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Abstract—Simultaneously transmitting and reflecting 
reconfigurable intelligent surface (STAR-RIS) assisted non-
orthogonal multiple access (NOMA) system can be widely used 
to improve the coverage of communications, but the 
transmitting users have the problems of lower reliability and 
higher link interruption. To address these problems, a STAR-
RIS-assisted cooperative non-orthogonal multiple access 
(CNOMA) system is proposed in this paper. And the downlink 
performance of the proposed system with perfect and 
imperfect successive interference cancellation (SIC) are 
investigated. Especially the closed-form expressions of outage 
probability and ergodic rate are derived and verified by 
Monte-Carlo simulation. The simulation results show that due 
to the existence of imperfect SIC, the performance of the 
reflecting user is worse than that of perfect SIC. The proposed 
STAR-RIS-CNOMA system has a significant performance 
improvement for the transmitting user compared with that of 
the traditional STAR-RIS-NOMA system. 
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I. INTRODUCTION 
The demand for high-speed, high-quality 

communications has spawned the research of the sixth-
generation mobile communication technology (6G). Non-
orthogonal multiple access (NOMA) has been regarded as a 
promising multiple access candidate for 6G networks. It uses 
superposition coding technology at the transmitter and 
successive interference cancellation (SIC) technology at the 
receiver to eliminate internal user interference [1]. Based on 
different application scenarios and requirements, the concept 
of cooperative NOMA communication was proposed [2]. A 
strong user with better selection conditions is selected as a 
relay in the cooperative phase to serve the weak user. In 
addition, the authors of [3] studied half-duplex and full-
duplex CNOMA systems and discussed the performance of 
the system in terms of outage probability (OP) and ergodic 
rate. A threshold-based CNOMA model was proposed, 
which selects CNOMA transmission only when the user's 
signal-plus-interference-to-noise ratio (SINR) is greater than 
a predetermined threshold [4]. 

Reconfigurable intelligent surfaces (RISs) can actively 
reconfigure the wireless communication environment, 
coupled with their nearly passive and reflective nature, and 
have become the focus of research. [5] studied the RIS-
assisted CNOMA system, in which the near user acts as a 
decode-and-forward half-duplex relay to perform device-to-
device communication for the far user. However, traditional 
RIS requires that the transmitting and receiving nodes are 
located on the same side of the RIS, simultaneously 
transmitting and reflecting reconfigurable intelligent surface 
(STAR-RIS) can overcome this limitation [6]. STAR-RIS 
can provide services to users on both sides of the surface, 
thereby providing enhanced degrees of freedom for signal 

propagation [7]. The OP of a STAR-RIS-NOMA network 
over spatially correlated channels was investigated in [8], 
and a moment matching method was proposed, which 
approximates the gain distribution of the composite channel 
to gamma random variables. In [9], the performance of 
STAR-RIS-aided communication under energy splitting (ES) 
and mode switching (MS) protocols was analyzed in 
Rayleigh fading channels. [10] studied the STAR-RIS-
NOMA system, allocating more elements to the reflecting 
user. The results showed that the performance of the 
transmission user was much worse than that of the reflection 
user. The performance of the STAR-RIS-NOMA system 
over Nakagami-m fading channels has been studied [11], 
[12]. The authors studied the reliability performance of the 
STAR-RIS-assisted NOMA network under the Rician 
channel in [13].  

At present, most of the research focuses on the 
performance analysis of STAR-RIS-NOMA system, but 
there are few studies on the problem of poor performance of 
transmitting users. This paper explores a STAR-RIS-
CNOMA system in which the transmitting user employs 
maximum ratio combining (MRC) to receive signals from 
both the direct and cooperative links, while considering the 
case of imperfect SIC in practical transmission scenarios. 
The main contributions of this paper can be summarized as 
follows: 

• A STAR-RIS-assisted CNOMA system is proposed, 
where the reflecting user R acts as a half-duplex 
decode-and-forward relay, enhancing the reliability 
of the transmitting user compared to traditional 
STAR-RIS-NOMA. 

