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Abstract—One of the main problems faced by communication
systems is the presence of skip-zones in the targeted areas. With
the deployment of the fifth-generation mobile network, solutions
are proposed to solve the signal loss due to obstruction by
buildings, mountains, and atmospheric or weather conditions.
Among these solutions, reconfigurable intelligent surfaces (RIS),
which are newly proposed modules, may be exploited to reflect
the incident signal in the direction of dead zones, increase
communication coverage, and make the channel smarter and
controllable. This paper tackles the skip-zone problem in terres-
trial free-space optical (T-FSO) systems using a single-element
RIS. Considering link distances and jitter ratios at the RIS
position, we carry out a performance analysis of RIS-aided T-
FSO links affected by turbulence and pointing errors, for both
heterodyne detection and intensity modulation-direct detection
techniques. Turbulence is modeled using the Gamma-Gamma
distribution. We analyze the model and provide exact closed-
form expressions of the probability density function, cumulative
distribution function, and moment generating function of the
end-to-end signal-to-noise ratio. Capitalizing on these statistics,
we evaluate the system performance through the outage proba-
bility, ergodic channel capacity, and average bit error rate for
selected binary modulation schemes. Numerical results, validated
through simulations, obtained for different RIS positions and link
distances ratio values, reveal that RIS-based T-FSO performs
better when the RIS module is located near the transmitter.

Index Terms—Free-space optical communications, reconfig-
urable intelligent surfaces, unified Gamma—-Gamma turbulence
channels with pointing errors, average bit error rate, ergodic
channel capacity, outage probability.

I. INTRODUCTION

The recent extensive investigation of optical wireless com-
munications in the outdoor environment, also called free-space
optical (FSO), is motivated by its advantages compared to its
radio frequency (RF) counterpart, especially in point-to-point
networks. These advantages include larger bandwidth, higher
channel capacity, and cost-effectiveness due to an unlicensed
environment [1], which can be leveraged to solve the band-
width limitation in the RF technology. Its most prominent
applications are satellite-to-ground, satellite-to-satellite, and
terrestrial FSO (T-FSO) systems such as building-to-building
(B2B)! communications. Besides turbulence, pointing errors,
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A B2B environment is a T-FSO data transmission environment where the
information is transferred between buildings.

and attenuation that affect optical signals over the FSO chan-
nel, signal obstruction due to buildings or trees can prevent the
transmitted wave from reaching the intended destination. We
attempt to solve this obstruction’s problem in T-FSO systems,
affected by moderate-to-strong turbulence levels and pointing
errors, using reconfigurable intelligent surfaces (RIS). RIS
are electromagnetic devices with electronically controllable
characteristics. They can reflect, refract, extinct, or scatter the
incoming signal to impact its amplitude, phase, and polariza-
tion. The design of RIS modules depends on the application.
The RIS module is a planar array of multiple mirrors or
optical phased-array structures, used to guide the incoming
signal toward a targeted area and reconfigure the transmission
channel [2]. It offers wireless networks several advantages
over competing technologies such as relay systems. In addition
to its low power consumption, the RIS module is made of
electronically controllable elements. These advantages have
recently triggered intensive and extensive investigations of the
technology. It has lately been proposed to solve the dead zone
problems in RF networks and create smart communication
channels and environments [3]-[5]. As part of the channel, the
RIS elements may decisively impact wireless communication
systems’ performance, leading to the need for new pre-coding
designs [6]. The RIS concept has been extended to optical
systems [7]-[14], reconfigurable optical components [15] and
hybrid systems [16], [17]. In [7] and [8], the RIS module
is placed inside the visible light communications (VLC)’s
receiver and serves as a wave-guard to steer and/or amplify
the incoming light, resulting in an improved receiver field-
of-view and transmission range. On the contrary, in [9], the
authors evaluated the impact of a diffuse, specular, and glossy
roof-type RIS on an indoor VLC link, while in [10], two types
of indoor VLC RIS structures were proposed and analyzed.
The investigation of using RIS in T-FSO systems is still
in its infancy; however, it is attracting significant research
interest. Up to date, only a few ideas have been proposed
for the free-space environment using an optical signal [11]-
[14], [18]. Early work on employing a RIS module in FSO
systems is proposed in [11], where the authors introduced
transmission in RIS-based FSO systems. The system and
channel models are evaluated and the RIS-based FSO system’s
geometry is presented. The authors also analyzed the pointing
displacement, leading to a system statistical model with a
focus on 2-D and 3-D representations. This work proposed
conditional geometric and misalignment losses (GML) versus
misalignment for different RIS sizes. Finally, the work derived
the probability density function (PDF) of the GML versus the
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Fig. 1: The proposed system.

channel gain for the 2-D and 3-D scenarios. In [12], which
is an extension of [11], the authors showed more steps and
insight in deriving the PDF of the GML for the RIS-based
FSO link. They illustrated the RIS phase-shift matrix and
proposed a general expression of the PDF of the pointing
misalignment. This PDF is combined with two turbulence
models, namely log-normal and Gamma-Gamma (G-G), to
carry out the outage probability (OP) analysis of the proposed
system. The pointing error channel response results are given
versus normalized misalignment and multiple RIS sizes. In
[13] the authors exploited an unmanned aerial vehicle to
design a RIS-based FSO system, while in [14], the authors
developed an analytical end-to-end channel model for RIS-
assisted FSO systems based on the Huygens-Fresnel principle.
Results of the pointing displacement in terms of the lens
x — y coordinates are presented. Lastly, the paper provided
the bit error rate (BER) versus the RIS-receiver distance and
geometric far-field approximation. In [18], a power-amplifying
RIS was proposed to solve the double fading affecting the
FSO communication system. In [19], the authors discussed
the implementation of a RIS-based FSO system considering
controllable multi-branches, while in [20], based on the central
limit theorem, the authors exploited the Gaussian distribution
to approximate a G-G channel for many transmitting signals.

