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Free-space optical (FSO) communication can provide the cost-efficient,
secure, high data-rate communication links required for applications. For
example, it provides broadband internet access and backhauling for the
fifth-generation (5G) and the sixth-generation (6G) communication
networks. However, previous solutions to deal with signal loss caused by
obstructions and atmospheric turbulence. In these solutions, reconfigurable
intelligent surfaces (RISs) are considered hardware technology to improve
the performance of optical wireless communication systems. This study
investigates the pointing error effects for RIS-aided FSO links under
atmospheric turbulence channels. We analyze the performance of RIS-aided
FSO links influenced by pointing errors, atmospheric attenuation, and
turbulence for the subcarrier quadrature amplitude modulation (SC-QAM)
technique. Atmospheric turbulence is modeled using log-normal distribution
for weak atmospheric turbulence. Several numerical outcomes obtained for
different transmitter beam waist radius and pointing error displacement
standard deviation are shown to quantitatively illustrate the average symbol
error rate (ASER).
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1. INTRODUCTION

Free-space optical (FSO) communication is considered a nominee to help the high-speed connection
necessities of 5G [1]. FSO systems are encouraged by their benefits compared to their radio frequency (RF)
counterparts. The benefits of FSO systems are higher channel capacity, larger bandwidth, cost-effectiveness,
unlicensed spectrum, and highly secured. Besides, both system design and setup are also uncomplicated
[1]-[5]. Nevertheless, there are challenges when FSO transmits through the atmosphere, such as signal
fading, attenuation, pointing errors, and signal obstruction [2]. We endeavor to crack the obstruction situation
for FSO systems influenced by weak turbulence without pointing errors utilizing reconfigurable intelligent
surfaces (RISs). RIS are electromagnetic devices with electronically controllable characteristics. They are
able to refract, reflect, extinct, phase, and polarity.

Nowadays, using optical relay nodes is one useful resolution to solve the obstruction problem. The
relay nodes are not cheap because of additional hardware deployment. RIS has proved their efficiency in
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performance improvement for non-line-of-sight wireless systems. The RIS module is a planar array of
multiple mirrors used to guide the incoming signal toward a targeted area and reconfigure the transmission
channel [6]-[15]. It benefits wireless networks over other technologies, such as relay systems. Besides, RIS
saves power and is made of electronically controllable elements. The benefits attract the interest of scientists
[16]-[26].

Therefore, this study suggests a method for the execution of pointing error effects for RIS-aided
FSO links under atmospheric turbulence. We theoretically analyzed the average symbol error rate
signal-to-noise ratio (SNR) of RIS-assisted FSO links over log-normal turbulence channels. The paper’s rest
is organized as follows. Section 2 describes the system descriptions and channel model. Section 3 presents
the average symbol error rate (ASER). Section 4 presents results and discussions. We conclude the study in
section 5.

2. SYSTEM AND CHANNEL MODELS
2.1. System model

Figure 1 presents our study problem. S is the signal source node, and D is the destination node. The
signal from S is reflected on a RIS, then goes to D. Node S does not link directly to node D due to
obstructions. The RIS module is placed at a suitable place and acts as a reflector. There are no obstructions
that block transmitted light to the receiver. Assuming that the transmitted and reflected channels exhibit weak
turbulence, the light passion over them undergoes the same attenuation grade. Besides, assuming that there is
no pointing error.
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Figure 1. A model of RIS-aided FSO system

This study considers the factors characterizing an FSO channel. It comprises link loss, and pointing
errors, atmospheric turbulence. Three major signal impairment elements of the FSO link are atmospheric
turbulence (ha), pointing errors (hp), and attenuation (hy).

h=h Xhgxh, 1
Atmosphere-induced turbulence is described by distribution models. In their study, Ai et al. [18]

introduced the probability density function (pdf) of the irradiance intensity in the weak turbulent. For the
weak turbulence, it is considered ha, as a spontaneous process with a log-normal distribution.