• Using the curve fitting channel model, the cascade 
channel gain is approximately fitted to the Gamma 
distribution, and the closed expressions of the OP 
and ergodic rate of the reflection user and the 
transmission user under the MS protocol are derived.  

• Under the MS protocol, considering the case of 
perfect SIC and imperfect SIC in actual 
communication, the influence of different residual 
interference transfer factors on the performance of 
reflective users is studied. 

II. SYSTEM MODEL 

A. Deployment 
Fig. 1 considers a STAR-RIS-assisted downlink 

CNOMA system. The BS is fixed and the direct links from 
the BS to the users are blocked. Assume that the users are 
deployed in a circular area with the center point represented 
by O, user T is located in the transmission area of STAR-RIS, 
and user R is located in the reflection area of STAR-RIS. By 
utilizing the MS protocol, STAR-RIS consists of M  
elements, where rM  elements are used for reflection links 
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The remaining tM  elements are used for transmission links, 
and r tM M M+ = . STAR-RIS is located above center O at a 
height of H meters. The distance between BS and STAR-RIS 
is 0d , the reflecting and transmitting users are horizontally 

located at distances rd  and td  from the center O, 
respectively. 

B. NOMA Protocol 
To achieve cooperative communication, downlink 

transmission is performed in two phases. In the first phase, 
the BS sends a superimposed signal x  to the paired 
CNOMA users R and T, denoted as r r t tt tx a P x a P x= + , 
where tP  represents the transmit power at the BS, rx  and 

tx  represent the desired signals of user R and user T, ra  and 
ta  represent the power allocation coefficients of R and T, 

and 1r ta a+ = . From the perspective of user fairness, the BS 
allocates more transmit power to the weak user T, i.e., 

r ta a< . 

In the second phase, to improve the communication 
quality at T, R resends the signal tx  obtained in the first 
phase to T. T uses the maximum ratio combining method to 
receive signals in two phases. 

C. Channel Model 
In the first phase, the BS to STAR-RIS, STAR-RIS to R, 

and STAR-RIS to T links are represented as 1, , Mh h h =   , 

, , r
HM

r r rh h h =  
1  , 1, , t

t
M

t t
H

h h h =   . In the second 
phase, The R to STAR-RIS, STAR-RIS to T, links are 

represented as r r
1, , tM

rg g g =   , t t
1, , t

HM
tg g g =   .  

This paper considers the optimal phase configuration of 
STAR-RIS. Therefore, the cascaded channel from the BS to 
the user R and the user T through STAR-RIS is expressed as 

1

r i
r

M
ji i i

r r
i

b rr rh h h h e hθβ
=

= Θ =  , 1

1
1

t i
t

M
ji i i

t
i

b t tt th h h h e hθβ
=

= Θ =  . 

The cascaded channel from the user R to the user T through  

STAR-RIS is expressed as 
2

2
1

t i
t

M
ji i i

rrt r t t
i

ttg g g g e gθβ
=

= Θ =  .The transmission factor matrix 

and reflection factor matrix of STAR-RIS are expressed as 

( )1 2
1 2, , , ,

r r r
Mj j jr r r

r Mdiag e e eθ θ θβ β βΘ =      (1) 

( )1 2
1 2, , , .

t t t
Mj j jt t t

t Mdiag e e eθ θ θβ β βΘ =     (2) 

It is assumed that all channels in the model follow the 
Rician distribution and the channel state information (CSI) is 
perfect. Since the channels of each STAR-RIS element are 
independent and identically distributed, the skewness 
characteristic of the Gamma distribution aligns well with the 
distribution of the channel gain. The MATLAB curve fitting 
tool can be used to approximate the cascaded channel gain as 
a Gamma distribution [10]. Under the MS protocol, the 
probability density function (PDF) and cumulative 

distribution function (CDF) of 
2

brh  can be given by 

User R
User T
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h

rh th
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o
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Fig. 1. System model of STAR-RIS assisted CNOMA system 
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The PDF and CDF of 
2

bth  and 
2

rtg  are defined in a 
similar way. 

