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Abstract—Recently, reconfigurable intelligent surfaces (RISs)
have emerged as a highly promising technology within the realm
of wireless communication systems, as they offer the potential
to minimize obstructions, enhance reliability, and establish al-
ternative paths for signal propagation. This paper presents the
performance of a free space optics (FSO) system empowered
by multiple optical reflecting surfaces (ORSs) over a Gamma-
Gamma turbulence-induced fading channel with pointing errors
by considering imperfections in channel state information (CSI).
The expressions for probability density function (PDF) of the
end-to-end FSO channel considering both perfect and imperfect
CSI cases are derived. Further, the unified PDF and cumula-
tive distribution function (CDF) of instantaneous signal-to-noise
ratio (SNR) are determined under two detection schemes, i.e.,
intensity modulation/ direct detection and heterodyne detection
for both perfect and imperfect CSI cases. Utilizing the derived
CDFs, the closed-form expressions for outage probability and
average symbol error rate (SER) of the proposed multiple ORSs
system are obtained along with performing asymptotic analysis.
Finally, the numerical results indicate that the performance of
ORS-assisted FSO systems is significantly degraded by severe
turbulence, pointing errors, and imperfect CSI. However, the
inclusion of ORSs and increasing their number improves the
performance of ORS-assisted FSO systems in the presence of
turbulence, pointing errors, and imperfect CSI, compared to FSO
systems without ORSs.

Index Terms—Average SER, free space optics (FSO), imperfect
channel state information (CSI), optical reflecting surface (ORS),
pointing errors, selection scheme

I. INTRODUCTION

The use of reconfigurable intelligent surface (RIS) has
been regarded as one of the candidate enablers for sixth-
generation (6G) wireless communications to provide extremely
high reliability and improved remote area coverage with min-
imal power consumption [1]. RISs consist of passive planar
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surfaces, composed of reconfigurable elements, which will
enable the manipulation of electromagnetic waves by adjusting
the reflection properties [2]. By actively controlling the phase
and amplitude of the reflected signals, RISs can optimize
the signal propagation and mitigate the effects of blockages
and interference in wireless communication networks [3], [4].
Depending upon their configurations, the reflecting surfaces
can be reconfigurable or non-reconfigurable. The deployment
of RISs offers a cost-effective solution to enhance wireless
communication system performance by providing an alternate
propagation path and improving reliability [5], [6]. Further,
RISs can be deployed in various scenarios, including indoor
and outdoor environments, to overcome obstacles and extend
coverage area [7].

The radio frequency (RF) electromagnetic spectrum is cur-
rently experiencing a shortage, while it needs license and ded-
icated spectrum allocation which is costly. Moreover, the in-
creasing demand for high-speed and reliable wireless commu-
nication has led to the exploration of alternative technologies
that can overcome the limitations of traditional RF systems
[8]. In this regard, free space optics (FSO) has emerged as a
promising solution that offers several compelling advantages
over RF-based systems, such as higher transmission data rates,
huge bandwidth, and unlicensed spectrum [9]. Further, FSO
also offers immunity to RF interference, as it operates in the
optical domain. The FSO systems can be employed in applica-
tions such as point-to-point links, backhaul cellular networks,
non-terrestrial networks, metropolitan area networks, campus
connections, and last-mile connectivity [10]. Nevertheless,
the FSO communication suffers from various atmospheric
losses, including atmospheric turbulence-induced fading and
pathloss, which limits the FSO performance. The atmospheric
conditions, such as fog, rain, and snow, can introduce losses
in FSO communication due to absorption, scattering, and
beam spreading. Moreover, the FSO communication can be
significantly affected by the pointing errors which are caused
by the misalignment of the transmitting aperture and receiving
apertures [11].

In literature, several techniques were proposed to overcome
the limitations of the FSO systems, including spatial diversity
techniques, multiple-input multiple-output (MIMO), relaying
schemes, cooperative diversity, and hybrid FSO/RF system
[12]-[19]. The diversity combining schemes such as maximal-
ratio combining (MRC) and selection combining were pro-
posed to alleviate the effect of atmospheric turbulence and
adverse weather conditions in the FSO system [14], [15].
The authors in [16] examined the performance of a dual-
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hop (DH) FSO system in which communication between a
source and destination takes place with a relay positioned in
between them. Moreover, in [17], the multiple relays were
considered for the FSO system to enhance the coverage and
improve the reliability of FSO link. In previous works [18],
the relay-assisted mixed FSO/RF systems were investigated
with the objective of improving performance and extending
the coverage range of FSO communication systems. Further,
in [19], the authors proposed a hybrid FSO/RF system, which
complements the FSO link with a more reliable RF link to
minimize the losses and improve the reliability of the FSO
link. In [20], a comprehensive performance of a MIMO-
based hybrid FSO/RF was presented, where both FSO and RF
subsystems consist of multiple apertures/antenna on the trans-
mitter and receiver side. Furthermore, in [21], the challenge of
establishing end-to-end connectivity in internet-of-things (IoT)
networks for data collection from remote areas is addressed.
An IoT network is integrated with a wireless backhaul link,
using a self-configuring protocol for aggregate node selection
to transmit data to unmanned aerial vehicles (UAVs) over the
hybrid transmission scheme, which employs millimeter-wave
(mmWave), FSO, and terahertz (THz) technologies.

A. Related Literature

To mitigate the losses that occur due to atmospheric turbu-
lence, poor weather conditions, and obstructions in the propa-
gation channel, the RIS technology has been recently proposed
for FSO communications [21]-[23], which is analogous to the
RIS in RF wireless systems. The RISs comprise meta-surfaces,
which can be classified into two distinct categories: recon-
figurable and non-reconfigurable surfaces. This classification
is contingent upon their respective configurations subsequent
to the fabrication process. Furthermore, the optical RIS-aided
FSO system possesses a notable advantage in terms of reduced
hardware costs when compared to the relay-based systems
[24]. This cost reduction is attributable to the absence of active
components such as power amplifiers, encoders, decoders,
etc., which are required in the relay-based system, however
unnecessary in the context of the passive RIS-aided system. In
[25] and [26], a dual transceiver FSO communication system
and a RIS-assisted FSO system, respectively, are presented
for smart city applications, specifically for high-speed trains.
These systems enhance coverage, reduce handover frequency,
and improve connectivity compared to direct and relay-assisted
setups. Leveraging advanced channel models and performance
evaluations, the RIS-assisted FSO systems demonstrated supe-
rior efficiency over relay-assisted models, significantly reduc-
ing base station requirements, capital expenditures, and the
number of handover processes.

