
Received December 27, 2021, accepted January 14, 2022, date of publication January 18, 2022, date of current version January 27, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3144364

Performance of Cooperative Communication
System With Multiple Reconfigurable Intelligent
Surfaces Over Nakagami-m Fading Channels
VAN-DUC PHAN 1, BA CAO NGUYEN 2, TRAN MANH HOANG 2,
TAN N. NGUYEN 3, (Member, IEEE), PHUONG T. TRAN 4, (Senior Member, IEEE),
BUI VU MINH 5, AND MIROSLAV VOZNAK 6, (Senior Member, IEEE)
1Faculty of Automobile Technology, Van Lang University, Ho Chi Minh City 72900, Vietnam
2Faculty of Basic Techniques, Telecommunications University, Khanh Hoa 65000, Vietnam
3Communication and Signal Processing Research Group, Faculty of Electrical and Electronics Engineering, Ton Duc Thang University, Ho Chi Minh City
729000, Vietnam
4Wireless Communications Research Group, Faculty of Electrical and Electronics Engineering, Ton Duc Thang University, Ho Chi Minh City 729000, Vietnam
5Faculty of Mechanical, Electrical, Electronic & Automotive Engineering, Nguyen Tat Thanh University, Ho Chi Minh City 72900, Vietnam
6Faculty of Electrical Engineering and Computer Science, VSB—Technical University of Ostrava, 708 00 Ostrava, Czech Republic

Corresponding author: Tan N. Nguyen (nguyennhattan@tdtu.edu.vn)

This work was supported by the Ministry of Education, Youth and Sports of the Czech Republic, under Grant SP2021/25 and Grant
e-INFRA CZ (ID: 90140).

ABSTRACT In this paper, the advantages of multiple reconfigurable intelligent surfaces (RISs) assisted
wireless systems and direct link between two terminals are exploited by considering a cooperative communi-
cation systemwhere reflecting links created bymultiple RISs and the direct link are combined at the receiver.
We mathematically analyze the performance of the cooperative multiple RISs - direct link (RIS-D) system
over Nakagami-m fading channels by obtaining the symbol error probability (SEP) expression. In addition,
the SEP of the single-input single-output (SISO) system without RISs (i.e., there is only direct link between
two terminals) is also obtained for convenience in comparison the performance of the cooperative RIS-D
and SISO systems. We demonstrate the correctness of the derived expressions via Monte-Carlo simulations.
Numerical results show that the SEP of the cooperative RIS-D system significantly lower than that of the
SISO system for a certain transmission power of the transmitter. Also, for a certain SEP target, the cooperative
RIS-D system can greatly save energy consumption in comparison with the SISO system. Specifically,
increasing the number of RISs or the number of reflecting elements (REs) in the RISs can remarkably reduce
the SEP of the cooperative RIS-D system. On the other hand, the impacts of the system parameters such as
the number of RISs, the number of REs, and the Nakagami-m fading channels are fully investigated to clearly
indicate their influences on the SEP of the cooperative RIS-D system.

INDEX TERMS Cooperative communication, reconfigurable intelligent surface, method of moments,
cumulative distribution function, symbol error probability.

I. INTRODUCTION
In the era of Internet of Things (IoT) devices and the fourth
industrial revolution, high data transmission rate, high spec-
trum efficiency, high reliability, and low energy consumption
are required for wireless communication systems, especially
in the current and future cellular networks such as the fifth
generation (5G) and beyond networks [1], [2]. To satisfy
these requirements of the wireless communication systems,
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approving it for publication was Farhana Jabeen Jabeen.

various solutions such as multiple antenna transmission, non-
orthogonal multiple access, in-band full-duplex transmission,
millimeter-wave, cooperative communication, and reconfig-
urable intelligent surface (RIS) have been proposed [3]–[6].
Among these techniques, RIS has been emerged as a promis-
ing candidate for the sixth generation (6G) and beyond
systems [3], [7]. It is because that a RIS is a smart radio
environment that can control the propagation of radio waves
without energy source and receiver noise [8]. In addition,
there are not converters (digital-to-analog and analog-to-
digital) and amplifiers in the RIS, thus, the signal processing
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complexity when using RIS significantly reduces in com-
parison with using relay [5], [7], [8]. Furthermore, the RIS
can provide full-duplex transmission and operate at any fre-
quency. As the results, the usage of the RIS can provide
high capacity, high quality of service, and reduce the energy
consumption [8], [9].

Due to many advantages of the RIS, exploiting RIS for
assisting wireless systems has been widely studied in the
literature [5], [7], [8], [10]. It was shown that, a RIS-assisted
two terminals wireless communication system can provide
better performance than amplify-and-forward relay (AF) [5]
or decode-and-forward (DF) relay [7] in terms of outage
probability (OP) and spectral efficiency (SE). Specifically,
via reflecting paths created by the RIS, the channel between
two terminals in a wireless system is often characterized by
Gamma distribution [5], [8]. Even small number of reflecting
elements (REs) in the RIS, the performance in terms of the
OP of a RIS-assisted wireless system is still higher than
those ofAF relay-assistedwireless system [5], [10]. However,
in comparison with DF relay-assisted wireless system, the
energy efficiency of the RIS-assisted wireless system is only
higher in very high rates and larger number of REs [7]. On the
other hand, the RIS assisted device-to-device communica-
tions and non-orthogonal multiple access systems have been
investigated in the literature [11], [12].

