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Table 1 Configuration of simulation parameters

Parameter Numerical value
FSO link wavelength /nm 1550
7 0.9
L, /m 150
L,/m 150
Weak turbulence intensity a=25,=3
Medium turbulence intensity a=4.4,=2.5
Strong turbulence intensity a=4,=1.9

TE SR A UE T o8 TGS TR LA MO R 52
e BT ARE 2% 1 5 0, 6 F SO B B 915 18 1k 50 dB L, 1
1, N=4,y,=1dB,a=0.15m, w.=1.2m, 5,=
Imrad,s,= 0. 5mrad, 0 2 i~ . ATLLE W K&
RF % {5 e LU 9 42 1= L 3 48 19 b B E SR 3 s/ o 7
AR T8 R, 2T A5 M EL 3 s, R ey
VT HEE 238 A8 5 ZE AR R A9 T A5 W EE L 2 T e 1% 4o 3
EANRE WIS RLE R ST R NI Ui 57 N & N
R 7 TP A e b2 & SR S Ak . T
M PR N L = 17480 L = 21, RGE0 o B AE %
PEREAT 2] T B R A TE X 02 th 2 1 P 9 [ A% f
RS ERE RS . XA L=1.M=2.CCI}2dB
ML=2M=4 CCIK}2dB, K 27 1, |53 1)
MR R AR, A BH T 2 P i o 42 3G 25 0T LA ]
PeA5 5 X RGEA A RS2, I 0 2 58 1 b B Ak % 14 g
R — 4R Tt

10°%

—_
(=}
9

, CCILis 2 dB X
. CClis 6 dB
,CCIis 2 dB
4, CClIis 6 dB ;
M=2,CClis 2 dB /
M=2,CClis6dB _5
M=4,CClis 2 dB

M=4, CClis 6 dB
——Monte Carlo

0 10 20 30 40

<o
11
B Do Do

NSNS

Outage probability
—
o

#%Avd

106

P2 ORI H P B T 8 BH AR M HT AR e v A Y
w

Fig.2 Effect of different numbers of users, numbers of

interferences, and their signal-to-noise ratios on system

outage probability

R T HRFE AR R Ny X 28 G0 v Wi A S5 0 5 i 7
S8 it I A PE T, [ RE S B 09 {5 e b b 50 dB L, Horr,
L=1,M=2,CCI N 2dB,a=0.15m,w.=1.2m,
o,= 1mrad,o,= 0. 5mrad, 40 & 3 Fr7x . >4 BAE ] R
yo M4 dB FFEH 1 dB, N=8, W Wi F 1 o~ 10°°
B, RGAT 3 dB A2 47 I3 45, U6 B B 1T B AS [] 19 B

X RGEVEREEAE B K . 24 FSO B I 517 W L
KF 50 dB B, & G0 H WA 3 S AR R 5 R AR | Ud B s
RF &% e 3 FAEH . 7EAH R BE T TBR 41~ L bt % Ok
2F RIS F Y RS0 R B N B BE I, £ 4809 R HE R
BN R X T N AT LU R FSO B 5 A9 15 18 R
i, N T R G RE .

10° = A
o N=8,y,is1dB
¢ N=16,7, is1dB
> 101 N=32,7,is 1dB
B v N=8,y,is4 dB
< < N=16,7, is4 dB
< 102 > N=32,y, is4 dB
5 ——Monte Carlo
$103
=
-
104¢
107 ‘ ‘ ‘ y
10 20 30 40 50 60

Yeso /dB

P 3 IS Ta] S 5 0 28 AN BOR B 1T ROk 2% 498 v BT ABE 256 Y 52 i
Fig. 3 Effect of different numbers of reflective elements and

threshold thresholds on the system outage probability

T HCHEAN [R) () FLAR A2 RO o 9 U R R 4
rh T HE R 0 2 ) [ RE BE B 9 15 M LA FSO 5 %
fE ML AR R 30 dB, Hih ,L=1,M=2,N=16,CCI
H2dB,y,=4dB,s,= 1 mrad,o,= 0. 5 mrad, 41 % 4
Fis o B LR AR MG 8 5 a4 &, R h
T HEE 23 i 22 D /0 o > i T AR B DA 553 i A R R A Ay R i
it R BB, R G0 P R A, U B I R B 2 6 FSO
BE B AR R

o strong turbulence intensity

8491001 ¢ medium turbulence intensity|
weak turbulence intensity
—Monte Carlo
3.49095
3.49090