Due to the presence and locations of obstacles, the use of
RIS in FSO is suitable for T-FSO communication systems such
as B2B, which represents the environment of interest for our
work. We consider a T-FSO environment in which the source
(S) and the destination (D) can not be linked through a line-
of-sight. We consider a single-element RIS with the phase-
shift profile model proposed in [12], and with an adjustable
reflective plane over its central axis. Contrarily to the works
in [11] and [12], we analyze the RIS-based T-FSO system
using a unified and combined expression of the T-FSO link’s
PDF based on the Meijer-G function and obtain closed-form
expressions for numerous metrics and several positions of the
RIS.

To the best of our knowledge, analyzing a RIS-based T-FSO
system characterized by G-G turbulence with pointing errors,
exploiting the unified expression of the end-to-end SNR’s PDF,
and providing results based on the S-RIS/RIS-D, pointing error
ratios, and RIS positions, has not yet been proposed in the
open literature and represents the motivation of this paper.
The main goal of the paper is to show the numerical analysis
and performance of the considered T-FSO system. To this end,
we make the following contributions:

Fig. 2: Proposed system’s model. P, denotes the x’" position
of the RIS module, Lgp is the distance from source (S) to
destination (D), Ly, , and L, , are respectively the distances
from S to RIS and RIS to D, ¢j,, and ¢ ,, respectively rep-
resent the angles of incidence and reflection of the transmitted
beam central ray.

(i) First, at each position, p, of the RIS module, we
study signal reflection at the RIS, determine the beam waists,
W (h,py and W, (4 ), at the RIS and D, find pointing dis-
placement standard deviations, &, , and &, p, at the RIS and
D, respectively, and calculate their ratio, k,, = &g ,/ép, p. These
are used to plot W, (x.p) = f(wp) and W, (¢ ) = f(wp). Based
on this analysis, we also plot k, = f(wp,), with w, as the
distance ratio S-RIS/RIS-D.

(if) Second, we derive closed-form unified statistical expres-
sions of the PDF, cumulative distribution function (CDF), and
moment generating function (MGF) of the end-to-end SNR.

(ii7) Third, based on these closed-form statistics, we derive
the OP, P,,;, the average ergodic channel capacity, C, and the
average BER, ﬁb, for selected binary modulation schemes,
including coherent binary frequency-shift keying (CBFSK),
non-coherent binary frequency-shift keying (NBFSK), coher-
ent binary phase-shift keying (CBPSK), and differential binary
phase-shift keying (DBPSK), and present results versus SNR
and w,,, at several positions of the RIS module.

(iv) In addition, we derive closed-form expressions of the
diversity order and coding gain for the proposed RIS-based
T-FSO.

(v) Finally, we present numerical results, validated through
simulations and asymptotic curves, for different SNR values
and w), at several positions of the RIS module. These results
enable us to get more insights on the S-RIS and RIS-D
distance, and lead to the conclusion that a RIS-based T-FSO
performs better when S-RIS < RIS-D.

II. SYSTEM AND CHANNEL MODELS
A. System Model

The environment under study is a cascaded system of a
single light beam traveling from S to D after a reflection
on a RIS element, as shown in Fig. 1. There is no direct
link between S and D due to obstructions. The RIS module,
located at the top of a building, serves as a reflector to the
incoming light and ensures that the transmitted light points
to the receiver. To achieve this, the RIS controller can act
on the reflected angle through its phase-shift profile while the
reflective plane is fixed or vice-versa. In this paper, we control
the phase-shift profile and adjust the RIS lateral orientation at
each position of the RIS, as shown in Fig. 2. We assume that
both channel sections, which will be referred to as system sub-
channels, exhibit moderate-to-strong turbulence levels, and
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Fig. 3: Virtual beam divergence at RIS.

that the received signal is affected by pointing errors at the RIS
and D, influenced by sways at S, the RIS, and D. The system
is characterized by the RIS position dependent S-RIS and RIS-
D distances, Ly, , and L, ,, respectively, the beam aperture
diameters at the RIS and D, dj,, and d, p, respectively, the
beam divergences at the RIS and D, 6; and 6, ,, respectively,
as shown in Fig. 3, the beam waists at the RIS and D, W (5 p)
and W, (4. ), respectively, and the incidence angle (central ray)
of the beam at the RIS, ¢y, ,,. At the receiver, the PD is oriented
in such a way to form an angle, ¢,, with the incident light
(central ray). The two sub-channels, 4 and g, are characterized
by their corresponding G-G turbulence atmospheric @ — 8
parameters, ap, p-fnp and ag p-Bg.p, respectively, for the
h and g sub-channels and varying with the RIS position.
Scintillation in the system, reinforced by sways at S, the RIS,
and D, creates pointing errors at the RIS and D, leading to
increased effects of misalignment at the RIS and D [11], [12].
This source of errors is generally represented by the ratio
of equivalent beam radius and pointing error displacement
standard deviation, which at the RIS and D, are evaluated
by &, and &, p, Tespectively, coupled to their corresponding
jitter variances, pp p and pg p, respectively. To characterize
the transmission system, we define the ratios k, = &, ,/én,p
and wp =Ly p/Lg p.

B. Channel Model

Generally, the FSO link is subject to three main signal
impairment factors: attenuation, pointing errors, and atmo-
spheric turbulence. These impairment sources, each in its
way, affect the transmitted optical signal, I, and can be
expressed as I = I;1,,1,, where I}, I,,, and I, represent the
received intensity affected by attenuation, pointing errors, and
atmospheric turbulence, respectively.

