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ABSTRACT In this paper, we exploit the benefits of full-duplex (FD) transmission and reconfigurable
intelligent surfaces (RISs) by considering a bidirectional full-duplexwireless communication systemwith the
support of RISs. Specifically, cooperative communications are applied at two FD terminals in a RISs-assisted
bidirectional full-duplex (RIS-FD) system. In this context, we successfully derive the mathematical expres-
sions of the outage probability (OP) and the ergodic capacity (EC) of the RIS-FD system with a direct
link between two terminals and multiple reflecting paths created by RISs over the Rayleigh fading channel.
Numerical results show that the performance of the considered RIS-FD system depends significantly on the
total number of reflecting elements in the RISs. Particularly, when the total number of reflecting elements
is small, the OP and EC saturate at a high signal-to-noise ratio (SNR). However, when the total number
of reflecting elements is large enough, OP decreases greatly while EC enhances significantly. In addition,
the effect of residual self-interference (SI) caused by FD transmission on OP and EC is remarkable, even the
residual SI level is very small. On the other hand, the influence of other system parameters such as the number
of RISs (N ) and the number of reflecting elements (L) are also investigated to fully consider the performance
of the RIS-FD system. An important observation is that when current techniques cannot completely eliminate
SI in FD transmission, the use of multiple RISs with larger L can indirectly reduce the impact of SI and
significantly improve the performance of the proposed RIS-FD system. Finally, the obtained expressions are
validated via Monte-Carlo simulations.

INDEX TERMS Reconfigurable intelligent surfaces, full-duplex, outage probability, ergodic capacity.

I. INTRODUCTION
Nowadays, bidirectional full-duplex (FD) communication
systems are expected to replace traditional half-duplex (HD)
communication systems due to the high capacity of the FD
technique. Theoretically, the FD technique doubles the spec-
tral efficiency compared to HD counterpart [1]. However,
strong self-interference (SI) from the FD terminal’s output
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to its input is still a challenge in practical scenarios [2].
Fortunately, thanks to advantages in analog and digital signal
processing as well as in antenna design, FD devices can be
deployed in near future to satisfy the high capacity require-
ments of the fifth-generation (5G) and beyond networks
[3]–[5]. Specifically, three main domains such as antenna
cancellation, analog and digital suppressions are applied to
suppress SI in the FD devices [1], [6]–[8]. It was shown
that, after applying all SI cancellation (SIC) techniques,
the residual SI power can be low as the noise floor in FD

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 134733

https://orcid.org/0000-0003-4532-5493
https://orcid.org/0000-0002-6092-4315
https://orcid.org/0000-0002-1448-8882
https://orcid.org/0000-0002-2286-6652
https://orcid.org/0000-0003-0222-166X
https://orcid.org/0000-0001-5135-7980
https://orcid.org/0000-0003-4744-9211


B. C. Nguyen et al.: Cooperative Communications for Improving Performance of Bidirectional FD System

communications [6], [7]. Recently, various solutions and
algorithms are continuously proposed to achieve better SIC
before deploying FD transmission in practice [9], [10].

To demonstrate the benefits of FD transmission, many
works have analyzed the performance of FD communication
systems under the existence of residual SI in comparison to
conventional HD communication systems. It is observed that
the outage probability (OP) of the FD systems is saturated in
a high signal-to-noise ratio (SNR) regime due to the effect of
residual SI [11]–[14]. In addition, the ergodic capacity (EC)
of the FD systems may be higher or lower than that of the HD
systems [15]. This feature depends on residual SI and transmit
SNR ranges. In particular, the FD systems often have a higher
EC than that of the HD systems in low SNR mode and vice
versa. It is because high SNR leads to high residual SI power,
thus the EC of the FD system reaches the capacity floor while
the EC of the HD system still increases with the increasing of
SNR [16]. Furthermore, the FD transmission has been widely
applied with various new techniques such as non-orthogonal
multiple access, spatial modulation, energy harvesting, coop-
erative communication, and cognitive communications, for
exploiting the advantages of these techniques [17]–[22].

Besides FD transmission, RIS has recently emerged as
a promising technology since RIS can assist wireless sys-
tems to significantly enhance the coverage, the reliability,
and quality-of-service [23], [24]. Thus, this technology is
expected to be deployed in sixth-generation (6G) and beyond
wireless systems [23], [25]. Specifically, RIS can be imple-
mented in wireless systems such as relays but operate without
decoding, encoding, or amplifying signals [24]. Therefore,
the application of RIS in wireless systems can significantly
reduce the system complexity compared to other techniques
such as the relay. In addition, RIS can reflect the wire-
less signals with the desired phase shift to maximize the
received signal power at the end users [23], [26]. Conse-
quently, using RIS to support wireless communication sys-
tems becomes a potential innovative solution. Moreover, RIS
can be easily integrated into existing wireless communication
environments [27].