In [27], the authors have developed a statistical model for
RIS-aided FSO system, which includes turbulence, geometric,
and misalignment losses. Similarly, in [28], the statistical mod-
eling of an RIS-aided multi-link FSO channel was developed
by considering position, size and orientation of optical RIS
with its phase shift profile. In [29], the authors studied the
performance of a RIS-assisted FSO system to address the
problem of skip zones and blockages in the line-of-sight

(LOS) path of terrestrial FSO communication. Further, the
performance of the RIS-assisted FSO system was investigated
by considering the impact of turbulence and pointing errors.
In [30], the authors proposed a RIS-assisted FSO system to
mitigate the effects of atmospheric turbulence, pointing errors,
and signal blockage. By evaluating the bit error rate (BER),
outage probability, and channel capacity, the study demon-
strated significant performance improvements in obstructed
environments. This approach provides reliable connectivity
for smart-city applications, especially in urban areas with
dense populations and high-rise buildings. A comprehensive
performance of an FSO system aided by RIS was demonstrated
in [31] over different FSO channel turbulence models, where
a single RIS with multiple elements was used to improve
the FSO performance. In [32], the authors have extended the
use of RIS in high-altitude platform (HAP)-aided backhaul
network for FSO communication system. Moreover, in [32],
the performance of the RIS-aided FSO system was evaluated
in terms of performance metrics such as outage probability,
outage capacity, and average bit error rate.

In [33], the authors have introduced a RIS-assisted multi-
hop FSO system. The system architecture comprises a series
of consecutive hops, wherein each hop is established as a RIS-
assisted FSO link and it adopts decode-and-forward relaying
technique to decode the received bits at the relay nodes. In
[34], an optical reflecting surface (ORS)-aided MIMO-FSO
communication system was proposed to mitigate the necessity
for a LOS path in FSO communication. Further, the authors
derived the bounds on the average BER and ergodic capacity
by employing optical space shift keying (OSSK) technique. In
[35], the authors have proposed a RIS-assisted mixed FSO/RF
system, where there are multiple number of RIS-assisted RF
source and the signal is transmitted from these RIS-aided RF
sources to a relay node and the FSO link (without RIS) is used
from relay to the destination node. Further, in [36], a RIS-
assisted hybrid FSO/RF system was proposed in which both
FSO and RF links are empowered by the single RIS and the
performance of the hybrid FSO/RF system was investigated
using the central limit theorem (CLT) approximation.

Due to channel estimation errors, it is often challenging
to acquire a complete channel state information (CSI) in
practice. Since the wireless channel varies rapidly due to
fading and atmospheric attenuation, it is nearly impossible
to acquire the perfect CSI at the source without any error
[37], [38]. Therefore, it is crucial to study the impact of
channel estimation errors on the performance of the system
[39]. In [40], performance analysis of the FSO system was
carried out by including the impact of imperfect CSI over the
Fisher-Snedecor (F) turbulence channel model. Further, the
authors in [41] investigated the FSO system empowered by a
single RIS by assuming imperfect CSI over the F-distribution
model. To improve the FSO system performance assisted by a
single optical reflecting surface (ORS), where ORS is a special
case of optical RIS when it operates as a perfect mirror [42],
it is mandatory to consider multiple ORSs between source
and destination in a backhaul network scenario. Recently, in
[42], we have investigated the performance of multiple ORSs-
assisted FSO system for a perfect CSI case.
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B. Motivations and Contributions

In previous works [29], [31], [35], [41], the analysis of RIS-
assisted FSO system was carried out by assuming perfect and
imperfect CSI cases over a single reflecting surface. Further, in
[42], the performance of multiple ORSs-assisted FSO system
was investigated for a perfect CSI case. However, the channel
imperfections in the FSO link have been ignored and a detailed
convergence test on the derived expressions is missing in
[42]. Moreover, in practice, achieving perfect CSI for FSO
channels is impractical due, mainly due to channel estimation
errors. In this work, we have considered the multiple ORSs-
assisted FSO system assuming both perfect and imperfect
CSI cases. Here, the cascaded channel gain is modeled by
taking turbulence, pointing errors, and imperfections in CSI
into consideration. Since the imperfect channel gain includes
the cascaded channel with CSI errors, are random in nature,
deriving the closed-form expression for the probability density
function (PDF) is challenging and is not straightforward.
To the best of our knowledge, the unified PDF and CDF
statistics for the instantaneous SNR of the multiple ORSs-
assisted FSO system under imperfect CSI condition as well as
the performance of multiple ORSs-assisted FSO system with
imperfect CSI has not been analyzed in the existing literature.
Note that the proposed work is the first work to consider
the performance of multiple ORSs-assisted FSO system under
imperfect CSI condition. Table I provides a summary of the
current literature status on the performance of various RIS-
based RF and FSO wireless systems.

The major contributions of this work are as follows:

o A multiple ORSs-aided FSO system is proposed, which
comprises a multi-laser transmitter at the source and
a single lens with photo-detector (PD) at the receiver,
considering an ORS selection scheme to select the best
possible ORS.

« Specifically, the exact expression for PDF of the cascaded
FSO channel by including turbulence, pointing errors,
and imperfect CSI is derived. Using the derived PDF
expression, the unified PDF and cumulative distribution
function (CDF) of overall instantaneous signal-to-noise
ratio (SNR) for both perfect and imperfect CSI conditions
are obtained.

o The closed-form expressions for the outage probability
and average symbol error rate (ASER) of the proposed
multiple ORSs-assisted system are determined based on
the obtained statistical functions. In addition, an asymp-
totic analysis has been carried out in order to obtain the
slope of the performance curves in the high-SNR region.

o Based on the numerical and simulation results, the per-
formance of the proposed system is compared with single
ORS-assisted and multi-relay-assisted FSO systems. Fi-
nally, Monte-Carlo simulations are performed to validate
the derived outage and ASER expressions.