1) Attenuation: The path loss, which is considered constant
for a given weather condition and link distance [1], is given
by the Beer-Lambert’s law as I;; = e %L, where §; is
the attenuation factor in the i*” link. The overall attenuation
can be expressed as [;, = Ae~Lnr(9nt9s/@p) The quantity
A includes the aperture area, the divergence angle, the link
distance, and other transmitter and receiver parameters such

Virtual beam footprint (of area A)
Beam footprint (of area A)

RIS aperture

bip = Lnp0d2
bip by = Lip (042) cos(04/2)/cos(@np + 0/2)
A = wbipb hp = AW-iip
W-.tup) = Lip 0r c0s"*(0:/2)12c0s " *(qnp+ 01/ 2)

Fig. 4: Virtual beam footprint at the RIS.

as the concentration and conversion coefficients. For systems
where 6;, = dg, I; , reduces to

L= Ae_Lh'p 5h( ]:r;;p ) ) (1)

2) Pointing Errors: Figure 2 describes the path of the
incoming beam through the RIS module. It is assumed that
only the RIS aperture reflects the light and that the beam
footprint on the RIS surface is bigger than the RIS aperture
surface. The PDF describing pointing errors at the RIS and D,

Jm.(i.p)Um,(i,p))> 1s given by [1, Eq. (3)], [21]

é 2
Lp I'fi,p
&, m,(i,p)’
o

S i, p) U, i p)) = 0 < I i,p) < Ao(i,p), (@)

where i € {h, g}, & is the ratio of equivalent beam radius to
pointing displacement standard deviation at the RIS and D,
Ao ip) = [erf(V(l-’p))]2 [1], with erf(-) as the error function
at the RIS and D, and v(; ») = diVa/V2W, i ) [22], [23].
Here, d; and W, (; p,) are the radius of the receiver aperture
and the beam waist, respectively [1], [21]. By definition,
the ratio between the equivalent beam radius to the pointing
displacement standard deviation at the RIS and D is given by
[22]-[24]

Weg, (i.p)

f(l’ p) = )
2p(i.p)

3)

where p(; ) is the jitter variance at the RIS and D, and
Weq.(i,p) 1 defined by [22], [23]

z,(i,p

VV2 )x/Ferf(v(i,,,))

Weq,(i,p) = 4

2v,~e_v<2isp>
where W (; ) is the beam waist at the RIS/D and d; is the
RIS and receiver aperture.

« Beam waist at the RIS

As shown in Fig. 4, the beam footprint on the RIS surface
is not circular, but ellipsoidal with two main radii, by , and
b;l’p, which can be approximated as by , = Lj p6:/2 and
b;:,p = Ly p0;cos(6;/2)/2cos(pn,p + 60;/2). To evaluate the
misalignment at the RIS, we consider about an equivalent
circular virtual footprint with the same area as the ellipsoidal
disk. This leads to a virtual beam waist expressed as W (5, ) =
Lh,,,9t\/cos(9,/2)/2\/cos(<ph,p+9t/2). By substituting this
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bg.p Virtual beam footprint (of area A)
Beam footprint (of area A)
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PD aperture
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bg,p~(Lhp + Lgp)ot/2

b'gp=(Lhp + Lgp)(0t2) cos(0t/2)/cos(pg,p + 0t/2)
A =mbg,pb'gp = aWz,(gp)
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Lh,p

RIS

Fig. 5: Virtual beam footprint at D.

expression of W, (5, ) into the expression of v; , and using
(4), we obtain the equivalent beam waist at the RIS given by

t
T COS 2

Li,p 6 [2c09 7‘

2d}. +7
<w%>exp[ —

v &)

L3

h’pef cos3/? ( )

Weq, (h,p) =

« Beam waist at D

As shown in Fig. 5, the beam footprint at the destination
is also not circular, but an ellipsoidal disk with two main
radii, bg,, and by ,. The receiver perceives the light as if
it was generated at RIS with a divergence 6,5 , = 6;(1+w))
(see Fig. 3). Due to the assumption on small-angle sine,
they can be expressed as by ) (Lg.p + Ln,p)0;/2 and
by p ~ (Lgp + Lnp)(0:/2) cos(0;/2)/cos(pg,p + 0;/2). To
evaluate the misalignment at D, we consider an equivalent
virtual footprint with the same area as the ellipsoidal disk. This
leads to a virtual beam waist expressed as W, (4 py = (Lg p +
Lh,,,)et\/cos(é’,/2)/2\/cos(<pg,p +6,/2). By substituting this
expression of W, (o ) into the expression of v; and utilizing
(4), we obtain the equivalent beam waist at D, and replacing
Oris,p and Lg , by their expressions using Ly , and w,, leads
to

Weq,(g.p) =

2dg ncos(wg,p+7’)

Lnp0 |22 2eo(%) | (6)

8V2d, cos3/2 (gog p+ e )exp [
L2

L3 63 [w”H] cos3/? ( 7 ) erf

2d% ﬂ'COS((/Jg P

R ())l

Let k,, be the ratio of &, ,, to &, ,,. It is expressed as

kp =

3/2
0
On.p d_h (1 +wp)3 COS (Qoh,p + 7) i (7)

Pg.p dg

N —_— RIS

Fig. 6: Geometrical analysis of pointing misalignment at the
RIS and D. SA, SB, AD, and BE are the rays at the center of
the corresponding beam. The bottom-right part of the figure
shows how the RIS’s position can be shifted to optimize
transmission.

where 1 and p are respectively given by

2dg ncos(ngp %)

erf
LhPGI[w ]\/Zcos %
(8)
Ot
7 cos (p;, ,,+7)
Lp,p 0r+|2cos %’
and
d2 u)s(tp ,+€t)
| T e heos(enrtF)
L%’ thm(%) (pr )z d cos|@n,pt—>-
— wp
p=e . 9

To evaluate the ratio pj ,/pg p, We consider the diagram
in Fig. 6, which is a 2-D representation of the consid-
ered reflection system. Considering the triangle SAH, AH
= Ly psin(Ap). Exploiting the triangle AHB, the pointing
displacement at the RIS, Adj, can be evaluated as
Ly, sin(Agp)
cos(Ap +¢np)’
At the destination, the light seems to be generated from S’
(see Fig. 6). From the triangle EFD, EF = (Lj, , + Lo p
FD)tan(A¢). Considering the triangle FDE, we obtain FD =
EFtan(¢p,, ), leading to EF = [(L,, + Lg p)tan(A@)l/[1 +
(tan(Ag) tan(¢g p))]. From the same triangle FDE, we have
Adg = EF/cos(¢g, ). Therefore, the pointing displacement at
the destination, Adg, can be evaluated as

