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Exploiting RIS-Aided Cooperative Non-Orthogonal Multiple Access
with Full-Duplex Relaying

Guoqing DONG† ,††, Zhen YANG†a), Youhong FENG††, Nonmembers, and Bin LYU†, Member

SUMMARY In this paper, a novel reconfigurable intelligent surface
(RIS)-aided full-duplex (FD) cooperative non-orthogonal multiple access
(CNOMA) network is investigated overNakagami-m fading channels, where
two RISs are employed to help the communication of paired users. To
evaluate the potential benefits of our proposed scheme, we first derive the
closed-form expressions of the outage probability. Then, we derive users’
diversity orders according to the asymptotic approximation at high signal-
to-noise-ratio (SNR). Simulation results validate our analysis and reveal
that users’ diversity orders are affected by their channel fading parameters,
the self-interference of FD, and the number of RIS elements.
key words: reconfigurable intelligent surface, full-duplex, cooperative
non-orthogonal multiple access, outage probability

1. Introduction

Reconfigurable intelligent surface (RIS) has been considered
as an evolving technology for the sixth generation (6G) com-
munication as it can intelligently adjust the wireless propaga-
tion environment. Specifically, an RIS consists of numerous
low-cost passive elements, which are capable of electroni-
cally adjusting themagnitude and phase shifts of the reflected
signals [1], [2]. Based on this characteristics, RIS has been
widely used in communication systems to improve energy
efficiency, spectral efficiency, and service coverage. For in-
stance, in [3], the passive beamforming at the RIS and the
active beamforming at the base station (BS) were jointly op-
timized to minimize the total transmit power. In [4], a multi-
user multiple-input single-output RIS-aided systemwas con-
sidered, and a joint active and passive beamforming scheme
was proposed to maximize the weighted sum rate. On the
other hand, NOMA has also been envisaged as a promising
technology to improve networks’ spectral efficiency since it
can serve multiple users with one time/bandwidth resource
block [5], [6]. Furthermore, by employing the prior infor-
mation available in NOMA, cooperative NOMA (CNOMA)
is explored to gain a higher diversity order and coverage
extension, where the near NOMA user acts as a decode-
and-forward (DF) relaying to help the communication of the
far NOMA user. Specifically, a full-duplex (FD) device-to-
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device-aided CNOMA system was proposed in [7] to im-
prove the outage performance of the far user in a NOMA
user pair. In [8] and [9], the near user was employed as an
FD relaying for the far user when there exist no direct links
from the BS to the far user.

Inspired by the aforementioned advantages of RIS and
NOMA (or CNOMA) techniques, some recent works have
integrated them for performance enhancement. In [10], a
simple design of the RIS-aided NOMA network was first
investigated, where the outage probability (OP) of cell-edge
users is derived with 1-bit coding. Considering the RIS
is pre-deployed in practical, the RIS-involved channels can
be either non-light of sight (NLoS) or light of sight (LoS).
With this characteristic, the authors in [11] further investi-
gated the performance of the RIS-aidedNOMAnetwork over
Nakagami-m fading channels, and it revealed the superiority
of employing the RIS in terms of the diversity order. In
[12], an RIS-aided half-duplex (HD) CNOMA system was
first investigated to minimize the total transmit power, where
one RIS is adopted and the minimum value occurs when the
RIS is close to the far NOMA user. Furthermore, compared
with the RIS-aided HD CNOMA scheme, the RIS-aided FD
CNOMA scheme consumed less transmit power even in the
case of the high residual self-reference (SI) at near NOMA
user [13].