Besides using one RIS, multiple reconfigurable intelli-
gent surfaces (RISs) have been applied to assist wireless
communication systems. Specifically, the combination of
multiple reflecting paths created by multiple RISs in coop-
erative communications can significantly enhance the outage
performance and ergodic capacity (EC) of the wireless sys-
tems [13]–[15]. It was also demonstrated that under the aid
of the RISs, the propagation of radio waves can be controlled
and optimized with a low complexity processing. Thus, the
received signal power at the receiver can be maximized [15].
In addition, the distribution of the end-to-end channel cre-
ated by multiple RISs and the direct link in the cooperative
communications can be modeled by Gamma or LogNormal
distributions [13]. Furthermore, expectation-maximization
learning algorithm has been proposed for modeling the chan-
nel and improving the outage performance of the multiple
RISs assisted wireless system [16]. Also, different channel
models such as Rayleigh, Nakagami-m, and Rician fading
channels have been considered for RISs assisted wireless
communication systems [9], [17]–[19].

On the other hand, since the cooperative communication
has many great advantages such as reducing costs in deploy-
ments, increasing the performance gain, and balancing qual-
ity of services [20], it had been used widely in the third and
the fourth generation systems. It is because in the cooperative
communication, the receiver can still receive the transmit-
ter’s signal through other channels if a channel is in deep
fade. Consequently, the received signal power at the receiver
in the case with cooperative communication is significantly
enhanced in comparison with the case without cooperative
communication.Withmany great advantages, the cooperative

communication is still a main technique that can be used in
5G and 6G systems, especially when this technique is com-
bined with other new techniques such as energy harvesting,
full-duplex, and non-orthogonal multiple access [21].

As above discussions, the usage of one RIS or multiple
RISs can significantly improve the coverage, capacity and
quality of service of the wireless communication systems.
Specifically, when multiple RISs are combined in the coop-
erative communications, the received signal power at the
receiver greatly increases. In addition, all RISs can be located
in different possible places, thus, in the case that the deep
fading occurs in wireless propagation via one or two RISs,
the signals are still propagated via other RISs to the receiver.1

These signals can combine with the signal via direct link to
remarkably increase the received signal power at the receiver.
Therefore, the combination of multiple RISs and the direct
link in the wireless communication systems is inevitable due
to the fact that this combination can exploit the benefits of the
direct link in traditional wireless systems and new recently
technique (RISs). However, there is a lack of research on
cooperative communication systems with multiple RISs and
direct link between two terminals. Importantly, the advan-
tages of using RIS for assisting wireless communication sys-
tems in terms of OP and EC have been analyzed in previous
works [3], [5]–[7]. It was clearly indicated that the RIS-aided
wireless communication systems can provide lower OP and
higher EC than AF/DF relay-aided wireless communication
systems [5]–[7]. Meanwhile, an other important factor of the
wireless communication systems is symbol error probabil-
ity (SEP) that was not given in previous works. In fact, SEP
is a crucial factor due to the requirements of high capacity
and low SEP for wireless communication systems. In the
case that the SEP is high, the receivers cannot operate as
expected. Motivated by this issue, in this paper, we consider a
cooperative communication system, where multiple RISs are
used and the direct link between two terminals is available.
Specifically, Nakagami-m fading channels are considered for
the cooperative system with multiple RISs and direct link
(called as a cooperative RIS-D system). We mathematically
derive the expression of SEP of the considered system. Then,
we use the obtained expression to analyze the system perfor-
mance in different scenarios. The main contributions of this
paper can be summarized as follows:
• We consider a cooperative RIS-D system where the
received signals at the receiver are combined of reflect
paths via multiple RISs and direct path via direct link
between two terminals. Specifically, N RISs equipped
with Ln (n = 1, 2, . . . ,N ) reflecting elements (REs) can
locate in different locations for assisting two terminals

1As shown in [13], when the locations of the RISs are varied, the per-
formance of the RIS-assisted wireless system will be changed. In addition,
although the optimal locations of the RISs could not be derived due to the
complexity of the OP and EC expressions, however, the locations of the RISs
for improving the performance of wireless system can be figured out by using
the obtained expressions. Specifically, the EC in the case that the RISs are
located near either transmitter or receiver is higher than the EC in the case
that the RISs are located further away from either transmitter or receiver [13].
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in a wireless communication system. The reflect paths
via multiple RISs are combined with a direct path via the
direct link for improving the received signal power at the
terminal. In addition, the Nakagami-m fading channels
are applied in the considered cooperative RIS-D system.

• We obtain the closed-form expression of cumulative
distribution function (CDF) of the end-to-end signal-to-
noise ratio at the receiver by using method of moments.
Then, we derive the closed-form expression of sym-
bol error probability (SEP) of the considered coopera-
tive RIS-D system over Nakagami-m fading channels.
In addition, we also derive expression of SEP of the sys-
tem without RISs, i.e., only the direct link between two
terminals (called as single-input single-output (SISO)
system). We demonstrate the correctness of the obtained
expressions via Monte-Carlo simulations.

