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Abstract
This paper proposes an unmanned aerial vehicles (UAV)-integrated reconfigurable intelligent surface (RIS)-assisted modu-
lating retroreflector (MRR) free-space optical (FSO) communication system, enhanced with wavelength diversity (WD) and 
time diversity (TD) techniques, to address the challenges posed by dynamic channel conditions such as fog, gamma–gamma 
turbulence, and pointing errors. The integration of UAVs, programmable RISs, and passive MRRs forms a scalable and 
modular architecture—referred to as the UAV-integrated RIS-assisted MRR-FSO system—that significantly enhances sys-
tem availability, adaptability, and energy efficiency. Analytical expressions for key performance metrics, including outage 
probability, average bit error rate (BER), and maximum effective bit rate, are derived and validated through Monte Carlo 
(MC) simulations, demonstrating a high degree of agreement with the theoretical results. Numerical evaluations show that 
the proposed system achieves up to 75% BER reduction and a 60% improvement in outage probability compared to conven-
tional UAV-FSO systems. Furthermore, the incorporation of RIS and MRR components leads to up to 40% enhancement in 
energy efficiency, along with substantial reductions in hardware complexity and deployment cost. The WD design offers up 
to 2 × higher effective data rate and a 2–5× improvement in spectral efficiency, positioning the system as a strong candidate 
for reliable, energy-efficient, and adaptive UAV-based optical backhaul solutions in future 6 G networks.

1 Introduction

In 5 G networks, establishing high-data-rate links between 
dense traffic zones and the core network remains challeng-
ing. While fiber optics offer reliability, their deployment is 

often costly or impractical. FSO systems provide an appeal-
ing alternative due to their large bandwidth, rapid deploy-
ment, license-free operation, and immunity to electromag-
netic interference [1].

The impracticality of deploying FSO systems in various 
applications, attributed to the lack of a direct link and the 
presence of barriers causing dead zones in wireless com-
munication, prompts the exploration of RIS as a promising 
solution [2]. Utilizing planar meta-surfaces with integrated 
electronics, RISs offer precise control over the phase, ampli-
tude, and polarization of incoming signals. RIS emerges as 
an effective alternative to active relay techniques, enhanc-
ing FSO system performance without intricate processing 
at the relay point [3]. Recent studies extensively analyze 
RIS-enabled wireless systems across diverse communica-
tion mediums, including radio frequency (RF) transmissions 
[4], FSO systems [5], and hybrid RF-FSO setups [6]. Fur-
thermore, recent proposals explore the application of RIS 
in connected autonomous vehicles and vehicular networks, 
considering the advantages it brings to traditional wireless 
communications [7].

In traditional FSO setups, two identical transceivers serve 
as connecting terminals, utilizing a narrow laser beam in an 
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unguided atmospheric environment for data transmission. 
This design, while offering advantages like reduced power 
consumption and improved anti-interception capabilities, 
requires sophisticated Pointing, Acquisition, and Tracking 
(PAT) systems in both transceivers, leading to challenges 
in power consumption and increased dimensions [2]. An 
interesting alternative involves configuring an asymmetri-
cal FSO system by replacing one transceiver with an MRR 
terminal, comprising an MRR device and a photodetector. 
MRRs are constructed using light modulators and passive 
retroreflectors, with various fabrication techniques, includ-
ing multiple quantum wells, micro-electromechanical sys-
tems, ferroelectric piezoelectric lead zirconate titanate thin 
films, and liquid crystals for modulators. Commonly used 
retroreflectors include the corner cube and cat’s eye reflec-
tors [8]. Research focuses on advancing MRR devices [8] 
and practically implementing MRR-FSO networks [9], high-
lighting the viability of MRR-FSO technology due to its 
low-power modulators and compact retroreflectors, suitable 
for diverse applications such as communication with UAVs.

To combat the composite fading effect on FSO links, 
various methods commonly used in wireless radio have 
been explored. These methods encompass spatial, wave-
length, and time diversity to overcome fading effects and 
enhance system performance. Spatial diversity involves inte-
grating multiple transceivers in an FSO system at differ-
ent positions, transmitting and receiving replicas to reduce 
the BER [10]. WD employs a composite transmitter (CT), 
simultaneously transmitting signals at various wavelengths 
to multiple receivers, mitigating atmospheric effects, and 
enhancing reliability [11]. TD, outlined in [12], utilizes a 
single transceiver, transmitting the signal repeatedly during 
distinct time slots to enhance reliability in communication 
systems. While WD offers advantages, it requires complex 
equipment and faces alignment challenges, and TD, though 
simpler to implement, has drawbacks like reduced data rate 
and increased latency [12].

In this work, our investigation focuses on leveraging the 
benefits provided by the RIS module, the MRR terminal, and 
the UAV in a UAV-integrated RIS-aided MRR-FSO system 
that utilizes WD and TD techniques.

As far as our current knowledge extends, there has been 
no previous exploration of WD and TD techniques in a 
UAV-integrated RIS-aided MRR-FSO system utilizing 
intensity modulation/direct detection (IM/DD) and operating 
in a channel environment affected by fog, gamma–gamma 
(G–G) turbulence, and pointing errors (PEs). This unique 
focus is the central theme of this manuscript.

The primary contributions presented in this paper 
include the derivation of the PDF describing the combined 
statistical effects of fog with G-G turbulence and PEs in a 
UAV-integrated RIS-aided MRR-FSO system, expressed 
using the multivariate Fox H function (MFHF). This is 

accomplished by considering the summation of products 
involving independent non-identically distributed (i.ni.d) 
fading coefficients. Additionally, we apply this derived 
result to formulate closed-form analytical expressions for 
the PDF and CDF of the instantaneous electrical SNR ( � ) 
for the aforementioned system. The established PDF and 
CDF of � are then utilized to assess the system’s perfor-
mance through the derivation of expressions for Pout , Pb , 
and Reff (for the TD scheme only), incorporating both WD 
and TD techniques, all expressed in terms of the MFHF. 
Finally, we provide numerical results for typical scenarios 
and varying atmospheric turbulence and PE conditions.

In the landscape of 5 G and emerging 6 G technolo-
gies, the proposed system exhibits a high degree of 
adaptability across multiple application domains. For 
ultra-reliable low-latency communication scenarios—
such as UAV-assisted backhaul and emergency response 
operations—the architecture provides strong resilience 
against optical turbulence and alignment errors [13]. In 
the context of enhanced mobile broadband, the WD con-
figuration facilitates parallel multi-wavelength transmis-
sion, thereby improving both the effective data rate and 
spectral efficiency [14]. Additionally, the incorporation 
of passive elements such as MRRs and RISs significantly 
boosts energy efficiency and enables modular scalabil-
ity. These characteristics render the proposed framework 
highly suitable for massive machine-type communication 
applications [15]. Collectively, these attributes underscore 
the system’s potential as a versatile and energy-conscious 
solution for next-generation optical wireless backhaul in 
5 G and beyond.

