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ABSTRACT The convergence of wireless optical communication (WOC) and radio-frequency (RF) systems
is a promising technology that overcomes the shortcomings of standalone communication systems. By incor-
porating reconfigurable intelligent surfaces (RISs) on top of these WOC and RF communication systems,
it is possible to circumvent the connection challenges associated with standard line of sight (LOS) communi-
cation links. Wireless communication systems with RIS assistance are a promising and evolving technology
that enables more efficient and reliable link performance over long distances. The performance of the triple-
hop RIS-assisted RF-FSO convergent with the underwater wireless optical communication (UWOC) system
is investigated in this article. We considered the fading channel Nakagami-m over the RIS-RF connection
and the fading channel Gamma-Gamma (GG) over the RIS-FSO and UWOC links. Then, the average bit
error rate (ABER) and outage probability are determined using closed-form expressions. The ABER and
outage probability performances of the triple-hop communication system is analysed by varying parameters
such as turbulence, misalignment fading, and the number of RIS elements. The obtained results demonstrate
an improvement in performance for low turbulence, low pointing error, and an increasing number of RIS

elements. Additionally, the data demonstrate the accuracy of the analytical results.

INDEX TERMS RIS, RF, FSO, UWOC, ABER.

I. INTRODUCTION

Recently, integrating radio frequency (RF) communica-
tions and wireless optical communication (Free-space opti-
cal (FSO) communication and underwater wireless optical
communication (UWOC)) has become attractive. FSO com-
munications have pros compared to RF communications
regarding data transfer rate, massive bandwidth availability,
cost-effectiveness, and license-free. Although this is inter-
esting, the FSO communication system suffers from atmo-
spheric turbulence and misalignment fading. Moreover, the
other approaches, such as diversity, usage of adaptive mod-
ulation, error control coding, and aperture averaging, were
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proposed to overcome the effects mentioned earlier. Combin-
ing or converging the two different technologies will bring
their pros, making the communication system efficient and
exciting [1], [2].

Wireless communications and wireless optical communi-
cations (WOC) are entering a new era with the introduction of
reconfigurable intelligent surfaces (RISs). RIS-assisted wire-
less communications are undergoing a revolution to empower
an intelligent and reconfigurable radio/wireless optical envi-
ronment for upcoming wireless communication systems.
RISs are also known as large intelligent surfaces (LISs)
or intelligent reflecting surfaces (IRSs). RIS is an artifi-
cial reflecting electromagnetic surface material that reflects,
refracts, and scatter the received radio/optical signal and
propagates it further, impacting its parameters such as phase,
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frequency, amplitude, and polarization [3]. The RIS module’s
design depends on its application. The RIS module is an array
of many mirrors that guide the received signal to a particular
area of interest with their low power consumption. To design,
the RIS modules require electronically controllable devices.
These RIS modules solve problems in several zones where
a radio/optical signal cannot propagate in the conventional
line-of-sight (LOS) ways [4], [5]. Hence the RIS devices are
applicable for RF, FSO, and unmanned aerial vehicle (UAV)-
based wireless communication systems.

There has been a rapid growth in the implementation/use of
convergent/hybrid/mixed/cooperative/relay-assisted wireless
communication systems from the past five years. In [6],
a RF-FSO convergent system was proposed and perfor-
mances were studied. Similarly, the FSO/mmwave con-
vergent systems are studied in [7]-[9], and co-operative
RF-UWOC systems were studied and their average bit error
rate (ABER) and outage probability performances were eval-
uated in [10]-[12], and the authors in [13]-[18] proposed
FSO/UWOC systems and studied their ABER and outage
performances. Experimental demonstration of various con-
vergent systems are evolved in [19]-[22]. These convergent
systems bring the advantages of individual communication
systems and make the end-to-end system efficient.