• We analyze the performance of the considered coop-
erative RIS-D system via various scenarios. Numerical
results clearly show that the SEP performance of the
considered cooperative RIS-D system are significantly
improved in comparison with that of the SISO system.
For a certain transmission power of the transmitter, the
SEP of the cooperative RIS-D system is greatly lower
than that of the SISO system. On the other hand, for
a certain SEP target, the cooperative RIS-D system
can greatly save the energy consumption in compari-
son with the SISO system. In addition, the usage of
lager number of RISs, N , and lager number of REs,
Ln, in the RISs can remarkably reduce the SEP of the
considered cooperative RIS-D system. Furthermore, the
impacts of the system parameters such as the number
of RISs, the number of REs, and the Nakagami-m fad-
ing channels are also investigated to clearly indicate
their influences on the SEP of the cooperative RIS-D
system.

The rest of this paper is organized as follows. The system
and signal models are presented in Section II, where the
received signals at the receiver are clearly describe. Perfor-
mance analysis of the cooperative RIS-D system is focused
in Section III, where the closed-form expressions of SEP
of the cooperative RIS-D and SISO systems are derived.
Numerical results and discussions are provided in Section IV,
where the impacts of the system parameters on the SEP of
the considered system are detailedly evaluated. Finally, the
conclusions of this paper are presented in Section V.

II. SYSTEM MODEL
Fig. 1 illustrates the system model of the cooperative system
based on multiple RISs and direct link. Data are transmitted
from S to D via S–Rn–D reflecting links and S–D direct
link. S and D are half-duplex devices equipped with one
antenna. Meanwhile, there are N distributed RISs, i.e., Rn,
n = 1, 2, . . . ,N , where the nth RIS is equipped with Ln
reflecting elements (REs). It is worth mentioning that in
practical scenarios, the number of the REs in the RISs can
be equal or different, i.e., Li = Lj or Li 6= Lj for i 6= j and

FIGURE 1. Illustrations of a cooperative RIS-D system with multiple RISs
and direct link.

i, j = 1, 2, . . . ,N . In addition, the REs in the RISs can be
adjusted by the communication oriented software [3].

The received signals at D is given by

yD =
(
hd +

N∑
n=1

Ln∑
l=1

hnlknlgnl
)
xS + zD, (1)

where xS is the transmitted signal of S with the average
transmission power of PS; zD is the Gaussian noise at D
with zero mean and variance of σ 2

D, i.e., zD ∼ CN (0, σ 2
D);

hd is the fading channel coefficient of the S–D direct link;
hnl and gnl are, respectively, the fading channel coefficients
from S to lth reflecting element of the nth RIS and from lth
reflecting element of the nth RIS to D; knl is the response of
lth reflecting element of the nth RIS.

Since the fading channel coefficients are complex num-
bers, we can represent hd , hnl , and gnl as hd = |hd |e−jφd ,
hnl = |hnl |e−jθnl , and gnl = |gnl |e−jψnl , where |hd |, |hnl |, and
|gnl | are magnitudes and φd , θnl , and ψnl are phases of hd ,
hnl , and gnl , respectively. On the other hand, as demonstrated
in the literature such as [3], [7], [8], the RIS’s features can be
expressed via the diagonal matrix, i.e.,

2 = diag(|kn1|ejϕn1 , . . . , |knl |ejϕnl , . . . , |knLn |e
jϕnLn ), (2)

where |knl | ∈ (0, 1) is the amplitude and ϕnl is the adjustable
phase created by the lth reflecting element of the nth RIS.
In other words, we have knl = |knl |ejϕnl .

In addition, since the Nakagami-m fading channels are
considered in this paper, the instantaneous channel gains, i.e.,
|hd |2, |hnl |2, and |gnl |2 follow Gamma distributions. Mathe-
matically, the probability density function (PDF, denoted by
f (x)) and the cumulative distribution function (CDF, denoted
by F(x)) of |h|2 are given as

f|h|2 (x) =
(m
�

)m xm−1
0(m)

exp
(
−
mx
�

)
, x ≥ 0, (3)

F|h|2 (x) =
1

0(m)
γ (m,

mx
�

)

= 1− exp
(
−
mx
�

) m−1∑
i=0

1
i!

(mx
�

)i
, x ≥ 0, (4)
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where m and � are, respectively, the Nakagami parameter
and the average channel gain of |h|2; 0(.) and γ (., .) are,
respectively, the gamma and the lower incomplete gamma
functions. In the considered cooperative RIS-D system, the
Nakagami parameters of the S–D channel, S–nth RIS chan-
nels, and nth RIS–D channels are, respectively, denoted by
md , mhn , and mgn . Meanwhile, the average channel gains
of the S–D channel, S–nth RIS channels, and nth RIS–D
channels are, respectively, denoted by �d , �hn , and �gn .
Now, the received signals at D is rewritten as

yD =
(
|hd |e−jφd +

N∑
n=1

Ln∑
l=1

|hnl |e−jθnl

×|knl |ejϕnl |gnl |e−jψnl
)
xS + zD. (5)

Then, we reorganize (5) as

yD = e−jφd
(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl |

×|knl ||gnl |ej(ϕnl−θnl−ψnl+φd )
)
xS + zD. (6)

Let δnl = ϕnl − θnl −ψnl +φd be the phase error of the lth
RE of the nth RIS, the received signals at D become

yD = e−jφd
(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |ejδnl
)
xS + zD. (7)

To enhance the received signal power at D, the adjustable
phases of the RISs are adjusted. Mathematically, the ideal
phase (denoted by ϕ∗nl) of the lth RE of the nth RIS can be
given as

ϕ∗nl = arg max
ϕnl

γD, ∀n, ∀l, (8)

where γD is the instantaneous signal-to-noise ratio (SNR)
at D.