Ly, ( w£ ) tan(Agp)

Adg = cos(@g,p)[1 + tan(Ag) tan(gpg »)] (I

Since the number of rays is the same at the RIS and D, apply-
ing the standard variance theory, p? = ¥,V (x; — 1;)?/(N - 1),
we obtain the ratio pj ,/pg,p as
Php ( wp ) cos?(Ap) [1 + tan(gg, ) tan(Ag) |
Pep \wp+l cos(¢n,p + Ap) ’
Figure 7 depicts the beam waists at the RIS and D versus

h = (10)

12)
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Fig. 7: Bean waist at the RIS and D in terms of incidence
angles and PD orientation for selected values of w,.
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Fig. 8: Ratio of pointing displacement standard deviation at D
and the RIS, k, = &g ,/ép,p, versus w), for selected values of

¢n,p and @g p.

wp for multiple values of the PD orientation, ¢,. It shows
that the beam waist at the RIS increases with w,, while at D,
the beam waist decreases first then increases. However, in all
cases, the beam waist at D is greater than that at the RIS. For
example, at ¢, = 0°, we obtain W, o = 0.115 m, 0.103 m,
0.104 m, 0.106 m, and 0.123 m, and W, ; = 0.011 m, 0.023
m, 0.040 m, 0.052 m, and 0.090 m, respectively corresponding
to P3, P4, Ps, Ps, and P7 (w), = {0.235, 0.540, 1, 1.78, 2.61},
respectively). As Fig. 7 depicts, this pattern is preserved for

= {15°, 30°, 45°, 60°, 75°, 85°}. Figure 8 shows the
factor k), versus w,, at positions P3, P4, Ps, Ps, and P; (w), =
{0.235, 0.540, 1, 1.78, 2.61}). As expected, it clearly shows
that values obtained for ¢, = 0 are always lower than those
obtained for ¢, > 0°. For example, at P3 (w, = 0.235), k,, =
5.25, 5.44, 6.07, 7.43, 10.52, 20.38, and 61.22 for ¢, = 0°,
159, 30°, 45°, 60°, 75°, and 85, respectively. As it can also
be seen in Fig. 8, these values of k, decrease as w), increases,
and indicates how much scintillation disturbs the transmitted

signal at D when compared to the disturbance at the RIS for
a chosen position of the RIS module and ¢,.

3) Atmospheric Turbulence: In general, the G-G distribu-
tion is used to model channels characterized by moderated-
to-strong turbulence levels. Its PDF is given for both sub-
channels, S-RIS and RIS-D, by [20]

2(C¥zﬁl)
Itl i
I(a)T(B:)
where K;(-) is the j'"-order modified Bessel function of
second klnd The values of a; and S; can be calculated using

the Rytov variance, 0' =0. 492C27]6L [24], which depends
on their altitude- dependent index, Cl2 which is characterized
by the transmission environment, the angular wavenumber,

iy

Fros (i) = Kar-pi (2V@ibilai) . (13)

= 27”, and the transmission distance, L;. a; and f; are
respectively given by [25]
1-1
0.490'1.2
a; = |exp 776 =1 ., (14
(1+0.18x} +0.565,")
and
5/6 17!
0.5102 (1 +0.690 12/5)
Bi = |exp s 576 -1 s (15)
(14095 +0.625,*")
where x; = ,/ndiz /L; and d; the aperture radius.

Rytov Variances, o, and o,: The Rytov variance, which
represents the scintillation index of a plane wave in space, is
the measure of turbulence power over an optical FSO channel.
It is readily demonstrated that the Rytov variance over the

RIS-D link, o2, is given by
C? 11
2 _8 2 ?
o5 = 16
¢~ e (16)

where C; and C; are respectively the altitude-dependent
indices over the RIS-D and S-RIS links, and 0'5 is the Rytov
variance over the S-RIS link. Finally, the G-G turbulence pa-
rameters, ag, B¢, ap, and B, can be evaluated using Eq. (14),

d
Eq. (15), x5 = ,/ndi/Lh, and xg =xhd—i\/wp.

III. PERFORMANCE ANALYSIS

In this section, we derive unified closed-form expressions
for the PDF, CDF, and MGF of the end-to-end SNR.

A. End-to-End Signal-to-Noise Ratio (SNR)

We assume that the RIS module plays only a reflective
function and does not allow light through. We also assume
perfect knowledge of the channel phases at the RIS and
destination. The detected signal can be expressed as r =
VE;(h,8e’Yrg,)u + n, where Es is the symbol energy, &,
and g, are respectively the S-RIS and RIS-D complex channel
vectors, de/¥r characterizes the RIS element at the position
p with § being its amplitude reflection coefficient and i,
its induced phase [5], [26]. u and r are the transmitted and
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received symbols, respectively, and n is the additive noise at
the destination. Note that for the considered RIS structure, the
phase-shift profile and matrix given in [12] can be exploited
to evaluate ,, for a fixed orientation of the RIS plane. For
any RIS location, the main goal is to adjust the RIS plane
orientation such that the reflected light points to the PD’s
surface and optimizes signal reception at D, which can be
achieved through the end-to-end SNR maximization. The SNR
is defined by y = 7|hp66f‘”!’g,,|2, where y = E /Ny represents
the end-to-end average SNR, Ny is the noise power spectral
density at D, and ¢, is a function of the RIS phase-shift
matrix.