Outage probability /10

0 0.5 1.0 1.5 2.0 2.5
Ratio of aperture radius and beam width

4 A[RIFLAR P AR R o T8 B LU ABLX 2R SE i BT 4 14 5 i
Fig. 4 Effect of different ratios of aperture radius and beam

width on system outage probability

ST A [A] I ] 7 =0 &R e T B R R R
MR, 76 558 i W S5 7F R, [ FSO B #% {5 Me Lt o 30 dB,
AN, L=3,M=2,N=128,CCI}2dB,a=0.15m,
w.=1.3m,s,= 1 mrad, 6,= 0. 5 mrad, U ¥ 5 fF 7~ .
Al LA A8 b, BPSK A il 75 UM g & A3, OOK i
il 7 PR Re e 25 . L, 7 I 22 09 7 YR 05 R 0 By

2206003-6



Frfr, ¥9% H BPSK i 61 77 =X .

10°

10t¢

102¢

Average bit error rate

o BPSK
¢ BFSK
OOK
——DMonte Carlo
103 : " ; =
-20 -10 0 10 20

Vee /B

5 I [l 9 1 5 3008 5 488 1 DR T 4 19 52 1)
Fig. 5 Effect of different modulation methods on the average bit

error rate of the system

TE i T A< F T XS [ LA MO R Ge T
T A 0 B R [ 58 FSO HE 19 5 1§ e ok 30 dB, H:
L, N=128,CCI # 2dB,a=0.15m, w.=1.3m,
o,= 1mrad,o,= 0. 5mrad, W& 6 Jr~. M H P&
L=3,THESHEEN1IZ R 2, RGNV IR R
T 10 B, RGEMTERE S A 2 dB A Bk Ui ]
TGS E A L2 S E W RS W ERE, X5 4 B
WER A7 B IE P 3 1 450 AR ] . A6 T A5 5 i o &
HAM AR BRI OT Y H P EcE I 2 n, R4
P BE 23 A W S A s IR A AR £ T R B R G
E IR

10°
%
20
510
8
=)
g os
% 0 2 40 p-1m-1
S o L=2, M=1
g L=3, M=1
210 v L=1,M=2
< > L=2, M=2
4 L=3,M=2
—— Monte Carlo
10+ - . : —
-20 -10 0 10 20
Vee /B

F6 AN [l P B AT 45 5 B 3R G0 35 1R T R A 52 1
Fig. 6 Effect of different numbers of users and interfering

signals on the average bit error rate of the system

N T AR 6, Fl o, X 2 G5 - 35152 1 5 1 5%
Wi, 7E SR I A1 F L [ E RF BEB& 0 /5 ME 1Ly 20 dB,
Hip,L=2,M=1,N=128,CCI}4dB,a=0.1m,
w.=1.2m, ME 7R, ATLLEH,BEE FSO & 515
M 0 B R, 2R 0 Y ST 4R A R G /D L 24 FSO fi
% B0 15 M EL Gk 21 40 dB B, R S8 AY T 25 1R A R I AR
A, U FR G0 7 25 R R 1 BE 3 R 2 R 4 1 B2
Mo, 33 A~ 25 18 5 v D ABE 23R 43 A v 1) 285 SR AR — B
2 o, il o, B AE /NS IR IO 4 C B bl K, R 4Gy

%43 % £ 22 #1/2023 £ 11 B/RFZFR
S E R R N L ER /)N, BIER )R 25 REGEOR , R R
P 1 BB R AT o

10°
o 8
‘5 0,=5 mrad
510
t
<]
=
2 o 0,=1mrad
L .n2l ¢ o=4mrad
Ef’ 10 o§=7 mrad
g v 0,=2.5 mrad
< > 0,=3.0 mrad