D. Signal Model 
For the first phase, the received signals at user R and user 

T are respectively expressed as 

( )( ) ,r r t t t or r r ty h a P xh a x nP= Θ + +             (5) 

( )( )1 1 ,t r t t ott rty h h a Px Pa x n= Θ + +          (6) 

where ( )20,on σ∼   is the additive white Gaussian noise 

(AWGN). 1tΘ  represents the first-phase transmission 
coefficient matrix of the STAR-RIS-T link.  

The SINR of the user R decoding tx  is presented as 

0

0

2 2 22

2 2 2 22

( ) | |

( ) | |
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t t
r t

t

br

br

a P d H d h
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−−

→
−−

+
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           (7) 

The SINR of user R decoding its own signal rx  can be 
expressed as 

0

0

2 2 22

2 2 2 22

( ) | |
,

( ) | |

r
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r br

t b

t
r

t r

a Pd H d h
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=

+ +

   (8) 

where α  is the path loss exponent, ξ represents the residual 
interference factor of imperfect SIC.  

The user T does not rely on SIC and treats the reflected 
user's signal as interference. Therefore, the SINR of its 
decoded useful signal is given by 

0

1

0

2 2 22

2 2 2 22

( ) | |
.

( ) | |

t

t

t bt
t

r bt

t

t

a Pd H d h
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α
α

γ
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−−

−−

+
=

+ +

    (9) 
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For the second phase, user R forwards the decoded signal 
to T, and the received signal at T be defined as 

( )2 2 ,t r t t t n oy g g x P n= Θ +       (10) 
where nP  represents the transmission power at user R, 2tΘ  
represents the second-phase transmission coefficient matrix 
of the STAR-RIS-T link. The SNR of user T can be 
expressed as 

2

2 2 2 2 22 2

2

( ) ( ) | |
.tn r

t
rtP H d H d g

α α

γ
σ

− −
+ +

=          (11) 

III. OUTAGE PROBABILITY 

A. The Outage Probability of User R 
For user R, the interruption may occur when R fails to 

decode rx  or tx , or both. Then the OP of user R is defined 
as 

{ } { }
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1 Pr , ,

r SIC SIC
r t th r t th r th

SIC
r t th r th

P γ γ γ γ γ γ

γ γ γ γ

→ →

→

= < + <

      = − >
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where 2 1thRSIC
thγ −=  and 2 1thR

thγ = −  represent the 
threshold for the SIC process and outage threshold, 
respectively. thR  is the upper limit of the rate. 
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B. The Outage Probability of User T 
User T uses the MRC method to combine and receive the 

signals of the two phases, and the total received SINR is 

1 2

MRC
t t tγ γ γ+= .An interruption occurs when R fails to 

decode successfully, or when R decodes successfully but the 
SINR obtained after MRC at T is less than the threshold 
required by the quality of service. The OP of T is defined as 
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 1A can be calculated as  
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 A2 can be obtained by Chebyshev Gauss integral. 
Substituting 1A  into (14), the closed-form OP expression of 
user T can be obtained as follows. 
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and N  is a parameter in Chebyshev-Gauss quadrature. 

IV. ERGODIC RATE 
This paper adopts the threshold-based selective 

cooperative NOMA scheme proposed in [5]. The ergodic 
rate of user R and T are expressed as 

( )[ ]2log 1 ,r rR γ= +             (17) 
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A. Ergodic Rate of User R 
Considering the actual situation of imperfect SIC, with 

the aid of [14, eq. (8.352.4)] and [14, eq. (3.353.5.7)], the 
ergodic rate of user R can be calculated as 
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where ( )Ei ⋅  represents the exponential integral function. 

