values. This can be noticed for instance in case of
ωb = 4ra and ωb = 5ra, whose behaviors are almost flat for
N > 6. We plot the variation of outage performance versus
the SNR threshold, for different altitude of UAV and number of
RISs in Fig. 3. The monotonic increase of outage probability
with the increase of SNR threshold value is observed. It is also
seen that keeping the UAV at lower altitude as relay yields
better outage performance since a lower altitude corresponds
to smaller distances of both GS-UAV uplink and UAV-GS
downlink. For example, fixing the SNR threshold value to

γth = 0 dB and using N = 1, the outage probability rises from
∼ 4.4 × 10−2 to ∼ 1 × 10−1 when the altitude of increases
from hUAV1 = 5 [km] to hUAV1 = 15 [km]. Moreover, the
benefit of using RISs on the considered scenario is noticeable
through the decrease of outage probability from ∼ 6.9×10−2

to ∼ 1.7× 10−2 with the increase of number of RIS elements
from N = 1 to N = 4 on setting γth = 0 [dB].

The impact of zenith angle, the number of RISs and the
average SNR on the outage performance is reflected in Fig. 4.
The smaller the zenith angle, the smaller the outage probability
and hence the better performance of FSO communication
system is observed. For N = 1 and γ = 100 [dB], decreasing
zenith angle between GS1 and UAV from ζG1U1 = 80◦

to ζG1U1 = 20◦ pulls down the outage probability from
∼ 1.5×10−3 to ∼ 2.1×10−4. The undeniable improving effect
of higher SNR on the performance of FSO communication
system operating both with RIS and without RIS application
can also be seen from Fig. 4. An FSO communication between
GS1 and GS2 through a UAV having 4 RIS elements operates
with the outage performance of ∼ 1.3× 10−1, ∼ 7.1× 10−3,
∼ 6× 10−5 and ∼ 4.2× 10−6 for the average SNR values of
γ = 20 [dB], γ = 50 [dB], γ = 100 [dB] and γ = 150 [dB],
respectively at zenith angle ζG1U1 = 50◦. We note that
relatively very high SNR value (i.e., γ = 150 [dB]) is required
to provide the outage probability at level of 10−6. This is
because the uplink and downlink movement of the optical
signal through a UAV loitering at high altitude is over a very
long distance.

Notice that the uplink and downlink distances can be
expressed by LG1U1 = hUAV1/ cos (ζG1U1) and LU1G2 =
hUAV1/ cos (ζU1G2), respectively. Using UAVs at high alti-
tude, the total path length becomes approximately higher than
20 [km] (i.e., LG1U1+LU1G2 > 20 [km]) and under the effects
of attenuation, turbulence, pointing error and AOA fluctuations
it is a quite challenging distance for conventional FSO links. A
considerable performance improvement with the application of
RIS is also seen from Fig. 4. Another observation from Fig. 4
is the consistency of analytical and simulation results with the
asymptotic ones. It is seen that the asymptotic analysis yields
perfectly matched results to the exact and simulated ones,
which show the accuracy of our analysis. This consistent trend
not only validates the theoretical framework of our analysis,
but also enhances reliability in the practical applicability of
the obtained findings. However, the asymptotic results for high
SNR regimes start to deviate from exact and simulation results
when the average SNR falls below the lower bounds, i.e.,
∼ 20 − 40 dB, depending on the selected parameters. The
perfectly matched asymptotic results can also be seen in all
next presented plots.

Fig. 5 - Fig. 7 show the variation of average BER versus
various parameters. In Fig. 5, the average BER is illustrated
depending on the field of view (FOV), reflection coefficient
and number of RIS elements. We notice that larger FOV will
enhance the BER performance but further increase of the
FOV above a certain value does not maintain the performance
improvement (e.g., θFOV ≳ 60mrad). It is also seen from
Fig. 5 that the application of RIS does not yield a performance
improvement if FOV remains below a certain value (e.g.,
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Fig. 5. One-UAV FSO path. BER versus the FOV angle in case of different
reflection amplitudes and RIS elements.
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Fig. 6. One-UAV FSO path. BER versus the average SNR in case of different
qH values and RIS elements.

