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Abstract:

The growing demand for high-capacity, low-latency, and energy-efficient communication infrastructure in
smart cities has accelerated the exploration of hybrid technologies that integrate radio frequency (RF) and
optical domains. Reconfigurable Intelligent Surfaces (RIS) have emerged as a transformative
technology capable of dynamically shaping the wireless propagation environment, offering significant
improvements in coverage, reliability, and energy efficiency. This paper investigates the performance of
RIS-assisted Radio-over-Free-Space Optical (RoFSO) communication systems under Malaga-M
atmospheric turbulence fading, a comprehensive statistical model well-suited for characterizing urban
free-space optical channels. By leveraging RIS to intelligently reflect and redirect optical beams, the
system can mitigate challenges such as non-line-of-sight (NLOS) propagation, atmospheric scattering, and
beam misalignment caused by urban dynamics. Analytical expressions for key performance metrics,
including Average Bit Error Rate (ABER) and outage probability, are derived using to capture the
composite impact of fading, RIS configuration, and QAM modulation scheme. Simulation results validate
the theoretical analysis and demonstrate that RIS deployment significantly enhances link robustness, even
under severe turbulence and complex urban geometries. The proposed RIS-assisted RoFSO framework
offers a promising pathway toward the realization of scalable, adaptive, and high-performance
communication networks in future smart city environments.

Keywords — Malaga, reconfigurable surfaces, are separated by comma.
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I. Introduction

Optical communication systems utilize either free space or
optical fibres to transmit information bearing signals. These
systems have become indispensable in the
telecommunications sector due to their capability to support
high-speed data transmission over long distances [1]. The core
components include optical transmitters typically laser diodes
or light-emitting diodes (LEDs)which convert electrical
signals into optical signals. This process is illustrated

schematically in Fig. 1 .
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Fig. 1 Block diagram of the RoFSO system.

Fig. 1 shows the RoFSO basic block diagram. In RoFSO, the
message or information signal is modulated onto an optical
carrier and sent to the receiver through the atmosphere. The
received optical signal is transformed back into an electrical
signal and the information or message is estimated. Several
statistical models have been proposed to describe atmospheric
turbulence effects which include log normal, Gamma gamma
and Malaga M. Compared with LN distribution, GG
distribution can be used for all the turbulence regimes. In [2],
the outage probability for multi-hop FSO system with DF
protocol has been analysed based on the LN distribution. The
FSO signal transmission via K-distributed atmospheric
turbulence channel, when selection combining (SC), equal
gain combining (EGC) or maximum ratio combining (MRC)
is employed, was analysed in [13]. The analysis of the
FSO system influenced by weak log-normal atmospheric
turbulence conditions, employing SC and switch and-stay
combining (SSC)/switch-and-examine (SEC) combining, was
presented in [3] and [4], respectively. The Gamma-Gamma
distribution is widely adopted for moderate to strong
turbulence. It models both small- and large-scale eddies using
two independent Gamma distributions, offering better
accuracy across a wide range of conditions [5]. Gamma-
Gamma PDF was suggested by Andrews et. al. as a reasonable
choice because of its much more tractable mathematical
model [6]. The outage probability and the average symbol
error rate (ASER) of the multi-hop DF FSO links over the GG
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turbulence channels considering the path loss and pointing
errors have been studied systematically in [7]. The BER
performance of a serial relayed Ro-FSO OFDM system over
Gamma-Gamma distribution is studied in [8].In a recent
work[9, 10] the BER performance of Ro-FSO system based
on OFDM scheme with QAM is analysed . In [11], the
authors proposed an analysis considering an FSO system over
a Gamma-Gamma channel model with distance and jitter
ratios, while in[11] , the FSO channel is analysed in light of
the Huygens principle for a transmission over the Gamma-
Gamma channel for single and multiple FSO links,
respectively. In [20], the authors proposed a multi-branch RIS
assisted FSO system with multiple optical RIS infrastructures,
based on the Gamma function. Assuming Gamma-Gamma
atmospheric turbulence conditions, implementation of the
spatial diversity techniques was observed in [12], while the
effect of the pointing errors was added in [13].

