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On the Performance of Reconfigurable Intelligent Surface

in Cooperative Decode-and-Forward Relaying
for Hybrid RF/FSO Systems
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Abstract—Reconfigurable intelligent surface (RIS) has been suggested as a promising solution to
prevent wireless communication systems from transmission blockage. In this paper, the performance of
reconfigurable intelligent surface in cooperative decode-and-forward relaying for hybrid radio frequency
(RF)/free space optical (FSO) system is evaluated where parallel transmission of information occurs on
the system downlink. In this network, the RF links in the system are assumed to follow Nakagami-m
distributions while the FSO link is subjected to Gamma-Gamma distribution. Thus, the exact closed-
form expressions of the system outage probability and average bit error rate are obtained to quantify
the system performance. The accuracy of these expressions is justified by Monte-Carlo simulations.
Also, to get more physical insight from the derived outage probability expression, the asymptotic outage
probability under the condition of higher signal-to-noise ratio (SNR) is provided. In addition, the results
illustrate that the system and channel parameters significantly affect the performance of the concerned
system. Furthermore, the results show that RIS-hybrid downlink system offers better performance than
hybrid downlink system without RIS. Under the RIS system, the results demonstrate that RIS-hybrid
downlink system outperforms RIS-FSO downlink system.

1. INTRODUCTION

Reconfigurable intelligent surface (RIS) has gained tremendous interest in the research community due
to its capability to prevent transmission blockage by controlling the direction in which radio waves
are reflected between the source and the final destination [1,2]. Also, it enhances the focus of the
radio waves beam in order to extend the coverage area of the system transmission. As an emerging
technology, it is artificial planar surface made of electromagnetic (EM) materials which can effectively
control the characteristics of incident signal such as phase, amplitude, and frequency [3,4]. Compared to
the conventional relaying and multiantenna technologies, it requires no RF chain and additional power
for signal amplification, transmission, and regeneration [5]. Therefore, they are more economical and
environmental friendly compared to active antenna systems counterpart [6]. With these great features,
it is very easy to integrate RISs into existing wireless network by deploying them on structures such
as building surfaces, windows, human cloths, and roadside billboards [7]. Based on these advantages
of RIS, a lot of research studies have exploited RIS to enhance the performance of existing wireless
communication systems. In [8], RIS was employed to enhance the performance of high altitude platform
for multiusers communication. Also, RIS was used in [5] to improve the coverage area of unmanned aerial
vehicle (UAV) communication system where the outage probability and system error rate were evaluated.
Moreover, the performance analysis of a multilayer UAV wireless communication with the assistance of
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RIS was studied in [9]. The authors in [10] proposed an RIS-aided power line communication system
under different system relay protocols.

Recently, hybrid RF/FSO communication has been suggested as a powerful candidate for wireless
backhaul networks. With the advantages of FSO link such as high date rate, unlicensed and unregulated
optical spectrum, easy deployment, etc., the link suffers from various channel impairments in its practical
implementation. In this case, FSO link is highly prone to atmospheric turbulence due to inhomogeneities
in the atmospheric pressure and temperature as a result of variation in refractive index leading to rapid
fluctuation in optical signal [11]. As a light-of-sight (LOS) link, it is usually affected by pointing
errors due to misalignment between the transmitter and the receiver as a result of building sway [12].
Mainly, the FSO link suffers from attenuation due to fog but is less sensitive to rain conditions. RF
communication link on the other hand is a reliable link in fog weather conditions [13]. However, the
link is subjected to multipath fading and highly susceptible to heavy rain conditions. It has also
reached a bottleneck due to spectrum scarcity [14]. Therefore, the complementary features of RF
and FSO links have led to the implementation of hybrid RF/FSO system. Different approaches have
been proposed in literature to guarantee reliable transmission in hybrid RF/FSO systems. The first
approach is parallel transmission in which identical information is transmitted on both RF and FSO
links. However, this approach wastes power and causes unnecessary interference [15]. The second
approach is hard switching where the channel state information is used to select transmission link
between the RF and FSO links. This approach requires a feedback from the destination to source and
offers the system efficient transmission at high date rate [16]. The third approach is soft switching
which is the most complex approach, employs joint coding for both RF and FSO links under channel
conditions [17].