θFOV ≲ 40mrad). It is well known that the reflectivity of RIS
elements affects the efficiency of RIS application. In Fig. 5,
keeping number of RIS elements as N = 4, if each RIS
element is a perfect reflector i.e., β = 1, then the average
BER takes the value of ∼ 2.5 × 10−5. However, average
BER increases to ∼ 5.5 × 10−5 when the reflection factor
of each RIS element decreases to β = 0.4. In addition
to using materials with higher reflection factor, the level of
performance improvement can be extended by increasing the
number of RIS elements. This can be verified with the change
of average BER from ∼ 9.5 × 10−5 to ∼ 2.5 × 10−5 when
the number of RIS increases from N = 1 to N = 4, while
θFOV is equal to 70 mrad. Fig. 6 depicts the benefit of FSO
communication system coming from asymmetrical behaviour
of pointing error. The average BER is ∼ 5.3×10−3 when beam
misalignment is symmetrical (e.g., qH = 1); however average
BER decreases to ∼ 1.4× 10−3 when the ratio of horizontal
and vertical beam misalignments is qH = 0.4 for average SNR
γ = 50 dB and N = 4. Finally, Fig. 7 investigates the impact
of beam misalignment deviations on the BER performance.
It can be observed that higher beam misalignment deviations
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Fig. 7. One-UAV FSO path. BER versus the average SNR [dB] in case of
different σs and RIS elements.
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Fig. 8. Two-UAV FSO path. Outage probability versus the SNR threshold
[dB] in case of different zenith angles, and RIS elements N and M for UAV1
and UAV2, respectively.

cause significant performance degradation as expected. It is
also seen that performance enhancement with the application
of RIS stands at higher level when beam misalignment is
smaller.

B. Performance of RIS-embedded two-UAVs FSO Path

In this section, we utilize the analytical results of outage
probability and average BER for two-UAV RIS-assisted FSO
communication system. It should be noted that N and M
represents the number of RIS elements mounted on UAV1
and UAV2, respectively.

Fig. 8 illustrates the outage performance of two-UAV FSO
communication system versus the SNR threshold, uplink
zenith angle (i.e., from GS1 to UAVs) and the number of RIS
elements. Increasing the SNR threshold values results in the
increase of outage probability. The outage probability remains
at the high level with the increasing of zenith angle ζG1U1,
hence increasing the link length LG1U1. It is also highlighted
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Fig. 9. Two-UAV FSO path. Outage probability versus the SNR threshold
[dB] in case of different UAVs’ altitudes, and RIS elements N and M for
UAV1 and UAV2, respectively.
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Fig. 10. Two-UAV FSO path. Outage probability versus the average SNR
threshold [dB] in case of different beam curvature variances, and RIS elements
N and M for UAV1 and UAV2, respectively.

in Fig. 8 that mounting RIS elements on both UAVs causes
a meaningful decrease in the outage probability. On setting
γth = −10 [dB] and ζG1U1 = 40◦, the outage probability takes
the values of ∼ 3.6× 10−2, ∼ 9.6× 10−3 and ∼ 4.6× 10−3

for N = 1,M = 1, N = 2,M = 2 and N = 3,M = 3,
respectively.