C. Organization of the Paper

The remainder of the paper is organized as follows: Section
IT introduces the system and channel models for the multi-

ple ORSs-assisted FSO system and end-to-end channel PDF
statistics are obtained under both perfect and imperfect CSI
conditions. In Section III, the expressions for PDF and CDF
of instantaneous SNR of the system are derived. In Section
IV, the outage probability and average symbol error rate of the
proposed system are examined for both perfect and imperfect
CSI scenarios. Further, in Section IV, the asymptotic analysis
is presented with convergence test for the derived expressions
and the diversity gain of the multiple ORSs-assisted FSO
system is determined. Furthermore, Section V offers numerical
results along with important inferences and technical insights.
Lastly, a conclusive summary of the paper is provided in
Section VI.

II. SYSTEM AND CHANNEL MODELS
A. System Model

We consider a multiple ORSs-assisted FSO system as-
suming N transmitting apertures, which are oriented to the
respective ORSs and are capable of transmitting the FSO
signal to N respective ORSs! as shown in Fig. 1. It is assumed
that the ORS acts as a perfect mirror 2 which redirects the
incident FSO signals to the receiving aperture [27], [34]. Here,
we also assume that there is no direct LOS path exists between
source (S) and destination (D). It is to be noted that before each
transmission phase, the instantaneous SNR values of multiple
ORSs-assisted FSO links are estimated at the receiver. From
the available instantaneous SNR values, the index of the best
ORS, which has the maximum instantaneous SNR, will be
communicated to the transmitter using a perfect feedback link.
After that the transmitter aperture corresponding to the best
ORS will send the information signal to the receiver. Now the
received signal of the j*" selected ORS link at D is expressed
as

Y; :'RPijxj +71j, (1)

where j € {1,2,--- , N}, y; is the output signal, ; denotes
the input signal, Py is the transmit power of the FSO signal,
R represents the responsivity of the photo-detector, I; is the
cascaded FSO channel from transmitter to receiver via ;"
ORS, and n; is the additive white Gaussian noise (AWGN)

with zero-mean and variance equal to o2,

B. Channel Model

The overall cascaded FSO channel from transmitter to
receiver through j** ORS is written as

I =1, LIy, 2)

11 5

)

azj

where I,,; and I,,, denote the atmospheric turbulence from
transmitter aperture to j'* ORS and j!* ORS to receiver
aperture, respectively, I,; is the pointing error coefficient for
jth ORS-aided link, and I,; denotes the path-loss factor.

IThe placement of the ORS on the building in the figure is shown for
illustrative proposes. However, the ORSs can also be positioned on different
buildings based on the source and destination locations.

2In this scenario, the ORS is positioned in such a way that the angle of
incidence is equal to the angle of reflection so that the phase shift introduced
by the ORS is precisely countered using the phase-shift profile. Hence, in this
configuration, the ORS functions like a reflective mirror [27], [34].
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TABLE I: Summary of literature on models for RIS-aided systems
Ref. System model Number of | Modulation FSO/RF channel CSI Performance Metrics
RIS technique
[2] RIS-aided RF system Single M-ary PSK Rayleigh Perfect CSI ASEP
[5] Cascaded RIS-assisted RF | Multiple Binary  modulation | Nakagami-m Perfect CSI OP, EC, ASEP
system schemes
[26] RIS-FSO Multiple NA Lognormal, Gamma- | Perfect CSI Average SNR and OP
Gamma
[30] RIS-FSO Single Binary PSK Gamma-Gamma Perfect CSI OP, EC, ASER
[39] Multiple RIS-assisted RF | Multiple Binary  modulation | Nakagami-m Imperfect CSI EC, ASEP
system schemes
[29] RIS-aided FSO system Single Binary  modulation | Gamma-Gamma Perfect CSI OP, ABER, EC
schemes
[31] RIS-assisted FSO system Single Binary modulation | Gamma-Gamma, JF- | Perfect CSI OP, ABER, EC
schemes distribution, Malaga
[32] HAPS-based RIS-assisted | Single M-ary PSK JF-distribution Perfect CSI ASER, channel capacity
FSO system
[35] RIS-aided mixed FSO/RF | Two Binary PSK Gamma-Gamma/ Perfect CSI OP, ASEP
with relay network Rayleigh
[36] RIS-assisted hybrid | Two Binary PSK Gamma-Gamma/ Perfect CSI OP, ABER, EC
FSO/RF system Rayleigh
[41] RIS-aided FSO system Single Binary  modulation | F-distribution Imerfect CSI OP, ABER, EC
schemes
N-available ﬁtﬂ?jg:ggc
ORSs
Receiving
N-Transmitting Obstructions aperture
aperture
,/" \\.
{ .Ill
Fig. 1: Selection-based multiple ORSs-assisted FSO system model
Further, Iy; is a constant, which follows the Beers Lambert It is to be noted that the channel turbulence coefficient Ialj

law and is expressed as Iy; = exp(—Qng), where ), is the is modeled in a similar manner to I,,;. However, we consider
attenuation coefficient and L; is the end-to-end distance for a general scenario where the turbulence coefficients /,,; and
any j*" ORS-aided FSO link. In (2), I,, = Xjei(Awg“(Z)—ﬂ) I,,, are independently but non-identically distributed (i.n.i.d).
represents attenuation due to ORS, where y; is the amplitude ~ Furthermore, L; = L1;+Lo;, where L1; and Lo; are distances

reflection coefficient and Aw((,j ) is the phase induced by the from S to j** ORS and j"* ORS to D, respectively.

