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Abstract—The integration of intelligent reflecting surfaces (IRS)
into free-space optical (FSO) communication systems is considered
as a promising and innovative approach to overcoming existing
challenges due to the strict line-of-sight (LoS) requirements faced
by conventional FSO setups, thereby ensuring more flexible and
controllable links and expanding the communication coverage
area. Nonetheless, the configuration of IRS-assisted FSO systems
remains relatively novel, requiring investigation into optimizing
IRS placement to enhance system performance while mitigating in-
terference and obstacles in dynamic environmental conditions. This
work aims to evaluate the improvement of the system performance
achieved through optimized IRS positioning while accounting for
the main degrading factors inherent in FSO systems and IRS de-
sign. We present a comprehensive model for a multilink terrestrial
IRS-assisted FSO system, taking into consideration key degrading
factors such as pointing errors stemming from both transmitter
and IRS jitter, IRS dimensions, and turbulence-induced fading.
Furthermore, we derive closed-form expressions for the probability
density function of channel coefficients, average bit error rate, and
outage probability. Our results indicate that optimal IRS placement
is in proximity to the transmitter, taking into account all channel
impairments. Furthermore, we showed that optimal IRS placement
tends to shift towards the receiver side as the IRS jitter increases.
Consequently, the analysis presented offers valuable insights for
efficiently designing IRS-assisted FSO systems, particularly re-
garding IRS placement in the presence of pointing errors.

Index Terms—Atmospheric turbulence, beam jitter, free-space
optics, intelligent reflecting surfaces, pointing error.

1. INTRODUCTION

REE space optics (FSO) communication emerges as a

promising technology for next-generation communications
due to its capability of high data rates and cost-effective trans-
mission [1]. Unlike traditional radio frequency (RF) communi-
cation, FSO systems operate within a wide spectrum and are re-
silient to electromagnetic interference. FSO has been recognized
as a cost-effective solution for backhaul for wireless cellular
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networks [2], terrestrial fiber backup [3], applications for beyond
5G and 6G networks, and disaster recovery scenarios [4].

However, the propagation of the optical beams through the
atmosphere is affected by different degrading factors due to the
nature of the light, including attenuation, atmospheric turbu-
lence [5], [6], [7], and pointing errors [8]. Furthermore, com-
munication through FSO links requires a direct line-of-sight
(LoS) link between the transmitter (Tx) and receiver (Rx). To
tackle these challenges, several approaches have been proposed,
including the use of multiple-input multiple-output (MIMO)
configuration [9] and hybrid RF/FSO systems [10]. Moreover,
optical relay nodes [11] have been implemented as an effective
solution for the LoS problem, although their deployment is
costly and challenging due to the need for extensive additional
hardware. Instead, the emerging technology of intelligent re-
flecting surfaces (IRS) is anticipated to offer a solution to this
issue [12], [13]. The IRS efficiently redirects incoming beams
without the complexity of relay systems, operating passively
with minimal power requirements [14].

Driven by the potential of IRS, research works have exten-
sively been carried out on their applications and implementa-
tions [15], [16], [17], [18], [19], [20], [21], [22], [23], [24].
In [15], the modeling and design aspects of an IRS-assisted
FSO system were investigated, considering the Huygens-Fresnel
principle and presenting sharing protocols tailored for optical
IRS setups. The authors in [16] introduced a controllable multi-
branch optical wireless communication system leveraging an
optical IRS, addressing factors such as beam jitter, IRS jitter,
and obstruction probability. Moreover, an analytical model for
geometric and misalignment loss was presented in [17], which
incorporates random statistical modeling of incident and reflec-
tion angles of transmitted laser beams, yielding closed-form
expressions. In [18], The authors presented a phase-shift de-
sign for an IRS aimed at beam focusing, specifically when the
beam width is comparable to or smaller than the aperture size.
In [19], the authors assessed an IRS-assisted unmanned aerial
vehicle relay system in a hybrid FSO/RF satellite-to-ground
network, considering the effects of atmospheric turbulence and
hovering-induced pointing errors. Whereas a hybrid RF/IRS
system was investigated, taking into account the physical mod-
els of optical IRS and the RF channel simultaneously [20].
Moreover, the cascaded multiple IRS-equipped Mixed FSO-RF
system was investigated, taking into generalized fading chan-
nels [21]. Regarding cascaded system, statistically characterized
cascaded composite turbulence and misalignment channels were
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presented [22]. In [23], an optical IRS-assisted MIMO FSO
system was introduced based on the optical space shift keying
technique, revealing a trade-off between average bit error rate
(BER) performance and spectral efficiency. The authors in [24]
evaluated the ergodic channel capacity of multiple-input single-
output (MISO) FSO communication systems by exploiting the
hollow of concave reflectors to focus the reflected beams on a
single user.