In Fig. 9, the altitude of UAV1 is fixed to 10 [km] and
the effect of altitude of UAV2 is investigated. As shown in
Fig. 9, if the altitude of second hop is closer to the altitude
of first hop, the outage performance improves more. The
effect of orientation deviations, and hence the AOA fluctu-
ations on outage performance of two-UAV RIS-assisted FSO
communication system is demonstrated in Fig. 10. It can be
inferred from Fig. 10 that the outage performance is strongly
dependent on the AOA fluctuations. When the orientation
deviation is small (e.g., σ0 = 8mrad), the outage performance
continues to improve with the RIS application and the SNR
increase. However, for higher values of orientation deviations
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Fig. 11. Two-UAV FSO path. BER versus the average SNR [dB] in case of
different UAVs’ zenith angles, and RIS elements N and M for UAV1 and
UAV2, respectively.
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Fig. 12. Two-UAV FSO path. Outage probability versus the average SNR
[dB] in case of different ratio ωb/ra, and RIS elements N and M for UAV1
and UAV2, respectively

(e.g., σ0 = 16mrad), outage performance improves up to
certain level of average SNR (i.e., γ > 100 dB) then remains
unchanged. Furthermore, the effect of zenith angle between
two UAVs ζU1U2 on the performance of FSO communication
is depicted in Fig.11. We observe that smaller values of zenith
angle causes decrease in the average BER.

Fig. 12 exhibits the variation of average BER depending on
the average SNR, beam waist and number of RIS elements.
The influence of beam waist on average BER is observed to be
performance enhancing since the the probability of irradiance
falls on the surfaces increases with the beam waist. Using
N = 2 and M = 2 RIS elements pulls down the average
BER value quickly, as compared to the N = 1 and M = 1
single surface case. The performance improvement remains
higher for the higher values of beam waist, and it can be seen
the decrease of average BER from ∼ 5×10−3 to ∼ 4.6×10−5

with the increase of number of RISs from N = 1,M = 1 to
N = 1,M = 1 when the average SNR is fixed to γ = 50 [dB].
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Fig. 13. Two-UAV FSO path. BER versus the average SNR [dB] in case of
different reflection amplitudes and RIS elements N and M .

The dependency of outage and BER performances for the
two-UAV FSO path is on the square of reflection factor β, as
it can be seen from Eqs. (45). Fig. 13 denotes the dependency
of average BER on the reflection factor and the number of
RIS elements. Since optical signal reflects from surfaces twice,
the performance of two UAVs FSO communication system
degrades with the β2, and hence the error probability will
be inversely proportional to β2. Keeping the number of RIS
elements as N = 2,M = 2 and average SNR as γ = 100 [dB],
the average BER increases from ∼ 3.5× 10−5 to ∼ 5× 10−4

with the decrease of reflection factor from β = 1 to β = 0.2,
which shows the importance of keeping reflectivity of the
surface materials higher. The comparison between two FSO
paths is well described in Fig. 14 in case of the outage
probability for different numbers of RIS elements. We set
the number of RIS elements mounted on the second UAV to
M = 1 and changed only the number of RIS elements on the
first UAV. It was observed that the outage performance for
one-UAV path always remains better than that of two-UAVs
when the number of RISs on the second UAV is M = 1.
This shows that the second UAV with single RIS cell acts
like a bottleneck regardless of the number of RIS cells in
the first UAV. However, the benefits of using multiple UAVs
is highlighted in Fig. 14(b), where we fixed the number of
RISs on the first UAV to N = 1. Although, it was seen that
one-UAV path yields better performance as compared to two-
UAVs when the number of RIS on the second UAV is M = 1,
when M ≥ 2 the two-UAVs path shows better performance
than the one-UAV path. This allows to state that the multi-hop
UAV path enhances the link performance in case of increasing
number of RIS elements. For instance, an improvement of
10−1 is achieved when moving from a single UAV with N = 1
to two UAVs with M = 6 for γ = 50 [dB].