The aforementioned works [12] and [13] only employed
one RIS, which can serve both the near user and the far user.
However, the far user is always at the edge of the cell and far
away from the BS and the near user. It is very likely that one
RIS can not be able to serve the two users simultaneously. In
addition, since the far user is far away from the BS, it always
receives very weak signals from the BS. Similarly, the RIS
near it suffers from this problem. Thus, to achieve effective
signal transmissions for both NOMA users, we propose a
novel RIS-aided FD CNOMA network, where the near user
acts as an FD relay, and it can simultaneously receive its
own messages from the BS and forward the decoded signals
to the far user. Moreover, two RISs are employed to help
the communication of paired users, respectively, due to the
physical obstacles between the BS and users. On the other
hand, the works in [12] and [13] only investigated the energy
efficiency of RIS-aided CNOMA systems, without evaluat-
ing system transmit reliability. Meanwhile, the works in [10]
and [11] only evaluated the transmit reliability of RIS-aided
NOMA networks, without considering the impact of coop-
erative relaying schemes. To bridge this gap, we investigate
the transmit reliability of our proposed RIS-aided CNOMA

Copyright © 2023 The Institute of Electronics, Information and Communication Engineers



1012
IEICE TRANS. FUNDAMENTALS, VOL.E106–A, NO.7 JULY 2023

system and have the following contributions.
•We propose a novel RIS-aided FD CNOMA network,

where the near user acts as an FD for the far user when
receiving its own messages, and two RISs are employed to
establish corresponding reflecting links for the paired users
respectively.
• We consider the more general Nakagami-m fading

channels. Under this setup, we first analyze the correspond-
ing channel statistics of reflecting links with optimal phase
shifts. Then, we derive the closed-form expressions of the
OP for both users. To gain more insights, we further derive
the asymptotic OP at high signal-to-noise-ratio (SNR) and
then obtain the diversity orders.
• Simulation results are provided to validate our anal-

ysis. It is demonstrated that users’ OPs can be significantly
reduced by increasing the number of RIS elements. In addi-
tion, the diversity orders are affected by the number of RIS
elements, the SI of FD, and Nakagami fading parameters.

2. System Model

As shown in Fig. 1, we consider an RIS-aided FD CNOMA
system consisting of a base station (BS), two RISs (R1 and
R2), and two users (U1 and U2), where the near user U1
is enabled to act as an FD relay for the far user U2 when
receiving its own messages. In particular, the DF protocol
is employed at U1 to decode and forward information to
U2. The two users form a classical two-user NOMA group,
and it can be extended to multi-user scenarios by employing
user paring principles [5]. Moreover, the BS and U2 are
each equipped with one single antenna, while U1 is with
two antennas. We assume that the direct links, i.e., BS-
U1 (U2) and U1-U2, are unavailable due to severe physical
obstacles†. RISs are employed to build signal transmissions
between them. Specifically, since the optimal location for
the RIS deployment is near the BS or the user [3], we assume
that R1 is located near the BS and helps U1 receive signals
from the BS, and R2 is located in the vicinity ofU2 and helps
U2 communicate with the cooperative relaying user, i.e, U1.
The two RISs are far away from each other, so the reflecting
interference between them can be ignored. In addition, we
assume Ri has Ni individual passive elements, and their
corresponding reflection-coefficient matrix can be denoted
by Θi = diag{βi,1e jθi ,1, βi,2e jθi ,2, ...βi,Ni e

jθi ,Ni }, where i ∈
{1,2}, βi,ni ∈ (0,1] and θi,ni ∈ [0,2π) denote the magnitude
and phase-shift of the nith element of RIS i, respectively
(ni = 1,2, ...Ni) [14], [15]. Without loss of generality, we set
βi,ni = 1 to achieve better signal transmission performance.

2.1 Channel Model

We assume that all channels experience quasi-static flat fad-
ing, and the channel state information (CSI) can be fully

†If the direct links between BS-U2 and U1-U2 exist, U2 can
combine signals from both the BS and U1. Accordingly, the relia-
bility performance of U2 would be significantly improved [7].

Fig. 1 A downlink RIS-aided FD CNOMA system.

estimated at the BS [3]. In addition, since RISs are pre-
deployed, the BS-RIS and RIS-user links may be LoS or
NLoS. With this consideration, we assume that all channels
follow the Nakagami-m model. Specifically, the BS-R1 and
U1- R2 channels are denoted by Gi ∈ C

Ni×1 (i ∈ (1,2)) with
the fading parameter mGi . The R1-U1 and R2-U2 channels
are denoted by gi ∈ C1×Ni with the fading parameter mgi .
Particularly, mζ = 1 represents the links are NLoS, while
mζ > 1 indicates the links are LoS (ζ ∈ {Gi, gi}).