In RoFSO, as the optical signal passes through the
atmosphere, it is affected by atmospheric turbulence, pointing
errors, and attenuation. In addition to these effects, the
blocking of signals due to the presence of a mountain,
building, or big tree can prevent the transmitted signal from
arriving at the destination, which is called a skip zone or dead
zone problem. A reconfigurable intelligent surface (RIS) is
one of the solutions proposed to avoid the skip zone problem
[14, 15]. An earlier RIS was utilized to solve the dead zone
problem in wireless communications and initiate smart
communication [16-18]. Because of an obstruction (such as a
tall structure or tree), there is no line of sight between the
source and the destination. It is believed that the RIS element's
reflection allows a single light beam to travel from its source
to its destination. Positioned on the top floor of a building, the
RIS acts as a reflector for the incoming optical signal,
directing the transmitted signal in the direction of the
receiver. .RIS has emerged as a feasible option to reduce the
skip or dead zone problem and enhance the signal-to-noise
ratio (SNR) in wireless communication systems[19, 20] . In
addition to fixing the skip zone problem, it provides channel
reconfigurability to wireless systems [20, 21]. Fig. 2 shows
the RIS-assisted RoFSO system.
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Fig. 2 Shows the RIS-assisted RoFSO system.
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Unlike traditional technologies that rely on active relaying
or complex antenna arrays, RIS is passive, low-power, and
cost-effective, making it highly suitable for integration into
the infrastructure of smart cities, indoor networks, and Internet
of Things (IoT) ecosystems. The ability to control the wireless
environment in real-time opens new opportunities for channel
hardening, beamforming, and environment-aware network
design.

RIS-enabled systems can transform objects like walls,
building facades, or indoor panels into smart surfaces that
reflect or refract signals toward intended receivers. This
capability allows line-of-sight (LoS) restoration in blocked
environments and supports robust communication links in
scenarios affected by severe fading, mobility, or non-
stationarity of users.

In the context of Free Space Optical (FSO) and Radio over
FSO (RoFSO) communications, RIS can serve as a powerful
tool to overcome challenges posed by atmospheric turbulence,
pointing errors, and scattering, especially in urban
environments characterized by dynamic and unpredictable
channel conditions. The integration of RIS with FSO links,
particularly over Madlaga-M fading channels, is gaining
significant research interest as a viable enabler for B5G/6G
smart city applications. To the best of the author knowledge
RIS-aided RoFSO over Malaga distribution was not fully
investigated.The contributions from the research are as
follows:

® RIS-aided RoFSO system over M-distributed turbulence
with M-QAM modulation for smart city applications is
proposed.

® The novel closed-form expressions of the probability
density function (PDF), cumulative distribution function
(CDF), outage probability (OP) and average bit error rate
(ABER) for the proposed system are derived.

®  OP is evaluated for different turbulence scenarios.

® The ABER performance of the proposed system under
different turbulence regimes, link lengths, and scattering
errors is investigated

SYSTEM and CHANNEL MODEL

We assume an ris-aided rofso communication system which
consists of an optical source, an optical ris, and a destination,
as shown in Fig. 2. due to the obstruction of buildings, there is
no line of sight between the source and destination, with the
communication being performed only through the ris, which is
placed on top of a building to provide propagation of signal
between source and destination. The received signal at the
destination is given by

y=hx+n
1)
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Where y is the received signal that has been affected by
atmospheric turbulence, x is the transmitted optical signal and
h € R*is the channel gain and n is the additive white
Gaussian noise (AWGN). The signal suffer from atmospheric
turbulence, pointing errors as it passes through the free space
channel (FSO)

A. System Model

From Fig.2 the RIS-assisted RoFSO system there is an
obstruction (such as a tall structure or tree), there is no line of
sight between the source and the destination. It is assumed
that the RIS element's reflection allows a single light beam to
travel from its source to its destination. The RIS placed on the
top floor of a building, reflects the incoming optical signal,
directing the transmitted signal to the receiver.

Considering h and g which are complex channel vectors for
the source to RIS path and RIS to detector path, respectively,
it is assumed that the same atmospheric channel conditions
exist for both sub channels, i.e., from transmitter to RIS and
from RIS to receiver. Additionally, the pointing error at each
receiving site is considered to be the same. Smart cities may
easily implement the Malaga M model.