. h . .
j™ ORS. The (ha)se can be calculated using the phase-shift 1) Atmospheric Turbulence Model: The turbulence of the
z

(4 _ : : . . S
profile as Avy’ = 7+ z;ko(sin g —sin ;) [27, eq. (13)l.  FSO channel is modeled using Gamma-Gamma distribution
Here, ko is the wave number and z; is the position of the ORS,  anq jts PDF is given by [29]

Further, 6, and 6, represent the angle of incident and angle of

reflection, respectively. For the ORS to act as a perfect mirror,

X; = 1 and 64 = 6,.. This results in a constant phase shift of 71

w, simplifying I,., to 1. f1.,, (@) = WG%E (Oﬁjﬁzﬂ‘

Qg 517‘) @
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TABLE II: List of notations used in the paper

15815025825
C; = 218102302

T A B;=

Pj
T(a1;)T(B1;)T (22;)T(B2;)

P =n+aij +az; + P+ P25 —5

X1 = [azgj, B2j, a1j, Bijl | Xoj = [pj, a2y, Baj, a1y, B1j]

Gro=q 110 | 28K287 X
17=%10 3 C;

2 7 2 2 2 72 2 2

Koy = 1—pj 2—p; l—ocgj 2—ag; 1-Bg; 2—PF3; l-oay; 2—ay,
37 = ) 2 ) ) )

1-B1; 2—PB14
) 2 ’ 2

_|n pj l—ay
X4j_|:§7 2J7 2 j]

sk = [(pr +1,1)]

KXok = [(pr, 1), (a2k, 1), (B2k, 1), (cak, 1), (Bik, 1)]

X’?i = [(17 1)7 (pi + 17 1)}

Xgi = [(pis 1), (21, 1), (B24, 1), (0145 1), (B4, 1), (0, 1)]

Py =a1j+ag; + P15+ P2 —5

where ¢ € {1,2}, a;; and f3;; denote the large-scale and small-
scale turbulence parameters [29], respectively, and G, § (+)
represents the Meijer G-function [43, 9.301].

2) Pointing Errors Model: The pointing errors in the FSO
system aided with ORS are attributed to beam jitter and ORS
jitter. The expression for PDF of end-to-end pointing errors
for an ORS-assisted FSO channel can be written as [22, eq.
(12)]

fip,(@) = Lar™l, 0<w <A, )
J
2
_ 2 _ /ma 2 szﬁerf(vj)
where A; = [erf(v;)]?, v; = \/§Wjj , Wzé{} = 20, e (-0 -

Here, ag is the aperture radius and sz denotes the beam
width, which is given by W, = ¢4, L;, where ¢4, denotes the
ng)
is the pointing error coefficient, where agj and aij are
the variances corresponding to displacement angles at the

transmitter and the ORS, respectively [22].

3) PDF of End-to-End FSO Channel: The PDF of overall
FSO channel, including end-to-end turbulence and pointing
errors, can be expressed as

®)

beam divergence angle. Further in (4), p; =

The inner integral is evaluated by substituting (3) in (5) and
using [44, eq. (07.34.21.0013.01)], we get

—1

A Y
fr,(t) = / Ty T(ag;)L(Bry)L(az;)T(B2;)

To; A
.
le) Y

x G (aljﬁlja%ﬁ?jy
Further, we use [44, eq. (07.34.21.0085.01)] to get the final
expression of channel gain as
pj+1
XQ] ’

where C;, B;, and X5; are given in Table II.

(6)

fr,)=Bjt 'G5 ? (Cjt (7)

4) PDF of Imperfect Channel: In practical scenarios, the
FSO channel is changing rapidly due to pointing errors and
weather conditions like fog, smog, and rain. Due to this there
will be channel estimations errors leading to imperfect CSI.
Hence, the imperfect channel gain of the FSO link can be
written as [40, eq. (10)]

I; =01 + /1 — 82, (8)

where ¢ € [0, 1] represents the CSI correlation coefficient that
determines the accuracy of channel estimation. A value of
0 = 1 indicates perfect CSI. Moreover, € is a random variable
denoting the errors due to imperfect CSI, which is independent
of I;, and follows a zero-mean Gaussian distribution with
variance 2.

Theorem 1: The PDF of ORS-assisted FSO channel with
imperfect CSI over Gamma-Gamma turbulence distribution

and pointing errors is given by

O Py T
B, Ky 2 271K,
7;2 exp (—th ) Z ol 2 Gljtn,

t>0
ff] (t) = ) n=0
1- 15, t=0.
©)
where
1
y BiK = 2PK, 2 n+1
=== 2_Gy,T . (10)
27 n!
n=0
Note that P; and G are listed in Table II.
Proof: Please see Appendix A. [ ]

It is worth highlighting that, in contrast to the above
channel PDF, previous work [41] on the RIS-assisted FSO
system computes the imperfect channel statistics by assuming
a single RIS without incorporating any combining scheme.
Furthermore, in [42], the analysis involves multiple ORSs,
but it neglects imperfect CSI, convergence test, and lacks the
unification of both HD and IM/DD techniques.

IIT. SNR STATISTICS

The unified instantaneous SNR of the end-to-end ;" ORS-
assisted FSO link with perfect CSI is given by fyjm = |L;|"o,
where 79 = P;/02 denotes average SNR, » = 1 and 2
represent HD and IM/DD techniques, respectively. Using the
power transformations of random variable in (7), the PDF of

«y; is written as
1
Bi z\"pi+1
- = G3o(C;(— J 11
fvﬁ)(m) S 15<J(%) Xo; | (1
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Further, the CDF of the +; is determined by using [44,
1

07.34.21.0084.01] and is given by
x\"|1,p; +1
Ci | — S , 12
< ! (70) A2, 0 ) (12)

Similarly, the instantaneous SNR of the FSO link having
imperfect CSI is given by *y] = |I;|"yo. Using the power
transformations in (9), the PDF of ~; is expressed as

F o (x) = BjG3§
J

B,K _Kz;f/r o 2P1K% (n77~+1)
[ -
f (-73) = rﬂ.zl e Z n! s Glj “ T, X > 0
500 (2)= = e
1— I(()]), r=0.
(13)

Now the CDF of w(r) can be evaluated as F~<r>( ) =

fo (,«) t)dt. By employing [44, 07.34.03.0228. 01] and [44,
07. 34 21.0084.01], the final expression for the CDF is given

by
BiKi 2P K ® Kyu?
1 * 2T T 1
F~< )(7) = o n,2 G1;G13 ( 7 [ntl O)
n=0 ' ’Y(; 20
1- 15, (14)

IV. PERFORMANCE ANALYSIS

The outage probability and ASER for the proposed
selection-based ORS-assisted FSO system with perfect CSI
and imperfect CSI are discussed in this section.