Cooperative relaying technology is one of the promising techniques to improve the reliability and
coverage area of the wireless systems. The concept involves the transmission of source information to the
destination via relay node(s). The relaying strategies can be classified as amplified-and-forward (AF) and
decode-and-forward (DF) relaying protocol. In AF relaying protocol, the relay node amplifies the source
information and forwards the amplified copy to the destination. On the other hand, DF relaying protocol
involves the relay node decoding the source information before it is transmitted to the destination [2]. It
is confirmed that hybrid RF/FSO systems establish short range transmission. Consequently, to extend
the system coverage area, dual-hop cooperative relaying hybrid RF/FSO systems have been thoroughly
studied in open literature where RF and FSO links are used in both hops. In [14], a switching based
cooperative DF relaying for a hybrid RF/FSO system with direct FSO link was presented. Also, the
authors in [18] compared the performance of a single-hop hybrid RF /FSO satellite system with a dual-
hop hybrid RF/FSO satellite system. Under the dual-hop system, the FSO line was considered for
the first hop while the hybrid RF/FSO link was used in the second hop. The results illustrated that
the dual-hop hybrid system was able to perform better than single-hop hybrid system. Moreover, the
performance of a relay selection in dual-hop hybrid RF/FSO satellite network was investigated in [19].
In this study, the system employing FSO links between the satellite and the relays in the first hop
and hybrid RF/FSO transmission was established between the relays and the ground stations in the
second hop. Ninos et al. in [20] studied the performance of a dual-hop full-duplex DF relaying system
where each hop consists of a parallel hybrid RF/FSO link. In addition, the performance analysis of DF
multi-hop hybrid RF/FSO system under the hard switching scheme was presented in [21], where the
outage probability and ergodic capacity of the system were obtained under the effect of different weather
conditions. The outage probability of an AF dual-hop based hybrid RF/FSO system under different
relaying methods was presented in [22]. In all these stated works on the dual-hop hybrid RF/FSO
systems, however, reconfigurable intelligent surface was not considered for signal transmission. In the
context of RIS as cooperative relay, the authors in [23] employed RIS to enhance the performance of a
mixed dual-hop FSO/RF communication system under the influence of hybrid automatic repeat request
protocol. Also, performance of a dual-hop FSO/RF communication link was studied in [24] where RIS
was used to aid the performance of each hop. Moreover, a multi-hop RIS-assisted FSO/RF system for
vehicular communication was studied in [1] where multiple RISs were adopted between the RF and
FSO links for multi-hop transmission. In addition, mixing RIS-equipped RF sources with FSO links
were studied in [25] where the RF sources were deployed with multiple RISs and adopted opportunistic
scheduling for signal transmission. The effect of co-channel interference (CCI) on the RIS-assisted mixed



Progress In Electromagnetics Research M, Vol. 110, 2022 159

FSO/RF system was investigated in [26] with the destination corrupted by CCI. Malik et al. [27] studied
the performance of a UAV-based RIS-assisted FSO/RF system under the effects of pointing errors and
phase error. However, in all these aforementioned research works on the dual-hop RIS-assisted RF/FSO
systems, information signal was not simultaneously transmitted on both RF and FSO links at the same
time but was transmitted in hops between the RF and FSO links. Therefore, the link between the
RIS and destination (downlink) of the pervious works was based on a single link that is either RF or
FSO link. Thus, the necessary comparison between our proposed system and previous works on hybrid
RF/FSO system is provided in Table 1.

Table 1. Comparison of proposed system with previous works.
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Motivated by above observations, the reconfigurable intelligent surface in cooperative DF relaying
for hybrid RF/FSO system is investigated in this paper where the downlink transmission of information
occurs simultaneously of both RF and FSO after reflection of signal from RIS. Thus, the closed-form
expressions for the system outage probability and average bit error rate (BER) are derived. Also, the
asymptotic expression of the outage probability is obtained at high SNR regime to provide more physical
insight into the performance of the concerned system. It is worthwhile to state here that central limit
theorem was considered in the analysis of most of the previous works on RIS-assisted systems, and
this amount to a large number of reflecting elements. Following other approaches, Nakagami-m fading
channel for limited number of reflecting elements is considered in the analysis of this concerned system.
The specific contributions of this work are summarized as follows:

i. The analytical closed-form analytical expressions of the outage probability and average BER are
derived and serve as key metrics to evaluate the performance of the concerned system.