Recently, authors in [23] performed a survey on RIS device
principles and their applications in cellular networks beyond
5@, indoor communications, UAV-based systems for smart
city, and intelligent IoT networks. Yang et al. investigated the
performance of a RIS-assisted dual-hop UAV communication
system in [24]. In the first hop, they considered the RIS to
communicate with the UAV relay and a direct link used from
the UAV to the destination. In [25], the authors presented and
analyzed the potential benefits of adopting RISs for indoor
and outdoor environments at various frequencies used for
6G and beyond wireless networks. The authors proposed and
investigated an optical RIS-based controllable multi-branch
WOC system by establishing multiple optical RISs in [26].
RIS-assisted dual-hop FSO-RF system was proposed for an
outdoor environment and the authors have investigated its
outage and BER performance in [27]. The relay converts
the optical signal into an RF signal using either decode and
forward (DF) protocol and is reflected to the user device
using the RIS module. It is an FSO link in the first-hop,
while the second-hop deploys an RF link using RIS. A RIS-
based dual-hop mixed FSO-RF communication system was
proposed and evaluated in [3] under co-channel interference
(CCI). Li et al. proposed a RIS-assisted dual-hop RF-UWOC
system and investigated its performance in [28].

Exploring the undersea world is a difficult endeavour due
to the harsh communication features. Another difficulty in
ocean monitoring applications is the transmission of gathered
data to control stations at a high data rate. Individual RF,
FSO, and UWOC systems each provide their own limitations
and challenges. The constraints and limits of RF systems
include limited bandwidth and FSO systems, which restrict
LOS communication. Therefore, the converging triple hop
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RF-FSO-UWOC system with the well-developed RIS facil-
itates further underwater exploration and facilitates the trans-
mission of ocean data to the control stations. This motivated
us towards the development of a RIS-assisted triple-hop com-
munication system.

The contributions of this paper are as follows:

« We proposed a triple-hop RIS-assisted RF-FSO conver-
gent with UWOC system for the first time.

o The ABER and outage performance of the proposed
system are evaluated using the close-form expressions.

o The performance evaluation of the trip-hop system is
made for varying number of reflecting elements on RIS
over FSO link.

o Turbulence and misalignment fading parameters of FSO
link are varied in order to analyze the performance of the
end-to-end system.

Section II gives the details of the system model. Section III
presents channel models for the RF, FSO, and UWOC links.
Section IV provides the average bit error rate equations for
each link and end-to-end system. Also outage probability
equations are given for triple-hop system. Section V reviews
the results and discussions. This paper concludes with future
work directions in Section VI.

Il. SYSTEM MODEL

We considered a triple-hop wireless communication system
as shown in Figure 1. We use a RIS-RF system for the first
hop, a RIS-FSO system for the second hop, and the third
hop uses the UWOC system. The source is a base station
that connects to the lighthouse (relay-1) through RIS placed
on a building as direct communication to relay-1 is impossi-
ble. Similarly, relay-1 connects to the ship (relay-2) through
RIS-assisted buoy as LOS communication does not work. The
underwater wireless autonomous vehicles (UWAVs) directly
communicate with the ship.

The light beam reflects specularly with the help of simple
mirrors or perfect smooth surfaces in FSO systems (Snell’s
law of reflection), making the scattering negligible. Opti-
cal RIS elements are made up of using the smart mirrors
of very small size (depending on the optical wavelengths,
order of nano-meters); initially, lenses at the source are
adjusted to occupy the optical beam available Nrsp RIS
elements. [29]-[31].

Ill. STATISTICAL CHARACTERISTICS

A. CHANNEL MODEL

1) RF LINK

The maximized electrical SNR of an RIS-assisted RF link can
be given as

NgF NgF

P, _
n=) i =2 4N (1)
i=1 i=1

Here x; and y; are the two independent random variables
and Nakagami-m distributed, Py is the transmitted signal’s
average power, Ny is variance of additive white Gaussian
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FIGURE 1. System model.

noise, Ngr is the number of reflecting elements on the RIS
and yj is the average SNR of the RF link. Z; = x; - y; is the
product of two Nakagami-m random variables. The PDF of
the new random variable Z; is given as