A. With Perfect CSI

1) Outage Probability: For the proposed system, if the
instantaneous SNR of the best ORS-assisted FSO link (i.e.
link with maximum instantaneous SNR 7,,,x) goes below a
threshold SNR ~7, then outage will occur. Now the outage
probability of the proposed system is given by

Po :Pr(’Ymax < VT) = F’Yma:c (7’1")7 (15)

where Pr(-) denotes the probability operator and F., _ (-) is
the CDF of vqz.

Theorem 2: The CDF of the best ORS-assisted FSO link,
which is having the maximum instantaneous SNR 7y, among
the N available links, is given by

N dil 1
51 (2N et
'Ymaz 1:1 G2 6 ( J (’YO) XQ]‘,O ) . (16)

Proof: Please see Appendix B [ ]
By substituting v = 7 in (16), the final expression for
outage probability for perfect CSI case is given by

P HBG ( <%) ngj,o)' (17)

The asymptotic expression for the outage probability is cal-
culated by assuming yg — oo in (17). Further, by substituting

the asymptotic expansion of the Meijer G-function using [44,
eq. (07.34.06.0040.01)] and after simplifying, the asymptotic
outage probability can be expressed as

5
[T T'(Xojm —
m=1

PO =T B, =~
Jl_Il XQJJF(pJ +1—Xs1)

Xaja/r
7o

X2j1)

(18)

where Xoj; is the [ term of Xa;.
2) Average Symbol Error Rate: The ASER of the proposed
multiple ORSs-aided system is calculated as

PO = [ bt/ @)a (19)
where p(e/z) denotes the error probability for M-ary phase-
shift keying (MPSK) or M-quadrature amplitude modula-
tion (MQAM) schemes conditioned on the instantaneous
SNR of the system [45]. Furthermore, the expression for
p(e/x) in terms of Fox’s H-function is represented by [44,
07.34.26.0008.01]

A

ple/z) = ﬁHQ 5 (QQV‘ 0, 1()1((1) 5,1 )

In case of MPSK scheme, A = 1 for M = 2, A = 2 for

(20)

M > 2, and Q = sin(n/M). For MQAM scheme, A =
4% and QQ = m [45]. Here, M denotes the

modulation order of the MPSK/MQAM schemes. Further, the
PDF f, .. (-) in (19) can be obtained by differentiating the
CDF expression in (16) as

N N
Froa@) =Y 11 fo(@ F(r)()

k=1j=1,j#k

2y

where f m() and F o) y(+) are expressed in (11) and (12),
respectlvely Moreover the expression for (11) and (12) can
be rewritten in the form of Fox’s H-function using [44,
07.34.26.0008.01] and after replacing these expression in (19),
the ASER is given by

—1 2 (1,1)
P, IH z/ 138 (@] 0 i)
=1
1 N ’y%
§)HH5<C() i;:;)dv.
i1 70
#k

xH?3? C(7>T
15(k o %
(22)

In order to solve the above integral, first we expand the Fox’s

H-function using [46, eq. (1.2)] and then apply the Mellin’s
transformation theorem [47, eq. (1.29)]. Now, by utilizing the
definition of multivariate Fox’s H-function [46, eq. (A.1)], the
ASER expression for proposed ORSs-aided system is given
by (23).
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Proposition 1: The asymptotic expression of the ASER for
perfect CSI is given by

N
N, 1 l
F(P)ooi A ( 1 )iszlps ( r; )
¢ 2y/m \ Q% Z , P,
5
H L(X2j,m — Pj)
al 1 N XQm # Py, P
X s B.cti
kz—lﬂév;ipijl:[l Plpj+1-P;) 777
(24)

Proof: The asymptotic expression for ASER is calculated
by assuming 7y — oo in (23) and the dominant poles
are determined as P; = min{p;, asj, Ba;, 15, f1;}, where
7 = 1,2,--- ) N. Furthermore, there are a total of N poles
associated with each term of multivariate Fox’s H-function in
(23). Finally, by calculating the residue at each dominate pole
[42], the asymptotic expression for the ASER is obtained as
(24) ]

B. With Imperfect CSI

1) Outage Probability: Similar to outage of perfect CSI,
the outage probability for the imperfect CSI case, by using
(15), can be written as

P(I)—HPr Y < yr)Pr(3”Y < r) - Pr(RY) < ).
(25)
After simplification, we get
PiD = H Foo (yr). (26)

j=1

By replacing x with y7 in (14) and substituting in (26), the
final expression for outage probability in closed-form is given
by

N
PO = H

1- Iéj)].

In order to calculate the asymptotic outage probability,
we assume vy — oo in (27) and by using [44, eq.

1
P~z
2K,
n!

BK1

o
G1;G 1 3 ( QYT

2
1
n+1 0
Yo

27)

n=0

(07.34.06.0040.01)], we obtain the asymptotic outage prob-

ability as
N n+1
P(EI)OO = H G17 < n+1 > + 1 - Iéj)] °
Yo"
(28)

j=1
Remark 1: By assuming n 0 in (28), which is the
dominant term in summation, a more simplified expression

BiK| &~

J Z
71—2
n=0

2P K
(n+1)!

for P(SI)OO is obtained and is given by
1
P —H 12P1G1]< 1) +<1—I£’)>]. (29)
Jj=1 m? Yo ———

-
TP T2

It is important to note that (29) contains two terms, where
the first term 7} depends on 7o and the second term T is
a constant independent of 7o. As a result, 7 > T in the
high-SNR region and the outage probability will attain a floor
value, which is equal to

N
P(i)ixed _ H (1 i Iéj)) )

j=1
2) Average Symbol Error Rate: The ASER of the proposed

system for sub-carrier IM-based MPSK signaling is obtained
by utilizing the derived CDF F, ) (z) and is given by [3]

S0 _ AVD
c 2V/2m

where A =1, D = 2 for M=2 and A = 2, D = 2sin® (%)
for M >2. Since the evaluation of the above integral is
complicated, we have used a Gauss-Laguerre quadrature ap-
proximation [48] and the final ASER expression can be
evaluated as

m N
-1 AvVD
P/ = ZN"w,. T[F. ,
¢ 2\/2”221 ’“]1;[1 g (o)

where W, denotes the weight coefficient and is expressed as
orl'(m +0.5)
ml(m + 1)2(Ly, 7 (o))?