In the literature, the performance of RIS-assisted wire-
less systems has been analyzed in various scenarios such
as over Rayleigh, Nakagami-m channels, ideal hardware or
hardware impairments, etc. [23]–[27]. Specifically, the per-
formance in the RIS use cases was compared with the
amplify-and-forward relay [25] or decode-and-forward relay
use cases [26]. It has been proven that using RIS can achieve
better performance than amplify-and-forward relay even if
there is only one reflecting element in RIS [25]. Meanwhile,
larger reflecting elements are needed in RIS-enabled wireless
system to perform better than the decode-and-forward relay
system [26]. In addition, using multiple RISs in cooperative
communication systems can significantly improve the per-
formance in terms of OP and EC when the direct source-
to-destination link is weak [28].

Recently, RIS has been combined with FD transmission
to exploit the benefits of both techniques [20], [29]–[32].

Particularly, with the support of RIS, the bidirectional FD
system can achieve higher performance than the bidirectional
FD-based amplify-and-forward relaying system [32]. More
importantly, using RIS with large reflecting elements can
greatly reduce the impact of residual SI and subsequently
improve OP and symbol error rate (SER) performance of a
RSI-assisted FD system. In addition, under the support of
the RIS, the FD technique could achieve better performance
than the HD one [30]. Furthermore, the RIS-enabled multiple
users in the FD system was also investigated in [31]. Herein,
the authors demonstrated that RIS can help suppress interfer-
ence in FD users via adjusting the reflecting paths between
the base station and users.

As shown in the above discussions, both RIS and FD tech-
niques are potential solutions for future wireless networks.
Especially, RIS can significantly reduce the impact of resid-
ual SI in the FD systems [32]. On the other hand, most of
the previous works used only one RSI in the FD systems and
ignored the direct link between the two terminals [31], [32].
Meanwhile, the combination of multiple RISs and coopera-
tive communications can greatly improve the performance of
RIS-assisted FD systems. Specifically, multiple RISs can be
located in different locations for reflecting signals between
two FD terminals. Consequently, in the case that the signals
reflected via one or two RISs are not available at the receiver,
the receiver still receives the desired signals reflected via
other RISs. Thus, the received signal power at the receiver
in the case that multiple RISs can be significantly enhanced
in comparison with the case that only one RIS. In addition,
the work in [28] demonstrated that the RISs equipped with
different numbers of reflecting elements can achieve better
performance than the RISs equipped with similar numbers
of reflecting elements in the case that the RISs are located
in different locations. However, this work was considered
for HD system. Furthermore, the obtained expressions with
multiple RISs are more complex than those with one RIS
[23], [28]. Thus, most of previous works considered only
one RIS for analyzing the performance of FD systems. These
problems motivate us to mathematically consider a multiple
RISs-assisted FD system (hereafter referred to as RIS-FD
system) in which the direct link between two FD terminals
is exploited. The main contributions of this paper can be
summarized as follows:
• We exploit the benefits of both FD and RIS techniques
by applying them to awireless systemwhere cooperative
communications are applied to improve performance
at two FD terminals. Specifically, two FD terminals
combine the signals received via the direct link and the
reflecting links. Additionally, imperfect SI cancellation
at the two FD terminals is considered in all investigated
scenarios.

• We derive the signal-to-interference-plus-noise ratios
(SINRs) of the considered RIS-FD system with residual
SI in cooperative communication. We then successfully
obtain the expressions of the outage probability (OP) and
ergodic capacity (EC) over the Rayleigh fading channel.
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All obtained expressions are validated via Monte-Carlo
simulations.

• We investigate the performance in terms of OP and
EC of the considered RIS-FD system under different
scenarios. Particularly, OP is greatly reduced and the
EC is significantly enhanced because of the cooperative
communications. In the case that the total number of RIS
elements is small, OP and EC reach the error floor and
capacity ceiling, respectively, due to the effect of resid-
ual SI caused by FD transmission. However, when the
total number of RIS elements is large enough, the impact
of residual SI on the OP and EC is significantly reduced.
Specifically, the OP can reach 10−6 at SNR = 0 dB
with 16 RIS elements. On the other hand, the EC of
the RIS-FD system is almost higher than that of the
traditional RIS-HD system even with a high residual
SI level, especially when the total number reflecting
elements is large enough. Furthermore, the impacts of
system parameters such as number of RIS, number of
reflecting elements, and residual SI are also investigated.