Despite several research works aforementioned, only a few
have investigated the placement of IRS, taking into account
factors such as the link distance between the Tx and IRS, as
well as their orientation and altitude [25], [26], [27]. While the
authors in [25] evaluated IRS placement, they focused solely
on geometric loss, neglecting the potential impact of random
misalignment caused by building sway. In [26], optical IRSs
were compared with optical relays across different power scaling
regimes, focusing on outage probability, diversity and coding
gains, and optimal placement. In [27], it has been shown that the
outage probability of IRS-assisted FSO systems fluctuates based
on IRS placement. Nonetheless, the authors only accounted for
the distance between the Tx and the IRS and the jitter of a
building-mounted IRS without considering realistic factors such
as the incident angle to the IRS or the IRS size.

In this work, we propose to investigate the influence of
IRS placement on an IRS-assisted multilink FSO system and
determine an optimal placement for the IRS to improve the
overall performance. We introduce a comprehensive framework
to evaluate system performance, considering key factors such
as attenuation, atmospheric turbulence, and pointing errors.
Additionally, we examine the effects of the IRS jitter angle and
inherent losses due to IRS size. Within our proposed framework,
we incorporate considerations for incident and reflection angles.
Moreover, we evaluate how incident angle and IRS size affect
IRS placement and investigate the relationship between pointing
errors, specifically random misalignment and IRS placement.

The structure of the paper is as follows: Section II introduces
the proposed system configuration and the channel model. We
summarize and discuss the numerical results in Section III.
Finally, Section IV provides the conclusion of the paper.

II. SYSTEM MODEL

We consider a FSO system incorporating an IRS to facilitate
the redirection of optical signals from the Tx to the Rx when
a direct LoS is obstructed by various obstacles, as illustrated
in Fig. 1. Positioned atop a building, the IRS module acts as
a reflective interface for incoming signals, redirecting them
toward the Rx. We assume similar atmospheric turbulence and
attenuation effects on both optical sub-channels, from Tx-to-IRS
and IRS-to-Rx. In this setup, the received optical signal power
at the Rx is mainly affected by pointing errors resulting from
beam jitter originating from the TX, jitter of the IRS, and fading
in both sub-channels. The IRS comprises N elements, while
both the Tx and Rx are multi-aperture devices. Each element of
the IRS reflects optical beams toward the Rx. It is assumed that
each IRS element precisely reflects each optical beam without
any interference.
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Obstacles

Fig.1.  System configuration of multi-link terrestrial IRS-assisted FSO system.

As shown in the system illustrated in Fig. 2, the received
electrical signal at the k-th intelligent channel, denoted as 7y,
can be expressed as

ey

where ¢ is the attenuation coefficient introduced by the IRS, 7
corresponds to the responsivity of the photodetector, p; takes
on values of either 0 or 2P;, where P; is the average power
of the transmitted signal. The variable n; denotes additive
white Gaussian noise (AWGN) at the Rx with a zero mean
and a variance of 0%, and hy, represents the channel fading, as
expressed by

T = &0 hg pe + ng,

hk = hahthphirsa (2)

where h, and h;.s denote the deterministic channel fading
resulting from attenuation and IRS size limitations, respectively.
hy and h, represent the channel fading due to atmospheric
turbulence and pointing errors, respectively. The fading in h,
and h,, follows random distributions.

A. Attenuation

As a laser beam travels through the atmosphere, it undergoes
absorption and scattering by particles, resulting in attenuation,
which is defined as [28]

he = exp (—e(L1 + L)), 3)

where the attenuation factor, denoted by ¢(1), is expressed as
3"9/#(5%)"1 and accounts for the absorption and scattering of
the laser beam, with a dependency on wavelength. V' represents
visibility, and A is the wavelength. Tx-to-IRS and IRS-to-Rx
distances are denoted as L1 and Lo, respectively. The parameter
q is set to 1.3 when the visibility falls within the range of 6 km <

V' < 50 km, as specified by the Kim model [6].