2.2 Signal Model

The superposed signal transmitted by BS is x(t) =√
a1Px1(t) +

√
a2Px2(t), where P is the transmission power

at the BS, xi(t) is the intended signal ofUi with E[|xi |2] = 1,
and ai is the power allocation coefficient of Ui with the
constraints a1 + a2 = 1 and a1 < a2. U1 acting as an FD
relay can not only receive the superimposed signal trans-
mitted by the BS but also simultaneously send the decoded
signal to U2. The decoded signal for U2 can be denoted by
s(t) = x̂2(t − τ), where τ denotes the processing delay at U1.
We adopt the imperfect SI cancellation for practical imple-
mentation [8], [9], and it results in a residual loop SI. There-
fore, the received signal atU1 andU2 can be given by y1(t) =
d
−αG1/2
G1

d
−αg1/2
g1 G1Θ1g1

(√
a1Px1(t) +

√
a2Px2(t)

)
+ sI (t) +

n1(t) and y2(t) = d
−αG2/2
G2

d
−αg2/2
g2 G2Θ2g2

√
Pr s(t)+n2(t), re-

spectively, where dG1 and dg1 are the distances from the BS
to R1 and from R1 to U1, respectively, dG2 and dg2 are the
distances from U1 to R2 and from R2 to U2, respectively, Pr

is the transmission power of U1, and ni is the additive white
Gaussian noise (AWGN) at Ui with zero mean and variance
σ2. Moreover, sI is the residual SI, and it can be modeled
as a Gaussian random variable with zero mean and variance
I2 = βPvr [16], where β > 0 and v ∈ [0,1]. It should be noted
that the values of β and v both depend on the SI cancellation
scheme at U1.

As U2 is allocated with a higher power by the BS, the
signal x2 of U2 can be first decoded at U1 by treating x1 as
the interference. Thus, the received signal-to-interference-
plus-noise ratio (SINR) for detecting x2 at U1 can be given
by

γ1,2 =
d
−αG1
G1

d
−αg1
g1 |G1Θ1g1 |

2 a2ρ

d
−αG1
G1

d
−αg1
g1 |G1Θ1g1 |

2 a1ρ + I2/σ2 + 1
, (1)

where ρ = P
σ2 denotes the transmit SNR.

Assuming thatU1 can successfully decode the signal x2,
it can detect its own signal by adopting the SIC technique,
and the corresponding SINR can be given by
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γ1 =
d
−αG1
G1

d
−αg1
g1 |G1Θ1g1 |

2 a1ρ

I2/σ2 + 1
. (2)

Similarly, the SNR at U2 to detect x2 can be given by

γ2 = d
−αG2
G2

d
−αg2
g2 |G2Θ2g2 |

2 ρr , (3)

where ρr = Pr

σ2 .

3. Performance Analysis

In this section, we first analyze the channel statistics for
the RIS-involved reflecting links. Then, we investigate the
performance of the considered system in terms of the OP
and diversity order.

3.1 Channel Statistics

Based on (1)–(3), we aim for maximizing the users’ SINR
by intelligently adjusting the phase shifts of RISs. To this
end, we derive the optimal phase shift of the nith element as
θi,ni = −arg(Gi,ni gi,ni ) [11], where Gi,ni and gi,ni are the
nith element of Gi and gi , respectively. With the optimal

phase shifts, we have |GiΘigi |2 =
(∑Ni

ni=1 |Gi | |gi |
)2
.