4 0,=3.5mrad _
109} — Monte Carlo %1 ™3d
0 15 20 25 30 35 40
Yeso /dB

7 R 95 58 22 £ A ICRN i % 15 22 1 9 AR 1 22 X FR 401
415 B 3 14 52 W

Fig.7 Effect of standard deviation of different pointing error

angles and ICRN deflection error angles on the average

bit error rate of the system

5 4 1w

2 3% Rl 3 T4 F RIS % B MUD-RF/FSO &
MR GEHEAT THERE Ao HorP RE 4 8% IR A Rayleigh
A A AE CCLIY RE & 1% IR M Rayleigh 701 , H 4k
AL SR RS B e A, oA RIS i Bh Y FSO %5 f#%
ik N Gamma-Gamma 70 i o AR SCHES 00 T 24
Hh BT ARE S5 RS 281 A5 R 1 A A 3, IR AT T 8E A
Bro DFEZSREW, mEWELT RF 58 £ S/EM.
THAF 5 Bhim B FLX O 45 M L A 2 RS R
AN [ o J3E AR 5 e, T P 0 B BG n AT DA os 55 T X
RGEMAREW ., RIS K Roo el L g
T TR T B 0 LU (B AR = T D R B AR 5 | R ] R A
U /N B A ] 15 22 1 FI ICRIN i % 158 25 £ A b 14 22 [ MR
BT LR T R G TERE . 540, SR BPSK i & 4
PERE LU -

& £ x W

(1] B, &l B TR, 4 KA I AE 17 32 22 TR RF/

FSO A =< 3 {5 & 45 ¥ 68 20 B (7], o B3Ok, 2017, 44(9):
0906001.
Zhao J, Zhao S H, Zhao W H, et al. Performance analysis for
mixed RF/FSO airborne communication systems over
atmospheric turbulence and pointing error[J]. Chinese Journal of
Lasers, 2017, 44(9): 0906001.

(2] sk#, EF, M54 . 2X2 ARG S/ B & )6 = 8

f RGAEREHTT]. S22 4, 2019, 39(3): 0301003.
Zhang Y, Wang X, Zhao S H. Performance analysis of 2 X 2
relay-assisted mixed radio frequency/free space optical airborne
communication system[J]. Acta Optica Sinica, 2019, 39(3):
0301003.

[3] Wang Z, Shi W X, Liu W. Two-way mixed RF/FSO relaying
system in the presence of co-channel interference[J]. IEEE
Photonics Journal, 2019, 11(2): 7902516.

[4] Bambiwal S B, Upadhya A, Yaduvanshi R S, et al. Partial
relay selection for combating the effects of co-channel

2206003-7



&5 43 % % 22 H1/2023 £ 11 B /%3340

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

interference in  RF/FSO cooperative relaying[J].

Communications, 2020, 475: 126186.

Optics

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Agheli P, Beyranvand H, Emadi M J. High-speed trains access
connectivity through RIS-assisted FSO communications[J].
Journal of Lightwave Technology, 2022, 40(21): 7084-7094.
Wang H B, Zhang Z C, Zhu B C, et al. Performance analysis of
hybrid RF-reconfigurable
communication[J]. IEEE  Transactions  on
Technology, 2022, 71(12): 13435-13440.

Kumar L. B, Naik R P, Krishnan P, et al. RIS assisted triple-
hop RF-FSO convergent with UWOC system[J]. IEEE Access,
2022, 10: 66564-66575.

Bag B, Das A, Ansari I S, et al. Performance analysis of hybrid
FSO systems using FSO/RF-FSO link adaptation[J]. IEEE
Photonics Journal, 2018, 10(3): 7904417.

Simon M K, Alouini M S. Digital communication over fading

intelligent surfaces assisted FSO
Vehicular

channels: a unified approach to performance analysis[M]. New
York: Wiley, 2000.

Nguyen T V, Le H D, Pham A T. On the design of RIS-UAV
relay-assisted hybrid FSO/RF satellite-aerial-ground integrated
network[J]. IEEE Transactions on Aerospace and Electronic
Systems, 2023, 59(2): 757-771.