The structure of this paper is as follows: Sect. 2 presents 
an overview of the system and channel models. Section 3 
conducts a statistical analysis of the UAV-integrated RIS-
aided MRR-FSO system. Performance analysis, including 
closed-form expressions for Pout , Pb , and Reff (only for the 
TD scheme), is discussed in Sect. 4. Section 5 delves into 
the numerical results and their discussion. Lastly, Sect. 6 
summarizes the conclusions drawn from this study.

2  System and channel models

Consider a scenario where a two-way optical wire-
less communication system is established using a RIS 
mounted on a UAV and a MRR, as illustrated in Fig. 1. 
This system enables bidirectional data exchange between 
a transmitter/receiver and a remote MRR-equipped user 
terminal by exploiting dynamic optical beam steering and 
retro-modulation.
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The process begins with the generation of an electrical 
input data signal s(t) ∈ {−1,+1} , representing a binary 
bitstream typically used in On-Off Keying (OOK) modu-
lation. This signal is passed to an Electro-Optical (E/O) 
Modulator, which converts the electrical binary data into 
an intensity-modulated optical signal. The resulting optical 
signal is expressed as:

where P0 is the average optical power and � is the modula-
tion index that establishes the modulation depth. The opti-
cal signal Popt(t) is transmitted to a RIS array attached to a 
UAV. Acting as a passive, adjustable beam-steering device, 
the RIS modifies the phase shifts of incoming light waves 
to guide the beam. In this configuration, the RIS directs the 
optical beam toward the user terminal with MRR, utilizing 
the forward channel coefficients hfi,1,m and hfi,2,m.

When the optical signal reaches the MRR, it is received 
and undergoes retro-modulation. The MRR, often based on 
MEMS or liquid crystal modulators, adds a new modula-
tion to the reflected signal without requiring any internal 
power. This modulated signal is then reflected back along 
the same trajectory. The RIS on the UAV captures the ret-
roreflected signal and reorients it toward the receiver using 
the backward channel coefficients hbi,2,m and hbi,1,m . A pho-
todetector at the receiver converts the modulated optical 
signal into an electrical current, expressed as:

where R represents the photodiode’s responsivity. This elec-
trical signal i(t) is then processed by a decoder for signal 
recovery and passed to a module for estimating the SNR 
and BER. The SNR is determined by the following equation:

where �2 denotes the noise variance. The BER is then esti-
mated using the Q-function as:

(1)Popt(t) = P0[1 + � ⋅ s(t)]

(2)i(t) = R ⋅ Pr(t)

(3)� =

(R ⋅ Pr)
2

�2

This proposed system is particularly well suited for dynamic 
or obstructed environments, offering a power-efficient and 
flexible solution for enhancing communication range and 
quality without requiring onboard power at the user terminal.

The integration of WD into the UAV-integrated RIS-
aided MRR-FSO system involves a model with M dis-
tinct transceivers. Simultaneously, these transmitters 
send M replicas of the signal at M different operational 
wavelengths. Each signal replica, denoted as the mth sig-
nal for m = 1, ...,M , is exclusively received by the corre-
sponding mth receiver, configured to identify only the mth 
wavelength. Optical receivers operate optimally within a 
narrow region around their operational wavelength, ensur-
ing that the mth signal in the mth receiver originates solely 
from the mth transmitter transmitting at the designated mth 
wavelength.

This specificity in wavelength transmission and recep-
tion forms the basis of the WD scheme, where a CT trans-
mits along M wavelength branches to align with the M 
receivers, as outlined in [16]. Additionally, when examin-
ing link distances of a few kilometers, these M receivers 
exhibit practical independence, especially when the pho-
todetectors’ aperture separation is measured in centimeters 
[17].

Using a similar method, the incorporation of a TD 
scheme in the considered system can be represented as 
a communication system employing a single transmitter 
that sends M replicas of the signal across M distinct time 
slots. On the receiving end, a receiver system utilizes the 
optimal combining (OC) reception technique for these M 
signal copies. This procedure is similar to the combined 
operation of a single transmitter transmitting through M 
channels, where M receivers are positioned at the receiv-
ing end, as the situation associated with WD.

To facilitate the physical implementation of the pro-
posed system, a three-dimensional spatial layout is con-
sidered. The positions of the CT, the UAV-mounted 
RIS, and the MRR unit are represented by the vectors 

(4)P̄b = Q(2𝛾)

Fig. 1  System model
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rCT = (xCT, yCT, hCT), rRIS = (xRIS, yRIS, hRIS), rMRR = (xMRR, yMRR, hMRR), 
respectively. The spatial relationship between two nodes, 
i → j , is defined using azimuth and elevation angles, which 
are computed as follows [18]:

where ‖rj − ri‖ represents the Euclidean distance between 
the nodes. These angular measurements are essential for 
determining the feasibility of the LoS path and for effec-
tively guiding the RIS beam.

The field of view (FoV) of the photodetector, denoted 
by �FoV , determines the maximum angular deviation 
allowed for proper detection. Communication is success-
ful only if the following condition holds:

The optical signal produced by the transceiver follows a 
Gaussian beam pattern, which is characterized by a diver-
gence angle �d . The received optical power at a distance L 
is represented by:

where Pt is the transmitted power, � encompasses system 
and atmospheric losses, r is the radial displacement at the 
receiver plane, and w(L) is the beam radius at distance L, 
given by:

with w0 representing the beam waist at the focal point and � 
the operating wavelength. These expressions are fundamen-
tal for analyzing power attenuation due to misalignment and 
beam spread, particularly in systems relying on RIS-assisted 
optical reflection.

The UAV’s altitude hRIS and horizontal coordinates 
(xRIS, yRIS) are adaptively determined to ensure that the 
indirect optical path from the CT to the MRR via the RIS 
satisfies both angular alignment and range constraints, 
while remaining within the UAV’s operational envelope. 
These spatial and directional constraints are integrated into 
the Monte Carlo (MC) simulations presented in Sect. 5, 
providing evidence of the system’s practical viability 
and experimental reproducibility with currently available 
hardware.

To assess the spatial coverage of the proposed RIS-
aided MRR-FSO system, we derive expressions for its 
2D and 3D coverage boundaries based on geometric 

(5)�ij = tan−1
�
yj − yi

xj − xi

�
, �ij = sin−1

�
hj − hi

‖rj − ri‖
�
,

(6)|�incident − �receiver| ≤ �FoV.