ii. Moreover, the asymptotic outage probability of the system is obtained at high SNR in order to get
more physical insight about the system performance.

iii. Relative to dual-hop hybrid RF/FSO systems in [14,18-20, 22], the proposed system presented in
this paper is RIS-assisted dual-hop hybrid RF /FSO.

iv. Relative to RIS-mixed RF/FSO system in [1, 23, 24], the downlink of the proposed system involves
parallel transmission of information on both RF and FSO links.

The remainder of this paper is structured as follows. Section 2 demonstrates the system and channel
models. The performance analysis of the system with asymptotic analysis is detailed in Section 3.
In Section 4, the numerical results with discussions are presented. Finally, Section 5 gives the paper
conclusion remarks.
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2. SYSTEM AND CHANNEL MODELS

An RIS assisted hybrid RF/FSO system is illustrated in Figure 1 where hybrid RF/FSO relay node
assists the source (S) to send its message to destination via an RIS with Ng reflecting elements. It is
assumed that the relay node adopts DF relaying protocol to transmit source information from RIS to
the destination via the parallel RF and FSO links. Due to higher data rate, FSO link is set to have
higher priority. The RF links within the network are subjected to Nakagami-m distributions while the
FSO link follows Gamma-Gamma distributions. It is also assumed that there is transmission blockage
between the source and the destination due to obstacles such as hills, buildings, and aeroplane. The
concerned system utilizes two-phase orthogonal transmissions.

0 —— FSO Link
— RF Links

Destination

D)

Figure 1. RIS-assisted hybrid RF/FSO system model.

During the first phase, the source sends its signal to the RIS which is reflected with optimal phase
to the relay node. During the second phase, the relay transmits the source decoded signal over the
hybrid RF/FSO communication link. At the destination, the selection combiner is used to select the
maximum signal-to-noise (SNR) between the two links. If the FSO instantaneous SNR is above a
predefined threshold, the FSO link will be used by source for signal transmission. Otherwise, a 1-bit
feedback signalling is sent to activate the RF sub-link, and the source signal will be transmitted over
RF link. Thus, the instantaneous SNR of the RF link can be given ~; = #;|h;|? where i € {1,2} and #;
is the average SNR of the RF link with the h; being the channel gain of the link. The channel gain of
the RIS link is defined as hy = Zﬁle gnUn With g, and v,, being independently Nakagami-m distributed
random variables with shape parameter m. In addition, the instantaneous SNR of the FSO link can
be given as 73 = 43|I|> with the 43 denoting the average SNR of the FSO link, and I signifies the link
channel gain.

It is assumed that the source-RIS-relay links undergo Nakagami-m distribution, and the probability
distribution function (PDF) of the instantaneous SNR of the link can be expressed as [28]:

exp (—71/2/\/71/@) by
2

v
1 _ —+1)/2
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Npg represents the number of RIS elements, and m; is the fading parameter of RIS link.
By integrating the link PDF given in (1) through the identity detailed in [29,Eq. (3.351(1))], the
cumulative distribution function (CDF) of the link can be obtained as:

1
1 75

F ~o— +1, 3

RIS (7) N (m \/@) (3)

where 7(.,.) is the incomplete Gamma function.
Moreover, the link CDF can also be obtained in terms of Meijer-G function by converting the
incomplete Gamma function in (3) to Meijer-G function using the identity detailed in [30, Eq. (8.4.16(1))]
1

as: L
ok 1
Fris ('Y) YT Gl’l T 5 (4)
U(u+1) "2\ 2| m+10

Also, the RF sub-link between the relay and the destination is assumed to follow Nakagami-m
distribution, and the PDF of the ink instantaneous SNR can be defined as [31]:

my—1

frr () = !