_ 4 m\2m 5 2mz
f2.(2) = W (5) Z Ko <?> 2)

where K, (-) is the v-order modified Bessel function of the
second kind, m € [1, 2, - - - , 00) is fading severity parameter
and €2 is mean fading power. The mean and variance of Z; are
given as
2
EZ) = mQFF(m + 0.25)
(m+1)

and
e [(m +0.5)*
m2T (m)*
where I'(-) is Gamma function. Using the Laguerre expan-

sion’s first term, the PDF of the Nakagami-m distributed RF
link in-terms of Z = Z&f Z; is given as

Var(Z;) = Q*

74 z
12 = Ty P (—5) 3)

where a and b are the mean and variance of Z, respectively,
and given as,

_ T(m+0.5*WNgr + 1) — T(m)*m?

o C(m)*m2 — T'(m + 0.5)4

and

C(m + 0.5)2(m + 1)2
Using the simple random variable transformation, the PDF
of the instantaneous SNR (y;) for the product of two
Nakagami-m random variables can be expressed as [32]

b — me (F(m)zl"(m + 12 —=Tm+ 0.5)4)

a—1

"1 : < V4! )
exp(—>7=) )
277 b@D T+ 1) bvni

fyl(yl):
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RIS-FSO

The CDF of Eq. (4) can be obtained as

7
Fyl(yl) ~ % (®)]

here y(-,-) is the lower incomplete Gamma function
(Eq. (8.4.16.1)) given in [33]. By replacing the lower incom-
plete Gamma function with Meijer-G function, the CDF of
Eq.(4) can be rewritten as

Fu) = ——— Gl Lol r [2 ©)
Y1 - Fa+1) 1,2 | a+1,0 b 171
2) FSO LINK
The electrical SNR of the RIS-assisted FSO link is given by
NFso P
_ 2 ro_ -
=y u Yo = Bn @)

where y; is the j-th channel gain, P, is the average power of
the transmitted signal and y; is the average SNR of the FSO
link. The FSO link Gamma-Gamma (GG) distributed under
the atmospheric turbulence and a pointing error model caused
by intelligent channel reconfigurable node (ICRN) jitter and
beam jitter. The ICRN jitter caused by the jitter of the ICRN
surface and the beam jitter is due to the jitter of the transmitter.
The PDF of the FSO link (by assuming B = ujz) is given as [5]

gop 3,0 [g ap }
G VAT
240 VR T(@D(B) 2 [s7 b A a0V ®

where, o and S are the large scale and small scale turbulence

parameters dependent on the scintillation index 01% expressed

in Egs. (9) and (10). Pointing error parameter is given as
2

fe(h) =

w2,

= . fa _ _ L efmyr

8 = 1653137 Wz, = w; ppp——" denotes the error
function and w; is the beam-width, Ag = erf2(v), v =

% /% denotes the aperture radius to beam width ratio, L is

liflk-range from source to destination, L; is link-range from
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RIS to destination, oy and og are standard deviations of
pointing error and deflection error angle for ICRN jitter,
respectively.

- --1
v lex 0.49072 . 9
- p 7/6 ( )
12/5
(14 11107
and
- --1
. 0.5101% 10
(1+0690;°)

here o3 = 1.23 C,%k;/ SL11/6 is the Rytov variance, C2 is the
refractive index structure constant, k,, = 2 /A is the optical
wave number, A is the source wavelength.

The mean and variance of B can be obtained using

gA3T(a+2)T'(B +2)T(g +2)
a?B2 T (@B (g + 3)

w1 = E(B) = (11

and
gAJ T (@ +HT(B+ DI (g +4) o

B T@I(Brg+5
(12)

o5 = Var(B) =

Using the simple random variable transformation, the PDF
of the Eq. (8) can be rewritten in terms of SNR as [5]

fr,(v,) = gp
2 240 7,7, D@L (B)
af [y
XG?:g I:g—l,a—l,ﬂ—l m ij (13)

By using the central limit theorem, and assuming the large
number of elements on RIS-FSO (i.e., Nrsp) and considering
n = wi1Nrso, o2 = 022NF50, the Eq. (13) can be rewritten as