The rest of this paper is organized as follows. Section II
describes the system model of the considered RIS-FD sys-
tem, where the received signals and the SINRs at the FD
terminals are detaily provided. Section III presents the sys-
tem performance by mathematically deriving the OP and EC
expressions of the considered RIS-FD system over Rayleigh
fading channel. Section IV provides the numerical results and
discussions via various different scenarios. Finally, Section V
concludes our works.

II. SYSTEM MODEL
The system model of the RIS-FD system is described
in Fig. 1. Signals are exchanged between two terminals,
i.e., A and B via direct link and the assistance of multiple
RISs. As shown from Fig. 1, A and B are FD devices and
equippedwith an FD antenna.1 Additionally, there areN RISs
in the considered system where nth RIS is equipped with Ln
reflecting elements (n = 1, 2, . . . ,N ). Note that in practice,
the RISs can be equipped with different reflecting elements,
i.e., Li 6= Lj for i 6= j and i, j = 1, 2, . . . ,N .

Due to FD transmission mode, signal exchanges between
two terminals A and B are performed in only one time
slot. However, this transmission mode causes strong self-
interference from their output and input. Let hnl be the com-
plex channel coefficient of the desired signals from A to
lth reflecting element of the nth RIS. Since reciprocal chan-
nels such as in [23], [33] are considered for the considered
system, the complex channel coefficient from the lth reflect-
ing element of the nth RIS to A is also hnl . Similarly, the com-
plex channel coefficient of the desired signals between B and

1An FD antenna can be classified in two types, i.e., two separate antennas
(one for transmitting and another for receiving) and one shared antenna (for
both transmitting and receiving). Two separate antennas are often used for
FD devices because this configure can help to easily deploy SIC solutions,
especially in isolation techniques [1], [7], [8]. Meanwhile, shared antenna
can be also used when a circulator for isolating between FD device’s output
and input is exploited [6], [8].

the lth reflecting element of the nth RIS is gnl . Meanwhile,
the self-interference channels are modeled via two types:
i) the first one is conventional SI that comes directly and
indirectly (reflecting via trees, buildings,. . . , excluding the
RISs) from terminal’s output to its input, i.e., h̃aa and h̃bb
at A and B, respectively. In other words, the first one is the
SI in the FD systems without RISs; ii) the second one is the
new SI including the contributions of the RISs, that comes
from the terminal’s output to RISs and then comes back to
terminal’s input, i.e., h̃nl and g̃nl at A and B, respectively.
It is worthy to note that the two types of the SI above can be
aggregated in only one term. However, to emphasize the SI
induced by the RISs, it is often described via two terms [23].
Also, the usage of the RISs in FD systems may lead to
higher SI power in comparison with the case without RISs.
Furthermore, the complex channel coefficient of the direct
link between A and B is denoted by hd .
Using the representation of the complex number, we can

present the complex channel coefficients as hd = |hd |e−jφd ,
hnl = |hnl |e−jθnl , and gnl = |gnl |e−jψnl , where |hd |, |hnl |, and
|gnl | are magnitudes and φd , θnl , andψnl are phases of hd , hnl ,
and gnl , respectively. On the other hand, the amplitude and
phase of the lth reflecting element of the nth RIS are respec-
tively denoted by |knl | and ϕnl . Noticing that |knl | ∈ (0, 1]
and {φd , θnl, ψnl, ϕnl} ∈ [0, 2π ]. In addition, Ln denotes the
number of reflecting elements of the nth RIS (Sn).

FIGURE 1. The block diagram of the RIS-FD system.

The received signals at terminals A and B of the considered
RIS-FD system are, respectively, calculated as

yA =
(
hd +

N∑
n=1

Ln∑
l=1

gnl |knl |ejϕnlhnl
)
sB

+

(
h̃aa +

N∑
n=1

Ln∑
l=1

h̃nl |knl |ejϕnl h̃nl
)
sA + zA, (1)

yB =
(
hd +

N∑
n=1

Ln∑
l=1

hnl |knl |ejϕnlgnl
)
sA

+

(
h̃bb +

N∑
n=1

Ln∑
l=1

g̃nl |knl |ejϕnl g̃nl
)
sB + zB, (2)
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where sA and sB are the transmitted signals from A and B
with the average transmission power of PA and PB, respec-
tively; zA and zB are the Gaussian noises at A and B with
zero mean and variance of σ 2, i.e., zA ∼ CN (0, σ 2

A) and
zB ∼ CN (0, σ 2

B).
As shown from (1) and (2), the received signal expressions

at A and B have a similar type. Thus, the further expressions
such as SINR and OP at two terminals are also similar. Con-
sequently, we only focus on the terminal B in the followings.
The signal processing as well as other expressions at A can
be easily derived from them of B.