In (32), ¢ is the k" zero of the Laguerre polynomial
Lin?(-), which is given as [43, eq. (8.970.1)]

=3 (1) S

=0

(30)

_1/2F ") (;v)e_%dam

Ymax

3D

(32)

(33)

(34)
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Proposition 2: The asymptotic expression of ASER for
imperfect CSI case is given by

n+1

BjK; ~ 2K} T
ZW’“H{ =ap® (n+12)!01j%f#
n=0 Yo
+ (1—Igj)) }

Proof: By assuming vy — oo in (32) and employing
[44, eq. (07.34.06.0040.01)] similar to outage, the asymptotic
ASER expression is written as

AVD Z’”: Al
S W [T F (),
R e S

By substituting 77 = ¢ in the asymptotic outage expres-
sion for imperfect CSI, given by (29), the asymptotic CDF
Fe e (¢r) can be obtained. Therefore, the final expression for

asymptotlc ASER is obtained as (35). [ |

Remark 2: Using the dominant term in (35) by substituting
n = 0, a more simpler asymptotic ASER expression is
obtained, which is given by

(1)°°

(35)

B = (36)

i

‘ 2@2
N———
~—_————

j=1 ’Yo -
Ty &

Similar to outage probability, the first term 77 in (37)
depends on 7, and the second term 7% is a constant. Since
T5 > T} in the high-SNR region, ASER will also approach
to a floor value equal to

m N
f;ﬁd— 2mZWkH (17](@)'

(38)

C. Convergence Test

In order to examine the convergence of the obtained outage
and ASER expressions for imperfect CSI case, as presented
in (27) and (32), respectively, a Cauchy ratio test is conducted
on the power series of the CDF of ’?}7' , as given in (14). This
CDF expression is used for calculating the outage probability
and ASER expressions. Subsequently, if the infinite series in
Fr( » () exhibits convergence, then both outage (i.e. eq. (27))
and ASER (i.e. eq. (32)) will be absolutely convergent. In
order to demonstrate absolute convergence, an infinite series,

[ee]
such as > w,y,, must satisfy the following condition
m=0

lim
m— 00

’w’”“ : (39)

Wm

From (14), it can be seen that the CDF expression F~< 5 ()
consists of two infinite series and the CDF can be rewrltten

as
BiK, 2Pk ? Koz
1 ! 22X 1
Fyn (@) == n,Q GyGls (z ntl 0>
n=0 : Yo 20
S1
1
B K, ~—2"K, 2 n+1
R 2 _Gy,T . (40
* 272 Ll ”(2)()
Sa
Further, the series coefficients w( ) and w(z) of the two

individual series S7 and S9, respectively, are given by

G 1 10 25 K»0°
Cj

(1) —

Koz | 1
xG%é( 5 WO), )
o 2
w?® = 2n+P2G 110 <28K252 A3;
n G103 C. n =P 1*042]}
j 2: 72 0 2
1
xF(n;— ) (42)

(2) gn+1+Py
. Wy 41 . (nt1)!
nh—>Holo (2) | nILHolo 2ntP2 M1 M2
Wn n!
2M M-
= lim =12, (43)
n—o00 n
(2) 2P g2
lim |Sntl| gy D! L (% )M
| T )
oM, T (nd2
= lim — 5 2 ), (44)
noo ' (%4F)
X3,
58 2 J
Gyl (2 Ic(*fs {Ll p;i 16%})
b b
where M, = 2 j( 2 and M
G110 [ 28Kp82 3 )
10 3 [eF n —Pj 1—02]}
2172 0 2

will always be the constants for all real

21

11 K21'
Gig n+1 ,0

’v"'
values of n. Furthermore it is evident that the exponents of

the denominators in both (43) and (44) are greater than the
exponents of the numerators. Thus, by taking the limit as n —
00, the coefficients of the series will tend to zero. Hence, it can
be concluded that the final expressions of outage and ASER,
which are derived from (14), are absolutely convergent.
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TABLE III: Simulation Parameters

Parameter Value
Wavelength of the FSO signal, A g 1550 nm
Beam divergence angle, ¢q; 2 mrad
Aperture radius, ag 0.2 m
Correlation coefficient due to imperfect CSI, § 0.9
Jitter standard deviation at the transmitter, T, 0.0008
Jitter standard deviation at the ORS, o, J 0.0001
Modulation index, M 2
Detection technique parameter, r 2
Link distances, L1; = La; 150 m

TABLE IV: Truncation accuracy of the infinite sum given in (27) and (32)

Final values of outage (27) for truncation limit n | Upper
" 40 80 120 140 limit
20 | 0.113627 | 0.113599 | 0.113595 | 0.113595 n=120
30 | 0.045194 | 0.045180 | 0.045178 | 0.045178 n=120
40 | 0.032127 | 0.032116 | 0.032115 | 0.032114 n=120
Final values of ASER (32) for truncation limit n | Upper
b 40 80 120 140 limit
20 | 0.022437 | 0.022430 | 0.022429 | 0.022429 n=120
30 | 0.015875 | 0.015869 | 0.015868 | 0.015868 n=120
40 | 0.014275 | 0.014270 | 0.014269 | 0.014269 n=120

V. NUMERICAL AND SIMULATION RESULTS

The simulation and analytical results for ASER and outage
probability are presented in this section. The values of the
parameters assumed in the simulations are given in Table III.
Further, the parameter values in Table III are consistently
assumed for both the source to the j** ORS and the ;"
ORS to the destination links. This simplification, represented
as p; = p, Qg = 015 = @, and ﬂQj = Blj = ﬁ, is made
without loss of generality. The simulations were conducted
using MATLAB R2021b on a personal computer equipped
with an Intel i7 processor running at 4.70 GHz and 32GB of
RAM. This setup ensured that our simulations were performed
efficiently, allowing for the accurate modeling of the system’s
performance under the specified conditions.

The truncation accuracy for infinite summations used in (27)
and (32) are listed in Table IV. In addition, if the values greater
than the upper limits are applied for truncating the infinite
series, then it will not alter the fifth decimal figure of final
outage and ASER values.