1 v, = i)’
W)~ ——exp|———F 55| (1D
VN2 )72 /_27_[02 202)/22
Using the simple mathematical calculations and the
Eq.(1.211.1) of [34] the cumulative distribution func-

tion (CDF) of the Eq. (14) is obtained as,

1 w? =1 1% k
VN2 372 /_27'[0'2 202 1;) k! 0-2)/2

k+1 _
gl
X ) 23| ot

3) UWOC LINK

The turbulence of the underwater channel is approximated to
the turbulence of free space atmospheric channel and hence
it can also be GG distributed [15], [18], [35]. In a strict
sense, random air-water interface also plays an important
role for underwater wireless optical communications. There
is significant reduction in the received communications signal
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resulting limiting the data transfer capability and the transmit-
ting and in the receiving data rates [36]. The SNR-PDF of the

UWOC link is given as [37], [38],
1
)
g% + 1 \ur

2 2
h = —S G [&“
(16)

ry D@ (B) 13 | siap

where o and B are the underwater turbulence parameters,
g1 represents the pointing error parameter, and r denotes the
detection method. When r = 1, it is heterodyne detection
and if r = 2, it is IMDD detection. Since we are considering
IMDD detection, the channel PDF for the IMDD detection is

given as
2 2 .
frlr) = —SL__Gio |t | 8ieh (V_>
BT 2y T@r(B) | steB| g 41 \ i,
a7
where

gi(s1+2)7,
2
@+ (1+2) (1+4)
Here y, is the average SNR of the UWOC link. The
SNR-CDF of the Eq.17 can be given as

y =

B 2
F,( )_M 6.1 | xx|( 8P 73
Vi) = 3,7 | Yy 2
47T (2)0(B) g +1) 16pu,
(18)
Here
2 2
+1 +2
XX:|:1,g12 ’812 }
and

2 2
YY= 8_17 g1+17g9a+1’é’ ﬂ+170 .
272 "2 2 2 2

IV. PERFORMANCE EVALUATION

The performance of proposed RIS-assisted triple-hop REF,
FSO and UWOC links obtained in terms of outage probability
and ABER.

A. OUTAGE PROBABILITY

The probability that blackouts the system’s communication
when the output SNR drops below a stipulated threshold
value is known as Outage Probability (P,,). The outage
probability of the end-to-end system is given by [39]

Pour = Prly <yl =Fy(y,) 19)

where yy, is the threshold SNR and F), (yy) is the CDF of
the triple-hop communication system. The CDF of the end-
to-end system considered in Figure 1 is given as

Fy(r)=1=((1 = Fy (7)) (1 = Fp, (,)) (1 = Fy(v,))) -
(20)
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After substituting the Eq. (6), (15) and (18) in (19) and by
making some mathematical manipulations, the outage prob-
ability of the end-to-end system is given in (21), as shown at
the bottom of the page.

The asymptotic outage probability of each link obtained
using the Eq. (22) of [40] are given as follows.

a+1

1 Vih \ 2
— (2 22
ba+1r(a+2)(y‘]> 22)
_u_2)
exp (4, i Vi ( p )" (23)
,/27102)722 k:O(k+l)! Nz
g1 Gym)™?

F;;O (Ym) = Z 2GB—a— ﬂ)nF(O{)F(,B)

i=1

8 ( Hj:l,j;eir Y@ —

F;flo(y,h) =

F (ym) ~

YY) I (YY (i) )

}:2 I (XX() — YY) T (1 + YY()
(24
1 [ gep g o
where z = o5 g%ﬁ . Substituting Egs. (22), (23)

and (24) in (20) to gives the asymptotic outage probability
of the proposed end-to-end system.

B. ABER CALCULATION

The ABER performance of the system can be evaluated using
the ABER of the each individual link. The ABER of the
triple-hop system can be given as

Poe=1—((1 =Pe1) (1 = Pe2) (1 = Pe3)) (25)

where P.1, P>, and P,.3 are the ABER of the RF, FSO, and
UWOOC links respectively. The ABER of a communication
link can be found using the CDF and is given by [10],

H

) %)
= — P p—1 _
T o) & (a2 [t esotmaun Fyay ).