1 _ [in(he)+0503]?
fralhe) = menp (- nerpeil) 2

where g is the scintillation index, and is defined at [15] as o5 = exp(w; + w,) + 1; where
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In these equations, d = \/kD? /4L where k = 21t/A is the optical wave number, 2 is the wavelength, L is the
link distance, and D is the radius of a circular receiving aperture, and o, is the Rytov variance, and assuming
spherical wave propagation. The Rytov is defined as, o7 = 0.492C2k7/°L*'/® where C? is the refractive-
index structure parameter, which is weather depended. The atmospheric attenuation is given by (5):

h, = exp(—oiL,) ®)
where g, is the attenuation coefficient.

The propagation distance L, is the link distance. The attenuation coefficient g; with the value of
0;(dB) [dB/km] is given by (6):

o, = 3.91 (}L[nm])_q (6)

~ vIkm] \ 550

where V is the visibility and q is the scattering particles’ size distribution. g is computed by using Kim
model, i.e.,

1.6 vV >50
!1.3 6 <V <50

q=4016V+034 1<V <6 (7
lv—-05 05<V<1
Lo V<05

The value of V is according to weather conditions. In [15], the PDF of X, is shown as (8).

2 2_
fiy Uhp) = A%hf, L, 0<h, <A, ®)
0

In which 4, = [erf(v)]?: collected power’s fraction at radial distance 0, v = v/rr/(v/2w,), r: aperture radius
at the distance z, w, beam waist at the distance z. Equivalent beam radius is calculated by [15]:

Wzeq = O)Z(\/Eerf( 17)/217 X exp( — 172))1/2 (9)

where w, = w,[1 + e(AL/mw?3)?]*/? with w, is the transmitter beam waist radius at z = 0, £ = (1 + 2w?)/
pé and p, = (0.55C2k?L)~3/5 is the coherence length.

2.2. End-to-end signal-to-noise ratio
In this section, we assume that the RIS module has a reflective function without light through.

Besides, assume the channel phases’ perfect knowledge at RIS and destination. The detected signal is
expressed as (10).

y = JEs(hmelig)x + n (10)

Where E is the symbol energy, 4 and g are respectively the S-RIS and RIS-D complex channel vectors
[14], [19].

y = 7|huei®g|* (11)

Where y = % represents the average SNR in both S-RIS and RIS-D sub-channels, and N, is the noise power
0
spectral density at D.
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2.3. PDF of the end-to-end SNR
The PDF of SNR’s system, f,(y), is computed from the SNRs, y,, and y,. The gain of system is

given by hue’® g, where the quantity pe’® is deterministic in contrast to /# and g. They are random variables.
The PDF of SNR’s system, £, (y), is evaluated as [20].

5,0 = [ £, 0, (0)2dt (12)

where f,, (+) is the PDFs of the S-RIS, and fyg(-) is the RIS-D sub-channel’s SNRs. Assuming that similar

weather conditions over both parts of the channel. A combined distribution, including turbulence levels,
pointing errors, and atmospheric attenuation model them. The PDF, f,. (v;) is expressed as (13).

&, G in|——|+a
52 .y( 2) 1 i b (Xl A%Vl)
fri(ro) = PYRGE z ze X erfc e, (13)
14

where i € {h,g},a = 0.507 + c?&%and b = (c7&2(1 + £2))/2. We sequentially substitute y; by t and
(13), and obtain f,, (¢) and fyg (%) respectively as (14) (15).

&2 _ L H—
g2 (P @ (XZAZV )]
fy”( )= 2(x140)87 & \/_ﬁeb x erfe V2o - 0 (14)
7,2
£2 Lol —Y |+
g2 (*)-1 1 @ in (xZagy t] a
_ 1 b o¥gt
f)/g(t) 2(X140 )52 52 62 R \/ﬁe X erfC ‘/—0'1 () (15)

In (14) and (15), 7, and y, are average values of the SNRs y,, and y,, respectively. We substitute (14) and
(15) in to (12), the pdf of SNR, £, (y), is evaluated as (16).