B. Atmospheric Turbulence

Optical transmission through FSO links is predominantly
affected by atmospheric turbulence, resulting from spatially and
randomly fluctuating air temperatures. To quantify these scintil-
lation effects, we utilized the extensively employed Gamma-
Gamma fading model, applicable across a spectrum of tur-
bulence strengths. The probability density function (PDF) of
h, representing these turbulence effects, can be expressed as
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Fig. 2. Block diagram of multi-link terrestrial IRS-assisted FSO system.
Desired beam -------
Actual beam
x
IRS jitter
(a) Light path between Tx and Rx via IRS considering Tx and IRS
jitter.
Fig. 3. Pointing error due to the Tx and IRS jitters.

follows [28]

(a+B)

2(af) ="
F(a)T'(B)

(a+8)
ol

F(he) = he®Kaop (2V0BR), &)

where I'[:] represents the Gamma function, and K, (-) stands
for the v-th order modified Bessel function of the second kind.
The parameters « and /3 characterize the large-scale scattering
and small-scale fading, respectively. These parameters can be
expressed under the plane wave approximation [28]

ex -1 , (5)
l p(( >7/6> ]
ex -1 , (6)
l p(( >5/6> ]

where 0% = 1.23C2 k7/(Ly + L)' /% denotes the Rytov
variance [29], with C’fL being the refractive index structure
parameter that serves as an indicator of turbulence strength.
a represents the Rx radius and k = 27/ denotes the wave
number.

0.490%
1+ L110y/?

0.510%,
14 0.6907/°

2

Pointing error

IRS jitter

(b) Displacement of the beam due to the Tx and IRS jitters on the
xz plane

C. Pointing Errors

In LoS-FSO communication, FSO systems necessitate ongo-
ing alignment between the Tx and Rx to guarantee reliability and
optimal performance. Nonetheless, achieving and maintaining
this alignment can pose challenges, particularly in the presence
of unpredictable building sways induced by factors such as wind
loads and thermal expansions. Furthermore, in IRS-assisted
FSO systems, the pointing errors must consider the beam offset
introduced by the IRS jitter. As shown in Fig. 3(a), the IRS is
initially positioned at the center of the xy plane in the absence
of jitter, with the z axis perpendicular to the IRS center. The
reflected beam from the IRS aligns perpendicularly with the Rx.
Displacements in the x and y directions are represented as 7,
and 7, respectively.

We assume that the beam displacements in the = direction
(0,) and the y direction (6,) follow Gaussian distributions with
a mean of zero and a variance of ag. Furthermore, we consider
the center of the IRS as the reference point for jitter. The jitter
of the IRS in the z direction (¢/,) and the y direction (1) is
assumed to follow Gaussian distributions with a mean of zero
and a variance of 05}.

Fig. 3(b) depicts the displacement at the Rx on the xz plane,
where the total beam offset is represented as Ry, + Ro, + Rs,.
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Assuming that the Tx jitter 6, is sufficiently small, the ap-
proximation for R, reads

sin (90 — 0,.)

R, = L, tan
T Sin (90— 6; — 0,) e
0,
~ 870 )
cos 0;

On the other hand, with the IRS jitter v, considered to be
sufficiently small, we neglect Ro,. Under the assumption of
negligible IRS jitter v),,, the approximation for Rs, is given by
~ tan(90 — 6, — 2¢,)

The angle 6, including both the Tx jitter and IRS jitter, can be
expressed as

RS:E

9 o Rl:c + R?m
cos B, L

= —0, - 9
cost; Lo +v ©)

Up to this point, we have conducted calculations in the x direc-
tion; however, the same computation can also be performed in
the y direction. The overall angle 65 is composed of both 6,
and 6, and can be written as

07 =07, + 62, (10)

Since 05, and 0, are independent and identically distributed,
0, follows a Rayleigh distribution. Consequently, the PDF of 6,
can be expressed as

Os

cosf, Li1\2 2 2
(cosei L‘Z) Tp + 0—1/)

fGS (09) =

02
xexp | — s . 11
p < 2(coser Ly )20_3 + 20_5}) ( )

cosO; Lo
The distance from the center of the Rx to the receiving light spot,
denoted as R, can be represented as [16]

R=tan0,Lo ~ 0,L-. (12)

The channel fading resulting from pointing error, denoted as A,
can be approximated as [8]