B. PDF of the End-to-End SNR

At each location of the RIS, the overall system’s gain is
given by h,de/Yrg,, where the quantity de/¥» is determin-
istic in contrast to h, and g,, which are random variables.
Thus, the SNR’s PDF, f, (y), which can be calculated from
the SNRs, ¥, and vy, can be evaluated as [27, Eq. (5)]

K= [ 0 () a7
where f,, (-) and fy, (-) are respectively the PDFs of the S-RIS
and RIS-D sub-channel’s SNRs, v, and .. With the assump-
tion of a constant weather condition over the environment, both
parts of the channel can be modeled by a combined distribution
including pointing errors and turbulence levels [1, Eq. (10)].
The two sub-channels being characterized by ay,, Bj, and &,
for the S-RIS link, and ay, B¢, and &, for the S-RIS link, their
PDF can be expressed as [1, Eq. (10)]

Mi Vi % .2+1
fur) = 2263 Qi(y—i) %al_,ﬁi . a8
where i € {h,g}, M; = & /al[a;T[Bi], Qi = Eraifi/(£7 +

1), a € {1, 2} indicates whether the transmission utilizes the
heterodyne (HD) (a = 1) or the intensity modulation/direct

detection (IM/DD) (a = 2) techniques [1], and G "[ | b, ]
the Meijer-G function. We sequentially substitute y; by t and
X in (18), and obtain fy, (r) and f,, (¥) respectively as

t

3.0 §h+1
fut) = M Qh(yh) N B E
and
Myt G §2+1
Fely)==5 ng(ygt) Sanpl @

where ¥, and y,, are average values of the SNRs y;, and v,
respectively. In (20), the variable ¢ appears at the denominator.
To obtain a Meijer-G function with a numerator-based variable
t, we apply the reflection property of the Meijer-G function,

given by [28]
1-By
1-4,|"

m,n A
GP,

; qu] Gg’g[- @

to (20) and obtain

Mgt 03| 1 Vgii
fn() 7G31 Q_(g(7) ta
(22)

To get the end-to-end SNR’s PDF, f, (), we substitute Egs.
(19) and (22) into (17), which leads to

1
“1 30 t\e
-G7; |On (_—)
o ¢t 13 [ Yh

1 (Y —-&1-a
% G0,3 - (_g) ' ga g’
3.1 Qg Y f;

1—§§,1—(§g,1—ﬁg
—fg

&+1

fY(Y) = é‘:;zlaah’ﬁh

Applying the change of variable X = ta =t =
dr = aX? 'dX, we obtain

aM;M, (=1 onX
fn = [T 6 |2
y 0 ’ A a
Vh
_ 1
1 (Yg\* |1
g (5]
’ Qg Y
With the help of [29, Eq. (07.34.21.0011.01)], we evaluate the

integral in (24), apply the identity in (21), and obtain the exact
unified PDF of end-to-end SNR, f,(y), as

1
')’eq )

C. CDF of the End-to-End SNR

The CDF of the end-to-end SNR, F, (y), can be calculated
as F,(y) = fooo fy(y)dy. Substituting the expression of f, (y)
Eq. (25), and permuting the variables vy, x, and co, we obtain

&+1
&, an, Bn

24

—& 1= -

Sl ~ 3o 1 =Fel yx.
-&3

E+1,8+1
é:és agsﬁg’ é‘:haahsﬂh ’
(25)

ahg

fy(y) = G0 |00y

where Yeq = ¥ Vp-

71
Fy(y):aMhMg/ -
0
1
E+1,6+1 .
é‘:g,a/(g ﬂg fhvah ﬂh
(26)

x Gy Qth( )
)/eq

With the help of [29, Eq. (07.34.21.0084.01)], we evaluate the
integral in (26), to get the closed-form expression of F, (y) as

6a,l 1, Al

Fy (v) = G2a+1 6a+1 [Qeq ( ) Az, 0 27)

— MllMga(lh+(Zg+Bll+Bg_2 (Qlng) — §]%+]

where Meq = 20D s Qeq = —qa—> A1 = 24—,

a3+ E24a . &2

cowy =, == .., “£— with 2a terms, and Ay = =¥, ...,

£2+a-1  aq agta-1 B Beta-1 &2 &2+a-1

O L g g e g g e o
ap ap+a—-1 B Pr+a—1

T a o ar T oa with 6a terms.
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D. Moment Generating Function (MGF)

The MGF, ©, (s), is readily calculated from the CDF as [1,
Eq. (15)]

2, =5 [ exp(-ro)F, . (8)
Substituting (27) into (28), we obtain
® 6a,1 1A
Qy(s) = eqs‘/o ¢ G bart [QCQ( ) Az,0 dy.
(29)

Using [30, Eq. (7.813.1)], we evaluate the integral in (29) and
obtain the closed-form and unified expression of the MGF as

Qeq
‘y N

0,1,A
Ay, 0

Q, (5) = MegGS? (30)

2a+2,6a+1

IV. APPLICATIONS

In this section, we analyze the performance of the proposed
RIS-aided T-FSO system in terms of the OP, P,,;, ergodic
channel capacity, E, and average BER, Fb, for selected binary
schemes, considering multiple RIS positions (wj), and PD
orientation (¢g ), and the ratio k.

A. Outage Probability

Outage occurs when the end-to-end SNR, v, falls below a
threshold value, y,, = e*R~!, predefined for a specific quality-
of-service, R being the transmission rate. This implies that
under such conditions, the system does not reach the specific
rate R. The OP, P,,;, which defines this failure, can be readily
calculated from (27) by finding F,, (y:).

B. Ergodic Channel Capacity

In the proposed system, the channel state information is not
available at the transmitter, and data is transmitted without
instantaneous feedback, which reduces the system capacity
[1]. The transmitted symbol is long enough so that data
is encoded over all the possible channel fading states, and
the atmospheric turbulence. In T-FSO, this channel is slow-
fading and remains constant over the symbol transmission.
The atmospheric turbulence is combined with the effects of
pointing errors and make the signal fluctuate at a very high
rate [1]. Thus, the overall channel statistical properties can
be evaluated during the transmission of a single symbol.
Therefore, the ergodic channel analysis can be realized [1],
[31]. The ergodic channel capacity, C, is given by

1
In(2) D

where y = 1 for HD and y = 5= for IM/DD [1]. Exploiting
the Meijer’s G-function representation of In(1 + x) [29, Eq.
(07.34.03.0456.01)] and substituting (25) in (31), C becomes

— aMyMg 21 5] i
= b ¥ o
E+1,62+1

60 ‘
G Qth (,)/eq) fg,ag,ﬁg,fh,ah [)’h d

/0 In(1+ xy) f,(y)dy,

(32)