It was shown in recent reports that, the phase shifts of the
REs depend on the diodes employed in the RISs [4], [22].
Thus, the phase shifts in practice may be not continuous due
to the hardware limitations. As a result, the discrete phase
shifts are more reasonable in the RIS-assisted wireless com-
munication systems [4], [13]. Consequently, the number of
phase shifts of the REs is constrained and limited by a phase
shift resolution [4], [23]. Thus, the phase shift values are in
the [0, 2π ) interval. Let bn be the number of quantization bits
and Rn , 2bn be the phase shift resolution of the nth RIS.
Then, a phase shift value can be selected from the following
set [4], [13]

S =
{
0,

2π
Rn
,
4π
Rn
, . . . ,

2π (Rn − 1)
Rn

}
. (9)

As presented in the literature, for a high phase shift reso-
lution (i.e., Rn � 1) and the perfect channel knowledges at
the RISs, ideal phase shifts can be generated [4], [13], [17],
[18]. Thus, the phase errors now are δnl = 0 ∀n,∀l [4], [13],
[18]. Notice that the ideal phase shift assumption was widely

used in the RIS-assisted wireless communication systems
and it is inline with realistic implementations [4], [5], [13],
[24]. In addition, this assumption has been extensively used
for single-RIS-assisted wireless communication systems [3],
[5], [7] and multi-RIS-assisted wireless communication sys-
tems [13], [17], [25]. It is also noted that in practice, the
RIS-assisted wireless communication systems are generally
implemented with discrete phase shifts. It is because that they
are cost-effective and easy to achieve the ideal phase shifts.
However, such implementation can reduce the performance
of the RIS-assisted wireless communication systems [4].

Now, the ideal phase created by the lth RE of the nth RIS
is calculated as

ϕ∗nl = θnl + ψnl − φd . (10)

Applying (10), (7) becomes

yD = e−jφd
(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |
)
xS + zD. (11)

Now, the instantaneous SNR at D is computed as

γD =
|e−jφd |2

(
|hd |+

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PS

σ 2
D

. (12)

Due to the complex number properties, i.e., |e−jφd |2 = 1,
the instantaneous SNR expression at D now becomes

γD =

(
|hd | +

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PS

σ 2
D

. (13)

III. PERFORMANCE ANALYSIS
In this section, we mathematically derive the SEP of the
cooperative RIS-D system. Specifically, the SEP is expressed
as

SEP = aE{Q(
√
bγD)} =

a
√
2π

∞∫
0

F
( t2
b

)
e−

t2
2 dt, (14)

where (a, b) is a constant pair whose values are calculated
from the certain modulation scheme, i.e., (a, b) = (1, 2),
(a, b) = (2, 1), and (a, b) = (3/2, 2/5) corresponding
to binary phase-shift keying (BPSK), 4-quadrature ampli-
tude modulation (4-QAM) or quadrature phase shift keying
(QPSK), and 4-pulse amplitude modulation (4-PAM) [26].
The detail values of (a, b) for all modulation schemes are

provided in Table 6.1 of [26]; Q(z) , 1
√
2π

∞∫
z
exp

(
−
u2
2

)
du

is the Gaussian function; γD is SNR of the cooperative RIS-D
system given in (13).

Let x = t2
b be a new variable, (14) now becomes

SEP =
a
√
b

2
√
2π

∞∫
0

F(x)
√
x
e−

bx
2 dx. (15)

From (15), we obtain the SEP of the cooperative RIS-D
system in the following Theorem.
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Theorem: The SEP of the cooperative RIS-D system over
Nakagami-m fading channels is given as (16), as shown at
the bottom of the page, where M is the Chebyshev parame-
ter [27]; φi = cos

(
(2i−1)π
2M

)
; 0(., .) is the upper incomplete

gamma function; 4X (1) and 4X (2) are, respectively, the
first and second moments of X (where X = |hd | +∑N

n=1
∑Ln

l=1 |hnl ||knl ||gnl |) calculated as

4X (1) = 4h0 (1)+4Y (1), (17)

4X (2) = 4h0 (2)+4Y (2)+ 24h0 (1)4Y (1), (18)

4Y (1) =
N∑
n=1

Ln∑
l=1

4Tnl (1), (19)

4Y (2) =
N∑
n=1

[ Ln∑
l=1

4Tnl (2)+ 2
Ln∑
l=1

4Tnl (1)
Ln∑

l′=l+1

4Tnl′ (1)
]

+ 2
N∑
n=1

[ Ln∑
l=1

4Tnl (1)
] N∑
n′=n+1

[ Ln′∑
l=1

4Tn′l (1)
]
,

(20)

4Tnl (p) = λ
−p
nl
0(mhn + p/2)0(mgn + p/2)

0(mhn )0(mgn )
, (21)

λnl =

√
mhnmgn

|knl |2�hn�gn
, (22)

4h0 (1) =
0(md + 1/2)
0(md )

√
�d

md
, (23)

4h0 (2) =
0(md + 1)
0(md )

�d

md
= �d . (24)

Proof: To derive the SEP in (16), we firstly obtain
the CDF of the considered cooperative RIS-D system, F(x),
to replace it into (15) for calculating. Mathematically, F(x) is
computed as

F(x) = Pr{γD < x}, (25)

where Pr denotes the probability operator and γD is SNR of
the considered cooperative RIS-D system.