B. FSO Channel model

There are three major deterioration factors in the RoFSO link:
attenuation, atmospheric turbulence, and pointing error. : In
this study optical channel model / is considered as product of
la , I p, and I; which is given below [22]

I=IaLlp (2)

where la , I p , and I;represent the signal at the receiver that
has been affected by atmospheric turbulence, pointing error,
and attenuation, respectively

The M distribution is taken into consideration while
modeling atmospheric turbulence. The M distribution is
unique in that it can characterize almost all of the existing
models of atmospheric turbulence, such as the gamma, gamma
gamma, negative exponential, K distribution, and log normal
models, and it covers all channel conditions from weak to
strong turbulence. A) the line of sight [LOS] component with
power Q. B) the scattered component coupled to the line of
sight component with power 2pb0, and C) the scattered
component independent of the other components with power
2(1 — p)b0[23] are the three components of the optical beam
that are taken into consideration in the diagram below. Thus,
2b0 is the total power of the scattered components. where the
coupling between the scattered components of the transmitted
optical signal and the LOS is denoted by p.
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Receiver

Fig. 3: FSO system beam propagation in Malaga model including small scale
fluctuations [18]

The probability density function (PDF) of the Malaga-
distribution turbulence is given by [24]

TKen(2]22) O

a+m

fIa(Ia) = A2ﬁ=1 am Iaz

207 a8 \P*z
— L2 (_9°F ) 2
where A= L S (gﬁ+n') 4
—_ (B- (ﬁ+ﬂ')1_% 2\ 1 ra\2
o= a6 () )

A is the effective number of large-scale cells during the
scattering process. 3 is the natural number which makes the
PDF to follow the observed data, leading to a closed-form
equation [25]. Average power received by coherent
contributions is given by

Q' =Q + 2pby+ 2,/2byp cos(¢py — Ppg) , ¢4, 1is the
phase of the LOS component, and ¢pg is the phase of the
coupled-to-LOS component. The difference between ¢p, and
¢p is taken to be 90°.

A. Pointing errors

As seen in the Fig.4 below, building sways caused by
pointing error effects at the receiver from wind movement and
thermal heating cause a misalignment between the transmitter
and receiver.

Receiver aperture plane

Fig. 4: Showing the effects pointing errors on the receiver.
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The PDF for the pointing error as given by[26]

2
pr(lp)=;%(1p)fz,for051p5Ao, ©6)
0

Where § represents the ratio of the equivalent beam radius at
the receiver to the jitter standard deviation.

rVm
"
and w, represent the radii of the receiver aperture and the
beam waist, respectively. Finally, path loss , which can be
considered as constant for a specific weather condition and
distance [26], is modelled using the Beer—Lambert law and is
given by I; = e ~L | where 6 represents the attenuation factor,
and L is the link length.

Ao =[erf(v)]*, where erf(-) is error function, and v =

1I1. Combined Channel Model

The resultant channel model for / is given as [27]

frs1 (I/1a) = [ fra(I /1a) fia(la)dla. 7)
Here, fI/la (I /la ) denotes the conditional probability, for a

given turbulence state /a . It is defined as [23]

f1/la (I/1a) =f,lf1p (ﬁ)

2

L)
=2
AY 1an NMall

®)

1. Closed-Form Statistical Analysis

In this section, closed-form expressions of the end-to-end PDF
and CDF were derived.

A. End-to-End SNR

Only the optical signal reflected off the RIS surface is
regarded as having been transferred from the source to the RIS.
In addition, it is assumed that the channel phases at the RIS
and desstination are known . The signal that the detector
receives may be written as

y= \/E—s(hueieg)x +n [1], where E represents the
symbol energy, and i and g are complex channel vectors of
the source to the RIS and RIS to the destination, respectively.
u and 0 are parameters of the RIS element; u is the amplitude
reflection coefficient, and 6 is the phase induced by the RIS
module [18, 28]. x and y are the transmitted and received
symbols, respectively. n is AWGN. The main goal of the RIS
is to reflect the signal in the direction of the destination in
order to maximize the signal-to-noise ratio (SNR) at that
location. Maximization of the end-to-end SNR makes this
feasible.
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This maximized SNR is defined as y = }_/[hueiejz

