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Abstract—In order to simultaneously solve the problems of
beam diffusion and occlusion in long-distance free space optics
(FSO) transmission, a hybrid relay and OIRS-aided FSO com-
munication system with distributed computing is proposed in
this paper. In the front-end link, the base station sends optical
signals to the optical relay. The signal is forwarded to the
OIRS after being collimated and amplified by the optical relay,
and then transmitted to the user after being reflected by the
OIRS. we derive closed-form solutions of the system’s precise
outage probability, asymptotic outage probability and BER by
jointly considering optical relay gain, OIRS physical model,
pointing error, atmospheric turbulence, atmospheric absorption,
etc. Based on theoretical analysis and simulation results, the
system’s parameter settings have been discussed.

Index Terms—optical intelligent reflecting surface, free space
optics, optical channel modeling, asymptotic analysis.

I. INTRODUCTION

Ith the continuous improvement of communication
Wcapacity requirements and frequency bands, optical
wireless communication technology has gradually become an
important research direction of future wireless communication
systems, which has attracted widespread attention. Optical
wireless communication, especially free space optics (FSO)
communication technology based on wireless laser communi-
cation, has the advantages of high speed, high capacity, rich
spectrum resources and high confidentiality [1]-[3]. Therefore,
for future broadband wireless communication, FSO commu-
nication is a promising and important research direction.
However, due to the diffusion angle and high directivity of the

This work is supported by the NationalKey R&D Program of
China (2018 YFB1801101, 2020YFB1806603), NSFC projects (61960206005,
61803211, 61971136, and 62171127), the Fundamental Research Funds for
the Central Universities (2242022k30001), and Research Fund of National
Mobile Communications Research Laboratory. Zaichen Zhang is the corre-
sponding author.

731

2" Zaichen Zhang
National Mobile Communications Research Laboratory
Southeast University
Nanjing, China
zczhang @seu.edu.cn

4™ Baiping Xiong

National Mobile Communications Research Laboratory

Southeast University
Nanjing, China
xiongbp @seu.edu.cn

optical signal, the diffusion and easy blocking of the optical
signal become an important factor restricting the system’s
performance in the long-distance FSO transmission. Under
the existing technology, the diffusion of optical signals can
be solved by optical relay [4]-[6]. By setting up optical relay
nodes in free space, the system can re-collimate optical signals,
thereby reducing the diffusion angle of optical signals in long-
distance transmission. The defect that optical signals are easily
blocked has been solved for a long time by avoiding scenes
with obstacles, such as using FSO systems for high-altitude
communication, which seriously restricts the application sce-
narios of FSO systems.

Optical intelligent reflecting surface (OIRS), as a new type
of programmable communication device, can perform opera-
tions such as reflection, shaping, and beam splitting on light
beams, which is expected to solve the problem that optical
signals are easily blocked [7], [8]. By setting one or more
OIRSs in the environment, the optical signal is reflected by
the OIRS to reach the user, thereby bypassing obstacles on the
direct path. When an OIRS path is blocked, the base station
can select an unblocked OIRS for signal transmission, thereby
improving the robustness of the system [9], [10].

In order to simultaneously solve the problems of beam
diffusion and occlusion in long-distance FSO transmission, a
hybrid relay and OIRS-aided distributed FSO system is pro-
posed in this paper. In the front-end link, the base station sends
optical signals to the optical relay. The signal is forwarded to
the OIRS after being collimated and amplified by the optical
relay, and then transmitted to the user after being reflected
by the OIRS. Different from the existing broadband radio
frequency communication system, this system uses optical
carrier as the communication medium, which has extremely
high communication bandwidth and speed [11]-[13]. Through
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the OIRS in the space, the system adopts the distributed
computing method to solve many defects of the long-distance
FSO system, so it has certain advantages compared with
the traditional broadband wireless communication. Different
from the existing OIRS-aided FSO system, this paper also
conducts mathematical modeling and derivation for the optical
relay and OIRS in the system, and obtains the closed-form
expression of the performance of the hybrid relay and OIRS-
aided distributed FSO system [14]-[16]. At the same time,
when conducting channel modeling and performance analysis,
this paper comprehensively considers the factors in the actual
system such as optical relay gain, OIRS physical model,
pointing error, atmospheric turbulence, and path loss, which
fits the actual system.