Wang H B, Zhang Z C, Zhu B C, et al. Performance of wireless
optical communication with reconfigurable intelligent surfaces
and random obstacles|[EB/OL]. (2020-01-16)[2023-06-30]. https:
//arxiv.org/abs/2001.05715.

Gappmair W. Further results on the capacity of free-space optical
channels in turbulent atmosphere[J]. TET Communications,
2011, 5(9): 1262-1267.

IR, Bt , w45 RISHBY IR A RF/THz & S g
Srprl] SEAR 2, 2022, 43(1): 49-58.

Li S, Yang L, Cui Q M, et al. Performance analysis of RIS-
assisted mixed RF/THz system[J]. Journal on Communications,
2022, 43(1): 49-58.

Wolfram Function Site. Meijer-G functions[EB/OL]. (2009-05-
15)  [2023-06-30].
HypergeometricFunctions/MeijerG/.

Yang L, Guo W, Costa D B D, et al. Free-space optical
communication with reconfigurable intelligent surfaces|[EB/OL].
(2020-11-17)[2023-06-30]. https://arxiv.org/abs/2012.00547.

https://functions.  wolfram.  com/

Performance Analysis of RIS-Assisted MUD-RF/FSO Hybrid System
Under Co-Channel Interference

Bao Chaoyuan, Cao Yang , Peng Xiaofeng, Xing Wenjun
School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongqing 400054, China

Petkovic M I, Cvetkovic A M, Djordjevic G T, et al. Outage
performance of the mixed RF/FSO relaying channel in the
presence of interference[J]. Wireless Personal Communications,
2017, 96(2): 2999-3014.
Upadhya A, Dwivedi V K, Singh G. Multiuser diversity for
mixed RF/FSO cooperative relaying in the presence of
interference[J]. Optics Communications, 2019, 442: 77-83.
Tonk V K, Upadhya A, Yadav P K, et al. Mixed MUD-RF/
FSO two way dcode and forward relaying networks in the
presence of co-channel interference[J]. Optics Communications,
2020, 464: 125415.
Boulogeorgos A A A, Alexiou A. Performance analysis of
reconfigurable intelligent surface-assisted wireless systems and
comparison with relaying[J]. IEEE Access, 2020, 8: 94463-
94483.
Choudhury S M, Wang D, Chaudhuri K, et al. Material
platforms for optical metasurfaces[J]. Nanophotonics, 2018, 7
(6): 959-987.
Minovich A E, Miroshnichenko A E, Bykov A Y, et al.
Functional and nonlinear optical metasurfaces[J]. Laser &
Photonics Reviews, 2015, 9(2): 195-213.
Nemati A, Wang Q, Hong M H, et al. Tunable and
reconfigurable metasurfaces and metadevices[J]. Opto-Electronic
Advances, 2018, 1(5): 180009.
Luo X G. Subwavelength artificial structures: opening a new era
for engineering optics[J]. Advanced Materials, 2019, 31(4):
1804680.
Du K, Li P, Miao Q W, et al. Optical characteristics of
metasurfaces at meta-atom anapole[J]. IEEE Photonics Journal ,
2021, 13(3): 4600107.
Shen Z, Li R, Xue Y Z, et al. Generation of optical vortices
with polarization-insensitive metasurfaces[J]. TEEE Photonics
Journal, 2020, 12(4): 4601010.
Saxena P, Chung Y H. On the performance of all-optical
RORIS dual hop UAV based FSO systems[J]. ICT Express,
2023, 9(3): 466-472.

Abstract

Objective

Research on hybrid dual-hop radio frequency (RF)/free-space optical communication systems can improve the

multipath fading robustness and communication coverage. However, since the co-channel interference problem in RF

communication systems cannot be ignored, the adoption of a multi-user diversity scheme can improve the adverse

interference effect and enhance the system performance. Meanwhile, optical reconfigurable intelligent surface (RIS) is

introduced in the free-space optical (FSO) communication link to enhance the signal quality when the FSO communication

cannot fulfill the conditions of line-of-sight communication.