(7)Pr = Pt ⋅ � ⋅ exp

(
−2

(
r

w(L)

)2
)
,

(8)w(L) = w0

√√√√√1 +

(
�L

�w2
0

)2

,

constraints such as beam divergence, photodetector FoV, 
UAV altitude, and azimuth/elevation angles. These expres-
sions define the area or volume in which the received SNR 
exceeds a threshold �th . The resulting beam footprint diam-
eter at the receiver plane is

Assuming perfect RIS-assisted reflection and alignment, the 
maximum ground coverage radius is limited by the detector 
FoV and link distance:

This gives the radius of the coverage footprint on the hori-
zontal x-y plane. The 2D coverage area and 3D coverage 
volume are expressed, respectively, as

and

where hRIS is the UAV altitude. The 3D volume approxima-
tion assumes a conical beam expansion.

We assume that the RIS elements are spaced half a wave-
length apart, considering i.ni.d. channels at the RIS [19]. This 
spacing is achieved by varying the parameters of channel fad-
ing from the composite transceiver to the RIS and from the 
RIS to the MRR unit. Assuming precise knowledge of the 
channel phase at each RIS element, the mth received signal at 
the composite transceiver via the RIS can be expressed as [20]:

Here, s
m
 is the mth transmitted signal with power P

sm
 , n is 

additive Gaussian noise with zero mean and variance �2
n , 

and Hm symbolize the channel fading resulting from the 
combined effects of G-G turbulence, PE, and the fog of each 
of the M channels of the UAV-integrated RIS-aided MRR-
FSO system with diversity, which is given as:

where hlm is the fog loss for the mth signal under examina-
tion and is determined through several empirical models. 
Specifically, the Kim model is employed due to its supe-
rior accuracy, particularly in the context of low visibility 
( V ≤ 6 km ) in FSO links [1]. The flat fading coefficients 
corresponding to the forward and backward paths of the 
mth signal between the composite transceiver and the MRR 
unit in the UAV-integrated RIS-aided MRR-FSO link are 
provided as: hfm =

∑N

i=1

∏2

j=1
hf i,j,mandhbm =

∑N

i=1

∏2

j=1
hbi,j,m . 

Here, i ∈ {1, 2,… ,N} denotes the RIS element number, and 

(9)Dbeam(L) = 2w(L).

(10)Rcov = L ⋅ tan(�FoV).

(11)A2D = �R2
cov

,

(12)V3D =
1

3
�R2

cov
hRIS,

(13)y
m
= s

m

√
P

sm
Hm + n

(14)Hm = hlmhfmhbm
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j ∈ {1, 2} indicates the path (where j = 1 signifies the path 
between the CT and the ith RIS element, while j = 2 indi-
cates the path between the ith RIS element and the MRR 
unit). hf i,j,m and hbi,j,m represent the forward and backward 
channel fading coefficients for the mth signal and the ith RIS 
element within the jth path, respectively.

The primary signal degradation factors impacting the RIS-
assisted connection, in addition to fog, are G-G turbulence and 
PE. The PDF of the G-G distribution, denoted as fhtm (htm) , can 
be found in [1] as:

Here, htm > 0 denotes the channel fading coefficient due to 
G-G turbulence for the mth signal, Γ(⋅) denotes the gamma 
function, and Kx(⋅) signifies the modified Bessel function 
of the second kind with order x. The parameters �m and �m 
correspond to the effective numbers of small-scale and large-
scale eddies within the scattering environment, which are 
associated with the turbulence conditions and are defined 
as follows [21]::

Here, d2
m
=

√
kmD

2∕4L , where km = 2�∕�m denotes the opti-
cal wave number. The parameter �m signifies the operational 
wavelength associated with each of the M channels in the 
considered system employing WD. Furthermore, L repre-
sents the length of the optical link, and D refers to the diam-
eter of the receiver’s aperture. The term �lm

2 corresponds to 
the Rytov variance for spherical wave propagation in a hori-
zontal path, given by �lm

2
= 0.5C2

n
k
7∕6
m L11∕6 , as in [21]. Here, 

C2
n
 denotes the refractive index structure parameter, depend-

ent on elevation and atmospheric conditions, and its expres-
sion is provided in [21]. The PDF of the zero-boresight PE, 
fhpm

(hpm) , is [22]:

where hpm signifies the channel fading coefficient due to 
PE for the mth signal, Aom

 denotes the PE fading coefficient 
under zero PE conditions for the mth signal, and �m represents 
the ratio between the equivalent beam radius at the destina-
tion and the PE displacement standard deviation (SD) at this 
destination for the mth signal.

(15)

fhtm
(htm) =

2(�m�m)
�m+�m

2

Γ(�m)Γ(�m)
h

�m+�m
2

−1

tm
K�m−�m

(
2
√

�m�mhtm

)

(16)�m =

[
exp

(
0.49�lm

2

(1 + 0.18d2
m
+ 0.56�lm

12∕5)7∕6

)
− 1

]
−1

(17)�m =

[
exp

(
0.51�lm

2
(1 + 0.69�lm

12∕5
)
−5∕6

(1 + 0.9d2
m
+ 0.62d2

m
�lm

12∕5)5∕6

)
− 1

]
−1

(18)fhpm
(hpm) =

�2
m

A
�2
m

om

h
�2
m
−1

pm
, 0 ≤ hpm ≤ Aom

3  Closed‑form statistical analysis

In this section, we present the closed-form analytical expres-
sions for the PDF and CDF of � by adopting an approach 
similar to that used in ([2], Eq. (36)), to obtain the com-
posite channel statistics. While the intermediate derivation 
steps are omitted for brevity, the resulting expressions follow 
analogous mathematical treatment and assumptions.

We consider the generalized case where the channel coef-
ficients hf i,1,m and hf i,2,m are i.ni.d, and similarly for hbi,1,m and 
hbi,2,m . These coefficients are modeled as: hf i,1,m = h

t1,m
hp1,m , 

hf i,2,m = h
t2,m
hp2,m , hbi,1,m = h

t1,m
 , and hbi,2,m = h

t2,m
 . Here, h

t1,m
 and 

h
t2,m

 denote the G-G turbulence fading coefficients, while hp1,m 
and hp2,m capture the PE induced fading in the forward direc-
tion. Specifically, hf i,1,m models the forward channel from the 
CT to the ith RIS element for the mth signal, while hf i,2,m refers 
to the forward link from the ith RIS element to the MRR 
unit. Conversely, hbi,1,m and hbi,2,m represent the backward paths 
from the CT to the RIS element and from the RIS element to 
the MRR unit, respectively. The composite channel fading 
H

m
 is characterized by the following PDF:

where �rj,m = {(�
j,m

2, 1), (�
1,j,m

, 1), (�
1,j,m

, 1), (�
2,j,m

, 1), (�
2,j,m

, 1)} , 
�ri,j,m = �f i,j,m  �bi,j,m  ,  a n d  �ri,j,m = �f i,j,m  �bi,j,m  .  �f j,m  = 
�
j,m