For FD transmission mode, all SIC techniques should
be applied at FD terminals to suppress the SI power.
Specifically, three domains such as antenna domain, ana-
log and digital cancellations are applied for FD devices
[1], [6]–[8]. In particular, the antenna domain is used to
isolate between the output signal and input signal of a FD
device. In this the domain, many effective methods such
as cross polarization, directional isolation, and absorptive
shielding are often used [6], [7]. Then, the residual SI is can-
celed via analog canceller (using analog circuits) to continu-
ously reduce the SI power [8]. Finally, the SI is suppressed
in sophisticated processing in the digital domain [1], [8].
Since the three SIC domains are applied, the phase shifts
induced byRISs and other objects can be completely removed
because the digital-domain cancellation is carried out after a
quantization operation [23], [29]. As the results, the resid-
ual SI after all SIC techniques can be considered as noise
source [12], [15], [17], [34]. In other words, the terms(
h̃bb +

∑N
n=1

∑Ln
l=1 g̃nl |knl |e

jϕnl g̃nl
)
sB becomes a new vari-

able IB with zero mean and variance of σ 2
SIB

PB, i.e., IB ∼
CN (0, σ 2

SIB
PB), where σ 2

SIB
∈ [0, 1] refers the residual SI

level at terminal B.
Consequently, the received signal at B from (2) now

becomes

yB =
(
hd +

N∑
n=1

Ln∑
l=1

hnl |knl |ejϕnlgnl
)
sA + IB + zB. (3)

Now, using the amplitudes and phases of the complex
channel coefficients, we can rewrite (3) as

yB =
(
|hd |e−jφd +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |ej(ϕnl−θnl−ψnl )
)
sA

+ IB + zB. (4)

Then, we represent (4) as

yB = e−jφd
(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |ej1
)
sA

+ IB + zB, (5)

where 1 = ϕnl − θnl − ψnl + φd is called as phase error of
the lth reflecting element of the nth RIS [28].
As presented in the literature, the phase shifts of the RISs

can be reconfigured to maximize the received signal power

at the terminals [23]–[26]. In particular, the phase shifts
of reflecting elements rely on the diodes employed in the
RISs [35], [36]. Consequently, the phase shifts may be not
continuous due to the hardware limitations. Thus, the discrete
phase shifts are often considered in the RIS assisted wireless
communication systems [28], [36]. Therefore, the number of
phase shifts is limited and constrained by a phase shift reso-
lution [36]. Hence, the phase shift values can be uniformly
mapped to the interval [0, 2π ). Let bn and Qn , 2bn be,
respectively, the number of quantization bits and the phase
shift resolution of the nth RIS. As the results, a phase shift
value can be chosen from the following set [28], [36]

T =
{
0,

2π
Qn
,
4π
Qn
, . . . ,

2π (Qn − 1)
Qn

}
. (6)

With a high phase shift resolution, i.e.,Qn � 1 and the per-
fect channel estimations are available at the RISs, the nth RIS
can generate ideal phase shifts such that the phase errors can
be zero, i.e., 1 = 0 [28], [29], [36]. This assumption was
widely discussed in the literature and it was demonstrated
that it is inline with realistic implementations [25], [36], [37].
It is worth noticing that the ideal phase shift assumption has
been extensively used for single-RIS-aided systems [23], [25]
and multi-RIS-aided systems [28], [29], [36]. We also note
that in practice, the RIS assisted wireless communication
systems are generally implemented with discrete phase shifts
as they are cost-effective and easy to achieve the idea phase
shifts. However, such implementation causes degradation in
the performance [36].