B. PDF of End-to-End SNR

The system gain is expresses as by hue®g, where ue/® is
deterministic, and 2 and g are random variables. Heterodyne
Detection was considered in this study. Thus, the SNR’s PDF
fy(¥)is expressed as [29]

£ =1 F® fy, (5)3at. ©)

Where y,, and y4 are the SNRs of the sub channels’ source to
RIS and RIS to the destination, respectively, and fyg (.) and
fy, are the PDFs of the respective sub channels. We have
considered constant weather conditions, so both sub-channels

can be modelled with the same turbulence levels and pointing
errors; this will result in a unified PDF defined as [26]

(10)

_§Ags 30 [ ()| 2+ 1
fr: (v = Z—ﬁzmﬂ b.,G13 [B (%) 2 am|
Substituting successively y; with t and% into Eq. (10) and we

get fyh(t) and f, (%) as

_&Age 3,0 t &+1
Fr(® =5 Zoney bmGs [B (T'h) &2 am| (11)
and
Y) _ $4typ 30 | (v |[E2+1
where ¥, and }_/g are the averages of SNRs  y;, and Yg Y2,

respectively. The reflection property of the Meijer-G function
is given by[30]

AP] — Gm,n [2—1 1- Bq ]
B, pa 1-4,
Using the reflection property of the Meijer-G function, as
given by Eq. (13), Eq. (12) is expressed as

Gpa [Z (13)

1-81-al-m

o () = G2ttt () [ 51

(14)

Substituting f},h(t) and fyg (%) from Egs. (11) and (14)

into Eq. (9), and after solving [with help of [31], Eq. (13)], the
end to-end PDF is given as
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)=
E4ap E4ap
sz=1 bm ;Zm=1 bm X
G5 (L) 1-&1-a1-m1-1-al1l-m
6,2 BZy _EZ, —EZ .

15)

Here ¥ =7¥,¥Y4 Applying the identity from Eq. (13), we get
the PDF of the end-to-end SNR as

@) =

24p 24p 06 (s_zy) 1+84,1+¢

2 Zm=1bm 3y Zomet PGz K 79/ ) |8, a,m &, a,m|
(16)

C. CDF of End-to-End SNR
The CDF of the end-to-end SNR F y(y) is obtained from
Fy(¥) = [y f, @) dy

After substitution of fy(y) from Eq. (16) into Eq. (17) and
substituting variables y , x , andoo, we arrive at

a7)

P; y(¥) = )

fTAZﬁI=1 by, fTAZﬁI=1 by, %
0y1162,66,0.821yg1+§2,1+$ 282, am 2 amd.
(18)

After solving Eq. (18) [with help of [23][, Eq. (07.34.21.
0084.01)], the CDF is expressed as

P; y¥) = )

fTAZﬁI=1 by, fTAZﬁI=1 by, %

G3,76,1,bmB2yy1, 1+¢2 1+§282,a,m é2,a,m0.
(19)

V.  Performance Analysis

Based on the OP, ECC, and ABER for certain binary and M-
QAM modulation schemes, the performance of the RIS
assisted FSO system is examined.
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A. Outage Probability

OP evaluates the FSO system's dependability. An outage
occur when the end-to-end SNR drops below a certain
threshold value for a particular quality of service. OP is
defined as

Powe =P, ¥ <=vwm) = F,(¥er) (20)

Thus, the OP, Pout, of the RIS-assisted FSO system is given
by evaluating F,(y,,) from Eq. (20):

l:;out = )
SFAGB $FAGB
2 Z1,1:1 bm 2 Z1,1:1 bm X

G3,76,1,82ythy1,1+§2,1+§22,a,mé2,a,m).
(21)

where Y, 1is the threshold SNR.

B. Average BER for M-QAM

BER is an important metric used to evaluate system
performance in FSO data transfer.
M-QAM modulation is investigated for the RIS-assisted FSO
system. The ABER for M-QAM modulation is given by [32]

1

_E
P, mfo erfc(

- log,M

S8l £ (1)dy.