The comparison of the average BER achieved through the
two paths is shown in Fig. 15, for different number of RIS
elements. It is seen that the average BER remains lower for
N = 1 one-UAV than that of N = 1,M = 1 two-UAVs.
However, the average BER starts to take the lowest value for
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(b)
Fig. 14. Comparison of the outage probability for one and two UAV path,
versus the average SNR [dB] and in case of different RIS elements i.e., (a)
variable N , and (b) fixed N = 1 with variable M .

two-UAVs path after increasing the number of RIS elements to
N = 2,M = 2 that verifies the superiority of two-UAVs on
the one-UAV FSO communication for the sufficient number
of RIS elements. Finally, Fig. 16 depicts the effect of the
number of RIS elements on BER and outage probability. As
expected, for increasing SNR, performance improve, as well
as for high values of RIS elements. Furthermore, in case of
two-UAV path the number of element at the first UAV strongly
affects the performance of the whole path. To provide a fair
comparison between one- and two-UAV aided schemes with
conventional scheme using UAV as relays and assess their
practical deployment in terms of performance improvement,
we present Fig. 17. It is observed that using UAV as a relay
yields better performance than that of one- and two-UAV cases
with N = 1 and N = M = 1 RIS elements. However, the
performance of one- and two-UAV cases superior the UAV as
relay case when the number of RIS elements increases. As
for increasing number of RIS elements, it is noticed a gap
between one UAV and two UAVs. However, this gap reduces
for lower number of RIS elements.

It is known that RIS-aided FSO communication link suffers
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Fig. 15. Comparison of the BER for one- and two- UAV FSO path, versus
the average SNR [dB], in case of different RIS elements.

from the double fading effect, which is commonly eased by a
large number of elements or short distances from the RIS [39].
Since the FSO link has high attenuation, it is seen from the
results given in this section that the RIS application works
effectively in terms of improving both outage and average BER
performance even with one element. One of the reasons of
this effectiveness can be the assumption of RIS-induced phase
shift compensation in this study, and hence coherently received
signals achieved high gain with maximized SNR. Knowing
that the short distances from RIS also triggers the fading effect,
it is possible to not encounter the double fading effect since
the UAV based communication link has longer distances, e.g.,
∼ 5 − 20 km. However, it should be kept in mind that the
remarkable performance improvement can be obtained when
a higher number of surfaces are utilized, as observed from
Fig. 12, 13, 14, and 15.

All presented results and discussions in this section imply
that the benefit of RIS application for FSO communication
link through both one-UAV and two-UAVs is undeniable.
However, the application type of RIS can also yield a further
performance improvement. In [39], a comparison of active and
passive RIS application was given and it was shown that, due
to its power amplification capability hence additional amplified
power term in the SNR expression, the active RIS application
outperforms the passive RIS-mounted FSO communication
link. In the same work, it was also shown that the active RIS,
which deals with the double fading effect, seems more suitable
for the FSO communications due to less power attenuation.
In [39], the asymptotic received SNR of active RIS remained
almost ∼ 40 dB higher than that of passive RIS application
up to ∼ N = 1000 RIS elements and the superiority of active
RIS over passive RIS continued up to ∼ N = 2.5× 106 RIS
elements (such high number is not case in our work), after
that passive RIS yielded better results. Finally, Fig. 18 depicts
the outage probability achieved in case of two-UAV FSO path
for different RIS elements, expressed as product M ×N . The
trends are presented for different values of beamwaist, and as
in Fig. 2, the outage probability decreases for high values of
beamwaist. The asymptotic analysis is also reported in Fig. 18
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Fig. 16. Effect of the RIS elements on the BER and outage probability for
different values of average SNR and in case of (a) one and (b) two UAV path,
respectively.

for extremely large number of surfaces, showing a consistent
trend with the outage probability obtained with simulations.

X. CONCLUSIONS

This paper investigates the use of RISs, embedded in UAVs
for a multi-hop FSO data transmission in case of different
attenuation losses, like atmospheric, pointing errors, and AOAs
fluctuations. Our study focused on two possible paths, respec-
tively with one and two UAVs. In both cases, we derived the
BER and outage probability for different geometric parameters
and number of RIS elements. It has been noticed that for
high number of RIS elements the performance improves, as
well as for multi-UAVs data propagation. We then envision
the possibility to extend our proposed model to guarantee
connectivity through a swarm of UAVs, able to tune a wireless
signal, in order to reach skip-zones. The proposed architecture
is intended for backhaul data transmission, able to connect
ground stations that are not in LoS, through UAVs accordingly
equipped with RISs. The use of multi-hop RIS-embedded UAV
paths results a viable approach for optimal link management.