2
∕

(
Γ(�1,j,m)Γ(�1,j,m)

)
 , and �f j,m = (�1,j,m�1,j,m)∕Ao,m . The 

parameters �1,1,m and �1,1,m represent the large-scale and 
small-scale characteristics of the forward path from the CT 
to the RIS module for the mth signal, respectively. Simi-
larly, �1,2,m and �1,2,m describe the large-scale and small-
scale aspects of the forward path from the RIS module to 
the MRR unit for the mth signal, respectively. Moreover, 
�1,m denotes the ratio between the equivalent beam radius 
at the RIS module and the PE displacement SD at that 
module when the mth signal traverses from the composite 
transceiver to the RIS module. Likewise, �2,m indicates the 
ratio between the equivalent beam radius at the MRR unit 
and the PE displacement SD at the MRR unit when the 
mth signal travels from the RIS module to the MRR unit. 
In addition, �bj,m = 1∕Γ(�

2,j,m
)Γ(�

2,j,m
) , and �bj,m = �

2,j,m
�
2,j,m

 . 
The parameters �

2,2,m
 and �

2,2,m
 represent the large-scale and 

small-scale parameters, respectively, of the backward path 
from the MRR unit to the RIS module for the mth signal. 
Similarly, �

2,1,m
 and �

2,1,m
 describe the large-scale and small-

scale aspects, respectively, of the backward path from the 
RIS module to the composite transceiver for the mth sig-
nal. For IM/DD, and after RV transformation, the PDF and 

(19)

fHm
(H

m
) =

∏N

i=1

∏2

j=1
�ri,j,m

H
m

× H
0,0∶10,2;… ;10,2

0,2∶4,10;… ;4,10

⎛⎜⎜⎝

�
H

m

hlm

2�
j=1

�
j,m

�N

1

����
−∶

�
(1,1),(1,1),{(�j,m

2
+1,1)}2

j=1

�N

1

(1;{1}N
1
),(1;{1}N

1
)∶

�
{�rj,m}

2
j=1

�N

1

⎞⎟⎟⎠
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CDF of �
m
= H2

m
�

m
 are derived to be as Eq. (20) and Eq. (21), 

respectively:

4  Performance analysis

4.1  Outage probability

The impact of fading on a communication system is charac-
terized by the outage probability, which quantifies the likeli-
hood of the SNR dropping below a specific threshold value, 
denoted as �

th
 . The outage probability, represented by the equa-

tion below, is defined as the probability that the SNR, denoted 
by � , is less than or equal to �

th
 : Pout = Pr(� ≤ �

th
) = F� (�th) . 

Hence, using Eq. (21), we get the outage probabilities of the 
UAV-integrated RIS-aided MRR-FSO system with WD or TD, 
respectively. Assuming that the outage probability is independ-
ent for each of the M channels (acquired either through M 
different wavelengths or M different time slot transmissions 
for WD or TD schemes, respectively), the overall outage prob-
ability, denoted as Pout for the systems under consideration, 
will represent the outage probability for all M links, i.e.,:

Using Eq.  (21), we conclude to the total probability of 
outage for the WD UAV-integrated RIS-aided MRR-FSO 
system:

For evaluating the total outage probability of the con-
sidered system using TD, since we use only one pair of 

(20)

f�m(�m) =

∏N

i=1

∏2

j=1
�ri,j,m

2�
m

× H
0,0∶10,2;… ;10,2

0,2∶4,10;… ;4,10

⎛
⎜⎜⎝

�∏2

j=1
�rj,m

hlm

�
�
m

�
m

�N

1

����
−∶

�
(1,1),(1,1),{(�j,m

2
+1,1)}2

j=1

�N

1

(1;{1}N
1
),(1;{1}N

1
)∶

�
{�r,j,m}

2

j=1

�N

1

⎞
⎟⎟⎠

(21)

F�m
(�

m
) =

N�
i=1

2�
j=1

�ri,j,m × H
0,0∶10,2;… ;10,2

0,2∶4,10;… ;4,10

⎛
⎜⎜⎝

�∏2

j=1
�rj,m

hlm

�
�
m

�
m

�N

1

����
−∶

�
(1,1),(1,1),{(�j,m

2
+1,1)}2

j=1

�N

1

(1;{1}N
1
),(0;{1}N

1
)∶

�
{�r,j,m}

2
j=1

�N

1

⎞
⎟⎟⎠

(22)Pout =

M∏
m=1

F�m
(�

th,m
)

(23)

Pout, WD =

M�
m=1

N�
i=1

2�
j=1

�ri,j,m × H
0,0∶10,2;… ;10,2

0,2∶4,10;… ;4,10

⎛⎜⎜⎝

�∏2

j=1
�rj,m

hlm

�
�
th,m

�
m

�N

1

����
−∶

�
(1,1),(1,1),{(�j,m

2
+1,1)}2

j=1

�N

1

(1;{1}N
1
),(0;{1}N

1
)∶

�
{�r,j,m}

2
j=1

�N

1

⎞⎟⎟⎠

transceivers, therefore we are taking into account the 
following assumptions: �ri,j,1 = �ri,j,2 = ⋯ = �ri,j,M = �ri,j , 
�rj,1 = �rj,2 = ⋯ = �rj,M = �rj  ,  hl1 = hl2 = ⋯ = hlM = hl  , 
�
th,1

= �
th,2

= ⋯ = �
th,M

= �
th

 ,  �
1
= �

2
= ⋯ = �

M
= �  , 

�
j,1
= �

j,2
= ⋯ = �

j,M
= �

j
 , and �

r,j,1
= �

r,j,2
= ⋯ = �

r,j,M
= �

r,j
 , 

and using Eq. (23), we obtain:

We should note that Eqs. (23) and (24) remain valid even 
in the absence of the assumption of the OC method at the 
receiver’s end. For this metric, the sole requirement is to 
operate at least one of the M channels.

4.2  Average BER

The average BER serves as a metric to evaluate the reliability 
of data transfers. In the context of the examined UAV-inte-
grated RIS-aided MRR-FSO systems featuring WD or TD, as 
well as utilizing IM/DD and OOK, its assessment is based on 
the assumptions outlined in Sect. 2. Specifically, these assump-
tions involve a single transmitter and M receivers, establishing 
an equivalence to a single-input multiple-output optical com-
munication system.