With the help of [29, Eq. (07.34.21.0013.01)], we evaluate the
integral in (32) and obtain a closed-form unified expression of

C as
— M

_ Qeq
€= In(2)

X7Veq

0,1,A1
A2,0,0

6a+2,1
2a+2,6a+2

(33)

C. Average Bit Error Rate (BER) for Selected Binary Schemes

In data transmission, the BER is a classical metric used
to evaluate the system performance. Considering that in the
proposed system, binary schemes are used to modulate the data
before transmission, the average BER, E,, can be evaluated
using [32, Eq. (13)]

P, = (34)

e 9YyP IR dy,
) /0 yPTEy(yv)dy

where the pair (p, g) defines the binary modulation schemes
[1]. The values of p and g for selected modulation schemes,
namely, CBFSK, NBFSK, CBPSK, and DBPSK, are respec-
tively given by the pairs (0.5, 0.5), (1, 0.5), (0.5, 1), and (1,
1). Substituting (27) into (34) leads to

G’ Meq [© e 641

2I(p) Jo '~ PG2a+l 6a+1 [Qeq( )
(35)

Using [30, Eq. (7.813.1)], the integral in (35) can be evaluated
to obtain a closed-form unified expression of the average BER,
Py, as

1A
Ay, 0

Py, = dy.

My

_ Qeq
o =5

‘I7eq

l_pal,Al
Ay, 0

6a,2

2a+2,6a+1 (36)

D. Diversity Order and Coding Gain

The diversity order defines the increase in SNR due to
some diversity schemes. Practically, it determines the slope
of the P, = f(y) curve. On the other hand, the coding
gain is the difference between the SNR levels for coded
and un-coded systems, required to reach the same Py. At
hlgh SNR, the average BER, Pj,, can be approximated as

= (G.y)~99 [33]. We use the Meijer-G function expansion
[29, Eq. (07.34.06.0017.01)], associated with the unity of
limy_o Fgle; f;x] [1], [34], to find the unified asymptotic
expression of Fb, as

Q7eq —(A2,k)
bzn>zk(1“[&J -
where £(i, j, k) is expressed as
' A I'(A2; — A
£ 1K) = ( 2k+P) [15214 T (A2, 2,k)’ a8)

2k T2 T (Ar; — Aok

where Al,i = Al,l; A1’2, e A1’2a+2 with 2a +2 terms, Ag’j =
Az,l VAVY TN Az’éa with 6a terms, and A x = Ay g, Az,z, ey
A 64 With 6a terms. By comparing (37) to Py = (G.y)~9¢,
we obtain the unified expressions of the diversity order and

2
the coding gain as G4 = min (i—”, %, %, %, %, % and
-1
Ak
' E@,J, k , (39)
Ge Qeq Z )
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TABLE I: System parameters.

ys =0.25km, ¢ =8.1°, Lgp = 1 km, xg =9.98km, &, = .1, C; =CZ =2x 10" m™273,
A=10° nm, dj, = 1 mm, dg =3 mm, 6; = 0.175 mrd, Ap = 1 mrd, and A = 1000 nm

Positions Pl Pz P3 P4 P5 (Lh B Lg) Pﬁ P7 Pg PL)
xp (km) —0.66 -0.33 0 0.33 0.54 0.66 0.99 1.32 1.65
Pn,p —69.25¢ -52.85¢ 0° 52.85¢ 65.18¢ 69.25¢ 75.83° 79.28° 81.38¢
Pg.p 76.67° 73.50° 68.45° 59.36° 41.02¢° 40.17¢ 0° —40.17° -59.36°
Ly, p (km) 0.71 0.41 0.25 0.41 0.60 0.71 1.02 1.34 1.67
Lg,p (km) 1.70 1.38 1.06 0.77 0.60 0.51 0.39 0.51 0.77
wp 0.42 0.30 0.24 0.54 1.00 1.38 2.61 2.63 2.18
an,p 2.49 4.59 10.26 4.59 291 2.49 2.09 2.09 2.24
Ph.p 3.90 5.31 10.55 5.31 4.04 3.90 4.49 5.89 7.84
ag.p 7.83 35.37 139.41 12.48 2.92 2.11 291 3.54 3.62
Bg.p 8.27 34.65 135.25 12.74 4.08 4.37 16.48 26.70 28.07
Pg = 0°
kp 3.40 4.32 5.25 2.86 2.00 1.73 1.39 1.38 1.46
Ea.p 3.74 4.75 5.78 3.14 2.20 1.90 1.52 1.52 1.61
@g = 15°
kp 3.52 4.48 5.44 2.96 2.07 1.79 1.44 1.43 1.52
Eo.p 3.87 4.92 5.98 3.25 2.28 1.97 1.58 1.58 1.67
Qg = 30°
kp 3.93 4.99 6.07 3.30 2.31 2.00 1.60 1.60 1.69
&g.p 4.32 5.49 6.67 3.63 2.55 2.20 1.76 1.76 1.86
@g = 45°
kp 4.81 6.12 7.43 4.04 2.84 2.45 1.96 1.96 2.07
&a.p 5.29 6.73 8.18 4.45 3.12 2.69 2.16 2.16 2.28
pg = 60
kp 6.81 8.66 10.52 5.72 4.01 3.46 2.78 2.78 2.94
&a.p 7.49 9.53 11.57 6.30 4.42 3.81 3.06 3.05 3.23
@g =15°
kp 13.20 16.78 20.38 11.09 7.78 6.71 5.38 5.38 5.69
Eg.p 14.52 18.46 2242 12.20 8.56 7.38 5.92 5.92 6.26
@g =85
kp 39.65 50.42 61.22 33.30 23.36 20.15 16.17 16.16 17.09
Eo.p 43.62 55.46 67.34 36.63 25.70 22.17 17.79 17.78 18.80
respectively. positions of the RIS module, and ¢, = 0°. F,(y;1) is also
plotted against selected values of ¢, for two positions of
V. RESULTS the RIS module, and finally, F,(y;) is plotted versus w,