(26)

where p, g and § represent the type of modulation schemes.
Table. 2 shows the values of modulation scheme parameters

TABLE 1. Turbulence parameter values for the FSO and the UWOC links.

Parameter FSO Link [4] UWOC Link [42]

Turbulence Strong Weak Strong Weak
CZ 3x10712 [ 5x10°1# 1078 [ 9x107?
a 11.4336 4.3997 37.7952 4.3790
B 1.0090 2.5717 0.9971 2.5429

TABLE 2. ABER parameters used for binary modulation and M-ary phase
shift keying modulation schemes [10].

Modulation

Scheme p ° 4 A
DBPSK I T I I
NCBFSK 1 I 05 1
CBPSK 05 I ] ]
CBFSK 05 T 05 T

. 2k-1)m
M-PSK 05 | iy | sin? (B | max (4.1)

and performing some mathematical manipulations using the
Eq. (22) of Ref. [41] as

l 23 % 1,1-p 1
P, = G il a - 27
‘! KX=:1 1 34[;1’22’02 4qulb2] G0
where
20715
Cl=———7F——.
IF@)a+ )T
The asymptotic BER expression of RF link is given as,
y +1
i o (p+ <41

Pfj‘f:z

(28)
20 () (by/aei) T T +2)

2) ABER OF THE FSO LINK

The FSO link is also RIS-assisted and its ABER can be found
similar to the RF link. The GG channel CDF Eq. (15) is
substituted in Eq. (26) and performing calculations using the
Eq. (22) of Ref. [41], we get

p and g for ABER calculation. k op+k+3
Pame Y A () 2
1) ABER OF THE RF LINK K=1k= 0 )/ K
The ABER of the RIS-assisted RF link can be obtained after Gl _k 1ok ik 1-p-k 1 29)
substituting Nakagami-m channel CDF Egq. (6) in Eq. (26), 4.3 | 0,— &F0 —% 2q,(oy,)* ]’
1 111 1
Fy(y,) =1- (1 - Ta+1) G1,2 |:u+l 0 l_)
w1 —1 exp (-M—z) i_ ( - )k %" Gl %7 7
7,V2m0? 202 = 1\o?y, 2 23 |o-Hh g 202y}
2
g 2+P~! xx|( &1 Yin
e LI ] e
47T(@)(B) @ +1) 16u,
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10° . .
——Coherent BFSK
—e—Coherent BPSK
——Non-Coherent BFSK
—e—Differential BPSK
10
-4
w
o
<
FSO: WT, UWOC: WT
1072} o,=1mrad, 9 = 0.5 mrad
10-3 It L L L 1 1 1
o 5 10 15 20 25 30 35 40

AVERAGE SNR (dB)

FIGURE 2. ABER performance of triple-hop system for different
modulation schemes.

where
SaP 2
C2 — #_ exp _M_ .
87 (p)oy, 202
The asymptotic BER expression of FSO link is given as,

5‘”‘?( 202) er(p—i-k-l-l)( ét)k

Py =
e k+2
2T (p)\/2702 7} k=1 k= Gdx e+ DO

(30)

3) ABER OF THE UWOC LINK

The ABER of the UWOC link can be calculated after substi-
tuting Eq. (18) in Eq. (26) and using the Eq. (22) of Ref. [41]
as

2
2
6.2 | xx.1-p|[ &12B 1
3 = GGy 7 (31)
P, Z Yy (g%—i— 1) 164, 11,

where

8g22a+/3 -2

4 L(p)T () (B)

The asymptotic BER expression of the UWOC system is
given in Eq. (32), as shown at the bottom of the next page.

The ABER of the end-to-end triple-hop system can be
calculated after substituting the Egs. (27), (29), and (31)
in (25) is given in (33), as shown at the bottom of the next
page. Similarly, the end-to-end asymptotic ABER obtained
by substituting Egs. (28), (30) and (32) in (25).