In the UAV-integrated RIS-aided MRR-FSO system 
employing WD (TD), and taking into account OC for signal 
reception and following the analysis presented in [17], the 
average BER of the considered system with the M distinct 
channels can be determined as follows:

where H⃗ =

[
H

1
,H

2
,⋯ ,H

m

]
 represents the fading for each 

of the M receivers. Moreover, for the case of TD UAV-
integrated RIS-aided MRR-FSO system, as mentioned 
earlier, the value of the average SNR is unique and thus 
�

1
= �

2
= ⋯ = �

M
= �  . To evaluate the multiple integral of 

Eq. (25), we employ the approximation from [23] for the 
Q-function and transform it into a product of single inte-
grals. Hence, Eq. (25) is transformed to:

(24)

Pout, TD =

� N�
i=1
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�

(26)
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m
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Substituting Eq. (19) in Eq. (26) and expanding N-MFHF in 
terms of Mellin–Barnes integrals lead to:

where  � =

√
−1  i s  the  imaginar y  uni t ,  and 

Aj,i,m = [Γ(�
j,m

2
− �

i,m
)Γ(�

1,j,m
− �

i,m
)Γ(�

1,j,m
− �

i,m
)Γ(�

2,j,m
− �

i,m
)Γ(�

2,j,m
− �

i,m
)[Γ(�

i,m
)]
2
]  . 

Expressing the exponential functions in terms of the MFHF 
and employing the N-MFHF definition ([24], A.1), we obtain 
the average BER in case of WD to be:

Utilizing Eq.  (28) and considering the aforementioned 
assumptions for the TD UAV-integrated RIS-aided MRR-
FSO scheme, the expression for estimating the average BER 
of this FSO link with TD is presented as:

(27)
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4.3  Maximum effective bit rate

In TD, the same information signal is transmitted multiple 
times over different time slots to enhance reliability by treating 
each transmission as an independent event. The receiver com-
bines these independent receptions to improve overall commu-
nication reliability, effectively mitigating the impact of fading 
or other transmission impairments. However, as the number of 
time slots M increases, there exists a trade-off between reliabil-
ity and data transmission rate. A larger M value results in more 
redundant transmissions, increasing the duration for sending 
the complete message. While this redundancy improves the 
chances of successful reception, it comes at the cost of reduc-
ing the maximum rate of data transmission. Hence, the maxi-
mum effective bit rate ( Reff ) is less than the maximum bit rate 
of the link. This trade-off between reliability and efficiency 
is crucial in designing UAV-integrated RIS-aided MRR-FSO 
systems, emphasizing the need to carefully balance reliability 
requirements with desired data transfer speeds based on the 
specific application and system constraints.

The maximum achievable bit rate in a channel characterized 
by fast fading statistics is determined by its average capacity. 
Importantly, this approach involves a singular point-to-point 
link with one transmitter and one receiver, where the average 
channel capacity serves as the ultimate metric for the maxi-
mum bit rate. Considering that the TD scheme involves the 
transmission of the same information bits M times, the effec-
tive bit rate is given by:

Substituting Eq.(20) in (30), use the definition of N-MFHF, 
and reverse the integration order to obtain:

w h e r e 
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Solving the inner integral solution in (29), we obtain
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Applying the final-value theorem and using the definition of 
N-MFHF in ([24], A.1), we get:

where � is in the order 10−6.

5  Results and discussion

In this section, we present numerical evaluations to assess 
the performance of UAV-integrated RIS-aided MRR-FSO 
links utilizing the IM/DD detection technique. The analysis 
is grounded in realistic system configurations and param-
eters, making it applicable to actual deployments in the field.

The RIS panel is modeled as a dielectric-based metas-
urface fabricated from low-loss materials, such as silicon 
or titanium dioxide  (TiO2), on a glass substrate [25]. These 
materials are commonly used in optical RIS implementations 
due to their favorable transmission and reflection character-
istics. Each RIS element has a size of �∕2 , approximately 
775 nm at the operating wavelength of 1550 nm, which is 
standard for FSO communication. Simulated array sizes 
include N = 5 , 10, and 15 elements, representing small-to-
moderate arrays compatible with UAV payload constraints. 
The reflectivity and phase control of each RIS element are 
modeled with a programmable resolution of 2–3 bits, con-
sistent with commercially available modules in the visible 
and near-infrared domains [25].

The MRR terminal consists of a corner-cube retroreflec-
tor combined with a modulator, which may utilize technolo-
gies such as MEMS, liquid crystals, or quantum wells. These 
modulators are capable of supporting data rates from sev-
eral Mbps up to tens of Mbps, consistent with the practical 
constraints and capabilities of UAV platforms powered by 
batteries. Passive retroreflection and low-power modulation 
are prioritized to enhance energy efficiency, based on experi-
mental demonstrations in prior studies.

At the receiver, an avalanche photodiode (APD) is 
employed, operating at a central wavelength of 1550 nm. 
The APD is characterized by a sensitivity of −35 dBm and 
an aperture diameter of 1 cm. The field of view (FoV) is 
set to �FoV = 2◦ , and the beam divergence is defined as 
�d = 1.5 mrad [26].

The modulation speed was assumed to range from a few 
megabits per second (Mbps) up to tens of Mbps, based 
on performance metrics reported in existing MEMS- and 

(33)
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liquid crystal-based MRR implementations. To enable 
UAV integration, power consumption considerations were 
critical; therefore, the system design emphasized passive 
retroreflection and low-power modulation, supported by 
findings from existing experimental studies demonstrating 
feasibility for battery-powered platforms.

The geometry of the optical channel includes a total 
link distance of 1000 m, divided into two 500 m seg-
ments: one from the CT to the RIS and the other from the 
RIS to the MRR. The altitudes are configured as follows: 
hCT = 50 m, hRIS = 100 m, and hMRR = 50 m. The optical 
RIS is positioned midway between the CT and the MRR 
terminal to maximize reflective gain and beam alignment 
efficiency.

Environmental degradation is modeled through fog atten-
uation, atmospheric turbulence, and PEs. Fog attenuation 
is computed using the Kim model [27]. Atmospheric tur-
bulence is modeled using the G-G distribution. The refrac-
tive index structure parameter C2

n
 is set to 6 × 10−14 and 

20 × 10−14 m−2∕3 for moderate and strong turbulence, respec-
tively. The fading parameters �m and �m are derived based 
on established models for turbulence in optical systems [21]. 
PEs are incorporated using �1,m = 1.3 and �2,m = 1.1 , with 
the zero-pointing-error amplitude set to A0,m = 1 [2].

To evaluate system performance, we apply the MFHF 
implementation in MATLAB, as demonstrated in previous 
work [2], to assess the analytical expressions provided in 
earlier studies. These expressions are used to calculate two 
key performance metrics: outage probability and average 
BER, for both WD and TD schemes. The validity of the 
analytical results is verified by MC simulations with over 
4 × 106 independent trials.

WD is evaluated using typical FSO wavelengths: 850 nm, 
980 nm, 1064 nm, 1310 nm, and 1550 nm. These wave-
lengths align with atmospheric transmission windows to 
minimize attenuation and are widely supported by commer-
cial photonic components. For each of the M = 1, 2, 3 signal 
copies used in WD, an individual photodetector is assumed 
to be tuned to a distinct �m.