The contributions of this paper are as follows:

1. We design a hybrid relay and OIRS-aided distributed FSO
system, and perform mathematical modeling on it.

2. We derive closed-form solutions of the system’s precise
outage probability, asymptotic outage probability and BER by
jointly considering optical relay gain, OIRS physical model,
pointing error, atmospheric turbulence, atmospheric absorp-
tion, etc.

3. Based on theoretical analysis and simulation results, we
have discussed the system’s parameter settings.

The rest of this paper are organized as follows. Section II
introduces our system model and derives the expressions of the
signals at the user. In Section III, we deduce the channel fading
correlation expressions of the two links from the base station to
the relay and from the relay to the user respectively. In Section
IV, we derive the expression for system’s precise outage
probability, asymptotic outage probability and BER. Section
V shows some numerical results and makes some discussions
on system parameters. Section VI draws conclusion.

II. SYSTEM MODEL

In this paper, we consider a hybrid relay and OIRS-aided
distributed FSO system, as shown in Fig. 1. In the front-
end link between the base station and the relay, we use the
FSO communication based on the direct path for long-distance
high-speed data transmission. The front-end link is mainly
suitable for the construction of communication links between
base stations and large facilities such as buildings, trains, and
subways. Since the communication link is located in an area
that is not easily disturbed, such as high altitude, it can be
set based on the direct path. In the back-end link between
the relay and the user, we use one or more OIRS to assist
the FSO communication, so as to build multiple artificially
controlled optical channels. When the direct channel between
the relay and the user is blocked or the channel condition is
poor, the optical signal can be reflected to the user through the
OIRS, thereby improving the overall robustness of the system.
The relay can even choose among multiple OIRS, and select
the OIRS with the best channel condition for transmission. At
the same time, since OIRS are set in various positions in free
space, each OIRS can be responsible for users in a space area,
thus realizing a distributed FSO system.

OIRS 2

___4..’\
@\> ’ ’><:
/< _- ~ \
o RN
—p
é —— e 2

Relay User

Base station Obstacle
Fig. 1: Schematic diagram of a hybrid relay and OIRS-aided
distributed FSO system.

Assuming that the system consists of a base station, a relay,
I OIRSs and J users. Then the signal received at the relay vy,
can be expressed as

Yr = hs,rst + Ny, (1)

where h , is the channel fading from the source to the relay;
Since we utilize IM/DD with OOK modulation in this system,
s¢ = 0 or 2P, where P, is the average optical transmitted
power at the base station; n,. is the zero-mean Gaussian white
noise from the relay with a variance of afw. Then the signal
received by the user j can be expressed as
I
Yu; = Py Z ﬂih'r,oi hoi,u]- i GrYr + Lz
i=1
I
= pPj Z ﬁihr,oi hoi,uj O[igrhs,rst (2

i=1

I
+ Pj Z Bihr,oi hOi,uj Q;grNy + Ny
i=1

where p; is the power allocation coefficient for user j and
Z;'le p; = 1; B; indicates whether the OIRS i is selected,
B; = 0 or 1 and Zle Bi = 1; hy,o, is the channel fading
from the relay to the OIRS 4; h,, ., is the channel fading
from the OIRS 7 to the user j; «; is the attenuation coefficient
from the OIRS 7; g, is the optical signal gain of the relay; n,;
is the zero-mean Gaussian white noise from the user j with a
variance of O’?Luj.