C3 =

V. RESULTS AND DISCUSSIONS

This section provides the numerical results to explain
the ABER and outage probability performance of the
RIS-assisted triple-hop RF-FSO convergent with the UWOC
system. We observed the impact of the essential system
parameters on the system performance. The RIS-RF link
parameters are considered as Ngr = 5, m = 2, Q = 1.
ar, wy, 0y, and og values are used to calculate the pointing
error parameter value of the RIS-FSO link. We considered
weak misalignment fading for the UWOC link. Calculated

VOLUME 10, 2022

10°

ABER

1073 L . I I . . I
o 5 10 15 20 25 30 35 40
AVERAGE SNR (dB)

FIGURE 3. ABER performance of end-to-end system for varying Ngso.

—#=—FSO: WT, UWOC: WT

——FSO: WT, UWOC: ST

——FS0: ST, UWOC: WT

—+—FS0: ST, UWOC: ST
> Monte-Carlo si

10-2 L

0 5 10 15 20 25 30 35
AVERAGE SNR (dB)

FIGURE 4. Analytical and Monte-Carlo simulation ABER performance of
triple-hop convergent system for varying turbulence.

Information bearing symbol (s)
Read average SNR ()

Ngr
Y :\mzl.sﬂn

Read average SNR (4,)

Maximum likelihood estimation

B Nep
N argmin
S = %

5 Y - z XiYi $2)
=

IMaximum likelihood estimation
- (720 S
2

Maximum likelihood estimation

. _ (argmin
5= () s — s I

2

ABER =5 @ s3

FIGURE 5. Flowchart of ABER Monte-Carlo simulations.

the turbulence parameters o and 8 of RIS-FSO and UWOC
links using 61%. We used different refractive index structure
constants for the FSO (C,% range from 10712 to 10717) and
UwoC (C,% range from 1078 to 10~ %) channels. The wave-
length of A = 1550 nm and A = 530 nm are used for the FSO
and the UWOC links, respectively. The direct link range is
30 m for the UWOC link throughout all the results. Table. 1
gives the a and B parameters for different C,% values.
Figures 2 to 8 show the ABER performances and figures 9
to 12 depict the outage probability performance with respect
to average SNR of the triple-hop communication system.
Figure 2 shows the performance of the end-to-end system
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10°

FSO: WT, UWOC: WT
——0, = 0.001, 5, = 0.001
——0, = 0.005, 7, = 0.005
——0,=0.01, 5, = 0.01
——0,=0.02, 0, = 0.02
‘

10-2 =

20 30 40
AVERAGE SNR (dB)

10 50

FIGURE 6. ABER performance of end-to-end system for varying ¢y and o
values when Nggp = 128 and Ly = L, = 500 m.

for various modulation schemes, namely differential binary
phases shift keying (DBPSK), non-coherent binary frequency
shift keying (NCBFSK), coherent binary phases shift key-
ing (CBPSK), and coherent binary frequency shift keying
(CBFSK). CBPSK, DBPSK, CBFSK and NCBFSK modula-
tion schemes obtains 4 x 103 ABER performance at 31.75,
34, 34.50 and 37 dB, respectively. From the ABER results,
CBPSK performs 2.25 dB, 2.75 dB and 7.25 dB superior
from DBPSK, CBFSK and NCBFSK modulation schemes at
4 x 1073 ABER, respectively. The ABER of the triple-hop
communication system was analyzed for o9 = 1 mrad, og =
0.5 mrad, a, = 0.1, W, = 1.2, NFSO = 128, L] = L2 =
500 m, and weak turbulence over the FSO and the UWOC
links. We observed that the Coherent BPSK scheme gives
better ABER performance than other modulation schemes.
Figure 3 presents the ABER performance for the varying
Nrso values. We considered 16, 32, 64, and 128 as the Ngsp
values and oy = 1 mrad, og = 0.5 mrad. Weak turbulence is
considered for the FSO and the UWOC links along with a,
0.1, w, = 1.2, L1 = Ly =500 m. As Npso value increases
there is an improvement in the performance of the end-to-end
system. Using the same values, except turbulence, making
NFso as 128, the Figure 4 portrays the ABER performance of
analytical and Monte-Carlo simulations in terms of average