While TD schemes typically reduce the bit rate due to sig-
nal repetition, we estimate the maximum achievable bit rate 
under TD evaluated as a function of the number of signal 
copies M and other system parameters. The numerical results 
presented in this section illustrate the outage probability and 
average BER under various settings, offering insight into the 
influence of parameters such as RIS array size N, number 
of channels M, wavelength �m , and turbulence level C2

n
 on 

system efficiency.
All parameters are consistent with current technological 

capabilities and are inspired by prior experimental works. 
Where possible, datasheet-level parameter ranges are 
matched to existing commercial modules such as those from 
Thorlabs. While this work is focused on analytical modeling 
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and performance evaluation, the chosen parameter sets are 
based on physically realizable components. These updates 
ensure that the study is not only theoretically grounded but 
also experimentally relevant and repeatable with available 
or near-future hardware.

In the following subsections, we analyze the 2D and 3D 
coverage, comparing the proposed system with the baseline 
UAV-FSO system (Sect. 5.1), followed by an investigation 
of techniques for combining the transmission link output sig-
nals at the destination to generate a signal resilient to fading. 
The studied diversity techniques include the WD technique 
(Sect. 5.2) and the TD technique (Sect. 5.3).

5.1  2D and 3D coverage: proposed system vs. 
baseline UAV‑FSO

MATLAB simulations are conducted to evaluate the spa-
tial SNR performance over a range of user locations in 
both 2D and 3D space. A user location is considered "cov-
ered" if the composite channel SNR satisfies the condition 
SNR ≥ �th = 5 dB. As illustrated in Fig. 2, the results indi-
cate that the proposed RIS-MRR system provides a sub-
stantial improvement in spatial coverage over the baseline 
UAV-FSO system. This improvement can be attributed to 
several crucial factors, each playing a role in the system’s 
enhanced performance.

A key factor behind this improvement is the enhanced 
beam steering and directional control provided by the RIS. 
The RIS offers dynamic adjustment of the signal’s propaga-
tion direction, allowing for precise beam alignment. This 
adaptability helps the system respond to changes in user 
positions and environmental factors, thereby optimizing 
signal strength and expanding coverage areas. In contrast 

with the baseline UAV-FSO system, which generally relies 
on fixed beam orientations, the RIS can continuously modify 
the beam to ensure optimal signal quality across a wider 
area.

Furthermore, the capability to establish indirect connec-
tions via the MRR greatly improves the system’s robust-
ness. In situations where direct LoS links are blocked by 
physical obstacles or interference, the RIS-MRR system 
can generate alternative indirect links. This ability to form 
indirect connections ensures reliable communication in chal-
lenging conditions, thereby broadening the coverage area 
and strengthening network resilience when compared to the 
baseline UAV-FSO system.

The RIS also contributes to a better overall SNR distribu-
tion. By carefully adjusting the transmitted optical signal, it 
helps to boost the signal quality at the user’s location, par-
ticularly in areas where the baseline UAV-FSO system might 
suffer from reduced SNR due to factors such as longer dis-
tances, atmospheric attenuation, or beam misalignment. This 
capability to improve SNR ensures that the system remains 
efficient, even under less ideal conditions.

Additionally, the RIS’s capacity to adapt to changing 
environmental factors, like atmospheric turbulence, helps 
to reduce path loss. By modifying its reflection proper-
ties, the RIS can counteract the effects of path loss over 
extended distances, ensuring that the transmitted signal 
maintains stronger power levels over a larger area. This 
adaptability is especially valuable in sustaining stable 
communication quality across different distances and 
environmental conditions.

An additional benefit of the RIS-MRR system is the 
spatial diversity it offers. The RIS can modify the direc-
tion of signal propagation to bypass obstacles or regions 

Fig. 2  Comparison of spatial coverage for the proposed UAV-integrated RIS-aided MRR-FSO system and the baseline UAV-FSO system: a 2D 
coverage and b 3D coverage
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where signal quality may deteriorate. This spatial diver-
sity guarantees that more areas receive adequate SNR, 
even in non-line-of-sight (NLoS) conditions. By redirect-
ing signals along the most favorable paths, the system 
ensures coverage in regions where conventional systems 
might struggle.

The RIS-MRR system also provides built-in scalability 
and flexibility, which makes it well-suited for dynamic 
environments. As user density and mobility rise, the RIS-
MRR system can adjust to various user locations and net-
work setups. On the other hand, the baseline UAV-FSO 
system is typically constrained by fixed beam directions, 
which limits its ability to adapt to such dynamic changes.

Finally, the integration of RIS and MRR components 
boosts the system’s ability to withstand environmental 
disturbances like turbulence and atmospheric scattering. 
These factors usually reduce the performance and cov-
erage of conventional UAV-FSO systems. However, the 
adaptive features of the RIS-MRR system enable it to 
sustain stable communication in fluctuating atmospheric 
conditions, ensuring dependable performance even in dif-
ficult environments.

In conclusion, the proposed RIS-MRR system offers 
a distinct advantage over the baseline UAV-FSO system, 
thanks to its versatile beam steering, ability to form indi-
rect links, enhanced SNR distribution, reduced path loss, 
spatial diversity, scalability, and resilience to environmen-
tal disturbances. These features collectively contribute to 
an extended spatial coverage and enhanced performance 
across a wide range of user locations and environmental 
conditions.

5.2  Wavelength diversity

For the WD case, we consider the same five wavelengths 
previously mentioned. Additionally, we assume that the 
average electrical SNR and sensitivity limits are uniform 

across all M receivers, i.e., �
1
= �

2
= ⋯ = �

M
= �  , and 

�
th,1

= �
th,2

= ⋯ = �
th,M

= �
th
 . The threshold SNR is �

th
= 5 

dB. First, we use Eqs. (23) and (28) to evaluate the outage 
probability, Pout, WD , versus the normalized average electri-
cal SNR, �∕�

th
 , and the average BER, Pb,WD

 , as a function of 
the average electrical SNR, �  , for three diversity configura-
tions: no diversity, and diversity orders M = 2 and M = 3 , 
considering the aforementioned values of C2

n
 . The obtained 

results are shown in Figs. 3 and 4 for three scenarios, namely 
with N = {5, 10, 15}.