I1I. CHANNEL MODEL
A. Channel Fading from Base Station to Relay

Below we will analyze the channel fading from the base sta-
tion to the relay, which arises from pointing error, atmospheric
turbulence and path loss. Therefore, the channel fading from
the source to the relay h , can be expressed as

hs’,r fr— h’ps,rhasﬂ‘hlsﬂ“’ (3)

where h,,_  is the channel fading from the source to the relay
caused by pointing error, ha,., is the channel fading from
the source via OIRS ¢ to the relay caused by atmospheric
turbulence, and Ay, , is the channel fading from the source via
OIRS ¢ to the relay caused by path loss.
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1) Pointing Error: In the FSO system, due to the narrow
beam and high directivity, the offset of the light spot at the
receiver relative to the center of the receiver will cause a
certain signal fading, which is caused by the jitter of the
transmitter and the propagation of the beam in free space and
is called pointing error. According to [2], [3], the probability
density function of the channel fading caused by pointing error
hyp, . in the FSO link can be expressed as

w2

_ Yzea g
) 14903 12, 4)

w? h
h = zeq Ps,r
fhps,v-( Psm) 4 100_2 12 X ( AO ,

6."s,r
where Ay is the fraction of the receiver’s collected power at
R, = 0 and w,, is the equivalent beam width. We have Ay =
lerf(2)]? and w2, = 3%, where z = /7 % is the
ratio between aperture radius and the beam width, erf(z) =
% fox e—t"dt is the error function, w, is the beam waist radius
and can be approximated by w, = ¢4l r, ¢+ is the divergence
angle of the beam at the transmitter.

2) Atmospheric Turbulence: Due to the long length of the
FSO link in this system, the fading caused by atmospheric
turbulence is an important factor that cannot be ignored. At
the same time, since the OIRS is set near the ground, the whole
system should be set in the area near the ground, which fits the
weak turbulence model [2], [3]. Therefore, in this system, we
choose the weak turbulence model of atmospheric turbulence
for analysis. For weak turbulence, the intensity fluctuation is
modeled as a log-normal distribution, which is experimentally
verified. According to [2], [3], the PDF of the channel fading
caused by atmospheric turbulence h can be expressed as

T _a

as,r

2 \2
1 (inhay, . +20%)

— ¢ so% &)
2ham \/ 27TJ§(

where 0% is the log-amplitude variance, which is given by

fhasv,ﬂ (has,r) =

2 P
0% = 0.30545k5C2(L)1S ~ X (6)
where C2(L) is the index of refraction structure parameter at
altitude L, which can be assumed to be constant along the
propagation path, kK = 27” is the optical wavenumber, A is the

optical wavelength, and 012% is the Rytov variance defined as
0% = 1.23C2k515, @)

3) Path Loss: For FSO links, the path loss of the signal
mainly comes from atmospheric absorption, which is affected
mainly by wavelength, link length, and weather conditions.
In this system, we choose light source with a wavelength of
1550 nm, which is widely used in the FSO link due to its
low absorption rate in the atmosphere [17], [18]. According
to [18], the path loss at 1550 nm can be expressed as

Hs,r 104

by, =10 Ter ", ®)

5,7

where i, represents the atmospheric absorption coefficient
per km in the optical channel under current weather con-
ditions, whose unit is dB/km. Since the transition rate of

weather conditions is much slower than the signal transmission
rate, the channel fading caused by path loss can be regarded
as large-scale fading.

4) Channel Fading of the Front-end Link: Since h;,  can
be modeled as a large-scale fading, the PDF of channel fading
from the source to the relay h,, can be expressed as

fhsw,‘ (hs,r)

©)
= /fh,s,,\\haw, (hsm | has,r) fhasﬁ (h'as,r) dhas,r
where fi jn... (hsr | ha,,) is the conditional PDF given
the channel fading of atmospheric turbulence h,, ., which can
be derived from (3) and (13) as

1 h‘S T

horlhay , (s | hay ) = Ffhp, | 77—
f ol s, ( s,T ‘ as, ) has,rhls,rf Ps,r has,rhps,r

Hs,rls,r ls,r €s,r—1

107 10% g4, [ hg 107107
B has,7~A0 has,‘r'AO ’
(10)
2
— wzeq
where ¢, , = Aol 2

Substituting (10) and (5) into (9), we can obtain the closed-
form PDF of hg, as (11)