Fig. 2 and Fig. 3 show the outage performance for different
number of ORSs under perfect and imperfect CSI, respectively.
It is observed from the plots that increasing N considerably
improves the outage of the system, since the outage perfor-
mance directly depends on N as given by (28). Furthermore,
in Fig. 2, the SNR gain obtained by varying N from N =1
(single ORS-assisted FSO) to N = 2 is 18 dB for an outage
probability of 10~2. Similarly, when the number of ORSs is
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Fig. 2: Outage probability for different number of ORSs under perfect CSI
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Fig. 3: Outage probability for various ORSs under imperfect CSI

increased from N = 2 to N = 4, the SNR gain obtained is
12 dB and the SNR gain from N = 4 to N = 8 is 8 dB.
Additionally, in Fig. 3, the outage performance is also shown
for different pointing errors at N = 8 and it is observed that
the performance of the system improves with increase in p.
This is because, higher values of p represents lower severity
of pointing errors, which results in better system performance.

In Fig. 4 and Fig. 5, the ASER performances are presented
for different number of ORSs under perfect CSI and imperfect
CSI, respectively. Similar to outage probability plots, it is
evident that by increasing N, the ASER performance of the
system also improves significantly for both the cases. Addi-
tionally, in Fig. 4, the performance of the proposed multiple
ORSs-assisted system is compared with the multiple parallel
relay-aided system assuming decode-and-forward (DF) proto-
col. It is inferred from the plots that the ASER performance
of multiple ORS systems is better than that of multiple relay-
aided systems when the average SNRs are below 14.5, 17, and
19 dB for N = 1,2, and 3 respectively, which are also the
points of intersection. However, after the points of intersection,
the relay-aided system outperforms the ORS-assisted system.
This is because, the impact of decoding errors in the relay-
aided system is more dominant below the points of intersec-
tion, and with increasing SNR, the decoding errors reduce
significantly. Furthermore, as the value of N increases, the
diversity and reliability of the ORS-assisted system improve.
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Fig. 5: ASER performance for different number of ORSs under imperfect CSI

This shifts the demarcation point to different SNR levels,
indicating the SNR region where the relay-based system begins
to outperform the ORS-assisted system. However, it deserves
to be noted that ORSs are passive nodes that do not require
a dedicated energy source for RF processing, decoding, and
encoding, unlike relay nodes.

It is also noticed from the outage and ASER performances
in Fig. 3 and 5 that the curves are saturated at high-SNR region
and attain outage and ASER floor values equal to P**¢ and
Pfixed 35 mentioned in Section IV-A and IV-B. For example,
at 56 dB SNR, the values of P{* inferred from Fig. 3 for
N =2 and 4 are 0.1671 and 0.0279, respectively, which are
nearly equal to its values, 0.1649 and 0.0271, obtained from
(30). Likewise, Pfi**d values observed from Fig. 5 for N = 2,

ser

4 are 0.0952 and 0.0181 at 46 dB SNR. The values of Pfixed
calculated using (38) are 0.0944 and 0.0178, which are also
almost equivalent to those obtained from Fig. 5. Furthermore,
it is evident from Fig. 2, Fig. 3, Fig. 4, and Fig. 5 that the
simulation results intently coincide with the analytical results,
which approves our derived outage and ASER expressions.
Additionally, the asymptotic results in Fig. 2, Fig. 3, Fig. 4,
and Fig. 5 are intently concurring with the analytical results
at the high-SNR region, which affirms the accuracy of the
asymptotic analysis.

In Fig. 6, the ASER performance is shown for imperfect
CSI with correlation coefficient 6 = 0.7,0.8,0.9 and perfect
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Fig. 6: ASER performance for various correlation coefficients
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Fig. 7: Average SER performance for different modulation techniques under
perfect CSI

CSI case with § = 1. It is seen that the increasing values of
correlation coefficient enhances the ASER performance. For
example, at vy = 22 dB, the ASER values for § = 0.7,0.8,0.9
are 8.6 x 1072,5.5 x 1072,and 2.3 x 1073, respectively. It
is due to the fact that high value of § implies less errors in
channel estimation.

Fig. 7 illustrates the ASER for various modulation tech-
niques, namely BPSK, QPSK, 8-PSK, 16-PSK, 16-QAM, and
64-QAM, assuming N = 3 and perfect CSI. The ASER
plots clearly indicate that the performance deteriorates as the
modulation order M increases. In order to attain an ASER
of 10~3, BPSK requires an average SNR of 14 dB. Likewise,
QPSK, 8-PSK, 16-QAM, 16-PSK, and 64-QAM require the
average SNR values of 16 dB, 20 dB, 21 dB, 24 dB, and 26
dB, respectively. Additionally, 16-QAM tends to outperform
16-PSK in terms of ASER under the same conditions. Further,
the simulation results closely match the analytical results,
confirming the accuracy of the derived ASER. It is to be noted
that SER expression serves as a tight upper bound for M-QAM
and MPSK. However, it is worth noting that this upper bound
is tighter for MPSK compared to M-QAM.

In Fig. 8, the outage performance of the proposed ORSs-
assisted FSO system is compared for different turbulence
conditions under imperfect CSI. From the plots, it is seen
that the outage probability increases under strong turbulence
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Fig. 9: ASER performance for different detection techniques under imperfect
CSI

compared to weak turbulence, as expected. This is because,
the random variations in the atmospheric channel are more
evident in strong turbulence than in weak turbulence. Further,
the performance of the proposed system improves under both
strong and weak turbulence conditions with increasing number
of ORSs, i.e., from N = 4 to N = 6. For instance, at 12
dB SNR, the outage probability values achieved under strong
turbulence condition are 0.047 and 0.010 for N = 4 and
N = 6, respectively. Similarly, for weak turbulence, the outage
values obtained at 12 dB SNR are 0.041 and 0.008 for N = 4
and N = 6, respectively.

In Fig. 9, it is observed that the multiple ORSs-assisted
FSO system performs better than the multiple parallel relay-
aided FSO system, which utilizes DF relaying protocol with
maximum instantaneous SNR-based relay selection technique,
especially in the SNR region vo < 22 dB. It is to be noted
that similar trends have been observed in Fig. 4 with perfect
CSI condition as well. Further, it can be seen from Fig. 9 that
the relay-aided system achieves an ASER of 1.6 x 10~3 for
N = 8 at 7y = 10 dB, whereas, for the same SNR, the ORS-
assisted system attains very low ASER values of 5.1 x 10~*
and 3.9 x 10~* under IM/DD and HD techniques, respectively
This is because, the decoding errors effect in the DF relaying
system dominate as compared to the cascaded channel effect in
the ORS-assisted system, which in turn leads to degradation in
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the system performance of relay-based system. Further, due to
coherent detection, the performance of the ORS system with
HD technique is better than the IM/DD technique for both
N =4 and N = 8 cases.