Lemma 1: The cumulative distribution functions (CDFs)
of Xi = |GiΘigi |2 at low and high SNR are respectively
given by

FXi (x) = e−
λi
2

∞∑
k=0

λkγ
(
k + 1

2 ,
x

2Ni (1−εi )

)
k!2kΓ

(
k + 1

2

) , (4)

and
F0+
Xi
(x)=

m̃i
Ni (4msi mli )

−msi
Ni

Γ(2msi Ni)
γ

(
2msi Ni,2

√
msi mli x

)
, (5)

where εi =
1

mGi
mgi

(
Γ(mGi

+ 1
2 )

Γ(mGi
)

)2 (
Γ(mgi

+ 1
2 )

Γ(mgi
)

)2
, mli =

max{mGi ,mgi }, msi = min{mGi ,mgi }, λi =
Niεi
1−εi , γ(·, ·) de-

notes the lower incompleteGamma function and Γ(·) denotes
the Gamma function.

Proof: According to [11], we can derive the CDF

of Y =
(
∑N

n=1 |Gn | |gn |)
2

N (1−ε ) at low SNR as FY (y) =

e−
λ
2
∑∞

k=0
λkγ(k+ 1

2 ,
y
2 )

k!2kΓ(k+ 1
2 )
. Therefore, the CDF for Xi =

|GiΘigi |2 at low SNR can be expressed as FXi (x) = Pr (Xi <

x) = Pr (Ni(1−εi)Y < x) = Pr

(
Y < x

Ni (1−εi )

)
. Then, substi-

tuting y = x
Ni (1−εi ) into the expression FY (y), we can obtain

(4).
Similarly, the CDF of Z =

∑N
n=1 |Gn | |gn | at high SNR

is given by FZ (z) =
m̃K (4msml )

−ms N

Γ(2msN )
γ

(
2msN,2√msmlz

)
.

Hence, the CDF for Xi at high SNR can be expressed as
FXi (x) = Pr (Xi < x) = Pr (Z2 < x) = Pr

(
Z <
√

x
)
. Then,

substituting z =
√

x into the expression FZ (z), we can obtain

(5). This proofs Lemma 1.

3.2 Outage Probability

Next, we continue to investigate the OP performance of the
two users. ForU1, the outage occurs whenU1 cannot decode
x2 or fails to detect its own message x1. Then, we can derive
the OP of U1 through its complementary events, which can
be given by

P1 = 1 − Pr (γ1,2 ≥ γ̃2, γ1 ≥ γ̃1), (6)

where γ̃i = 2R̃i − 1, and R̃i is the predefined target data rate
of Ui . For U2, the outage occurs when U1 cannot decode x2
or U2 cannot detect its own message x2. Similarly, the OP
of U2 can be given by

P2 = 1 − Pr (γ1,2 ≥ γ̃2, γ2 ≥ γ̃2). (7)

According to Lemma 1, We proceed to derive the OP
expressions for U1 and U2 in the following theorem.

Theorem 1: The closed-form expressions for the OPs of
U1 and U2 are given by

P1 =


FX1

(
ρ̃1,2

)
,

γ̃1
γ̃1+γ̃2+γ̃1γ̃2

< a1 <
1

1+γ̃2
,

FX1 (ρ̃1) , 0 < a1 <
γ̃1

γ̃1+γ̃2+γ̃1γ̃2
,

1, otherwise,
(8)

and
P2 = FX1

(
ρ̃1,2

)
+ FX2 (ρ̃2) − FX1

(
ρ̃1,2

)
FX2 (ρ̃2) , (9)

respectively, where ρ̃1,2 =
I0γ̃2

b(a2−a1γ̃2)ρ
, ρ̃1 =

I0γ̃1
ba1ρ

, and
ρ̃2 =

γ̃2
cρr

with I0 = I2/σ2 + 1, b = d
−αG1
G1

d
−αg1
g1 , and

c = d
−αG2
G2

d
−αg2
g2 .