B. Ergodic Rate of User T 

Define 2 2 2 2
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Lemma 1. The distribution of Ψ  can be derived as [5] 
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V. NUMERICAL RESULTS 
Based on STAR-RIS-CNOMA communication model, 

the proposed CNOMA is compared with the non-cooperative 
NOMA as a performance benchmark [10], and the 
parameters of simulation are given in Table I. 

The outage probability of user R and user T with 
increasing transmit power tP  at the BS and different 
numbers of STAR-RIS elements is shown in Fig. 2. For user 
R, when imperfect SIC exists, its outage performance 
deteriorates because the residual interference from user T 
affects the valid information of user R during decoding. 
Additionally, the effect of the number of STAR-RIS 
elements on OP is also considered. It is obvious that as the 

number of elements increases, the performance gain is 
greater. For example, the outage performance of the 
reflective user R with imperfect SIC when 45M =  is better 
than that of the user with perfect SIC when 30M = . 

The OP of user R under different ξ values is shown in 
Fig.3. Under the same transmission power, the larger the ξ 
value is, the greater the OP of user R is, and the adverse 
impact of erroneous decoding on user R also increases 
accordingly.  

TABLE I.  SIMULATION PARAMETERS. 

Parameter Value 
The number of STAR-RIS 

elements 30M =  

Power allocation coefficients : 0.3: 0.7r ta a =  
Ratio of reflecting and transmitting 

elements : 2 :1r tM M =  

Pass loss exponent 2.4α =  

Noise variance 2 90dBσ = −  
Distance { } { }0, 3 0 , 3 0 0 8 0 8 0, , , ,r tH d d d =

Residual interference factor 0ξ =  

Transmit Power of R 10dBnP =  
 

 
Fig. 2. OP versus the tP  with { }30, 45M = . 

The ergodic rates of user R and user T versus the 
transmit power at the BS are plotted in Fig. 4. Set 0.2c = . 
The ergodic rate of user T assisted by STAR-RIS-CNOMA 
is much higher than that of user T assisted by STAR-RIS-
NOMA, and the advantages of cooperative transmission are 
significant.  

To illustrate the superiority of STAR-RIS-CNOMA, the 
sum rate of user R and user T versus different transmit power 
at the BS and different numbers of STAR-RIS elements are 
plotted in Fig. 5. M is taken as 30 and 45 respectively. It can 
be seen that the larger the value of M is, the larger the 
ergodic rate achieved by the user under the same 
transmission power, which is due to the large number of 
STAR-RIS elements providing well integrated signals to 
enhance the channel quality. Furthermore, the advantages of 
the STAR-RIS-CNOMA scheme are evident even with 
imperfect SIC. 

Fig. 6 compares the trend of ergodic rate of user R under 
perfect and imperfect SIC, the larger the ξ value, the smaller 
the ergodic rate of user R, but it tends to be flat. Therefore, it 
is very important to consider these factors in actual 
communication scenarios. 
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Fig. 3. OP of user R versus tP  with { }0,0.05,0.1,0.2ξ = . 

 
Fig. 4. Ergodic rates of user R and user T versus tP  

 
Fig. 5. Sum rate versus tP  with { }30, 45M = . 

VI. CONCLUSION 
 This paper mainly focused on the STAR-RIS-CNOMA 
system. By fitting the distribution of composite channel 
power gain to Gamma distribution, theoretical expressions of 
ergodic rate and OP under perfect SIC and imperfect SIC 
were derived. Numerical results showed that: 1) the 
performance of the system could be improved to a certain 
extent by increasing the number of STAR-RIS elements. 2) 
imperfect SIC had an adverse effect on the performance of 
reflecting users. 3) cooperative links significantly enhanced 
the reliability of transmitting user. 

 
Fig. 6. Ergodic rates of user R versus tP  with { }0,0.05,0.1,0.2ξ =   
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