—2R?
hy = Ag exp ( 2 ), (13)
2
w? = wiy/merf(v) 7 (14)
e 2uexp (—v?)
v = ﬁa/\@wz, (15)

where Aq denotes the fraction of received optical power col-
lected at R = 0 and is defined as A = [erf(v)]?. The approx-
imation provided by (13) holds true when w, /a > 6, with w,
being the beam width [8].
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By substituting (12) and (13) into (11), the PDF of h,, can be
derived as

o) = o, (00)|
- (hp)p_l 0<h, < Ag (16)
Ay \ A T =Tp =0
where
w?
r= 4(%‘;;)20—3L65+ 160213 (an

D. Transmit Diversity Due to IRS Size

Assuming the IRS is sufficiently large for reflecting the beam,
the beam width can be simply expressed as
W, :¢(L1 +L2)7 (18)

where ¢ represents the beam divergence.
However, the beam width is limited by the size of the IRS, as it

can only reflect the beam within its specific area. Consequently,
the beam width at the receiver (Rx) is given by

w, > 1
otherwise

o l+¢L27
W= {wirs + ¢L27

where [ is the length of the IRS. The beam width at the IRS
denoted as w;,s, can be determined by

19)

Wirs = ¢Lq. (20)
In our work, we take into account the beam divergence at the
IRS. It should be noted that the pointing error (13) incorporates
the beam divergence at the Rx. To simplify the calculations,
we adopt two assumptions: firstly, that the beam has a circular
shape, and secondly, that the power of the beam is uniformly
distributed across the beam spot.
The area of the beam spot size .S is derived as

7T’U)2

= —irs 21
4 cosb; D

The total area of elements, S;,, that reflect the optical beams
can be expressed as

M M
Sirs = Zszxzn S e (m,n),

m=1n=1

(22)

where z,, X z, is the area of one IRS element, and M? repre-
sents the number of IRS elements on the beam spot.

Subsequently, the ratio of power that can be reflected by the
IRS is as follows

(23)
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E. Channel Fading

The PDF of the optical channel fading from the Tx to the Rx,
denoted as h = hqhirshihy, can be determined by

fh(h> - [oo fh"(ht)fhp <hthahirs> hthahirsdht.

By substituting (4) and (16) into (24), the PDF of h can be
derived as

(24)

a+[i

2p(ap) 2

h ot
) = agheng @)
x / Pt g 23/ aBhy) dhy.
h/Aohghirs
(25)

The modified Bessel function of the second kind can be rewritten
in terms of Meijer’s G-function.

(26)

)

Furthermore, by applying [30, (07.34.21.0085.01)], we obtain a
closed-form expression as follows

— apfp
fu(h) = Aoh (@)
3,0 afh P
x G’y {thahm p—1 a—1 5_1] (27)

The instantaneous electrical signal-to-noise ratio (SNR) can
be expressed as

N
N = (Zk:l hk)QPt2€2772
on

(g

where 7 = P2¢£2n? /02 denotes the SNR under the assumption
of no channel impairments in the channel.

We assume that the channel coefficient hq, ho, ..
h=hy =hy =
expressed as

(28)

.h,, are
. = h,,. Therefore, the electrical SNR can be

v =7N? h2. (29)

Using the Jacobian random variable transformation method, we
can derive the PDF of the SNR as follows

o= () |2

By substituting (27) into (30), we obtain

(30)

afp
2/ 7 Aohahirs NT (cx

{thth\[‘ —1 a—1 - ] @D

fr(n) =

7302510

F. Bit-Error Rate

We obtain the BER for intensity modulation and direct detec-
tion (IM/DD) employing on-off keying (OOK) in the presence of
AWGN. Considering that the average BER is defined as the sta-
tistical average value of the instantaneous error probability over
all possible channel states, it can be determined by averaging
(31) over the PDF of ~, as follows

%

where Q(-) denotes the Gaussian Q-function, which is connected
to the complementary error function erfc(-) through the rela-
tionship erfc(z) = 2Q(v/2z).
By substituting (31) into (32), the average BER can be derived
afp

Fe= /ox 2/ Aghahir NT(@)T(5) < (\/Z)

3,0
XG1’3|:A0h hwsN\/7‘ 71 a—1 51:| d'}/

(33)

(v)d, (32)

as

To solve (33), we expressed erfc(z) in terms of Meijer’s G-
function, i.e.,
1 1

erfc(\/7) = NG 0 1/2} :