Replacing γD in (13) into (25), we have

F(x) = Pr


(
|hd | +

∑N
n=1

∑Ln
l=1 |hnl ||knl ||gnl |

)2
PS

σ 2
D

< x

 .
(26)

It is equivalent to

F(x) = Pr

{(
|hd | +

N∑
n=1

Ln∑
l=1

|hnl ||knl ||gnl |
)2
<
σ 2
Dx

PS

}
. (27)

For conveniences in calculating, we set |hd | = h0, Tnl =
|hnl ||knl ||gnl |, Zn =

∑Ln
l=1 Tnl , Y =

∑N
n=1Zn, and X =

|hd | + Y = h0 + Y . Then, (27) becomes

F(x) = Pr

{
X 2 <

σ 2
Dx

PS

}
= FX 2

(σ 2
Dx

PS

)
. (28)

To derive the CDF from (28), we can firstly derive FX (.)
and then obtain FX 2 (.). Since h0 and Y are independent,
we can use the method of moments presented in [13] to obtain
the CDF FX (.).
On the other hand, since h0 follows Nakagami distribution

with Nakagami parameter md and average channel gain �d ,
the pth moment of h0, 4h0 (p) = E{hp0}, where E{.} denotes
the expectation operator, is given as

4h0 (p) =
0(md + p/2)
0(md )

(md
�d

)−p/2
. (29)

From (29), we can easily obtain the first and the second
moments of h0 as in (23) and (24), respectively.
To obtain the pth moment of Tnl = |hnl ||knl ||gnl |, we firstly

derive the PDF of Tnl , that is given as [13]

fTnl (y) =
1
|knl |

∫
∞

0

1
x
f|hnl |

( y
|knl |x

)
f|gnl |(x) dx. (30)

Similar to |hd |, |hnl | and |gnl | follow Nakagami distribu-
tions with Nakagami parametersmhn andmgn and the average
channel gains �hn and �gn , respectively, we have

fTnl (y) =
4

0(mhn )0(mgn )

( mhn
|knl |2�hn

)mhn(mgn
�gn

)mgn
×y2mhn−1

∫
∞

0
x2mgn−2mhn−1

× exp
(
−

y2mhn
|knl |2�hnx2

−
mgnx

2

�gn

)
dx. (31)

Applying [28, Eq. (3.478.4)], (31) becomes

fTnl (y) =
4λ

mhn+mgn
nl

0(mhn )0(mgn )
ymhn+mgn−1Kmgn−mhn (2λnly), (32)

where λnl is given in (22) and Kmgn−mhn (.) is the mgn − mhn
order modified Bessel function of the second kind [28].

SEP =
a
√
b

2
√
2π

[√
2π
b
−

π

M0
(

[4X (1)]2

4X (2)−[4X (1)]2

) M∑
i=1

√
1− φ2i

2b[ln 2− ln(1+ φi)]

× 0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
2σ 2

D[ln 2− ln(1+ φi)]

bPS

)]
, (16)
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Consequently, the pth moment of Tnl is expressed as

4Tnl (p) = E{T p
nl} =

∫
∞

0
ypfTnl (y)dy. (33)

Applying [28, Eq. (6.561.16)], 4Tnl (p) from (33) is given
in (21). Then, based on the pth moment of Tnl , we can
represent Tnl via Gamma distribution such as (3) and (4) [13].
Mathematically, the CDF of Tnl can be expressed as

FTnl (x) ≈
1

0
(

[4Tnl (1)]
2

4Tnl (2)−[4Tnl (1)]
2

)
×γ

( [4Tnl (1)]
2

4Tnl (2)−[4Tnl (1)]
2 ,

4Tnl (1)x
4Tnl (2)−[4Tnl (1)]

2

)
.

(34)

Since Zn =
∑Ln

l=1 Tnl , the approximate CDF of Zn is
expressed as [3]

FZn (x) ≈
1

0
(

Ln[4Tnl (1)]
2

4Tnl (2)−[4Tnl (1)]
2

)
×γ

( Ln[4Tnl (1)]
2

4Tnl (2)−[4Tnl (1)]
2 ,

4Tnl (1)x
4Tnl (2)−[4Tnl (1)]

2

)
.

(35)

It is worth noticing that, although the Gamma approxima-
tions are used in (34) and (35), the differences between the
approximate results and the exact results are very small. Con-
sequently, the analysis results nearly perfectly match with the
simulation results in the RIS-aided wireless communication
systems usingGamma approximations [3], [5], [9], [12], [13].

Then, using multinomial expression [29], the pth moment
of Zn can be computed as

4Zn (p) = E{Zp
n }

=

p∑
p1=0

p1∑
p2=0

· · ·

pLn−2∑
pLn−1=0

(
p
p1

)(
p1
p2

)
· · ·

(
pLn−2
pLn−1

)
×4Tn1 (p− p1)4Tn2 (p1 − p2) · · ·4TnLn (pLn−1),

(36)

where
(n
k

)
=

n!
k!(n−k)! ·

Similar to Zn, the pth moment of Y can be obtained as

4Y (p) = E{Yp
}

=

p∑
p1=0

p1∑
p2=0

· · ·

pN−2∑
pN−1=0

(
p
p1

)(
p1
p2

)
· · ·

(
pN−2
pN−1

)
×4Z1 (p− p1)4Z2 (p1 − p2) · · ·4ZN (pN−1).