B. Channel Fading from Relay to User

Since in this system, the channel between the relay and the
user is still an FSO channel, the factors affecting the channel
fading between the relay and the user are still pointing error,
atmospheric turbulence and path loss. However, unlike the
front-end link, there is an OIRS between the relay and the
user to reflect the light beam, which affects the channel fading
in the system. For channel fading caused by atmospheric
turbulence and path loss, the influence of OIRS reflection is
mainly on the extension of the channel path, which does not
change the channel fading distribution. As for the pointing
error, the reflection of the OIRS will increase the jitter of the
beam at the transmitting end and at the same time introduce
the jitter of the OIRS plane, which will change the channel
fading distribution caused by the pointing error. According to
[10], [15], [16], we can obtain the PDF of the pointing error
angle at the relay’s receiving plane 6, as

0
2
(14t ) o, + 408

o, (0r) =

(12)
07
X exp | — l 5 ;
2(1+ 22 ) o2 + 803,
i Ug I3

where 6;. is the beam’s jitter angle at the relay while pointing
to OIRS i; 3; is the jitter angle of OIRS, which is independent
of the relay; 0'3/ is the variance of 6,; U%i is the variance of
Bis lr o, is the distance from the relay to the OIRS 3; [, 4, is
the distance from the OIRS ¢ to the user j. According to [15],
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[16], the PDF of the channel fading caused by pointing error
in the backend link A, ., can be derived as

2/
Wzeq

fhPT:u ) (hpnu . ) =

P 48002 (I, +losy)” + 164003, 12,

2/
Wzeq 1

3
2 2
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h k]
X
A(]
IV. PERFORMANCE ANALYSIS
A. Outage Probability

13)

Since this system is a dual-link cascaded communication
system, we use decode and forward (DF) method at the relay
to ensure the accuracy of signal transmission. Then the outage
probability of the user j ’s received signal can be expressed
as

Pout(%h) =1-(1- F%,r,»('Yth))(l - F% u; (%h))

=Fy, (ven) + Fy, . (nn) = By, () B, (),

(14)

which indicates that the communication system is not inter-
rupted only when neither the front-end link nor the back-
end link is interrupted, where F,  (v:) is the cumulative
distribution function (CDF) of the front-end channel’s signal-
to-noise ratio (SNR) from the source to the relay, /7, A(men)
is the CDF of the back-end channel’s SNR from the relay to
the user j, and -y, is the outage threshold of SNR.

1) Front-end Link: According to (1), the instantaneous
SNR from the source to the relay 7, , can be presented as

2h§7rPt2

2
O—nr

Vs,r = (15)

Substituting (15) into (11), we can derive the CDF of -, , as

2\@0’){

2) Back-end Link: According to (2), the instantaneous SNR
of the user j 7., can be presented as
a’h? grP

2
221 1ﬂ 1 'r04 oluJ

Vrou; = 2

Ny

a7

In this system, we adopt the strategy of selecting the optimal
OIRS, namely 5; = 0 or 1, Zle Bi = 1. Assuming that the
optimal OIRS we choose is OIRS k, ;.. can be expressed

as
2 2
2akhr ok h‘ok U

Trou; = 2
Ny

g-P?

(18)

Then according to the (13) and related analysis in Section
III-B, we can derive the CDF of ;. as

1
F'Yr uj ('Yth) Eexp <5r,uj Xrou,; + 25r,uj Ug{ + 253,@7 Gg()
2 2
x erfc <X““J‘ +20% + 4EMLJUX>
V8ox
1 f (Xr,uj + 20%{)
— —erfe| —/—2—=),
2 V8ax
(19)
here Wieq and
\%% Er,uj 40_2 (T01+lo N ) +160'[23 l?«o ) X’I‘,U,j
1ln’“h + lnmj# Substituting (16) and (19) into

(14), we can obtain the outage probability of the user j ’s
received signal P,y (vip)-

B. Asymptotic Analysis

In this work, the asymptotic performance expressions can be
derived based on the analytical technique in [19]. According
to [19], we can perform Taylor expansion on Ppoyr and
remove the higher-order terms of %, so as to obtain the