As illustrated in Fig. 3, the outage probability of a UAV-
integrated RIS-assisted MRR-FSO system employing WD 
exhibits a pronounced reduction with an increasing number, 
M, of distinct wavelength channels. This behavior remains 
consistent for a fixed value of C2

n
 and a constant N. For 

instance, at N = 5 and under moderate atmospheric turbu-
lence, without diversity (i.e., M = 1 ), the system achieves an 
outage probability of 10−1 at 20 dB. In contrast, for M = 2 , it 
reaches 2 × 10−2 , and for M = 3 , it attains 10−3 at the same 
normalized average SNR. Conversely, for N = 5 and strong 
atmospheric turbulence, the outage probabilities are 0.13, 
0.04, and 9 × 10−3 for the cases of no diversity, M = 2 , and 
M = 3 , respectively, at 20 dB. This trend remains consistent 
for N = 10 and N = 15.

Similarly, as shown in Fig. 4, the average BER of the 
considered system employing WD also experiences a 
marked decrease with increasing M. For example, at N = 5 
and under moderate atmospheric turbulence, the system 
achieves an average BER of 9.6 × 10−2 without diversity. 
In comparison, it drops to 9 × 10−3 for M = 2 , and further 
to 6 × 10−4 for M = 3 at 20 dB. Under strong atmospheric 
turbulence and the same N, the average BERs are 9.8 × 10−2 , 
0.5 × 10−2 , and 6 × 10−3 for the cases of no diversity, M = 2 , 
and M = 3 , respectively. Similar behavior is observed for 
N = 10 and N = 15.

Fig. 3  Outage probability for a UAV-integrated RIS-assisted MRR-FSO system with WD, versus the normalized average electrical SNR in dB: a 
when N = 5, b when N = 10, and c when N = 15
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The observed performance improvements are attributed 
to the increased diversity gain, which provides additional 
independent communication channels that help mitigate 
fading. In FSO communications, diversity through wave-
length channels facilitates interference averaging under 
turbulent atmospheric conditions. Using multiple, well-
separated wavelength channels ensures uncorrelated fading 
events, thereby reducing the probability of simultaneous 
deep fades and improving both outage probability and 
average BER.

Employing multiple wavelength channels also helps 
overcome atmospheric losses and absorption variations, 
ensuring that at least some channels remain relatively 
unaffected, contributing to overall system resilience.

As expected, for a fixed M and given N, weaker atmos-
pheric turbulence (i.e., smaller C2

n
 ) results in lower outage 

probability and average BER. This is due to reduced fluctua-
tions in the air’s refractive index, which diminishes scintilla-
tion effects and stabilizes the received optical signal.

Finally, increasing the number of RIS elements, N, 
enhances system performance. For example, with M = 3 
and under moderate atmospheric turbulence, the outage 
probability is 10−3 , 2 × 10−5 , and 9 × 10−11 for N = 5 , 10, 
and 15, respectively, while the average BER is 6 × 10−4 , 
2 × 10−7 , and 10−12 for the same respective values. The 
increased number of RIS elements enables more advanced 
beamforming and signal steering capabilities. Combined 
with WD, this significantly mitigates fading caused by 
atmospheric turbulence, enhancing the system’s adapt-
ability, interference mitigation, and overall reliability.

The close agreement between the analytical and MC 
simulation results confirms the correctness of the derived 
equations and demonstrates that our theoretical framework 
accurately models the system’s performance under realis-
tic channel conditions.

5.3  Time diversity

For the case of TD-FSO systems, we fix the operational 
wavelength at � = 1550 nm. Additionally, like WD, we 
assume that the average electrical SNR and sensitivity lim-
its are uniform across all M receivers. The threshold SNR 
is �

th
= 5 dB. First, we use Eqs. (24) and (29) to estimate 

the outage probability, Pout, TD , versus the normalized aver-
age electrical SNR, �∕�

th
 , and the average BER, Pb,TD , as a 

function of the average electrical SNR, �  , for no diversity, 
M = 3 , and M = 5 , considering the aforementioned values 
of C2

n
 . The obtained results are shown in Figs. 5 and 6 for 

three scenarios, namely with N = {5, 10, 15}.
As illustrated in Fig. 5, the outage probability of a UAV-

integrated RIS-assisted MRR-FSO system employing TD 
experiences a pronounced reduction with an increasing num-
ber, M, of distinct time slots. This behavior holds steady for 
a fixed value of C2

n
 and a constant N. For instance, at N = 5 

and under moderate atmospheric turbulence, with no diver-
sity, the system achieves an outage probability of 3 × 10−2 
at 20 dB. In contrast, for M = 3 , it reaches 6 × 10−4 , and for 
M = 5 , it attains 1.5 × 10−5 at the same normalized average 
SNR. Conversely, for N = 5 and strong atmospheric turbu-
lence, the outage probabilities are 8 × 10−2 , 2 × 10−3 , and 
2 × 10−4 for no diversity, M = 3 , and M = 5 , respectively, 
at 20 dB. This behavior holds consistent for N = 10 and 
N = 15.

In a similar manner, as illustrated in Fig. 6, the average 
BER of the considered system employing TD experiences 
a pronounced reduction with an increasing number, M, of 
distinct time slots. This behavior holds steady for a fixed 
value of C2

n
 and a constant N. For instance, at N = 5 and 

under moderate atmospheric turbulence, with no diversity, 
the system achieves an average BER of 2 × 10−2 at 20 dB. In 
contrast, for M = 3 , it reaches 1.5 × 10−4 , and for M = 5 , it 
attains 10−5 at the same average SNR. Conversely, for N = 5 
and strong atmospheric turbulence, the average BERs are 

Fig. 4  Average BER for a UAV-integrated RIS-assisted MRR-FSO system with WD, versus the average electrical SNR in dB: a when N = 5, b 
when N = 10, and c when N = 15
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3 × 10−2 , 9.5 × 10−4 , and 5 × 10−5 for no diversity, M = 3 , 
and M = 5 , respectively, at 20 dB. This behavior holds con-
sistent for N = 10 and N = 15.

Hence, increasing the number of time slots for TD in a 
FSO communication system contributes to a reduction in 
outage probability and average BER. This improvement 
can largely be attributed to the advantages of diversity tech-
niques in reducing the negative impacts of atmospheric tur-
bulence and other channel impairments. Atmospheric turbu-
lence induces random variations in the air’s refractive index, 
resulting in scintillation and fading of the optical signal. By 
using TD, where signals are transmitted in different time 
slots, the effects of turbulence are averaged out, lowering the 
chances of experiencing deep fades simultaneously across all 
time slots. Furthermore, TD helps reduce interference from 
various atmospheric conditions, thus boosting the overall 
reliability of the system. It also creates opportunities for 
error correction methods, such as Forward Error Correc-
tion, which enhance the system’s ability to withstand errors. 
Overall, the use of TD in FSO systems provides redundancy 

and averaging, making the system more robust and resulting 
in a lower outage probability and average BER. Importantly, 
this better performance is achievable in the case of TD with-
out the need for additional transceivers, while in the WD 
case, additional transceivers are necessary.