Finally, in this paper, passive RIS application is considered.
According to the above aforementioned evaluations and results
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Fig. 17. Comparison of the BER for one- and two-UAV FSO path to the case
of UAV as relay node, versus the average SNR [dB], in case of different RIS
elements.

100 102 104 106
10-6

10-5

10-4

10-3

10-2

10-1

100

Fig. 18. Outage probability versus different numbers of RIS elements in case
of two-UAV FSO path.

presented in [39], it is obvious that active RIS-assisted FSO
communication through UAV will yield better performance.
Indeed, active RIS provides dynamic beamforming, interfer-
ence mitigation, and adaptive link optimization, while passive
RIS offers energy-efficient operation and reduced complexity.
By leveraging the complementary strengths of active and
passive RIS, FSO systems can achieve improved performance,
reliability, and flexibility in diverse operating scenarios.
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APPENDIX A
CHANNEL PDF DERIVATION

Inserting Eq. (5) and (33) into Eq. (34) and adopting the
small angle approximation i.e., cos(θd) ≈ 1, that is also

adopted in [31], we can write

fh(h) =
η2s(b− 1)bh−1−b

2πqHB(a, b)ab(A0hal)−bΓ (a+ b)︸ ︷︷ ︸
A

π∫
−π

dφ

×G2,1
2,2

(
a

(b− 1)A0hal
h

∣∣∣∣1, b+ η2sξ(φ) + 1
a+ b, b+ η2sξ(φ)

)
︸ ︷︷ ︸

B

× 1

σ2
0

θFOV∫
0

θd exp
(
−θ2d/(2σ2

0)
)
dθd︸ ︷︷ ︸

C

+
δ(h)

σ2
0

∞∫
θFOV

θd exp
(
−θ2d/(2σ2

0)
)
dθd.

(A.1)

To solve the last integral given in Eq. (A.1), we can use the
expression given by Eq. (3.381-9) of [33] with v = (m+1)/n,
Re[n] > 0 and Re[β] > 0. Furthermore, to solve the θd-
dependent integral in C, we use the expression given in Eq.
(3.381-8) of [33]. Finally, Eq. (A.1) becomes i.e.,

fh(h) = A
π∫

−π

Bdφγ
(
1,
θ2FOV
2σ2

0

)
+ δ(h) exp

(
−θ

2
FOV

2σ2
0

)
,

(A.2)

where γ(a, x) =
x∫
0

e−tta−1dt is the lower incomplete Gamma

function. Finally, by replacing the conversion of γ(a, x),
Eq. (A.2) can be written as i.e.,

fh(h) = A
[
1− exp

(
−θ

2
FOV

2σ2
0

)]
h−b−1

π∫
−π

Bdφ

+ δ(h) exp
(
−θ2FOV /(2σ2

0)
)
.

(A.3)

APPENDIX B
CDF AND OUTAGE PROBABILITY DERIVATIONS IN CASE

OF ONE-UAV FSO PATH

In order to obtain the CDF of the SNR, we can replace

Eq. (36) in the expression Fγ(γ) =
γ∫
0

fγ(x)dx, so we obtain

Fγ(γ) =
η2s (b− 1)

b
[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)ab(A0hal)−b

π∫
−π
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× 1

2 (NB)−b γ−b/2

γ∫
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×G2,1
2,2

(
a (b− 1)

−1 √
x

A0hal
√
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∣∣∣∣1, b+ η2sξ(φ) + 1
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dx

+
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(
− θ2FOV

2σ2
0

)
2NB

√
γ

γ∫
0

1√
x
δ

( √
x√

γNB

)
dx.