We consider a T-FSO transmission environment in which D
is situated at Lgp = 1 km from S. We analyze the proposed
system for 9 different positions of the RIS module, P; to Po,
as shown in Fig. 2. The corresponding coordinates are (-0.66,
0), (-0.33, 0), (0, 0), (0.33, 0), (0.54, 0), (0.66, 0), (0.99, 0),
(1.32, 0), (1.65, 0) (in km), respectively. The corresponding
incidence angles and S-RIS link lengths are ¢ , = {-69.25°,
-52.85°, 09, 52.859, 65.18, 69.25°, 75.83°, 79.28°, 8§1.38°},
Lnp, =1{0.71, 041, 0.25, 0.41, 0.60, 0.71, 1.02, 1.34, 1.67},
respectively as given in Table I. This table also shows the RIS-
D distances, Ly, ,, and ratios, w), related to the 9 positions
of the RIS module. A combination of these values lead to &,
also given in Table I for selected PD’s orientations, ¢, ,. The
chosen positions of S (0, 0.250) and D (0.99, 0.391), combined
with the misalignment coefficients, &, , = 1.1, and the sub-
channels refractive structures and indices C; = C3 =2x 107"
m~2/3, are exploited to calculate the atmospheric turbulence
parameters, @y, p, Qg p, Bh,p, and B p, and the misalignment
coefficients &, ,,. These parameters and coefficients vary with
the RIS position and PD orientation, as given in Table 1.

In this performance analysis of RIS-based T-FSO systems,
we consider the most used system performance evaluations
metrics, which are the OP, P,,;, channel capacity, C, and error
probability, P;,. We exploit the channel and system parameters
given in Table I to plot F,(y.s) against Yeq/y:n for the 9

for ¢, = 0°. On the other hand, the channel capacity, C,
and error probability, P, are given against Yeq and w,, for
the same selected system’s parameters. Finally, we discuss
the asymptotic behavior of the BER curves to highlight the
diversity order.

The two system’s sub-channels refractive structure and
indices, C,zl and C§, which may be similar or different, remain
constant during the transmission of one symbol. Their values
define how moderate or strong is the atmospheric turbulence
over the sub-channels. For such scenarios, their values range
from 107 to 107, where 107 represents the strongest
turbulence levels [35]. We consider that Ci = C; =2 x10713
m~2/3,

Using Egs. (14), (15), and the analysis provided in Section
II, we obtain the values of @y, p, B, p, En,p» Xg.p» Be,p> Eg.p>
and k,, corresponding to positions P, P, P3, P4, Ps, Pg,
P7, Pg, and Po, ¢, = 07, 159, 30°, 45°, 607, 75°, and 85°,
which are given in Table I. These values are calculated for the
RIS and receiver apertures of dj = 3 mm and d, = 1 mm,
respectively, and a wavelength, 4 = 1000 nm.

First, we analyze the OP, P,,;, then the average channel
capacity, C, and the average BER, P;, with fixed effect of
the pointing error, &, = 1.1. Figures 9, 10, and 11 depict
the OP against the normalized electrical SNR and ratio w,.
Figure 9 describes the probability of failure of the RIS-aided
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Fig. 9: Outage probability, P,,,, versus 7eq/y,h for several
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Fig. 10: Outage probability, P,,;, versus w, for ¢, = 09,
Yeq/Yen =30 dB, 40 dB, a = {1, 2}, and &5, = 1.1.

T-FSO system in terms of the RIS position (w,) for both
the HD and IM/DD techniques, while Fig. 11 focuses on
the impact of w,, and Fig. 10 highlights the impact of ¢, ,.
Similarly, Fig. 12 shows the channel capacity in terms of the
different RIS positions for the HD and IM/DD techniques,
while Figs. 14 and 10 respectively give the channel capacity
against ¥, showing the impact of the RIS position and the PD
orientation. Figures 16 and 18 depict BER results for DBPSK
versus Y., for selected positions of the RIS module (Fig. 16),
and w), (Fig. 18). Lastly, Figs. 19 and 19 respectively compare
the selected schemes for several values of ¢, ,, and selected
binary schemes. To validate the accuracy of our derivations,
both numerical and simulated results are presented.
Considering the proposed model in Fig. 2, we analysis P,
C, and P, taking into account the 3 portions of the figure: (i)
{P1, P2, P3}, (if) {P3, P4, Ps, Ps, P7}, and (iii) {P7, Pg, Po}.

« Outage Probability

0
10 = ‘ ‘ ‘
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3 L T 7w, = 0.24

& 102t 2 ]
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Fig. 11: Outage probability, Poy;, versus ye,/v:n for ¢ = {07,
152, 30°, 452, 60°, 75°}, P3 and Ps, a = {1, 2}, and &, ), =
1.1.

(1)-{Py, Py, P3}. Figure 9 shows that as one moves from P;
to Py, the probability of failure of the system increases for
both HD and IM/DD techniques. This result is confirmed by
Fig. 10, where P,y is given versus w), for y,/y:» 30 dB and
40 dB, for both HD and IM/DD techniques. We can see that
Py is lower at P3 (w, = 0.24), while P, and Py respectively
exhibit higher probabilities of failure.

(i)-{P3, P4, Ps, Pg, P7}. As we move the RIS module from P;
to P7, we can observe from Figs. 9 and 10 that P,,, increases
and the worse case corresponds to P (w, = 1.38). Note that
this P,,; variation is not monotonic as from Pg, P,,; starts
decreasing again and the system exhibits a better P,,; at P;
when compared to Pg. However, the P,,; result at P; remains
higher compared to that obtained at P3.

Figure 9 depicts P,,; versus VCq /v:n for several PD’s
positions, ¢, , = {07, 152, 30°, 45°, 60°, 75°}, considering
two positions of the RIS, P3 (¢p,p, = 0°-w, = 0.24) and Pg
(¢n,p = 69.25°-w, = 1.38). This is performed assuming that
the receiver’s field-of-view can accommodate these different
positions. It can be observed, as predicted, that P,,, is lower
for ¢g , = 09, and corresponds to the position where the
incoming light ray forms a 90° with the PD’s surface. These
results also show that a pattern is preserved between HD and
IM/DD techniques.