(37)

Combining of (21), (36), and (37), we can obtain the first
and the secondmoments ofY as in (19) and (20), respectively.

On the other hand, due to the independence of h0 and Y ,
we can derive the pth moment of X = h0 + Y as

4X (p) = E{(h0 + Y)p} = E

{ p∑
l=0

(
p
l

)
hl0Y

p−l

}

=

p∑
l=0

(
p
l

)
4h0 (l)4Y (p− l). (38)

From (38), we can obtain the first and the second moments
of X in (17) and (18), respectively.

Now, the CDF of X can be given as

FX (x) =
1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

)
×γ

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)x
4X (2)− [4X (1)]2

)
.

(39)

Consequently, we have

FX 2 (x) = Pr{X 2 < x} = Pr{X <
√
x}

=
1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

)
×γ

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
√
x

4X (2)− [4X (1)]2

)
.

(40)

Therefore, the CDF of γD is given as

FX 2

(σ 2
Dx

PS

)
=

1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

)
×γ

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
σ 2
Dx

PS

)
. (41)

Since 0(a, x)+ γ (a, x) = 0(a), (41) can be rewritten as

FX 2

(σ 2
Dx

PS

)
= 1−

1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

)
×0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
σ 2
Dx

PS

)
. (42)

Replacing (42) into (15), the SEP is now calculated as (43),
as shown at the bottom of the next page.

First, using [28, Eq. (3.361.2)] to solve the first integral in
(43), i.e.,

∞∫
0

e−
bx
2
√
x
dx =

√
2π
b
. (44)

Then, setting t = e−
bx
2 , the second integral in (43) can be

expressed as (45), as shown at the bottom of the next page.
Now, applying [27, Eq. (25.4.30)], we have (46), as shown
at the bottom of the next page. Replacing (44) and (46) into
(43), we obtain the SEP of the considered system as in the
Theorem. This ends the proof.
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It is worth pointing that the SEP expression given in
(16) includes some special functions such as gamma and
incomplete gamma, approximating these functions in the
extreme conditions can cause a big gap between theoretical
and simulated results due to the properties of this expression.
Therefore, in this paper, the asymptotic form of the SEP of
the cooperative RIS-D system was not provided.

On the other hand, after obtaining the SEP of the consid-
ered system, we can directly derive the diversity order from
the SEP. In this paper, the SEP expression given in (16) is very
complex, thus, it is too difficult to calculate the diversity order
of the system from this expression. However, based on the
previous works where multiple RISs are used to assist wire-
less communication systems [13], [17], the diversity order of
the considered cooperative RIS-D system can also be derived.
In particular, the work in [17] derived the OP and EC expres-
sions of the multiple RISs-assisted wireless communication
system without direct link between two terminals. Then, the
authors obtained the diversity order of the system via OP
expression as NL. In this paper, since the direct link between
two terminal is available, the diversity order of the considered
cooperative RIS-D system can be obtained as 1+ NL.
It is also noted that in the case without the RISs, i.e., only

direct link from S to D (SISO system), based on the CDF
given in (4), the SEP in this the case (denoted by SEPd ) is

given as

SEPd =
a
√
b

2
√
2π

[√
2π
b
−

md−1∑
i=0

1
i!

(mdσ 2
D

�dPS

)i
0
(
i+

1
2

)
×

1(
b
2 +

mdσ 2D
�dPS

)i+ 1
2

]
. (47)

IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we use the derived expressions of SEP in
previous section to investigate the performance of the consid-
ered cooperative RSI-D system. Monte-Carlo simulations are
also provided to demonstrate the correctness of the obtained
expressions by using 106 channel realizations. Specifically,
similar to the work in [7], the bandwidth is set as BW =

10 MHz corresponding to the noise power σ 2
D = −94 dBm

calculated from σ 2
D = N0 + 10 log(BW) + NF [dBm],

where N0 and NF are, respectively, the thermal noise power
density [dBm/Hz] and the noise figure [dBm], they are set
as N0 = −174 and NF = 10. In addition, the path
loss models are aggregated in the average channel gains
of the Nakagami-m fading channels [7], [9], i.e., �d =

GS + GD − 22.7 − 26 log(fc) − 36.7 log(dSD/d0), �hn =

GS + GRn − 22.7 − 26 log(fc) − 36.7 log(dSRn/d0), and

SEP =
a
√
b

2
√
2π

∞∫
0

e−
bx
2
√
x

[
1−

1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

)0( [4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
σ 2
Dx

PS

)]
dx

=
a
√
b

2
√
2π

[ ∞∫
0

e−
bx
2
√
x
dx −

1

0
(

[4X (1)]2

4X (2)−[4X (1)]2

) ∞∫
0

e−
bx
2
√
x
0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
σ 2
Dx

PS

)
dx
]
. (43)

∞∫
0

e−
bx
2
√
x
0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
σ 2
Dx

PS

)
dx

= −

0∫
1

t√
2
b ln

1
t

0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
2σ 2

D

bPS
ln

1
t

)(
−2
b

)dt
t

= 2

1∫
0

1√
2b ln 1

t

0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
2σ 2

D

bPS
ln

1
t

)
dt. (45)

2

1∫
0

1√
2b ln 1

t

0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
2σ 2

D

bPS
ln

1
t

)
dt

=
π

M

M∑
i=1

√
1− φ2i

2b[ln 2− ln(1+ φi)]
0

(
[4X (1)]2

4X (2)− [4X (1)]2
,

4X (1)
4X (2)− [4X (1)]2

√
2σ 2

D[ln 2− ln(1+ φi)]

bPS

)
. (46)
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TABLE 1. Simulation parameters.