Proof: For U1, we have P1 = 1 − Pr (γ1,2 ≥ γ̃2, γ1 ≥

γ̃1) = 1 − Pr

(
X1 > max

(
I0γ̃2

bP(a2−a1γ̃2)
, I0γ̃1

ba1P

))
. When

γ̃1
γ̃1+γ̃2+γ̃1γ̃2

< a1 <
1

1+γ̃2
, ρ̃1,2 > ρ̃1. In this case, we can

easily derive the OP of U1 as FX1

(
ρ̃1,2

)
. Similarly, for the

case of 0 < a1 <
γ̃1

γ̃1+γ̃2+γ̃1γ̃2
, i.e., ρ̃1,2 > ρ̃1, we can obtain

the OP of U1 as FX1 (ρ̃1). For U2, according to (7), we have
P2 = Pr (γ1,2 < γ̃2) + Pr (γ2 < γ̃2) − Pr (γ1,2 < γ̃2)Pr (γ2 <
γ̃2). After some algebraic manipulations, we can obtain the
OP of U2 as (9). This proofs Theorem 1.

Remark 1: According to simulation results shown in Sec-
tion 4, the expressions (8) and (9) for the OPs of U1 and U2
are accurate at low SNR, while the OPs at high SNR need to
be derived from expression (5).

Remark 2: According to Theorem 1, we can observe that
both ρ̃1 and ρ̃1,2 vary with the SI, which also shows that the
OP of Ui is significantly effected by the SI.

3.3 Asymptotic OP and Diversity Analysis

To gain more insights, we proceed to analyze the asymptotic
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OPs and diversity orders at high SNR.

Theorem 2: In the high-SNR regime, P1 and P2 can be
approximated as

P∞1 =


m̃1

N1 ρ̃
ms1 N1
1,2

Γ(2ms1 N1+1) ,
γ̃1

γ̃1+γ̃2+γ̃1γ̃2
< a1 <

1
1+γ̃2

,

m̃1
N1 ρ̃

ms1 N1
1

Γ(2ms1 N1+1) , 0 < a1 <
γ̃1

γ̃1+γ̃2+γ̃1γ̃2
,

1, otherwise,

(10)

and

P∞2 =
m̃1

N1 ρ̃
ms1 N1
1,2

Γ(2ms1 N1 + 1)
+

m̃2
N2 ρ̃

ms2 N2
2

Γ(2ms2 N2 + 1)
, (11)

respectively.
Proof: Since users’ OPs at high SNR can be obtained
through (5), a corresponding approximation study is con-
ducted on it. First, we expand the lower incomplete gamma
and exponential functions in (5), and then derive F0+

Xi
(x) =

m̃i
Ni

∑∞
l=0
(2√msi

mli
)l x

msi Ni+
l
2

Γ(l+2mli
Ni+1)

∑∞
k=0
(−2√msi

mli
x)k

k! . Next, we
extract the lowest-order terms, and the approximation can
be expressed as F0+

Xi
(x) ≈ m̃i

Ni xmsi Ni

Γ(2mli
Ni+1) . Based on this, the

asymptotic OP of U1 can be obtained as (10). For U2, ac-
cording to (7) and conducting some algebraic manipulations,
we have P2 = F0+

X1
(ρ̃1,2) + F0+

X2
(ρ̃2) − F0+

X1
(ρ̃1,2)F

0+
X2
(ρ̃2). By

extracting the lowest-order terms, we derive the expression
(11). This completes the proof of Theorem 2.

Remark 3: According to Theorem 2, we can observe that
the diversity order of Ui is determined by the number of
RIS elements, the SI of FD relaying, and Nakagami fading
parameters of channels.

Corollary 1: If the perfect SI cancellation is applied at U1,
we can obtain that the diversity order ofU1 is ms1 N1, and the
diversity order of U2 is min(ms1 N1,ms2 N2).

Proof: According to (10), we can obviously observe that the
diversity gain ofU1 is ms1 N1. ForU2, when ms1 N1 ≤ ms2 N2,

the lower-order term in expression (11) is
m̃1

N1 ρ̃
ms1 N1
1,2

Γ(2ms1 N1+1) , based
on which the diversity order ofU2 is ms1 N1. Similarly, when
ms1 N1 ≥ ms2 N2, the lower-order term in expression (11) is
m̃2

N2 ρ̃
ms2 N2
2

Γ(2ms2 N2+1) , and the diversity order of U2 is ms2 N2. Thus,
we can derive the diversity order ofU2 ismin(ms1 N1,ms2 N2).
This proofs Corollary 1.