In Fig. 10, the ASER is plotted against the transmit power
under perfect CSI for clear air and light fog conditions. The
values of the weather coefficient are assumed as €, = 0.43
and €, = 20 for clear air and light fog, respectively. It is
clearly observed from the plots that the system performance
degrades significantly from clear air to foggy conditions. This
deterioration can be attributed to the susceptibility of FSO
systems to foggy weather conditions. Moreover, significant
improvement in the performance is obtained with transmit
power gain of more than 5 dBm to attain the ASER of 102
under both clear air and foggy conditions as the number of
ORSs increase from N =4 to N = 6. Finally, in Fig. 11, the
ASER is plotted against the transmit power for imperfect CSI
case under different weather conditions, including clear air,
haze, and fog. The ASER plots show a noticeable degradation
in system performance as the weather conditions change from
clear air to fog due to the same reason stated earlier.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper, a multiple ORSs-aided FSO system was pro-
posed to alleviate the LOS condition in the FSO link and and
to improve performance in comparison to the existing single
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ORS-based FSO system and FSO system without ORS. The
proposed ORSs-aided FSO system was examined considering
a selection scheme, which selects the best ORS for transmis-
sion. Further, the modeling of the FSO channel incorporates
atmospheric turbulence, attenuation, pointing errors, and the
presence of imperfect CSI conditions. The unified closed-form
expressions for the PDF and CDF of instantaneous SNR of the
overall channel were derived for both perfect and imperfect
CSI conditions. Capitalizing on the PDF and CDF expressions,
the outage probability and ASER performances were obtained
using the derived statistical functions. In addition, an asymp-
totic analysis was conducted at high-SNR region to determine
the diversity gain of the system and we also performed
a convergence test on the obtained analytical expressions
comprising the infinite series. Through asymptotic analysis,
it can be inferred that the diversity gain of the multiple
ORSs system depends on the number of ORSs and turbulence
parameters. From the numerical results, it was observed that
the performance of the proposed multiple ORSs-aided FSO
system improves with the usage of more number of reflecting
surfaces in both perfect and imperfect CSI cases. Furthermore,
multiple ORSs-assisted FSO system outperformed multiple
DF-relaying-aided FSO system, without necessitating extra
signal processing and power requirements. Consequently, the
ORS-aided FSO system shall be introduced as a promising
alternative to the multi-DF-relaying-based FSO systems. Our
study demonstrates that the turbulence, pointing errors, and
imperfect CSI is crucial for analyzing the performance of the
proposed ORS-assisted FSO system. Increasing the number of
ORSs and improving the CSI accuracy significantly enhance
the system performance and reliability, providing essential
insights for future system designs.

In future work, we plan to enhance the proposed multiple
ORSs-assisted FSO system by incorporating multiple reflect-
ing elements in each ORS to further improve the SNR of
the overall system. We will develop a comprehensive model
that accounts for an arbitrary number of reflecting elements
in ORSs. Additionally, we will analyze the system’s perfor-
mance by considering practical factors, such as atmospheric
turbulence, pointing errors, and weather attenuation. Further-
more, we will explore the impact of hardware impairments,
imperfect CSI, and imperfect phase compensation of ORS on
the multiple ORSs-assisted FSO system, as these factors are
critical in realistic scenarios.

APPENDIX A
PROOF OF THEOREM 1

From (8), let us assume fj = D + E as the sum of
two independent random variables, where D = ¢1; and
= v/1 — ¢2¢. Furthermore, the PDF of E is given by

Fe(y) = Kyexp (—Kay®) | (45)
where Kl = \/ﬁ and K2 = m USing the
convolution theorem, we can write the PDF of I; as

- (t) = / fo(z)fe(t —z)dx (46)
0

where fp(z) = 1f1, (£). By substituting (45) in (46) and
after writing the exponential function in (45) in terms of Meijer
G-function using [44, 07.34.03.0228.01], we get the following
integral

ff] (t) = BjKl exp (—K2t2) Z (2‘[:;7'2)71(‘,”
O) dx

n=0
x/ " rG3Y (CJ:E
; 5
(47

i+ 1

EDEC

Finally, by utilizing [44, 07.34.21.0013.01], the above integral

is evaluated as

B; K,
2

00 HP, z
exp (—K2t2) Z 2 1K22

n=0

fi, () =

Gyt" (48)
It can be observed from (8) that ¢ € R. However, in case
of a practical channel, the channel gain values are positive.
Therefore, by assuming the negative channel values as zero
[40], the PDF of ffj (t) can be rewritten as

21K

B7€<1 exp (—thQ) > Gljt" t>0
fi, (@) = , n=0
1- 1, t=0.
4 (49)
where Ié] ) can be calculated as
= | pa 50

After substituting (48) in place of ffj (t) in (50), we get

) = Bila Z 2" K]

> - 2 GU/ t"exp (—Kat®) dt (51)
n=0 ! 0

™

By utilizing [43, eq. (3.381.4)], I{’ is obtained as

1
B, K| < 2P K ? 1
S! 2 Gy,T (n—2|— ) (52)

I(j) _
0 272 n!
n=0
APPENDIX B
PROOF OF THEOREM 2

From (15), probability that the maximum instantaneous
SNR Ymax 18 less than v can be written as

Pr(vmax <7) = Pr(max{’y(r),

= Pr(y ()<%

,vﬁv) <v)  (53)

Since we have assumed that each of the ORS-based FSO
links are non-identical and independent of each other, the
probability expression in (53) can be further simplified as

HPr

(r)

) < y)Pr(~} Pr(v{ <)

(54)

By replacing the Pr(-) with the corresponding CDF expression
F o (+), the CDF is written as

P ’7mdx<7 <'Y)

Pr(Ymax < 77) = (59)

’Ymax

»=1Epo
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Furthermore, by substituting the CDF expression in (55) with
(12), the final expression for F.,  (7) can be written as
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