FIGURE 2. The SEP of the considered cooperative RIS-D system versus the
average transmission power for different modulation schemes, i.e., BPSK,
4QAM, and 4 PAM; N = 5 RISs, Ln = 25 REs, md = mhn = mgn = 2.

�gn = GRn + GD − 22.7 − 26 log(fc) − 36.7 log(dRnD/d0)
(n = 1, 2, . . . ,N ), where GS, GRn , and GD are, respectively
the antenna gains at S, Rn, and D. We set GS = 5 dB,
GRn = 5 dB, and GD = 0 dB; fc is the carrier frequency,
which is chosen as fc = 3 GHz; d0 is the reference distance,
which is normalized as d0 = 1 meter; dSD is the distance
between S and D which is set as dSD = 100 meters; dSRn
and dRnD are, respectively the distances from S to Rn and
from Rn to D, that are varied in different scenarios. The RISs
are located between S and D, where the certain locations of
the RISs is presented via coordinate axis, i.e., xRn and yRn .
For clarity, the simulation parameters used in this section are
provided in Tab. 1.

Fig. 2 illustrates the SEP of the considered cooperative
RIS-D system versus the average transmission power in com-
parison with the SEP of the SISO system (without RISs) for

FIGURE 3. The SEP the considered cooperative RIS-D system for different
number of REs in the RISs using 4QAM; N = 4; L = [40, 30, 20, 10],
L = [25, 25, 25, 25], and L = [10, 20, 30, 40]; md = mhn = mgn = 2;
(xRn , yRn ) = (7, 2), (13, 6), (41, 8), (75, 4).

different modulation schemes, i.e., BPSK ((a, b) = (1, 2)),
4QAM ((a, b) = (2, 1)), and 4 PAM ((a, b) = (3/2, 2/5)).
We use N = 5 RISs and Ln = 25 REs (n = 1, 2, . . . , 5).
The Nakagami parameters are set as md = mhn = mgn = 2.
The theory curves are obtained by using (16) and (47) for the
cooperative RIS-D and SISO systems, respectively. Mean-
while, the marker symbols denote Monte-Carlo simulation
results. As observed from Fig. 2 that, under the assistance of
the RISs, the performance of the wireless system can signif-
icantly improve in comparison with the case without RISs.
It is because the SEPs of the cooperative RIS-D system are
greatly lower than those of the SISO system. Specifically, the
SEPs of the cooperative RIS-D system can reach 10−4 when
PS = 8, 12, and 16 dBm corresponding to BPSK, 4QAM,
and 4PAM. Meanwhile, even high transmission power of S,
i.e., PS = 25 dBm, the SEPs of the SISO system only
reach 5 × 10−4, 4 × 10−3, and 1.5 × 10−2 corresponding
to BPSK, 4QAM, and 4PAM. As the results, we can use
multiple RISs combing with the direct link in the cooperative
communications for significantly enhancing the performance
of the wireless systems.

Fig. 3 considers the SEP of the cooperative RIS-D system
for different number of REs in the RISs. In the investigated
scenario, we set N = 4 and the total REs in all the RISs
is 100 REs. In addition, vector L is presented as L =
[L1,L2,L3,L4]. Furthermore, the coordinates of the RISs are
set as (xRn , yRn ) = (7, 2), (13, 6), (41, 8), (75, 4). For these
settings, the 1st RIS (L1) is located nearest from S while
the 4th RIS (L4) is located furthest from S. As can be seen
from Fig. 3, the case that L = [40, 30, 20, 10] is the best
case and the case that L = [10, 20, 30, 40] is the worst case
among three considered cases. As a result, the RIS located
nearly from S can reflect signals better than the RIS located
further from S. It is because the SEP in the case one (L =
[40, 30, 20, 10]) is significantly lower than the SEP in the
case three (L = [10, 20, 30, 40]). In particular, when SEP
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FIGURE 4. The impacts of the total number of REs on the SEP of the
considered cooperative RIS-D system using 4QAM; N = 4;
L1 = L2 = L3 = L4 = L = 15, 20, 25, 30, 35; md = mhn = mgn = 2.

target is 10−4, the first case (L = [40, 30, 20, 10]) only needs
PS ≈ 11 dBm while the third case (L = [10, 20, 30, 40])
needs PS ≈ 18 dBm. Therefore, we can locate the RIS
with larger REs nearly the transmitter for improving the
performance of the considered cooperative RIS-D system.2

Fig. 4 investigates the impacts of the total number of REs in
the RISs on the SEP of the considered cooperative RIS-D sys-
tem, where L1 = L2 = L3 = L4 = L = 15, 20, 25, 30, and
35 REs. It is obvious from Fig. 4 that increasing the number
of REs in the RISs can significantly improve the SEP per-
formance of the cooperative RIS-D system. In particular, the
transmission power of S is approximate 10.5, 12.5, 15, 18,
and 21.5 dBm corresponding to L = 15, 20, 25, 30, and
35 REs to obtain SEP = 10−4. In other words, when the
total number of REs in all RISs is plus 20 REs, i.e., from
L = 15 (4 × 15 = 60 REs) to L = 20 (4 × 20 = 80 REs),
or from L = 20 to L = 25, or from L = 25 to L = 30,
the transmission power of S can be approximately reduced
from 2 to 3 dBm for a SEP target of 10−4. As the results, for
a certain SEP target, the usage of multiple RISs with larger
total number of REs can greatly save the energy consumption
because the transmission power of source is significantly
reduced.