4. Numerical Results

In this section, numerical results are presented to evaluate the
performance of our proposed system. The parameter settings
are shown in Table 1. Here, we adopt 1MHz bandwidth,
which can be applied in video transmission with general
resolution or real-time voice communication [11], [17]. In
addition, we assume Pr = P.

Figure 2 plots the users’ OPs versus the transmit SNR
with the number of RIS elements N = 10,20, and 30, where

Table 1 Parameters setting.
Bandwidth BW=1MHz

Distances dG1=10m, dg1=80m, dG2=60m,
and dg2=1 0m

Path-loss exponent αgi =αGi
=2.5

Nakagami fading parameters mgi =1 and mGi
=3

Target data-rates R̃1=R̃2=0.1Mbps
Power-allocation coefficients a1=0.4 and a2=0.6
Self-interference parameters β = 10−3 and v = 0.1

Fig. 2 OPs versus the transmit SNR with N1 = N2 = N .

Fig. 3 Asymptotic OPs versus the transmit SNR.

we assume N1 = N2 = N . From this figure, we can observe
that the analyses derived from (8) and (9) are accurate at low
SNR, which is consistent with the conclusion of Remark 1.
In addition, we can see that the OPs of two users decrease
as N increases. It is because the channel gain increases with
the number of RIS elements.

Figure 3 further plots the high-SNR approximation
curves with different N1 and N2 conditions, where we as-
sume the perfect SI cancellation is adopted. From this fig-
ure, we can observe that users’ OPs gradually approach their
corresponding approximate curves, which perfectly matches
the analytical results derived in (10) and (11). By observ-
ing the curves, we can obtain that for the three cases: 1)
N1 = 1,N2 = 2, 2) N1 = N2 = 3, and 3) N1 = 5,N2 = 1, the
diversity orders of U1 are 1, 3, and 5, respectively, while the
diversity orders of U2 are equal to 1, 3, and 1, respectively.
The above results verify the conclusion of Corollary 1.

Figure 4 presents the effect of FD SI on the outage per-
formance and compares the RIS-aided FD CNOMA scheme
with the HD CNOMA scheme. From this figure, we can
see that FD SI has a significant impact on the users’ outage
performance. Specifically, the OP is significantly reduced by
decreasing the residual SI. In contrast, with the increase of
residual SI, the advantage of FD CNOMA no longer exists.
Therefore, it is important to employ effective SI cancellation
techniques for the RIS-aided FD CNOMA scheme.

Figure 5 plots the OPs versus the transmit SNR under
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Fig. 4 The impact of SI on the OP.

Fig. 5 OPs versus the transmit SNR under both NOMA and OMA
schemes.

both the NOMA and OMA schemes with v = 0.001. Spe-
cially, the locations of the two users are set to dg1 = 30 m
and dG2 = 80 m. From this figure, we can observe that the
performance of U1 in the NOMA scheme is close to that in
OMA scheme, while the performance of U2 in the NOMA
scheme is much better than that in OMA scheme. Compre-
hensively, the NOMA scheme outperforms the OMA scheme
under specific parameter settings. Moreover, in this consid-
ered scenario, the performance of U1 is better than that of
U2, which is different from Fig. 2. It is because the perfor-
mance of the two users is relatively independent and varies
with their associated parameters.

5. Conclusion

In this paper, we proposed a novel RIS-aided FD CNOMA
scheme to enhance the coverage extension for the far user,
where the near user acts as an FD, and two RISs are em-
ployed to establish corresponding reflecting links for the
paired users respectively. Furthermore, we investigated the
transmit reliability of our proposed network in terms of the
OP and diversity order. Specifically, we first analyzed the
corresponding channel statistics of reflecting links. Then, we
derived the closed-form expressions of the OP for both users.
To gain further insights, we analyzed the asymptotic OP and
obtained the diversity orders at high SNR. Numerical results
were presented to validate our analysis, which reveals that
users’ diversity orders are affected by their channel fading
parameters, the SI of FD, and the number of RIS elements.
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