By applying equations [31, (9.31.1)] and [32, (21)] in (33), we
obtain a closed-form expression for the average BER as follows

aﬁpza-i-ﬁ*%

G1Y {xl (34)

P, =

WﬁthahqusNr(O{)F(ﬂ)
252
G6,2 R
e [8A2h2 12 AN?
L g 2 ptl
R A S C
2 2 2 2 2 2 2

Similar to (35), the average BER without pointing errors can
be expressed as

204—&-[374

P = %Gy
/AN (a)D(8) = ~2°
0232 1
B 5 0
—_— . (36
|: A2h2 hzzrs’yN2 % a;rl g J2r1 _% ( )

G. Outage Probability

The outage probability, defined as the probability of the
instantaneous SNR +y falling below a specified SNR threshold
i, can be calculated by

Pout = PT('V < 7lh)

Yih

= f(y)dy

0
= F(,ylh)a

where F(-) represents cumulative distribution function(CDF).

(37
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By substituting (31) into (37) and using [30, (07.34.21.0084.
01)], the outage probability can be derived as

aBp20tP=5 A

Pou = —
" /A Aohahirs NT()L(B)
2ﬁ2
x G%L 04—%117
o7 | 1602 12, 7N

1 p ptl
S B TR B
2 2 2 2 2 2 2

Similar to (38), we obtain the outage probability without
pointing errors as follows,

r_ 207872 w G
out ™ aNT(a)T(B) 1.5
01252'Yth % }
———s . (39

H. Asymptotic Analysis

Using the technique presented in [33], we derived a closed-
form expression of the asymptotic average BER at high SNR
given by

v (0B T pPa—Br (5)7
P~ <A0hlhirsn> (p — )2/7L(Q)T (2 + 1)» p >,
(40)
v (@B \'Tla=p)T(B—p)T (53)7 %
L <A0hzhi7.sn> 2/l ()T (B) , p<§
(41)

where Q) = min{«, 8}.

A closed-form expression of the asymptotic outage probabil-
ity is calculated in the same way as the asymptotic expression
of the average BER.

() (o — BT (%) 5

P;’U, ~ Q9 >Q7
©5 \Aohihin)  (p—or@r@+ 3% "
(42)
P () e A o
Aohihirsn T(a)T(B)7z
43)

III. NUMERICAL RESULTS

In this section, we present the performance results of the
average BER and outage probability of the IRS-assisted FSO
system, taking into account the collective impact of channel
impairments such as atmospheric turbulence and pointing error.
The derived theoretical results are validated through simulations
across different parameters. We compare the numerical results
with those obtained when there is no pointing error (PE). The
numerical parameters are summarized in Table 1. A refractive
index structure parameter of C2 = 1 x 10713 is employed to
characterize strong atmospheric turbulence conditions. In the
considered IRS configuration, the different elements are each

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 4, AUGUST 2024

TABLE I
SYSTEM PARAMETERS

Parameters Symbols | Values
Tx-to-IRS distance L1 250 m
IRS-to-Rx distance Lo 250 m
Visibility V | 10 km
Noise variance o3 | 1071 W/Hz
Incident angle 0; | w/6 rad
Reflection angle 0 | 7/6 rad
Pointing error angle standard deviation g | 1x1073 rad
IRS jitter angle standard deviation oy 1x 1073 rad
PD’s responsivity n | 0.8 A/W
Refractive index structure parameter C2 | 107183 m—2/3
Optical path-loss h;/L | 0.2 dB/km
Optical wavelength A | 1550 nm
IRS attenuation coefficient £ | 095
Transmit divergence at 1/e? ¢ | 4x1073 rad
Receiver radius a | 0.1 m
Transmitted optical power Py | 20 dBm
SNR threshold Yen | 5 dB
Number of IRS elements N | 64
IRS area 1?2 | 05 x 05m?
IRS element size Zm X zn | 0.01 x 0.01 m?
IRS space between adjacent elements Za | 2 cm

—— Without PE

— N=1

— N=4

N =16
— N=64
——- Aysmptotic

O Simulation

<
107>
B |
-20 -10 0 10 20
Transmitted Optical Power P; [dBm]

Fig. 4. Average BER in terms of transmitted optical power for different
numbers of IRS reflecting elements.

sized at 1 cm?, with a 2-cm separation between adjacent ele-
ments [12].