As the results, the phase shift of the lth reflecting element
of the nth RIS is reconfigured as ϕnl = θnl + ψnl − φd .
Consequently, we have1 = 0. Therefore, the received signal
at B becomes

yB = e−jφd
(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |
)
sA + IB + zB. (7)

Based on (7), the instantaneous SINR at B is calculated as

γB =
|e−jφd |2

(
|hd | +

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PA

σ 2
SIB

PB + σ 2
B

. (8)

Since |e−jφd |2 = 1, the instantaneous SINR at B is now
expressed as

γB =

(
|hd | +

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PA

σ 2
SIB

PB + σ 2
B

. (9)

III. PERFORMANCE ANALYSIS
A. OUTAGE PROBABILITY
The OP of the wireless systems can be calculated as the
probability when the instantaneous data transmission rate
drops below a pre-defined data transmission rate [38]. Math-
ematically, the OP of the considered RIS-FD system (denoted
by Pout) is given as

Pout = Pr{log2(1+ γB) < R}, (10)
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where γB and R are respectively the instantaneous SINR
(given in (9)) and the pre-data transmission rate (bit/s/Hz).

Then, (10) is rewritten as

Pout = Pr{γB < 2R − 1} = Pr{γB < γth}, (11)

where γth , 2R − 1 is defined as the SINR threshold.
Substituting γB from (9) into (11), the OP is now

calculated as

Pout

= Pr


(
|hd | +

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PA

σ 2
SIB

PB + σ 2
B

< γth

 .
(12)

Then, we rewrite (12) as

Pout = Pr
{
Z2 <

(σ 2
SIB

PB + σ 2
B)γth

PA

}
. (13)

where Z = |hd | + T , T =
∑N

n=1 Vn, Vn =
∑Ln

l=1 Unl , Unl =
|hnl ||knl ||gnl |.

From (13), the OP of the RIS-FD system is computed in
the following Theorem 1.
Theorem 1: The OP of the RIS-FD system with coopera-

tive communication is given by

Pout = 1−
0
(
9,2

√
(σ 2SIB

PB+σ 2B)γth
PA

)
0(9)

, (14)

where 0(.) and 0(., .) are, respectively, the gamma and the
upper incomplete gamma functions;

9 =
[4Z (1)]2

4Z (2)− [4Z (1)]2
, (15)

2 =
4Z (1)

4Z (2)− [4Z (1)]2
, (16)

4Z (1) = 0
(3
2

)
+4T (1), (17)

4Z (2) = 0(2)+4T (2)+ 20
(3
2

)
4T (1), (18)

4T (1) =
N∑
n=1

Ln∑
l=1

4Unl (1), (19)

4T (2) =
N∑
n=1

[ Ln∑
l=1

4Unl (2)+ 2
Ln∑
l=1

4Unl (1)
Ln∑

l′=l+1

4Unl′ (1)
]

+ 2
N∑
n=1

[ Ln∑
l=1

4Unl (1)
] N∑
n′=n+1

[ Ln′∑
l=1

4Un′l (1)
]
, (20)

4Unl (i) = |knl |
i02
(
1+

i
2

)
. (21)

Proof: To derive the OP of the considered RIS-FD sys-
tem in (14), we have to obtain the cumulative distribution

function (CDF) of Z2. Applying [28, Eq. (20)], the CDF
of Z2, denoted by FZ2 (x), is given as

FZ2 (x) ≈
γ
(
9,2
√
x
)

0(9)
. (22)

Then, applying 0(a, x) + γ (a, x) = 0(a), whereas γ (., .)
is the lower incomplete gamma function, (22) is rewritten as

FZ2 (x) ≈ 1−
0
(
9,2
√
x
)

0(9)
. (23)

Now, the OP is calculated as

Pout = Pr
{
Z2 <

(σ 2
SIB

PB + σ 2
B)γth

PA

}
= FZ2

( (σ 2
SIB

PB + σ 2
B)γth

PA

)

= 1−
0
(
9,2

√
(σ 2SIB

PB+σ 2B)γth
PA

)
0(9)

. (24)

The proof is thus complete.

B. ERGODIC CAPACITY
The EC of the considered RIS-FD system is expressed as

E = E
{
log2(1+ γA)

}
+ E

{
log2(1+ γB)

}
=

∞∫
0

log2(1+ x)fγA (x)dx +

∞∫
0

log2(1+ x)fγB (x)dx, (25)

where E is the expectation operator; γA and γB are, respec-
tively, the SINRs at A and B; f (.) is the probability density
function (PDF) of the SINR.