(B.1)

To solve the last integral in Eq. (B.1), we can use the following
variable i.e., t =

√
x/

√
γNB, and the integral becomes 1.
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In order to solve the x-dependent integral, we use Eq. 26
from [34] and exploit some mathematical calculations, then
having

Fγ(γ) =
η2s (b− 1)

b
(A0halNB

√
γ)
b
[
1− exp

(
− θ2FOV

2σ2
0

)]
2πqHΓ(a)Γ(b)ab(

√
γ)b
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3,3

(
a
√
γ

(b− 1)A0hal
√
γNB
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)
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+ exp
(
−θ2FOV /(2σ2

0)
)
,

(B.2)

where {Ψ1,Ψ2,Ψ3,Ψ4,Ψ5,Ψ6} = {1, 1 + b, b + η2sξ(φ) +
1, a + b, b + η2sξ(φ), b}. According to Eq. (37), the outage
probability can be found as

Pout =
η2s (A0halNB
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b
[
1− exp

(
− θ2FOV

2σ2
0

)]
2π (b− 1)

−b
qHΓ(a)Γ(b)ab(

√
γth)b

×
π∫

−π

G2,2
3,3

(
a (b− 1)

−1 √
γth

A0hal
√
γNB

∣∣∣∣Ψ1,Ψ2,Ψ3

Ψ4,Ψ5,Ψ6

)
dφ

+ exp
(
−θ2FOV /(2σ2

0)
)
.

(B.3)

APPENDIX C
BER DERIVATION IN CASE OF ONE-UAV FSO PATH

Considering Eq. (40), we can solve the second part of the
integral assuming the variable t =

√
γ/ (

√
γNB), i.e.,

P b(e) =
η2s (b− 1)

b
[
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(C.1)

Since
∞∫
0

δ(t) erfc
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2

)
dt = erfc (0) = 1, and posing
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[40], Eq. (C.1) becomes
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(C.2)

Finally, through Eq. (07.34.21.0013.01) and then applying
Eq. (07.34.16.0001.01) of [35], we can obtain the following
expression of error probability as given in Eq. (41).

APPENDIX D
CDF AND OUTAGE PROBABILITY DERIVATIONS IN CASE

OF TWO-UAV FSO PATH

Considering the expression Fγ(γ) =
γ∫
0

fγ(x)dx, we can

replace Eq. (43) in order to obtain:

Fγ(γ) =
η2s (b− 1)

b
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(D.1)

We rely on the variable t =
√
x/
(√
γMNB2

)
to solve the last

integral in Eq. (D.1). Also, to solve the x-dependent integral,
we exploit a variable change i.e., t =

√
x ⇒ dx = 2tdt, and

use Eq. 26 from [34]. It follows that Eq. (D.1) will be:
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where {Ψ1, ..,Ψ6} are given in Eq. (B.2). Finally, the outage
probability can be rewritten as given in Eq. (44).

APPENDIX E
BER DERIVATION IN CASE OF TWO-UAV FSO PATH

From Eq. (43), we can insert the PDF of SNR in Eq. (39)
and obtain

Pb(e) =
η2s (b− 1)

b
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(E.1)

To solve the last integral in Eq. (E.1), we pose t =
√
γ/
(√
γMNB2

)
, and replace

∞∫
0

δ(t) erfc
(√

γMNB2t
2

)
dt =
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erfc (0) = 1. Through Eq. (07.34.21.0013.01) and applying
Eq. (07.34.16.0001.01) of [35], Eq. (E.1) becomes:

Pb(e) =
2a+b−1η2s

[
1− exp
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2σ2
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)]
16π2
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+ 0.5 exp

(
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0)
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,

(E.2)

where ∆1,1, . . . ,∆1,6 and ∆2,1, . . . ,∆2,5 are defined in
Eq. (41).
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