W exp (—v/A) (5)

where A\ = 42 /m; with mj denoting the link fading parameter.
The CDF of the link can be obtained by integrating (5) using the integral identity defined

in [29, Eq. (3.351(1))] as: '
Frp(v) = T (my) G’ <X m;) 0 ) (6)

The FSO sub-link between the relay and the destination is assumed to experience Gamma-Gamma
distribution. The PDF of the link by considering heterodyne detection at the destination can be
expressed as [32]:

9) 2
frso () =977 Gy (7: fz;rlﬁ ) (7)

where ¥ = £2/T'(a)T(B) and Q = £2a8/(1 + £2) with T'(+) signifying the Gamma function; ¢ signifies
the pointing error; o and /3 are the scintillation parameters which are specified in [33]. Also, the link
CDF can be expressed as:

Dy| 2+1,1

3. PERFORMANCE ANALYSIS

In this section, outage probability and average bit error rate (ABER) are the two-performance metrics
considered to quantify the performance of the concerned system.

3.1. Outage Performance

This describes the probability that the instantaneous SNR of the RIS and hybrid RF/FSO link falls
below predefined SNR ~;,. The outage probability for the concerned system can be expressed as [34]:

Pout (ven) = Pr (min (Ysr, YrD) <) (9)
This can be further expressed as:
Pout (vin) = Fsr (v) + (1 = Fsr (7)) Fro (7) (10)

where Fgr(v) and Frp(y) are the CDF of the source to relay link and relay-to-destination link,
respectively. The relay-to-destination link can be defined as:

Frp (v) = Frr (7) Frso (7) (11)
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By invoking (6) and (8) into (11), Frp(y) can be obtained as:

Fsr(v) 11 (7 1 31 (]| €+1,1
F o~ Gy | — ) 12
rD (7) = T (my) G x| my, 0 24\ 7, €. a,B,0 (12)
Substituting (11) and (12) into (10), then the system outage probability can thus be expressed as:
1
1 11 Y 1
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3.1.1. Asymptotic Outage Probability

Due to the complexity of the outage probability given in (13), limit information about the concerned
system is obtained. Thus, asymptotic outage probability of the system at high SNR can be obtained

as [35]:
Four (ven) = Fgp (v) + Fgp (7) (14)

where F§p(v) = Fig(v) and Fgp,(v) = FRp(v)Frgo(7)-
By utilizing the identity detailed in [29, Eq. (8.354(1))], the asymptotic expression for the F5j4(7)

can be obtained as: A
p1+14g
j gl
=
R T3

Fris (7) = : :
s (7) F(u1+1)j§ 3 (1 + 1+ 5)

(15)

By considering the first term of (15) as 41 — oo, the asymptotic expression for Fj¢(7y) can be further
expressed as:

i +1)/2
T (1 +1) (p1+1) (7143

By obtaining the asymptotic series expansion of Meijer-G function through the identity detailed in [6, 29],
the asymptotic expression for the F3(y) as 72 — 0o can be expressed as:

1 Y\ ™f
PR = (1) .
rr () T (my+1) \n (17)
Using a similar approach to that in the case of (17), the asymptotic expression for the Fpy,(vy) as
3 — 00 can be expressed as:
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At high SNRs, the asymptotic outage probability of the system can be obtained by substituting (16),
(17), and (18) into (14) as follows:

(n1+1)

3
Fou (nn) = o, (m+1) mf +1) Z ( > (X) (19)
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3.2. Average Bit Error Rate

The average BER is performed for the binary phase shift keying (BPSK), and the conditional probability
of the modulation scheme can be expressed as [14]:

P(efy) = yerfe(y7) (20)

The conditional probability of the modulation scheme given in (20) can be expressed in terms of Meijer-G
function by using the identity detailed in [14] as:

P =525 (] 0,12 ) (21)

For easy simplification, the conditional probability of the considered modulation scheme can be
represented using McLaurin series expansion as:

1 2 = (1"
(e/v) =3 Zn, D (22)
Thus, the average BER for concerned system can be defined as [18]:
Pe = Pe (Yris) + Pe (YrD) — Pe (Yr1s) Pe (VRD) (23)

where P.(vgrrs) is the average BER of the source-RIS-relay link, and the average BER for the hybrid
RF/FSO P.(yrp) can be expressed as:

P.(vp) = Erso (yn) + P15 ot (th) ErF (24)

where Ergo () denotes the average BER of the FSO sub-link when v¢4, > v Pofjto(’yth) is the outage
probability of the FSO sub-link; Erp signifies the average BER of the RF sub-link. Hence, Erso (V)

can be expressed as:

00 Yth

Erso (n) /P e/v)frsol )dv—/P(e/v)sto(’y)dv (25)
0 0

Al A2
By putting (7) and (21) into (25), the A; term of (25) can be expressed as:
_ Fsr(v) r 1 42,0 1 30 (] € +1,
A== [ (v o )@ (5] &0 )@ (26)
0

By utilising the integral identity stated in [36, Eq. (21)], (26) can be solved as:

_ Fsr(v) 32 §2+1 1,1/2
m=TD e (2] €L L ) @)

By putting (7) and (22) into (25), the A term of (25) can be expressed as:
h
L Wy | 2 +1
Ay = — 130 (21 d
273 /7 s\ 55 | as )T
0
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U (Y mEl_1 30 £+1
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By using the integral identity stated in [30, Eq. (2.24.2(2))], (28) can be solved as:

v 1Ay | 2 +1,1
A = 3 G 4( 5 | €,0,6,0
2~ (m)" emer gy <Q’>’th —n, §2+1 )
—— _ Gy 29
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Thus, Erso(y:n) can be obtained by invoking (27) and (29) into (24).
Moreover, the outage probability of the FSO sub-link can be obtained as by using (8) as follows:
P (yn) = Frso (7) (30)
The average BER of the RF sub-link can be expressed as:

o

Enr = [ Ple/n)fnr () (1)
0
By invoking (5) and (21) into (31), the average BER of the RF sub-link can expressed as:

1 oo
E _ mf—l d 2
RE =9 Jal (mgp) A /7 exp (—7/A) G ( | 0, 1/2) g (32)
0
By applying the integral identity given in [29, Eq. (7.813(1))], (32) can be solved as:

1 2.1 1—mg, 1
E Gy (A { 33
M 2yaT (mg) ( ‘ 0,1/2 ) )

Hence, P.(vgp) can be determined by putting (25), (30), and (33) into (24).
Also, the average BER of the source-RIS-relay can be defined as:

o0

P. (vris) = /P(e/’Y)fRIS (v) dv (34)

0
By substituting (1) and (21) into (34), (34) can be expressed as:

P . 1
. (VRIS) w/v 7 oxp <—71/2/\/w¢%> Gt <’Y‘ 0,1/2 >d7 (35)
0

1
4\/EM/;1+1 (,LL +1) (n1+1)/2
By converting the exponentlal function to Meijer-G function, (35) can be expressed as:

1
1 20 2 -
0.1/2 )G\ 7] o
By utilizing the integral 1dent1ty detailed in [36, Eq. (21)], (36) can be solved as:
() (") s
1 2 ’ 2 2
37
4’71M% 0 } _(HM 1 -1 ( )
T2’ 2

Thus, by substituting (24) and (37) into (23), the exact ABER closed-form expression for the proposed
RIS hybrid FSO/RF system is derived.

where @w =

P. (Yr1s) = wGa7

4. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the numerical results for the performance of reconfigurable intelligent surface in
cooperative decode-and-forward relaying for hybrid RF/FSO system is presented under various systems
and channel conditions. The validation of the derived expressions through Montel-Carlo simulations is
also illustrated. Concerning the influence of atmospheric turbulence, the following turbulence conditions
are considered which include: weak levels (o = 3.78, = 3.74), moderate level (o = 2.50, 8 = 2.06),
and strong levels (o = 2.04, § = 1.10). Except otherwise stated, the system is subjected to strong
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turbulence, Ng = 5, { = 6.5, and my = m; = 2. Regarding the system without RIS, it is assumed that
the source equipped with single antenna communicates directly with the DF relay over Nakagami-m
fading channel.