Based on (25), the EC of the considered RIS-FD system is
given in the following Theorem 2.
Theorem 2: The EC of the considered RIS-FD system is

given by

E ≈
29

√
π0(9) ln 2

G5,3
3,5

(22(σ 2
SIB

PB + σ 2
B)

4 PA

∣∣∣ 0, 12 ,1

9
2 ,

9+1
2 ,0, 12 ,0

)
,

(26)

where G is the Meijer function [39].
Proof: The EC from (25) can be calculated as

E =
1
ln 2

∞∫
0

1− FγA (x)
1+ x

dx +
1
ln 2

∞∫
0

1− FγB (x)
1+ x

dx. (27)

Without loss of generality, we assume that the two termi-
nals A and B have similar parameters (symmetric model).
Thus, we have FγA (x) = FγB (x). Therefore, (27) becomes

E =
2
ln 2

∞∫
0

1− FγB (x)
1+ x

dx. (28)
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To derive the EC, we firstly obtain the CDF, i.e., FB(x).
Mathematically, FB(x) is computed as

FγB (x) = Pr {γB < x} . (29)

Thus, we have

FγB (x) = 1−
0
(
9,2

√
(σ 2SIB

PB+σ 2B)x

PA

)
0(9)

. (30)

Substituting the CDF from (30) into (28), we can calculate
the EC as

E =
2

0(9) ln 2

∞∫
0

0
(
9,2

√
(σ 2SIB

PB+σ 2B)x

PA

)
1+ x

dx. (31)

Applying [40, Eq. (8.4.2.5)], the term (1 + x)−1 in (31) is
expressed as

(1+ x)−1 = G1,1
1,1

(
x
∣∣∣0
0

)
. (32)

On the other hand, applying [40, Eq. (8.4.16.2)], we can
represent the gamma function as

0

(
9,2

√
(σ 2

SIB
PB + σ 2

B)x

PA

)

= G2,0
1,2

(
2

√
(σ 2

SIB
PB + σ 2

B)x

PA

∣∣∣∣1
9,0

)
. (33)

Then, the EC is expressed as

E =
2

0(9) ln 2

∞∫
0

G1,1
1,1

(
x
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0

)

×G2,0
1,2

(
2

√
(σ 2

SIB
PB + σ 2

B)

PA
x

1
2
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9,0

)
dx. (34)

Applying [40, Eq. (2.24.1.1)], the integral in (34) is solved
as
∞∫
0

G1,1
1,1

(
x
∣∣∣0
0

)
G2,0
1,2

(
2

√
(σ 2

SIB
PB + σ 2

B)

PA
x

1
2
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)
dx

=
29−1
√
π
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3,5

(22(σ 2
SIB

PB + σ 2
B)

4 PA

∣∣∣ 0, 12 ,1

9
2 ,

9+1
2 ,0, 12 ,0

)
. (35)

Replacing (35) into (34), we obtain the EC of the consid-
ered RIS-FD system as (26) in the Theorem 2. This ends the
proof.

IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the obtained mathematical expressions in
previous section are used to evaluate the performance of the
considered RIS-FD system. Monte-Carlo simulation results
are provided to validate the numerical results. Specifi-
cally, we use MATLAB software with 107 channel real-
izations to obtain the simulation results. Similar to works

in [23]–[25], [27], [29], we normalize the distances from A to
the RISs and from the RISs to B. It is worth noticing that the
parameter settings may be set as [41], [42] where the certainly
practical scenarios are considered. In all scenarios, the system
parameters are set as follows: the average transmission power
and the variances of Gaussian noises of A and B are PA =
PB = P and σ 2

A = σ 2
B = σ 2, respectively; the residual

SI levels are σ 2
SIA
= σ 2

SIB
= σ 2

SI; and the average SNR is
computed as SNR = P/σ 2.

FIGURE 2. The OP of the considered RIS-FD system versus the average
SNR for different values of N and Ln, i.e., N = 1, L = 8; N = 1, L = 24;
N = 2, L = 8; N = 2, L = 24; R = 5 bit/s/Hz; σ2

SI = 0.5.

Fig. 2 illustrates the OP of the considered RIS-FD system
versus the average SNR for different values of N and Ln,
i.e., N = 1,L = 8; N = 1,L = 24; N = 2,L = 8; N = 2,
L = 24. The pre-defined data transmission rate is R =
5 bit/s/Hz and the residual SI level is σ 2