2, PRy
SR S A WP O SN B Sl (6778
fy(]’) - 4’(XA )54 fzn_e X €ric \/io'
1o (]Zg];h)T 0 !
(%)ln 7()(2;;_ t)]+a 1
x erfc ji—a"lyg(); ) (16)

With the help of approximate formula, erfc(z,)erfc(z,) =~ exp{—c,(z; + z,) — ¢, (2% + z%)}, we solve the
integral in (16), and obtain the exact unified PDF of end-to-end SNR. The exact unified PDF of end-to-end
SNR, f, (), as (17):

f, ()=

——e®” xexp

£ RS Iny . { C1(ZaJrO.SIn[;//(X,“Aj‘?h;?g)]]_

AXA) Tz w V2o, (17)
4a2+|n[y/(x|4pg‘7h79)](1+2a) 2a+0 5In[ /(X! A7.7,) ]
— CZ 3
2O-I '\/_O-|
where ¢;=1.095008, ¢,=0.756511.
3. AVERAGE SYMBOL ERROR RATE CALCULATION
The ASER of FSO systems applying SC-QAM is generally presented as (18) [18].
= [y R,y (18)
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where P, (y) is the conditional error probability (CEP). The CEP is described as (19).

P.(y) = 1—[1-2qM)QUADVYI[1 — 2a(Mp)Q(AgvY)] (19)

In which 4; = \/6/((M,2 -1 +r2(MZ—-1)), Ay = J6r2/((Mf -1 +r2(MZ—-1)), q(x) =1-1/x,

Q(x) = 0.5erfc(x/V2), 1 = do/d,;.

We assume that SISO sub-channel turbulence processes are independent, uncorrelated, identically
distributed, PDF f,(y) can be decreased to a product of the first-order PDF of each element. The (17) and
formula contact between probability density function, the PDF of end-to-end SNR, f, (), in the case of weak
turbulence channels can be given as (20).

Pe) =2 [ aM)QAvf 1) dy + 2 [, a(M)QANY)f (¥)dy —
4 [ q(Me)Q AV a(M)DQANTY)f (¥)dy (20)

4. NUMERICAL RESULTS AND DISSCUSSION

From (17) and (20), we show numerical outcomes for ASER analysis of the RIS-aided FSO systems.
We consider a RIS-assisted FSO link over turbulence channel in which S and D are situated at the same
distance, L = 1500 m, from the RIS as shown in Figure 1. The two system’s sub-channels are characterized
by the same Index of refraction structure, C2. Parameters and constants considered in our analysis are
presented in Table 1.

First, we analyze the average symbol error rate, ASER versus transmitter beam waist radius w, for
various values of pointing error displacement standard deviation, g;. The system’s ASER is described as a
function of the transmitter beam waist radius under several pointing error displacement standard deviations.
Figure 2 shows that with a given condition that includes specific values of the number of relay stations,
aperture radius, and average SNR, the minimum of ASER could be reached to a particular transmitter beam
waist radius value (w, = 0.022 m).

Table 1. System parameters and constants

Parameter Symbol Value
Laser Wavelength A 1,550 nm
Photodetector responsivity R 1 AW
Modulation Index K 1
Total noise variance No 107A/Hz
Quadrature amplitude modulation M, x M, 8 x4
Receiver aperture diameter D 0.06m
Index of refraction structure C2 10~15m=2/3
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Figure 2. ASER performance versus transmitter beam waist radius w,, for various values of a;
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Figure 3 shows the ASER performance against the pointing error displacement standard deviation
under several transmitter beam waist radius values. Both RIS and without RIS are considered. The system’s
ASER is improved significantly with the RIS-aided FSO link. The impact of the RIS-aided and the
transmitter beam waist radius on the system’s performance is more meaningful in low-pointing error
displacement standard deviation regions than in the high areas.
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Figure 3. ASER performance against the pointing error displacement standard deviation o, for various values
of transmitter beam waist radius w,

5. CONCLUSION

This study introduced unified and closed-form expressions for the PDF of a RIS-aided FSO link
over log-normal atmospheric turbulence and pointing errors. This system’s performance was evaluated
through ASER. We find terms for ASER performance of ASER systems reckoning with the different
transmitter beam waist radius and pointing error displacement standard deviation. The simulation results
indicated the influence of RIS-aided on the system's performance, and the ASER falls with RIS-aided. We
can see that the simulation outcomes closely conform with the analytical results.
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