In Fig. 5, we fix the total number of REs in each RIS, i.e.,
Ln = 20 REs for all n ∈ N while the number of RISs is
varied, i.e., N = 1, 3, 5, 7, 9, 11. Similar to the SEP in Fig. 4,
the SEP in Fig. 5 is significantly reduced when N increases.
Specifically, when the system requirement is SEP = 10−4,
increasing N from 1 to 3 can reduce the transmission power
of the source from 21 dBm to 18 dBm. In other words, the
energy consumption is reduced 3 dBm when N increases

2It is worth noticing that when all the RISs are placed at equal distance
from the source and destination and the total REs in all RISs is constant,
the SEPs in the case of the numbers of REs in the RISs are different can be
lower than SEP in the case of the numbers of REs in the RISs are similar.
This feature also occurs for the OP performance of the RISs-aided wireless
systems [13], [17], [30].

FIGURE 5. The SEP of the considered cooperative RIS-D system using
4QAM for N = 1, 3, 5, 7, 9, 11; Ln = 20 (n = 1, 2, . . . , N);
md = mhn = mgn = 2.

FIGURE 6. The impact of the Nakagami parameter m on the SEP of the
considered RIS-D system for N = 5, Ln = 25, using 4QAM.

from 1 to 3. On the other hand, when the transmission power
of the source is PS = 18 dBm, the SEPs are 1.6 × 10−3

and 2.4 × 10−4 for N = 1 and N = 3, respectively. As a
result, the SEP is approximately reduced 6.7 times when N
increases from 1 to 3 forPS = 18 dBm.WhenN continuously
increases, i.e., N = 5, 7, 9, and 11, the SEP continuously
reduces. However, the reduction for larger range of N is
slower in comparison with the reduction for small N . For
example, the SEP reduction when N increases from 7 to 9 or
from 9 to 11 is lower than that whenN increases from 1 to 3 or
from 3 to 5. Therefore, depending on the certain requirements
of the wireless system in practice, we can choose a suitable
value of N for improving the performance and saving the
energy of the cooperative RIS-D system.

Fig. 6 evaluates the impact of the Nakagami parameter m
on the SEP of the considered RIS-D system for N = 5 and
Ln = 25 REs. It is worth noticing that in the case of m = 1,
the Nakagami-m fading channels become the Rayleigh fading
channels. As can be seen from Fig. 6, increasing m can
significantly enhance the SEP performance of the cooperative
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RIS-D and SISO systems, especially in high transmission
power regime. Particularly, the differences between the SEPs
in the cases of m = 1, 2, and 3 of the SISO system for
PS < 15 dBm are very small. However, they are remarkable
for PS > 15 dBm. Specifically, at PS = 25 dBm, the
SEPs of the SISO system are 2.7 × 10−2, 4 × 10−3, and
10−3 corresponding to m = 1, 2, and 3. In other words,
the SEP of the SISO system in the case of PS = 25 dBm
reduces 7 times and 4 times when m increases from 1 to 2
and from 2 to 3, respectively. For the cooperative RIS-D
system, the SEP curve characteristics are similar to those of
the SISO system. However, the differences between SEPs in
the cases that m = 1, 2, and 3 are remarkable even in low
transmission power regime, i.e., PS < 15 dBm. In particular,
at PS = 10 dBm, the SEPs of the cooperative RIS-D system
are 5.7 × 10−3, 1.4 × 10−3, and 7.3 × 10−4 corresponding
to m = 1, 2, and 3. As the results, although using low
transmission power, i.e, PS = 10 dBm, when m increases
from 1 to 2 and from 2 to 3, the SEP of the cooperative RIS-D
system reduce 4 times and 2 times, respectively. These results
again confirm the benefits of the using RISs and cooperative
communications for improving the performance of wireless
systems.

V. CONCLUSION
In this paper, we exploited the advantages of the coopera-
tive communications and the RISs by combining them in a
wireless communication system. Specifically, we mathemat-
ically analyzed the performance of the cooperative RIS-D
systemwhere themultiple reflecting links created bymultiple
RISs are combined with the direct link between source and
destination. We successfully derived the SEP expression of
the considered cooperative RIS-D system over Nakagami-m
fading channels. Then, the obtained expression was used to
consider the impacts of the system parameters. Numerical
results clearly shown that the SEP of the cooperative RIS-D
system is significantly lower than that of the SISO system.
In particular, to achieve a certain SEP target, the transmission
power of the cooperative RIS-D system is greatly lower than
that of the SISO system. Also, for a certain transmission
power, the performance of the cooperative RIS-D system is
significantly higher than that of the SISO system. Therefore,
exploiting multiple RISs and cooperative communications
can greatly save the energy consumption and significantly
improve the performance of the cooperative RIS-D system in
comparison with the SISO system. We also observed that the
RISs located near the source can reflect signals better than
the case that the RISs located near the destination. On the
other hand, the impacts of various system parameters such
as the number of REs in each RIS, number of RISs, and the
Nakagami-m parameter were fully investigated to consider
their influences on the SEP of the cooperative RIS-D system.
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