SI = 0.5. We use (14)
to plot the theory curves of the OP while the markers ‘‘◦’’
denote the Monte-Carlo simulation results. As shown from
Fig. 2, in the case of N = 1,L = 8, the performance of
the considered RIS-FD system is significantly impacted by
the residual SI, especially in high SNR regime. In particu-
lar, the OP seems to reach the error floor at SNR = 20 dB.
This result is reasonable due to the fact that the power
of residual SI increases when SNR increases. Thus, higher
SNR leads to higher residual SI power. Hence, the SINR
(refers to (9)) slightly increases when SNR increases in
high SNR regime. However, for higher value of L or N ,
i.e., N = 1,L = 24, N = 2,L = 8, and N = 2,L = 24,
the OPs are greatly reduced in comparison with the case that
N = 1,L = 8. In the these cases, the channel gains between
two terminals are enhanced significantly due to the existences
of many reflecting elements. In other words, the term Z is
larger for larger N and L leading to the SINRs at terminals
rapidly increase. Therefore, the performance of the consid-
ered RIS-FD system is greatly improved. Another important
observation from Fig. 2 is that the OPs can avoid the error
floor in the cases of N = 1,L = 24, N = 2,L = 8,

134738 VOLUME 9, 2021



B. C. Nguyen et al.: Cooperative Communications for Improving Performance of Bidirectional FD System

and N = 2,L = 24 for the considered residual SI. As a
result, when the residual SI is strong, we can use larger RISs
for reducing the impact of the residual SI and improving the
system performance of the RIS-FD system.2

FIGURE 3. The impacts of the number of the RISs on the OP of the
considered RIS-FD system, N = 1,2,3,4,5,6,7; L = 10; R = 5 bit/s/Hz;
σ2

SI = 0.5.

Fig. 3 investigates the impacts of the number of the RISs
on the OP of the considered RIS-FD system, i.e., N =

1, 2, 3, 4, 5, 6, 7, where each RIS has L = 10 reflecting
elements. It is obvious from Fig. 3 that increasing the number
of the RISs greatly reduces the OP of the considered system.
Specifically, in the case thatN = 1 the OP is approximate 100

at SNR = 0 dB and nearly reduces to 10−3 at SNR = 20 dB.
However, when N increases, i.e., N = 2, the OP is rapidly
reduced. In this the case the OP is approximate 10−6 at
SNR = 0 dB. As the results, when the total number of
reflecting elements increases to twice (from 10 reflecting
elements to 20 reflecting elements), the OP is approximately
reduced 10−6 times. When N continuously increases, the OP
is continuously reduced. Particularly, the OPs reach 10−6 for
SNR = −6,−9,−12,−14, and −16 dB corresponding to
N = 3, 4, 5, 6, and 7. Hence, we can use lager number of
reflecting elements with a RIS or multiple RISs for improving
the performance of the considered RIS-FD system. On the
other hand, we shown from Fig. 2 and Fig. 3 that the diversity
order of the considered RIS-FD system is a linear function of
the total number of reflecting elements in the RISs.

Fig. 4 considers the impact of residual SI on the OP of the
considered RIS-FD system for different values of L, i.e., L =
2, 6, 10, 14, 18; N = 1, R = 5 bit/s/Hz, and SNR = 20 dB.
In Fig. 4, the case of σ 2

SI = 0 means that the terminals
completely remove the SI. Meanwhile, the case of σ 2

SI = 1
indicates that the terminals do not apply any SIC solutions.
As can be seen from Fig. 4, the residual SI greatly impacts on

2It is better to note that, in the case of N ≥ 2 and the RISs are located in
different locations, the performance of the RIS system with Li 6= Lj (i 6= j)
may be better or worse than that of Li = Lj [28]. This result depends on the
certain locations of the RISs.

FIGURE 4. The impacts of the residual SI on the OP of the considered
RIS-FD system for different values of L, i.e., L = 2,6,10,14,18; N = 1,
R = 5 bit/s/Hz, and SNR = 20 dB.

the OP even small σ 2
SI. Specifically, when σ

2
SI increases from

0 to 0.05, the OPs increase from 3× 10−9 and 2.5× 10−3 to
3.5 × 10−5 and 10−1 for L = 6 and 2, respectively. As the
results, for this range of the residual SI (σ 2

SI ∈ [0, 0.05]),
the OPs increase faster for higher L, i.e., the OPs increase
1.2 × 104 and 40 times for L = 6 and 2, respectively.
When σ 2

SI increases to the higher values, the OPs with small
L (L = 2, 6) reach the error floor, especially in the case
that σ 2