As expected, like the case of WD, for constant M and 
a certain value for N, weaker atmospheric turbulence (i.e., 
lower C2

n
 ) corresponds to a lower outage probability and 

lower average BER.
Finally, as with WD, increasing the number N of RIS 

elements enhances system performance. For example, with 
M = 5 and under moderate atmospheric turbulence, the 
outage probability is 1.5 × 10−5 , 0.5 × 10−10 , and 10−12 for 
N = 5 , 10, and 15, respectively, and the average BER is 10−5 , 
9 × 10−10 , and 8 × 10−14 for N = 5 , 10, and 15, respectively.

Conversely, higher values of M lead to a reduction in 
the maximum effective bit rate transmission, as defined by 
Eq. (33), whereas, for the WD technique, it remains con-
stant. This reduction can be attributed to several factors. 
Firstly, there is an increase in overhead due to the man-
agement and coordination of transmissions across these 

Fig. 5  Outage probability for a UAV-integrated RIS-assisted MRR-FSO system with TD, versus the normalized average electrical SNR in dB: a 
when N = 5, b when N = 10, and c when N = 15

Fig. 6  Average BER for a UAV-integrated RIS-assisted MRR-FSO system with TD, versus the average electrical SNR in dB: a when N = 5, b 
when N = 10, and c when N = 15
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slots, encompassing synchronization, signaling, and coor-
dination mechanisms. This heightened overhead consumes 
a significant portion of available time, leaving less time 
for actual data transmission. Additionally, the increase in 
the number of time slots leads to reduced duration avail-
able for transmitting data in each slot, resulting in lower 
effective bit rates for each time slot and impacting the 
overall system’s maximum effective bit rate. Furthermore, 
atmospheric conditions introduce variations in channel 
characteristics over time, and with a large M, the chan-
nel may exhibit more variability between time slots, pos-
ing challenges in maintaining consistent link quality and 
potentially causing increased errors and re-transmissions. 
The effectiveness of TD, relying on differences in channel 
conditions over time to combat fading, may diminish with 
a large M due to smaller differences between consecutive 
time slots, reducing diversity gain. Finally, the benefits 
of TD in combating fading may saturate as the number of 
time slots increases, particularly in scenarios with severe 
fading, limiting the potential for proportional increases 
in diversity gain and improvement in the effective bit rate 
under challenging conditions. Hence, Fig. 7 illustrates the 
maximum effective bit rate for three values of N, three 
values of M, and two values of the refractive index struc-
ture parameter. It is evident that employing this technique 
allows for a decrease in both the outage probability and 
the average BER. However, this improvement comes at the 
cost of a simultaneous mandatory reduction in the maxi-
mum effective bit rate transmission. All figures show that 
the MC simulations agree highly with the evaluation of the 
analytical expressions.

The close agreement between the analytical and MC 
simulation results confirms the correctness of the derived 
equations and demonstrates that our theoretical framework 
accurately models the system’s performance under realistic 
channel conditions.

Both WD and TD improve system reliability by reduc-
ing outage probability and average BER, especially under 
strong turbulence. Increasing diversity order M enhances 
performance, but comes with trade-offs-WD needs more 
complex, wavelength-specific hardware, while TD sacrifices 
throughput with additional time slots. A larger number of 
RIS elements N improve beamforming, making the system 
more robust in harsh conditions like urban or disaster zones. 
Combining RIS with diversity techniques ensures stable 
operation in challenging environments, including coastal or 
mountainous areas.

WD offers low latency and high throughput, ideal for 
real-time applications like UAV telemetry, but requires mul-
tiple transceivers, suiting resource-rich platforms. TD, using 
a single transceiver, is more power-efficient and better for 
lightweight UAVs or portable systems. However, increas-
ing M in TD reduces effective bit rate, so designers must 
balance reliability and speed. For optimization, choose low-
absorption wavelengths (e.g., 1310 nm, 1550 nm) in WD, 
and adjust M in TD based on application needs. In all cases, 
increasing RIS elements improves system performance when 
budget and payload allow.

The proposed UAV-integrated RIS-aided MRR-WD/
TD-FSO system offers a streamlined architecture that sig-
nificantly improves performance while reducing hardware 
and energy requirements compared to existing UAV-FSO 
solutions. By leveraging passive MRRs at user terminals, 
the system eliminates the need for optical receivers, mini-
mizing both size and power usage—ideal for UAVs with 
limited payload and energy capacity. The inclusion of RIS 
modules enables adaptive beam steering without the com-
putational load of active relays, and WD/TD schemes intro-
duce manageable complexity while substantially enhancing 
reliability. This makes the system suitable for energy-con-
strained UAVs, portable ground units, and real-time applica-
tions such as UAV emergency response in urban and NLoS 
conditions.

Fig. 7  Maximum effective bit rate for a UAV-integrated RIS-assisted MRR-FSO system with TD, versus the average electrical SNR in dB: a 
when N = 5, b when N = 10, and c when N = 15
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Notably, the system achieves an average BER of 
1.2 × 10−6 at 20 dB SNR-surpassing conventional UAV-
FSO ( 9.5 × 10−4 ), RIS-only ( 3.8 × 10−5 ), and hybrid relay-
based ( 2.1 × 10−5 ) systems [5, 28, 29] . It also reduces out-
age probability below 0.02, compared to around 0.25 for 
traditional setups [17]. WD enhances spectral efficiency via 
parallel multi-wavelength transmission, while TD offers a 
cost-effective option for lightweight platforms. The use of 
passive RIS and MRR components lowers CAPEX and ena-
bles rapid, reconfigurable deployments in remote or mobile 
scenarios. With its balance of performance, simplicity, and 
energy efficiency, this system is a strong candidate for future 
6 G networks and UAV-assisted FSO links in dynamic or 
disaster-prone environments.

6  Conclusions and future work

This paper presented a comprehensive evaluation of UAV-
integrated RIS-assisted MRR-FSO systems, emphasizing 
the performance gains achievable through the integration 
of WD and TD techniques. WD enhances link reliability 
under adverse atmospheric conditions by enabling multi-
wavelength transmission, while TD mitigates signal fading 
and multipath effects. Despite their benefits, WD introduces 
implementation complexity and potential channel interfer-
ence, whereas TD may reduce maximum bit rates—neces-
sitating careful trade-off analysis.

Future work will expand the theoretical model to incorpo-
rate realistic factors such as UAV mobility, atmospheric vari-
ations, and combined scattering and absorption. We also aim 
to examine temporal fading correlations and UAV-induced 
Doppler shifts through stochastic trajectory modeling. Addi-
tionally, we will conduct asymptotic performance analysis in 
high-SNR and high-diversity regimes, deriving closed-form 
expressions for outage probability and BER. These insights 
will guide system design and validate the effectiveness of 
WD and TD under practical deployment constraints.
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