(iii)-{P7, Pg, Pg}. We observe in Figs. 9 and 10 that from P;
(wp = 2.61), P,y decreases and exhibits the lowest value at
Py for the proposed model.

« Channel Capacity
()-{P1, P, P3}. As in the case of P,,;, Fig. 12 shows that
as one moves from Pz to Pj, the system’s average channel
capacity decreases for both HD and IM/DD techniques. This
result is confirmed by Fig. 13, where C is given versus w p for
Yeq = 30 dB and 40 dB, for both HD and IM/DD techniques.
The system shows a higher channel capacity at P; (w, = 0.24),
while P, and P; respectively exhibit lower values.

(ii)-{P3, P4, Ps, Pg, P7}. When the RIS module is located
between P3; and P7, we can see from Figs. 12 and 13 that
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Fig. 13: Ergodic channel capacity, C, versus w p for ¢a =07,
Yeq =30 dB, 40 dB, a = {1, 2}, and &, = 1.1.

the average channel capacity decreases and the lowest value
is obtained at Pg (w, = 1.38). Also as the in case of the OP,
this variation of C is not monotonic as it tends to increase
again from Pg, reaching a higher value at P;. Nevertheless,
its value at P; remains lower compared with the value at Ps3.
Figure 14 gives the channel capacity versus ., for several
PD’s positions, ¢, , = {0°, 152, 307, 45°, 60°, 75°}, consid-
ering two positions of the RIS, P3 (¢4 p = 0°-w, = 0.24) and
Ps (¢n.p = 69.25%-w, = 1.38). It can be observed that C is
higher for ¢, , = 0°, and it can also be seen that a pattern is
preserved between HD and IM/DD techniques.
(i#ii)-{P7, Pg, Pg}. We can see in Figs. 12 and 13 that from P
(wp =2.61), C increases and exhibits the highest value at Py.
The top and bottom parts of Fig. 15 respectively depict
analytical and simulation results of the OP, P,,;, versus
Yeq!Ven and the ergodic channel capacity, C, versus Yeg» at P3,
a={1,2},and &, , = 1.1. These results validate our derivation
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Fig. 14: Ergodic channel capacity, C, versus Yeq for g = {07,
152, 309, 45°, 60, 75°}, P3 and Ps, a = {1, 2}, and &, =
1.1.
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Fig. 15: Outage probability (analytical and simulation results),
Pout, versus Yeq/ven and Ergodic channel capacity (analytical
and simulation results), a versus 7eq, at P3, a = {1, 2}, and
Enp = 1.1,

of the expressions of OP and ergodic channel capacity.
« Bit Error Rate (BER)

()-{Py, Py, P3}. The patterns observed for the OP and aver-
age channel capacity are preserved for the BER. Figure 16
confirms that considering P;, P,, and P3, the system performs
better at P3 for both HD and IM/DD techniques. This pattern is
also depicted in Fig. 17, where P}, is given in terms of w p for
7eq = 30 dB and 40 dB, for both HD and IM/DD techniques.
The system shows a lower probability of error at P3 (w, =
0.24), and the highest at P;.

(ii)-{P3, P4, Ps, Ps, P7}. Between P3; and P7, Figs. 16 and
17 show that the worse performance of the proposed system
is obtained at Ps (w, = 1.38). Even though the system
performance gets better as we move from Pg to P;, P3 still
exhibits the best system performance.
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In Fig. 18, we show ﬁb versus 7eq for several PD’s
positions, ¢, , = {07, 152, 30°, 45, 60°, 75°}, considering
two RIS positions, P3 (¢, p, = 0°-w, = 0.24) and Pg (¢, =
69.25%-w, = 1.38). We observe that P}, is lower for ¢, , =
0. It can also be seen that a pattern is preserved between HD
and IM/DD techniques, considering P3 and Pg.

(iii)-{P7, Pg, Po}. Beyond P; (w, = 2.61), we can see in
Figs. 16 and 17 that P}, decreases and exhibits its lowest value
at Po.

Finally, Fig. 19, obtained at P4 (¢p,, = 52.85%-w), = 0.54),
for (p, q) = (1, 1), (1, 0.5), (0.5, 0.5), and (0.5, 1), illustrates
the asymptotic BER curves for selected schemes. The diversity
gains are illustrated by their negative slopes. It can also be seen
that simulation results match the analytical ones, confirming
the accuracy of our derivation.

o Summary

The metrics used to evaluate the proposed system, which are
the OP, the channel capacity, and the BER, reveal that the
system performs better when the RIS module is closer to S;
this corresponds to the lowest value of wp, 0.24 in our case.
These three metrics also show that beyond P;, the system
performance worsens. On the contrary, beyond Py, they show
that the system is likely to offer a good performance. However,
this is not attractive for the following reasons: (i) Increasing
Ly, p also increases Ly p, leading to a higher transmit power
to overcome channel attenuation and losses for the same
performance as that obtained at P3; (ii) Knowing that S and
D are fixed points, considering the type and application of
this system, which are respectively point-to-point and access
network, it is not meaningful to go beyond points P; and Po;
and (iii) at large values of Ly, ;, and Lg ,, we obtain w, = 1
leading to a performance close to that of Ps.

VI. CONCLUSION

This paper has presented unified and Meijer-G function-
based closed-form expressions for the PDF, CDF, and MGF
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of a single-element RIS-based T-FSO link operating over G-G
turbulence and pointing errors, considering several positions
of the RIS module and the distance ratio, w,. The beam waist
and pointing displacement at the RIS and D are evaluated
and used to investigate the system performance through the
OP, ergodic channel capacity, and average BER in terms of
the distance ratio, w,. The unified diversity order and coding
gain for the proposed RIS-based T-FSO system have also been
derived. It has been shown, through numerical results validated
by simulation, that RIS-assisted T-FSO systems perform better
when the RIS is closer to the transmitter.
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