SNR. The turbulence of the FSO and the UWOC links varied.
The ABER performance of weak and strong turbulence influ-
enced systems for the FSO and UWOC attains at 27 and 34 dB
at 4 x 1072 ABER, respectively. Hence the strong turbulence
influenced FSO and UWOC systems deteriorates 7dB ABER
performance when compared with the weak turbulence influ-
enced FSO and UWOC system. Figure 5 shows the flowchart
Monte-Carlo simulations carried for the proposed end-to-end
communication system. In figure 5, § indicates the estimated
data, s means the symbol of specific modulation.

Figure 6 depicts the end-to-end system’s ABER perfor-
mance for varying the standard deviations of pointing errors
and deflection error angles i.e., op and og, respectively.
Since these values are used to calculate the pointing error
parameter of the FSO link, they are considered in the system’s
performance. Along with weak turbulence on the FSO and the
UWOC links, a, = 0.1, w; = 1.2, are considered. The oy and
op values are considered as 1 mrad for very weak pointing
errors, 5 mrad for weak pointing errors, 10 mrad for moderate
pointing errors, and 20 mrad for strong pointing errors. The
very weak pointing error influenced system attains 2.5 x
102 ABER performance at 31.75 dB, where as weak, mod-
erate and strong pointing error influenced triple-hop com-
munication systems obtain the same ABER performance at
42.50 dB, 46 dB and 49 dB, respectively. Hence, the stan-
dard deviation of pointing error and deflection angle error
values increase, the ABER performance deteriorates, i.e., the
end-to-end system’s performance degraded.

With the values a, = 0.1 and w, = 1.2, the turbulence of
one link is considered as constant and varied the turbulence
of other link and oy of the FSO link in Figure 7. Figure 7a
shows the ABER performance for the varying turbulence of
the FSO link. There is a remarkable change in the ABER with
varying oyp. When oy = 1 mrad, we observe the degradation
in the system performance compared to the oy = 0.1 mrad.
It shows the pointing error effect of the FSO link on the end-
to-end system. There is a small degradation in the system
performance with a change in the turbulence of the FSO link.
Similar to this, Figure 7b presents the ABER performance

5 s <i)% [ 1% T (V) = YY) T (YY) T(p + YY () (32)
< 8aT(PT@T(B) f= = \ak 1_[13=2 L'(XX()—YY@)T (14 YY)
f 23 [ 5o L1-p 1
Pope =1-— <I—C1G’|:awu —_i|>
) a 3[4 52.0.4 | dg, 7,02
1-C i 1 < I )k op+k+3 G4 [—'ﬁslik,—@;’”,lgk 1 }
X -G (N L
=k \a?y, ) gt 43 [ 60 s s
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FIGURE 7. ABER performance for varying oy and turbulence values (a) for varying FSO turbulence & (b) for varying UWOC turbulence.
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FIGURE 9. Outage probability performance of triple-hop communication
system for varying a, and w; values.

of the end-to-end system for the varying turbulence of the
UWOC link by assuming weak turbulence on the FSO link.
There is a significant deviation in the ABER from weak
turbulence to strong turbulence of the UWOC link. At 30 dB
of average SNR, when oy = 0.1 mrad, for the weak turbulence
case, ABER is about 1073 and for the strong turbulence case,
ABER is less than 1072,

Figure 8 displays the ABER analysis for the 1Km and
500m FSO links. We considered Npso as 64 and weak
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FIGURE 10. Outage probability performance of end-to-end system for
varying Ngsg-

turbulence in both the FSO and UWOC links. There is a
degradation in the ABER performance when the beam width
w, for the same value of a,. We observe an improvement
in the system performance with the increase in a, value.
When compared to the system performance of the 1 Km
FSO link (Figure 8a), ABER is better for the 500 m of the
FSO link (Figure 8b). It shows that, as link length increases,
performance decreases.