Fig. 4 shows the average BER as a function of transmitted
optical power for different numbers of IRS reflecting elements.
Notably, we observe improved performance with increasing
transmitted optical power. Specifically, an average BER of PP, =
102 is obtained with a single link (N = 1) while achieving an
average BER of P, = 1073 requires an IRS of 16 reflecting
elements at a transmitted optical power of P, = 10 dBm. As
expected, the average BER consistently decreases by approxi-
mately the same factor each time the number of IRS elements
quadruples. The use of a multi-link IRS-assisted FSO system
enhances system performance.

Fig. 5 illustrates the average BER with respect to transmitted
optical power for different IRS sizes, namely, 0.03 m x 0.03 m,
0.07m x 0.07m, 0.5m x 0.5m,and 1 m x 1 m. As the IRS
size increases, there is an enhancement in system performance.
The channel coefficient corresponding to different IRS sizes is
as follows: h;rs = 0.00012 for [2 = 0.03 m x 0.03 m, hj,s =
0.00063 for 1> =0.07 m x 0.07 m, h;.s = 0.035 for [? =
0.5 m x 0.5 m, and h;s = 0.11 for [2=1 m x 1 m. This
indicates that smaller IRS sizes lead to the capture of relatively
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angles.
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Fig. 10. Average BER in terms of IRS-to-Rx distance for different Tx and

IRS jitters when Tx-to-IRS distance of 250 m and equal incident and reflection

angles.
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Fig. 12.
scenarios.

less received power. Moreover, considering the impact of point-
ing error, the average BER decreases as the reflected beam is
constrained by the smaller size of the IRS.

To further investigate the impact of the beam width, we
evaluate the average BER in terms of the transmitted optical
power for different beam widths in Fig. 6. From the figure, it
can be seen that as the transmit divergence ¢ increases, the beam
width expands. Subsequently, an enhancement in performance
can be achieved as the beam width increases for various values of
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Average BER performance as a function of IRS placement when the Tx is at coordinates (0, 0) and the Rx is at coordinates at (500, 0) under different

¢, namely, ¢ = 0.002 rad, ¢ = 0.004 rad, and ¢ = 0.008 rad.
The widened beam contributes to a better alignment between
the Tx and the Rx, thereby enhancing the system’s robustness
against the pointing errors. The curves corresponding to ¢ values
of 0.008 and 0.016 intersect at a transmitted optical power (F;)
of 17 dBm. Despite the larger beam width at ¢ = 0.016 rad,
resulting in reduced received signal power for an Rx radius of
a = 0.01 m, the robustness against pointing errors is stronger
than a narrower beam. In scenarios with low transmitted optical
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power levels, enhanced performance is achieved with a narrower
beam width, as the impact of signal attenuation outweighs that
of pointing error.

The relationship between the average BER and the area of the
IRS for different beam divergence angles is depicted in Fig. 7.
Increasing the size of IRS areas typically enhances performance
as it restricts optical beam reflection within the IRS surface.
However, the improvement in average BER saturates at a specific
threshold of the IRS areas depending on the beam divergence.
For instance, saturation occurs when the square of the IRS side
length (/%) is greater than or equal to 0.55 m? for a beam
divergence angle of 3 x 1073 rad and when [? is greater than
or equal to 1.0 m? for a beam divergence angle of 4 x 1073
rad. Notably, saturation thresholds rise proportionally with the
beam’s divergence angle, necessitating a larger IRS to reflect
optical beams with broader widths effectively.

To clarify the impact of the IRS design, we evaluate the
outage probability as a function of IRS area for different spaces
between adjacent IRS elements, denoted as z,, as shown in
Fig. 8. With anincrease in z,, the number of IRS elements within
a designated area decreases, consequently limiting the available
surface for reflecting optical beams. Thus, larger z, values result
in a degradation of system performance. As depicted in Fig. 8,
when z, = 1 cm, the outage probability P,,; = 1072, whereas
for z, = 3 cm, Py, = 10711,