Methods

To improve the co-channel interference in RF communication, we utilize the simultaneous transmission of

multiple users to generate diversity gain and consider the problem that FSO communication cannot complete line-of-sight

transmission. Additionally, RIS technology is introduced in the FSO link to put forward a scheme of RIS-assisted MUD-

RF/FSO hybrid system under co-channel interference. The RF link with multi-user diversity obeys the independent

2206003-8


https://arxiv.org/abs/2001.05715
https://arxiv.org/abs/2001.05715
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/
https://functions.wolfram.com/HypergeometricFunctions/MeijerG/
https://arxiv.org/abs/2012.00547

&5 43 % % 22 H1/2023 £ 11 B /%3340

homogeneous Rayleigh distribution, the optical RIS-assisted FSO link obeys the Gamma-Gamma distribution, and the

decode-and-forward protocol is adopted at the electro-optical conversion relay node. Based on the probability density
function (PDF) of the system's end-to-end instantaneous signal to noise ratio (SNR) and its cumulative distribution function
(CDF), closed expressions for the system outage probability and average bit error ratio (BER) are derived. Simulation
results show that RIS can significantly improve the performance of the MUD-RF/FSO hybrid system, and the increasing
user number can bring diversity gain to the system, thus suppressing the undesirable effects caused by co-channel

interference.

Results and Discussions In strong turbulence conditions, the SNR of the FSO link is fixed at 50 dB to study the effect of
different L and M on the outage probability of the system. The outage probability performance of the system is
dramatically improved when the user number is changed from L=1 to L=2. This is attributed to the simultaneous
transmission of multiple users generating a diversity gain (Fig. 2). Meanwhile, the SNR of the RF link is fixed to be 50 dB
under strong turbulence to study the effect of different numbers of RIS reflection element surfaces and threshold values on
the system interruption probability. When the threshold value is decreased from 4 dB to 1 dB with N=8, the system has a
gain of about 3 dB under the interruption probability of 10™°, indicating a great effect of different threshold values on the
system performance. When the SNR of the FSO link is greater than 50 dB, the system interruption probability remains
basically unchanged, which shows that the RF link plays a dominant role at this time. Under the same threshold, with the
rising reflective elements on the optical RIS, the interruption probability of the system gradually decreases, which is
because the increase in reflective elements can improve the channel quality of the FSO link and enhance the system
performance (Fig. 3). The SNR of the RF link and FSO link are both fixed at 30 dB to compare the effect of different
aperture radii and beam widths on the system outage probability. As the ratio of the aperture radius and the beam width
increases, the system outage probability decreases. The system performance deteriorates when the turbulence intensity
changes from weak turbulence intensity to strong turbulence intensity, indicating that the turbulence intensity can exert
great influence on the FSO link (Fig. 4). To determine the effect of standard deviations of different pointing error angles
and intelligent channel reconfigurable node (ICRN) deflection error angles on the average bit error rate of the system, we
set the SNR of a fixed RF link as 20 dB in strong turbulence conditions. The smaller standard deviation of the pointing
error angle and ICRN deflection error angle leads to a smaller corresponding value of the average bit error rate of the

system, and the larger pointing error coefficient brings better system performance (Fig. 7).

Conclusions We analyze the performance of the RIS-assisted MUD-RF/FSO hybrid system under co-channel
interference. RF links obey Rayleigh distribution, RF links in the presence of CCI also obey Rayleigh distribution, decode-
and-forward protocol is employed at relay nodes, and optical RIS-assisted FSO links obey Gamma-Gamma distribution.
Meanwhile, the closed formulas for the system outage probability and average BER are derived and analyzed numerically.
The simulation results show that the RF links play a dominant role at high SNR. The number of interfering signals and
their corresponding SNRs have different degrees of influence on the system performance, while the increase in the user
number can attenuate the adverse interference effects on the system. The system performance can be enhanced by
increasing the number of RIS reflection units, improving the ratio of the aperture radius to the beamwidth, weakening the
turbulence intensity, decreasing the threshold value, and lowering the standard deviation of the pointing error angle and the

ICRN deflection error angle. Additionally, the best system performance is obtained by BPSK modulation.

Key words multi-user diversity; reconfigurable intelligent surfaces; outage probability; average bit error rate; co-channel

interference
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