The outage probability is another performance parameter
shown in figures 9 to 12. Similar to ABER, to get all the
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FIGURE 12. Outage performance of end-to-end system for varying oy and
o values.

outage results, we considered RF link parameters Ngr = 3,
m =2, = 1. The FSO link lengths L; and L, considered as
500 m. Figure 9 shows the outage performance of the end-to-
end system for the varying a, and w, values. We considered
weak turbulence over both the FSO and the UWOC links.
There is a significant improvement in the outage of the system
when the a, value increase. At 60 dB of average SNR, the
outage is approximately 10~ when a, = 0.1 and it is greater
than 10~3 when a, =0.2.

Figure 10 depicts the outage performance for varying
Ngso of the FSO link when the turbulence is weak for FSO
and UWOC links. We considered op = 1 mrad, and og =
0.5 mrad. We notice that the outage is increasing with the
increase in the Nrgo value.

Figure 11 portrays the triple-hop system’s outage perfor-
mance for varying turbulence of the FSO and the UWOC
links. For this we considered Npso = 128, 0y = 1 mrad, and
op = 0.5 mrad. When one link turbulence is made constant,
another link turbulence varied. Compared to the FSO link,
the UWOC link’s turbulence shows significant changes from
weak turbulence to strong turbulence cases. At 70 dB of
average SNR, when the FSO link has weak turbulence, the
outage is at 10™* for weak turbulence of the UWOC link, and
it is approximately at 1072,
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FIGURE 13. Asymptotic analysis of ABER over average SNR of triple-hop
communication system for varying turbulence.
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FIGURE 14. Asymptotic analysis of outage probability over average SNR
of triple-hop communication system for varying turbulence.

Figure 12 shows the outage performance for the varying oy
and og values of the FSO link. These parameters are pointing
error-related and make notable changes in the end-to-end
system performance; as these values increase from 1 mrad to
20 mrad, the outage performance decrease. Hence the effect
of the pointing error of the FSO link is larger on the end-to-
end system performance.

Asymptotic outage probability and ABER performance
of the proposed system are shown in Figures 13 and 14,
respectively for the varying turbulence regimes from the weak
to strong. From Figures 4 and 13, ABER asymptotic anal-
ysis matches with the exact analysis after an average SNR
of 30 dB. Similarly, from Figures 11 and 14, the slope of
asymptotic outage performance of matches with the exact
analysis around around 60 dB average SNR.

At high SNR regime, outage probability as a function of
coding and diversity gain is given as Py, =~ (ch)’Gd,
where G, is coding gain and Gy is diversity gain [43]. For the
un-coded system G, = 1, and diversity gain is given as Gy =
lnh(lﬁ. Figure 15 shows the diversity gain analysis obtained
from asymptotic outage performance (P,,;) for the varying
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FIGURE 16. ABER comparison of various M-PSK modulation schemes.

weak and strong turbulence regimes of FSO-UWOC links
with respect to average SNR. Diversity gain (G4) at 36 dB
average SNR is 9, 1.6, 2.2 and 6 for FSO and UWOC links
turbulence are varying ST-ST, ST-WT, WT-ST and WT-WT,
respectively.

ABER comparison proposed system for the varying
M-PSK modulation schemes under the influence of weak
FSO and UWOC turbulence regimes is shown in Figure 16.
From figure, increasing the modulation ary deteriorates the
system ABER performance, this is due to the number of
information bits are increases with the increase in M-ary PSK
size.

VI. CONCLUSION

This paper proposed and investigated a triple-hop RIS-
assisted RF-FSO convergent with the UWOC system for
skip-zones in specific areas. We derived closed-form expres-
sions for ABER and the outage probability under the mis-
alignment fading and turbulence conditions. The results
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indicate that deploying RISs can significantly improve the
end-to-end system’s performance. Additionally, the results
demonstrate the effect of link distance, turbulence, pointing
error, and RIS surface elements on system performance. The
ABER and outage probability of the system are significantly
improved for weak turbulence, weak misalignment fading,
and an increasing number of RIS elements.
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