To assess the system design specifications regarding the po-
sitioning of the IRS relative to the Tx and Rx, the average BER
performance is evaluated in Fig. 9, considering an IRS-to-Rx
distance of 250 m, and in Fig. 10, considering a Tx-to-IRS
distance of 250 m, while assuming equal incident and reflection
angles. From Fig. 9, in scenarios with minimal pointing errors
(ie.,00 =1 x 103 radand o, = 1 x 1072 rad), it can be seen
that increasing the distance between the Tx and IRS leads to
improved robustness against pointing errors when utilizing a
broader beam, aligning with expectations. Conversely, position-
ing the IRS closer to the Rx facilitates sufficient beam expansion,
thereby enhancing robustness against pointing errors. On the
other hand, the results depicted in Fig. 10 show that, under
conditions where oy =2 x 1073 rad and oy, = 1 x 1073 rad,
the average BER remains relatively stable due to a trade-off be-
tween robustness to pointing errors and other channel-degrading
factors. However, in alternative scenarios, an increase in the
IRS-to-Rx distance Lo leads to deteriorating average BER due
to the influence of factors degrading the channel. For instance,
when Ly =300 m and P. = 5 x 1072, the average BER re-
mains nearly constant irrespective of whether gy = 2 x 1073
rad,oy =1 x 103 radorog =1x 102 rad, o, = 2 x 1073
rad. For Ly < 300 m, superior performance is achieved under
pointing error conditions where oy < o, while for Ly > 300
m, improvement is observed under conditions where oy > 0.

To assess the impact of pointing errors due to both Tx and IRS
jitters, the average BER performance is assessed in terms of the
IRS placement for different pointing errors in Fig. 11(a) and (b).
In scenarios where Tx jitter surpasses IRS jitter (op = 2 x 1073
rad, oy = 1 X 1073 rad), the results obtained in Fig. 11(a) show
that positioning the IRS near the Tx yields superior performance.
For example, achieving an average BER of 10~ % occurs when the
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IRS is situated at (200, 150). Conversely, in scenarios where IRS
jitter exceeds Txjitter (g = 1 x 1073 rad, 0y = 2 x 1073 rad),
optimal IRS placement tends towards the Rx side, as depicted
in Fig. 11(b). For instance, an average BER of approximately
1072 is achieved when the IRS is located within the region cor-
responding to [100 < z < 250, y = 160]. Notably, the impact
of pointing errors increases when the IRS is positioned closer to
the Rx, particularly for stronger IRS jitter.

Finally, Fig. 12(a)—(d) depict the average BER performance
with respect to the IRS placement for two scenarios: equal
and unequal incident and reflection angles. The Tx and Rx are
positioned at coordinates (0, 0) and (500, 0), respectively, while
the IRS location is denoted by coordinates (x,y) with x,y €
[0,500]. Additionally, the system performance is assessed con-
sidering a single-element IRS size (h;.s = 1) for comparison,
as depicted in Fig. 12(b) and (d). In Fig. 12(a), it is clear that
placing the IRS in close proximity to the Tx enhances BER
performance. For example, an average BER of 10~# is achieved
when x < 280 and y < 370. This proximity increases the link
distance between the IRS and the Rx, resulting in a wider beam at
the Rx. The broader beam enhances robustness against pointing
errors, thus improving system performance. Moreover, smaller
incident angles are preferred due to the reduced beam shifts
caused by jitter. In Fig. 12(b), we can observe that although
better performance is observed on the Tx side, it is not optimal
close to the Tx due to link-dependent losses. In scenarios where
incident and reflection angles are equal, system performance
sees an improvement when the IRS is positioned near the Tx, as
depicted in Fig. 12(c). For instance, achieving an average BER
of 1075 occurs when z < 220 and y < 150. Conversely, in cases
where an infinite IRS size is assumed, enhanced performance is
observed when the IRS is situated close to the Rx, as illustrated
in Fig. 12(d).

IV. CONCLUSION

In this paper, we investigated the performance of a multi-link
IRS-assisted terrestrial FSO system, considering pointing errors
arising from both Tx and IRS jitter effects. We also investigated
how the design and placement of the IRS influence system per-
formance, offering guidelines for optimal IRS positioning. We
presented a comprehensive mathematical model accounting for
the main degrading factors such as Tx jitter, IRS jitter, incident
angle, and reflection angle. Moreover, we derived closed-form
expressions for average BER and outage probability. Based on
our results, placing the IRS near the Tx while considering a
finite IRS size leads to enhanced system performance regardless
of whether incident and reflection angles align. Moreover, we
showed that optimal IRS placement depends on both Tx and
IRS jitter angles. Specifically, with increasing IRS jitter, optimal
positioning tends to shift closer to the Rx side.

Hence, the presented analysis yields valuable insights into
important considerations for the effective design of IRS-assisted
FSO systems, highlighting the significance of addressing point-
ing errors and optimizing IRS placement to enhance perfor-
mance.
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