In Figure 2, the impact of number of reflecting elements Ng in RIS on the system performance is
presented under different cooperative transmissions. It can be clearly observed that the increase in Ng
significantly enhances the system performance for two cooperative transmissions. Therefore, the RIS-
Hybrid downlink system outperforms the RIS-FSO downlink system due to switching benefit between
the FSO and RF link. In addition, the analytical results perfectly match the simulation results. This
observation justifies the accuracy of the derived outage expression.
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Figure 2. Impact of number of RIS reflecting Figure 3. Effect of mjy parameter on
element on the system performance at v, = the system performance under the different
20dB, 41 = 5dB and my = m; = 2. turbulence conditions at v, = 10dB and 4; =
15dB.

The effect of fading severity m; parameter of the RF sub-link under various atmospheric turbulence
conditions is demonstrated in Figure 3. It can be inferred from the results that the increase in my of the
RF sub-link leads to improvement in the quality of link and hence offers the system better performance.
However, the results show that the stronger atmospheric turbulence on the FSO sub-link deteriorates
the system outage probability performance under the same system conditions.

The influence of pointing errors on the system performance is illustrated in Figure 4 under different
cooperative transmissions. The results show that the system performance degrades as the pointing error
on FSO sub-link decreases. The lower the value of ¢ is, the stronger the impact of pointing error is
on the system performance. Also, it can be deduced from the results that the RIS-hybrid downlink
system performs better than the RIS-FSO downlink system under the same pointing error conditions.
The results also depict that the analytical results perfectly agree with simulation results which justify
the accuracy of the derived expression.

The outage performance of the system under different values of threshold SNR, ~; for different
cooperative transmissions is presented in Figure 5. It can be inferred from the results that the
increase in threshold values degrades the system performance with lower value offering the system
better performance. Also, the results illustrate that the RIS-hybrid downlink system outperforms the
RIS-FSO downlink system. In addition, it can be observed that the asymptotic results are sufficiently
tight with the analytical outage values at high SNR which show the correctness of the analytical results.

The system outage performance under the influence of fading severity m; parameter of the RIS link
is illustrated in Figure 6. It can be deduced from the results that the increase in m; of the link leads to
improvement in quality of link and thus offers the system better performance. The results also depict
that the use of RIS significantly improves the system outage performance compared to non-RIS system.

In Figure 7, the error rate performance of the system under the influence of fading severity m; and
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my parameters of the RIS link and RF sub-link receptively are demonstrated. The results show that the
increase in fading severity m; and my parameters for the RIS link and RF sub-link significantly enhances
the quality of the both links and offers the system better performance. Under the same condition, the
system with RIS yields better error rate than the conventional hybrid downlink system without RIS.
Moreover, the analytical results corroborate with the simulation results which signifies the accuracy of
the derived error rate.

The impact of atmospheric turbulence on the system error rate performance is presented in Figure 8.
Similar to Figure 3, the results show that the increase in the atmospheric turbulence from weak to strong
level significantly deteriorates the system error rate. Under the same turbulence condition, it can be
observed that the RIS-hybrid downlink system yields better performance than the RIS-FSO downlink
system due to switching benefit between the FSO and RF links.

The error rate performance of the system under the influence of pointing errors on the FSO sub-link
is presented in Figure 9. It can be deduced from the results that the system error rate performance
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degrades as the pointing error gets severe. Similar to Figure 4, the lower value of £ signifies stronger
pointing error effect, and the RIS-hybrid downlink system offers better performance than RIS-FSO link.
Also, the analytical results match the simulation ones perfectly.

5. CONCLUSION

The performance of RIS in cooperative decode-and-forward relaying for hybrid RF/FSO system is
analysed in this study whereby information is transmitted simultaneously on both RF and FSO links
of the system downlink. The concerned system closed-form expressions of the outage probability and
average BER are obtained. Moreover, the system outage asymptotic expression is derived in order to
gain more insight about the analytical outage expression at high SNR. The results show that analytical
results perfectly agree with the simulation ones which justify the accuracy of the derived expressions.
Also, it is deduced from the results that the asymptotic results tightly match the analytical ones at
high SNR. In addition, the results show that the number of reflecting elements in RIS, atmospheric
turbulence, pointing error, and Nakagami-m fading severity parameters significantly affect the system
performance. Furthermore, it is observed that the hybrid RF/FSO system with RIS outperforms the
one without RIS.
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