1 9 9 9 asymptotic outage probability expression under high SNR.
By, (yen) = iexp (ES’TXS’T +285r0% + 26,0 ) Then the aymptotic outage probability can be estimated as
Xs,r T 20% + 4€S7T0'§( (20).
X er fc( V8o x ) (16) As conditional BER of coherent modulation scheme is
1 Xow +20% P.(1) = nQ(+/7¢7), we can obtain the asymptotic average
- 567’fc (\/§0> ) BER as (21). From (20) and (21), we can observe that the
X performance of our cascaded system is dominated by the worst
where X, = %ln% + ln#ﬁlﬂ. link, which depends on the parameters of the two links.
734

Authorized licensed use limited to: Southeast University. Downloaded on April 08,2024 at 13:48:47 UTC from IEEE Xplore. Restrictions apply.



€s,r
On,. e2ss,r0§(+25?

1
2 \V24,P,h;. .

Es,7

Pout(yen) &

2
r0 2 _
srOX Ly 2 4

Epr u.;
R Eru

1 U"uj 28,0 o—g( +253'u/ Ui
e J ] . Fyth

2 \/EAOPtak?gThlr,uj

(20)
o nF (5s,r+1) €
Es,m 2 (o2 = 2 2 2
Peoo — / Q — d ~ 273 —2 ( Mo ) . 6265,7‘0')(726517‘0‘)(
L (VA fr () dy Tr VA, P o
Eruy+1 Eru,
. o 7277F ( 3 ) On, i 2ok 2, 0%
VT V2(AoPrakgrh, .

V. NUMERICAL RESULTS

We compare analytical results and simulation results in thi;
section. The simulation in this paper is based on the practica
physical modeling. In this system, the source uses a laser witl
a wavelength of 1550 nm, and sends an optical signal to the
relay. Then, after collimating and amplifying the optical signal
the relay forwards it to OIRS. The optical signal is reflectec
by the OIRS to reach the user. We have added independen
jitter random variables to the direction vector of the optica
beam and the normal vector of the OIRS surface. At th
transmitting end, we simulated 10% independent signals, anc
used Monte Carlo method at the receiving end to count the
outage probability and BER. The parameters in the systems art
presented in Table I. Comparing the curves with different oy
and o, we can observe that the variety of pointing error bring;
about a large impact on performance. Compared with pointing
error jitter at OIRS, pointing error jitter at the transmitter has :
greater impact on system performance. Comparing the curve:
with different o, we can observe that changes in atmospheri
turbulence parameters have relatively little impact on systen
performance, which indicates that the impact of pointing erro
in FSO links dominates. Comparing the curves with different
link distance L, we can observe that as the channel length
increases, the system performance deteriorates, which is due to
the joint effect of channel fading parameters such as diffusion
angle and pointing error. Therefore, the secondary collimation
of the optical signal by the optical relay in this system is very
necessary.

TABLE I: SYSTEM SETTINGS

Parameters value
Optical wavelength () 1550 nm
Noise variance at relay (o% ) 10-6 w
Noise variance at receiver (o}, ) 1076w
Optical signal gain of the relay (fqr) 1.5
Attenuation coefficient introduced by OIRS « 0.9
Receiver diameter at the relay (2a1) 20 cm
Receiver diameter at the user (2a2) 30 cm

VI. CONCLUSION

In this work, we propose a hybrid relay and OIRS-aided
distributed FSO system, and perform mathematical modeling
on it. The closed-form solutions of the system’s performance
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Fig. 2: The asymptotic BERs and the simulated BERs for
the hybrid relay and OIRS-aided distributed FSO system with

different parameters, the asymptotic results are obtained from
(21).

have been derived. According to theoretical analysis and
simulation results, we can observe that the joint work of relay
and OIRS not only improves system performance, but also
introduces certain channel fading and signal loss. In future
work, we need to find ways to reduce these signal losses, so
as to further optimize the system as a whole.
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