4(M-1)

(22)

where, erfc(- ) represents complementary error function. Using
the complementary error function equivalent of the Meijer-G
function [23], Eq. (06.27.26.0006.01), ABER for the
considered M-QAM modulation scheme is evaluated as

Fb =

1
7w IOQGZ,O 3loga My
0 1,2

log,M 4(M-1)

1
0]~

2 2
sz B EZ_A ﬁ 6,0 B_zy 1+E ,1+€
TZ b y Zm:l bm X GZ,G ( b4 ) fZ’a’ m, gZ’a’m

(23)

m=1 " 2

After solving Eq. (23) [with help of [31], Eq. (22)], we get the
closed-form expression of ABER forM-QAM as
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Fb =
1-—= ;2 £24 42—\ |1 + &2, 1 + €2, 1,(

yM_$CAGB STANB 6,2 |(4B~(M-1) ) L,

zogzM\/ETZm=1 b5~ L= bm X Gz (7310921"1 ) &, a,m, &%, a,m,

(24) '

Table 1. System Variables for Numerical Findings [1]
RIS element 1 [mm)] D
diameter
Jitter standard 0,1 [cm] (os)
deviation
Wavelength 1550 [nm] | 4
Beam waist at 4 [cm] ™o
transmitter
Receiver 1 [mm] d
aperture diameter

VL Numerical Results and Discussions

In this study, the RIS-aided RoFSO system was investigated.
The source and destination are located at the same distance, L
km, from the RIS and 1550 nm optical wavelength is
considered . Both subchannels of the system are characterized
by the same refractive structure and index, ¢2, which remains
constant during one-symbol transmission. ¢2 = (5 X
10-13m—23, cn2=2.5x10—13m—23, and

2
c2 = (10 x 107*)m 3are considered for strong, moderate,
and weak turbulence, respectively. In the proposed RIS-
assisted FSO system, the elements of the RIS and receiver
aperture are considered to have the same diameter: D = Imm .

Fig.5 shows the OP with the threshold SNR taken as 9 dB in
different turbulence conditions.

The link length is taken as 1 km, and the scattering parameter
p 15 0.596. It can be observed in Fig. 3 that as the turbulence
strength increases, the OP also increases, which means system
performance is affected by atmospheric turbulence. To
maintain the 10-2 OP, the system requires almost 27 dB SNR
in a weak turbulence condition, 37dB SNR in a moderate
turbulence condition, and 43 dB SNR in a strong turbulence
condition.
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Fig. 5 OP results showing the performance of the RIS-assisted RoFSO system
with different turbulence conditions in terms of the SNR (link length 1 km,

scattering parameter p = 0.596) .
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Fig.6 shows ABER for diffia'}eg?:)order of QAM. A link length
of 1 km and moderate condition was considered.
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Fig. 6 ABER against SNR with various QAM and moderate turbulence in the
proposed RIS-assisted RoOFSO system (moderate atmospheric turbulence, link
length 1 km, scattering parameter p = 0.596)

It is clear from the Fig.6 that as we increase the order of
QAM, the data transmitted through
the link increase, which means that the spectral efficiency
increases as BER also increases. There is a trade-off between
reliability and effectiveness in communication. When very
high spectral efficiency is not required, 16-QAM is better than
higher-QAM formats. Thus, in this study, 16-QAM
modulation is considered. From the graph, it can be observed
that to maintain 10~ ABER, 4-QAM requires 38 dB SNR,
16-QAM requires 41 dB SNR, 64-QAM requires 47 dB SNR,
and 256 QAM requires more than 50 dB SNR.
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Conclusion

The performance of the RIS-aided RoFSO system over
Mdistribution has been analyzed, and in this study, the
Heteerodyne detection method was used. Closed-form
expressions for PDF and CDF have been derived. The M-
Quadrature Amplitude Modulation (QAM) in its binary form
has been investigated, with emphasis on performance analysis
through closed-form analytical expressions.  System
performance has been assessed using Outage Probability (OP)
and Average Bit Error Rate (ABER) metrics, expressed
analytically via the Meijer-G function. Different orders of
QAM modulation schemes were comparatively analyzed in
terms of their Average Bit Error Rate (ABER) performance It
is shown that with RIS, RoFSO communication is possible
without LOS. The proposed system can be applied to a smart
city environment. In future work, we recommend that
scenarios in which the line-of-sight (LoS) component is
significant should be examined, as well as configurations
involving multiple reconfigurable intelligent surface (RIS)
links
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