SI = 1. On the other hand, although larger value of
L significantly reduce the OP, the curve features of the OP
is still similar to that in the case of small value of L. For
example, the OP curves in the cases that L = 10, 14, and 18
are nearly parallel. Consequently, larger L will greatly reduce
the OP but the impact of the residual SI is still characterized
as small L.
Fig. 5 shows the EC of the considered RIS-FD system in

comparison with that of the RIS-HD system for σ 2
SI = 0.5,

N = 3, and L = 2, 4, 8, 16, 32. The theory curves of the EC
are plotted by using (26) in the Theorem 2. Unlike the OPs
in Fig. 2 and Fig. 3, the ECs in Fig. 5 are saturated in high
SNR regime even larger values of L, i.e., L = 32. As can be
seen fromFig. 5, the ECs of the RIS-FD systemmay be higher
or lower than those of the RIS-HD system. In particular, in the
case of L = 2, the EC of the RIS-FD system is higher for
SNR < 20 dB and lower for SNR > 20 dB than that of the
RIS-HD system. For higher L, this feature is still similar, but
in higher SNR value, i.e., the EC of the RIS-FD system is
higher for SNR< 26 dB and lower for SNR> 26 dB than that
of the RIS-HD system corresponding L = 4. These results
are reasonable because high SNR leads to high residual SI in
the RIS-FD system. However, with larger L, i.e., L = 8 or
16 or 32, the EC of the RIS-FD system is higher than that
of the RIS-HD system for investigated SNR range. Hence,
to achieve higher capacity than the HD ones, we should use
low transmission power at the FD terminals to reduce the
impact of residual SI when the number of reflecting elements
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FIGURE 5. The ergodic capacity of the considered RIS-FD system in
comparison with that of the RIS-HD system for σ2

SI = 0.5; N = 3;
L = 2,4,8,16,32.

is small. Meanwhile, we can use high transmission power at
the FD terminals when the number of reflecting elements in
the RISs is large enough.

FIGURE 6. The EC of the considered RIS-FD system versus the residual SI
for N = 1; L = 1,5,10,20,40, and 100.

Fig. 6 illustrates the impact of residual SI on the ECs of the
considered RIS-FD system for N = 1; L = 1, 5, 10, 20, 40,
and 100. It is also noted that, in the case of σ 2

SI = 0
(perfect SIC) the ECs of the considered RIS-FD system are
double in comparison with the ECs of the RIS-HD system.
As shown in Fig. 6, the ECs decrease when σ 2

SI increases.
Specifically, the ECs reduce from 15.6, 22.1, 25.6, 29.4,
33.3, and 38.5 to 3.7, 8.9, 12.4, 16.1, 20, and 25.2 bit/s/Hz
corresponding to L = 1, 5, 10, 20, 40, and 100 when σ 2

SI
increases from 0 to 1. In other words, the ECs reduce 11.9,
13.2, 13.2, 13.3, 13.3, and 13.3 bit/s/Hz corresponding to
L = 1, 5, 10, 20, 40, and 100 when σ 2

SI increases from 0 to 1.
On the other hand, the ECs are rapidly reduced for low σ 2

SI
regime, i.e., σ 2

SI ∈ [0, 0.05], and slowly reduced for high σ 2
SI

regime, i.e., σ 2
SI ∈ [0.5, 1]. In addition, larger L significantly

enhance the EC of the considered RIS-FD system. Particu-
larly, the EC increases from 7.2 (L = 1) to 29.7 (L = 100)
bit/s/Hz for σ 2

SI = 0.2. As the results, we can use larger L
in the considered RIS-FD system to achieve higher EC and
lower OP when deploying the system in practice.

V. CONCLUSION
Exploiting multiple RISs to improve wireless communication
system performance and coverage is inevitable in future wire-
less networks. Since using RISs and FD hasmany advantages,
especially in terms of capacity, in this paper, we have ana-
lyzed the OP and EC of a bidirectional FD system with the
assistance of multiple RISs. We derived the expressions of
OP and EC of the RIS-FD system with cooperative commu-
nication under the effect of residual self-interference over the
Rayleigh fading channel. Numerical results indicated that, for
a small number of RIS elements, OP and EC are greatly influ-
enced by residual SI. Thus, the OP and EC reach saturation
values in high SNR regime. In addition, EC may be higher or
lower than that of the RIS-HD system. This feature depends
on a certain value of residual SI and the number of reflecting
elements. For larger numbers of reflecting elements and RISs,
OP is greatly reduced and the EC significantly enhanced.
Furthermore, we observed that the diversity order was a linear
function of the total number of reflecting elements. From our
results, we showed that when residual SI is strong at the FD
terminals, we can use larger RISs to reduce its impact and
significantly improve the performance.
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